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Abstract—Despite the significance of the elucidation of proteins’ physicochemical parameters to understand various molecular
phenomena, direct methods for measuring these parameters are not readily available. Here, we propose the use of 8-[p-amino-
Ph]-e-ATP, 3b, as a fluorescent probe for the elucidation of physicochemical parameters of binding sites in certain proteins. We syn-
thesized novel fluorescent nucleotide analogues based on an extension of the e-ATP scaffold. These analogues bear a primary or
tertiary p-amino-phenyl moiety on the etheno-bridge. We explored the recognition of the fluorescent analogues by the target pro-
teins: P2Y-receptor (P2Y-R) and NTPDasel. Based on the high affinity to the P2Y;-R (ECsq 100nM), 3b proved a suitable probe
for the investigation of this receptor. Next, we elucidated the dependencies of the absorption and emission spectra of 3b on envi-
ronmental parameters, for establishing correlation equations. These equations will help determine the properties of the ATP-binding
site from the spectral data of the protein-bound 3b. For this purpose, the sensitivity of the probe to acidity, dielectricity, H-bonding,
viscosity, and to correlation between these parameters was determined. Thus, the pH-dependence of 3b emission intensity is bell
shaped. At pH2.8 the quantum yield (¢) is enhanced 150-fold, as compared to neutral pH. The basic nitrogen atoms of 3b were
assigned and pK;, values were determined. A linear relationship was found between log ¢ and log viscosity, however, emission max-
ima (Ayax) remained constant. A linear relationship was found between both ¢ and A.,.x and dielectricity, as measured in protic or
aprotic solvents of comparable viscosity. pK,-like values were measured in acid-titrated alcohols with varying dielectricity but com-
parable viscosity, or with varying viscosity but comparable dielectricity. An inverse relationship and a linear relationship were found
between the pK, values of 3b and the medium dielectricity and viscosity, respectively. These correlations help the calibration of
properties of a protein ATP-binding site.

© 2004 Elsevier Ltd. All rights reserved.

1. Introduction

A binding pocket within a protein can be regarded as a
medium affecting the solvation of the protein-bound
molecule. Unlike solvents, this medium is not homoge-
neous, yet, it provides the bound molecule with an effec-
tive polarity, viscosity, and acidity. Warshel suggested
that enzymes can be considered as ‘super-solvents’ that
stabilize unstable intermediates. For instance, proteins

Keywords: Fluorescence; &-ATP; Proteins; Viscosity; Dielectricity;

Acidity.

* Corresponding author. Tel.: +972 3 5318303; fax: +972 3 5351250;
e-mail: bfischer@mail.biu.ac.il

0968-0896/$ - see front matter © 2004 Elsevier Ltd. All rights reserved.

doi:10.1016/j.bmc.2004.09.011

stabilize ionic transition states more effectively than
aqueous solutions.! Stabilization is due to the unique
physicochemical properties of the binding pocket,
including both general and specific (e.g., H-bonds, pro-
tonation) interactions. Despite the significance of these
physicochemical parameters for the understanding of
various molecular phenomena, such as molecular recog-
nition and enzymatic mechanisms, and for calculating
molecular models of proteins, direct methods for meas-
uring these parameters in proteins binding pockets are
not readily available.

Nevertheless, indirect methods have been proposed for
the measurement of polarity,? acidity,>* and viscosity>¢
of proteins.
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The inherent limitations in the measurement of physico-
chemical properties of a protein binding site, prompted
us to propose an indirect method for probing these
properties in ATP-binding proteins. As a continuation
of our work in the field of molecular recognition of ade-
nine nucleotides,” we targeted the investigation of a
nucleotide receptor, P2Y-R, and NTPDasel that are
both responsible for ATP signaling.

The method proposed here involves the use of a new
fluorescent probe based on the well-known etheno-(g)-
ATP, 1a, scaffold.® In an earlier study, we reported the
unique fluorescent characteristics of 8-(p-amino-phen-
yl)-3-B-p-ribofuranosylimidazo[2,1-i]purine-5’-mono-
phosphate, 3a.” These findings encouraged us to further
explore the possible use of related analogues as fluores-
cent probes.

Here, we report on the synthesis and spectral properties
of a series of e-adenine nucleotide derivatives 3-5. These
analogues bear p-amino-phenyl substituents on the ethe-
no-bridge at the C8-position. In addition, we report on
the biochemical relevance of analogue 3b for the investi-
gation of our target proteins, P2Y-receptor, and NTP-
Dasel. We describe the sensitivity of probe 3b to various
environmental physicochemical parameters. Specifically,
we report on the dependence of emission spectra of
probe 3b on pH, viscosity, dielectricity, and H-bonds.
Furthermore, we describe the dependence of the spectra
of 3b on correlations between dielectricity/H-bonding
and acidity, and between viscosity/H-bonding and
acidity.

The spectral results described here will be used for estab-
lishing correlation equations. These equations will help
interpret the spectral properties of the protein-bound
probe in terms of the average environment surrounding
the fluorophore. This application will be published in
due course.

2. Results
2.1. Synthesis of fluorescent probes 25

Since ATP has poor fluorescence properties,'? we chose
fluorophores that display improved spectral properties.
Furthermore, because proteins absorb light near
280nm, and fluorescence emission maxima range from
320 to 350nm, we chose probes that are excited and emit
outside the wavelength range of proteins.

The design of the new fluorescent nucleotide probes is
based on the &-ATP scaffold, 1a.® The C8-aryl substitu-
tion on this scaffold produced fluorescent and environ-
ment-responsive probes 3-5, Scheme 1.7

Previously, we reported the synthesis of aryl-substi-
tuted e-adenine nucleotides 2a and 3a.” The synthesis
of 2a harnessed the Kornblum oxidation reaction'!-1?
to assist with the formation of the substituted etheno-
bridge.

In a typical procedure, AMP free acid, or ATP tetrakis-
(BuyN™) salt, was dissolved in DMSO together with
excess of 2-Br-(p-NO,)-acetophenone, and pH4.5 was
maintained. After 12h at room temperature products
2a or 2b were isolated as single regioisomers in ca.
70% vyield.!? Regiochemistry was assigned by NOESY
spectrum.

Since substituents that donate electrons to the w system
enhance absorption of light and increase fluorescence,
we prepared the corresponding 8-(p-amino-phenyl)-¢-
adenine nucleotides, 3-5 from the p-nitrophenyl precur-
sor 2. Analogues 3a,b were obtained in quantitative
yields by catalytic hydrogenation of 2 over PtO,.

Derivatives 4a,b and 5a,b were prepared in high yields in
a one-pot reduction—alkylation of the p-nitro function.
The nitro group was first reduced to a primary amine,
followed by tandem Schiff-base formation, with formal-
dehyde or acetaldehyde, respectively, and reduction to
the corresponding dimethyl and diethyl tertiary amine
analogues (Scheme 2).'4

2.2. Biochemical evaluation of probes 2-5

The investigation of the affinity of analogues 2-5 to the
target proteins is a pre-requisite to their application as
probes. Therefore, analogues 2-5 were evaluated either
as ligands of a P2Y,-receptor or substrates/inhibitors
of NTPDasel.

2.3. Evaluation of analogues 3b-5b as P2Y,-R agonists

To examine the efficacy of analogues 3b—5b in a func-
tional assay, we tested them by the agonist-induced
Ca®" release in HEK 293 cells stably transfected with
rat brain P2Y;-receptor (Fig. 1). !> Those P2Y|-R-trans-
fected cells were shown to be suitable for pharmacolog-
ical characterization.!'® Analogue 3b, with ECs, of
1x107"M, was found to be almost equipotent with
ATP, ECs of 2 x 107" M. However, dialkyl substitution
on the p-amino function of 3b, as in analogues 4b and
5b, reduced the ligand’s potency. This resulted in
ECs5, value of 5x 10~"M for 4b and a clear reduction
by one order of magnitude for 5b, ECs of 1.5 x 10"°M.

2.4. Evaluation of analogues 2b—5b interaction with
NTPDasel and potato apyrase

Analogues 2b—5b were evaluated as either substrates or
inhibitors of Nucleoside Triphosphate Diphosphohydro-
lase, NTPDasel, and of potato apyrase (equivalent en-
zyme to NTPDasel). Previously, we reported that
analogues 2b and 3b were poor substrates of NTPDasel
at 100 uM, with hydrolysis of 31% and 20% of the com-
parable ATP rate.® Here, analogues 4b—5b (100 uM)
were evaluated as bovine spleen NTPDasel substrates
and were also found to be poorly hydrolyzed by NTP-
Dasel, with 14% and 23% the rate of ATP, respectively
(data not shown). To further determine the interaction
of analogues 4b and 5b with NTPDasel, we evaluated
the influence of these analogues on the ATP hydrolysis
rate. At a low concentration (10 uM), these analogues
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Scheme 1. The synthesis of analogues 2a,b-5a.b from the corresponding adenine nucleotides.

exerted no significant inhibition of ATP hydrolysis,
while only small inhibition was observed at 75 uM, with
31% and 16% inhibition for 4b and 5b, respectively (data
not shown). These results indicate that either affinity or
Vmax, OF both, would be lower than those of ATP.

In a second series of experiments, analogues 3b—5b were
evaluated on potato-apyrase (Fig. 2). Potato-apyrase
was chosen for these studies because it exhibits similar
activity to NTPDasel, and has 20-29% identity to
known mammal NTPDases. Yet, practically, potato-
apyrase is much easier to study because, unlike NTP-
Dasel, it is water soluble and stable.!”

As for NTPDasel, all analogues were found to be poor
substrates of potato apyrase with 12%, 13%, and 37%
hydrolysis for 3b, 4b, and 5b, respectively, as compared
to the rate of ATP (Fig. 2). A more detailed analysis was

performed and kinetic parameters for Sb and ATP were
determined. The K, app, of 5b, 45 uM, was close to K app
of ATP, 37uM, while their V., were different,
304 pmol Pi/min/mg protein compared to 770 pmol Pi/
min/mg protein. The comparable K, ., values for 5b
and ATP, indicate that they have a similar affinity for
the catalytic site.

The weakest substrates were studied as inhibitors of
apyrase. Thus, analogues 3b and 4b inhibited the hydrol-
ysis of ATP, at 100 pM concentration of both substrate
and inhibitor, by 25% and 33%, respectively.

2.5. Spectral investigation of probe 3b
Out of the series of e-ATP derivatives 2b—5b, compound

3b was found suitable for elucidating the physicochemi-
cal properties of P2Y|-R. Therefore, here, we focused on
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Scheme 2. The mechanism of formation of analogues 3-5 from analogue 2.

a detailed spectral investigation of 3b, with a view to
establish correlation equations for elucidation of the tar-
get protein properties.

2.6. Absorption spectroscopy of probe 3b

The substitution of the aryl group on the e-bridge in
analogue 3b, causes a significant shift in the absorption
spectra, as compared to the spectrum of &-ATP. .«
shifts from 294 nm for e-ATP3® to 331 nm for 3b, at neu-
tral pH (Table 1). Moreover, the extinction coefficients
of 3b are up to 5-fold higher as compared to those of
the parent e-ATP.8® The UV absorptions of 3b are
pH-dependent. In a basic medium (pH 12.3), no change
is observed in A, and ¢ of 3b as compared to those val-
ues at pH 7. However, in an acidic medium (pH 1.6), in

which the nucleotide is still stable for several hours,’ a
pronounced blue shift of 50nm was observed in the
UV spectrum of 3b upon shift from pH7 to 1.6. This
blue shift is due to the absorption of protonated 3b spe-
cies (discussed below).

The UV absorptions of 3b depend also on the polarity
of the medium. Thus, UV spectra of 3b in a variety of
organic solvents of comparable viscosity but increas-
ing dielectric constants, from dioxane (2.2) to DMSO
(46.7), resulted in a ca. 12-fold increase of the absorp-
tion (Fig. 3A, partial spectrum). Likewise, red shifts
of ca. 10 nm were observed for spectra of 3b in
polar solvents (DMF and DMSO), as compared to the
spectra in nonpolar solvents (dioxane, CH,Cl,, and
CHCly).
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Figure 1. Evaluation of analogues 3b-5b as P2Y-R agonists. Con-
centration—response curves for ¢-ATP analogues 3b-5b, and ATP, by
measuring Ca®* release in HEK 293 cells expressing the rat brain P2Y,
receptor. The potency of the substances indicated to raise the
fluorescence ratio (AF3z0nm/Figonm) Was determined as described in
Methods. ECs, value obtained for ATP is 200nM, for 3b 100nM, for
4b 500nM and for 5b 1.5pM. Data represent the mean values and
standard errors from 60 to 100 single cells from at least three separate
experiments.
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Figure 2. Hydrolysis of ATP and analogues 3b-5b by potato-apyrase.
ATP and analogues were used at a concentration of 100puM.
Hydrolysis was performed at 37°C for 7min in the presence of 5.5ug
of protein. Results are expressed as the mean SEM of two replicates

performed in duplicate (3b: 11.6 = 0.675, 4b: 12.78 + 0.061, 5b:
37.3£3.87).

Table 1. Absorption and emission data of analogue 3b in aqueous
solutions at concentrations of 1-3 x 107> M

pH Absorption Emission

;LIHZIX (nm) (8 X 1073) /.LDIZIX (nm) ¢
1.6 250 (24.5), 281 (18.6) 412 0.440
7.0 274 (25.2), 331 (5.8) 418 0.020
12.3 274 (25.6), 333 (5.5) 420 0.005

The absorbance of spectra of 3b in a series of alcohols of
comparable viscosity was linearly dependent on the
polarity of the alcohol (Fig. 3B). Yet, no polarity-
dependent shift was observed for A, of 3b. H-bonding
stabilization in these protic solvents resulted in high
absorptions even at dielectric values lower than those
of DMF and DMSO.
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Figure 3. UV absorption spectra of 3b tetrabutylammonium salt
(4.98x 107°M) in: A. Aprotic organic solvents with the following
dielectric constants: DMSO 46.7, DMF 36.7, DCE 10.2, CHCl; 4.6,
dioxane 2.2 (partial spectrum). B. Protic organic solvents with the
following dielectric constants: MeOH 32.6, EtOH 24.3, propanol 20.1,
isopropanol 18.3.

2.7. Emission spectroscopy of probe 3b

The pH-dependence of the emission spectra of analogue
3b was investigated with a view to use it as an acidity
probe. Thus, emission maxima and quantum yields (¢)
were measured for 3b at acidic, neutral, and basic pH
(Table 1). Excitation of 3b was performed at 290nm,’
and emission maximum was observed at 420 and
418nm in basic and neutral solutions, respectively. In
acidic medium, the emission maximum further shifted
to 412nm, however, fluorescence intensity increased sig-
nificantly. A quantum-yield enhancement of ca. 90-fold
was observed at pH 1.6, as compared to the yield in basic
pH. The pH-dependence of 3b is exceptional as com-
pared to the vanishing fluorescence of 2b° or g-adeno-
sine,%®18 1b, and &-ATP,! 1a, at acidic pH.

Stokes shifts of ca. 90nm (13 kcal/mol) are observed at
all pH values. These red-shifts are due to the strong
interaction of the polar excited state with the polar sol-
vent, in addition to other possible relaxation
mechanisms.

2.8. Probe 3b is pH-sensitive

The dependence of the fluorescent properties of 3b on pH
was explored in detail within the pH range of 1.4-6.5
(Figs. 4 and 5). pH-titration of 1M solutions of 3b, at
0.2pH unit intervals, was monitored by fluorescence
spectra at 410nm upon excitation at 290nm (Fig. 4).
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Figure 4. pH-dependence of emission spectra of probe 3b. 1uM
solutions of probe 3b at the pH range 1.4-4.3 were excited at 290nm,
and fluorescence intensity was measured at 410nm.

Fluorescence Intensity

Figure 5. A bell-shaped pH-titration curve of probe 3b. pH-titration
was monitored by emission spectra (excitation at 290nm; emission
maximum at 410nm). Three inflection points are found over the pH
range of 1.5-6.0 (at 2.10; 3.09; and 3.82).

A plot of fluorescence intensity versus pH shows a bell-
shaped pH-dependence (Fig. 5). Although significant
fluorescence intensity was observed for 3b at pH1.4 (¢
0.44, resulting from the tri-protonated 3b, as discussed
below), the maximal emission was observed at pH?2.8
(¢ 0.75, resulting from the di-protonated 3b). A signifi-
cant reduction of emission intensity was observed upon
pH increase from pH4.0 to 4.3. From pH4.3 onwards
no significant change is observed in the quantum yield
(¢ 0.02). A 150-fold decrease of quantum yield is
observed upon pH increase from 2.8 to 12.3 (¢ 0.005,
due to the neutral fluorophore).

The pH-sensitivity of probe 3b is in contrast to that of e-
adenosine. The latter analogue also emitted at 415nm,
yet, at pH 2.2 its intensity was less than 10% of the inten-
sity at pH7.2° Likewise, the high fluorescence intensity
(¢ 0.81) of the related 8-(N-acetylamino)-3-p-p-ribofu-
ranosylimidazo[2,1-i]purine, was drastically reduced at
pH2 as compared to pH7.2!

2.9. Determination of acid—base equilibria of analogues
2b-5b

The titration curve of 3b at the pH range 1.4-6.5 is bell
shaped with three inflection points. These points corre-
spond to three pK, values of the fluorophore (Fig. 5).

The three pK, values, corresponding to three basic nitro-
gen atoms of the fluorophore in compounds 3b-5b, were
determined by the second derivative of the correspond-
ing fitted graphs.

Comparable bell-shaped titration curves were obtained
for the p-NMe,—, and p-NEt,-phenyl-e-ATP analogues
4b and 5b with three inflection points. Yet, for the p-
NO,-phenyl-e-ATP analogue, 2b, a different, two stage
titration curve was obtained, corresponding to two basic
nitrogen atoms in the fluorophore, with maximum fluo-
rescence intensity at pH4.5.

Table 2 presents the pK, values of compounds 2b—5b ob-
tained by pH-titration monitored by emission measure-
ments. These pK, values are in excellent agreement with
pK, values obtained by pH-titrations monitored by UV
spectroscopy (data not shown).

For analogue 2b, only two basic nitrogen atoms were
identified in the fluorophore with pK, values of 3.86
and 1.93. Yet, for analogues 3b-5b, three pK, values
were determined in the pH range of 2-4. For analogues
4b and 5b pK,2 and pK, 3 values were higher than those
for analogue 3b, due to inductive effects of the alkyl
groups.

For the assignment of each of the pK, values to the cor-
responding basic nitrogen atom in the molecule, we
monitored the pH-titration by a direct method, using
SN NMR. Due to the instability of the triphosphate
chain in 3b under the experiment conditions, we chose
the monophosphate homologue 3a. Thus, 0.8 M solu-
tion of p-NH,-phenyl-e-AMP bis-(tributylammonium)
salt, 3a, in DMSO was titrated with trifluoroacetic acid
(TFA) at 37°C and "N NMR spectra were measured.
Table 3 presents the chemical shifts of the fluorophore’s
nitrogen atoms versus number of equivalents of TFA.

Table 2. pK, values for derivatives 2b—5b obtained from fluorescence monitored pH-titration

e-ATP-analogue Analogue number pK.,l pK.2 pK.3
8-[p-NO,-Ph]-e-ATP 2b 1.93 £0.08 3.86 £0.25 —
8-[p-NH,-Ph]-e-ATP 3b 2.01£0.19 3.09 £ 0.06 3.82£0.07
8-[p-N(Me),-Ph]-¢-ATP 4b 2.05+0.04 3.21 £0.08 4.43 +0.08
8-[p-N(Et),-Ph]-e-ATP 5b 2.12£0.09 3.79£0.21 4.66+0.16

The final value of the pK, is given as the mean of three to five measurements *SEM.
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Table 3. Dependence of N chemical shifts of analogue 3a on
trifluoroacetic acid concentration in DMSO

TFA N6 N4 N9 N1 N3 NH,
(equiv)

0 —176.6 —152.8 —155.8 —140.0 —-207.4 -318.6
0.2 —176.9 —152.7 -157.7 —140.2 —-207.5 -319.5
0.4 —1774 —-1520 -1624 —140.3 —-207.5 —320.1
0.8 —1819 —149.6 —-1789 —1404 —206.7 -3224
1.2 —183.8 —148.7 —179.7 —140.6 —206.3 —324.8

After the addition of 1.2equiv of TFA, the N9 signal
shifted upfield by 24 ppm due to protonation, while the
N6 and NH, signals shifted upfield by 7 and 6ppm,
respectively. The most basic position of the fluorophore
is N9 with pK, of 3.82 for 3b. This value is 0.5 log unit
lower than the value reported for e-ATP.2® The reduc-
tion of the basicity of N9 is expected due to the exten-
sion of the fluorophore, and the subsequent reduction
of the availability of the N9 lone pair. The reduction
of the pK, value of the p-amino moiety (3.1 in 3b) as
compared to aniline (pK, 4) is explained by similar con-
siderations. N6 is the least basic nitrogen with pK, 2.0.
The basicity of nitrogens N7; N3; N1 is negligible.

Indeed, X-ray crystallography of 7-ethyl-e-adenosine
hydrochloride,?? and 'H NMR data for e-AMP indi-
cated that N9 is the primary protonation site.>> How-
ever, the pK, value corresponding to N6 was not
reported before.

2.10. Probe 3b is viscosity sensitive

The dependence of the emission spectra of probe 3b on
the viscosity of the medium was measured within the vis-
cosity range of 16-245cP in ethylene glycol: glycerol
mixtures of various ratios (Fig. 6). Emission maximum,
Amax, femained constant, 494nm, in the entire range of
viscosities. Yet, a significant increase of fluorescence
intensity was observed in viscous media (Fig. 6A). A lin-
ear relationship was found between log ¢ and log viscos-
ity (Fig. 6B).

2.11. Probe 3b is dielectricity sensitive

The responsiveness of probe 3b to the dielectricity of the
medium was evaluated regarding the solvation mecha-
nism by both dipole-dipole interactions and H-bond
network. In aprotic media, dipole-dipole interaction is
the predominant solvation mechanism. Yet, in protic
solvents, in addition to dipole—dipole interaction, an effi-
cient solvation mechanism is the H-bond network.
Therefore, emission spectra of 3b were measured in sets
of protic and aprotic solvents (Fig. 7). The set of aprotic
solvents included dioxane, chloroform, dichloroethane,
DMF, and DMSO, with dielectric constants in the range
of 2-47. The other set included protic solvents: isopro-
panol, propanol, ethanol, and methanol, with dielectric
constants in the range of 18-33.

A linear correlation was observed between the dielectric
constant of aprotic solvents, and both 1.,, and ¢ of 3b
(Fig. 7C, R* 0.95, and Table 4). For aprotic solvents, by

— 16 cP
——49¢cP
——115 cP
47 ———163 cP
2 ———245 cP

0 T T T T T T T
350 380 410 440 470 500 530 560
Emission/nm

Fluorescence Intensity

£
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2.34+
2.324
2.30 °
2.28+ L4

2.26
2.24+
2.22+
2.20+
218

log (¢ x 1000)

10 12 14 16 18 20 22 24
(B) log n

Figure 6. Dependence of emission spectra of probe 3b on the viscosity
of the medium. (A) Emission spectra were measured for 1 uM solutions
of 3b in ethylene glycol/glycerol mixtures of varying viscosities within
the range of 16-245cP. Emission maximum remains constant in the
entire range of viscosities. (B) A linear relationship was found between
log quantum yield and log viscosity, R* 0.96.

increasing the dielectricity from 2.2 (dioxane) to 46.7
(DMSO), the quantum yield is dramatically increased
from 0.01 to 0.68. This supports the role of dipoles of
the polar solvent in the stabilization of the excited state
of the fluorophore. Furthermore, by increasing the
dielectricity from dioxane to DMSO, the fluorescence
emission maximum of 3b shifts to longer wavelengths,
from 416 to 476 nm. This red-shift results primarily from
solvent stabilization of the excited charge-transfer state
where pe > .

For the series of alcohol solvents, an increase of the
dielectricity from 18.3 (i-PrOH) to 32.6 (MeOH) causes
an increase of the quantum yield from 0.18 to 0.39
(Table 5). The significant stabilization of the excited
state of the fluorophore by H-bonds is indicated by
the high quantum yield, even at relatively low dielectric
constants (i-PrOH). A linear correlation was observed
also between the dielectric constants of alcohols and
Jmax Of 3b in these solvents (Fig. 7C, R* 0.97). H-bond-
ing stabilization is also implied by the emission maxima
of 3b in alcohols, 474-496nm, as compared to Ay In
polar and nonpolar aprotic solvents (Tables 4 and 5).

The curves for Ay.x of 3b in protic and aprotic solvents
of different dielectric constants have similar slopes, 1.30
and 1.26nm/e4, respectively, and are separated by about
33nm (Fig. 7C). This separation corresponds to an energy
difference of 4.9 kcal/mol, due to additional stabilization
of the excited state of 3b by H-bonds, in protic solvents.
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Figure 7. Dependence of fluorescence intensity of probe 3b on the
dielectric constant of the medium. (A) Dependence on dipole-dipole
interactions in aprotic solvents with dielectric constant range of 2-47.
(B) Dependence of fluorescence intensity of probe 3b on the dielectric
constant and H-bonding properties of the medium, using alcohols with
dielectric constant range of 18-33. (C) Dependence of emission
maximum of probe 3b on the dielectric constant (A) and on the
dielectric constant and H-bonds (H) of the solvents series (R? 0.95,
0.97).

Table 4. Fluorescence properties of probe 3b as a function of dielectric
constant of the medium

Solvent Dielectric Amax ¢
constant (gq)

DMSO 46.7 476 0.682

DMF 37.6 468 0.330

DCE 10.2 432 0.032

Chloroform 4.6 422 0.022

Dioxane 2.2 416 0.011

Table 5. Fluorescence properties of probe 3b as a function of dielectric
constant and H-bonding of the medium

Solvent Dielectric constant (gq) Amax ¢

Methanol 32.6 496 0.391
Ethanol 24.3 488 0.291
Propanol 20.1 480 0.238
Isopropanol 18.3 474 0.183

The strong dependence of the emission spectra of 3b on
H-bonds results from specific solvent-probe interac-
tions. These specific interactions possibly involve H-
bonds with NH,, N9, N1, and N6.

2.12. Probe 3b is sensitive to interacting acidity and
dielectricity/H-bonding parameters

A pK, value of an amino-acid residue in a protein is
highly dependent on the dielectricity of its microenvi-
ronment. The formation of H-bonding network is also
polarity dependent.

Therefore, we evaluated the dependence of the fluores-
cence spectra of probe 3b on the correlated variables—
dielectricity, H-bonding, and acidity. For this purpose,
1.9uM solutions of 3b in various alcohols (MeOH,
EtOH, PrOH, i-PrOH) with dielectric constants ranging
from 33 to 18, were titrated with TFA, up to 3equiv.
The titration curves show three inflection points (three
‘pK,-like’ values) similar to the curves obtained by pH-
titration (Fig. 5). The inflection points are expressed in
terms of number of equivalents of TFA (Table 6, panel
A). The number of TFA equivalents is converted to “vir-
tual’ pK, values in water, considering the self-associa-
tion of TFA, to give ‘pK,-like’ values of 3b (Table 6,
panel B).

An inverse relationship is observed between the dielec-
tricity of an alcohol, and the ‘pK,-like’ of probe 3b

Table 6. Correlation between dielectric/H-bonding and acidity

Solvent Inflection Inflection Inflection
point 1 point 2 point 3

A

MeOH 0.38+£0.14 1.36 £ 0.11 2.19£0.10

EtOH 0.28 £ 0.09 0.93 £ 0.08 1.80 £ 0.11

Propanol 0.26 £ 0.10 0.88 £0.25 1.76 £ 0.03

Isopropanol 0.23 £0.15 0.79 £0.10 1.73 £ 0.06
‘pKa-like’l ‘pK,-like2 ‘pK.-like’3

B

MeOH 4.72 4.17 3.96

EtOH 5.15 4.63 4.34

Propanol 5.35 4.83 4.52

Isopropanol 5.41 4.87 4.53

Solutions of probe 3b in MeOH, EtOH, propanol, and isopropanol
were titrated with trifluoroacetic acid and monitored by fluorescence
spectra (Fig. 8). (A) The inflection points of the acid-titration graphs
are expressed in terms of number of TFA equivalents. The final
number of TFA equivalents is given as the mean of three measure-
ments 2SEM. (B) ‘pK,-like’ values of 3b are given in terms of ‘virtual’
pK, values in water.
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Figure 8. Dependence of fluorescence intensity of probe 3b on the
correlation between dielectricity/H-bonding and acidity. Solutions of
3b in alcohols were titrated with 0-3 equiv TFA. Three inflection points
were obtained for 3b, providing the ‘pK,-like’ values (Table 6). This
graph represents one of three measurements. The final value of the pK,
is given as the mean of the three measurements *SEM (Table 6). ‘pK,-
like’ values decrease as the dielectric constant increases (R? 0.98-0.99).
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Figure 9. Emission maxima of probe 3b versus dielectric constants of
the medium, before and after titration with TFA (R? 0.92, 0.94).

(Fig. 8). All nitrogen atoms of the probe become less ba-
sic as dielectricity increases. An increase of ca. 1 log unit,
is observed for all ‘pK,-like’ values in MeOH (Table 6,
panel B), as compared to those values in water (Table 2).

A plot of the emission maxima of 3b in alcohols versus
the dielectric constants of these alcohols, before and
after acid titration, shows two linear curves with increas-
ing separation (Fig. 9). This large separation of up to
95nm, is due to specific interactions of the acid-contain-
ing solvent with the probe. The blue-shift observed here
for acid titration of 3b in the alcohol series is in accord-
ance with the same shift observed with pH-titration of
3b (shift from 420 to 408nm). The shift is more pro-
nounced in alcohols possibly due to the better stabiliza-
tion of the hydrophobic fluorophore in alcohols, as
compared to water.

2.13. Probe 3b is sensitive to interacting acidity and
viscosity parameters

The acidity and H-bonding network within a protein
binding pocket is expected to be dependent also on the
viscosity that affects the reorientation of the dipoles at

that site. For the estimation of the dependence of proto-
nation and H-bonding equilibria on the viscosity of the
medium, we measured fluorescence spectra of probe 3b
in solutions of constant dielectricity, but varying viscos-
ity, with the gradual addition of TFA. Probe 3b was dis-
solved in ethylene glycol: glycerol solutions in differing
ratios, giving rise to viscosities within the range of 16—
245cP (Fig. 10). The inflection points of the acid-titra-
tion graphs are expressed in terms of number of TFA
equivalents (Table 7, panel A), and also expressed as
‘pK,-like’ values in water, considering the self-associa-
tion of TFA (Table 7, panel B). A linear relationship
is observed between the viscosity of the medium and
the pK,1/2/3 values of 3b (Fig. 11). As for the correla-
tion between dielectric/H-bonding and acidity, a signifi-
cant Alqax, Up to 96nm, is observed upon acid titration
of 3b in viscous solvents (Table 8). This blue-shift is due

i2- —e—49cP
' —=—115¢P
1 —a— 163 cP
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> P Py °
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Figure 10. Dependence of the quantum yield of 3b on the correlation
between viscosity and acidity. 1 pM solutions of 3b in ethylene/glycol
mixtures of varying viscosities in the range of 16-245cP were titrated
with TFA. This graph represents one of three measurements. The final
value of the ‘pK,-like’ is given as the mean of the three measurements
+SEM (Table 7).

Table 7. Correlation between viscosity and acidity

Viscosity (cP) Inflection Inflection Inflection
point 1 point 2 point 3

A

49 1.64 £ 0.01 0.98 £0.03 0.21 £0.03

115 1.54+0.13 0.86 £ 0.07 0.14 £ 0.04

163 1.35+£0.02 0.72 £ 0.07 0.10 £ 0.005

245 1.18£0.10 0.65+0.02 ND?*
‘pKa-like’l ‘pK,-like2 ‘pKa-like’3

B

49 4.50 4.73 5.40

115 4.53 4.78 5.57

163 4.59 4.86 5.72

245 4.64 4.90 ND?*

Solutions of probe 3b in the following viscosities were titrated with
trifluoroacetic acid and monitored by fluorescence spectra (Fig. 10).
(A) The inflection points of the acid-titration graphs are expressed in
terms of number of TFA equivalents. The final number of TFA
equivalents is given as the mean of three measurements *SEM. (B)
‘pK,-like’ values of 3b are given in terms of ‘virtual’ pK, values in
water.

#ND=not detectable.
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Figure 11. The dependence of ‘pK,-like’ values of 3b on the viscosity of
the medium (R 0.95-0.99).

Table 8. /.« Differences of probe 3b in viscous solvents before and
after acid titration

Viscosity (cP) Almax (nm)
49 90
115 92
163 92
245 96

to specific interactions of the acid-containing solvent
with 3b.

3. Discussion
3.1. Biochemical relevance of the new fluorescent probes

Extracellular ATP serves as an important signaling mole-
cule in many physiological processes.>* ATP effects are
mediated by a ubiquitous family of nucleotide receptors
known as P2 receptors (P2-Rs). All P2X-Rs, that are
ion-gated channels, and several P2Y-Rs, that are G-pro-
tein-coupled-receptors, respond to ATP.>> We, and oth-
ers, computed a model of the P2Y-R and established
the molecular recognition determinants of agonists in
the P2Y;-R.2%2% However, experimental data on the
3D structure of the binding site of P2-Rs are still lack-
ing. Moreover, no information is available on the
physicochemical properties of the P2Y-Rs binding site.
The lack of such data impedes the comprehension of
the receptor’s recognition and activation mechanisms,
and the development of potent and subtype selective
ligands.

Biological effects elicited by extracellular ATP are deter-
mined by P2-Rs binding affinity, and by the level of ATP
present outside the cells that depends on the release of
ATP and on ectonucleotidase activity. Ectonucleotid-
ases such as NTPDasel and 5'-nucleotidase are major
enzymes responsible for the hydrolysis of extracellular
nucleoside triphosphate.?’ The presence of NTPDasel
in the vicinity of P2-R was suggested indicating its pos-
sible role in modulating nucleotides level to avoid recep-
tor desensitization.>* NTPDasel catalyzes the sequential
hydrolysis of phosphate vy, and B of nucleoside tri- and
diphosphate, in the presence of Ca** or Mg®*.3! Only

limited information is available on the properties of
NTPDases binding site. Few chemical modifications®?
or site-directed mutagenesis studies showed important
amino acids and a sequence corresponding to phosphate
binding motifs.?* The physicochemical characteristics of
the NTPDase binding site are still unknown.

To elucidate the physicochemical properties of the bind-
ing site in the target proteins P2Y-R and NTPDasel,
we synthesized novel fluorescent nucleotide analogues,
3-5, based on the extension of the e-ATP scaffold. The
aim of the modifications of the e-nucleotide scaffold
was 3-fold: to improve fluorescence characteristics (¢
and Ay.y); to confer sensitivity to physicochemical prop-
erties of the medium; and to increase the affinity of the
analogues for the binding site of the target proteins.

Nucleotide analogues 3-5 are excited at 290 nm and emit
at ca. 410-420nm, representing excitation and emission
wavelengths outside the range of proteins absorption
and emission spectra. In addition, the sensitivity of the
detection of these analogues is relatively high (at con-
centrations <1 x 107°M). Furthermore, analogues 3-5
are sensitive to changes in the acidity, polarity, H-bond-
ing, and viscosity of the medium.

Among the new analogues, 3b was found to be a potent
P2Y-R ligand that is slightly more potent than ATP.
Analogues 4b and 5b, presented lower affinity for the
receptor, implying that 3b p-NH, H-atoms are essential
for the molecular recognition by the P2Y-R.

The major structural difference between the e-derivatives
and the natural nucleotides is masking N1 and N°-posi-
tions. For the P2Y-R in which the e-ATP derivative 3b
is active, the lack of free N1 and N°¢ positions, known to
be important for binding,>’-?® is probably compensated
by favorable interactions of the p-amino moiety.

The affinity of analogues 3b—5b to NTPDasel and or
potato apyrase, proved to be low. These analogues were
poorly hydrolyzed (12-37%) and exerted little inhibition
of ATP hydrolysis (16-33%) by both enzymes, as com-
pared to ATP.

The aryl-etheno substitution is apparently unfavorable
for catalytic activity. This is possibly because the bulky
aryl-etheno group shifts the triphosphate moiety away
from the catalytic residues, or because of the loss of
H-bonding of N1 and N° with the enzyme.

3.2. Sensitivity of probe 3b to environmental variables

We explored the sensitivity of our probe of choice, 3b, to
environmental variables such as polarity, viscosity, acid-
ity, and H-bonds, based on emission spectra. Further-
more, we studied the correlation between certain
variables. In this way, we established the dependencies
of the emission spectra of 3b, on the interactions be-
tween the acidity and dielectricity, or the acidity and vis-
cosity of the medium. The dependencies of 3b on the
physicochemical properties of the environment, were
calibrated here by a series of solvents and solutions.
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Our working hypothesis is that changes in the emission
spectra of 3b are due to the response of the probe to the
environmental properties. We chose the measurement
conditions to prevent unwanted effects on the emission
spectra due to phenomena such as self-aggregation or
metal-ion coordination.

To avoid self-association, our measurements were con-
ducted at low concentrations, <I1uM, of 3b. Further-
more, self-association in nucleoside tri-phosphates is
negligible, as shown by Sigel et al., and decreases consid-
erably from adenosine to ATP*~.34

Generally, the presence of paramagnetic metal ion in the
binding site might reduce fluorescence intensities, with-
out shift of emission maxima (only the uncomplexed
forms are fluorescent). Yet, Mg>" present in various
ATP-binding proteins, including our target proteins, is
not paramagnetic. The binding of Mg>* is not accompa-
nied by a decrease in fluorescence intensity.?>*> There-
fore, to avoid unwanted metal-ion coordination, we
conducted the measurements with severe exclusion of
paramagnetic metal ions.

3.3. pH-dependence of the emission spectra of 3b

Analogue 3b was explored as a probe of acidity. For this
purpose, we established the responsiveness of 3b to the
acidity of the medium, either in water within a wide
pH-range, or in media of either varying acidity and
polarity, or varying acidity and viscosity.

The absorption and emission characteristics of 3b within
the pH range 7.0-12.3 are practically the same. However,
probe 3b was found to be acid sensitive, showing a bell-
shaped dependence of absorbance (not shown) and fluo-
rescence intensity on pH in the range 1.4-6.5 (Fig. 5).

The quantum yield of 3b was enhanced 150-fold (¢ 0.75)
upon acidification of the solution from basic or neutral
pH to 2.8. However, further acidification of the solution
from pH 2.8 to 1.4, resulted in a gradual decrease of fluo-
rescence intensity (¢ 0.44). This observation is excep-
tional considering the vanishing fluorescence of e-ATP
at acidic pH.?°> To the best of our knowledge, com-
pound 3b, and its analogues 4b and Sb, are the first
examples of N1,N%cg-adenine nucleotides which highly
fluoresce at acidic pH. This significant enhancement of
fluorescence intensity in the pH range of 1.4-4.0 sug-
gests the possible use of 3b as a sensor of the environ-
ment acidity.

Three basic nitrogen atoms in 3b, N9; N6; NH,, are
responsible for the sensitivity of the probe to acidity.

Related dependence of emission spectra of fluorophore’s
3b on the acidity of the medium was observed also for
nonaqueous solutions (Tables 6 and 7). Yet, the correla-
tion between dielectricity and acidity, or viscosity and
acidity, shifted the ‘pK,-like’ values, as compared to
water. The correlated dielectricity—acidity parameter re-
duced the basicity of 3b, while the correlated viscosity—

acidity parameter enhanced the basicity of 3b, as dis-
cussed below.

3.4. Dielectricity dependence of the emission spectra of 3b

A protein is generally charged or dipolar. This polarized
nature influences both the structure and function of pro-
teins. Therefore, it is necessary to consider molecular
recognition of molecules by proteins in terms of effective
local dielectricity of the binding cavity.

The local dielectricity of a protein is expected to be low,
as compared to the aqueous environment. The inside of
a globular protein is dense with apolar atoms stabilized
by the hydrophobic effect. The effect of polar groups in
the binding site on dielectricity is limited due to their
partial neutralization by H-bonding.3¢

Direct experimental determination of dielectricity of a
protein is practically impossible. Still, the determination
of dielectricity was attempted in dry powders and films
of peptides and proteins by electrometric methods,?’
and by theoretical models.?® Experimental estimates of
effective dielectricity were attempted also by the analysis
of the shift in pK, of ionizable groups when they are
buried in proteins.> These studies required the titrations
of the proteins for the determination of pK, of the bur-
ied residues. However, such titrations are applicable
only for proteins that are especially stable within a wide
range of pH values.

These limitations encouraged us to explore the use of 3b
also as a dielectricity probe. A linear correlation was
found between the dielectricity of aprotic solvents, and
the quantum yield (Fig. 7A, Table 4). The quantum
yield of 3b was increased from 0.01 to 0.68 upon increas-
ing the dielectric from 2 to 46, thus, supporting the role
of dipoles of the polar solvent in the stabilization of the
fluorophore’s excited state. A similar observation was
made for the series of alcohol solvents (Fig. 7B, Table
5).

The effect of alcohols on the emission spectra of
analogue 3b is attributed to two distinct parameters:
H-bonding and the dielectric constant. The additional
contribution of H-bonds to the stabilization of the ex-
cited state of 3b, apart from the contribution of the
dielectricity, was determined as Skcal/mol based on
graph 7C. The dependence of the emission spectra on
H-bonds indicates that the red-shift of 3b spectra in pro-
tic solvents is a result of specific solvent-probe H-bond
interactions.

H-bonding equilibrium is an intermediate state in the
process of protonation equilibrium. Indeed, in a more
efficient H-bonding medium (i.e., MeOH vs. isopropa-
nol), the quantum yield of 3b is higher (Table 4). This
observation is comparable to the increase of the quan-
tum yield as the solution’s pH is lowered.

Both emission maximum and quantum yield of 3b in
water (pH7, &4 78) deviate significantly from those of
3b in alcohols. An.x is significantly shorter and ¢ is
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significantly lower in water (418nm, ¢ 0.02, pH7), as
compared to alcohols. This unique behavior may be
due to the less efficient stabilization of the probe hydro-
phobic part by water, relative to alcohols.

A linear correlation was observed between the dielectric
constant of protic and aprotic solvents, and 4. of 3b
(Fig. 7C). The high correlation we found between these
parameters (R> 0.95 and 0.97), will be applied in our
equations for the investigation of proteins, although
the Lippert equation proposes a nonlinear dependence
of Av on the dielectric constant.?®

3.5. Viscosity dependence of the emission spectra of 3b

Viscosity of a protein is determined by the limited de-
grees of freedom of its backbone and side chains (con-
strained ¢ and ¢ angles of the peptide bond, and
limitations on free rotation about bonds in side chains),
and inter-residue interactions (H-bonds network, di-
pole—dipole interactions, etc.). Likewise, the presence
of residual water molecules left in the binding cavity
after ligand/inhibitor binding may affect both the local
effective viscosity and dielectricity. Since the direct meas-
urement of these microparameters within a protein is
impossible, we also explored the responsiveness of probe
3b to the viscosity of solvents.

Several molecular rotors have been developed to esti-
mate the viscosity and dielectricity of their environment.
For instance, CCVJ has been used to evaluate the spe-
cific binding to antibodies. Binding was indicated by
the increase of CCV]J fluorescence due to enhanced vis-
cosity and decreased local dielectric constant provided
by the protein environment, as opposed to the aqueous
solution it was dissolved in before.*°

Likewise, several fluorescent probes were used to pro-
vide information on microviscosities and the local
dielectricity of bilayers. The common assumption is that
fluorescence emission characteristics can be associated
with the dielectric constant of a solvent in a standard
solvent scale. Yet, only a few fluorophores were reported
to be capable of providing useful information on both
microviscosity and local dielectricity of bilayers.*!

The dependence of the emission spectra of probe 3b on
the viscosity of the medium was measured within the vis-
cosity range of 16-245¢cP (Fig. 6). Maximum emission,
494 nm, remained constant in the entire range of viscos-
ities. Yet, a linear relationship was found between log
quantum yield and log viscosity (Fig. 6B). This relation-
ship is anticipated, since generally, in a highly con-
strained environment, the predominant decay pathway
is radiative, and large increases in the fluorescence quan-
tum yield are observed.*?

Our observations for 3b are in agreement with studies by
Ferreira and Gratton who used &-ATP and time-re-
solved fluorescence spectroscopy for the investigation
of viscosity-dependent fluorescence. The rotation of
the bulky adenine moiety about the glycosidic bond is
expected to involve displacement of solvating molecules

and thus should be dependent on viscosity.*? Indeed,
these studies supported the view that rotational diffusion
of the adenine moiety in e-ATP is linearly attenuated by
the solvent viscosity.

Although the fluorescence of 3b is viscosity dependent,
3b is less sensitive to viscosity as compared to known
molecular rotors, for example, DCVJ.*’ The sensitivity
to viscosity is expressed by the slope of the line (x) of
log viscosity versus log quantum yield. For instance,
for DCV]J, x is 0.60, according to the Forster-Hoffmann
expression for the linear relationship between quantum
yield and viscosity, log¢,=C + xlog#. This value agrees
with the 2/3 power viscosity dependence of the quantum
yield ¢,= Cy?? for a number of dyes reported by For-
ster and Hoffmann.*' For probe 3b, the slope is 0.135,
indicating a lesser sensitivity of 3b to the viscosity of
the medium, as compared to molecular rotors.

3.6. Dependence of 3b emission on the correlation between
environmental variables

Generally, there is no correlation between dielectric con-
stants and viscosities of solvents, and these two para-
meters are independent of each other. However, the
acidity parameter, is dielectricity dependent. For in-
stance, a pK, value of an amino-acid residue in a protein
is highly dependent on the dielectricity of its microenvi-
ronment. The acidity within a protein binding pocket is
also expected to be dependent on the viscosity (i.e., on
the constrained backbone, inter-residue interactions,
and the presence of residual water molecules).

Therefore, we estimated the dependence of protonation
equilibria of 3b on the viscosity/H-bonding and dielec-
tricity/H-bonding of the medium. Since both the fluoro-
phore and the alcohol solvents are amphiprotic, it is
impossible to untangle dielectricity, H-donor, and H-
acceptor variables.** Therefore, we refer here to the cor-
related contribution of both dielectricity and H-bonds.

We found that indeed acid-base equilibria of 3b are
highly dependent on both dielectricity and viscosity of
the medium. An inverse relationship is observed be-
tween the dielectricity of an alcohol, and the ‘pK,-like’
of probe 3b. All nitrogen atoms of the probe become less
basic as dielectricity increases. This rather unexpected
observation may be due to a better solvation of the rel-
atively hydrophobic fluorophore with delocalized posi-
tive charge by more hydrophobic alcohols with longer
alkyl moieties. This is in accordance with the association
constants of picric acid in nonaqueous media.*> An in-
crease is observed for ‘pK,-like’ values for the three basic
nitrogens of 3b in MeOH, as compared to those values
in water. Again this observation can be rationalized by
the better solvation of the hydrophobic fluorophore by
MeOH, as compared to water.

Yet, acid—base equilibria of 3b were linearly dependent
on viscosity (Fig. 11).

The addition of a small amount (e.g., 0.1equiv) of TFA
to mixtures of alcohols of different viscosity and con-
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stant dielectricity, induced a 92-96nm shift of A, of
3b. At a low concentration of acid the solution was
apparently already saturated, resulting in a large shift
of the emission band. The same phenomenon was ob-
served for solutions of alcohols of different dielectricity
and constant viscosity.

By adding a low concentration of TFA, too low to alter
the bulk properties of the solvent, additional specific H-
bonds are formed, resulting in significant blue spectral
shifts of 3b. H-bonding is essentially a chemical reaction
with a typical equilibrium constant. Therefore, relatively
low concentrations will saturate this specific effect.*®

The emission of 3b is sensitive to both specific and
general solvent effects. Therefore, the use of alcohols sets
to calibrate environmental properties is favorable.
Firstly, because the specific effects of alcohols cause
larger, easily observed spectral shifts. Secondly, identifi-
cation of these specific effects in the calibration sets
could reveal H-bonding of the probe within the protein
binding site.

4. Conclusions

The fluorescent &-ATP analogue 3b is responsive to
H-bonding, polarity, acidity, and viscosity of the envi-
ronment. Analogue 3b is sensitive to both specific and
general effects of the solvent. This sensitivity to environ-
mental properties and to correlation between certain
properties, together with its affinity to the P2Y-recep-
tor, makes 3b a promising probe of the binding pocket
of this protein. The dependence of the spectral parame-
ters of 3b on environmental parameters is summarized in
Table 9. Based on these dependencies, we will establish
equations correlating spectral parameters of protein-
bound 3b with environmental parameters.

Briefly, the dielectricity/H-bonding parameter in the
protein may be deduced from a linear correlation with
Amax- Acidity, expressed as pH-function, and viscosity
of the environment, may be deduced from additional
equations correlating ¢ and absorbance of the protein-
bound 3b with pH-function and # (where ¢4 appears as
a constant found in the first equation). The equations
will first be solved, by regression analysis, for 3b in the
above-described sets of solutions, and the corresponding
coefficients will be deduced. Later, these equations, with
known coefficients, will be applied for the analysis of the
spectral data of the protein-bound sensor. These results
will be published in due course.

Based on our findings we also conclude that isolating
and treating one or two physicochemical properties of
a biological system (proteins, nucleic acids, and mem-
branes) by a dedicated molecular probe sensitive to
one or two parameters, might be misleading due to the
correlation between either acidity—dielectricity/H-bond-
ing parameters or acidity—viscosity/H-bonding parame-
ters. Furthermore, specific and general solvent effects
for a given probe should not be separated from each
other.

5. Experimental
5.1. General

New compounds were characterized and resonances
assigned by proton and carbon nuclear magnetic
resonance using Bruker AC-200/AC-300 NMR spec-
trometers. HOD signal was used as a reference, at
4.78 ppm, for samples in D,O. Nucleotides were charac-
terized also by *'P NMR in D,O using 85% H3POy as
external reference. Nucleotide derivatives were charac-
terized by fast atom bombardment (FAB) and high-reso-
lution FAB using glycerol matrix under FAB negative
conditions on AUTOspec-E-FISION VG high-resolu-
tion mass spectrometer. For the synthesis of analogue
2b, ATP disodium salt, insoluble in DMSO, was con-
verted to the corresponding ATP tetrabutylammonium
salt. This conversion was performed by eluting ATP
disodium salt on activated DOWEX 50WX8-200 ion-ex-
change resin. Purification of nucleotides was achieved
on an Isco UA-6 LC system using DEAE A-25 Sepha-
dex (HCO; form) columns and a linear gradient of 0—
0.5M NH4HCOs;. Eluting nucleotides were detected by
UV absorption at 280nm using a UV detector. The final
purification of the products was achieved on an HPLC
system (Merck-Hitachi) using a semi-preparative re-
verse-phase LichroCART lichrospher 60, RP-select B
column (Merck, Darmstadt, Germany) and a linear gra-
dient of acetonitrile (A): 0.1 M TEAA buffer (pH7) (B)
(A:B) 15:85-45:55 in 25min (solvent system I) with a
flow rate of 6mL/min. For analytical purposes, a
LiChroCART LiChrospher 60 RP-select B column
(250mm x 4mm) was used with flow rate of 1 mL/min.
The purity of the nucleotides was evaluated on an ana-
lytical column in two different solvent systems. Solvent
system I, describe above, and solvent system II, consist-
ing of 5SmM tetrabutylammonium dihydrogenphosphate
(TBAP) in MeOH (A) and 60mM ammonium dihydro-
genphosphate and 5SmM TBAP in 90% H,0/10%
MeOH (B). A concentration gradient from 75% B to

Table 9. Summary of the dependence of the quantum yield (¢) and emission maximum (/,,,,) values of 3b on the environmental variables and

correlated variables

pH Viscosity Polarity ~ Polarity/H-bonding  Acidity/viscosity/H-bonding  Acidity/polarity/H-bonding
¢ Sigmoidal (3 curves)  Linear Linear Linear Sigmoidal (3 curves) Sigmoidal (3 curves)
Jmax  Sigmoidal (2 curves)  Constant®  Linear Linear Constant®® Constant®®

# Maximum emission appears at 494nm at all viscosities.

® Maximum emission is almost constant during acid titration per certain viscosity or dielectricity.
€A large An.x difference of 3b of 92-96nm is obtained upon the addition of 0.1equiv TFA to a medium of a certain viscosity or dielectricity.
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25% B in 20min was applied. Triethylammonium salts
of mono- and tri-nucleotides, obtained after HPLC sep-
aration, were treated with SEPHADEX-CM C-25 and
converted in this way to the corresponding di- or tetra-
sodium salts. Compounds 2a,b and 3a,b were prepared
as described previously.® Triethylammonium salts of
nucleotides 2-5 obtained after HPLC separation were
converted to the corresponding di- or tetra-sodium salts
with SEPHADEX-CM C-25 prior to spectral measure-
ment. For the measurement of emission spectra of the
nucleotides in organic solvents, the counter ion was
exchanged from tetra-ethylammonium to tetra-butylam-
monium by Chelex-100 (BuyN™)-form column. This
column was prepared as follows: Chelex-100-Na™ 100—
200 mesh resin (1.5mL) in a column, was washed with
an aqueous solution of tetrabutylammonium bromide
(at least 3equiv). The column was then washed with
deionized water (90mL). Spectroscopic grade ethylene
glycol and glycerol were used. Freshly distilled spectro-
scopic grade trifluoroacetic acid was used for acid titra-
tions in organic solvents.

5.1.1. 8-(p-N,N-dimethylamine-phenyl)-3-f-p-ribofurano-
sylimidazo[2,1-i]purine-5-triphosphate, 4b, 8-(p-N,N-di-
ethylamine-phenyl)-3-p-p-ribofuranosylimidazo[2,1-i]pur-
ine-5-triphosphate, 5b. Typical procedure. A solution of
2b (20mg, 0.027 mmol) in H,O (SmL) and 40% aqueous
acetaldehyde (100 L), was subjected to hydrogenation
over Pd-C catalyst at S55psi overnight, at room
temperature.

Compound 4b. TLC (iso-propanol/H,O/NH,OH,
65:30:5) indicated that the reaction was completed after
12h, showing a typical spot at Ry 0.36. After removal of
the catalyst by filtration, the product was purified by
HPLC. Retention time of 4b was 12.19 min in solvent
system I (purity > 98%), and 12.40 min in solvent system
II (purity > 96%). Product 4b was obtained after re-
peated freeze-drying cycles in 85% yield (19.9 mg). 'H
NMR (300MHz, D,O, pH8.5) 6: 9.12 (s, 1H, H-5),
8.70 (s, 1H, H-7), 7.71 (ABq, 2H, Ar), 7.09 (ABq, 2H),
6.33 (d, 1H, H-1"), 4.73 (t, 1H, H-2'), 448 (t, 1H, H-
3%, 4.16 (q, 1H, H-4"), 3.88 (2H, H-5"), 2.98 (s, CH3)
ppm. 3P NMR (200MHz, D,O, pH6) &: —9.0 (d),
—10.7 (d), —21.3 (t) ppm. FAB (negative mode) m/z:
649.602 (M* +3H" +Na"); HRFAB: caled for
CyoH,4NgO3P5 649.362, found 649.063.

Compound 5b. TLC indicated that the reaction was
completed after 12h, showing a typical spot at R 0.39.
After removal of the catalyst by centrifugation, the
product was purified by HPLC. Product S5b was eluted
out of the HPLC column with retention time of
16.11min in solvent system I (purity >98%), and
16.80min in solvent system II (purity > 95%). Product
5b was obtained after repeated freeze-drying cycles in
87% yield (17.9 mg). '"H NMR (200MHz, D,O, pH6)
0: 9.04 (s, 1H, H-5), 8.64 (s, 1H, H-2), 8.18 (s, 1H, H-
7), 7.87 (ABq, 2H, Ar), 6.92 (ABq, 2H), 6.31 (d, 1H,
H-1"), 4.47 (t, 1H, H-2"), 4.32 (t, 1H, H-3"), 4.18 (q,
1H, H-4), 4.10 (2H, H-5"), 3.42 (q, 4H, CH,), 1.16 (t,
H, CH;) ppm.*'P NMR (200MHz, D,O, pH6) o:
—5.5 (d), —10.4 (d), —21.2 (t) ppm. FAB (negative

mode) m/z: 677.151 (M*~ + H" + Na*); HRFAB: calcd
for C22H28N6013P3 677414, found 677.092.

5.1.2. 8-(p-N,N-dimethylamine-phenyl)-3-B-p-ribofurano-
sylimidazo[2,1-i]purine-5-monophosphate, 4a, 8-(p-N,N-
diethylamine-phenyl)-3-f-p-ribofuranosylimidazo[2,1-i]-
purine-5-monophosphate, 5a. Typical procedure. A solu-
tion of 2a (20mg, 0.038 mmol) in H>,O (5mL) and 40%
aqueous acetaldehyde (140 uL), was subjected to hydro-
genation over Pd-C catalyst at 55 psi overnight, at room
temperature.

Compound 4a. TLC (iso-propanol/H,O/NH,OH,
65:30:5) indicated that the reaction was completed after
12h, showing a typical spot at R; 0.63. After removal of
the catalyst by filtration, the product was purified by
HPLC. Retention time of 4a was 15.01 min in solvent
system I (purity > 96%), and 2.96min in solvent system
IT (purity > 93%). The product yield was 89% (18mg).
'"H NMR (300MHz, D,O, pH6) d: 8.91 (s, 1H, H-5),
8.78 (s, 1H, H-7), 7.20 (ABq, 2H, Ar), 6.69 (ABq, 2H),
6.33 (d, 1H, H-1"), 4.81 (t, 1H, H-2'), 4.58 (t, 1H, H-
3", 4.44 (q, 1H, H-4"), 4.10 (2H, H-5"), 2.67 (s, CH3)
ppm.>'P NMR (200 MHz, DO, pH6) d: 4.6 (s) ppm.
FAB (negative mode) m/z: 649.602 (M*™ +3H" +
Na™*); HRFAB: calcd for C,oH»,N¢O;P 489.406, found
489.130.

Compound 5a. TLC showed a typical spot at Ry 0.88.
After removal of the catalyst by centrifugation, the
product was purified by HPLC. Product 5a was eluted
out of the HPLC column with retention time of
18.37min in solvent system I (purity > 95%), and
3.17min in solvent system II (purity > 94%). Product
5a yield was 83% (17.7mg) after repeated freeze-drying
cycles. '"H NMR (200MHz, D,O, pHS8.5) §: 8.57 (s,
1H, H-5), 8.43 (s, 1H, H-2), 7.45 (s, 1H, H-7), 6.80
(ABq, 2H, Ar), 6.04 (ABq, 2H), 5.80 (d, 1H, H-1'),
4.51 (t,1H, H-2'), 437 (t, 1H, H-3"), 4.14 (q, 1H, H-
4"), 3.68 (2H, H-5'), 3.21 (q, 4H, CH,), 1.36 (t, H,
CH;) ppm.>'P NMR (200MHz, DO, pH6) d: 1.8 (t)
ppm. FAB (negative mode) m/z: 561.3755 (M~ + 2Na™);
HRFAB: calcd for C22H24N607PN32 561123950, found
561.128304.

5.2. Absorption spectra

Spectra of compounds 2b-5b were measured using a
Varian array-1E UV-visible spectrometer. Spectra were
determined in dilute HCI or NaOH solutions in the
range of 1.4-7.0. The concentration of the samples in
aqueous solutions was of the order of 1-2x 107°M,
and 1 — 2 x 107> M for organic solvents. Measurements
were performed in 3-5 replicates, and results are ex-
pressed as the mean = SEM.

5.3. Emission spectra

Spectra of compounds 2b-5b were measured using an
Aminco-Bowman series 2 Luminescence Spectrometer.
Measurement conditions included: 780V sensitivity,
and a 4 or 2nm slit in the emission spectra for aqueous
or organic solutions, respectively. Emission spectra were
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corrected by the subtraction of the medium’s emission
spectrum. Spectra were determined in dilute HCI or
NaOH solutions in the pH range of 1.4-7.0. The concen-
tration of the samples was of the order of 1-2x 107°M
and 1-2x 107°M for aqueous and organic solutions,
respectively. Solutions of ethylene glycol/glycerol in a
range of viscosities were prepared according to litera-
ture.*® All organic solvents were freshly distilled prior
to emission measurements. Measurements of the emis-
sion of the nucleotide analogues were conducted with
subtraction of the solvent’s emission. The quantum yield
of each compound was calculated from the observed
absorbance at 290nm and the area of the fluorescence
emission band. Quinine sulfate was used as reference
compound assuming a quantum yield value of 0.55.47
Measurements were performed in 3-5 replicates, and re-
sults are expressed as the mean + SEM.

5.4. >N NMR spectra

N NMR spectra were recorded on a Bruker DMX-600
instrument (60.8MHz for '°N) with nitromethane
(0 = 0) as an external standard. Negative chemical shifts
are upfield from nitromethane. For TFA-titration of
probe 3a monitored by '’N NMR, a 0.8 M nucleotide
solution in DMSO was used. With these conditions, use-
ful spectra could be obtained with accumulation time of
4-4.5 h. The measurement was conducted at 37°C to en-
hance the nucleotide’s solubility. The changes in the
nitrogen shift resulting from protonation in DMSO
solution were determined from the spectra. After the
addition of 1.6equiv (total) of TFA the nucleotide was
no longer stable.

5.5. Calculation of pK,

The bell-shaped graph showing pH-dependence of fluo-
rescence spectra of 3b (Fig. 5), was divided into three
sigmoid graphs. For each of the graphs a five- or four-
parameter sigmoid function was fitted to the data using
SigmaPlot 2000 (SPSS, Inc.):

Tl o — )N

l+e b

Il ol — ),

l+e b

Where [ is the fluorescence intensity. The inflection
point, determined by the second derivative of the fitted
sigmoid function, was the pK,. Final pK, values are ex-
pressed as the mean + SEM of 3-5 measurements.

6. Biochemical assays
6.1. P2Y,-receptor assays: [Ca**]; measurements

For Ca”"-measurements, cells grown on coverslips were
loaded for 30 min with 2uM Fura 2-AM in HEPES

buffered saline (HBS) containing 145mM NaCl,
5.4mM KCI, 1.8mM CaCl,, I mM MgCl,, 25mM glu-
cose, and 20mM HEPES, pH 7.4. Cells were assayed un-
der continuous superfusion of 35°C pre-warmed HBS
(ImL/min) in the presence of varying concentrations
of different nucleotides, as indicated.

The relative enzymatic stability of the analogues tested,
in addition to the fast superfusion system used to apply
the different ATP analogues, precludes any appreciable
enzymatic conversion. Thus, problems related to re-
sponses that may result from degraded or released
nucleotides are circumvented. Constant superfusion of
the pre-warmed buffer excluded unspecific Ca®* re-
sponses caused by mechanical stress, temperature varia-
tion, or different components of the buffer.

Fluorescence changes of single cells were detected with
an imaging system (TILL Photonics GmbH) attached
to a Zeiss Axioscope, using alternate excitation at 340/
380nm and emission at 500nm. The fluorescence emis-
sion ratio can be converted to intracellular calcium con-
centration [Ca®']; using the equation of Grynkiewicz
et al.*® Concentration-response data were analyzed with
the EXCEL program applying AF340nm/Fgonm before
and after the addition of the agonist. Curve fitting was
performed by using a four parameter sigmoidal equa-
tion from the regression equation library of the SIG-
MAPLOT program. ECs, values represent the agonist
concentration at which 50% of the maximal effect is
achieved.

6.2. Enzymatic assays

6.2.1. NTPDase assays. Reagents. ATP, tetramisole,
imidazole, calcium chloride, malachite green, bovine
serum albumin (BSA), and Tris-base, were purchased
from Sigma Chemical Co. (St. Louis, MO). Bradford
reagent was obtained from Bio-Rad Laboratories
(Mississauga, Ontario, Canada).

6.3. NTPDase assays

Enzyme activity was measured by the release of inor-
ganic phosphate with the malachite green colorimetric
assay.* Relative activity and resistance to hydrolysis
were determined at 37°C, in 1 mL of the following incu-
bation medium: 8 mM CaCl,, 5mM tetramisole, 5S0mM
imidazole, and 50mM Tris-base buffered at pH7.5. The
enzyme preparation (1.1 ug) a bovine spleen particulate
fraction, isolated as previously described,”® was added
to the incubation medium and pre-incubated for 3 min.
The reaction was started by adding the substrate, either
100 uM of ATP or its analogues 4b or 5b, and stopped
7min later with 250 uL. of the malachite green reagent.
Controls were run in parallel by adding the enzyme after
the malachite green reagent. Enzyme hydrolysis was ex-
pressed as units, that is, pumol of P; released/min/mg pro-
tein.>® Protein concentration was estimated by the
Bradford microplate assay, using bovine serum albumin
as a reference standard.’! All experiments were per-
formed in triplicate.
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6.4. Potato-apyrase assay

Enzyme activity was measured by the release of inor-
ganic phosphorous as described above. The assay was
performed at 37°C in 1 mL of the following incubation
medium: 8mM CaCl,, 50mM Tris-base, 50mM imidaz-
ole, buffered at pH7.6. Resistance to hydrolysis was
measured at 50uM of either ATP or its analogues. In
all cases, the reaction was started by the addition of
55%x10°png enzyme and stopped after 7min with
250 uL of the malachite green reagent. The absorbance
at 630nm was measured 21 min after the reagent addi-
tion. Apparent K., and V., values for ATP and for
each analogue were measured with substrate concentra-
tions ranging between 12 and 200pM and calculated
from the experimental data by the Lineweaver—Burk
plot of the analogues’ hydrolysis. All experiments were
performed in two replicates each in duplicate, and the
results are expressed as the mean = SEM.

The values for K, and V,.x with apyrase for ATP are:
36.8 £ 2.34 and 769.2 £ 0.015 and for 5b: 44.72 + 3.95
and 304.15 % 1.41, respectively. Inhibition of ATP-
hydrolysis by potato apyrase in the presence of
0.37mM analogues 3b and 4b was measured and ex-
pressed in hydrolysis percentages: 75.0 + 10.08 and
66.7 £ 9.1, respectively.
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