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bstract

Phosphodiesterases are drug targets for treating various diseases. Inhibition of these can increase cAMP and cGMP levels, which can affect
variety of physiological responses. Here we report a new method for determining PDE activity by combining high-performance liquid chro-

atography and tandem mass spectrometry. Characteristic peaks of the substrates, cGMP or cAMP and products, GMP or AMP, were identified

n positive-ion electrospray ionization using multiple reaction monitoring. The method can be applied to determine activity of PDE inhibitors. Our
esults showed that this new method was fast, sensitive and highly reproducible.
 2007 Elsevier B.V. All rights reserved.
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. Introduction

Cyclic nucleotides (cGMP and cAMP) are intracellular sec-
nd messengers playing a key role in many physiological
rocesses, including metabolism, contractility, motility, and
ranscription in virtually all cell types [1]. Phosphodiesterase
PDE) catalyzes the hydrolysis of cyclic nucleotides to inactive
′-nucleotides (GMP and AMP) [2]. At present, mammalian
DE enzymes are classified into 11 distinct enzyme families
iffering by amino acid sequence, overall domain structure, and
atalytic and regulatory considerations [3].

Phosphodiesterases are drug targets for the treatment of
arious diseases, including heart failure, retinal degeneration,
epression, asthma, inflammation and erectile dysfunction [4].
n order to screen the activity of candidate compounds, simple
nd sensitive methods for the measurement of PDE activity are
equired to better estimate the blocking effect of the inhibitors.
In recent years, two major approaches for determining PDE
ctivity have been developed. The method of Thompson and
ppleman [5] has been widely used for more than three decades,
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sing tritium-labeled cAMP or cGMP as the substrate, while the
DE reaction is coupled to the 5′-nucleotidase activity of snake
enom. Recently, the throughput of this analysis has improved
y the use of 96-well plates [6].

The other approach uses selective precipitation, where either
3H]cAMP in the supernatant or precipitated [3H]AMP is mea-
ured [7]. The PDE assay has been adapted to the scintillation
roximity assay (SPA) format, representing one of the most
idely used contemporary methods [8,9].
The described methods for the quantitative analysis of these

yclic nucleotides require special radioactive substrates such
s [8-3H]-cGMP [10], fluorogenic substrates such as 2′-O-
nthraniloyl-cGMP and 2′-O-methylathraniloyl-cGMP [11] or
uorescence derivatization reagent, such as (3,4-dimethoxy-
henyl)glyoxal (DMPG) [12]. Although sensitive, both methods
equire time consuming analysis and allow for determining the
hosphodiesterase activity of only one compound at time.

Mass spectrometric detection of intact polar compounds has
ow become possible as the result of the development of soft
onization techniques. Ionization methods commonly used such
s fast atom bombardment (FAB) [13,14] matrix-assisted laser

esorption ionization (MALDI) [15] and electrospray ionization
ESI) [16]. In the field of nucleotide chemistry, static fast atom
ombardment mass spectrometry (FAB-MS) was a monumen-
al step forward, and its potency for the identification of cyclic
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ucleotides was demonstrated by Newton et al. [13,17,18]. Wit-
ers et al. [19] showed that cyclic nucleotides (among cAMP
nd cGMP), can be identified using specific collision-activated
issociation (CAD) fragments as diagnostic ions.

Here we report a new method for determination of PDE
ctivity by combined high-performance liquid chromatography
HPLC) to tandem mass spectrometry (MS) with positive-
on electrospray ionization using multiple reaction monitoring
MRM). The following nucleoside cyclic monophosphates were
nalyzed for PDE activity: cyclic guanosine monophosphate
cGMP), guanosine monophosphate (GMP), cyclic adeno-
ine monophosphate (cAMP) and adenosine monophosphate
cAMP).

. Experimental

.1. Chemicals and solvents

The nucleotides cGMP, cAMP, guanosine 5′-monophosphate
GMP) and adenosine 5′-monophosphate (AMP) were pur-
hased from Sigma Chemical Co. (St. Louis, USA).
he compound 1-[[3-(6,7-dihydro-1-methyl-7-oxo-3-propyl-
H-pyrazolo [4,3-d]pyrimidin-5-yl)-4-ethoxyphenyl]sulfonyl]-
-methylpiperazine (sildenafil) was synthesized by Laboratorios
ristalia (Itapira, SP, Brazil). Acetonitrile (HPLC grade) were
btained from Mallinckrodt (Mallinckrodt Chemicals, USA),
ormic acid, analytical grade, was purchased from Merck (Rio
e Janeiro, Brazil). Water was purified, using the Milli-Q or
lga UHQ systems, prior to use. DMSO was purchased from
igma (St. Louis, MO, USA). All other reagents used were of
ommercially available grade.

.2. Preparation of human platelet PDE

Human platelet PDE sample were prepared according to
he method of Radomski et al. [20]. Samples of blood from
ealthy donors were collected in 0.1 vol of 3.13% sodium cit-
ate and centrifuged 200 × g for 15 min at 10 ◦C. Platelet-rich
lasma (PRP) was collected, and 10 mM EDTA was added to
void platelet activation during washing, and PRP was then
entrifuged at 900 × g for 15 min at 10 ◦C. The platelet pellets
ere washed in Krebs buffer (118 mM NaCl, 25 mM NaHCO3,
.6 mM glucose, 4.7 mM KCl, 1.2 mM KH2PO4 and 1.17 mM
gSO4·7H2O, pH 7.4) containing 10 mM EDTA. Plateletes
ere resuspended in Krebs buffer with 0.32 M sucrose to a

oncentration of 1 × 109 cells/ml. Cell extract was prepared by
onication for 10 s, threefold at 15 kHz. The protein concentra-
ion was determined by Protein Assay kit (BioRad) using bovine
erum albumin as standard. Platelet extract was used as a source
f crude phosphodiesterases and was stored frozen at −80 ◦C
ntil used.

.3. Determination of PDE activity
The standard enzymatic reaction mixture (total volume of
00 �l) contained 50 mM Tris–HCl (pH 8.0), 100 mM MgCl2
nd platelet extract (final protein concentration 0.075 mg/ml).

w
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eaction was initiated by addition of the substrate cGMP or
AMP (20 �M) and incubated at 35 ◦C for 30 min. The reac-
ion was stopped by putting the sample in boiling water for
min. The protein precipitate was removed by centrifugation,
nd supernatant was stored at −20 ◦C until analysis. Phospho-
iesterase activity was determined as a percentage of the peak
rea of GMP or AMP with respect to a DMSO control (where the
ontrol without any inhibitor present indicates maximal GMP or
MP production under the assay conditions).

.4. Effects of PDE inhibitor

A solution of sildenafil dissolved in DMSO was prepared
t increasing concentration (0.005–1.0 �M) and added to the
eaction mixture at room temperature 5 min before addition of
GMP or cAMP. Samples of blood from four healthy donors
ere prepared in five concentration of sildenafil all assays were

ompleted at least in triplicate totalizing 60 samples analyzed.
ata is presented as the mean ± S.E. The IC50 is defined as

he concentration of inhibitor where 50% of the GMP or AMP
roduction has been inhibited as compared to the DMSO control.

.5. LC–MS/MS analysis

The LC–MS/MS system consisted of LC ADVp Liquid Chro-
atograph Shimadzu System (Shimadzu Corporation, Japan)

oupled to a PE Sciex API 4000 triple quadrupole mass spec-
rometer (PE Sciex, Toronto, Canada) operating in electrospray
ositive-ionization mode. Samples were injected into the system
y means of a CTC HTS PAL autoinjector.

The chromatography separation was performed at room
emperature using a C18 (100 mm × 2.1 mm, 4 �m) Jones® con-
ected to a C18 (1 cm × 4 mm, 4 �m) Jones® pre-column. The
obile phase was: A (water containing 10 mM formic acid) and
(acetonitrile containing 10 mM formic acid). The gradient elu-

ion started with an isocratic step elution (100% eluent A) for
min followed by a 5 min gradient to 60% eluent B at a flow

ate of 0.35 ml/min.
The fractionated compounds were introduced directly in the

lectrospray source, ionized and monitored by multiple reac-
ion monitoring (MRM). The source block temperature was
et to 500 ◦C and the electrospray capillary voltage to 4.5 kV.
he dwell time for each fragmentation pathway was 200 ms.
itrogen was used as collision gas. Pressure of the collision
as (CAD) was 49.0 kPa. The injection volume was 40 �l of
ach sample, previously diluted 500-fold with water. The total
un-time was 10 min.

.6. Calibration curve and limit of quantification

A calibration curve was prepared with blank samples, same
onditions at the enzyme reaction with time reaction zero min,

hich were fortified with a standard solution mixture (cGMP,

AMP, GMP and AMP at 100 ng/ml), to analyte final concen-
rations of 0.25, 0.5, 1.0, 2.5, 5.0, 10.0 and 15.0 ng/ml, prepared
n duplicate.



hromatogr. B  859 (2007) 37–41 39

p
s
t
p
o

3

a
t
h
(
o
b
r
c
h
t
h
w
p
b
t
a
n

o
a
s
c

i
o
[
s
r
a
C
q
i
a
t
o
d
C
a
i
a
i
s
c
f
l

n

Fig. 1. Positive-ion spectra and chemical structure of AMP (A) and cAMP (B).
The spectra are recorded by selecting the pseudo molecular ion ([M + H]+) in the
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all four nucleotides (cAMP, cGMP, AMP and GMP) can be
simultaneously detected even at similar retention times. This
is one of the advantages of MRM analysis compared to other
methods for nucleotides identification, as well as quantification
R. Lorenzetti et al. / J. C

For determining the limit of quantification, eight blank sam-
les of enzymatic reaction buffer were fortified with a standard
olution mixture (cGMP, cAMP, GMP and AMP at 100 ng/ml)
o a final concentration of 0.5 ng/ml. Another eight blank sam-
les were fortified to a final concentration of 0.25 ng/ml (total
f 16 samples).

. Results and discussion

Cyclic nucleotides with a significant regulatory role are char-
cterized by the presence of a 3′,5′-phosphodiester bond in
he �-d-ribofuranosyl moiety. Some of these cyclic nucleotides
ave weak basic characteristics in their heterocyclic moiety
purine- or pyrimidine ring). Since they can behave as zwitteri-
ns, both positive- and negative-ES ionization could potentially
e used for their analysis. Inherent to their structure, the sepa-
ation of nucleotides is usually performed by anion-exchange
hromatography, though the mobile phase compositions are
ighly incompatible with LC–MS. Consistent with this study,
he nucleotides already had been analyzed by reverse-phase
igh-performance liquid chromatography (RP-HPLC), with or
ithout an ion-pairing reagent [19,21]. In this study, ion-
airing reagents were not used because of their substantial
ackground contribution and source pollution [22,23]; however,
he nucleotides were eluted far from the column void volume
lthough there was no difference in the retention times between
ucleotides.

A recently reported method HPLC–MS [24,25] analyzed
nly a nucleotide or cyclic nucleotide. This method has more
dvantages than other methods because of simultaneous analy-
is of a mixture of nucleotide and cyclic nucleotide (GMP, AMP,
GMP and cAMP) regulated by PDE activity by HPLC–MS/MS.

Negative-ion mode of ESI–MS seems to be a logical start-
ng point for nucleotide analysis because of the presence of one
r more negatively charged phosphate groups in the molecules
19]. However other methods using positive-ion ESI-MS have
hown their fast, specific, and sensitive advantages. Claire [26]
eported the detection of a unique and abundant product ion from

nucleotide analog by LC–MS/MS with positive-ion mode.
ai [27] reported the selection of the most abundant MS/MS
uantitative ions of six ribo- and ribodeoxynucleotides by using
on-pairing LC coupled with positive-ion ESI–MS/MS. Fung et
l. [28] discussed the advantage of positive-ion mode compared
o negative-ion mode for simultaneous determination of nucle-
side drug analogs and their corresponding nucleotides when
imethylhexylamine (DMHA) was used as the ion-pairing agent.
ai et al. [29] recently reported that the detection of formed
dduct ion greatly enhanced the sensitivity when using positive-
on ESI for the analysis of nucleotides such as ATP. Although
n ion-pairing agent was not used, preventing source pollution,
n this method, the positive-ion mode ESI ionization was more
ensitive than negative-ion mode for nucleotides. Figs. 1 and 2
ontain representative mass spectra from parent ions and major

ragment ions, used in MRM, for the different nucleotides ana-
yzed.

HPLC coupled with UV detection is a commonly used tech-
ique for nucleotide separation, needing chromatographic peak

F
T
fi
s
(

rst quadrupole (Q1). After collision activation of the selected ions in the colli-
ion cell, the daughter ion spectra are recorded by scanning the last quadrupole
Q3).

eparation for the identification of nucleotides. This drawback
ncreases the time needed for sample analysis. Methods such
s RIA and EIA are advantageous because of their low detec-
ion limits (femtomole); however, they are specific for only one
ucleotide detection. Detection of all four nucleotides was car-
ied out using HPLC coupled with mass spectrometry in MRM
ode using the transition ions listed in Table 1. The chro-
atogram of all four cyclic nucleotides (Fig. 3) showed that

hromatographic separation is not a critical parameter because
ig. 2. Positive-ion spectra and chemical structure of GMP (A) and cGMP (B).
he spectra are recorded by selecting the pseudo molecular ion ([M + H]+) in the
rst quadrupole (Q1). After collision activation of the selected ions in the colli-
ion cell, the daughter ion spectra are recorded by scanning the last quadrupole
Q3).



40 R. Lorenzetti et al. / J. Chromatogr. B  859 (2007) 37–41

Table 1
Monitored ions, MRM, ESI, positive-ionization mode

Compound Parent
(m/z)

Daughter
(m/z)

Collision exit
potential (V)

Collision
energy (eV)

AMP 348.10 136.30 24 27
cAMP 330.10 136.30 24 33
GMP 364.10 152.10 28 21
cGMP 346.30 152.10 12 27

Fig. 3. HPLC–MS/MS chromatograms (standard solution, 10 ng/ml). Each
chromatogram is divided into four time windows. (A) Time window 1 shows
the 348.1/136.3 transitions corresponding to AMP with retention times were
4.83 min. (B) Time window 2 shows the 330.1/136.3 transitions correspond-
ing to cAMP with retention times of 4.93 min. (C) Time window 3 shows the
3
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Table 2
Limit of quantification validation

Mean S.D. Accuracy (%) CV (%)

0.25 ng/ml (nominal concentration)
cGMP 0.251 0.012 100.3 4.7
cAMP 0.252 0.007 100.6 2.8
GMP 0.258 0.013 103.0 4.9
AMP 0.256 0.012 102.4 4.5

0.5 ng/ml (nominal concentration)
cGMP 0.506 0.017 101.2 3.3
cAMP 0.503 0.034 100.5 6.8
GMP 0.479 0.042 95.9 8.7
AMP 0.510 0.035 102.1 6.8

Eight blank samples were fortified with cGMP, cAMP, GMP and AMP to a
final concentration of 0.25 ng/ml and another eight to a final concentration of
0
p
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r
method is fast, sensitive and has a high reproducibility for
qualitative and quantitative analysis of a nucleotide or cyclic
nucleotide of PDE activity in vitro. The high selectivity of
this method can be applied to study different PDE activities
46.3/152.1 transitions corresponding to cGMP with retention times of 4.95 min.
D) Time window 4 shows the 364.1/152.1 transitions corresponding to GMP
ith retention times of 4.83 min.

f PDE5 activity described in the literature [7,9,11,12,30].
lthough the GMP peak (Fig. 3) revealed badly tailing, it did
ot have integration difficulty, and it was confirmed with a good
orrelation coefficient to the nucleotide.

The obtained correlation coefficients were approximately
.999 for cGMP and AMP and approximately 0.997 for GMP
nd cAMP, showed good linearity of the method. The limit
f detection of nucleotides was 0.25 ng/ml, with S/N = 25.3 to
MP, S/N = 20.6 to cAMP, S/N = 21.8 to cGMP and S/N = 14.4
o GMP (Fig. 4). This method can have a better lower limit;
owever, this value was enough for four nucleotides when
rug inhibitory activity was assayed in vitro. Accuracy between

ig. 4. HPLC–MS/MS chromatograms (standard solution, 0.25 ng/ml). Each
hromatogram is divided into four time windows: (A) AMP, (B) cAMP, (C)
GMP and (D) GMP.

F
n

.5 ng/ml (total of 16 samples). These samples were analyzed according to the
roposed method.

0–130% and a coefficient of variability (CV) lower than
0% were found for all assays (Table 2), indicating that the
ethod is repeatable and reproducible, according to internation-

lly accepted guidelines [31]. Considering that this method is
ainly applied to determine the ratio cyclic nucleotide/inactive

ucleotide, less restrictions are required for its validation. The
atrix effects were similar in all samples.
The amount of GMP increased linearly with protein concen-

ration up to 0.75 �g/ml (Fig. 5). Hydrolysis of cGMP by platelet
DE and formation of GMP was inhibited pre-incubation with

he PDE5 inhibitor sildenafil. Dose–response analysis of silde-
afil showed IC50 values of 20 nM (Fig. 6). The inhibition of
DE5 by sildenafil was observed through the monitoring of
yclic nucleotide and inactive nucleotide.

In summary, we have described a method that has wide-
anging potential use in biomedical and kinetic studies. This
ig. 5. Effect of protein concentration on the enzymatic hydrolysis of
ucleotides cGMP in vitro. Results are the mean ± S.D. of three determinations.
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ig. 6. Effect of sildenafil on cGMP hydrolysis inhibition by PDE5 (n = 4,
ean ± S.D.).

imultaneously, such as those specific for cGMP and cAMP.
he method has been successfully applied to determine IC50
f PDE inhibitors, also to quantify both nucleotide and product
f enzymatic reaction of PDEs and can be used for the simul-
aneous detection of a complex mixture of nucleotides (cGMP,
AMP, GMP and AMP), which is the main advantage of this
PLC–MS/MS system.
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