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Acute secretory diarrhea induced by infection with enterotoxigenic
strains of Escherichia coli involves binding of stable toxin (STa) to
its receptor on the intestinal brush border, guanylyl cyclase type C
(GC-C). Intracellular cGMP is elevated, inducing increase in chloride
efflux and subsequent accumulation of fluid in the intestinal
lumen. We have screened a library of compounds and identified
a pyridopyrimidine derivatives {5-(3-bromophenyl)-1,3-dimethyl-
5,11-dihydro-1H-indeno[2�,1�:5,6]pyrido[2,3-d]pyrimidine-2,4,6-
trione; BPIPP} as an inhibitor of GC-C that can suppress STa-
stimulated cGMP accumulation by decreasing GC-C activation in
intact T84 human colorectal carcinoma cells. BPIPP inhibited stim-
ulation of guanylyl cyclases, including types A and B and soluble
isoform in various cells. BPIPP suppressed stimulation of adenylyl
cyclase and significantly decreased the activities of adenylyl cyclase
toxin of Bordetella pertussis and edema toxin of Bacillus anthracis.
The effects of BPIPP on cyclic nucleotide synthesis were observed
only in intact cells. The mechanism of BPIPP-dependent inhibition
appears to be complex and indirect, possibly associated with
phospholipase C and tyrosine-specific phosphorylation. BPIPP in-
hibited chloride-ion transport stimulated by activation of guanylyl
or adenylyl cyclases and suppressed STa-induced fluid accumula-
tion in an in vivo rabbit intestinal loop model. Thus, BPIPP may be
a promising lead compound for treatment of diarrhea and other
diseases.

adenylyl cyclase � cGMP � guanylyl cyclase � cAMP � toxin-induced diarrhea

Diarrhea is one of the principal causes of mortality in children
in the developing world, being responsible for 2.5 million

deaths per year (1, 2), and about 60% of these deaths are caused by
enterotoxigenic strains of bacteria, including Escherichia coli (3).
One of the toxins, heat-stable enterotoxin (STa), binds to intestinal
epithelial cell membrane receptor, guanylyl cyclase type C (GC-C),
and activates the enzyme to increase the synthesis of cyclic
guanosine 3�,5�-monophosphate (cGMP) (4–6). GC-C is a trans-
membrane protein with an extracellular receptor domain, a short
membrane span, and an intracellular catalytic domain (7). Natural
endogenous ligands of GC-C are peptide hormones guanylin and
uroguanylin, which regulate secretion of salt and fluids by the
intestine (8). Upon stimulation of GC-C, elevated levels of cGMP
induce activation of a cGMP-dependent protein kinase and a
chloride-ion channel, cystic fibrosis transmembrane conductance
regulator (CFTR). Activation of CFTR increases transport of
chloride into the intestinal lumen and accumulation of water and
sodium ions, thus causing diarrhea (6). Since defining the cell
signaling pathways involved in pathogenesis of enterotoxigenic
diarrhea, it had become apparent to us that this pathway represents
a molecular target to interrupt the signaling as a therapeutic
approach to STa-induced diarrhea. The goal of the present study
was to develop an innovative approach to therapy of acute diarrhea
based on an inhibitor of stimulated cyclic nucleotide synthesis. We
have identified a promising lead compound, 5-(3-bromophenyl)-

1,3-dimethyl-5,11-dihydro-1H-indeno[2�,1�:5,6]pyrido[2,3-d]pyri-
midine-2,4,6-trione (BPIPP), which can suppress cyclic nucleotide
synthesis and is active in vivo in an animal model of acute diarrhea.

Results and Discussion
Screening a compound library allowed us to identify a class of
pyridopyrimidine derivatives that can suppress STa-dependent
cGMP accumulation in cultured human colorectal carcinoma T84
cells (Table 1). Accumulation of cGMP was suppressed by �80%
by BPIPP (IIa). Other derivatives with a 4-hydroxyl group in the
phenyl moiety or with an acylated N-11 atom and 4-chloride in the
phenyl moiety had considerably lower activity. However, the 5-(3-
fluorophenyl) derivative IIIa, being essentially isoelectronic to
BPIPP, had similar potency. Oxidation products of BPIPP and
compounds Ia and IIIa (Ib, IIb, and IIIb, respectively) were
prepared by exposing the solutions to air for extended periods of
time, and they did not inhibit STa-stimulated cGMP accumulation.
All compounds had no influence on baseline intracellular or
extracellular cGMP levels (8.8 � 2.3 and 1.6 � 0.6 pmol/mg of
protein in the presence of vehicle and 9.0 � 1.0 and 2.6 � 1.6
pmol/mg of protein in the presence of 50 �M BPIPP, respectively;
n � 6; P � 0.1). The most potent derivative BPIPP was further
investigated in T84 cells.

Intracellular cGMP accumulation is a balance of three major
processes: cGMP synthesis by guanylyl cyclases (9, 10), cGMP
degradation by phosphodiesterases (11), and cGMP extrusion into
the medium (12). Thus, suppression of cGMP accumulation by
BPIPP can be due to inhibition of guanylyl cyclase activation or to
stimulation of cGMP degradation or extrusion. To rule out en-
hanced degradation, all experiments were performed in the pres-
ence of the nonspecific phosphodiesterase inhibitor 3-isobutyl-1-
methylxanthine (IBMX; 1 mM). Cells were also treated with vehicle
or BPIPP, and rates of cGMP degradation were assayed in the
homogenate (21.8 � 0.8 and 25.7 � 2.3 nmol of cGMP per min per
mg of protein in cells pretreated with vehicle and BPIPP, respec-
tively; n � 4; P � 0.1). Treatment of T84 cells with BPIPP in the
presence or in the absence of IBMX had no influence on the efflux
of cGMP in cells stimulated with STa (Fig. 1A). STa-dependent
increase in extracellular cGMP was inhibited by BPIPP to the same
extent as intracellular cGMP accumulation, suggesting that the
effect of BPIPP on cGMP levels cannot be due to enhanced cGMP
degradation or extrusion.
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The effect of BPIPP can result from decreased stimulation of
GC-C with STa because of diminished binding of STa to GC-C in
BPIPP-treated cells or to other mechanisms. BPIPP did not induce
detectable changes in 125I-STa binding to the intact T84 cells or to
the membranes of cells pretreated with vehicle or BPIPP (1.92 �
0.23 and 1.87 � 0.18 fmol/mg of protein in intact cells and 48.8 �
0.5 and 46.1 � 0.4 fmol/mg of protein in membranes, respectively;
n � 5–7; P � 0.1). These data (plus data shown in Fig. 1C) also rule
out possible STa scavenging by direct competitive binding to BPIPP
because in this case, specific receptor binding should be decreased,
whereas it remains unaffected. The effect of BPIPP can be of a
nonspecific nature and might result from cytotoxic activity or
induction of ATP depletion. No cell death was observed with
BPIPP treatment according to trypan blue exclusion or lactate
dehydrogenase (LDH) release into the medium (LDH release was
0.42 � 0.03% and 0.49 � 0.04% in vehicle- and 50 �M BPIPP-
treated cells, respectively; n � 8; P � 0.1). Assay of intracellular
ATP did not reveal significant changes (18.3 � 1.5 and 16.4 � 1.7
nmol of ATP per mg of protein in cells treated with vehicle and
BPIPP, respectively; n � 8; P � 0.1). Thus, BPIPP specifically
decreases activation of GC-C by STa.

In membranes isolated from T84 cells, BPIPP did not cause
inhibition of basal GC-C activity or activity with 0.1 �M and 1 �M

STa or with Mn2� (Fig. 1B). Similar data were obtained with
homogenates and membranes isolated in the presence of protease
and phosphatase inhibitors from cells pretreated with BPIPP,
indicating that the influence of BPIPP is indirect and can be
observed only in the intact cells because after disruption of the cells,
the effects are lost. The mechanism of BPIPP inhibition appears to
be noncompetitive, because extent of inhibition was similar at low
and high concentrations of STa, and even 5 �M STa (Fig. 1C) could
not overcome the effect of BPIPP.

BPIPP action was reversed by washing of BPIPP-treated T84 cells
with Dulbecco’s PBS (DPBS) containing BSA. In the cells that had
not been washed or in the cells washed with DBPS, the STa-
stimulated accumulation of cGMP was inhibited by 50 �M BPIPP
by 87.4 � 7.7% and 59.2 � 10.2%, respectively (n � 6; P � 0.1).
However, in cells washed with DPBS containing 1% BSA, inhibi-
tion was only 22.6 � 7.7% (n � 6; P � 0.01). In addition to this
observation, both BPIPP-induced inhibition of 250 nM STa-
stimulated cGMP accumulation and BPIPP binding to the cells
were suppressed in DPBS containing BSA (but not ovalbumin). In
control incubations without BSA, inhibition was 87.4 � 7.7%
(32.7 � 5.6 nmol of BPIPP bound per mg of protein) and in the
presence of 1 mg/ml or 5 mg/ml BSA, inhibition was 48.0 � 5.8%
or 12.7 � 3.5% (2.7 � 2.3 nmol of BPIPP bound per mg of protein),
respectively (cGMP accumulation in cells treated with 250 nM STa
was 307 � 31 pmol of cGMP per mg assumed as 100%; n � 3). This
can be explained by BPIPP binding to BSA with relatively high
affinity and indeed was confirmed by ultrafiltration of the BSA–
BPIPP complex (supporting information (SI) Materials and Meth-
ods). The apparent equilibrium binding constant was 8.3 � 0.8 �M
and the stoichiometry was 5.6 molecules of BPIPP per molecule of
BSA. No binding of BPIPP to ovalbumin was detected under similar
conditions.

BPIPP suppressed cGMP accumulation in T84 cells stimulated
with STa or the endogenous GC-C activator guanylin (8) (Fig. 1D)
with IC50 3.4 � 1.6 and 7.2 � 1.7 �M, respectively. In the human
neuroblastoma cell line BE-2 (Fig. 1E), BPIPP suppressed cGMP
accumulation induced by atrial natriuretic peptide (stimulation of
GC-A) or C-type natriuretic peptide (stimulation of GC-B); IC50
values were 8.4 � 1.6 and 11.2 � 1.5 �M, respectively. Similar
effects were observed in rat fetal lung fibroblasts RFL-6 (Fig. 1F).
In addition to inhibiting particulate guanylyl cyclases (GC-A, GC-B,
and GC-C), BPIPP also suppressed activation of soluble guanylyl
cyclase by a nitric oxide donor (benzotrifuroxan) in intact RFL-6
cells (Fig. 1F). However, similar to the inability of BPIPP to
influence enzymatic activity of GC-C in membranes of T84 cells
(Fig. 1B), BPIPP had no inhibitory effect on basal or nitric
oxide-stimulated activity of purified soluble guanylyl cyclase. Basal
activity of the purified enzyme was 0.16 � 0.01 �mol/min per mg,
and with 100 �M spermine/NONOate the activity increased to
2.96 � 0.22 �mol/min per mg; corresponding values in the presence
of 50 �M BPIPP were 0.10 � 0.01 and 3.76 � 0.17 �mol/min per
mg (n � 6; P � 0.05).

BPIPP also inhibited cGMP accumulation stimulated with STa in
COS-7 cells (which lack endogenous functional GC-C) transfected
with full-length recombinant human GC-C. In cells transiently
transfected with an empty vector, the basal level of cGMP was 2.8 �
0.3 pmol/mg and it was not enhanced with STa; in cells transfected
with GC-C and stimulated with 100 nM STa, cGMP increased to
22.2 � 1.5 pmol/mg, and this stimulation was inhibited by BPIPP by
81 � 3% (n � 3).

Additionally, BPIPP can suppress activation of adenylyl cyclases.
Pretreatment of RFL-6 cells with BPIPP suppressed activation of
cAMP accumulation induced by treatment with direct adenylyl
cyclase activator forskolin, receptor-dependent stimulation by
�-adrenergic agonist isoproterenol, and GTP-binding protein-
dependent stimulation with cholera toxin (Fig. 2A). Because of
poor water solubility of BPIPP, the maximal concentration of the
drug tested was 50 �M, and it is unclear whether further increases

Table 1. Inhibition of STa-stimulated cGMP accumulation
in T84 cells
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IIIb
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IXa

N
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H

O

O
CH3

CH3
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O
17 � 2 56 � 11

T84 cells were pretreated with the indicated compounds at 50 �M or vehicle
(0.1% DMSO) and 1 mM 3-isobutyl-1-methylxanthine (IBMX) for 10 min and
then treated with 100 nM STa for 10 min, and cGMP accumulation in the cells
was measured. Accumulation of cGMP in the presence of vehicle was 221 � 34
pmol of cGMP per mg of protein. Data are mean � SEM of six independent
experiments assayed in duplicate.
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in BPIPP concentrations can produce greater inhibition. It seems
that BPIPP preferentially inhibits activation of guanylyl cyclase
compared with adenylyl cyclase. Similar data were obtained in T84
cells. For example, basal cAMP accumulation in T84 cells was not
influenced by treatment with 50 �M BPIPP (31.4 � 3.0 and 32.6 �
2.7 pmol of cAMP per mg with vehicle and BPIPP, respectively; n �
6; P � 0.1), whereas in cells stimulated with 100 �M isoproterenol,
BPIPP inhibited cAMP accumulation by 58.2% (284 � 22 and
119 � 7 pmol of cAMP per mg with vehicle and BPIPP, respec-
tively; n � 3).

BPIPP can suppress accumulation of cAMP in cells pretreated
with various bacterial toxins, including adenylyl cyclase toxin from
Bordetella pertussis (13), edema toxin from Bacillus anthracis (14),
and cholera toxin. BPIPP effects on the efficacy of pretreatment
were also assessed. The data of Fig. 2B indicate that BPIPP does not
significantly inhibit apparent efficacy of pretreatment of pertussis
adenylyl cyclase or edema factor but markedly suppressed efficacy
of pretreatment with cholera toxin. However, cAMP accumulation
induced by pertussis cyclase and edema factor and activation of
endogenous adenylyl cyclase by cholera toxin were efficiently

Fig. 1. Effect of BPIPP on cGMP accumulation in cultured cells. (A) T84 cells were pretreated with 50 �M BPIPP or vehicle (0.1% DMSO) with or without 1 mM
IBMX for 10 min and then treated with 0.1 �M STa (ST0.1) or 1 �M STa (ST1) for 10 min; intracellular (i) and extracellular (e) cGMP were assayed in the extract
or in the treatment medium, respectively. n � 3–6. (B) Membranes were isolated from T84 cells and GC-C activity was assayed without stimulation (basal) or with
0.1 �M STa (STa 0.1), 1 �M STa (STa 1), or 3 mM MnCl2 (Mn) in the presence of 50 �M BPIPP or vehicle. Similar data were obtained in membranes isolated in buffer
containing protein phosphatase inhibitors from cells pretreated for 10 min with BPIPP. n � 3–4. (C) T84 cells were pretreated with 50 �M BPIPP or vehicle for
10 min and then with indicated concentrations of STa for 10 min, and cGMP accumulation was measured. n � 3. (D) T84 cells were pretreated with indicated
concentrations of BPIPP or vehicle (Con) for 10 min and then with 0.5 �M guanylin or 100 nM STa for 10 min, and cGMP accumulation was measured. n � 6. (E)
BE-2 cells were pretreated with indicated concentrations of BPIPP or vehicle (Con) for 10 min and then treated with 1 �M atrial natriuretic peptide (ANP) or 0.5
�M C-type natriuretic peptide (CNP) for 10 min, and intracellular cGMP was measured. n � 4. (F) RFL-6 cells were pretreated with 50 �M BPIPP or vehicle for 10
min and then with 10 �M nitric oxide donor benzotrifuroxan (NO donor), 1 �M ANP, or 1 �M CNP for 4 min. *, P � 0.01; n � 3.

Fig. 2. Effect of BPIPP on cAMP accumulation in cultured cells. (A) RFL-6 cells were pretreated with 50 �M BPIPP or vehicle for 10 min and then with 50 �M
forskolin (For) or 100 �M isoproterenol (Iso); cells were pretreated with 1 �g/ml cholera toxin for 30 min (CT30) or 60 min (CT60) and then, after a 10-min
incubation with IBMX and BPIPP, cAMP accumulation was measured. *, P � 0.01; n � 4. (B) T84 cells were pretreated in serum-free growth medium in the presence
of 1 �g/ml adenylyl cyclase toxin from Bordetella pertussis (BAC), a combination of 2 �g/ml protective antigen and 0.1 �g/ml edema factor from Bacillus anthracis
(edema toxin; ET), or 1 �g/ml Vibrio cholera toxin (CT) for 1 h (pretreatment phase; pretreat); cells were washed and further incubated in DBPS containing 1 mM
IBMX for 10 min to measure cAMP accumulation (incubation phase; incubate); cells were treated with vehicle or with 50 �M BPIPP during the corresponding
phase as indicated. Control (100% values) for BAC, ET, and CT were 9.98 � 0.72, 0.14 � 0.01, and 7.85 � 0.82 nmol of cAMP per mg of protein. *, P � 0.05; **,
P � 0.01; n � 3. (C) T84 cells were pretreated with 50 �M BPIPP or vehicle and 1 mM IBMX for 10 min and then treated with indicated concentrations of forskolin
for 10 min. n � 4.
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inhibited by BPIPP. Thus, BPIPP is capable of inhibiting not only
eukaryotic adenylyl cyclase but also bacterial adenylyl cyclase
toxins. Similar to inhibition of guanylyl cyclase (Fig. 1C), suppres-
sion of adenylyl cyclase appears to be noncompetitive because
increasing forskolin concentrations to 25 �M did not overcome the
inhibition by BPIPP (Fig. 2C). Also, BPIPP had no influence on
basal, isoproterenol-, fluoride-, or forskolin-stimulated adenylyl
cyclase activity in membranes prepared from T84 cells pretreated
with BPIPP or when BPIPP was added to the incubation medium
for assay of adenylyl cyclase activity in the membranes (Fig. S1).
Thus, the effects of BPIPP on adenylyl cyclase activity are indirect
and cannot be seen after destruction of the cells.

In cultured T84 cells, BPIPP inhibited the downstream effects of
cGMP, which involve activation of chloride efflux from the cells.
The data shown in Fig. 3A indicate that increasing concentrations
of STa enhanced chloride ion efflux from the cells, and this increase
was effectively blocked by pretreatment with BPIPP. BPIPP also
suppressed increase in chloride efflux induced by treatment of cells
with forskolin, cholera toxin, or isoproterenol (Fig. 3B). However,
BPIPP did not influence basal chloride efflux (not shown), efflux
stimulated with 8-bromo-cAMP (0.1 and 1 mM), or calcium-
dependent efflux stimulated with 10 �M ionomycin (Fig. 3B),
suggesting that the effects of BPIPP are mediated by inhibition of
cyclic nucleotide synthesis and BPIPP does not affect the down-
stream signaling or chloride transport directly. Monolayers of T84
cells were subjected to a short-circuit current (ISC) measurements
in an Ussing chamber. Treatment of cells with 0.1 �M STa
increased ISC to 9.6 � 1.3 �A/cm2, whereas in cells pretreated with
50 �M BPIPP, the STa effect was greatly diminished (2.7 � 0.8
�A/cm2; n � 6). Similar data were obtained when ISC was stimu-
lated with 5 �M forskolin (increase in ISC to 18.7 � 1.6 and 2.9 �
2.0 �A/cm2 in cells pretreated with vehicle and 50 �M BPIPP,

respectively; n � 4). BPIPP had no influence on basal current or
resistance of the monolayer.

We then hypothesized that BPIPP can suppress STa-mediated
diarrhea in an animal model. The data of Fig. 3C indicate that in
an in vivo rabbit intestinal loop model, 50 �M BPIPP slightly
decreased basal secretion and completely suppressed secretion of
fluid into the intestinal lumen stimulated with 0.1 �M or 0.2 �M
STa but had no effect with 1 �M STa, and 10 �M BPIPP was also
effective; 50 �M compound IVa (a weaker inhibitor of STa-
stimulated cGMP accumulation in T84 cells; Table 1) had little or
no effect on STa-stimulated secretion. Thus, BPIPP concentration-
dependently suppressed STa-stimulated liquid secretion in an in
vivo rabbit intestinal loop model and can potentially be used for
therapy of toxin-induced secretory diarrhea.

The class of compounds studied in the present manuscript has not
been described in the biochemical or pharmacological literature
previously. Thus, we did not know or anticipate a specific direct
target of BPIPP and therefore, investigation of molecular mecha-
nism of action of this compound on synthesis of cyclic nucleotides
was very challenging. As a first step, we have performed a phar-
macological screening of various drugs acting on certain key
intracellular signaling pathways known to be associated with reg-
ulation of cyclic nucleotide synthesis in cells. Our approach included
treatment of T84 cells with various pharmacological agents, and
then we evaluated the extent of inhibition of STa-mediated cGMP
accumulation by BPIPP (Table S1).

Our results indicate that Ca2�-dependent signaling pathways are
not directly involved in the effects of BPIPP on STa-mediated
stimulation of cGMP accumulation in T84 cells. A number of
extracellular and intracellular calcium chelators and antagonists as
well as inhibitors and activators of calcium-dependent proteolysis
and protein phosphorylation fail to interfere with BPIPP effect.

Fig. 3. Antisecretory activity of BPIPP in cell culture and in vivo. (A) T84 cells were pretreated with 50 �M BPIPP or vehicle in solution 1 containing NaCl, and
chloride transport was measured in the presence of indicated concentrations of STa in solution 2 containing NaNO3 by using 6-methoxy-1-(3-
sulfonatopropyl)quinolinium (SPQ) fluorescence as a Cl� sensor. n � 8. (B) Effect of 50 �M BPIPP on Cl� transport in T84 cells stimulated by various agents in
solution 1 containing NaCl; 100 �M isoproterenol (Iso), 10 �g/ml cholera toxin (CT; CT-ptr, BPIPP was present during pretreatment similar to Fig. 2B; CT-inc, BPIPP
was present only during incubation and assay phase; CT-both, BPIPP was present during pretreatment and incubation-assay phase), 25 �M forskolin (For), 1 mM
or 0.1 mM 8-bromo-cAMP (BcA-1 or BcA-0.1), or 10 �M ionomycin (Iono). Fluorescence was measured by using SPQ or N-(ethoxycarbonylmethyl)-6-
methoxyquinolinium bromide (MQAE) as indicator. Absolute Ft � Fc fluorescence values for vehicle control were 138 � 6 for isoproterenol, 74 � 5 for cholera
toxin, 1,031 � 36 for forskolin, 52 � 2 and 780 � 84 for 0.1 and 1 mM 8-bromo-cAMP in the presence of SPQ, and 635 � 75 and 1,945 � 102 for 0.1 and 1 mM
8-bromo-cAMP and 720 � 81 for ionomycin in the presence of MQAE. *, P � 0.05 BPIPP vs. vehicle; n � 8. (C) Effect of compounds on secretion in rabbit intestinal
segments (ileal loops) injected with 1 ml of PBS containing indicated concentrations of STa [none (Control), 0.1, 0.2, or 1.0 �M] with vehicle, 10 or 50 �M BPIPP,
and 50 �M compound IVa. Incubations were continued for 5 h, and then volume/length ratios of the segments were determined. *, P � 0.05; n � 4–8.
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The same is apparently true in the case of general inhibitors of
serine/threonine-specific and tyrosine-specific protein kinases.
However, an inhibitor of tyrosine-specific phosphatases, activated
sodium orthovanadate, partially protected cells from the effects of
BPIPP at high concentration (2 mM), significantly decreasing
BPIPP inhibition by 30.8 � 2.6%. Because orthovanadate is known
to have considerable nonspecific effects unrelated to inhibition of
phosphatases, we have sought to confirm whether BPIPP can
influence the level of tyrosine-specific phosphorylation in T84 cells.
The results shown in Fig. 4A indicate that treatment of T84 cells
with 50 �M BPIPP significantly stimulates the apparent activity of
tyrosine-specific protein kinases that can use various synthetic
tyrosine-containing polypeptides as the substrates by 77–200%,
depending on the substrate. Moreover, fractionation of the cells
followed by a similar tyrosine kinase activity assay indicates that
stimulation of protein kinase is more pronounced in the cytosol
(85.0 � 5.5%) versus membrane fraction (29.8 � 3.2%; Fig. 4B).

The effect of BPIPP can be attenuated by two inhibitors of
phospholipase C, U73122 (54.0 � 15.8% and 60.5 � 12.8%
suppression of BPIPP inhibition at 20 and 50 �M, respectively) and
D609 (52.6 � 5.7% suppression at 50 �M). However, inhibitors of
phosphatidylinositol 3-kinase or phospholipase A2 had no detect-
able effect (Table S1). We then tested whether BPIPP can influence
the activities of various phospholipases in intact T84 cells. BPIPP
has no significant influence on inositol phosphate accumulation or
on apparent phosphatidylcholine-specific phospholipase C or phos-
pholipase D activities (Fig. S2). Thus, even though the inhibitors of
phospholipase C interfere with BPIPP-dependent effects on cyclic
nucleotide synthesis, BPIPP does not directly stimulate or inhibit
phospholipases.

Because BPIPP can be oxidized in aqueous solutions in the
presence of oxygen to form the corresponding compound IIb, we
have tested two enzymes capable of metabolizing reactive oxygen
species, catalase and superoxide dismutase. We found that these
enzymes have an insignificant effect on BPIPP-mediated inhibition
of STa-stimulated cGMP accumulation (Table S1).

We suggest that BPIPP can act on an unknown target, which then
influences stimulation of synthesis of cyclic nucleotides in the cell,
and the processes associated with this can involve cytosolic tyrosine-
specific protein phosphorylation and might be affected by phos-
pholipase C-dependent pathways.

Thus, BPIPP is a promising lead compound that suppresses
stimulated synthesis of cyclic nucleotides, cAMP and cGMP, in
intact cells. BPIPP acting via an unidentified target suppresses the

effects of various stimulatory agents on membrane-bound and
soluble guanylyl cyclases and membrane-bound adenylyl cyclases.

The interaction of BPIPP with BSA and inactivation of BPIPP
during the course of this interaction might be an important phar-
macokinetic property of this compound that might block systemic
effects of BPIPP. Thus, BPIPP can be used for localized tissue
treatment of disorders with excessive production of cyclic nucleo-
tides without undesirable systemic effects. This property could
make BPIPP an especially promising candidate for therapy of
diarrheal diseases with oral administration. BPIPP could suppress
activation of adenylyl and guanylyl cyclases by toxins produced by
infectious agents in the intestine but should have minimal or no
systemic adverse effects. The relatively easy synthesis (single step)
and a presumed low cost should make it very attractive for therapy
of diarrhea in developing countries, which is one of the major causes
of mortality.

Materials and Methods
The chemical library was provided by Neuronautics. Compounds IIa, IVa, Va, VIa,
VII, and VIII were purchased from ChemDiv. Other compounds (Ia, Ib, IIa, IIb, IIIa,
IIIb, and IXa) were synthesized as described (15–17); see SI Materials and Methods
for details.

Cell Culture. Human colorectal carcinoma T84, rat fetal lung fibroblasts RFL-6,
human neuroblastoma BE-2(C), and monkey kidney COS-7 cells were from the
American Type Culture Collection and were grown according to the supplier’s
guidelines in the presence of 10% FBS (20% serum for RFL-6 cells) in a humidified
atmosphere of 95% air/5% CO2 at 37°C. Cell viability was determined by trypan
blue exclusion and with an lactate dehydrogenase assay kit (Cayman Chemical).
Intracellular ATP was assayed with a luciferase-based ATPlite-M kit (Perkin–
Elmer). For expression of human GC-C in COS-7 cells, the pZeo plasmid encoding
the full-length human GC-C (from S. Waldman, Thomas Jefferson University,
Philadelphia, PA) was mutated to the original sequence listed in the National
Center for Biotechnology Information database (S139P) and then recloned into
the pcDNA3.1 vector. COS-7 cells were transfected with 1 �g of purified plasmid
per well of a 12-well plate by using Lipofectamine 2000 reagent (Invitrogen), and
24 h later cGMP accumulation in the cells was measured. Expression of GC-C was
verified by Western blotting with an anti-GC-C antibody (18) (from S. Waldman).

Assay of cGMP and cAMP in Intact Cells. Cells were grown to confluence in
12-well plates and washed three times with DPBS. Cells were treated with vehicle
(DMSO, 0.1%) or BPIPP or other substances as indicated in DPBS containing 1 mM
IBMX for 10 min, and then cyclic nucleotide accumulation was stimulated with
activators of guanylyl or adenylyl cyclase as indicated for 4–10 min. Medium was
aspirated and cGMP was extracted by rapid freezing of the plates at �80°C in the
presence of 50 mM sodium acetate (pH 4.0; 0.3 ml per well) and measured by
ELISA (19). cAMP was extracted with 0.1 M HCl (0.3 ml per well) and measured
with a cAMP assay kit (acetylation protocol; Cayman Chemical). Cells were pre-
treated with bacterial toxins [cholera toxin (Calbiochem), pertussis adenylyl cy-
clase (E. Hewlett, University of Virginia, Charlottesville, VA), and anthrax edema
factor (E. Hewlett)] for 30–60 min in the corresponding growth medium without
serum.

STa Binding. Whole-length STa (R. Giannella, University of Cincinnati, Cincin-
nati, OH) was iodinated and purified as described (20) to yield specific activity
of 95 kBq/pmol. Binding of 25 pM 125I-STa to intact T84 cells was performed in
F-12 medium for 1 h at 37°C. Cells were washed and solubilized with 0.1 M
NaOH, and bound radioactivity was counted. Binding of 20–25 pM labeled STa
to membranes was assayed as described (21), replacing 1 mg/ml BSA with 1
mg/ml ovalbumin. Nonspecific binding for the intact cell and membrane
assays was determined in the presence of 100 nM STa and was subtracted to
calculate the amount of bound toxin.

Assay of Guanylyl Cyclase Activity. Activity of guanylyl cyclase was determined
by RIA (22). Activity of purified human recombinant soluble guanylyl cyclase (23)
(from E. Martin, University of Texas, Institute of Molecular Medicine, Houston,
TX) was measured as described in ref. 24. For detailed description see SI Materials
and Methods.

Effects of BPIPP on Ion Transport. Transport of chloride in T84 cells was assayed
as described in ref. 25. In some experiments, 6-methoxy-1-(3-sulfonatopropy-
l)quinolinium (SPQ) was used as a chloride ion fluorescent sensor instead of

Fig. 4. Stimulation of activity of a tyrosine-specific protein kinase in T84 cells
by BPIPP. (A) Cells were treated with 50 �M BPIPP or vehicle for 20 min and
protein kinase activity was measured in the extract by using various tyrosine-
containing protein kinase substrates. E4Y, (Glu)4-Tyr; EAY, Glu-Ala-Tyr; EY,
Glu-Tyr. n � 3. (B) Cells were pretreated in a similar manner and then
homogenized with a glass–glass homogenizer in a hypotonic buffer and
fractionated to separate crude membrane fraction from the cytosol. Protein
kinase activity was measured by using EAY as the substrate. *, P � 0.05; n � 6.
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N-(ethoxycarbonylmethyl)-6-methoxyquinolinium bromide (MQAE) as specified
in figure legends; for details see SI Materials and Methods.

Short-circuit current was assayed in T84 cells grown on 12 mm Millipore
nitrocellulose inserts by using an Ussing chamber protocol (26). Cells were pre-
treated with 50 �M BPIPP or vehicle for 10 min in both hemichambers before
addition of STa (100 nM) or forskolin (5 �M).

Rabbit intestinal ileal loopexperimentswereperformedasdescribed inref.27.
Loops were injected with PBS containing indicated concentrations of BPIPP and
STaorcorrespondingvehicles,andvolumeto lengthratiowasmeasuredafter5h.

Assay of tyrosine-specific phosphorylation in T84 cell extracts was performed
with a K-LISA PTK screening kit (Calbiochem); for details see SI Materials and
Methods.

Data are shown as mean � SEM and statistical significance was calculated by

using a Student’s t test assuming P � 0.05 as significant. All experiments were
repeatedat least threetimes induplicate,andeither representativedataormean
pooled values of multiple experiments are shown.
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