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Abstract

The goal of this study was to determine the validity of using N°-etheno-bridged adenine nucleotides to evaluate ecto-nucleotidase
activity. We observed that the metabolism of N°-etheno-ATP versus ATP was quantitatively similar when incubated with
recombinant CD39, ENTPD2, ENTPD3, or ENPP-1, and the quantitative metabolism of N®-etheno-AMP versus AMP was
similar when incubated with recombinant CD73. This suggests that ecto-nucleotidases process N°-etheno-bridged adenine
nucleotides similarly to endogenous adenine nucleotides. Four cell types rapidly (71, 0.21 to 0.66 h) metabolized N°®-etheno-
ATP. Applied NC-etheno-ATP was recovered in the medium as N°-etheno-ADP, N°-etheno-AMP, N°-etheno-adenosine, and
surprisingly N°-etheno-adenine; intracellular N°-etheno compounds were undetectable. This suggests minimal cellular uptake,
intracellular metabolism, or deamination of these compounds. N®-etheno-ATP, N°-etheno-ADP, N°®-etheno-AMP, N°-etheno-
adenosine, and N%-etheno-adenine had little affinity for recombinant A;, A, or A,p receptors, for a subset of P2X receptors
(H-«, 3-methylene-ATP binding to rat bladder membranes), or for a subset of P2Y receptors (*°S-ATP-aS binding to rat brain
membranes), suggesting minimal pharmacological activity. N®-etheno-adenosine was partially converted to N®-etheno-adenine
in four different cell types; this was blocked by purine nucleoside phosphorylase (PNPase) inhibition. Intravenous N°-etheno-
ATP was quickly metabolized, with N®-etheno-adenine being the main product in naive rats, but not in rats pretreated with a
PNPase inhibitor. PNPase inhibition reduced the urinary excretion of endogenous adenine and attenuated the conversion of
exogenous adenosine to adenine in the renal cortex. The N°-etheno-bridge method is a valid technique to assess extracellular
metabolism of adenine nucleotides by ecto-nucleotidases. Also, rats express an enzyme with PNPase-like activity that metabo-
lizes N°-etheno-adenosine to N°-etheno-adenine.
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Introduction

Most cells release ATP into the extracellular compartment
[1-4], and extracellular ATP is converted to ADP, AMP, and
adenosine on the surface of cells by various ecto-nucleotidases
[5-11]. Since ATP and its metabolites activate cell surface
purinergic receptors [12-21], the extracellular metabolism of
ATP by ecto-nucleotidases is of considerable interest to re-
searchers who study immunology, cancer biology, inflamma-
tion, rheumatoid arthritis, and physiology/pharmacology of
the heart, vasculature, kidneys, bladder, gut, peripheral ner-
vous system, central nervous system, and eye (not an exhaus-
tive list) [3, 4, 22-38]. Moreover, because the metabolism of
extracellular ATP is a major contributing factor to vascular
calcification [39—42], the function of ecto-nucleotidases is an
important determinant of atherosclerosis risk.

Evaluating the extracellular metabolism of ATP by ecto-
nucleotidases in cells, tissues, and intact organs is, for several
reasons, challenging. Two important analytical challenges are
assay sensitivity and specificity. For example, accurate mea-
surement of adenine nucleotides and nucleosides using high-
performance liquid chromatography (HPLC) with ultraviolet
(UV) detection generally requires the injection of greater than
300 nmol/L of these purines to obtain adequate signal-to-noise
ratios [43]. Also, biological samples contain numerous other
compounds that compromise the specificity of HPLC-UV
quantitation of ATP and its metabolites. Although these limi-
tations can be overcome for AMP and adenosine using HPLC
coupled to mass spectrometry [33], this method is expensive.
Moreover, in our experience, solvent systems that provide
sharp HPLC chromatographic peaks for ATP and ADP sup-
press ionization in the ion source of mass spectrometers (thus
reducing sensitivity), and solvent systems that do not attenuate
ion production yield poor chromatographic peak morphol-
ogies (broad peaks with tailing) for ATP and ADP (thus re-
ducing both sensitivity and specificity). Consequently, opti-
mizing HPLC-mass spectrometry conditions for analysis of
ATP, ADP, AMP, and adenosine in a single analytical run is
problematic.

Another issue is cellular uptake followed by intracellular
metabolism and release. Purine nucleotide and nucleoside
transporters may convey extracellular adenine-based com-
pounds to the intracellular compartment, where they can be
converted to other compounds that may then exit the cell
[44]. Thus, whether metabolism of added ATP and its me-
tabolites is occurring on or within cells cannot be readily
established. Yet another confounding factor is that AMP
and adenosine can be diverted to other metabolic pathways
via deamination by AMP [45] and adenosine [46] deami-
nases, which complicates interpretation with respect to the
activity of ecto-nucleotidases. Finally, since ATP, ADP,
AMP, and adenosine can activate purinergic receptors, the
application of these compounds to cells and tissues may per
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se perturb, via signal transduction pathways, the very meta-
bolic pathways under study.

A method that may circumvent the aforementioned techni-
cal issues is to employ adenine-based compounds modified
with an “etheno bridge” connecting the N° nitrogen with the
nitrogen in the 1 position of the adenine structure (Fig. 1).
Creation of the etheno bridge yields adenine nucleotide/
nucleoside derivatives that can be monitored by fluorescence
detection, thus providing improved sensitivity and selectivity
compared with UV detection. Indeed, in 1984, Levitt et al.
reported the HPLC-fluorometric method of quantifying aden-
osine and adenine nucleotides by treating samples with
chloroacetaldehyde to form the corresponding etheno-
bridged derivatives before HPLC analysis [47], a method that
has been refined [48] and used extensively; for examples, see
[49-51]. Because the etheno bridge is remote from the ribose,
it is possible that the dephosphorylation of etheno-bridged
adenine nucleotides by ecto-nucleotidases may proceed with
efficiency close to that for native adenine nucleotides. Also,
since the etheno bridge connects with the N° nitrogen of the
adenine structure, the etheno bridge likely would block deam-
ination reactions. Moreover, because the purine moiety is crit-
ically important for biological activity, it is conceivable that
the etheno bridge would prevent interactions of etheno-
bridged adenine nucleotides with transporters and receptors.
It is not surprising, therefore, that a number of studies used
etheno-bridged adenine nucleotides to evaluate the role of
ecto-nucleotidases in the metabolism of extracellular adenine
nucleotides. For example, this method has been employed to
study ecto-nucleotidases in the guinea-pig vas deferens [52],
intestinal epithelial cells [53], human microvascular endothe-
lial cells [54], canine mesenteric artery and vein [55], the
Langendorff heart preparation [56], the rat vas deferens [57],
regulatory T cells [58], melanoma cells [59], macrophages
[60], and epicardium-derived cells [61].

Despite the use of etheno-bridged adenine nucleotides for
studying ecto-nucleotidases, the method has not been ade-
quately validated. To our knowledge, it remains to be shown
that purified (i.e., recombinant) ecto-nucleotidases metabolize
etheno-adenine nucleotides versus naturally occurring ade-
nine nucleotides with similar efficiency. Also, whether
etheno-adenine nucleotides are mostly restricted to the extra-
cellular compartment, are not subjected to reactions other than
ecto-nucleotidase-mediated dephosphorylation, do not inter-
act with purinergic receptors, have minimal biological activity,
and can be used to monitor the full pathway of extracellular
ATP metabolism remain open questions. Accordingly, here
we carefully evaluated the utility of the etheno-bridge method
for studying extracellular ATP processing by ecto-
nucleotidases and confirmed its validity in this regard.

During the course of this evaluation, we made the unex-
pected observation that in cultured cells, isolated perfused
kidneys, and in vivo, NO-etheno-adenosine was converted to
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Fig. 1 Chemical structures of N°-
etheno derivatives of ATP, ADP,
AMP, adenosine (ADO), and
adenine (ADE) and the pathways
of ATP metabolism by ecto-nu-
cleotidases. Note the etheno
bridge (red) connecting the N°
nitrogen with the nitrogen in the 1

o —N
o \ o /an
O\P/o\\é,\ o Fi\o/\(j’ N\)\ﬁ”
Ho” \OH é)H OH S \/>

position of the adenine structure

-

HO' “oH

Né-Etheno-ADP

Né-Etheno-AMP

i o

OH \ /
* N\/N\)

S
S
S

HO

W

o
H§

Né-Etheno-ADO

% _N
“on "\/”J

HNC?\(N
N/\/ N/\/>

Né-Etheno-ADE

N®_etheno-adenine. Moreover, we observed that although re-
combinant mammalian purine nucleoside phosphorylase
(PNPase) did not metabolize N°-etheno-adenosine or adeno-
sine, the conversion of N%-etheno-adenosine to N°-etheno-ad-
enine could not be attributed to microbiological contamination
(a potential source of bacterial PNPase), yet was abrogated by
two structurally distinct and potent inhibitors of PNPase.
These finding suggest that in intact cells some forms of mam-
malian PNPase may metabolize extracellular N°-etheno-aden-
osine to N°-etheno-adenine.

Materials and methods
Animals

Adult (12- to 14-week-old) male normotensive Wistar—Kyoto
rats were obtained from Charles River Laboratories
(Wilmington, MA). The Institutional Animal Care and Use
Committee approved all procedures. The investigation con-
forms to the Guide for the Care and Use of Laboratory

Animals published by the National Institutes of Health (8th
ed., 2011).

Analytical methods

N®-etheno-ATP, N°-etheno-ADP, N°-etheno-AMP, N°-
etheno-adenosine, and N°-etheno-adenine were measured by
HPLC analysis using an Agilent (Santa Clara, CA) HPLC
system which included a HP Agilent Technologies 1100 series
HPLC chromatograph equipped with an Agilent 1260 Infinity
fluorescence detector (G1321B). Cell culture, microdialysate,
urine samples, and plasma samples were heated to 90 °C for
3 min (to inactivate enzymes), vortexed, and centrifuged at
14,000 rpm for 20 min at 4 °C, and the supernatants were
collected. Urine and plasma samples were diluted 1:20 and
1:1, respectively, with buffer A (0.2 M KH,PO,) and all sam-
ples were transferred into HPLC vials. Aliquots of samples
(plasma, 8 pL; urine, 2 pL; microdialysate and cell culture,
10 puL) were injected onto a C-18 reverse phase column
(Agilent Eclipse Plus C18, 5 um, 4.6 x 250 mm) which was
protected by a guard cartridge. N°-etheno-purines were sepa-
rated by HPLC in gradient mode [buffer A—0.2 M KH,PO,
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in water; buffer B—0.2 M KH,PO, in 15% acetonitrile; linear
gradient (% B)—at 0 min 5.0%; from 0 to 5 min, 5.0%; from 5
to 30 min, 100.0%; from 30 to 40 min, 100.0%; from 40 to
41 min, 5.0%; from 41 to 50 min, 5.0%]. The flow rate was
1.0 mL/min. Fluorescence (FL) of adenine nucleotides in the
eluate was monitored at an emission of 420 nm, after excita-
tion at 280 nm. Chromatograms were processed and stored in
digital form with Agilent OpenLAB CDS software. Standard
curves were generated from authentic Né—etheno—ATP, N-
etheno-ADP, N6—etheno—AMP, N6—etheno—adenosine, and N°-
etheno-adenine (BioLog Life Science Institute, Hayward, CA,
catalog numbers E 004, E 007, E 005, E 011, and E 012,
respectively).

Metabolism of N°®-etheno-purines by recombinant
ecto-nucleotidases

Recombinant human CD39 (rhCD39), recombinant human
CD73 (rhCD73), recombinant human ecto-nucleotide
pyrophosphatase/phosphodiesterase family member 1
(thENPP-1), recombinant human ectonucleoside triphosphate
diphosphohydrolase family member 2 (thENTPD2), and re-
combinant human ectonucleoside triphosphate
diphosphohydrolase family member 3 (thENTPD3) were ob-
tained from R&D Systems (Minneapolis, MN; catalog num-
bers 4397-EN-010, 5795-EN-010, 6136-EN-010, 6087-EN-
010, and 4400-EN-010, respectively). The ecto-
nucleotidases catalyze the following reactions: CD39,
ENTPD2, and ENTPD3 metabolize ATP to ADP + ortho-
phosphate (Pi) and ADP to AMP + Pi, with CD39 having a
greater catalytic efficiency, compared to ENTPD2 and
ENTPD3, for converting ADP to AMP [5]; CD73 metabolizes
AMP to adenosine + Pi [5]; and ENPP-1 metabolizes ATP to
AMP + pyrophosphate (PPi) [5]. The specific activities
(pmol/min/ug) reported by R&D Systems for the recombinant
enzymes were as follows: for thCD39, thENTPD2, and
rhENTPD3, > 5000, > 5000, and > 70,000, respectively, as
assessed by measuring Pi production from ATP; for
rhENPP-1, >35,000, as assessed by measuring metabolism
of thymidine 5'-monophosphate p-nitrophenyl ester; and for
rhCD73, > 15,000, as assessed by measuring Pi production
from AMP.

To determine whether these recombinant ecto-
nucleotidases can metabolize N6—etheno—purines, we incubat-
ed (30 min at 30 °C) N°-etheno-ATP (1 umol/L) with thCD39
(20 ng in 50 mmol/L HEPES at pH 7.4 with 5 mmol/L of
CaCl,), thENPP-1 (80 ng in 125 mmol/L NaCl with
25 mmol/L Tris at pH 7.5), thENTPD2 (40 ng in 50 mmol/L
HEPES at pH 7.4 with 5 mmol/L of CaCl,), or hENTPD3
(11 ng in 50 mmol/L HEPES at pH 7.4 with 5 mmol/L of
CaCl,). We also incubated (30 min at 30 °C) N°-etheno-
AMP (1 pmol/L) with thCD73 (40 ng in 25 mmol/L Tris at
pH 7.5 with 5 mmol/L of MgCl,). After the incubations, N°-
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etheno-purines were measured by HPLC-FL. We selected
30 min at 30 °C as the incubation time and temperature be-
cause longer times and higher temperatures can lead to en-
zyme degradation. The amount of each recombinant ecto-
nucleotidase was adjusted to completely metabolize the N°-
etheno-purines within the 30-min time frame.

To directly compare the catalytic efficiency of metabolism
of N%-etheno-ATP with ATP, 1 pmol/L of NC-etheno-ATP and
1 pumol/L ATP were incubated head-to-head in separate tubes
for 5 min at 30 °C with either rhCD39, rhENPP-1,
thENTPD2, or thENTPD3, and the concentrations of N°-
etheno-ATP and its downstream metabolites were determined
directly (as described above), whereas the concentrations of
ATP and its downstream metabolites were determined after
conversion to their corresponding etheno-bridge derivatives
by incubation (80 °C for 20 min) with 2-chloroacetaldehyde.
In these experiments, the amount of recombinant enzyme was
adjusted to catalyze only partial metabolism of the substrate.
A similar experimental design was used to test the conversion
of N°-etheno-AMP versus AMP to adenosine by rhCD73. In
additional experiments with CD39 (10 ng) and CD73
(0.25 ng), we employed a range of high concentrations of
substrates (25 to 200 pwmol/L for 10 min at 30 °C) in order
to evaluate initial reaction velocities (i.e., at a constant sub-
strate concentration) versus substrate concentrations.

Culture of rat cardiac fibroblasts

Rat cardiac fibroblasts (CFs) were isolated, cultured, and char-
acterized as described by us [62, 63]. Briefly, left cardiac
ventricles were removed and minced, and the minced sections
were washed with DMEM and treated with collagenase. After
collagenase digestion, the dissociated cells were centrifuged,
and the pellet was suspended in complete culture medium
(DMEM/F12 supplemented with HEPES 25 mmol/L) con-
taining 20% fetal bovine serum (FBS). Cells were plated in
tissue culture flasks (75 cm?) and incubated under standard
tissue culture conditions (37 °C, 5% CO,/95% air, and 98%
humidity). CFs were then purified by selective plating.

Culture of rat preglomerular vascular smooth muscle
cells

Rat preglomerular vascular smooth muscle cells (PGVSMCs)
were isolated, cultured, and characterized as recently de-
scribed by us [64]. Briefly, iron oxide particles (5% suspen-
sion in DMEM) were infused into the suprarenal aorta of
anesthetized rats. Kidneys were removed and decapsulated,
and the cortical tissue was obtained and placed in DMEM
containing antibiotics, fungicidals, and HEPES. The cortical
tissue was minced and then dispersed using a wire mesh to
isolate the microvessel-containing fraction. The microvessel
fraction was washed multiple times with ice-cold
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supplemented DMEM, and a magnet was used to retain the
iron-laden vessels after each wash. The microvessel-
containing fraction was digested with collagenase and passed
through a 20-gauge hypodermic needle to shear off glomeruli.
The arteriolar fraction retained after sieving through an 80-pum
mesh was suspended in DMEM supplemented with 20% FBS,
plated, and incubated at 37 °C in 5% CO,-95% air and 98%
humidity. PGVSMCs were repeatedly subjected to selective
plating to eliminate residual fibroblast contamination.

Culture of rat glomerular mesangial cells

Rat glomerular mesangial cells (GMCs) were isolated, cul-
tured, and characterized as previously described by us [65].
Briefly, kidneys were obtained from rats and glomeruli were
isolated from renal cortical tissue with stainless steel screens
of three different pore sizes. The isolated glomeruli were in-
cubated at 37 °C for 20 min in phosphate-buffered saline
(PBS) containing 0.5 mg/mL collagenase. After washing sev-
eral times in PBS, the glomeruli were resuspended in 10 mL
RPMI 1640 medium supplemented with penicillin (100 U/
mL), streptomycin (100 pg/mL), NaHCO3 (2200 mg/L),
HEPES (25 mmol/L), and 20% FBS, plated in 75 cm?’ tissue
culture flasks, and incubated under standard tissue culture
conditions (37 °C, 5% CO,/95% air, and 98% humidity).
After 2 to 3 days, glomerular epithelial cells started to grow
and were numerically dominant for another 5 to 7 days. After
this period, the epithelial cells deteriorated for several days
and mesangial cells became the prevailing cell type and grew
to confluence within 4 to 5 weeks.

Culture of rat renal microvascular endothelial cells

Eight rat kidneys were decapsulated and the cortices were
removed, combined, and minced. The mince was passed
through a 200-pum mesh screen, and the glomeruli with at-
tached afferent and efferent arterioles were collected from
the top of the mesh. This material was placed in a sterile tube
containing 1.8 mg/mL of collagenase dissolved in
DMEM/F12, and the sample was incubated in a shaking water
bath at 37 °C until digestion was complete. Next, the digested
sample was filtered through a 70-pm nylon mesh and centri-
fuged. The pellet was resuspended in DMEM/F12 supple-
mented with the Lonza Walkersville EGM-2-MV Bulletkit
(purchased from ThermoFisher Scientific, Waltham MA),
and incubated in a tissue culture plate for 1 h to allow fibro-
blasts to attach. The medium with suspended cells was col-
lected and placed in another sterile tube. Dynabeads from the
Pan Mouse IgG kit (ThermoFisher Scientific; catalog number
11-531-D) coated with mouse anti-rat CD31 (BD Biosciences,
San Jose, CA; catalog number 555027) were added to the
mixture. The vascular endothelial cells were allowed to attach
to the beads, and the beads were then collected with a magnet

and nonattached cells were discarded. The beads, now coated
with vascular endothelial cells, were then plated in a flask with
EGM-2-MV and the cells were allowed to proliferate off the
beads.

Testing for Mycoplasma contamination

Cells were tested by PCR followed by agarose gel analysis for
bacterial contamination using the Universal Mycoplasma
Detection Kit (catalog number 30-1012K; ATCC, Manassas,
VA) as directed by the manufacturer. This method detects over
60 species of Mycoplasma, Acholeplasma, Spiroplasma, and
Ureaplasma including the eight species most likely to contam-
inate cell cultures: M. arginini, M. fermentans, M. hominis,
M. hyorhinis, M. orale, M. pirum, M. salivarium, and
A. laidlawii.

Isolated perfused rat kidney

A Hugo Sachs Elektronik-Harvard Apparatus GmbH
(March-Hugstetten, Germany) kidney perfusion system
was perfused with 75% ethanol for 1.5 h, followed by per-
fusion with sterile water for 1.5 h. Then the perfusate was
switched to Tyrode’s solution (in mmol/L: NaCl, 137.0; KCI,
2.7; CaCly, 1.8; MgCl,, 1.1; NaHCOs, 12.0; NaH,POy, 0.42;
and D(+)-glucose, 5.6) that was filtered to 0.22 um to re-
move any bacteria. The perfusion rate was 5 mL/min (con-
stant flow) and the Tyrode’s solution was oxygenated (95%
0,/5% CO,). Next, rats were anesthetized with
thiobutabarbital (100 mg/kg, intraperitoneal injection), and
kidneys were isolated under sterile conditions (sterile gloves
and instruments) and transferred with minimal interruption
of perfusion to the perfusion apparatus. The kidney perfusion
system included the following components: Model UP 100
Universal Perfusion System; Model ISM 834 Channel Reglo
Digital Roller Pump; a glass double-walled perfusate reser-
voir maintained at 37 °C and oxygenated; a R 120144 glass-
oxygenator maintained at 37 °C; mechanical integration of
the oxygenator with the Universal Perfusion System UP 100;
a Windkessel for absorption of pulsations; an inline holder
for disc particle filters (80 wm); a temperature-controlled
plexiglass kidney chamber integrated with the UP 100; and
a thermostatic circulator. The plexiglass chamber contained a
heat exchanger to maintain the temperature of the perfusate
at 37 °C at the point of entry into the tissue, and also
contained a device to extract bubbles from the perfusate just
before the perfusate entered the kidney. Perfusion pressure
was monitored using a PM-4 Perfusion Pressure Monitor
(Living Systems Instrumentation, St. Albans, VT) and re-
corded using LabChart software (ADInstruments, Colorado
Springs, CO).
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In vivo experiments

After inducing anesthetized with thiobutabarbital (90 mg/kg,
i.p.), each rat was positioned on an isothermal platform, and a
thermometer probe was inserted into the rectum, and the rat’s
body temperature was continuously monitored and main-
tained at 37 °C by adjusting the distance of a heat lamp from
the animal’s body. Using a polyethylene (PE)-240 tubing, the
trachea was cannulated to aid respiration. Next, a PE-50 can-
nula was inserted into the carotid artery and connected to a
digital blood pressure analyzer (Micro-Med, Inc., Louisville,
KY) for continuous measurement of mean arterial blood pres-
sure (MABP) and heart rate (HR). A PE-50 cannula was
placed in the jugular vein, and an infusion of 0.9% saline
(100 puL/min) was begun, and a 1-mm transit-time flow probe
was positioned on the left renal artery and connected to a
flowmeter (model T402, Transonic Systems, Inc., Ithaca,
NY) for continuous measurement of renal blood flow
(RBF). A microdialysis probe was inserted into the renal cor-
tex of the right kidney and was perfused at 2 pl/min with
0.9% saline. The microdialysis probes were from
Bioanalytical Systems (West Lafayette, IN; CMA/20 microdi-
alysis probe 4 mm; outer diameter of 0.5 mm; 20,000 Da
membrane cut-off). Finally, a PE-10 cannula was inserted into
the left ureter for timed collections of urine. After a 30-min
stabilization period, the experimental protocol was begun.
Urine and microdialysate were collected for 10 min, and a
0.5-mL blood sample (in heparin) was taken and immediately
centrifuged at 4 °C to obtain plasma. Next, N°-etheno-ATP
was infused intravenously at 0.1 pmol/kg/min for 30 min.
Urine and microdialysate were collected over each 10-min
interval, and plasma samples were obtained just before and
30 min after stopping the infusion of N°-etheno-ATP. Urine,
microdialysate, and plasma samples were stored at — 80 °C
until analyzed for N®-etheno-purines by HPLC-FL.

In another set of in vivo experiments, rats were prepared
similarly to those described above except that a flow probe
was not placed on the renal artery and a microdialysis probe
was inserted into the renal cortex of both the right and left
kidneys. After a 1-h stabilization period, microdialysate was
collected for 45 min, and then the following drugs were added
to the microdialysis perfusate of both kidneys: 10 umol/L of
erythro-9-(2-hydroxy-3-nonyl) adenine (EHNA; to block
adenosine deaminase), 0.1 pmol/L of 5-iodotubericidin
(IDO; to block adenosine kinase), and 10 pmol/L of S-(4-
nitrobenzyl)-6-thioinosine (NBTI; to block adenosine uptake).
After 15 min for the drugs to reach the microdialysate probe
tip, microdialysate was again collected for another 45 min.
Next, in addition to the drugs listed above, adenosine
(30 umol/L) was added to the left kidney perfusate and aden-
osine (30 umol/L) plus forodesine (5 umol/L) was added to
the right kidney perfusate. After 15 min, another 45-min col-
lection of microdialysate was obtained. The microdialysate
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samples were assayed for adenine using ultraperformance lig-
uid chromatography-tandem mass spectrometry (UPLC-MS/
MS) as previously described by us [66].

Purinergic receptor binding studies

The binding of N®_etheno-ATP, N°®-etheno-ADP, N®-etheno-
AMP, N°®-etheno-adenosine, and NO-etheno-adenine to a panel
of purinergic receptors was tested by Eurofins Panlabs
Discovery Services (Taipei, Taiwan, R.O.C.) using classical
competitive receptor binding experiments as described below.
Each N°-etheno-purine was tested in triplicate at 10 mol/L to
determine the degree to which the N®-etheno-purine displaced
the radiolabeled ligand from its cognate receptor.

A, receptors Source, human recombinant CHO-K1 cells; li-
gand, 1.0 nmol/L of H-DPCPX (K4 0of 1.40 nmol/L); incuba-
tion time and temperature, 90 min at 25 °C; incubation buffer,
HEPES (20 mmol/L, pH 7.4) + MgCl, (10 mmol/L) + NaCl
(100 mmol/L); assessment of nonspecific binding,
100 umol/L of R(—)-PIA; specific binding, 85%; Bmax,
2.70 pmol/mg protein.

A,, receptors Source, human recombinant HEK-293 cells;
ligand, 50 nmol/L of SH-CGS-21680 (K4 of 64 nmol/L); in-
cubation time and temperature, 90 min at 25 °C; incubation
buffer, Tris-HCI (50 mmol/L, pH 7.4) + MgCl, (10 mmol/L) +
EDTA (1 mmol/L) + adenosine deaminase (2 units); assess-
ment of nonspecific binding, 50 umol/L of NECA; specific
binding, 85%; Bmax, 7.0 pmol/mg protein.

A,g receptors Source, human recombinant HEK-293 cells;
ligand, 1.60 nmol/L of SH-MRS1754 (K4 of 0.77 nmol/L);
incubation time and temperature, 90 min at 25 °C; incubation
buffer, Tris-HCI (50 mmol/L, pH 6.5) + MgCl, (5 mmol/L) +
EDTA (1 mmol/L) + bacitracin (0.01%); assessment of non-
specific binding, 100 umol/L of NECA; specific binding,
77%; Bmax, 6.20 pmol/mg protein.

Purinergic P2X receptors Source, Wistar rat urinary bladder
membranes; ligand, 3.0 nmol/L of 3H—c>c,[5—methylene-ATP
(K4 of 2.60 nmol/L); incubation time and temperature,
120 min at 4 °C; incubation buffer, Tris-HCI (50 mmol/L,
pH 7.4) + leupeptin (1 pg/mL) + pepstatin A (1 wmol/L) +
trypsin inhibitor (10 pg/mL) + bacitracin (0.1 mg/mL) +
aprotinin (0.02 mg/mL); assessment of nonspecific binding,
10 umol/L of «,3-methylene-ATP; specific binding, 90%;
Bmax, 3.65 pmol/mg protein.

Purinergic P2Y receptors Source, Wistar rat brain membranes;
ligand, 0.10 nmol/L of **S-ATP-aS (K4 of 2.60 nmol/L); in-
cubation time and temperature, 60 min at 4 °C; incubation
buffer, Tris-HCI (50 mmol/L, pH 7.4); assessment of
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nonspecific binding, 10 umol/L of ADP-{S; specific binding,
90%; Bmax, 16 pmol/mg protein.

Statistics

Statistical analysis was performed using unpaired Student’s ¢
test (equal or unequal variances as appropriate) or 2-factor
repeated measures analysis of variance (ANOVA) followed
by Fisher’s least significant difference (LSD) test if the effects
in the ANOVA were significant. The criterion of significance
was P <0.05. For values less than the assay detection limit,
statistics were performed with such values set either to zero or
the assay detection limit; however, the statistical significance
was the same either way. For some graphs, data are presented
as scatter plots in which every data point is represented as well
as the means =+ standard deviations. In some graphs, however,
the data points are so similar that the symbols from individual

points would be superimposed. In this case, only the means =+
standard deviations are presented; however, in some cases, the
standard deviation lies within the symbol. The results for
in vivo studies are presented as means + SEM.

Results

Figure 2 shows typical standard curves for all five N°-etheno-
purines, as well as a typical HPLC-FL chromatogram obtained
by injecting a solution containing N®-etheno-ATP, N®-etheno-
ADP, N°-etheno-AMP, N°-etheno-adenosine, and N®-etheno-
adenine. Note that for all of the N°-etheno-purines, standard
curves were highly linear with R* values of 0.999 and detec-
tion limits less than 1 pmol. As illustrated, this HPLC config-
uration provided baseline separation of all five N°-etheno-pu-
rines. Also, injections of 2, 4, and 8 pmol of all five
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Table 1 Summary of accuracy

N®-etheno-purine

Amount detected by assay (mean of n=6)

Standard deviation Coefficient of variation (%)

Amount injected on column =2 pmol

N®-etheno-ATP 2.00
N®-etheno-ADP 2.00
N®-etheno-AMP 1.99
N®-etheno-ADO 2.04
N®-etheno-ADE 2.01
Amount injected on column =4 pmol
N®-etheno-ATP 4.00
N®-etheno-ADP 4.00
N®-etheno-AMP 4.00
N®-etheno-ADO 3.97
NC-etheno-ADE 401
Amount injected on column =8 pmol
N°-etheno-ATP 8.10
NC-etheno-ADP 8.10
NC-etheno-AMP 8.10
N®-etheno-ADO 7.99
N®-etheno-ADE 8.05

0.02 0.95
0.02 0.79
0.02 1.01
0.04 1.97
0.02 1.02
0.03 0.75
0.03 0.71
0.03 0.66
0.02 0.55
0.01 0.66
0.06 0.08
0.07 0.08
0.06 0.08
0.08 0.10
0.05 0.07

compounds (n =6 for each compound at each amount) gave
average assay results close to the nominal amounts with coef-
ficients of variation of less than 2% (Table 1).

To be a useful assay system to track the metabolism of ex-
tracellular ATP by ecto-nucleotidases, N6-etheno-purines
should be substrates for well-defined ecto-nucleotidases of in-
terest. To test this, we obtained recombinant forms of five rep-
resentative and widely expressed ecto-nucleotidases known to
be involved in the extracellular metabolism of adenine nucleo-
tides [5]. As illustrated in Fig. 3a when N®-etheno-ATP was
incubated for 30 min at 30 °C in the absence of ecto-nucleotid-
ases, the only chromatographic peak observed was intact N°-
etheno-ATP. Similarly, when N°-etheno-AMP was incubated
for 30 min at 30 °C in the absence of ecto-nucleotidases, the
only chromatographic peak observed was intact N®-etheno-
AMP (Fig. 3b). These findings indicated that N°-etheno-ATP
and N°-etheno-AMP were chemically stable under these test
conditions; therefore, any changes in the presence of an ecto-
nucleotidase could be attributed to the enzymatic action of the
added ecto-nucleotidase. In this regard, when NC-ctheno-ATP
was incubated for 30 min at 30 °C in the presence of either
20 ng of thCD39 (Fig. 3c), 80 ng of thENPP-1 (Fig. 3d), 40 ng
of thENTPD2 (Fig. 3e), or 11 ng of hENTPD3 (Fig. 3f), N°
etheno-ATP was converted to N®-etheno-AMP. This is consis-
tent with the known facts that CD39, ENTPD2, and ENTPD3
convert ATP to ADP and then ADP to AMP and that ENPP-1
metabolizes ATP directly to AMP [5]. Although it is known
that CD39, compared with ENTPD2 and ENTPD3, more effi-
ciently converts ADP to AMP, under the assay conditions here
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all three ecto-nucleotidases converted, essentially quantitative-
ly, NC-etheno-ATP to N®-etheno-AMP. CD73 is an ecto-5"-nu-
cleotidase that metabolizes AMP to adenosine [5]. As shown in
Fig. 3g , when incubated (30 min at 30 °C) in the presence of
thCD73 (40 ng), all of the N®-etheno-AMP was recovered as
NC-etheno-adenosine. In these experiments, we selected 30 min
at 30 °C as the incubation time and temperature because longer
times and higher temperatures can lead to enzyme degradation.
The amount of each recombinant ecto-nucleotidase used in
these experiments was adjusted to completely metabolize the
N®-etheno-purines within the 30-min time frame.

The aforementioned experiments demonstrate that well-
defined ecto-nucleotidases that process extracellular adenine
nucleotides can efficiently metabolize N°-etheno-adenine
nucleotides. To investigate whether the efficiencies of these
ecto-nucleotidases for processing very low concentrations of
N®-etheno-adenine nucleotides are similar to the efficiencies
of these enzymes for metabolizing very low (physiological)
levels of naturally occurring adenine nucleotides, we incu-
bated the five recombinant ecto-nucleotidases for 5 min at
30 °C with either their natural substrates (1 pmol/L) or the
corresponding etheno-bridged substrates (1 umol/L). Since
in these experiments we used very low levels of substrates,
the amount of ecto-nucleotidases employed was adjusted
such that the metabolism of the natural substrates was only
partial so that the enzymatic efficiencies of the ecto-
nucleotides for natural substrates versus etheno-bridged sub-
strates could be directly compared. After 5 min, the percent
of substrate remaining and the percent conversion to
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products were determined by HPLC-FL. In this regard, the
levels of N°-etheno-adenine nucleotides/nucleosides were
assessed directly by HPLC-FL, whereas the concentrations
of ATP and its downstream metabolites were determined
after conversion to their corresponding etheno-bridged de-
rivatives by incubation (80 °C for 20 min) with 2-
chloroacetaldehyde. rhENPP-1 converted ATP to AMP and
N®-etheno-ATP to N°-etheno-AMP with similar efficiency
(Fig. 4a); thENTPD2 metabolized ATP to ADP and N°-
etheno-ATP to N°-etheno-ADP with similar efficiency (Fig.
4b); thENTPD3 metabolized ATP to ADP plus AMP and N°-
etheno-ATP to N°-etheno-ADP plus N°-etheno-AMP with
similar efficiency (Fig. 4c); and rhCD73 converted AMP to
adenosine and N°-etheno-AMP to N°-etheno-adenosine with
similar efficiency (Fig. 4d). As shown in Fig. 4e , thCD39
also converted ATP to ADP and N°®-etheno-ATP to N°-
etheno-ADP with similar efficiency. Overall, these data
show that thENPP-1, thENTPD2, rhENTPD3, rhCD73,
and rhCD39 process natural adenine nucleotides versus N°-
etheno-adenine nucleotides with similar efficiency when
substrate concentrations are low.

At low levels of substrates, initial reaction velocities are
difficult to assess accurately because even with short incuba-
tion times the levels of substrates change during the reaction
time. Therefore, to examine initial reaction rates, we incubated
CD39 and CD73 with high concentrations of substrates (25 to
200 umol/L). CD39 and CD73 were chosen for these exper-
iments because they are considered the major enzymes in-
volved in processing endogenous ATP to adenosine in vivo.
As shown in Fig. 5a , CD39 metabolized ATP and N°-etheno-
ATP with similar initial reaction velocities for concentration
ranges up to 50 pmol/L. At higher concentrations of sub-
strates, CD39 tended to metabolize N®-etheno-ATP faster than
ATP; however, these differences were variable and quantita-
tively small. Similar initial reaction velocities were observed
when CD39 was incubated with ADP versus N°-etheno-ADP
(Fig. 5b). Likewise, CD73 metabolized high concentrations of
N®-etheno-AMP at initial reaction rates similar to those for
AMP (Fig. 5c). Together, these data support the conclusion
that for all intents and purposes N°-etheno-adenine nucleo-
tides are metabolized by ecto-nucleotidases with efficiencies
similar to natural substrates, a conclusion consistent with the
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Fig. 4 Scatter plots show the
percentage (%) of applied
substrate (either the natural
adenine nucleotide substrate or
the corresponding etheno-bridged
adenine nucleotide substrate, both 50
at 1 pmol/L) that remained or was 25
recovered as product (either the 0
natural product or corresponding -25
etheno-bridged product) after in-
cubation (5 min at 30 °C) with
recombinant human (rh) ecto-
nucleotidases a thENPP-1, b
rthENTPD2, ¢ thENTPD3, d
thCD73, or e thCD39. For each
ecto-nucleotidase, the amount of
enzyme incubated with substrate
was selected to only partially me-
tabolize the natural adenine nu- 50
cleotide substrate. eATP = N°- 25
etheno-ATP; eADP = N°-etheno- 0
ADP; eAMP = N°-etheno-AMP; 25
eADO = N°-etheno-adenosine

(eADO). *P < 0.05 versus corre-

sponding natural substrate. All

individual data points are provid-

ed along with the means and SDs
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fact that ecto-nucleotidases act on phosphate groups remote
from the etheno bridge.

To further test the utility of the etheno-bridge method to
track the extracellular metabolism of ATP, we applied
10 pmol/L of N®-etheno-ATP in PBS to monolayers of
CFs, GMCs, renal microvascular endothelial cells
(RMVECs), and PGVSMC:s in cell culture. We also applied
N®-etheno-ATP to empty culture wells to test for stability of
the N®-etheno-ATP over the observation period. In some
culture wells, the N®-etheno-ATP-containing PBS was ap-
plied, and then the medium was immediately removed (time
0 point). In other culture wells, the medium was collected at
0.5, 1, 4, 6, or 8 h after the N°-ctheno-ATP was applied. All
culture wells were maintained in an incubator under standard
cell culture conditions (5% CO,; 37 °C). Samples were then
analyzed for concentrations of NC-etheno-ATP, N°-etheno-
ADP, N°-etheno-AMP, N°-etheno-adenosine, and N°-
etheno-adenine by HPLC-FL. In culture wells (n = 6) devoid
of cells, 98% of the added N°-etheno-ATP was recovered as
N®-etheno-ATP. This indicated that N°-etheno-ATP was sta-
ble under the conditions of these experiments. As shown in
Figs. 6,7, 8, and 9, in all four cell types, N°-etheno-ATP was
very rapidly metabolized and disappeared with a half-life of
0.25, 0.66, 0.21, and 0.38 h in CFs, GMCs, RMVECs, and
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PGVSMCs, respectively. In CFs, the processing of the inter-
mediate metabolites, N®-etheno-ADP and N6-ethen0-AMP,
was so rapid that only a small concentration (less than
1 wmol/L) of either metabolite could be detected and then
only during the early (0.5 and 1 h) time points (Fig. 6b and
¢). In contrast to the time profiles for N®-etheno-ADP and
N®-etheno-AMP, N°-etheno-adenosine rapidly accumulated
to nearly 8 umol/L (Fig. 6d), then slowly declined as the N©-
etheno-adenosine was converted to the final product N°-
etheno-adenine (Fig. 6e). Figure 6f shows the summation
of all five N6-ethen0-purines (N®-etheno-Total) at all time
points. Notably, the concentration of N®_etheno-Total was
close to the concentration of added N°®-etheno-ATP through-
out the 8-h period, suggesting that N°-etheno-ATP and its
metabolites remained in the medium and were not taken up
by cells nor shunted to alternative metabolic pathways such
as deamination.

The time—concentration profiles for the five N®-etheno-pu-
rines in GMCs (Fig. 7), RMVECs (Fig. 8), and PGVSMCs
(Fig. 9) differed from those of CFs (Fig. 6). In this regard, the
peak accumulations of N°-etheno-ADP and N°-etheno-AMP
were higher in GMCs, RMVECs, and PGVSMCs compared
with CFs. RMVECs, in particular, had a sluggish metabolism
of N®-etheno-ADP and N°-etheno-AMP such that N®-etheno-
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Fig. 5 To determine initial reaction velocities, CD39 (10 ng) was incu-
bated with high concentrations of substrates (25 to 200 umol/L) for
10 min at 30 °C. In panel a, substrates were either ATP or NO-etheno-
ATP and the downstream products (ADP + AMP or N®-etheno-ADP +
Nﬁ-etheno-AMP) were measured. In panel b, substrates were either ADP
or Nb-etheno-ADP and the downstream products (AMP or N°-etheno-
AMP) were measured. The experiment in panel ¢ was similar to that
described for panel b with the exception that the substrates were AMP
or N°-etheno-AMP, the enzyme was CD73 (0.25 ng), and the measured
products were adenosine and N°-etheno-ADO. eATP = N°-etheno-ATP;
eADP = N°®-etheno-ADP; eAMP = N°-etheno-AMP. Values represent
means + SDs

adenosine barely accumulated because it was converted to N°-
etheno-adenine at a rate approximately equal to its formation
(Fig. 8). As was the case with CFs, in PGVSMCs, GMCs, and
RMVECs, N°-etheno-Total was close to the concentration of
added N°-etheno-ATP throughout the 8-h period, suggesting
that N®-etheno-ATP and its metabolites remained in the

medium and were not taken up by cells or shunted to alterna-
tive metabolic pathways.

To further test the conclusion that N°-etheno-purines
remained in the extracellular compartment, we treated CFs
with 10 umol/L of N®-etheno-ATP for 8 h, washed the cells
with PBS, extracted intracellular purines with acetonitrile and
methanol, and assayed for intracellular levels of N®_etheno-
purines. Intracellular levels of N®-etheno-purines were below
detection limit of our assay.

An unanticipated finding of the cell culture experiments
was the accumulation of N°-etheno-adenine. The convention-
al view is that adenosine is not metabolized by mammalian
PNPase to adenine, but rather is metabolized by adenosine
deaminase (ADA) to inosine [67]. Therefore, we conjectured
that the most likely explanation for N°-etheno-adenine forma-
tion in our cell culture models was that our cultured cells were
infected with Mycoplasma (an intracellular microorganism
that often infects cell culture labs and often goes unnoticed).
Although mammalian PNPase is thought not to metabolize
adenosine to adenine, bacterial PNPase is well known to con-
vert adenosine to adenine [67]. To test whether our cells were
infected with Mycoplasma, we applied the most sensitive and
broad spectrum Mycoplasma detection method (PCR-based
method) available to all four cell types used in the present
study. We included quality control samples (positive and neg-
ative controls) for all batches of cells tested. There was no
evidence whatsoever for Mycoplasma contamination (see
Figure in the Online supplement).

Next, we tested whether recombinant mammalian (human
in this case) PNPase (thPNPase; R&D Systems, catalog num-
ber 6486-NP-010; specific activity, > 35,000 pmol/min/upg, as
measured by phosphorolysis of 7-methyl-6-thioguanosine)
metabolizes adenosine to adenine or N°-etheno-adenosine to
N®-etheno-adenine. Figure 10a shows a chromatogram ob-
tained by HPLC-UV of a sample containing both 50 umol/L
of inosine and hypoxanthine incubated (30 min at 30 °C) in
the absence of rhPNPase. Figure 10b shows a HPLC-UV
chromatogram of a sample containing 50 umol/L of inosine
incubated (30 min at 30 °C) with thPNPase (640 ng). As
demonstrated, when inosine was incubated with rhPNPase,
only the hypoxanthine peak was observed, indicating com-
plete conversion of inosine to hypoxanthine and thus
confirming the activity of the thPNPase. Figure 10c and d
show HPLC-UV chromatograms from samples containing
50 wmol/L of adenosine incubated (30 min at 30 °C) without
and with, respectively, thPNPase. As shown in Fig. 10d, all of
the added adenosine was recovered as adenosine. Figure 10e
and f show the results of the corresponding experiment with
N°-etheno-adenosine incubated (30 min at 30 °C) without and
with, respectively, thPNPase. These HPLC-FL chromato-
grams show that none of the N°-etheno-adenosine was metab-
olized to N®-etheno-adenine. Thus, recombinant PNPase,
which is likely in the monomeric form, does not metabolize
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either adenosine or N°-etheno-adenosine, a finding consistent
with a recent report by Stachelska-Wierzchowska and co-
workers [68].

Since thPNPase did not metabolize N®-etheno-adenosine,
we considered that the formation of N°-etheno-adenine by
cultured cells was due to an enzyme other than PNPase. To
test this, we incubated CFs, PGVSMCs, GMCs, and
RMVECs for 4 h with N°-etheno-adenosine and with and
without 8-aminoguanine (potent and selective inhibitor of
PNPase [69]) and measured both N°-etheno-adenosine and
N®-etheno-adenine. N°-etheno-adenosine was partially con-
verted to N®-etheno-adenine by CFs (Fig. 11a, b, and c¢),
GMCs (Fig. 12a, b, and ¢), PGVSMCs (Fig. 12d, e, and 1),
and RMVECs (Fig. 12g, h, and i), and in all four cell types,
this reaction was abolished by 8-aminoguanine
(100 umol/L). To rule out an off-target action of 8-
aminoguanine, we also examined the effects of forodesine
(5 pmol/L), an alternative and highly selective and potent
inhibitor of PNPase [70] approved for treatment of T cell
lymphoma in Japan, on metabolism of N°-etheno-adenosine
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in CFs (Fig. 11d, e, and f). As with §-aminoguanine,
forodesine also abolished the metabolism of N°-etheno-
adenosine to N°-etheno-adenine in CFs.

We also considered the possibility that since our cells were
expanded in medium containing fetal bovine serum, PNPase
in the serum may have been delivered to the cells. To test this,
we maintained CFs in serum-free medium for 4 days, washed
them thoroughly with PBS, and repeated the experiment. As
shown in Fig. 11g, h, and i , the metabolism of NC-etheno-
adenosine to N°®-etheno-adenine was similar in CFs expanded
in the presence or absence of fetal bovine serum. Again, the
conversion of N°-etheno-adenosine to N®-etheno-adenine was
abrogated by 8-aminoguanine (Fig. 11g, h, and 1).

To determine whether N°-etheno-ADO is converted to N°-
etheno-ADE in an intact mammalian organ system, we isolat-
ed and perfused rat kidneys while taking care to avoid bacte-
rial contamination of the perfusion system, the perfusate, or
kidneys. In this regard, the kidney perfusion system was per-
fused with 75% ethanol for 1.5 h followed by perfusion with
sterile water for 1.5 h, the perfusate was filtered to 0.22 pum,
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and the kidney was isolated under sterile conditions. Further,
we immediately started the experiment after initiating kidney
perfusion in order to reduce any chance of bacteria proliferat-
ing within the system over time. In these experiments, we
infused 3 pumol/L of either N®-etheno-ATP or N°-etheno-
adenosine (final concentration in perfusate) for 5 min and
collected the venous outflow from 4 to 5 min into the infusion.
We also did a series of sham perfusions in which the kidney
was not placed in the perfusion system. The collected renal
venous samples were analyzed for N®-etheno-purines by
HPLC-FL. As shown in Fig. 13a , when kidneys were not
inserted into the perfusion system, N®-etheno-ATP was not
metabolized. In contrast, when kidneys were inserted into
the perfusion system, N®-etheno-ATP was completely metab-
olized during a single pass through the kidney, with 13% of
the N°®-etheno-Total recovered as N°-etheno-adenine
(Fig. 13b). Also, 16% of infused N°-etheno-adenosine was
converted to N°-etheno-adenine during a single pass through
the kidney (Fig. 13c).

Time (hours)

4 6 8 0 2 4 6 8

Time (hours)

To test whether N°-etheno-ADO is converted to N°-etheno-
ADE in vivo, we infused into anesthetized rats 0.1 umol/kg/
min of N®etheno-ATP and measured in renal microdialysate,
urine, and plasma all five N°-etheno-purines by HPLC-FL. In
these experiments, N®-etheno-ATP, N°-etheno-ADP, and N°-
etheno-AMP were below the detection limit of our assay sys-
tem. However, both N®-etheno-adenosine and N°-etheno-ad-
enine were readily detected in all samples. Surprisingly, in
microdialysate (Fig. 14a), urine (Fig. 14b), and plasma
(Fig. 14c), in most samples, the levels of N°-etheno-adenine
exceeded the levels of N°-etheno-adenosine. To confirm this
finding and to determine the role of PNPase in producing N°-
etheno-adenine in vivo, we repeated the in vivo experiment in
two additional groups of rats, one pretreated with 8-
aminoguanine (33.5 pmol/kg, intravenous bolus) and the oth-
er pretreated with the vehicle for 8-aminoguanine (vehicle-
control group). As before, in the control group, 0.1 pmol/kg/
min of N°-etheno-ATP increased N°-etheno-adenine more
than N°-etheno-adenosine in most samples of microdialysate
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(Fig. 15a), urine (Fig. 15d), and plasma (Fig. 15g). In contrast,
in the group treated with 8-aminoguanine, 0.1 pmol/kg/min of
N®-etheno-ATP increased N°-etheno-adenosine more than N°-
etheno-adenine in most samples of microdialysate (Fig. 15b),
urine (Fig. 15¢), and plasma (Fig. 15h). Also, the ratio of N°-
etheno-adenine to N°-etheno-adenosine in microdialysate
(Fig. 15c¢), urine (Fig. 15f), and plasma (Fig. 15i) was many-
fold higher in the control group versus the 8-aminoguanine
group. To confirm that the dose of 8-aminoguanine blocked
PNPase, we also measured the urinary excretion rate of en-
dogenous inosine and adenine using UPLC-tandem mass
spectrometry as previously described by us [66]. The urinary
excretion rate of inosine in the §-aminoguanine-treated group
was 8-fold higher (P =0.006) compared with the control
group (28771 versus 35+ 6 ng/min, respectively; mean +
SEM), indicating blockade of PNPase. Correspondingly, the
urinary excretion of endogenous adenine was reduced in the
8-aminoguanine-treated group by 73% (P =0.007) compared

@ Springer
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with the control group (4.8+1.2 versus 17.7+4.7 ng/min,
respectively; mean + SEM).

To further explore the concept that endogenous PNPase can
metabolize authentic adenosine to adenine under certain con-
ditions (for example, when metabolism and uptake of adeno-
sine is impaired, as it would be for N°-etheno-adenosine), we
examined the effects of local delivery of adenosine into the
renal cortical interstitium using “reverse microdialysis” on
renal cortical interstitial levels of adenine. These experiments
were conducted in the presence of inhibitors of adenosine
deaminase, adenosine kinase, and adenosine uptake to block
alternative pathways of adenosine disposition. As shown in
Fig. 16, under these experimental conditions, renal interstitial
delivery of adenosine increased renal interstitial levels of ad-
enine, a response that was blocked by the PNPase inhibitor
forodesine.

Importantly, intravenous infusions of N°®-etheno-ATP had
no discernable effects on mean arterial blood pressure
(Fig. 14d), heart rate (Fig. 14e), renal blood flow (Fig. 14f),
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or urine excretion rate (data not shown) suggesting that N°-
etheno-ATP and its downstream metabolites were devoid of
pharmacological activity. To further test this conclusion, we
examined using competitive receptor binding experiments (in
triplicate) whether Né—etheno—ATP, Né—etheno—ADP, NO-
etheno-AMP, N°-etheno-adenosine, or N®-etheno-adenine
interacted with the orthosteric binding site on recombinant
Aj, Asa, and A, receptors, on P2X receptors in membranes
from rat urinary bladder, and on P2Y receptors in membranes
from rat brain (see “Analytical methods™ section for details).
In these competitive receptor binding experiments, at
10 umol/L, neither N6—etheno—ATP, N6—etheno—ADP, NO-
etheno-AMP, Né—etheno—adenosine, nor N%-etheno-adenine
inhibited radioactive-ligand binding to recombinant Ay, Asx,
or A, receptors or to bladder membrane P2X receptors. Also,
at 10 umol/L, NC-etheno-AMP, N°-etheno-adenosine, and N°-
etheno-adenine did not affect radioactive-ligand binding to
brain P2Y receptors. N°-etheno-ATP and N°-etheno-ADP
interacted with brain P2Y receptors but with weak affinities.
The calculated Kys of N°-etheno-ATP for brain P2Y receptors
in three separate experiments were 5.9, 4.7, and 4.5 pumol/L

Time (hours)

(mean + SEM, 5.1 +0.4 pmol/L). The calculated K4s of N°-
etheno-ADP for brain P2Y receptors in three separate exper-
iments were 5.8, 2.6, and 3.6 umol/L (mean + SEM, 4.0 +
0.9 umol/L).

Discussion

Extracellular adenine nucleotides and adenosine initiate
purinergic signaling, and interest in purinergic signaling is
increasing exponentially [8, 71-84]. This escalation of interest
in purinergic signaling is the result of discoveries of numerous
subtypes of purinergic receptors for extracellular nucleotides
and adenosine. In this regard, currently, there are seven known
P2X receptor subunits, which form homo-oligomers or
hetero-oligomers [85], eight known P2Y receptors [84], and
four known P1 receptors [86]. Because P1- and P2-receptor
signaling occurs in virtually every organ system and plays a
role in many diseases, attention to the extracellular metabo-
lism of ATP is imperative.
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Fig. 10 a A chromatogram obtained by HPLC-UV of a sample contain-
ing both 50 umol/L of inosine and hypoxanthine incubated (30 min at
30 °C) in the absence of thPNPase. b A HPLC-UV chromatogram of a
sample containing 50 pumol/L of inosine incubated (30 min at 30 °C) with
rhPNPase (640 ng). When inosine was incubated with thPNPase, only a
hypoxanthine peak was observed, indicating complete conversion of ino-
sine to hypoxanthine and thus confirming the activity of the rhPNPase. ¢,
d HPLC-UV chromatograms from samples containing 50 pumol/L of

In parallel with the explosion of knowledge in purinergic
signaling, there is an increasing appreciation of the complexity
of extracellular ATP metabolism. Indeed, there is a large array
of known ecto-nucleotidases that can participate in the metab-
olism of ATP to its downstream purinergic metabolites
(ATP = ADP = AMP = adenosine) [5]. Unraveling the
complexity of extracellular ATP metabolism would be facili-
tated by a sensitive, specific, inexpensive, and rapid method of
measuring extracellular adenine nucleotides and adenosine
without confounding by cellular uptake, pharmacologically
induced changes in ecto-enzyme amount or activity, or deam-
ination, which would direct adenine-based compounds to side
reactions.

Although we cannot conclude that the metabolism of
etheno-bridged adenine nucleotides/nucleosides is identical
to that of the corresponding natural compounds, we can con-
clude that the metabolism is sufficiently similar such that
etheno-bridged compounds can accurately assess the extracel-
lular metabolism of adenine nucleotides/nucleosides. This
conclusion is based on several considerations. First, our pre-
liminary experiments demonstrated that N°-etheno-ATP was
processed rapidly by human recombinant CD39, ENTPD2,
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adenosine incubated (30 min at 30 °C) without and with, respectively,
rhPNPase. As shown, in the presence of thPNPase, all of the added
adenosine was recovered as adenosine. e, f The results of the correspond-
ing experiment with N°-etheno-adenosine (ADO) incubated (30 min at
30 °C) without and with, respectively, thPNPase. These HPLC-FL chro-
matograms show that none of the N°-etheno-adenosine was metabolized
to N°®-etheno-adenine

ENTPD3, and ENPP-1 to the expected final downstream
product (N®-etheno-AMP). Also, N®-etheno-AMP was readi-
ly converted to etheno-ADO by human recombinant CD73.
These findings provide solid support for the conclusion that
the etheno bridge, which is located remotely from the phos-
phate groups in ATP, ADP, and AMP, does not impede the
enzymatic processing of etheno-bridged adenine nucleotides.
Second, and in confirmation of the first point, human recom-
binant CD39, ENTPD2, ENTPD3, and ENPP-1 metabolized
very low concentrations (I umol/L) of NC-etheno-ATP and
ATP with similar efficiencies, and human recombinant
CD73 metabolized low concentrations (1 pmol/L) of N°-
etheno-AMP and AMP with similar efficiencies. These results
suggest that at physiological concentrations of naturally oc-
curring adenine nucleotides, CD39 and CD73 metabolize ATP
and AMP, respectively, at efficiencies similar to those for cor-
respondingly low concentrations of N°-etheno-ATP and N°-
etheno-AMP. Third, initial reaction velocities for CD39 were
similar for N®-etheno-ATP versus ATP and for N°-etheno-
ADP versus ADP, and initial reaction velocities for CD73
were similar for N®-etheno-AMP versus AMP. For pragmatic
reasons, these initial reaction velocities had to be assessed at
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Fig. 11 Cardiac fibroblasts (CFs) were thoroughly washed with
phosphate-buffered saline and incubated with N°-etheno-adenosine
(10 umol/L) in the absence or presence of the purine nucleoside phos-
phorylase inhibitor 8-aminoguanine (100 pmol/L) or forodesine
(5 umol/L). After 4 h, the medium was collected and assayed for Ne©-
etheno-adenine (a, d, g) and NC-etheno-adenosine (b, e, h) using reverse
phase high-performance liquid chromatography as described in detail in
the “Analytical methods” section. The sum (N°-etheno-Total) of N°-
etheno-adenine and N%-etheno-adenosine is shown in ¢, f, and i. In a, b,

high substrate concentrations (25 to 200 pmol/L); nonethe-
less, the results are consistent with the concept that ecto-
nucleotidases do not meaningfully discriminate between nat-
urally occurring adenine nucleotides versus etheno-bridged
adenine nucleotides. Fourth, in four different primary cell
types, N®-etheno-ATP was extremely rapidly metabolized to
N®_etheno-ADP, N6—ethen0-AMP, and N°®-etheno-ADO. Also,
the differences among cell types with regard to the accumula-
tion of N6—etheno—ADP, N°-etheno-AMP, and N°-etheno-
ADO following administration of N°-etheno-ATP showed that
this method detected differences in the relative activities of
ecto-nucleotidases present in these cells. Fifth, in intact, iso-
lated, perfused rat kidneys, N°-etheno-ATP was completely
metabolized to N®-etheno-ADO plus N®-etheno-ADE in a sin-
gle pass across the rat renal vasculature. With a kidney perfu-
sion rate of 5 mL/min across a kidney with a total volume of
approximately 2 mL, the residence time of the applied N°-

¢, d, e, and f, cells were expanded using bovine calf serum. In g, h, and i,
cells were expanded using platelet-derived growth factor rather than se-
rum to eliminate any possibility of contaminating the cells with purine
nucleoside phosphorylase from serum. Both 8-aminoguanine (a, b, ¢, g,
h, i) and forodesine (d, e, f) abolished the formation of N®-etheno-ade-
nine. Results were the same in cells expanded with versus without bovine
calf serum. All individual data points are provided along with the means
and SDs. *P < 0.05 versus control. ADE, adenine; ADO, adenosine; DL,
detection limit

etheno-ATP in the renal vasculature would be seconds. Yet,
practically all of the N°-etheno-ATP was metabolized during
this brief exposure to the renal microcirculation. Sixth, follow-
ing intravenous infusion of Nﬁ-etheno-ATP, the metabolism of
N®-etheno-ATP was so rapid that only N°-etheno-ADO plus
N®_etheno-ADE was detected in plasma, urine, and renal
microdialyate. Together, these data support the conclusion that
for all intents and purposes, N°-etheno-adenine nucleotides
are metabolized by ecto-nucleotidases with efficiencies simi-
lar to natural substrates, a conclusion consistent with the fact
that ecto-nucleotidases act on phosphate groups remote from
the etheno bridge.

It is worth noting that N®-etheno-ATP did not invoke any
observable changes in mean arterial blood pressure, heart rate,
renal blood flow, or urine volume, suggesting that N®-etheno-
ATP and its downstream metabolites interact poorly with
purinergic receptors. This conclusion is further supported by
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Fig. 12 Glomerular mesangial cells (GMCs; a, b, ¢), preglomerular
vascular smooth muscle cells (PGVSMCs; d, e, f), and renal
microvascular endothelial cells (RMVECs; g, h, i) were thoroughly
washed with phosphate-buffered saline and incubated with a N®-etheno-
adenosine (10 pmol/L) in the absence or presence of the purine nucleo-
side phosphorylase inhibitor 8-aminoguanine (100 pmol/L). After 4 h,
the medium was collected and assayed for NC-etheno-adenine (a,d, g

our receptor binding studies that showed undetectable or very
low affinities of N®-etheno-ATP and its downstream metabo-
lites to an array of purinergic receptors. A limitation here is
that binding assays using rat urinary bladder and brain mem-
branes sampled only a subset of P2X and P2Y receptors.
Thus, it remains possible that these compounds interact with
some P2X or P2Y receptors. In this regard, although Durnin
and colleagues noted that N®-etheno-ATP relaxed the murine
colon, these responses were achieved with very high
(30 pumol/L) concentrations of N°®-etheno-ATP [87]. Taken
together, the evidence supports the conclusion that N°-
etheno-ATP and its downstream metabolites are processed
by ecto-nucleotidases as readily as unmodified ATP and its
downstream metabolites, yet the etheno bridge-modified com-
pounds are for all intents and purposes pharmacologically
inert at concentrations required to assess extracellular metab-
olism of adenine nucleotides by ecto-nucleotidases.
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and N°-etheno-adenosine (b, e, h) using reverse phase high-performance
liquid chromatography as described in detail in the “Analytical methods”
section. The sum (N°-etheno-Total) of N°-etheno-adenine and N®-etheno-
adenosine is shown in ¢, f, and i. In all three cell types, 8-aminoguanine
abolished the formation of N®-etheno-adenine. All individual data points
are provided along with the means and SDs. *P < 0.05 versus control.
ADE, adenine; ADO, adenosine; DL, detection limit

Another important conclusion supported by the current
study is that most of the applied N®-etheno-ATP and its down-
stream metabolites remain in the extracellular compartment.
The evidence for this conclusion is that the concentration of
NP®-etheno-Total in the culture medium is approximately the
same as the applied concentration of N®-etheno-ATP.
Although the match is not perfect, the slight discrepancy is
likely due to the fact that not all of the medium can be re-
moved from culture wells before replacing it with medium
containing N°®-etheno-ATP, and therefore, any remaining me-
dium that adheres to the culture well or cells would dilute the
added N°-etheno-ATP, thus giving rise to a slightly lower con-
centration of N°-etheno-Total compared with applied N°-
etheno-ATP. This conclusion is further confirmed by the lack
of N®-etheno-ATP or its metabolites in cells exposed to N°-
etheno-ATP for 8 h. Although it is possible that trace amounts
of N°-etheno-ATP and its metabolites entered cells, it is
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Fig. 13 The metabolism of NC-etheno-ATP (3 umol/L) and NC-etheno-
adenosine (ADO) (3 umol/L) was examined in the isolated, perfused rat
kidney. The perfusion system was sterilized in all experiments to prevent
bacterial contamination. In a, the perfusion system without the kidney in
place received NC-etheno-ATP. In b, N°-etheno-ATP was infused into the
renal artery, and in c, NC-etheno-adenosine was infused into the renal
artery. In all experiments, perfusate from the venous outflow was collect-
ed and analyzed for NC-etheno-ATP, N°-etheno-ADP, N°-etheno-AMP,
N°®-etheno-adenosine, and N°-etheno-adenine using reverse phase high-
performance liquid chromatography as described in detail in the
“Analytical methods” section. Also, the sum (N®-etheno-Total) of N°-
etheno-ATP, Nﬁ—etheno—ADP, Né—etheno—AMP, NO-etheno-adenosine,
and N®-etheno-adenine was determined. All individual data points are
provided along with the means and SDs. ADE, adenine; ADO, adenosine;
DL, detection limit

unlikely that intracellular metabolism makes a significant con-
tribution to the cellular metabolism of applied N°-etheno-ATP.

Yet another important finding of the present study is that
N°-etheno-ATP and its downstream metabolites are not
diverted from the main ecto-nucleotidase pathway:
ATP = ADP = AMP = adenosine. This conclusion is also
based on the observation that nearly all of the applied moles of
NO-etheno-ATP are accounted for in the detected moles of N°-
etheno-Total. Given the fact that the etheno bridge blocks the
N® nitrogen, it is to be expected that deaminases would not
process ATP, ADP, AMP, or adenosine to their corresponding
inosine metabolites. Thus, the etheno-bridge method elimi-
nates not only confounding due to cellular uptake, but also
confounding due to deamination.

Mammalian PNPase is an enzyme that converts inosine to
hypoxanthine and guanosine to guanine. The conventional
view is that adenosine is not a substrate for mammalian
PNPase and is therefore deaminated first by adenosine deam-
inase to inosine, which is subsequently metabolized to hypo-
xanthine by PNPase. Therefore, we were surprised that in all
four cell types investigated here, the terminal metabolite of
N°_ctheno-ATP was not N6—etheno—ADO, but rather N°-
etheno-ADE. Our initial reaction to this finding was to suspect
that our cells were contaminated with the intracellular bacte-
rium, Mycoplasma. Mycoplasma is the bane of cell culturists
because it commonly infects cell culture laboratories, hides
within cells, is difficult to detect, and modifies the biochem-
istry of cultured cells. Indeed, there are estimates that 70% of
cell cultures are contaminated with Mycoplasma [88].
Because bacterial PNPase, unlike mammalian PNPase, can
metabolize adenosine to adenine [67], contamination with
Mpycoplasma provides a simple explanation for why the end
product of N®-etheno-ATP metabolism was N°-etheno-ADE,
rather than N°-etheno-ADO.

To test the possibility that our cell cultures were contami-
nated by Mycoplasma or other intracellular bacteria, we
employed the Universal Mycoplasma Detection Kit, a method
that uses 32 rounds of PCR to detect femtogram levels of
bacterial DNA and covers over 60 species of Mycoplasma,
Acholeplasma, Spiroplasma, and Ureaplasma including the
eight species most likely to contaminate cell cultures:
M. arginini, M. fermentans, M. hominis, M. hyorhinis,
M. orale, M. pirum, M. salivarium, and A. laidlawii. The re-
sults were negative. Thus, we could not attribute the accumu-
lation of N°-etheno-ADE to bacterial contamination.

Still concerned that production of N°-etheno-ADE was an
artifact, we considered the possibility that the bovine fetal
serum used in expanding our cells may have contained
PNPase (either mammalian or bacterial) and that this was
the source of PNPase that metabolized N°-etheno-ADO to
N®-etheno-ADE. To test this, we expanded CFs for 4 days in
the absence of bovine serum, washed the cells thoroughly, and
examined the metabolism of N°-etheno-ADO to N°-etheno-
ADE. Importantly, the metabolism of N°-etheno-ADO to N°-
etheno-ADE was essentially identical in cells expanded in the
absence or presence of bovine serum.

We also considered the hypothesis that N®-etheno-ADO
was converted to N°-etheno-ADE by an unknown enzyme
that is not PNPase, yet has “PNPase-like” activity. To test this,
we examined in all four cell types the ability of 8-
aminoguanine, a well-known inhibitor of PNPase, to block
the conversion of N°-etheno-ADO to N°®-etheno-ADE.
Indeed, in all four cell types, 8-aminoguanine abolished the
metabolism of N®-etheno-ADO to N°-etheno-ADE. It is con-
ceivable that 8-aminoguanine blocks, in addition to PNPase,
other enzymes with “PNPase-like” activity. To test this, we
also examined the effects of forodesine, a structurally distinct
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Fig. 14 N°-etheno-ATP

(0.1 pmol/kg/min for 30 min) was Q Vinfusion of N®-Etheno-ATP

Repeated Measures 2-Factor ANOVA: P<0.0001

Repeated Measures 2-Factor ANOVA: P<0.0001

b IV infusion of N®-Etheno-ATP

-+~ NP.Etheno-ADE -+~ N°.Etheno-ADE

infused intravenously into w -+= NS.Etheno-ADO w -a= N®_Etheno-ADO
y 50
anesthetized rats, and renal £ 40| 09
microdialysate (a), urine (b), and g
plasma (c) were analyzed at 30
different time points for N°- % 20 =
etheno-ATP, N®-etheno-ADP, N°- € 10 IRt NN
etheno-AMP, N°-etheno- < 0 sy
adenosine, and N°®-etheno- 0 10 20 30 40 50 60 0 10 20 30 40 50 60
adenine using reverse phase high- Time (minutes) Time (minutes)
performance liquid chromatogra-
phy as Qescnbed in detail }n the Repeated Measures 2-Factor ANOVA: P=0.0271
“Analytical methods” section. d
Ol’lly Nﬁ—etheno—adenosine and c IV infusion of N®-Etheno-ATP - N°.Etheno-ADE IV infusion of eATP
NC-etheno-adenine were detected 25 IM -a= N®-Etheno-ADO 200 w (n=5)
in the samples. Other panels show
mean arterial blood pressure (d), IU’ 150 ¢43—3—3— 3 3
heart rate (e), and renal blood £ 100
flow (f) during the experiment. £ -
#P < (.05, N-etheno-adenosine
versus N°-etheno-adenine at the a6 0
same time point. Values are "0 10 20 30 40 50 60 0 10 20 30 40 50 60
means + SEM' ADE, adenine; Time (minutes) Time (minutes)
ADO, adenosine
IV infusion of eATP f A
k IV infusion of eATP
(0.1 umol/kg/min) p
500" (n=5) 0 (01 pmoligiminy
c E—— =
€ o0 Sdia g I
E 300+ g
© 200 E 4
8 2
< 100
0 0
0 10 20 30 40 50 60 0 10 20 30 40 50 60

Time (minutes)

and highly potent and selective PNPase inhibitor, on the me-
tabolism of N°-etheno-ADO to N°-etheno-ADE in CFs.
Consistent with the results with 8-aminoguanine, forodesine
too abolished the formation of N°-etheno-ADE in CFs.

Still skeptical, we considered that somehow the metabo-
lism of N°-etheno-ADO to N°-etheno-ADE was an artifact
of our cell culture models. Therefore, next we investigated
whether N°-etheno-ATP or N°-etheno-ADO is metabolized
to N®-etheno-ADE in an intact organ, in this case the isolated,
perfused kidney. As with our cell culture models, we were
concerned that bacterial contamination of the perfusion sys-
tem or the perfused kidneys could confound interpretation. To
make sure the perfusion system per se was not contaminated,
we determined whether N°-etheno-ATP was metabolized
across the perfusion system in the absence of an intervening
kidney. Essentially, no N®-etheno-ATP was metabolized in the
absence of an intervening kidney. However, in the presence of
an intervening kidney, 13% of applied N°-etheno-ATP and
16% of applied N®-etheno-ADO were converted to N°-
etheno-ADE in a single pass (taking only seconds) across
the kidney. In these experiments, the perfusion system was
thoroughly flushed with ethanol and sterile water, the
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Time (minutes)

perfusate was filtered to 0.22 pum, and the kidney was isolated
under sterile conditions.

Next, we investigated whether NC-etheno-ATP could be
converted to N®-etheno-ADE in vivo. In these experiments,
renal microdialysate, urine, and plasma were collected before,
during, and after an intravenous infusion of N°®-etheno-ATP.
Again, to our surprise, the major observable product of N°-
etheno-ATP metabolism in vivo was not N6—etheno—ADP, NC-
etheno-AMP, or Né-etheno-ADO, but rather N®-etheno-ADE.
To confirm and extend these in vivo observations, we repeated
the in vivo study in two groups, one treated with 8-
aminoguanine and one treated with the vehicle for 8-
aminoguanine. In the control group, once again we observed
that the major observable metabolite was N°-etheno-ADE
with lesser amounts of N°-etheno-ADO; yet in the 8-
aminoguanine-treated group, the reverse was true (N°-
etheno-ADO exceeded N°-etheno-ADE). This study confirms
that in vivo an enzyme with PNPase-like activity that is sen-
sitive to inhibition by 8-aminoguanine metabolizes N°-
etheno-ADO to N°®-etheno-ADE. We also measured by
UPLC-MS/MS urine levels of endogenous inosine and ob-
served that 8-aminoguanine increased urinary inosine
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Fig. 15 N°-etheno-ATP (0.1 pmol/kg/min for 30 min) was infused
intravenously into anesthetized rats, and renal microdialysate (a, b),
urine (d, e), and plasma (g, h) were analyzed at different time points for
NO-etheno-ATP, N®-etheno-ADP, N°-etheno-AMP, N°-etheno-adenosine,
and N°-etheno-adenine using reverse phase high-performance liquid
chromatography as described in detail in the “Analytical methods” sec-
tion. Some rats (b, e, h) were pretreated with an intravenous bolus of the
purine nucleoside phosphorylase inhibitor 8-aminoguanine (33.5 pmol/
kg), while others received only the vehicle for 8-aminoguanine (a, b, g).
Only N°-etheno-adenosine and N°®-etheno-adenine were detected in the

excretion by 8-fold, suggesting the dose of 8-aminoguanine
used did indeed inhibit PNPase.

A limitation of our in vivo experiments is that the metabo-
lism of N°-etheno-ADO to N°-etheno-ADE could have been
mediated by the gut microbiota. However, in view of the rapid
(first 10 min) detection of N®-etheno-ADE in the kidney
microdialysate during intravenous infusions of N°-etheno-
ATP, it would seem that at least a portion of the metabolism
to N®-etheno-ADO to N°-etheno-ADE occurred outside the
gut. It is also conceivably that in vivo the enzyme that metab-
olizes N°-etheno-ADO to N°-etheno-ADE does not metabo-
lize authentic adenosine to adenine, although this too seems
unlikely. To test these conjectures, we delivered authentic
adenosine directly into the renal cortex by reverse microdial-
ysis and assessed renal cortical levels of adenine by measuring
levels of adenine in the perfusate exiting the microdialysis
probe. Importantly, direct delivery of adenosine to the renal
cortex resulted in detectable increases in renal levels of

10 20 30 40 50 60
Time (minutes)

N°-Etheno-ADE to
NE-Etheno-ADO Ratio
»

"0 10 20 30 40 50 60
Time (minutes)

samples. In the vehicle-control rats, in most samples, N®-etheno-adenine
exceeded N°-etheno-adenosine (a, d, g). In contrast, in the 8-
aminoguanine-treated rats, in most samples, N°-etheno-adenosine
exceeded N°-etheno-adenine (b, e, h). Also shown is the ratio of NO-
etheno-adenine to N°-etheno-adenosine in microdialysate (c), urine (f),
and plasma (i) of vehicle-treated versus 8-aminoguanine-treated rats. This
ratio was higher in the vehicle-treated group versus the 8-aminoguanine-
treated group. *P < 0.05, N®-etheno-adenosine versus N°-etheno-adenine
or vehicle group versus 8-aminoguanine group at the same time point.
Values are means = SEM. ADE, adenine; ADO, adenosine

adenine, a response that was blocked by the PNPase inhibitor,
forodesine.

The molecular form of the enzyme that conferred PNPase
activity in our mammalian experimental paradigms is un-
known and deserves additional investigation. In this regard,
we also examined the effects of authentic human recombinant
PNPase on the metabolism of both adenosine and N°-etheno-
ADO. This recombinant PNPase did not metabolize either of
these substrates. Importantly, PNPase (both mammalian and
bacterial) can exist in multiple forms (monomers, dimers, tri-
mers, tetramers, pentamers, and hexamers) that have different
enzymatic properties and preferred substrates [67]. The mo-
lecular form of human recombinant PNPase in solution is
unknown (although likely a monomer) and may not have the
same enzymatic properties as various multimers of PNPase
in vivo. Moreover, it is conceivable that the enzymatic prop-
erties of PNPase in vivo may be modified further by interac-
tions with other protein-binding partners. Thus, one
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Fig. 16 Bar graphs show cortical microdialysate levels of adenine in the
left and right kidneys during three experimental periods. After a 1-h
stabilization period, microdialysate was collected for 45 min (period 1),
and then the following drugs were added to the microdialysis perfusate of
both kidneys: 10 umol/L of erythro-9-(2-hydroxy-3-nonyl) adenine
(blocks adenosine deaminase), 0.1 pmol/L of 5-iodotubericidin (blocks
adenosine kinase), and 10 umol/L of S-(4-nitrobenzyl)-6-thioinosine
(blocks adenosine uptake). After 15 min for the drugs to reach the
microdialysate probe tip, microdialysate was again collected for another
45 min (period 2). Next, in addition to the drugs listed above, adenosine
(30 umol/L) was added to the left kidney perfusate (period 3) and aden-
osine (30 pmol/L) plus forodesine (5 pmol/L; blocks purine nucleoside
phosphorylase) was added to the right kidney perfusate (period 3).
*P <0.05, versus periods 1 and 2. Values are means + SEM

explanation for the present results is that in vivo some forms
of mammalian PNPase do accept N°-etheno-ADO and aden-
osine as substrates. An alternative explanation is that there
exists an enzyme other than PNPase that has “PNPase-like”
activity and is inhibited both by 8-aminoguanine and
forodesine. Either way, our results show that NS-etheno-
ADO can be used to interrogate the presence and activity
levels of this form of PNPase or “PNPase-like” enzyme and
could provide important insights into the role of PNPase or a
“PNPase-like” enzyme in health and disease. However,
whether this enzyme activity contributes to regulating
in vivo the levels of adenosine is unknown and merits addi-
tional investigation.

In conclusion, this experimental series establishes the va-
lidity of using N°®-etheno-ATP to conveniently assess the pro-
cessing of extracellular ATP using a sensitive, specific, and
precise methodology that is not confounded by uptake of ATP
or its metabolites, is not confounded by deamination, and is
likely not confounded by pharmacological activation of
purinergic receptors. This technique could prove quite useful
not only in in vitro studies, but in in vivo studies as well. For
example, in cancer biology, this method could be applied to
identify which ecto-nucleotidases are involved in adenosine
production within a tumor and therefore could direct personal
medicine targeted at the most important ecto-nucleotidase to
prevent the production of immunosuppressive and tumor-

@ Springer

promoting adenosine. Finally, the current findings suggest that
some form of PNPase or “PNPase-like”” enzyme is involved in
the in vivo metabolism of adenosine to adenine. The metabo-
lism of N®-etheno-ADO to N°-etheno-ADE may prove useful
as a method to investigate the activity and importance of this
enzyme.
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