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Fluorescence spectroscopy is becoming a valuable addition to the array of techniques available for scrutinizing
ligand—receptor interactions in biological systems. In particular, scanning confocal microscopy and
fluorescence correlation spectroscopy (FCS) allow the noninvasive imaging and quantification of these
interactions in single living cells. To address the emerging need for fluorescently labeled ligands to support
these technologies, we have developed a series of red-emitting agonists for the human adenesetdx

that, collectively, areNé-aminoalkyl derivatives of adenosine or adenosindl&thyl carboxamide. The
agonists, which incorporate the commercially available fluorophore BODIPY [630/650], retain potent and
efficacious agonist activity, as demonstrated by their ability to inhibit cAMP accumulation in chinese hamster
ovary cells expressing the human adenosineeseptor. Visualization and confirmation of liganceceptor
interactions at the cell membrane were accomplished using confocal microscopy, and their suitability for
use in FCS was demonstrated by quantification of agonist binding in small areas of cell membrane.

Introduction monophosphate (CAMP). Our current understanding pAR
pharmacology has arisen predominantly from the use of

G-protein coupled receptors (GPCReepresent the largest conventional techniques for investigating ligan@éceptor in-

f_amlly of ceII-surfa(_:e receptors med'a“ﬂg cellular communica- teractions, such as radioligand binding and standard assays of
tion and are a major target for drugs in current clinical tise.

The endogenous liaands for GPCRs are a diverse range Ofreceptor function, which involve metabolic labeling. These
9 9 9 experiments require large numbers of cells and give a population

e e o ean T8 T e prarmacologicl parameters they determine
! ’ P g otlg owever, it is now evident that AARs are not uniformly

tou:lnno;?rftraafr?”#clnzr r?;%g?tl)ir\llé?n aCt:\cl)?gi?ln(C(;)T ?otgtiar:;erztggig%_ distributed at the cell surface but, instead, are organized within
g phosp gp P ) membrane compartments and microdomdinsoviding a

Z?g;izsgtgg t:]e'z’uﬁir:ar;rg]%;fhds?]vgzit:%rgf'fgtcr,gc?e"UIarcﬁf:a:;mechanism by which intracellular signaling can be orchestrated
’ g 9 9 different areas of an individual cell. Studying the pharmacol-

o e e o U teceptorsubpopulions s beyond e scope of s
P ’ gand, 1or - ditional radioligand binding assays.

which there are four characterized GPCRg(A2a-, A2s-, and ) ) )
As-receptorsf. The adenosine Areceptor (A-AR) is respon- The introduction of fluorescence-based techniques such as

sible for mediating the physiological effects of adenosine in confocal microscopy and fluorescence correlation spectroscopy
diverse tissues such as the brain, heart, kidney, and adipacytes(FCS) has progressed the study of GPCR pharmacology to the
and signals via G-proteins of the&Family to inhibit adenylyl single cell levet and to the point where domain-specific receptor

cyclase and thus reduce cellular levels of cyclic adenosine pharmacology can realistically be investigated. Specifically, FCS
records fluctuations in photon emission as a fluorescent molecule

diffuses through a diffraction limited excitation volume@.5
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a Abbreviations: cAMP, cyclic adenosine monophosphate; AR, adenosine | | roteiné Th ili fE istinauish n fast-
receptor; BAIB, bis(acetoxy)iodobenzene; BODIPY 630/650 or BY630, abe.ed P Ote” 8 leabl tylp %S to ddStthglfl s lbet\Nee a.St
6-(((4,4-difluoro-5-(2-thienyl)-4-bora-3a,4a-diagandacene-3-yl)styryl- moving small molecule ligands an. er slower .movmg
oxy)acetyl)amino-hexanoic acid; BODIPY 630/650-X, SE, 6-(((4,4-difluoro- receptor-bound forms has been exploited to perform single-cell
5-(2-thienyl)-4-bora-3a,4a-diazindacene-3-yl)styryloxy)acetyl)amino-  pharmacology® -8 To apply this technique to the study of

hexanoic acid succinimidyl ester; CHO, chinese hamster ovary cell; CPA, : ‘e
Nb-cyclopentyladenosine: DIEA, di-isopropylethylamine: DMFN-di- GPCRs, there is a clear prerequisite to fluorescently label the

methylformamide; DMP, 2,2-dimethoxypropane; DPCPX, 1,3-gFopyl- receptors and the molecules that interact with them. In particular,
8-cyclopentylxanthine; FCS, fluorescence correlation spectroscopy; GPCRs, for the quantification of liganetreceptor interactions, there is
G-protein coupled receptors; NECA, adenosihélthyl carboxamideto, a specific need for fluorescent ligands with appropriate photo-

diffusion time; TEMPO, 2,2,6,6,tetramethyl-1-piperidinyloxy free radical; . . .
THF, tetrahydrofuran; XAC, xanthine amine congener; Z, benzyloxycar- chemical and pharmaCOIOg_'CaI properﬁe'&? this end, we hqve
bonyl. recently demonstrated this approach in the synthesis and
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aReagents and conditions: (a) DMP, tosic acid, acetone, rt, 18 h, 60%; (b) BAIB, TEMPO, MeCN/water (1:1), rt, 2 h, 83%; (c)£iPSMFCICHCE,
reflux, 5 h (i) EtNH,, THF, 5°C to rt, 30 min, 66-90%; (d) Z-Cl, CHC4, rt, 18 h, 35-65%; (e)5a—d, DIEA, EtOH reflux, 18 h, 76-85%; (f) 1 M
HCl(agf1,4-dioxane (1:1), 70C, 4 h, 66-70%; (g) H/Pd/C, MeOH/water/AcOH (9.0:0.9:0.1), rt, 3 h, quantitative; (h) BODIPY-X-630/650-OSu, DMF, t,
4 h, 75-85%.

characterization of a novel fluorescent antagonist, XAC-BY630 that possesses a longer excitation wavelength will help to
((E)-N-(2-(2-(4-(2,6-dioxo-1,3-dipropyl-2,3,6,7-tetrahydrbi-1 minimize autofluoresence and maximize flexibility for use in
purin-8-yl)phenoxy)acetamido)ethyl)-6-(2-(4-(2-(4,4-difluoro- multicolor applications with fluorescent protein labels.
4,4a-dihydro-5-(thiophen-2-yl)-4-bora-3a,4a-diazadacene- In this paper, we describe the synthesis of new red-emitting
3-yl)vinyl)phenoxy)acetamido)hexanamide), for the-AR.1° fluorescent agonists for the;MR. We show that they are potent
This compound retained the antagonist properties of xanthineand efficacious as agonists, and we demonstrate their use in
amine congener (XAC), while also allowing visualization of monitoring and quantifying agonisteceptor interactions in
the A-AR and detection of antagonisteceptor complexes in  single living cells. Specifically, the congeners belong to a series
small areas of cell membrane using FCS. It was our intention, of N6-aminoalkyl NECAs and am\®-aminoalkyladenosine.
therefore, to complement this approach by developing fluores-

cent ligands for the AAR receptor that possess both appropriate Results and Discussion

fluorescent properties for FCS but also have agonist activity at ) . o
the receptor. Synthesis. Following the general theme of Olss&ijnosine

A large proportion of fluorescent agonists for GPCRs thus 1 Was protected as the corresponding2sopropylidene ketal
far described are peptide-basédFor these ligands, the  With 2,3-dimethoxypropane and tosic acid (Scheme 1). Crystal-
conjugated fluorophore constitutes a relatively small component lization of ketal2 from water provided a convenient purification
of the overall molecule and can be positioned such that it is @nd proved to be a key determinant in its subsequent efficient
well separated from the pharmacophore. However, in the case©Xidation to3. While most nucleoside’ ydroxymethyl oxida-
of GPCRs activated by biogenic amines, the ligand binding sites tions of this type have relied on metal-based reagents (Mn, Cr),

are buried within the transmembrane regions of the receptor EPP and Widlanski have reported a facile preparation utilizing
and interact with much smaller molecules. Consequently, the in situ generation of thié-oxoammonium salt derived from

appropriate positioning of the fluorophore within the final TEMPO!®
conjugate is critical to retain both receptor binding affinity and ~ Under these conditions and with high concentrations of
efficacy. Given the high fidelity of ligandreceptor interactions, ~ water}® aliphatic alcohols are converted to their respective
it is imperative that new fluorescent derivatives are characterized carboxylic acids, and the oxidation of,2-isopropylidene-
as novel pharmacological entities in their own right rather than nucleosides (adenosine, uridine, cytidine, and guanosine) was
assuming that they retain the properties of the parent ligand. reported in high yield> Furthermore, the reaction generates only
Our goal to generate fluorescent agonists for the human A acetic acid and iodobenzene as byproducts, which are easily
AR initiated a review of the structureactivity relationships of ~ removed from the precipitated product by trituration to yield
the native ligand adenosine and its derivatives. For this receptor,the acids in analytical purity.
modifications to thé\8-position of adenosine and the structurally Initial attempts of the synthesis of acddrom noncrystalline
similar agonist adenosiné-Bl-ethyl carboxamide (NECA) are 2 resulted in a successful transformation but required long
well tolerated, yielding ligands that retain biological activity. reaction times and afforded lower purities than anticipated.
This allows insertion oN6-aminoalkyl spacers of various chain  In contrast to the previously investigated nucleosides, addition
lengths to yield the corresponding functionalized congeners thatof base or lowering of the reaction temperature did not elicit a
are amenable to fluorescent labeling. Examples of fluorescently substantial improvemendt.However, substituting crystallin2
labeled derivatives of agonists targeted at theAR have been into the reaction afforded aci@ in 2 h in high yield and
described using this approach, but their agonist activity, to the analytical purity after trituration of the crude product with
best of our knowledge, is yet to be reported. Additionally, the acetone and diethyl ether. To the best of our knowledge, this
UV-excited fluorophores employed in these studies are unsuit- constitutes the first extension of this methodology to inosine
able for use with FC$* In comparison, the use of a fluorophore nucleosides and represents a major improvement in the chemical
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a2 Reagents and conditions: (a) A%, pyridine, 40°C, 1 h, 97%; (b) POG| N,N-dimethylaniline, reflux, 5 min, 85%; (c) (&b, DIEA, EtOH reflux, 18
h; (i) NHz/MeOH, 0°C, 2 h, 66%; (d) H/Pd/C, MeOH/water/AcOH (9.0:0.9:0.1), rt, 3 h, quantitative; (g) BODIPY-X-630/650-O§N;DMF, rt, 4 h,
75%.

repertoire available for the synthesis of adenosine derivatives. Removal of the ketal protecting group was effected with 1

Indeed, high-yielding, multigram preparations ®fare now N HCI in aqueous dioxane at 7€ in moderate to good yields,
routinely carried out in our laboratories without the need for with diols 7a—d readily purified by preparative layer chroma-
chromatographic or laborious purifications. tography. Hydrogenolysis of thE-benzyloxycarbonyl group

For the introduction of C5 and Né-substituents, there exist effected a near-quantitative recovery of amin@s—d in
a number of reagents that may be used sequentially to effectsufficient purity to be labeled directly. Surprisingly, initial
the required chlorination and carboxyl activation/amidation attempts at the Z-deprotection yieldBemethyl derivatives of
reactions. We chose, however, to attempt simultaneous chlorina-the desired primary amin&a—d, which were observed by mass
tion at these positions and exploit the susceptibility of the spectrometry. Similar alkylations have been described in the
resultant acyl and aryl halides toward regioselective amine literature and arise from the conversion of methanol to
displacement under temperature control. This approach, asformaldehyde in the presence of the palladium catalyst and
described by Olsson et al., using DMF/S@&Phas been both  subsequent reductive amination under the prevailing reducing
reproducedf.cel4aband described as not favorable under the conditionst’ This alkylation was easily suppressed by inclusion
reported reaction conditio8d Following minor experimental  of aqueous acid in the solvent mixture.
modifications, we were able to isolate the uronamide derivative  Conjugation of an excess of the congen8as-d with the
4 in good yield following low temperature in situ ethylamine- commercially available amine-reactive fluorophore 6-(((4,4-
mediated aminolysis of the Gécid chloride. The reaction  difluoro-5-(2-thienyl)-4-bora-3a,4a-diazndacene-3-yl)styry-
remains highly sensitive to the quality of reagents employed, loxy)acetyl)amino-hexanoic acid, succinimidyl ester (BODIPY
however, and demands carefully determined reaction conditions630/650-X, SE; Molecular Probes) proceeded smoothly, and the

in return for a high-yielding transformation. fluorescently labeled ligand®a—d were isolated by preparative
Displacement of the 6-chloro group with a variety of layer chromatography and their purity was confirmed by RP-

monoprotected alkyl diamineSa—d furnished theN®-ami- HPLC with photodiode-array detection from 190 to 800 nm.

noalkyl NECAs 6a—d thus introducing the linker unit and The synthesis of th&l®-aminobutyladenosine derivativiet

chemical functionality for conjugation with the fluorophore. The followed a similar synthetic strategy (Scheme 2). The potential
mono-Z-protected diaminés—d are available via the reaction  for this ligand to interact with other nonreceptor adenosine
of a large excess of the corresponding diamines with benzyl binding sites (e.g., adenosine transporters) is likely to be higher
chloroformate under pseudo-dilution conditions. An aqueous than the corresponding uronamide derivative$was synthe-
acid extraction effects good separation of the desired linkers sized, however, to test whether there was a benefit in terms of
5a—d from the excess of diamine and bis-Z-protected byproduct. increased potency or efficacy (cf. the selectivity bf-

It was our objective at this stage to remove all protecting cyclopentyladenosine (CPA) for the;AR).18 Peracetylation
groups prior to conjugation of the ligands with the fluorophore; of inosine under standard conditions was followed by chlorina-
this strategy has two distinct advantages. Due to the high costtion at C6 using POGI Displacement of the resultant 6-chloro
of the commercially available fluorophores and, hence, the group with the mono-Z-protected diamirib also effected
micromole conjugation reactions commonly employed, it is partial deacetylation via simpl® — N acyl transfer, with the
desirable to conjugate as the last synthetic step of a sequencenucleoside mono- and diacetates being clearly distinguished by
This reduces the synthetic loss of valuable intermediates andthin layer chromatography (TLC). Global acetate deprotection
eliminates exposure of the often-fragile fluorophores to the was therefore effected using an alcoholic solution of ammonia
rigorous conditions of chemical deprotections. Second, fully to afford Né-(benzyloxycarbonylaminobutyl)adenosii in
deprotected congeners present the opportunity for the facile,good yield. Hydrogenolysis and fluorophore conjugation fol-
single-step synthesis of variously labeled ligands bearing a rangelowed without incident, providing the fluorescent derivative
of fluorophores or other “tagging” moieties. We envisaged initial after preparative layer chromatography.
ketal deprotection more appropriate, leaving the protected amine We have previously labeled a small molecule GPCR antago-
of 7a—d as a suitable handle to assist purification of the resultant nist with the commercially available fluorophore BODIPY [630/
diol. 650] and demonstrated its suitability for use in F€Shis
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Figure 1. Radioligand binding and functional analysis of fluorescent adenosine derivatives in CHO-A1H cells. (a) Inhibitib{]-oAMP
accumulation byda—d. Stimulation of H]-cAMP accumulation (fromJH]-adenine) is expressed as a percentage of that obtained wit 3
forskolin. Each point represents me#ns.e. mean obtained from three independent experiments, performed in triplicat@awit), 9b (¢), 9c

(@), and9d (a). (b) Competition radioligand binding data in CHO-A1H cells usifig]{DPCPX as radioligand. Total binding is shown in the
filled bar and nonspecific binding (in the presence oM XAC) is shown in the open bar. Data are shown as meane. mean triplicates within

an experiment representative of eigh{d) or six (14) performed. The key to symbols is as described for (a) Hhdl). (c) Competition
radioligand binding data in intact CHO-A1H cells for XA@Y and9b (O) using PH]-DPCPX as radioligand. Total and nonspecific binding are
illustrated as in (b). Data are shown as megrs.e. mean triplicates within an experiment representative of four performed. (d) Experiments
performed as in (c) but with cells permeabilized with 0.01% Triton-X100.

Table 1. Concentration-Response and Ligand-Binding Parameters for Fluorescent Agonists Acting at the Huht@md@sine Receptdr

[®H]-cAMP accumulation JH]-DPCPX binding
—log EGso % maximal inhibition —log Kp % maximal inhibition
ligand (A) of forskolin response n (B) of specific binding n A-B
NECA 9.44 og 6.244+ 0.04 83.3+1.2 8 3.20
9a 9.16+ 0.08 92+ 5% 4 6.61+ 0.10 50.9+ 2.4 8 2.55
9b 8.47+0.08 99+ 1% 3 6.80+ 0.11 49.3+ 1.7 8 1.67
9c 9.15+ 0.12 96+ 3% 3 ¢ ¢ 8
9d 7.92+0.15 77+ 4% 4 ¢ ¢ 8
14 8.29+ 0.05 96+ 2% 3 6.65+ 0.09 48.1+ 3.9 6 1.64

a Concentration-response parameters were determined from inhibition of forskolin-stimulate)l [3H]-cAMP accumulation. Ligand-binding parameters
were determined from inhibition of the binding of 1 nN¥H]-DPCPX. Values are meat s.e. mean fronm separate experimentsThe values for NECA
were taken from ref 20 The inhibition curves fodc and 9d were insufficiently defined at concentrations up to-1® to determine ligand-binding
parameters.

fluorescent moiety is bright, photostable, and has low triplet- determine the potency and efficacy of the fluorescent agonists
state populatioA? In addition, cells do not exhibit high levels 9a—d and14 at the human AAR, we evaluated their ability

of autofluorescence or suffer from significant phototoxicity when to inhibit forskolin-stimulated cAMP accumulation in CHO cells
exposed to its peak excitation wavelength. To ensure thatexpressing this receptor (CHO-A1H cells), as described previ-
conjugation of the fluorophore to the precursor molecules had ously?° All five compounds produced a concentration-dependent
not affected its photochemical properties, we measured theinhibition of cAMP accumulation with an Efin the nanomolar

excitation/emission maxima of the five conjuga@s-d and range (Figure 1, Table #}.The striking feature of these data
14. None of these values differed significantly from that of the was that all molecules displayed agonist activity. Apart from
free fluorophore (637/658 nm; data not shown). 9d, all compounds produced over 90% inhibition of the forskolin
response. This was similar to that previously obtained with

Pharmacology NECA 2° However,9d appeared to be a lower efficacy agonist
Inhibition of [ ®H]-cAMP Accumulation and [3H]-DPCPX in this system and interestingly was the least potent. To

Binding in Chinese Hamster Ovary (CHO)-A1H Cells. To demonstrate that these responses were mediated viaithe A
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Table 2. —Log EGso Values for NECA or9b Stimulation of the linker (Table 1). This is likely to be related to agonist
Engs-Egll(i:rLi%ﬁmga?gglj(guMl?tg;cl(i?X @é%\iggrmrl‘;%igg”(g% 'in efficacy rather than affinity because the ligand binding affinities
CHO K1 Cells Expressing the Human,Man, Ass, or As Adenosine were qmte smllar for9a, 9b, and 14. To gain some insight
Receptot into this, the difference between thdog EGsp and —log Kp
values have been presented in Table 1 as an indicator of agonis
Log EGo(n) I h b ted in Table 1 dicator of t
] 0 efficacy (on a logarithmic scale). It is notable ttgit and 14
adenosine receptor NECA 9% share very similar efficacies and potencies on this basis.
A1 9.4 8.47+0.08 (3) Confocal Imaging of Ligand Binding. Having demonstrated
Ao 7.76+ 0.02 (3) 6.76+ 0.06 (3) . . .
Aos 5.44+ 0.22 (3) 5.69+ 0.18 (3) the high potency oBa—d in functional assays, we were able
As 8.34+0.12 (4) 8.57+ 0.22 (5) to use these compounds to visualize liganetceptor interactions
aValues represent meah s.e. mean fronm separate experiments, each using confocal mlcroscopy'(F'lgure 2a). These eXp_e”mentS were
performed in triplicate® The value for NECA was taken from ref 20. performed at 22C to minimize receptor internalization and
thus maximize the signal seen on the cell membrane. Incubation
AR, para||e| experiments were performed wiflb and 14 of CHO-A1H cells with9a—d resulted in a clear Iabeling of
following preincubation of the cells with the selectivg-AR the cell membrane, which was time- and concentration-

antagonist 1,3-di-propyl-8-cyclopentylxanthine (DPCPXKg dependent. When added at 100 nM, membrane binding was seen
= 7.85+ 0.01 and 7.91t 0.06,n = 3, respectively$! The as little as 5 min after addition of the drug and did not increase
affinity values obtained from these functional assays for DPCPX substantially after this time (data not shown). The degree of
are consistent with those previously demonstrated in this cell membrane binding seen following addition of each compound
line.2° It was evident from these data thid displayed similar (100 nM, 10 min) was dependent on the length of the linker,
agonist potency and efficacy when compared to the correspond-with 9b and9c showing the highest aréi showing the lowest
ing uronamide derivativeb. As a consequence, further studies level of specific binding (Figure 2a). None of the compounds
on variations in linker length were undertaken solely on the showed any substantial intracellular binding at the times and
uronamide series. concentrations tested. In each case, a substantial proportion of
To gain some insight into the selectivity of this series of this binding was prevented by preincubation with DPCPX (100
compounds for the different adenosine receptors, we evaluated®M, 30 min, 37°C) and, hence, was specific binding to the
the ability of9b to stimulate cAMP accumulation via adenosine- A1-AR. The binding of9a—d (100 nM, 10 min) to the AAR
Aaa and -Apg receptors expressed in CHO-K1 cells and to inhibit Was investigated further using CHO cells expressing the A
forskolin-stimulated cAMP via adenosinerfeceptors expressed AR fused on its C-terminus to the Topaz variant of green
in the same cell background (Table 2). These data show thatfluorescent protei? Again, for each compound, significant

9b has a very similar potency on Gi-coupleds-Aand A- membrane binding was seen, and this binding co-localized with

receptors, but is much less potent as an agonist of the Gs-coupledhe fluorescent membrane-localized receptor. Preincubation of

Aoa- and Apg-receptors. cells with DPCPX (100 nM) caused a significant decrease in
Whole cell binding studies witt®H]-DPCPX in CHO-A1H both overgll membrane.bin.ding and, more sp_ecifically, a large

cells yielded a&Kp value for PH]-DPCPX of 1.924+ 0.23 nM decrease in the co-localization seen between ligand and receptor

(n = 6). NECA inhibited the specific binding (defined as that (illustrated for9b in Figure 2b).

displaceable by 1aM XAC) of [3H]-DPCPX by 83.3+ 1.5% Quantification of Ligand Binding Using FCS. To quantify

to yield a—log Kp value of 6.244+ 0.04 ( = 8; Table 1). the binding of these ligands to the;#AR in nonspecified
Compound9a, 9b, and 14 inhibited PH]-DPCPX binding to membrane microdomains of single cells, we used FCS. This
reach a clear plateau at about 50% of the specific binding technique analyzes the fluctuation in fluorescence signal as a

displaced by XAC (Figure 1b; Table 1). Estimation of thiag fluorescent species diffuses through a small, defined confocal
Kp values for this component of binding indicated that these detection volume. Autocorrelation analysis of these fluctuations
three ligands showed similar affinities for the;-Peceptor. provides information on both the diffusion characteristics of the

Unfortunately, there was not sufficient displacement f]{ molecule (related to mass) and also the average number of
DPCPX binding at concentrations 8€ and9d below 10uM molecules in the detection volume during the measurement (i.e.,

to allow confident estimation of ligand-binding parameters for concentration). For the purposes of detecting ligareteptor
these two compounds (Figure 1b). A potential explanation for interactions, the detection volume can be positioned on the upper

the partial displacement of specifit{]-DPCPX binding by9a, membrane of the cell. Here fluctuations from both fast-moving
9b, and14 s that both fH]-DPCPX and XAC are able to cross  free-ligand molecules and slower-moving receptor-bound mol-
the cell membrane and bind to intracellulan-receptors, ecules will be detected simultaneously and their concentrations

wherea®a, 9b, and14 are relatively less membrane permeable. calculated. Thus, both (actual) free and bound ligand concentra-
To test this hypothesis, we directly compared the degree of tions can be quantified in a smal~0.1 um?) area of
maximum displacement of specifiéH]-DPCPX binding ob- membrané® Compounds9a—d all proved suitable for FCS
tained in intact CHO-A1H cells with that achieved in CHO- measurements in aqueous solution, showing monophasic auto-
AlH cells that had been permeabilized with 0.01% Triton-X100 correlation curves, with diffusion times of 68 3 us, 71+ 3
(Figure 1c,d). These data confirmed that the maximum displace-us, 72+ 4 us, and 744 4 us, respectivelyr{ = 4; data not
ment of specific JH]-DPCPX binding (defined with XAC) shown). All had triplet state populations of less than 7%,

obtained with9b increased from 49.% 1.7 to 75.6+ 2.5% equivalent to the free fluorophore. FCS measurements were also
(Figure 1c,d) with no significant change in the appareittg taken on the upper membrane of CHO-A1H cells which had
Kq values (6.80+ 0.11 and 7.13+ 0.08; n = 8 and 4, been incubated witl®b as previously described. Following
respectively). positioning in x and y planes, the excitation volume was

It was evident in the functional cAMP assays that the positioned in the upper membrane using intensity scanning in
structure-activity relationship for the uronamide series dem- the z plane, where the peak corresponding to the upper
onstrated a dependence of potency on the odd/even nature omembrane was clearly visible (Figure 3a).
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Figure 2. Visualizing fluorescent agonist binding using live cell confocal microscopy. (&) Top panel: CHO-A1H cells were incubated with fluorescent
ligand (100 nM, 10 min, 22C) and single equatorial confocal images taken as previously deséfibedier panel: Similar experiments were
performed on cells preincubated with the nonfluorescerAR antagonist, DPCPX (100 nM, 30 min, 3T). Images shown are from a single
experiment within which identical settings for laser power, offset, and gain were applied. These data are representative of five (upper) or four
(lower) experiments performed. (b) Experiments as above were performed using CHO cells expressiddrauged on its C-terminus to Topaz
fluorescent protein, with images obtained by simultaneous excitation with 488 and 633 nm, as previously déddghed.(red), receptor (green),

and overlay images are shown, with yellow indicating co-localized pixels. For ease of viewing, these pixels are indicated in black in the final panel.
The experiment shown is representative of three performed.

When positioned 2um above the cell membrane, the mentsin CHO-A2B cells (Figure 4a) demonstrated that, at this
autocorrelation curve was monophasic, with a diffusion time concentration 09b, there was no significant binding to thegA
of 67+ 1us (n= 16), equivalent to that seen for this compound AR in CHO cell membranes. Therefore, using the low concen-
in aqueous solution (Figure 3b). However, positioning of the trations of ligand required for FCS, it should be achievable to
volume on the upper cell membrane results in an autocorrelationselectively measure the binding to the-AR in cells endog-
curve containing two further slow-diffusing components, which enously expressing the;AAR. Binding of 9b to the CHO-A1
over a range of concentrations @b (2—20 nM) were 9.5+ cells consisted of approximately 408, and 60%tps (Figure
0.3 ms ¢py) and 267+ 27 ms ¢ps; N = 47; Figure 3c). Similar 4b). DPCPX significantly reduced the amount of both of these
diffusion components were identified when using a fluorescent binding components, suggesting that bathandzps represent
antagonist ligand for the AAR% and also fo®a, ¢, andd (data the diffusion of ligand-receptor complexes. This is consistent
not shown). To determine whether these diffusion components with previous reports of agonist binding using peptide ligdds.
represented recepteligand complexes, measurements were Diffusion times forrp, andrps were slightly faster in the cells,
made on cells exposed &b (5 nM) in the presence or absence which had been pretreated with DPCPx%4{= 8.1+ 0.2 and
of DPCPX (100 nM, 30 min, 37C) and the amount afp, and 7.1+ 0.2 ms andpz = 2434+ 10 and 151+ 7 ms, in control
7psz quantified. As shown in Figure 4a, the level of total binding and DPCPX-treated cellB, < 0.05 andP < 0.01, respectively).
on CHO-A1H cell membranes was significantly greater than Though the exact nature of these species is yet to be determined,
that seen in native CHO-K1 cells. This binding was to the A they may represent, for instance, diffusion of the receptor within
AR because it was significantly inhibited by preincubation with different membrane microdomains or the diffusion of the
a selective concentration of DPCPX (100 nM). Similar experi- receptor superimposed on that of a microdomain.



788 Journal of Medicinal Chemistry, 2007, Vol. 50, No. 4 Middleton et al.

(@ (b) (c)

=W el &= 1
22 ‘:1M“WW'WMW«MM 22N WWWMWH'
o H " 15 H 1 1%
Tiz) T (s}
1.204 EC 1.30 - UM
125
115+
120
G Lo & 118
UM EC
150 L1o
g 108
3 105
= 100
£ 1.00 : : ; . . . 100 . . . . . :
& 100 10' 107 103 104 105 10¢ 100 10" 102 10 104 105 106
ERE
3 002 0024
000 oo - D00 At s Y
o+ . : )
13355 1360 1365 1370 0024 0024

Z-position (pun)

Figure 3. Monitoring binding of9b (5 nM) to CHO-A1H cell membranes using FCS. (a) The confocal detection volume was positionaddn

y using a live epi-fluorescent image of the cells (white cross). Intensity scanningliowed positioning of the volume on (UM) or2n above

(EC) the intensity peaks corresponding to the upper cell membrane. (b) Fluorescence fluctuations detected in the EC position and their subsequent
autocorrelation analysis. Curve fitting indicated these data to show a monophasic decay cursg witB0 s (100%). Residuals of the fit are

shown in the lower graph. (c) Equivalent analysis with data collected on the UM position. The curve was best fit with a three component model
showingtp: = 60 us (35%),7p2 = 8.6 ms (35%), andps; = 109 ms (30%). Data are from an individual cell representative of (b) 16 and (c) 47
experiments performed.

(a) 20 BODIPY 630/650-X, SE (Molecular Probes). No protecting
(2*5) I CHO-A, group manipulations were required following installation of the
- EZACHO-Ap fluorophore thereby obviating any deleterious side-reactions or
2 E 20- [CJCHO-K1 loss of yield that may result from the often harsh deprotection
) conditions employed in chemical synthesis. Mindful of the
E s (16) potential effects the fluorophore may exert on the interactions
2 g 10+ T of these ligands with the AAR, coupled with the fact that the
e binding site for adenosine is buried within the transmembrane
domain of the GPCR, an evaluation of the pharmacology of
0- the new fluorescent derivatives was undertaken. All of the
Ctrl  +DP  Ctrl +XAC  Ctrl molecules displayed potent agonist activity, despite a tripling
of molecular weight when compared to the native receptor
(b) 20- agonist. We were further able to utilize these molecules to
R Control visualize ligand-receptor interactions using confocal micros-
~’é‘ 15+ CJ+DPCPX copy. Incubation of CHO cells expressing the-AR with the
o 2 fluorescent agonists resulted in clear labeling of the cell
£ 2 brane, with a large proportion of this binding prevented
T 5 104 *ok mem ) ge prop agp
,,—'i s by preincubation with a nonfluorescent;-AR antagonist,
3 s *% DPCPX. The highest level of membrane binding was displayed
= by the modified NECA ligands containing a four- or five-carbon
0. linker. Specific labeling of the AAR was further confirmed

Tp2 Tps using a CHO cell line expressingGterminal GFP-fused A
Figure 4. Quantifying binding ofob to CHO cell membranes using AR. In this example, clear membrane binding @b was
FCS. (a) CHO-A1H, CHO-A2B, or native CHO-K1 cells were Observed, which co-localized with the membrane fraction of
incubated with9b (5 nM, 10 min) in the absence (Ctrl) or following a  the fluorescent receptor. Quantification of agonist binding in a
30 min preincubation with antagonist (100 nM DPCPXOP) for small (~0.1 um?) area of cell membrane was achieved using
CHO-AIH cells; 1uM XAC (+XAC) for CHO-A2B cells). FCS the noninvasive technique of FCS. This revealed the existence
measurements were then taken on the upper cell membrane, and th%f at least two types of agonisteceptor complexes with

total binding was quantified. Results are presented as sieae. mean, . . . 2 . L .
with the number of cells indicated above the column in parenthesis. differing diffusion characteristics. Further investigations will

*P < 0.001 vs CHO-K1 bindingP < 0.001 vs control for CHO-A1H concentrate on identifying the nature of these complexes, which
cells. (b) The results from CHO-A1H cells in (a), indicating the relative may give us further insight into the macrostructure of the A
levels of therp, and oz components and their sensitivity to preincu- AR and its associated signaling molecules. It will allow us to

bation with DPCPX. *P < 0.01 vs control. localize these measurements to specific membrane domains and
. determine the pharmacology of the-AR subpopulations within
Conclusions them

We have successfully synthesized and characterized five new
red-emitting fluorescent agonis@&a—d and14, for the human Experimental Section

aden05|_ne Q«receptor (A":‘R)' _I_nstallatpn of a range of General Chemistry Methods: Chemicals and solvents (HPLC
alkylamine linkers at the\°-position of either adenosine or  grade) were purchased from the standard suppliers and were used
NECA generated a range of fully deprotected congeners, without further purification. BODIPY fluorophores were obtained
functionally equipped to undergo a high yielding chemoselective from Molecular Probes, Cambridge Bioscience, Cambridge, U.K.
acylation with the commercially available fluorochrome Merck Kieselgel 60, 236400 mesh, for flash chromatography was
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supplied by Merck KgaA (Darmstadt, Germany), and deuterated CHs), 4.67 (1H, d,J = 1.7, C'H) 5.36-5.42 (2H, m, CH and
solvents were purchased from Goss International Limited (England). C¥H), 6.29 (1H, s, €H), 8.02 (1H, s, adenine CH), 8.29 (1H, s,
Unless otherwise stated, reactions were carried out at ambientadenine CH), 12.41 (1H, br s, NHJ¢ (100.2 MHz, DMSO¢l)
temperature. Reactions were monitored by TLC on commercially 25.3, 26.9 (2x CHjz), 84.0, 84.2 (€, C%), 85.9 (C"), 90.1 (C),
available precoated aluminum-backed plates (Merck Kieselgel 60 113.1 (ketal 4), 124.7 (4), 140.3 (adenine CH), 145.8 (adenine
F2s4). Visualization was by examination under UV light (254 and CH), 148.5 (4), 157.7 (4), 171.2 (COOH); Anal. (&H14N4Og)
366 nm). General staining employed KMpOA solution of C, H, N; m/z (ES") 323 (MH)", 137 (M—ribose)'.
ninhydrin (EtOH) was used for the visualization of primary amines.  6-Chloro-6-deoxy-53-ethylamino-2,3 -isopropylidene-3-oxo-
All organic extracts collected after aqueous workup procedures were5'-deoxyinosine (4):Under rigorously dry conditions and an inert
dried over anhydrous magnesium sulfate, filtered under gravity, atmosphere, aci@ (967 mg, 3 mmol) was suspended in CHCI
and evaporated to dryness. Organic solvents were evaporated in(15 mL) to which was addetl,N-DMF (581 uL, 7.5 mmol) and
vacuo at a temperature 635 °C (water bath). Purification using ~ SOC} (1.09 mL, 15 mmol). The suspension was placed in a hot
preparative layer chromatography was carried out using Fluka silica oil bath and maintained at a gentle reflux for 5 h. The resultant
gel Ghsq 0n glass plates (200 mm 200 mmx 1 mm). solution was evaporated, and the yellow oil was dissolved in THF
Melting points were recorded on a Gallenkamp 3A 3790 (20 mL) at 5°C. Ethylamine (2.0 M solution in THF, 3.75 mL,
apparatus and are uncorrected. FT-infrared spectra were recorded.5 mmol) was added dropwise, stirred at® for 15 min, and
as thin films or KBr discs in the range of 406600 cn? using allowed to warm to room temperature. The solvent was evaporated,
an Avatar 360 Nicolet FT-IR spectrophotometer. Optical rotation and the residue was dissolved in DCM (25 mL) and washed with
was measured on a Bellingham-Stanley ADP220 polarimeter. water (2x 20 mL) and saturated brine solution 220 mL). The
Lyophilization, from either water or 1,4-dioxane, was carried out organic fraction was dried and evaporated to leave a yellow solid
on an Edwards Modulyo FD freeze drier. Mass spectBES/AP) that was purified by column chromatography on silica (5% Me©OH
were recorded by Dr Cath Ortori, School of Pharmacy, University DCM) to give the title compound (941 mg, 85%) as a yellow
of Nottingham, on a Micromass Platform instrument, using either solid: mp 94-96 °C; [o]p® —12.9 € 0.50 in CHC}); oy (400
direct injection or liquid chromatographynass spectrometry (LC-  MHz) 0.80 (3H, t,J = 7.3, CHCHs), 1.41 (3H, s, CH), 1.64 (3H,
MS). HRMS TOF-ES mass spectra were recorded on a Waters 2795s, ChH), 2.90-3.10 (2H, m,CH,CH), 4.74 (1H, dJ = 2.0, C*'H),
Separation Module/Micromass LCT platform. Microanalytical data 5.45 (1H, ddJ= 6.2, 2.3, CH), 5.54 (1H, ddJ = 6.2, 2.0, CH),
were recorded by Mr. T. Spencer, School of Chemistry, University 6.23 (1H, dJ= 2.3, C'H), 8.25 (1H, s, adenine CH), 8.75 (1H, s,
of Nottingham. Proton nuclear magnetic resonance spectra wereadenine CH);0c (100.2 MHz) 14.2 (CHCHg), 25.0, 26.9 (2x
recorded on a Bruker-AMX 250 (250 MHz) or a Bruker-AV 400 CHj), 33.9 CH,CHj), 82.9, 83.4 (€, C?), 86.7 (C'), 92.0 (C),
(400 MHz) spectrometer. Carbon nuclear magnetic resonancell4.1 (ketal 4), 132.3 (4), 144.7 (adenine CH), 150.99%4 151.9
spectra were recorded at 62.9 and 100.6 MHz, respectively. Unless(4°), 152.2 (adenine CH), 168.1 £€0); m/z (ES") 366 (M—H),
otherwise stated, spectra were recorded in GDChemical shifts 153 (M—ribose); Mz HRMS (TOF ES) CysH19CINsO4 (MH) ™
(0) are recorded in ppm with reference to the chemical shift of the calcd, 368.1126; found, 368.1104.
deuterated solvent/an internal tetramethylsilane standard. Coupling N-Benzyloxycarbonyl-1n-alkyldiamines (n = 3, 4, 5, 8; 5a-
constantsJ) are recorded in hertz, and the signal multiplicities are d):27 A solution of benzyl chloroformate (1 equiv) in CHGNas
described by the following: s, singlet; d, doublet; t, triplet; g, added dropwise (3 h) to a stirred solution ofi-ljaminoalkane
quartet; br, broad; m, multiplet; dd, doublet of doublets. Spectra (5—10 equiv) in CHC} at 0°C. The reaction was allowed to warm
were assigned using appropriate COSY, DEPT, and HMQC to room temperature and stirred for 18 h. The reaction was
sequences. Analytical reverse-phase high performance liquid chro-concentrated, and the residue was partitioned between EtOAc and
matography (RP-HPLC) was performed on a Waters Millennium water. The organic layer was washed with wateB), and the
995 LC system using columns, gradients, and flow rates as combined aqueous phases were discarded. The organic layer was
described. The eluent was monitored using photodiode array washed wih 2 M HCl,q (x3), and the aqueous layers were
detection. Mobile phases were solvent A, water, and solvent B, combined, adjusted to pH 12 (NaOH), and saturated with NaCl.
acetonitrile, degassed by helium bubble and sonication, respectively.Following extraction with EtOAc %3), the combined organic
2',3-Isopropylideneinosine (2):Inosine (5.36 g, 0.02 mol) and  fractions were washed with brine<g), dried, and evaporated to
tosic acid monohydrate (3.80 g, 0.02 mol) were suspended in ayield the title compound$a—d (35-65%), which were used
mixture of 2,2-dimethoxypropane (50 mL) and acetone (200 mL) without further purification.
and stirred for 18 h. Sodium hydrogen carbonate (2.52 g, 0.02 mol)  N!-Benzyloxycarbonyl-1,4-butanediamine (5b}® A pale yel-
and water (40 mL) were added, and the suspension was stirred forlow wax; oy (250 MHz) 1.48-1.33 (6H, m, CH,, C3H,, NH,),
15 min. The suspension was evaporated to constant volume, and2.65 (2H, t,J = 6.0, CH,), 3.14 (2H, gJ = 6.0, CH,), 5.06 (2H,
the crude product was recrystallized from the residual water, s, benzyl CH), 5.74 (1H, s, carbamate NH), 7.31 (5H, s, aromatics);
yielding the acetonid@ (3.71 g, 60%) as white needles: mp 266 Oc (69.2 MHz) 27.3 (CH), 30.7 (CH), 41.4 (CH, C*, 41.7 (CH,
268 °C (lit. 266 °C;?* 267 °C?); [a]p*? —67.1 € 0.59 in MeOH) CY), 66.3 (benzyl CH), 128.0 (CH), 128.4 (CH), 136.8 {4ipso),
(lit. [a]p?® —66.9 € 0.8 in MeOH?d)); Oy (400 MHz, DMSO¢) 156.6 (4, C=0); m/z (ES') 223 (MH)*; FT—IR (thin film) 3327,
1.32 (3H, s, CH), 1.54 (3H, s, CH), 3.56 (2H, m, CHy), 4.23 3031, 2935, 2864, 1686, 1537, 1454, 1254, and 1027*cm
(1H, m, C'H), 4.93 (1H, ddJ = 6.1, 2.4, CH), 5.26 (1H, ddJ Ne-(4-Benzyloxycarbonylaminobutyl)-3-ethylamino-2,3-iso-
=6.1,2.9,CH), 6.10 (1H,dJ = 2.9, G'H), 8.09 (1H, s, adenine  propylidene-5-oxo-5-deoxyadenosine (6b)Chloride4 (300 mg,
CH), 8.30 (1H, s, adenine CH), 12.53 (1H, br s, NK}; (100.2 0.82 mmol) was dissolved in ethanol (15 mL) to whigh (503
MHz, DMSO-dg) 25.1, 26.9 (2x CHs), 61.4 (CH), 81.2, 83.7, mg, 2.46 mmol) and DIEA (0.17 mL, 0.98 mmol) was added. The
86.6, 89.6 (€, C?, C% C%), 113.0 (ketal 8), 125.4 (4), 138.7 solution was maintained at reflux under an inert atmosphere for 20
(adenine CH), 146.0 (adenine CH), 147.7)(456.5 (G=0); nVz h. The reaction mixture was concentrated, and the residue was
(ES") 309 (MH)*, 137 (M—ribose). purified by column chromatography (10% MeGHBCM) to yield
2',3-Isopropylidene-5-oxoinosine (3):Acetonide2 (3.08 g, 10 6b (125 mg, 69%) as a colorless oil/foandy (400 MHz) 0.80
mmol), TEMPO (313 mg, 2 mmol), and iodosobenzene diacetate (3H, t,J = 7.2, CHCH,), 1.31 (3H, s, CH), 1.55 (3H, s, Ch),
(7.09 g, 22 mmol) were dissolved in MeCN/®I (1:1, 50 mL) and 1.58-1.66 (4H, m, 2x CH,), 3.03 (2H, m,CH,CHjs), 3.19 (2H,
stirred, with the exclusion of light, for 4 h. The solvents were m, CH,), 3.58 (2H, m, CH) 4.62 (1H, d,J= 1.3, C'H), 5.02 (2H,
carefully evaporated from the resultant suspension, and the reactiors, benzyl CH), 5.25 (2H, m, €H and CH), 5.95 (1H, s, €H),
residue was sequentially triturated with acetone and diethyl ether 6.25 (1H, br s, NH), 7.07 (1H, br s, NH), 7.20 (5H, m, phenyl
to yield the acid3 (2.67 g, 83%) as a white powder: mp 22229 CH), 7.72 (1H, s, adenine CH), 8.24 (1H, s, adenine @HJ;100.2
°C (lit. 272—274 °C;132 252 °C?); [a]p?®® —59.1 € 0.66 in 1 M MHz) 14.3 (CHCHj), 25.1, 26.9 (2x CHg), 27.1 (2x CHy), 33.9
NaOH); dy (400 MHz, DMSO#ég) 1.34 (3H, s, CH), 1.52 (3H, s, (CH,CHg), 40.0, 40.5 (2x CHy), 66.7 (benzyl CH), 82.4, 83.6
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(C?, C%), 85.7 (C), 92.0 (C), 114.5 (4), 128.1 (4), 128.5 (4),
136.6 (4), 139.2 (adenine CH), 153.3 94 155.1 (4), 156.6
(adenine CH), 168.7 (€0); Mz HRMS (TOF ES) Cy7H3sN7Og
(MH)* calcd, 554.2728; found, 554.2765.
Ne-(4-Benzyloxycarbonylaminobutyl)-3-ethylamino-5-oxo-5-
deoxyadenosine (7b):Adenosine derivativesb (261 mg, 0.47
mmol) was dissolvechi2 M HCl,q/1,4-dioxane (1:1, 4 mL), placed
in a 70°C oil bath, and stirred for 1 h. The resultant solution was
adjusted to~pH 8 (satd NaHCgq), saturated with NaCl, and
extracted with EtOAc (3« 5 mL). The combined organic fractions

Middleton et al.

MHz, DMSO-de) 1.08, (3H, ,J 7.2, ethyl CH), 1.19-1.26 (2H,
m, CHy), 1.40-1.62 (8H, m, 4x CH,), 2.03 (2H, tJ = 7.4, Chp),
3.02-3.27 (6H, m, 2x CH,, ethyl CH), 3.48 (2H, m, CH), 4.12~
4.16 (1H, m, @H), 4.31 (1H, d,J = 1.4, C'H), 4.54 (2H, s,
BODIPY CHy), 4.59-4.64 (1H, m, @H), 5.54 (1H, d,J = 6.5,
C?-OH), 5.74 (1H, dJ = 4.2, G3-OH), 5.97 (1H, d,J = 7.8, C'H),
6.96 (1H, d,J = 4.2), 7.08 (2H, dJ = 8.8), 7.27-7.30 (3H, m),
7.38 (1H, dJ = 4.4), 7.42 (1H, br s), 7.61 (1H, s), 7.62 (2H,X,
= 8.7), 7.72-7.76 (2H, m), 7.83 (1H, dd) = 5.0, 0.9), 7.94
8.01 (1H, m), 8.04 (1H, ddJ = 3.8, 0.9), 8.12 (1H, t) = 5.7),

were dried and evaporated, and the crude product was purified by8.27 (1H, br s), 8.39 (1H, s, adenine CH), 8.91 (1H] & 5.6,

preparative layer chromatography (10% Me©BICM) to give the
titte compound7b (160 mg, 66%) as a white solid; mp 991 °C
(MeOH); 6y (250 MHz, DMSO¢g) 1.08 (3H, t,J = 7.2, CHCHg),
1.45-1.62 (4H, m, 2x CHy), 3.02 (2H, app q, Ch 3.22 (2H,
app quintetCH,CHs), 3.40-3.55 (2H, m, CH), 4.14 (1H, m, GH),
4.31 (1H,dJ=1.1, C'H), 4.61 (1H, m, €H), 4.99 (2H, s, benzyl
CHy), 5.56 (1H, d,J = 6.5, C-OH), 5.76 (1H, dJ = 4.2, C-
OH), 5.96 (1H, dJ = 7.6, C'H), 7.26-7.34 (6H, m, phenyl CH
and carbamate NH), 8.01 (1H, br s, NH), 8.27 (1H, s, adenine CH),
8.39 (1H, s, adenine CH), 8.94 (1H,,= 5.6, amide NH);d.
(69.2 MHz, DMSO#dg) 14.9 (CHCHa), 26.6, 27.1 (2< CHy), 33.4
(CH,CHs), 39.5, 40.3 (2x CHy), 65.3 (benzyl CH), 72.2 (C),
73.3 (C), 84.9 (C), 88.0 (C), 120.2 (4), 127.9 (4), 128.5 (phenyl
CH), 137.5 (adenine CH), 140.6°¢ 148.4 (4), 152.3 (adenine
CH), 154.9 (4), 156.3 (4), 169.3 (amide €&0); mzHRMS (TOF
ES") Ca4H31N;Og (MH) " calcd, 514.2415; found, 514.2371.
NS-(Aminoalkyl)-5'-ethylamino-5-oxo-5-deoxyadenosines (8a
d): Adenosine derivativega—d (50 mg) were dissolved in MeOH/
H>O/AcOH (9:0.9:0.1, 5 mL), to which was added 10% Pd/C (10
mg). The flask was evacuated, filled with hydrogen (balloon), and
stirred vigorously for 23 h. The reaction mixture was filtered
through celite, and the celite was washed with MeOH. The

combined organic filtrates were evaporated, and the resultant oil

was evaporated again from MeCN £ 15 mL) to give the title
compoundsBa—d (quantitative) as colorless oils/foams.
N&-(4-Aminobutyl)-5'-ethylamino-5-oxo-5-deoxyadenosine
(ABEA; 8b): oy (400 MHz, MeOHsd,) 1.20 (3H, t,J = 7.3,
CH,CHg), 1.75-1.81 (4H, m, 2x CH,), 2.96-3.03 (2H, m, CH),
3.36 (2H, g,d = 7.3, CH,CHjy), 3.66 (2H, m, CH), 4.31 (1H, dd,
J=1.3,4.7,CH), 4.47 (1H,dJ = 1.3, C'H), 4.74 (1H, ddJ =
4.8, 7.6, CH), 6.01 (1H, d,J = 7.7, C'H), 8.27 (2H, s, adenine
CH); oc (100.2 MHz, MeOHe,) 15.1 (ethyl CH), 22.6 (CH),
25.9 (CH), 27.6 (CH), 35.1 (CH), 40.4 (CH), 73.5 (CH), 75.0
(CH), 86.4 (CH), 90.4 (CH), 121.7 (% 142.4 (CH), 149.3 (3,
153.7 (CH), 156.4 (9, 172.1 (4); m/z HRMS (TOF ES)
CigH25N704 (M + H)* calcd, 380.2047; found, 380.2032.
Conjugation with BODIPY 630/650-X, SE: Ligands 8a—d
(15.1 umol) were dissolved ifN,N-DMF (1.0 mL) under an inert
atmosphere and with the exclusion of light. A solution of BODIPY
630/650-X, SE (Molecular Probes; 5.0 mg, 7:68mol, 1 mLN,N-

amide NH);R; 13.61 min (Jones £250 x 4.6 mm, 1 mlLmin~1,
35-100% B, 30 min)R-2 9.31 min (Jones €250 x 4.6 mm, 1
mL-min~%, 35-100% B, 30 min; solvent A, bD; solvent B,
MECN), m/z HRMS (TOF ESL) CysHs51:BFN1007S (MH)+ calcd,
925.3803; found, 925.3842.

2',3,5-Tri- O-acetylinosine (10): a solution of inosine (5.16 g,
19 mmol), pyridine (50 mL), and acetic anhydride (50 mL) was
heated at 50C for 12 h. Upon cooling, the solution was filtered,
and the filtrate was evaporated under high vacuum to leave a pale
yellow solid. The solid was triturated with diethyl ether and filtered
to yield the crude product as a white solid (7.37 g). Recrystallization
from methanol (150 mL) yielded the title compouh@as a white
crystalline solid (6.11 g, 80%): mp 23&, MeOH (lit3°241°C);
[a]p?* —26.0 € 1.0, MeOH) (lit?° [a] p?° —36.5 (CHC})); on (250
MHz) 2.10 (3H, s, OAc), 2.15 (3H, s, OAc), 2.16 (3H, s, OAc),
4.36-4.47 (3H, m, €H, C°H), 5.54 (1H, t,J = 5.4, CH), 5.90
(1H, t,J = 5.6, CH), 6.18 (1H, d,J = 5.5, C'H), 8.03 (1H, s,
CBH), 8.32 (1H, s, €H), 13.09 (1H, s, NH)p¢ (69.2 MHz) 20.4,
20.6, 20.8 (3x OAc), 63.0 (C), 70.6, 73.4, 80.4 (§ C®, C*),
86.5 (G), 125.4 (4), 138.6, 145.8 (€, C?), 148.8 (4), 159.0 (4),
169.3, 169.6, 170.4 (X CO); FT-IR (KBr) 1748, 1702, 1588,
1376, 1227, 1053 crm}; m/z (ES") 395 (MH)*.

2',3,5-Tri- O-acetyl-6-chloroinosine (11): A suspension 010
(2.45 g, 6.22 mmol)N,N-dimethylaniline (0.83 mL, 6.53 mmol),
and phosphorus oxychloride (12.2 mL, 131 mmol) was stirred at
room temperature for 7 min under an atmosphere of nitrogen. The
flask was heated in a preheated oil bath and maintained at reflux
for 13 min. The solution was evaporated, and the resulting oil was
stirred in chloroform (20 mL) and ice~20 mL). The aqueous layer
was extracted with chloroform (2 25 mL). The combined organic
layers were washed wit2 M HCI (4 x 20 mL) and brine (2x 20
mL), dried, and evaporated to yieB g of green oil. Purification
using silica chromatography (1:9 MeOH/DCM) yielded the title
compoundll as a pale brown viscous oil (2.18 g, 85%)u]$*
—18.5 (c 1.3, MeOH)dy (250 MHz) 2.10 (3H, s, OAc), 2.13 (3H,
s, OAc), 2.17 (3H, s, OAc), 4.364.54 (3H, m, CH, C¥H), 5.67
(1H, t,3 = 5.2, CH), 5.97 (1H, t,J = 5.3, CH), 6.27 (1H, d,J
= 5.5, C'H), 8.37 (1H, s, adenine CH), 8.79 (1H, s, adenine CH);
dc (69.2 MHz) 20.1, 20.5, 20.8 (3 OAc), 62.9 (C), 70.5, 73.1,
80.5,86.9 (€, C?, C?, C%), 132.3 (4), 143.7 (adenine CH), 151.3

DMF) was added, and the reaction was stirred for 4 h. The solution (4°), 151.6 (4), 152.3 (adenine CH), 169.4, 169.6, 170.3«(&0);
was evaporated, and the crude product was purified by preparativeFT—IR (thin film) 1747, 1588, 1564, 1376, 1225, 1049 ¢mm/z

layer chromatography (10% MeGHDCM) to give the title
compound9a—d as purple powders (#385%). When submitted
to analytical HPLC (Jones &column, [250 mmx 4.6 mm], 1
mL-min~1, 35—-100% B, 30 min, monitored using photodiode array
detection between 190 and 800 nm; mobile phases; solverd@, H

(ES') 413 (MH)", 259 (M—purine)'.
N&-(Benzyloxycarbonylaminobutyl)adenosine (12):A solution

of chloride11(1.13 g, 2.7 mmol), diamingb (2.42 g, 10.9 mmol),

and DIEA (0.47 mL, 2.7 mmol) was refluxed in EtOH (40 mL)

for 18 h. The solution was evaporated, and the residue was dissolved

solvent B, MeCN), all probes were observed to elute as single andin an ice-cold, saturated methanolic solution of )\Nfihe solution

symmetrical peaks at the retention tirRegiven below for each
compound. The purity of the ligands was confirmed by performing
a second analytical HPLC (Jone$ lumn, [250 mmx 4.6 mm],

1 mL-min~%, 35-100% B, 30 min, monitored using photodiode

was stirred at OC for 2 h, warmed to room temperature, and stirred
for an additional 2 h. The MeOH was evaporated to yield a solid.
Purification by silica chromatography (1:9 MeOH/DCM) yielded
1 g of yellow solid. Recrystallization from EtOH (30 mL) gave

array detection between 190 and 800 nm; mobile phases; solventthe title compoundL2 as a white solid (742 mg, 58%): mp 134

A, H;0O; solvent B, MeCN). Again, all target compounds eluted as

°C, EtOH; [0]p?* —48.0 € 1.0, MeOH/water, 4:1)dy (250 MHz,

homogeneous single peaks. The identities of the compounds wereDMSO-dg) 1.40-1.60 (4H, m, 2x CH,), 3.02 (2H, m, CH), 3.37—

further analyzed by HRMS (TOF E&
(2S,3S,4R,5R,E)-N-Ethyl-3,4-dihydroxy-5-(6-(4-(6-(2-(4-(2-
(4,4-difluoro-4,4a-dihydro-5-(thiophen-2-yl)-4-bora-3a,4a-diaza-
s-indacene-3-yl)vinyl)phenoxy)acetamido)hexanamido)butylami-
no)-9H-purin-9-yl)-tetrahydrofuran-2-carboxamide (9b): oy (400

3.79 (4H, m, CH, C¥H), 3.97 (1H, m, @H), 4.15 (1H, m, CH),
4.62 (1H, m, GH), 5.00 (2H, s, benzylic Ch), 5.22 (1H, dJ 4.5,
OH, exchanges D), 5.47 (2H, m, carbamate NH, OH, exchanges
D;0), 5.98 (1H, dJ = 6.1, C'H), 7.34 (5H, s, aromatics), 7.95
(1H, br s, NH, exchanges D), 8.21 (1H, s, purine &), 8.35
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(1H, s, purine GH); 6¢c (69.2 MHz, DMSO¢g) 26.6 (CH), 27.1
(CHp), 39.5 (CH), 41.0 (CH), 61.9 (CH, C°), 65.3 (CH,
benzylic), 70.9 (CH), 73.7 (CH), 86.1 (CH), 88.2 (CH), 120.0
(purine @), 127.9 (CH, aromatic), 128.5 (CH, aromatic), 137.5 (4
ipso), 139.9 (purine €, 148.0 (purine €), 152.6 (purine @), 154.9
(purine C'), 156.3 (carbamate=€0); m/z (ES") 473 (MH)*, 342
(M—ribose); Anal. (C;H2606N6°0.5H,0) C, H, N.
Né-(Aminobutyl)adenosine (13): A suspension 02 (250 mg,
0.53 mmol) and 50 mg of 10% Pd/C in 20 mL of solvent (9:1
MeOH/H,O with 1% AcOH) was stirred under hydrogen (balloon)
for 3 h. The reaction was filtered through a celite pad and was
concentrated in vacuo to yielti3 as a colorless oil. Under high
vacuum, the oil formed a white hygroscopic solid (219 mg,
guantitative): §]p?*—21.0 € 1.0, MeOH);d4 (250 MHz, DMSO-
ds) 1.48-1.62 (4H, m, CH)), 1.79 (5H, br s, OH and Njireduces
D;0), 2.71 (2H, br t, CH), 3.41 (2H, br s, Ch), 3.54 (1H, ddJ
=12.0, 3.5, G3H), 3.67 (1H, ddJ = 12.0, 3.5, GbH), 3.97 (1H,
m, C*H), 4.16 (1H, m, CH), 4.62 (1H, t,J = 5.2, CH), 5.90
(1H, d,J = 6.1, C'H), 7.95 (1H, br s, NH, exchangesD), 8.22
(1H, s, purine @H), 8.38 (1H, s, purine &); oc (69.2 MHz,
DMSO-dg) 27.2 (Ch, br), 41.0 (CH, br), 61.5 (CH, C°), 70.5
(CH), 73.5 (CH), 85.8 (CH), 87.8 (CH), 120.0 (purin&)C139.5
(purine @), 148.0 (purine €), 152.2 (purine @), 154.5 (purine
C%; mzHRMS (FAB) Cy4H23NgO4 (MH) ' calcd, 339.1781; found,
339.1797.
N-(4-(9-((R,3R,4S,5R)-3,4-Dihydroxy-5-(hydroxymethyl)-tet-
rahydrofuran-2-yl)-9 H-purin-6-ylamino)butyl)-6-(2-(2-(4,4-di-
fluoro-4,4a-dihydro-5-(thiophen-2-yl)-4-bora-3a,4a-diazas-in-
dacene-3-yl)vinyl)phenoxy)acetamido)hexanamid@4): A solution
of ABA 13 (4.9 mg, 14.5umol) and BODIPY 630/650-X, SE (5
mg, 7.6umol) was stirred ir\,N-DMF (1 mL) in the dark, under
a nitrogen atmosphere, for 5 h. The DMF was removed in vacuo,
and the dark blue residue was purified by preparative layer
chromatography (15:85, MeOH/CHgto yield the title compound
14 as a blue solid (5.0 mg, 75%). When submitted to analytical
HPLC (Jones €column, [250 mmx 4.6 mm], 1 mL:min~t, 35—
100% B, 30 min, monitored using photodiode array detection
between 190 and 800 nm; mobile phases; solvent A);t$olvent
B, MeCN), 14 was observed to elute as a single and symmetrical
peak at retention timdR given below. The purity ofl4 was
confirmed by performing a second analytical HPLC (Jonés C
column, [250 mmx 4.6 mm], 1 mLmin~!, 35%-100% B, 30
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incubated with 1 mL of Hank’s buffered salt solution (Sigma)
containing 20 mM HEPES (HHB) andH]adenine (Amersham
Biosciences, 37 kBq per well) f@ h at 37°C. Cells were washed
twice with HHB (1 mL) before incubation with the phosphodi-
esterase inhibitor rolipram (10M) for 15 min at 37°C. Where
stated, cells were incubated with the antagonist DPCPX (100 nM).
In the case of CHO-A1H and CHO-AS cells, agonists were added
for 5 min, prior to incubation with forskolin (8M) for an additional

10 min, in a final volume of 1 mL. For CHO-A2A and CHO-A2B
cells, agonists were added for 10 min in the absence of forskolin.
Incubations were terminated by the addition of concentrated HCI
(50 uL). [®H]-cAMP was isolated by single column alumina
chromatography, as previously descrilfédnd levels were deter-
mined by liquid scintillation counting.

Measurement of PH]-DPCPX Binding to CHO-A1H Cells.
CHO-A1H cells were grown in white-sided 96-well view plates.
In saturation studies, once the cells were confluent, £DC0of
serum-free media or serum-free media containing/IOXAC (to
define nonspecific binding) was added to each well, immediately
followed by 100uL of serum-free media containing a range of
[®H]-DPCPX concentrations (0.0688 nM). For competition
studies, the media was removed and replaced withud0ferum-
free media (i.e., DMEM/F12 containing 2 mMglutamine only)
containing the competing ligand at twice the final required
concentration. Immediately, 10Q of serum-free media containing
[®H]-DPCPX was added to each well (hence, 1:2 dilutions in well)
to give final required concentration$H]-DPCPX was used at a
concentrations of 1 nM. Total and nonspecific binding (as defined
by 10 uM XAC) were measured in every experiment. All plates
were incubated fo2 h at 37°C in a humidified 5% C@95% air
atmosphere. After 2 h, media and drugs were removed, and the
cells were washed twice with 2QaL of cold PBS/well. A white
base was then added to the plate, followed by 400f Microscint
20 per well, and a sealant film was placed over the wells. The plates
were then counted the following day on a Topcount (Packard) for
2 min per well at 21°C. For studies in permeabilized cells,
incubation with ligands was performed in serum-free media
containing 0.01% Triton-X100 (under these conditions, trypan blue
enters all of the cells). At the end of the incubation period, the
cells and media from each well were transferred to a 96-well white
Millipore Multiscreen HTS FB filter plate, and the cells were
collected on the GF-B filter under vacuum. The filters were washed

min, monitored using photodiode array detection between 190 and twice with 200uL of cold PBS/well, and scintillation counting was

800 nm; mobile phases; solvent A;®f solvent B, MeOH). Again,
14 eluted as a homogeneous single peak. The identiti4ofas
further analyzed byH NMR and HRMS (TOF ES): dy (250
MHz, DMSO-0g) 1.69-1.15 (11H, m), 2.00 (2H, m), 3.243.0 (4H,
m), 3.70-3.45 (3H, m), 3.97 (1H, m, €H), 4.16 (1H, m, CH),
4.54 (2H, s, BODIPY CH), 4.62 (1H, gJ = 6.0, CH), 5.20 (1H,
d,J = 4.6), 5.56-5.45 (2H, m), 5.90 (1H, d) = 6.0, C'H), 6.96
(1H, d,J 4.3) 7.10-7.07 (2H, m), 7.43-7.27 (4H, m), 7.63-7.60
(3H, m), 7.79-7.72 (2H, m), 7.83 (1H, dJ = 3.0), 7.90 (1H, br
s), 8.05 (1H, dJ 3.0), 8.22-8.15 (2H, m), 8.38 (1H, s, purine®g
m/zHRMS (FAB) Cy3H49BF2NgO;S (MH)™ calcd, 884.3538; found,
884.3774;R; 13.19 min (Jones & 250 x 4.6 mm, 1 mlmin1,
35-100% B, 30 min)R-2 9.13 min (Jones €250 x 4.6 mm, 1
mL-min~!, 35-100% B, 30 min; solvent A, bD; solvent B,
MeCN).

General Pharmacology Methods: Measurement of 3H]-
cAMP Accumulation: The human adenosinesAeceptor cDNA,
cloned into pcDNA3.1 (Invitrogen) was obtained from UMR
cDNA Resource Center (U.S.A.). This was transfected into CHO-
K1 cells (European Collection of Animal Cell Cultures, Porton
Down, Salisbury, U.K.) using lipofectamine (according to manu-
facturer’s instructions). Stably transfected CHO-K1 cells (CHO-
A3 cells) were selected using 50@/mL Geneticin (G418; Life
Technologies, Inc., Gaithersburg, MD) for two weeks. CHO-A3
cells resistant to G418 were subsequently cloned by dilution cloning.
Clonal CHO-A3 cells, CHO-A1H cell&) CHO-A2B cells$® or
CHO-A2A cells (a gift from Dr. K. N. Klotz, Wurzburg, Germany)
were grown in 24-well cluster dishes until confluent. Cells were

performed as described above.

Data Analysis: ECsg, ICso (concentrations of drug producing
50% of the maximal stimulatory or inhibitory response), and gEC
(negative logarithm of the Eg) values were obtained by computer-
assisted curve fitting (to a sigmoidal dose response) using the
computer program PRISM (GraphPAD, CaliforniaKgovalues
were calculated from E4g values obtained in the presence and
absence of antagonist using the Gaddum equation:

pKg = log(concentration ratie- 1) —
log(antagonist concentration)

Saturation curves for specifiéH]-DPCPX binding were fitted to
the following equation:

B,., x K
Specific binding= ﬁ
D.

whereBnaxis the maximum specific bindindgp is the dissociation
constant of §H]-DPCPX, and [] is the concentration of3H]-
DPCPX. Curves for inhibition of the binding ofHi]-DPCPX by
agonists were fitted to the following equation:

100 I,

0 s -
% of uninhibited binding= T AIC ([ATICy T mx

where A] is the concentration of competing ligand,sids the
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concentration that inhibits the agonist-displaceable binding by 50%,
and Imax is the maximal inhibition of binding produced by the
agonist. Apparent agonist dissociation constaits) (vere then
determined from the following expression:

ICs x Kp
B (Kp+[L])

where L] andKp are the concentration and dissociation constant
of [3H]-DPCPX, respectively, as determined from the saturation
binding studies.

Statistical significance was determined by Student’s unpaired
test, unless otherwise stated. All data are presented asinean
mean. Then in the text refers to the number of separate experiments
performed.
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