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Diadenosine polyphosphates show a dissimilarity between their effects in static and perifusion
experiments with respect to insulin release that may be due to degradation of the compounds.
The aim was to investigate two nondegradable compounds of bisphosphorothioates containing
a methylene or chloromethylene group (namely, diadenosine 5′,5′′′-(P1,P4-dithio-P2,P3-methyl-
ene)tetraphosphate and diadenosine 5′,5′′′-(P1,P4-dithio-P2,P3-chloromethylene)tetraphosphate),
as mixtures of three or four diastereomers. Owing to their modified structures, these compounds
are resistant to degradation (ectophosphodiesterases, diphosphohydrolases, and phosphoryl-
ases). Both compounds tested were minimally degraded (2%) even after 16 h when incubated
with insulin-secreting (INS-1) cells. Additionally, diinosine polyphosphates (Ip5I and Ip6I),
putative antagonists of diadenosine polyphosphates, were tested. By use of [3H]Ap4A, saturable
binding sites for both diadenosine polyphosphate analogues were found in INS-1 cells, 3T3
preadipocyte cells, and vascular smooth muscle cells (VSMC) and for both Ip5I and Ip6I in
INS-1 cells. The synthesized diadenosine polyphosphate analogues have the same affinity as
Ap4A, whereas Ip5I and Ip6I inhibit binding at higher concentrations (10-100 µM). Insulin
release was investigated in static experiments over 90 min in INS-1 cells. Insulin release was
inhibited dose-dependently by both of the diadenosine polyphosphate analogues to the same
degree as by Ap4A. The glucose-induced insulin release curve was not shifted to the right.
Both compounds inhibit insulin release only at high (insulin stimulatory) glucose concentrations,
e.g., 5.6 mM glucose. Ip5I and Ip6I antagonized Ap5A-mediated inhibition of insulin release.
[3H]Thymidine incorporation into VSMC was not influenced by either synthetic diadenosine
polyphosphate analogue, indicating that Ap4A does not act by itself in this case but (active)
degradation products mediate the effect. The data indicate the following. (1) Since nondegrad-
able compounds inhibit insulin release as well as Ap4A, it is Ap4A itself and not any of its
degradation products that induces this effect. (2) Diadenosine polyphosphate effects on cell
proliferation are mediated via a degradation product in contrast to their effect on insulin release.
(3) Ip5I and Ip6I act like antagonists. Both synthetic analogues and diinosine polyphosphates
are valuable tools for diabetes research.

Introduction
Diadenosine polyphosphates (Ap3A, Ap4A (Figure 1),

Ap5A, and Ap6A) belong to a group of ubiquitous
compounds formed by two adenosine molecules bridged
by three to six phosphates. They are present/stored in,
for example, dense granules of platelets, chromaffin
cells, and neuronal cells, and they are released into the
extracellular space. Some of them are suggested to be
involved in blood pressure regulation1,2 or even to be
important for development of essential hypertension.3

Binding sites for diadenosine polyphosphates have
already been shown in various cells such as heart cells,4
brain cells,5,6 liver cells,7 insulin-secreting cells,8 and rat
pancreatic islets.8 In some cases, binding sites resemble
adenosine receptors9 (heart) or either adenosine or P2
receptors (guinea pig vas deferens,10 follicular oocytes,11

heart,12 kidney,13 and insulin-secreting (INS-1) cells8).

The intracellular presence of the diadenosine poly-
phosphates Ap3A and Ap4A was recently shown for rat
pancreatic islets.14 A role as second messenger was

* To whom correspondence should be addressed. Fax: 49/251/83-
32144. E-mail: verspoh@uni-muenster.de.

† University of Münster.
‡ University of Sheffield.

Figure 1. Structure of two stable analogues of diadenosine
tetraphosphate (Ap4A, P1,P4-bis(5′-adenosyl)tetraphosphate):
Ap(s)pCH2pp(s)A (diastereomeric mixture), diadenosine
5′,5′′′-(P1,P4-dithio-P2,P3-methylene)tetraphosphate; Ap(s)pCH-
Clpp(s)A (diastereomeric mixture), diadenosine 5′,5′′′-(P1,P4-
dithio-P2,P3-chloromethylene)tetraphosphate.
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suggested because their concentration increased with
increasing glucose concentrations and because they are
effective inhibitors of the KATP channels using excised
membrane patches.14 According to investigations of
INS-1 cells, it was speculated that on one hand Ap4A
stimulates insulin release by itself or by being metabo-
lized to an intracellular degradation product such as
ATP (closure of ATP-dependent K+ channels). On the
other hand, it was suggested that Ap4A inhibits insulin
release by the inhibitory degradation product adenosine.
Both assumptions have been demonstrated under spe-
cific conditions. One reason for the controversial results
may be that highly degradable diadenosine polyphos-
phates were used until now. The question was not
addressed whether stable (nondegradable) and modified
compounds exert the same or diverging effects. The aim
of the present study was to investigate whether syn-
thetic diadenosine polyphosphate analogues and inosine
polyphosphates act on insulin-secreting cells and other
cells via specific receptors and whether they modulate
insulin release of INS-1 cells and cell proliferation of
vascular smooth muscle cells (VSMC). VSMC tone and
proliferation is under the control of various compounds
including diadenosine polyphosphates.15,16 Potent an-
tagonists for Ap4A effects are useful for investigations17

and were therefore included in one experiment. Our
studies indicate that diadenosine polyphosphate ana-
logues act via specific receptors and inhibit insulin
release directly rather than depending on having been
degraded outside the cell. However, its effect on cell
proliferation is dependent on its degradation. IpnIs are
antagonists of the Ap5A effect on insulin release.

Results
Purity and Stability of Diadenosine Polyphos-

phate Analogues during Cell Contact. For testing
the purity and stability of both synthetic compounds
Ap(s)pCH2pp(s)A and Ap(s)pCHClpp(s)A (50 µL of a 1

mM solution), INS-1 cells were incubated for either 1
or 16 h at 37 °C (Figures 2 and 3). At the end of either
incubation, an amount of 50 µL of 10 µM AMP was
added as an internal standard. Three and four stereo-
isomers of the synthetic compounds were separated,
respectively; the AMP standard was running in front.
The peak areas were corrected for the percent recovery
of the AMP peak. The original compound Ap(s)pCH-
Clpp(s)A was 95.9% pure. After 1 and 16 h of incubation,
the combined areas were 95.2% and 94.9%. The ratios
for the four peaks were 1:0.7953:1.1190:1.0120 (0 h) and
1:0.8147:1.1632:1.0388 (1 h) and 1:0.7904:1.0669:0.9585
(16 h). We therefore considered the substance Ap(s)-
pCHClpp(s)A sufficiently pure and stable. The corre-
sponding values for Ap(s)pCH2pp(s)A were 92.05, 88.82,
and 83.34. The ratios for the three peaks were 1:2.2138:
1.1210, 1:2.2028:1.0986, and 1:1.9787:0.9580. The sub-
stance was marginally less pure. The same results were
obtained when other cells, i.e., 3T3 preadipocyte cells,
were used (data not shown). The elution profile of
thiophosphate analogues of nucleotides invariably con-
sists of Sp stereoisomers eluting before Rp stereo-
isomers, which is generally observed. The existence of
three and four stereoisomers respectively for the above-
mentioned compounds is as expected. The existence of
two thiophosphate centers in CH2 compound leads to
three diastereomers, namely, (Rp,Rp), (Rp, Sp), and
(Sp,Sp), and these are present in the approximate ratio
of 1:2:1. However, in the Ap(s)pCHClpp(s)A compound
the stereochemical character of the central CHCl group
depends on the stereochemistry of its two phosphorus
ligands. It is prochiral when the two phosphorus ligands
are stereochemically equivalent (Rp,Rp and Sp,Sp) but
becomes stereogenic when the two phosphorus ligands
are nonequivalent (Rp,Sp) (see Abbreviations). The
resulting four diastereoisomers are formed in approxi-
mately 1:1:1:1 ratio. In practice and in accord with
general observations that Rp R-phosphorothioate nu-

Figure 2. Purity and degradation of Ap(s)pCH2pp(s)A tested by HPLC (Lichrosorb, 5 µm; solvent, KH2PO4 100 mM/9% methanol,
pH 6.3; velocity, 1.5 mL/min; detector, UV 260 nm). The compound was incubated for 0 h (A), 1 h (B), and 16 h (C) in the presence
of crude INS-1 cell homogenates. The peak areas of AMP running in front were used as an internal standard to correct the peak
area values of the diastereomers. 1 ) (SpSp); 2 ) (RpSp); 3 ) (RpRp).
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cleosides elute before their Sp stereoisomers, (Rp,Rp)
eluted before the (Rp,Sp) and (Sp,Rp) isomers while the
(Sp,Sp) stereoisomer eluted last. We are not able to
define the stereochemistry of isomers 2 and 3 by the
elution pattern.

Degradation Experiments Using [3H]Ap4A (In-
teraction with Ap4A). Since the compounds them-
selves were hardly degraded, the question arose as to
whether they may act indirectly by inhibiting the
degradation of Ap4A. This information is necessary for
further in vivo experiments.

Degradation of [3H]Ap4A was determined in the
incubation medium of INS-1 cell membranes. Table 1
shows the effect of [3H]Ap4A degradation over 10 min
in the medium while incubating INS-1 cell membranes.
[3H]Ap4A was degraded with a half-life of about 12 min
(data not shown). The major degradation product was
adenosine (Table 1). The degradation was slightly
diminished by either diastereomeric mixture, indicating
that only negligible amounts of their in vivo effects may
result from increasing the effect of endogenous physi-
ological Ap4A.

[3H]Ap4A degradation in plasma was tested next.
Heparinized rat plasma was used to identify the stabil-
ity of Ap4A in the presence of both Ap(s)pCH2pp(s)A and
Ap(s)pCHClpp(s)A. The degradation half-life was about
22 min (data not shown). After 15 min, almost no
degradation inhibition of [3H]Ap4A in plasma by either
compound was detected (Table 2).

Binding/Inhibition Experiments Using INS-1,
3T3 Cells, and VSMC. Binding experiments with
[3H]Ap4A were performed using a particulate fraction
of INS-1, 3T3 cells, or VSMC. Incubation was termi-
nated under steady-state conditions (30, 10, or 5 min,
respectively) and was performed at 22 °C. Nonspecific
binding determined in the presence of 0.48 mM un-
labeled Ap4A was 20% of added radioactivity. Ap4A,
ATP, Ap(s)pCH2pp(s)A, and Ap(s)pCHClpp(s)A were
able to inhibit [3H]Ap4A binding to INS-1 cells, 3T3 cells,
and VSMC (Figure 4). Inhibition of [3H]Ap4A binding
was sigmoidal in either case and was essentially com-
plete over 5 orders of magnitude (at least 0.01 µM to 1
mM). The rank order of potency showed that both
analogues were identical or slightly more potent (with
respect to 3T3 cells). The IC50 values calculated after
log-log transformation of displacement curves in 3T3

Figure 3. Purity and degradation of Ap(s)pCHClpp(s)A tested by HPLC (Lichrosorb, 5 µm; solvent, KH2PO4 100 mM/9% methanol,
pH 6.3; velocity, 1.5 mL/min; detector, UV 260 nm). The compound was incubated for 0 h (A), 1 h (B), and 16 h (C) in the presence
of crude INS-1 cell homogenates. The peak areas of AMP running in front were used as an internal standard to correct the peak
area values of the diastereomers. 1 ) (SpS′p); 2 and 3 ) (RpS′p) and (R′pSp). Note that the assignment of 2 and 3 is arbitrary
because no enzyme degradation can discriminate these diastereomers because of prochirality at the CHCl center. 4 ) (RpRp).

Table 1. [3H]Ap4A Degradation in the Presence of Ap4A,
Ap(s)pCH2pp(s)A, Ap(s)pCHClpp(s)A, and INS-1 Cell
Membranesa

radioactive compound

addition Ap4A ATP ADP AMP adenosine

control 95.3 0.82 1.97 0.47 0.61
none 52.4 8.4 11.3 5.3 22.4
Ap4A 70.0 4.0 7.8 0.8 15.1
Ap(s)pCH2pp(s)A 54.9 8.2 9.3 19.4
Ap(s)pCHClpp(s)A 61.3 8.8 14.3

a INS-1 cell membranes were incubated for 10 min at 37 °C in
90 µL of KRH buffer containing 0.31 µM [3H]Ap4A and either 30
µM Ap4A, Ap(s)pCH2pp(s)A, or Ap(s)pCHClpp(s)A. Samples from
the medium were chromatographed by TLC as described in the
Experimental Section. “Control” means [3H]Ap4A without incuba-
tion. “None” means no addition. Results are expressed as the
percent of compound radioactivity in the presence of added
substance. Each value represents the mean ( SE of two separate
experiments.

Table 2. [3H]Ap4A Degradation in Rat Plasma in the Presence
of Ap(s)pCH2pp(s)A and Ap(s)pCHClpp(s)Aa

radioactive compound

addition Ap4A ATP ADP AMP adenosine

control 95.3 0.82 1.97 0.47 0.61
none (saline) 21.5 42.1 22.3 2.4 <1
Ap(s)pCH2pp(s)A 31.6 37.6 27.4 1.98 <1
Ap(s)pCHClpp(s)A 26.5 40.5 30.6 2.31 <1

a An amount of 40 µL of heparinized rat plasma was incubated
with 10 nM [3H]Ap4A for 15 min in the presence of 3 µL of saline
or 3 µL of a 1 mM solution of Ap(s)pCH2pp(s)A or Ap(s)pCH-
Clpp(s)A. “Control” means [3H]Ap4A without incubation. “None”
means addition of saline. Results are expressed as the percent of
compound radioactivity in the presence of added substance. Each
value represents the mean ( SE of two separate experiments.
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cells were 3.1 and 3.8 µM (analogues) compared to 17
µM (Ap4A).

Insulin Secretion. The biological effect (insulin
secretion) of either analogue was tested in a static incu-
bation system using INS-1 cells. Ap4A, Ap(s)pCH2-
pp(s)A, and Ap(s)pCHClpp(s)A dose-dependently de-
creased insulin release in the presence of 5.6 mM
glucose (Figure 5). At the highest concentration tested

(100 µM), the compounds reduced the glucose-induced
insulin secretion to 77.8%, 51.3%, and 55.7%, respec-
tively. Thus, both compounds mimic the effect of Ap4A.

Next it was tested whether the sensitivity of the cells
was reduced by both compounds, i.e., whether there was
a rightward shift of the glucose-induced insulin response
curve. As is shown in Figure 6, there was no rightward
shift but an inhibition of insulin secretion only at higher
(stimulatory) glucose concentrations mediated by either
compound in rather the same way.

Figure 4. Inhibition of [3H]Ap4A binding to a particulate
fraction of INS-1, 3T3, and VSMC cells by various diadenosine
polyphosphates and stable Ap4A analogues. (A) A particulate
fraction of INS-1 cells was incubated for 30 min at 22 °C in 90
µL of KRH buffer containing 5.6 mM glucose, 104 nM
[3H]Ap4A, and increasing concentrations of various diadenosine
polyphosphates. (B) 3T3 cells were incubated for 10 min, and
(C) VSMC cells were incubated for 5 min. Results are ex-
pressed as the percent of maximum totally bound radioactivity.
Each value represents the mean ( SEM of three to seven
separate experiments.

Figure 5. Inhibition of insulin release from INS-1 cells by
Ap(s)pCH2pp(s)A and Ap(s)pCHClpp(s)A. Cells were incubated
for 90 min at 37 °C in 1 mL of KRH buffer containing 3.0 or
5.6 mM glucose with or without increasing concentrations of
the compounds, as indicated in the figure. Results are ex-
pressed as the percent secretion in the presence of 5.6 mM
glucose. Each value represents the mean ( SEM of three
separate experiments.

Figure 6. Modulation of the effect of Ap(s)pCH2pp(s)A and
Ap(s)pCHClpp(s)A on insulin response curves to glucose by
Ap(s)pCH2pp(s)A and Ap(s)pCHClpp(s)A. Cells were incubated
for 90 min at 37 °C in 1 mL of KRH buffer containing various
glucose concentrations in the absence and presence of 1 µM
Ap(s)pCH2pp(s)A and Ap(s)pCHClpp(s)A. Results are ex-
pressed as the percent secretion in the presence of 5.6 mM
glucose. Each value represents the mean ( SEM of three
separate experiments. The asterisk (/) represents p < 0.05 vs
control.
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Since diadenosine polyphosphates were able to inhibit
specific [3H]Ap4A binding to vascular smooth muscle
cells (VSMC)18 and mediate VSMC proliferation,19 the
aim was to investigate the effect of Ap4A, Ap(s)pCH2-
pp(s)A, and Ap(s)pCHClpp(s)A on [3H]thymidine incor-
poration. Figure 7 shows that both compounds have no
effect in contrast to Ap4A. Controls were performed
using a high concentration of fetal bovine serum (FBS)
(10%).

Diinosine Polyphosphates. Binding experiments
with [3H]Ap4A were performed using a particulate
fraction of INS-1 cells. Incubation was terminated under
steady-state conditions (30 min) and performed at 22
°C. Nonspecific binding determined in the presence of
0.48 mM unlabeled Ap4A was 20% of the added radio-
activity. Ap4A, Ap5A, and at much higher concentrations
Ip5I and Ip6I were able to inhibit [3H]Ap4A binding
(Figure 8). No full inhibition by both the diinosine
polyphosphates was established, since higher concen-
trations could not be used.

The biological effect (insulin release) of either di-
inosine polyphosphate was tested in a static incubation
system using INS-1 cells. A sample of 10 µM Ap5A
inhibited the glucose-modulated insulin release (Figure
9). This inhibition was reversed by Ip5I in a concentra-
tion-dependent manner. This reversion was neither
influenced by the Ca channel blocker verapamil (50 µM)
nor influenced by the potassium channel opener diaz-
oxide (100 µM) (Figure 10).

Discussion
In an earlier investigation,8 it was not possible to

discriminate whether the original compound ApnA or
one of its degradation products such as ATP, ADP, AMP,
adenosine, inosine, and others was responsible for the
effects on insulin release, since the half-life of the
compounds is 5-12 min. Diadenosine polyphosphates
can easily be degraded by an asymmetrically acting
NP4N hydrolase (Ap4A f ATP + AMP) or by a sym-
metrically acting NP4N hydrolase (e.g., in E. coli) (Ap4A

Figure 7. Effects of Ap(s)pCH2pp(s)A and Ap(s)pCHClpp(s)A
on [3H]thymidine incorporation into VSMC. Cells were cul-
tured at 37 °C in a humidified atmosphere of 5% CO2/95% air
in RPMI 1640 medium supplemented with 10% (vol/vol) heat-
inactivated fetal bovine serum (FBS). After 72 h of culture,
the medium was removed and cells were incubated for 48 h
in serum-free medium containing various concentrations of
Ap(s)pCH2pp(s)A and Ap(s)pCHClpp(s)A. An amount of 5 µCi
[3H]thymidine/well was added, and the incubation was carried
out for another 5 h. The percentage change of [3H]thymidine
incorporation compared to untreated cells (control) was de-
termined. Data are normalized to 100 (control, absence of
either compound) in the presence of 0.1% FBS. Each values
represents the mean ( SEM of five independent experiments.
The asterisk (/) represents p < 0.05 vs control in each group.

Figure 8. Inhibition of [3H]Ap4A binding to a particulate
fraction of INS-1 cells by two diadenosine polyphosphates and
two inosine polyphosphates. A particulate fraction of INS-1
cells were incubated for 30 min at 22 °C in 90 µL of KRH buffer
containing 5.6 mM glucose, 104 nM [3H]Ap4A, and increasing
concentrations of Ap4A, Ap5A, Ip5I, and Ip6I. Results are
expressed as the percent of maximum totally bound radio-
activity. Each value represents the mean ( SEM of three to
seven separate experiments.

Figure 9. Modulation of the effect of Ap5A on insulin response
curves by Ip5I. Cells were incubated for 90 min at 37 °C in 1
mL of KRH buffer containing 3.0 or 5.6 mM glucose with or
without 10 µM Ap5A plus increasing concentrations of Ip5I.
Results are expressed as the percent insulin secretion in the
presence of 5.6 mM glucose. Each value represents the mean
( SEM of three separate experiments.
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f ADP + ADP) or modified by a NP4N phosphorylase
(Ap4A f ATP + ADP) or degraded by phosphodi-
esterases (Ap4A f ATP + AMP). These degradation
processes make it impossible to evaluate the real effects
of physiological diadenosine polyphosphates. It was
therefore mandatory to confirm or contradict earlier
results by using stable compounds and to include an
antagonistic compound.

Our data show that the used compounds Ap(s)pCH2-
pp(s)A and Ap(s)pCHClpp(s)A are rather pure and
consist of the three and four expected stereoisomers,
respectively, due to the nonstereoselective synthesis.
The degradation is negligible, even when investigated
in the incubation medium over 16 h. It is therefore most
likely that the effects of the original diadenosine poly-
phosphate analogues and not that of a degradation
product are observed. The data obtained in our system
substantiate those earlier published20 with respect to
low degradation. The three diastereomers of Ap(s)pCH2-
pp(s)A behaved as follows. The S,S form is resistant to
degradation, and the R,R and R,S forms are degraded
40 times more slowly than Ap4A.23 All the diastereomers
have been shown to be competitive inhibitors of the
asymmetrically acting (5′-adenosyl)tetraphosphatase in
the micromolar range.20

Degradation is not obvious even in plasma, making
the compounds interesting for later in vivo investiga-
tions, and they do not act indirectly by influencing Ap4A
degradation, an endogenous compound. The effects of
the synthesized compounds when investigated in vivo
in the future are not due to the indirect effect of
inhibiting an endogenous diadenosine polyphosphate
like Ap4A.

Binding/Inhibition of [3H]Ap4A Binding. Both
compounds show an inhibition of binding of [3H]Ap4A

to the Ap4A binding site in INS-1, 3T3, and VSMC cells.
As already demonstrated in other systems, diadenosine
polyphosphates act via specific surface receptors.5-8,18

Biological Effects (Insulin Release, Cell Prolif-
eration). Interestingly, both compounds reduce glucose-
induced insulin release. The inhibition of insulin secre-
tion by both compounds resembles what was shown for
the unmodified physiological diadenosine polyphos-
phates,8 indicating that this inhibition is not primarily
mediated by a degradation product. Both compounds do
not shift the response curve to the right. This can be
interpreted in the way that there is no intracellular
insensitivity to the glucose-mediated signaling in the
insulin-secreting cell; there is only an inhibition of
insulin release at distinct high glucose concentrations.
The short-term increase in insulin release induced by
Ap4A as was observed recently8 is therefore probably
not an effect of the (nondegraded) compound itself but
an early effect of intracellular ATP generated by this
compound. Interestingly, Nakae et al.21 showed that
coronary effects of Ap4A are caused at least indirectly
by opening KATP channels. In fact, an opening of KATP

channels would fit with the inhibition of insulin secre-
tion observed in our studies.

The concentrations used in our experiments are in the
physiological range. Other groups calculated high extra-
cellular concentrations of Ap4As. Assuming a complete
release from platelet dense granules, an extracellular
concentration of about 100 µM is possible and after
distribution in blood a concentration of 1 µM could
result.22 Extracellular concentrations of 27 µM can be
estimated for diadenosine polyphosphates after secre-
tion from chromaffin cells.23,24 The concentration in
blood (resulting from storage in platelets) can be esti-
mated to be 0.14-0.3 µM (recalculated from data of refs
25 and 26). The extracellular concentration was shown
to be increased in vivo by oxidants or metabolic stress.27

These concentrations are in the range of half-maximal
inhibition of binding in our experiments, even for the
synthetic compounds.

The data on insulin release are in contrast to another
biological effect, i.e., the data on proliferation. In
contrast to Ap4A, the synthesized compounds show no
effect, indicating that the proliferative effect of the
physiological diadenosine polyphosphates is mediated
by any of its degradation products. ATP is such a
candidate.16

Diinosine Polyphosphates (Ip5I, Ip6I). Both Ip5I
and Ip6I inhibit [3H]Ap4A binding to INS-1 cells. This
effect is less prominent compared to Ap4A and Ap5A;
i.e., the affinity of these compounds is lower than that
of the endogenous diadenosine polyphosphates.

In Figure 9, the effects of Ip5I on Ap5A-modulated
insulin release are shown. A 10 µM sample of Ap5A
reduces the glucose (5.6 mM) effect. This inhibitory
effect is antagonized by Ip5I. This inhibition is not
directly mediated by an influence on Ca channels
(verapamil experiment) or by KATP channels (diazoxide
experiment). Ip5I and Ip6I were recently described as
antagonists of the Ap4A binding site by abolishing Ap4A
effects on Ca2+ responses in synaptosomes.17 The pos-
tulated involved receptors were P2X1 or P2X3.17 Di-
inosine polyphosphates are antagonists of the insulin

Figure 10. Effect of modulatory compounds (verapamil and
diazoxide) on the Ip5I-mediated reversal of the Ap5A-mediated
inhibition of insulin release from INS-1 cells. Cells were
incubated for 90 min at 37 °C in 1 mL of KRH buffer
containing 3.0 or 5.6 mM glucose with or without 10 µM Ap5A
plus 10 µM Ip5I. In the Ip5I experiments, either 50 µM
verapamil or 100 µM diazoxide was included. Results are
expressed as the percent insulin secretion in the presence of
5.6 mM glucose. Each value represents the mean ( SEM of
six separate experiments. The asterisk (/) represents p < 0.05
vs Ap5A effect alone.
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inhibitory effect of Ap5A and therefore of interest in
diabetes research.

In conclusion, our data indicate the presence of bind-
ing sites for both Ap4A analogues (Ap(s)pCH2pp(s)A and
Ap(s)pCHClpp(s)A). This clarifies the situation because
the compounds are stable over at least 16 h in the
incubation medium. Interestingly, there is no major
degradation of both compounds in rat blood. Thus, there
is the first opportunity to investigate these compounds
in long-term experiments in vivo. Since the analogues
in vitro show a similar binding profile compared to
physiological diadenosine polyphosphates, in vivo ex-
periments may resemble the true effect of diadenosine
polyphosphates because there are no perturbing effects
of degradation products. The analogues do not inhibit
nucleotidases. Therefore, in the event that these ana-
logues were to be evaluated through in vivo experi-
ments, the results would be caused solely by them
rather than be complicated by degradation of Ap4A. The
effect on cell proliferation must be mediated by one or
more of their degradation products because the stable
analogues are ineffective. Diinosine polyphosphates are
valuable antagonists of Ap4A effects. All compounds
tested are valuable tools for diabetes research.

Experimental Section

The diadenosine polyphosphates Ap4A and ATP were from
Sigma (Deisenhofen, Germany). [3H]Ap4A labeled in the ad-
enosine part of the molecule (specific activity of 237 GBq/mmol)
was purchased from Amersham (Braunschweig, Germany).
Rat insulin was from Novo Nordisk (Bagsvaerd, Denmark),
(mono-125I-Tyr A14)porcine insulin was from Hoechst (Frank-
furt, Germany), and anti-insulin antibodies were from Linco
(St. Louis, MO) [Methyl-3H]thymidine was from Amersham
Pharmacia Biotech, Freiburg, Germany. The mixture of three
diasteromers for diadenosine 5′,5′′′-(P1,P4-dithio-P2,P3-meth-
ylene)tetraphosphate and the mixture of four diasteromers for
its chloromethylene analogue were synthesized as already
described28 (Figure 1). The chemistry of preparation and the
characteristics of the key Ap4A analogues, especially Ap(s)-
pCHClpp(s)A, were published.28 Ap(s)pCH2pp(s)A is made in
the same way. Diinosine polyphosphates were synthesized by
enzymatic degradation of the corresponding diadenosine poly-
phosphates (e.g., Ap5A to Ip5I) by 5′-adenylic deaminase and
purification by reverse-phase chromatography as described.17

All other compounds (analytical grade) were from Baker
(Griesheim, Germany) or from Merck (Darmstadt, Germany).

Cell Cultures. 1. 3T3 Cells. 3T3 preadipocyte cells were
cultured in 75 cm2 culture flasks (2 × 105 cells/20 mL) or 24-
well culture plates (approximately 5 × 103 cells well-1 mL-1)
at 37 °C in a humidified atmosphere of 5% CO2/95% air. They
were grown in monolayer cultures in RPMI 1640 medium
supplemented with 10% (v/v) fetal bovine serum, 2 mM
glutamine, 100 U/mL penicillin, and 0.1 mg/mL streptomycin.
The medium was changed once on the fourth day of culture
and additionally the day prior to the experiment.

2. INS-1 Cells. INS-1 cells generously provided by Dr. C.
B. Wollheim (Geneva, Switzerland) were grown in monolayer
cultures (75 cm2 culture flasks (5 × 106 cells/20 mL) or 24-
well culture plates (1.5 × 105 cells well-1 mL-1) in RPMI 1640
medium supplemented with 10% (v/v) fetal bovine serum, 10
mM N-[2-hydroxyethyl]piperazine-N′-[2-ethanesulfonic acid]
(HEPES), 2 mM glutamine, 1 mM pyruvate, 50 µM mercapto-
ethanol, 100 U/mL of penicillin, and 0.1 mg/mL of streptomycin
and were cultured at 37 °C in humidified 5% CO2/95% air.

3. VSMC (Vascular Smooth Muscle Cells). A primary
culture of vascular smooth muscle cells was prepared es-
sentially as described by Meyer-Lehnert and Schrier.29 In brief,
aortas and inferior vena cavas were removed from two to four
female Sprague-Dawley rats under aseptic conditions and

were placed in Dulbecco’s modified Eagle’s medium containing
10% fetal bovine serum (FBS), 100 U/mL penicillin, and 0.1
mg/mL streptomycin. By use of a binocular microscope, the
adventitia and outer media were stripped off. The vessels were
opened by a longitudinal cut, and the intima was removed by
scraping. The vessels were placed in fresh Dulbecco’s modified
Eagle’s medium that included supplements and were minced.
After incubation for 2 weeks, the tissues were disrupted and
centrifuged gently, and the dissociated cells were then resus-
pended in Dulbecco’s modified Eagle’s medium that included
supplements. The resulting suspension was then plated into
75 cm2 flasks and cultured at 37 °C in humidified 5% CO2/
95% air until cells reached confluence (7-10 days). Vascular
smooth muscle cells were passaged at least five times before
use. Cell viability was tested by exclusion of trypan blue
(>95%).

Purity/Stability of Ap(s)pCH2pp(s)A and Ap(s)pCH-
Clpp(s)A. The compounds were analyzed by HPLC using
Hibar Lichrospher or Lichrosorb RP-18 columns (5 µm). The
solvent was 100 mM KH2PO4, 9% methanol, Aqua bidest, pH
6.4. The injection volume was 20 µL, and the velocity was 1.5
mL/min. The compounds were detected at 260 nm. All dia-
stereomers could be separated under these conditions. As
generally observed, Rp diastereomers eluted earlier than Sp
diastereomers.30

Binding/Inhibition Experiments. 1. INS-1 Cells. Half
confluent cells (grown in 75 cm2 culture flasks for 6 days) were
washed with KRH buffer and harvested by scraping. Cells
were resuspended in KRH buffer after spinning and were
homogenized with a Dounce homogenizer (Braun, Melsungen,
Germany). The particulate fraction (2600g) was washed with
KRH buffer and resuspended in KRH buffer containing 5.6
mM glucose (400 µL/flask). An amount of 30 µL of this
suspension was incubated at 22 °C with 104 nM [3H]Ap4A with
or without increasing concentrations of unlabeled Ap4A, the
diadenosine polyphosphate analogues, or IpnIs. The final
volume was 90 µL. To determine the nonspecific binding, the
incubation was performed in the presence of 0.48 mM un-
labeled Ap4A. The incubation was terminated after 30 min by
cooling (4 °C), centrifuging at high speed, and washing twice
with ice-cold KRH buffer. The pellet was lysed with 50 µL of
0.5% SDS and counted in a scintillation counter (TRI CARB
300 CD, Packard, Frankfurt, Germany) by using Quickscint
212, Zinsser Analytic (Frankfurt, Germany).

2. Modifications for 3T3 Cells. Incubation was performed
for 15 min at room temperature while vortexing several times.
Results are the mean values from at least three or two
independent crude homogenate preparations in duplicate
probes in each case.

3. Modifications for VSMC and INS-1 Cell Membrane
Proteins. Half confluent cells (grown in 75 cm2 culture flasks
for 6 days) were washed with phosphate-buffered saline (PBS).
Buffer 1 (50 mM Tris-HCl, 1 mM EGTA, 5 mM MgCl2, 1 mM
benzamidine, 0.1 mM PMSF, 0.01% bacitracin, 0.002% soy-
bean trypsin inhibitor, pH 7.4) was added, and cells were
harvested by scraping. After spinning, cells were resuspended
in buffer 1 and homogenized with a Dounce homogenizer. The
homogenate was centrifuged at 620g for 5 min at 4 °C. The
pellet was discarded, and the supernatant was further cen-
trifuged at 100000g for 1 h. The pellet was resuspended in
buffer 1 to give a protein concentration of 1 mg/mL, kept on
ice, and used immediately. An amount of 25 µL of this solution/
well, with or without increasing concentrations of unlabeled
Ap4A, and the diadenosine polyphosphate analogues were
incubated with [3H]Ap4A in a 96-well filter plate (Millipore)
at 22 °C for 10 min. The incubation was stopped by washing
twice with ice-cold PBS using a Millipore vacuum tool. The
dried filters with the labeled compound were punched into
scintillation vials and counted in a scintillation counter.

Insulin Release. To measure insulin release, half confluent
INS-1 cells grown in microwells were incubated for 90 min at
37 °C in KRH buffer containing 3.0 or 8.3 mM glucose with or
without increasing concentrations of diadenosine polyphos-
phates. Insulin released into the medium was assayed with a
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radioimmunoassay using rat insulin as a standard, (mono-125I-
Tyr A14)porcine insulin as the labeled compound, and anti-
insulin antibodies.

Determination of [3H]Ap4A Degradation Products. To
determine whether the synthetic compounds inhibit degrada-
tion of [3H]Ap4A, the original radioactively labeled compound
and its degradation products were determined using thin-layer
chromatography. Membranes from half confluent INS-1 cells
were incubated for 10 min in KRH buffer containing 5.6 mM
glucose and 0.31 µM [3H]Ap4A. An aliquot was taken from the
incubation medium, mixed with the appropriate unlabeled
standards (ATP, ADP, Ap4A, AMP, inosine, and adenosine),
transferred onto TLC sheets (aluminum sheets precoated with
silica gel, Merck, Darmstadt, Germany), and developed for 2
h in dioxane/concentrated ammonia/water (6:1:4). After chro-
matography, spots of unlabeled standards were visualized
under ultraviolet light and cut out. Their radioactivity was
counted in a liquid scintillation counter as described before.
The content (purity) of the original labeled material was the
following: Ap4A, 83.5%; ADP, 7.2%; adenosine, 5.8%; ATP,
3.6%. The same type of experiment was performed using rat
plasma instead of INS-1 cell membranes.

[3H]Thymidine Incorporation.15 VSMC cells were grown
in 24-well plates for 3 days until they were subconfluent
(complete medium including 10% FBS). From the fourth day,
they were incubated for 72 h in a serum-free medium to keep
them quiescent. Then the test compounds (0.1-100 µM)
dissolved in a medium containing 0.1% FBS were added. After
19 h, 0.5 µCi [3H]thymidine was added. The incubation was
performed for 5 h. Thereafter, cells were transferred on ice
and sucked from the medium, and 1 mL of methanol was
added for 10 min (increase of cell attachment). Cells were
rinsed twice with PBS buffer and thrice with ice-cold 0.3 N
TCA. Cells were lysed with 250 µL of 0.3 N NaOH (30 min, 37
°C). Radioactivity (incorporated into DNA) present in samples
of the extracts was measured using a scintillation counter.

Statistics. Results are shown as the mean ( SEM. Statisti-
cal significance was determined using one-way analysis of
variance (ANOVA) (RS/1 statistics pack, BBN Software Prod-
ucts Corp.) followed by a post hoc test (Newman Keuls). A p
value of less than 0.05 was considered significant.
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Appendix

Abbreviations. Ap4A, diadenosine tetraphosphate;
Ap(s)pCH2pp(s)A, mixture of three diastereomers (RpRp),
(SpSp), and (RpSp) diadenosine 5′,5′′′-(P1,P4-dithio-
P2,P3-methylene)tetraphosphate; Ap(s)pCHClpp(s)A, mix-
ture of four diastereomers (RpRp), (SpSp), (Rp,R-
(CHCl),Sp), and (Rp, S(CHCl),Sp) diadenosine 5′,5′′′-
(P1,P4-dithio-P2,P3-chloromethylene)tetraphosphate; Ip5I,
diinosine pentaphosphate; Ip6I, diinosine hexaphos-
phate

The detailed stereochemical situation is that for
Ap(s)pCH2pp(s)A, the central methylene group is
prochiral, and so there are only the three stereoisomers.
These are accurately described as (Rp,Rp), (Rp,Sp), and
(Sp,Sp). However, for Ap(s)pCHClpp(s)A, the central
CHCl group is truly stereogenic, resulting in the exist-

ence of four stereoisomers. The nomenclature describes
the four isomers according to the principles set out in
“Stereochemistry of Organic Componds” by E. L. Eliel
and S. H. Wilen (McGraw Hill, London and New York,
1994), pages 124 and 125. In this case, the two phos-
phorus ligands of the central CHCl group are either
homotopic ((Rp,Rp) and (Sp,Sp), giving two stereo-
isomers) or diastereoisomeric ((Rp,Sp), also giving two
stereoisomers). Thus, the four isomers are correctly
named Ap(s)(Rp)pCHClpp(s)(Rp)A, Ap(s)(Rp)pC(R)-
HClpp(s)(Sp)A, Ap(s)(Rp)pC(S)HClpp(s)(Sp)A, and Ap(s)-
(Sp)pCHClpp(s)(Sp)A. A further precise stereochemical
description requires application of the rule “like pre-
cedes unlike”. In practice, in the absence of a detailed
X-ray structure, we cannot distinguish between the
second and third isomers, although we have done so for
the first and last stereoisomers on the basis of enzyme
degradation patterns.
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