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External ATP causes a passive permeability change in several types of transformed cells and this change is further
enhanced by calmodulin antagonists, such as trifluoperazine. However, such drugs also have nonspecific efiects on
membrane permeability. We have synthesized several new sulfonamide derivatives, which were found to inhibit
calmodulin-dependent phosphodiesterase. The drugs also enhanced the ATP-dependent permeability change in CHO-K1
cells, but their effective concentration ranges were wider than those of previously known antagonists, and thus they

would be useful for pharmacological use.

The permeability of the plasma membrane in mam-
malian cells plays an important role in the control of
cellular homeostasis as well as of the actions of chem-
otherapeutic agents. It has heen demonstrated that brief
exposure of several types of transformed cells in culture,
such as B16 melanoma, Hela and CHO-K1 cells, to
external ATP markedly increases passive permeability,
allowing passage through the plasma membrane of
phosphorylated metabolites and ioas [1-6[. Untrans-
formed cells, including mouse 3T3 cells and mouse
embryo fibroblasts, did not respond to ATP under the
same experimental conditions [1-6].

Although the molecular mechanism by which exter-
nal ATP controls the permeability change is little un-
derstood, application of this phenomenon for the in
vivo modulation of the membrane permeability for
chemotherapeutic drugs like anti-cancer agents would
be worthwhile examining, Recently, we and others dem-
onstrated that calmodulin antagonists, such as TFP and

Abbreviations: TFP, trifluoperazine; W7, N-(6-aminohexyl)-5-chloro-
naphthalencsulfonamide; CaM, calmodulin; PDE, phosphodiesterase.
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W7, enhance the ATP-dependent permeability change
in transformed cells [7-10). These effects on passive
permeability were only observed in limited concentra-
tion ranges. and a higher concentration of the drug
alone increased the membrane permeability, resulting in
cell death [8.9]. Therefore, the development of new
calmodulin antagonists with wider action spectra would
be very useful for modulation of the ATP effect as well
as for studying the mechanism.

We report here that newly synthesized sulfonamide
derivatives inhibit CaM-dependent PDE activity and
also cohance the oxternal ATP-induced permeability
change in wider concentration ranges than those of
other known antagonists.

Five sulfonamide derivatives (K-6803, K-6807, K-
6917, K-6920, K-7027), whose structures are shown in
Table 1, were synthesized as follows: K-6803 and K-6807
were synthesized from benzenesulfonyl chioride with
tetrahydro-N-(3-aminopropybisoguinoline or 1-(3-
aminopropyl)-2,5-dimethyl-4-diphenylmethylpiperazine,
respectively, K-6917 was synthesized from 1-benzene-
sulfonyl-4-(3-isobutoxy-2-hydroxypropyl)piperazine.
and was further methylated to produce K6920. K7027
was synthesized from 1-f3-isobutoxy-2-{ N-benzyl-N-
methyl)aminopropyl]piperazine with S-chloronaphihal-
enesuifonyl chloride. 2-Deoxy[1-*H]-glucose and [2.8-
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*H]cAMP were from. Amersham International. All other
chemicals were obtained as in Refs. 7 and 8.

The effects of the examined drugs on PDE (from
bovine brain, Sigma) activity were determined by the
method of Wallace et al. [11] in the presence of either 50
pM Ca’* or 1 mM EGTA in a reaction mixture con-
taining 10 units/m! calmodulin (from bovine brain,
Sigma), 40 mM Tris-HCI (pH 8.0), 3 mM MgCl, and 2
#M [*HJcAMP (0.3 pCi/ml). Chinese hamster ovary
celis. CHO-K1. which had been cultured in Ham’s F12
medium supplemented with 10% fetal calf serum as
described [4] were labeled for 3 h at 37°C with
deoxy[*Hl]glucose (0.25 pCi/ml, 1 pM) in glucose-free
F12 medium containing 10% dialyzed calf serum. The
jabeied celis were washed twice with 0.15 M WaCi and
then incubated at 37°C for 10-15 min with buffer A
(0.1 M Tris-HC1 (pH 8.2), 2.05 M NaCl, 0.05 mM

TABLE 1

CaCl,) containing the indicated additions. After in-
cubation, the radioactivity released into the medium
was determined with a Jiquid scintillation counter.

As shown in Table I, four newly synthesized
sulfonamide derivatives, K-6807, K-6917, K-6920 and
K-7027, inhibited CaM-dependent PDE activity in a
dose-dependent manner. The IC,, values of these com-
pounds were 25-45 pM in the presence of Ca2*-CaM,
while without Ca®* they were more than 100 pM,
indicating that the inhibition is Ca®*-dependent. A
similar inhibitory effect on CaM-PDE activity was ob-
served with control compounds such as TFP and W7.
TFP showed relatively higher CaM-independent inhibi-
tion at 100 pM than other sulfonamidc derivatives,
inciuding W7. One derivative (K-6803), however, showed
little inhibitory effect on PDE activity, although its
structure is very close to that of K-6807.

Inkibition of CaM-dependent PDE activity by new sulfonamide derivatives, W7 and TFP

Effects of several types of drugs at the indicated concentrations on CaM-PDE activity in the presence or absence of 50 pM Ca?* were determined
as described in Methods. The values represent the means of two different experiments and inhibition (%) in the absence of Ca2* is indicated in a
parenthesis. 15, means a concentration of the drug required for 50% inhibition of the enzyine activity and ICsp values in ihe abscace of Ca?* are

also in parentheses.
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Fig. 1. Induction of a permeability change in CHO-K1 cells by ATP
and K-6920. (2) [*H]Deoxyglucose-lakeled CHO-K1 cells were in-
cubated ar 37°C in buffer A containing the following additions:
none, O: 0.5 mM ATP, a; 100 pM K6920, a; 0.5 mM ATP and 100
uM K-6920. @ After incubation, radioactivity released into (he
medium was counted and efflux (%)} was calculated on the basis of the
total radioactivity within the cells which could be extracted with 5%
cold TCA (2.5:10* cpm/dish). (b} The labeled CHO-K1 cells were
also treated with various concentrations of K-6920 and 0.5 mM ATP
at 37°C for 15 min and the efflux (%) was measured.

When CHC-K1 cells labeled with deoxy[*H]glucose
are treated with 0.1-0.5 mM ATP and 10-30 pM TFP
in buffer A (pH 8.2), a great increase in the efflux of
radioactive materials is rapidly induced (Ref. 8 and
Table II). A similar permeability change in CHO-K1
cells was induced by the addition of external ATP and
an new sulfonamide derivative, K-6920, in a dose-de-
pendent manner (Fig. 1). This permeability change was
completed within 10 min incubation and ATP or the
drug alone did not induce a permeability change. An
ATP analogue, AdoPP[NH]P, and ADP were also
found to have moderate effects ci: passive permeability
in the presence of this compound, but AMP and other
nucleotide triphosphates were all ineffective (data not
shown). These characteristics of the permeability change
with K-6920 in CHO-K1 cells are quite similar to those
previously observed with TFP [8).

The ATP-dependent permeability change was also
induced by other derivatives, K-6807 and K-6917, which
inhibited CaM-PDE activity (Tables I and II). Among
them, K-6807 and K-6920 are particularly interesting,
since these drugs alone did not affect the passive per-
meability of CHO-K1 cells at up to 100 pM, whereas
K-6917, like TFP and W7, induced a permeability
change at more than 50 pM in the absence of ATP. The
concentrations of these compounds required for en-
hancement of the permeability change were well corre-
lated with those for inhibition of PDE activity. Further-
more, K-6803, which had no inhibitory effect on CaM-
PDE, was also found to have little effect on the ATP-
dependent permeability change. These results together
with the previous ones [8-10] suggest the involvement
of calmodulin in the control of the ATP-dependent
permeability change. K-7027, which has an inhibitory
effect on CaM-PDE, had no stimulating effect on the
membrane permeability. probably due to the lower
penetration of it into the plasma menibrane.
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TABLE II

Pussive permeability change induced by external ATP and carious
sulfonamide derivatices in CHHO-KI cells

CHO-K1 cells Wibeled with | ' Hdeoxyglucose were inzubated in buffer
A containing various concentrations of the indicated drug in the
absence or presence of 0.5 mM ATP at 37°C for 15 min and efilux
(%) was measured as described in Fig. 1.

Drugs (pM) Efflux (%)
G 20 50 100
K-6803 -ATP 150 nd, 18.5 18.1
+ATP 16.5 nd. 232 336
K-6807 —ATP 138 202 19.7 221
+ATP 18.5 38.0 61.2 7.6
K-6917 —ATP 15.0 17.0 385 810
+ATP 16.6 780 99.5 100
K-6920 —ATP 150 15.1 17.2 16.8
+ATP 16.6 no 408 90.0
K-7027 -ATP 135 127 n.d. 16.0
+ATP 13.3 175 nd. 11.5
TFP ~ATP nd. 10,0 68.5 100
+ATP nd. 55.8 98.0 100
W7 - ATP 16.5 184 T8.5 100
+AiP 15.7 48.6 100 100

n.d., not determined.

An ATP-dependeirt permeability chaage in CHO-K1
cells can be induced when the celivlar ATP level is
decreased with nniochondrial inhibitors (4], and this
membrane change due to ATP and the inhibitor is
suppressed when the cellular ATP level is restored by
the addition of excess glucose to the medium. The
ATP-dependent permeability changes in CHO-K1 cells
induced by K-6807, K-6917 and K-6920, like that with
TFP [8], were observable even in the presence of excess
glucose in the medium, indicating that the effects of
these compounds on the permeability change are inde-
pendent of the cellular ATP concentration (data not
shown),

We synthesized new sulfonamide derivatives, which
inhibited PDE activity in a Ca’*/CaM-dependent
manner. Caimodulin antagonists. such as TFP and chlo-
rpromazine, are known to exhibit high binding affinity
to CaM [12]. but nonspecific perturbation of the mem-
branes by these drugs due to their hydrophobic proper-
ties remains possible, especially at high concentrations
[13.14]. In the present study, it was also observed that
CaM-independent inhibition of PDE by TFP was ap-
parent at 100 M, at which concentration TFP also
induce a passive permeability change in CHO cells. as
determined from the efflux of [*H]deoxygiucose-labeled
pools (Refs. § and 9; Tables I and I1). Such an ATP-in-
dependent permeability change was also induced by W7
or K-6917 at more than 50 pM. It is not clarified yet
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whether the ATP-independent permeability changes are
caused by nonspecific perturbation of the membranes
by these drugs. However, two of the newly synthesized
sulfonamide derivatives, K-6807 and K-6820, did not
induce permeability change at upto 100 uM in the
absence of added ATP. In contrast, these drugs together
with the ATP greatly induced a permeability change
(Fig. 1 and Table II). Although further experiments are
reaquired to determine whether these compounds act as
calmodulin antagonists, they will be very useful for
modulation of the ATP responses of mammalian celis
and for studies on the mechanism. Furthermore, several
types of transformed cells arc selectively injured on
treatment with external ATP [7,15,16]. It should be also
noted that external ATP has scme pronounced effects
on various types of normal cells, including mast celis,
lymphocytes and macrcphages [17-20]. Thus, ATP-
treatment would be useful for cancer chemotherapy
management but in some limited way. Such studies both
in viiro and in vivo are now investigated.
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