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Abstract

The cytosolic calcium level ([Ca*];) and the membrane-bound guanylyl cyclase activity in the isolated rat intestinal epithelial
cells were investigated. Heat-stable enterotoxin of Vibrio cholerae non-01 (NAG-ST) was found to increase both the [Ca**};
and the enzyme activity. These changes occur similarly until 5 min of incubation with NAG-ST., indicating that these changes
might be involved in NAG-ST induced signal transduction in rat enterocytes. © 1998 Published by Elsevier Science B.V.
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1. Introduction

Vibrio cholerae strains of the non-01 serovar,
which are referred to as nonagglutinable (NAG)
vibrios, produce severe gastroenteritis in humans
[1] and the clinical features are sometimes indistin-
guishable from cholera. The virulence of the NAG
vibrios depends on their ability to colonize the intes-
tines and to elaborate a heat-stable enterotoxin
(NAG-ST) [2]. NAG-ST consists of 17 amino acid
residues and structurally resembles the heat-stable
enterotoxins of Escherichia coli and Yersinia ente-
rocolitica [3]. Heat-stable enterotoxin of E. coli [4]

and Y. enterocolitica [3] triggers intestinal secre-
tion by stimulating the membrane-bound guanylyl
cyclase and thereby elevating the intracellular levels
of cyclic guanosine 3’5’ monophosphate (cyclic
GMP). E. coli heat-stable enterotoxin (STa) has
been found to elevate the intracellular levels of cal-
cium ([Ca®*];) [5] and the Ca® -dependent protein
kinase C appears to regulate the activation of gua-
nylyl cyclase [6]. In the present study, we have dem-
onstrated that similar to E coli STa, NAG-ST in-
creases the [Ca®"]; besides the activation of
membrane-bound guanylyl cyclase in isolated rat en-
terocytes.
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2. Materials and methods
2.1. Materials

Phenylmethylsulfonylfluoride (PMSF), leupeptin,
cyclic GMP, fura-2/acetoxymethyl ester (AM), bo-
vine serum albumin (BSA), GTP, creatine phos-
phate, creatine phosphokinase, calcium chloride
(CaCly), dimethylsulfoxide (DMSO) and 3-isobutyl-
1-methylxanthine (IBMX) were obtained from Sigma
Chemical Company (USA). A [*H)-cyclic GMP ra-
dioimmunoassay kit was obtained from Amersham
International, UK NAG-ST enterotoxin was pre-
pared as described in [3]. All other chemicals were
analytical grade reagents and deionized double dis-
tilled water was used throughout the study.

2.2, Suckling mouse assay

The biological activity of the NAG-ST was as-
sayed in the 2-3 days old suckling mouse model
[3]. The minimum quantity of the enterotoxin (8
ng) which gave in the suckling mouse assay a fluid
accumulation ratio (intestinal weight/remaining body
weight) of 0.090 after 3 h was taken as 1 mouse unit.

2.3. Preparation of intestinal epithelial cells

Rat intestinal epithelial cells were prepared from
the jejunum as described earlier [7]. The cells were
finally suspended in balanced salt solution (BSS)
containing 135 mM NaCl, 4.5 mM KCl, 5.6 mM
glucose, 0.5 mM MgCl,, 10 mM HEPES and 1| mM
CaCly, pH 7.4, plus 20 pg/ml leupeptin. Cell num-
bers and viability were determined with a hemo-
cytometer and by trypan blue exclusion respectively.

2.4. Measurement of [Ca”"];

The [Ca®*]; was measured using fura-2 fluores-
cence according to Grynkiewicz et al. [8]. Briefly,
cells (4x10%ml) suspended in BSS (pH 7.4) with
0.1% BSA were loaded with 10 uM of fura-2/AM
in DMSO and incubated at 37°C under constant
shaking in the dark. After 40 min the cells were
washed, resuspended in BSS without any BSA and
transferred to a thermostated, magnetically stirred
quartz cuvette of Hitachi spectrofluorometer (model
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3010). Fluorescence (F) was measured at 37°C with
excitation at 340 nm (slit 5 nm) and emission at 495
nm (slit 5 nm). Maximum fluorescence (F,,..) was
measured in the presence of 0.1% Triton X-100,
which reflected the efficiency of fura-2 loading. Sub-
sequent addition of 20 pM MnCl, caused quenching
of intracellular Ca?*-fura-2 fluorescence (F,,;,). The
[Ca?t];, was then obtained using the formula:
[Ca?']; = 224F—F ,y /(F . —F), where 224 was the
association constant of Ca®* with fura-2 at physio-
logical pH. Autofluorescence was measured in cells
sham loaded with DMSO and subtracted from the
values obtained in experimental samples.

2.5. Preparation and assay of guanylyl cyclase

Enterocytes (4 X 10%ml) suspended in BSS (pH
7.4) containing | mM IBMX were treated with
NAG-ST and incubated at 37°C for a given period
of time. After stopping the reaction with ice-cold
BSS (pH 7.4) without IBMX, the cells were resus-
pended in 50 mM Tris buffer (pH 7.6) containing
4 mM EDTA and homogenized. The homogenate
thus obtained was immediately used as a source of
guanylyl cyclase.

The guanylyl cyclase activity was measured by the
method of Gazzano et al. [9] with slight modifica-
tions. The assay mixture contained 50 mM Tris-4
mM EDTA (pH 7.6), 4 mM MgCl,, | mM GTP,
7.5 mM creatine phosphate, 20 pg (200 units/mg)
creatine phosphokinase and 1 mM IBMX to a fina]
volume of 120 ul. The reaction was then initiated by
the addition of enzyme preparation (50--100 pg pro-
tein) and carried out at 37°C for 10 min. The
reaction was terminated by the addition of 30 pl
ice-cold 50 mM Tris-4 mM EDTA buffer (pH 7.6)
rapidly followed by boiling at 95°C for 3 min. The
mixture was then centrifuged at 12000X g for 10 min.
The supernatant was collected to the volume of
100 ul and the amount of cyclic GMP produced
was measured using a [*H]-cyclic GMP radioimmu-
noassay kit.

2.6. Protein determination
The protein concentrations were estimated by the

method of Bradford [10] using bovine serum albumin
(BSA) as standard.



A. Ghosh Chaudhuri et al. | FEMS Microbiology Letters 160 (1998) 125-129 127

250
;200*
S 150t
2.0100» ‘
L g0k
O 1 1 i i 1

-1 01234656
TIME(min)

Fig. |. Time course of NAG-ST action on the [Ca®*]; in rat en-
terocytes. Arrow indicates the time of addition of toxin (16 ng).
The result shown here was the tracing from a representative ex-
periment and similar results were obtained in two other experi-
ments.

3. Results
3.1. Time course of STa action on [Ca”"};

As shown in Fig. 1, treatment of enterocytes with
NAG-ST (16 ng) provoked a rapid increase of
[Ca*");. The [Ca*}; increased as early as 30 s and
became maximal within 1 min of NAG-ST incuba-
tion followed by a sustained phase up to 5 min.
There was a 2-fold rise of [Ca?*]; as compared to
basal value (50+4 nM vs. 1167 nM, P<0.01).
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Fig. 2. Effect of different concentrations of NAG-ST on the
[Ca®*]; in rat enterocytes. Data represent the mean+S.E.M of
three determinations.
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3.2. Effect of different concentrations of NAG-ST on
[Ca”"];

Dose related effects of NAG-ST on [Ca’*]; are
shown in Fig. 2. The [Ca®*]; increased significantly
within 1 min from basal concentrations of 46 + 4 nM
to 64+4 nM, 80+6 nM and 116+5 nM with 8, 12
and 16 ng of NAG-ST respectively, indicating opti-
mal level of [Ca®*}; was achieved with 16 ng of
NAG-ST, which was used in the subsequent study.
However, with increasing concentrations (20, 24 and
32 ng) the [Ca®!]; underwent a gradual decrement
probably due to a toxic effect of the enterotoxin on
the cell.

3.3. Effect of NAG-ST on guanylyl cyclase activity

The effect of NAG-ST on guanylyl cyclase activity
is shown in Fig. 3. The enzyme activity increased as
early as 30 s after NAG-ST treatment and maximum
stimulation was observed after 2 min of NAG-ST
incubation. There was a 5-fold rise of enzyme activ-
ity in the enterotoxin treated cells as compared to
that in control cells (1.46+0.3 vs. 6.93£0.5 pmole
cyclic GMP produced/mg protein, P < 0.001). There-
after, the enzyme activity decreased slightly and
remained greater than the basal value even up to
S min,
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Fig. 3. Time course of NAG-ST action on the guanylyl cyclase
activity in rat enterocytes. Cells werc treated with 16 ng of
NAG-ST for the indicated times. The enzyme activity was as-
sayed as described in Section 2. Data represent the mean * S.E.M
(n=13). @, control; O. NAG-ST treated.
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4. Discussion

V. cholerae non-01 strains are recognized as the
causative agents of gastroenteritis [1]. Proposed vir-
ulence factors of non-01 vibrios include toxins sim-
ilar to cholera toxin [11], ElTor hemolysin [12], Ka-
nagawa hemolysin [13], Shiga like toxin [14], various
cell-associated hemagglutinins [15] and NAG-ST.
NAG-ST closely resembles the heat-stable enterotox-
in (STa) of E. coli with respect to their amino acid
sequences especially at the carboxyl-terminal region
[16]. E. coli STa has been demonstrated to stimulate
the membrane bound guanylyl cyclase activity in rat
enterocytes [4] and cultured human colonic carcino-
ma T84 cells [17]. Increased levels of cyclic GMP
within the cells are hypothesized to lead to enhanced
chloride ion secretion from the intestinal cells. The
rise of cytosolic Ca®* by E. coli STa is evident in rat
enterocytes [5] and has been found to be involved in
initiating the pathophysiological events leading to
fluid accumulation in the suckling mouse model
[18,19].

In the present study, the suckling mouse positive
NAG-ST has also been demonstrated to raise the
intracellular level of Ca®" in rat enterocytes (Fig.
1) and the effects are dose-dependent (Fig. 2). More-
over, there is an enhanced activity of membrane
bound guanylyl cyclase (Fig. 3) and this observation
is conforming to what was found in T84 cells [20]. In
NAG-ST treated enterocytes the time course of
[Ca?*); rise and the activation of membrane bound
guanylyl cyclase occur in the same time frame, sug-
gesting [Ca®*}; might be consonant with the signal
transduction mechanism associated with intracellular
cyclic GMP accumulation resulting in fluid loss and
subsequent diarrhea.
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