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ABSTRACT

In the present study we have characterized ATP-dependent transport of cAMP and ¢cGMP in physiological, but also
supraphysiological concentrations. The uptake into inside-out vesicles from human erythrocytes could be dissected into
two components with high and low affinity. The respective K,,-values were 30.8 = 5.2 and 352 + 26 pM for cAMP and
2.6 = 0.4 and 260 £ 15 uM for cGMP. The two cyclic nucleotides were unable to mutually inhibit cellular efflux for
concentrations up to about 100 pM. At higher concentrations the inhibition curve showed a steep fall. The ICsy-value
for cAMP reduction of high affinity [*’H]-cGMP transport was 695 = 9 uM. The respective value for cGMP inhibition of
[*H]-cAMP efflux was 284 + 20 pM. These observations are compatible with two selective high affinity transport sys-
tems. Other endogenous substances such as prostaglandins did not discriminate between cyclic nucleotide transport.
The ICs, values for inhibition of [’H]-cAMP and [*’H]-cGMP were 4.1 and 4.2 pM for PGE, 2.7 and 4.4 uM for PGE,,
respectively. However, the prostaglandin analog misoprostol discriminated distinctly between cAMP and cGMP trans-
port with respective 1Cso-values of 4.5 and 24 uM. The assumption that the specific PDES5-inhibitor sildenafil could
distinguish between the two cyclic nucleotides was disproved with respective ICsy values of 3.8 and 2.9 uM for inhibi-
tion of [’H]-cAMP and [*H]-cGMP, respectively. However, at least one sildenafil analog (PHAR0099048) showed a
clear difference with respective 1Csy values of 2.0 and 0.52 pM. The other tested sildenafil analogs showed no or minor
ability to discriminate with ICsy values of 0.16 and 0.17 uM for 1S-39213, and 0.35 and 0.16 uM for IS-60049, respec-
tively. In agreement with previous reports, the present study shows that proteins responsible for cyclic nucleotide
transport are multiorganic anion pumps. However, the observation that drug analogs may discriminate between these
two efflux systems makes them potential drug targets.
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1. Introduction

Members of the ATP-Binding-Cassette family, ABCC4,
ABCCS5 and ABCCI11, have been identified as transport
proteins for cyclic nucleotides [1-5]. The cellular efflux
of these signal molecules was characterized decades ago,
including cAMP (for review see [6]) and cGMP (for re-
view see [7]). Human erythrocytes (hRBC) which pos-
sess ABCC4 [8-11] and ABCCS5 [1,8-10,12] are suitable
for pharmacological studies of cyclic nucleotide extru-
sion. These cells are easily obtainable and preparation of
inside-out vesicles (IOVs) makes it possible to strictly
control substrate and inhibitor concentrations.

Specific inhibitors of phosphodiesterase 5 (PDES) like
sildenafil, have been identified as potent inhibitors of
ABCCS5-mediated cGMP cellular efflux [1]. Even if sil-

In addition we employed sildenafil derivates, identified
by molecular modeling and virtual ligand screening
(VLS) [14], to characterize the effect on cyclic nucleotide
efflux. Three decades ago prostaglandins were shown to
be potent inhibitors of cellular cAMP extrusion [15,16].
However, the effect on cGMP egression has previously
not been studied. The aim of the present study was to
characterize the transport and mutual interaction of
cAMP and ¢cGMP in physiologic and supraphysiological
concentrations, and identify substances with ability to
discriminate between the primary active transport sys-
tems for cyclic nucleotides.

2. Experimental
2.1. Chemicals

denafil is a potent inhibitor of cGMP efflux [13] the ef-
fect on cAMP transport has not been determined so far.

Copyright © 2013 SciRes.

The following substances were employed: [*H]-cGMP
and [*H]-cAMP (Perkin Elmer, Boston, MA), cGMP,
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cAMP, misoprostol, PGE,; and PGE, (Sigma Aldrich,
Schnelldorf, Germany), PHAR0099048, 1S-39213 and
IS-60049 (Ambinter, Greenpharma SAS, Orléans, France)
and sildenafil (Pfizer Inc., NY). Other chemicals were of
analytical grade.

2.2. IOV Preparation

In the present study, IOVs were prepared using a modi-
fication of the method described by Steck [17]. After
collecting fresh human EDTA blood all steps were per-
formed at 0°C - 4°C. The cells were sedimented by cen-
trifugation (2.300 % g for 15 min). Plasma and buffy coat
were discarded, and the red blood cells washed three
times with 5 mM Tris-HCI, 113 mM KCI, pH 8.1 and
centrifugation at 1000 x g. The cells were lysed in 10
volumes of 5 mM Tris-HCI, 0.5 mM EGTA, 4 mM KCI
(pH 8.1) and washed in the same buffer (20.000 x g for
20 min) until ghosts were milky white. Vesiculation was
initiated by adding 39 volumes of 0.5 uM Tris-HCI (pH
8.2) to one volume of cell suspension and completed
with homogenization, passing the suspension five times
through a 27 G cannula. The I0Vs, the right-side out
vesicles and ghosts were separated by ultracentrifugation
(100.000 x g) overnight using a density gradient from
1048 g/ml to 1146 g/ml (Histodenz, (Sigma Aldrich,
Schnelldorf, Germany) in S mM Tris, 3 mM KCl and 0.3
mM EGTA. The uppermost band was collected, washed
and resuspended in 1.47 mM KH,PO,, 81 mM K,HPO,
and 140 mM KCI (pH 7.6). Sidedness was verified using
acetylcholinesterase accessibility according to the origi-
nal method [18] with small modifications.

2.3. Transport Assay

In the present study ["H]-cAMP and [*H]-cGMP uptake
into IOVs was determined in absence or in the presence
of various inhibitors. IOVs were incubated for 60 min-
utes with or without 2.0 mM ATP in a mixture contain-
ing 20 mM Tris-HCI, 10 mM MgCl,, | mM EGTA, 2
uM [*H]-cGMP or 2 pM [*H]-cAMP, 121 mM KCI (pH
8.0) at 37°, and substrates or inhibitors in concentrations
up to 1 mM. The transport process was terminated with
addition of ice-cold 1.47 mM KH,PO,, 8.1 mM K,HPO,
and 140 mM KCI (pH 7.6) and rapid filtration through
nitrocellulose membranes (0.22 um GSWP, Millipore,
Billerica, MA) in a refrigerated laboratory (4°C). The
radioactivity on the filters was quantified by liquid scin-
tillation (Ultima Gold XR, Packard, Groningen, The
Netherlands) in a Packard 1900 TR Liquid Scintillation
analyzer. DMSO was needed to dissolve some of the
inhibitors and a similar concentration was added to the
control samples.

2.4. Data Analysis

Hofstee-inhibition plot was used to decompose biphasic
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curves to obtain low and high K,-values for cAMP and
c¢GMP transport [19]. The ICs-values for inhibitors or
substrates were determined according to Chou [20]. The
results are presented as mean value £ SEM of three time-
independent experiments (each in triplicate or quadripli-
cate) if not otherwise stated.

3. RESULTS

3.1. [’'H]-cAMP and [*H]-cGMP ATP-Dependent
Transport

ATP-dependent radiolabeled cyclic nucleotide uptake
into IOVs was determined in the presence of the respec-
tive unlabeled compound in concentrations from micro-
molar to millimolar. The Hofstee inhibition plot [19]
shows clearly that both curves are biphasic (Figure 1)
and can be decomposed into high and low affinity trans-
port with distinct differences between K, -values (Table
1). The high affinity component for cAMP transport has
markedly higher K,,-value compared to that of cGMP.

In a previous study we found that physiologic concen-
trations of cAMP did not reduce high affinity cGMP
transport and only with 10% - 15% at 100 uM [21]. The
present work supports these observations. Figure 2 shows
the effect of increasing cAMP concentrations with no or
minimal displacement between 0.1 and 100 uM. How-
ever, from 100 to 1000 uM a steep fall in [*H]-cGMP
transport is observed with an estimated ICso-value of 695
+ 9 uM. However, the opposite experimental setup has
never been performed, that is, the ability of cGMP to
reduce [’H]-cAMP high affinity transport. A minimal
inhibition is seen from 0.1 to 100 uM ¢GMP, but above
this concentration a clear reduction appears with an esti-
mated ICsp-value of 284 + 20 pM. This suggests that two
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Figure 1. ATP-dependent [°’H]-cAMP (n = 5) and [*H]-cGMP
(n = 4) uptake into hRBC IOVs was determined in the

presence of cAMP concentrations up to 1000 pM (A-A)
and cGMP concentrations up to 316 pM (e-e), respectively.
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Table 1. The data of ATP-dependent transport of [*H]-
cAMP and [*H]-cGMP (Figure 1) were decomposed into
high and low affinity components, respectively. The K-
values are presented as mean value + SEM.

Kin (M)

Substrate High affinity Low affinity
cAMP (n=5) 30.8+5.2 352£26
cGMP (n=4) 26+04 260+ 15
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Figure 2. Inhibition of ATP-dependent [*H]-cyclic nucleo-
tide accumulation in hRBC IOVs in the presence of the
other cyclic nucleotide (0.1 - 1000 pM), [*H]-cGMP/cAMP
(A-A) and [*H]-cAMP/cGMP (e-e). The results are pre-
sented as mean values + SEM from three separate experi-
ments. The calculated ICsyp-values are given in the text.

different transporters are responsible for high affinity
efflux of cyclic nucleotides from hRBC.

3.2. Inhibition by Prostanoids

The prostaglandins belong to a subclass of eicosanoids,
termed prostanoids and proposed as specific ABCC4-
substrates [22]. In the present study we tested the ability
of PGE, and PGE, to compete with the transport of [*H]-
cAMP and [*H]-cGMP in physiological concentrations.
They appeared to be nearly equipotent in their inhibition
of cyclic nucleotide efflux (Table 2). Misoprostol is a
synthetic prostanoid and a derivate of PGE,. In contrast
to PGE, misoprostol showed a distinct difference in in-
hibitory potency. The ICso-value was 5-fold higher for
cGMP than that of cAMP (Table 2).

3.3. Inhibition by Sildenafil and Sildenafil
Analogs

Sildenafil is a potent PDES inhibitor [23] but has also the
ability to inhibit cellular cGMP efflux [1,13]. In the pre-
sent study we compared the inhibitory ability of silde-
nafil with sildenafil analogs. We recently demonstrated
that virtual ligand screening is a useful technique to iden-
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tify substances even more potent than sildenafil itself
[14]. Table 3 shows that sildenafil and the sildenafil
derivates 1S-39213 and IS-60049 were virtually equipo-
tent in its ability to inhibit efflux of cAMP and cGMP. In
contrast, PHAR0099048 distinctly inhibited cGMP ef-
flux more strongly than that of cAMP.

4. Discussion

The cyclic nucleotides cAMP and ¢cGMP are extruded
from cells by an ATP-dependent process. The efflux
from human erythrocytes comprises at least two compo-
nents. A low affinity component was reported for cAMP
transport in ghosts (K, = 400 - 500 uM) [24] and in the
present study, for the first time for IOVs (K, = 350 uM).
In V79 hamster lung fibroblasts with overexpression of
ABCCS an identical affinity (K,, = 379 uM) was re-
ported for the active transport of cAMP [1]. The low af-
finity component of cGMP uptake into human erythro-
cyte IOVs has been verified by us and others, in the pre-
sent and previous studies (K= 170 - 300 uM) [8,25,26].
A similar value (K,= 180 uM) was reported for cGMP
uptake into membrane vesicles from Sf9 cells with over-
expression of ABCC4 [27]. Recently a K,-value of 630
uM was reported for cGMP transport by ABCC4 in wild
type HEK293 cells [28].

Inhibition studies support these results. The present
work showed that cAMP, below 100 pM, was almost
unable to reduce high affinity transport of [*H]-cGMP
(Figure 2), compatible with a previous study [21]. Above
this concentration a steep inhibition curve was seen in the
present study with an ICsy of =695 uM. Vice versa,
¢GMP showed minimal inhibition of [*H]-cAMP below

Table 2. The ATP-dependent transport of [*H]-cAMP and
[*H]-cGMP was determined in the presence of concentra-
tions up to 100 uM of PGE;, PGE, and misoprostol. The
ICsy-values are presented as mean value £ SEM (n = 3).

ICso (M)
[*H]-cAMP [*H]-cGMP
PGE;, 4.1+0.6 42405
PGE, 27402 44+0.7
Misoprostol 45+1.2 245+3.1

Table 3. The ATP-dependent transport of [*H|-cAMP and
[3H]-cGMP was determined in the presence of concentra-
tions up to 100 pM of sildenafil and analogs. The ICsy-val-
ues are presented as mean value + SEM.

1C50 (uM)
[*H]-cAMP [*H]-cGMP
Sildenafil 3.8+0.9 29+04
PHAR0099048 20+0.5 0.52 +0.03
1S-39213 0.16 +0.07™ 0.17 +0.01"
1S-60049 0.35+0.03 0.16 + 0.02
‘n=4,"n=2.
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100 pM with an ICsy of =280 uM. A low affinity state of
ABCC4 as well as ABCCS5 may account for this since
intact HEK293 cells overexpressing ABCC4 or ABCCS5
showed linear transport rates for the two cyclic nucleo-
tides up to intracellular concentrations of about 600 pM
[4].

The first report on cAMP transport with ABCC4
showed moderate to high affinity (K,, = 45 uM) [2]. This
is compatible with the high affinity component of [*H]-
cAMP transport in the present study (K, = 31 uM).
Overexpression of ABCC4 increased the cAMP efflux
from intact Hep G2 cells [29]. Other authors [30-33]
have confirmed that transport by ABCC4 modulates in-
tracellular cAMP levels independently of PDE activity.

The question whether ABCCS is involved in cGMP
efflux at all, is relevant [10] since ABCC4 was reported
to transport cGMP with relative high affinity (K, = 9.7
uM) [2]. Furthermore, ABCC4 was detected in abun-
dance in human platelets [34] compatible with the idea
that this protein is responsible for the platelet cGMP ef-
flux [35]. ABBCS5 was detected at low level in platelet
plasma membrane, whereas ABCC4 was mainly associ-
ated with the membranes of dense granules being re-
sponsible for ADP uptake [34]. Other studies support the
idea of ABCCS5 as the high affinity transporter of cGMP.
The prostaglandin PGA; inhibited cGMP efflux from
platelets in a concentration dependent manner [36] and
was later reported to have preference for ABCC5 [4].
The report that cGMP had a very modest stimulatory
effect on ABCC4 ATPase and showed an unexpected
concentration-dependent pattern (non-Michaelis-Mentens
kinetics) [37] questions the role of ABCC4 as a high af-
finity pump for cGMP.

ABCCS was identified as a high affinity cGMP trans-
porter with a K, of 2.1 uM [1]. The Hofstee plot (Figure
1) in the present study gave virtually an identical K-
value (=2.6 uM), and very similar to values obtained
with the same model previously [8,21,25,26]. Two stud-
ies have demonstrated that reduction of ABCCS is paral-
leled with a marked reduction in ¢cGMP transport. This
was observed in proteoliposomes with membrane protein
fractions pretreated with ABCCS5 antibodies [12] and in
pituitary GH3 cells after silencing ABCCS [38]. In the
last study the cAMP transport was unperturbed. Based on
these observations the authors suggested that two pumps
exist for cyclic nucleotides in pituitary cells and that
ABCCS5 operates as a cGMP-selective transporter [38].
The present study supports this view since neither cAMP
nor cGMP were able to reduce the other’s transport be-
low 100 pM.

In contrast to the selectivity observed for cyclic nu-
cleotides, PGE; and PGE, (Table 2), sildenafil and the
sildenafil analogs 1S-60049 and IS-39213 (Table 3) gave
almost identical ICso-values in their inhibition of [*H]-
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cAMP and [*H]-cGMP. Although there has been a per-
ception that prostaglandins have a selectivity for ABCC4
[10], most of these substrates have a clear effect on
ABCCS transport [39] and PGA, had even preference for
ABCCS5 [4]. However, in the present study only miso-
prostol and the sildenafil analog PHAR0099048 showed
clear selectivity between cAMP and cGMP high affinity
transporters.

It is difficult to explain the present observations with a
single high affinity efflux pump for cyclic nucleotides.
Our hypothesis is that ABCC4 and ABCCS represent a
similar low affinity transport system with low or no se-
lectivity and that ABCC4 and ABCCS are responsible for
high affinity transport of cAMP and cGMP, respectively.
The observation that two exobiotics showed a limited but
distinct discrimination between the two transport systems
encourages further studies on these pumps as potential
drug targets.
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