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Cholera toxin (CT) moves from the cell surface to the endoplasmic reticulum (ER) by retrograde vesicular
transport. The catalytic A1 polypeptide of CT (CTA1) then crosses the ER membrane, enters the cytosol,
ADP-ribosylates the stimulatory � subunit of the heterotrimeric G protein (Gs�) at the cytoplasmic face of the
plasma membrane, and activates adenylate cyclase. The cytosolic pool of CTA1 may reach the plasma mem-
brane and its Gs� target by traveling on anterograde-directed transport vesicles. We examined this possibility
with the use of a plasmid-based transfection system that directed newly synthesized CTA1 to either the ER
lumen or the cytosol of CHO cells. Such a system allowed us to bypass the CT retrograde trafficking itinerary
from the cell surface to the ER. Previous work has shown that the ER-localized pool of CTA1 is rapidly
exported from the ER to the cytosol. Expression of CTA1 in either the ER or the cytosol led to the activation
of Gs�, and Gs� activation was not inhibited in transfected cells exposed to drugs that inhibit vesicular traffic.
Thus, anterograde transport from the ER to the plasma membrane is not required for the cytotoxic action of
CTA1.

Vibrio cholerae produces cholera toxin (CT), a protein that
induces the life-threatening diarrhea characteristic of cholera.
CT ADP-ribosylates and irreversibly activates the stimulatory
�-subunit of the heterotrimeric G protein (Gs�) at the cyto-
plasmic face of the plasma membrane. Activated Gs� stimu-
lates adenylate cyclase activity, and the subsequent increase in
intracellular adenosine-3�,5�-monophosphate (cAMP) triggers
chloride efflux from intoxicated intestinal epithelial cells. Di-
arrhea results from the osmotic movement of water that fol-
lows chloride efflux into the intestinal lumen (reviewed in ref-
erence 35).

CT is an AB5-type protein toxin with a catalytic A subunit
and a cell-binding B subunit (reviewed in reference 9). Pro-
teolytic nicking of the A subunit at arginine 192 generates
separate N-terminal A1 and C-terminal A2 fragments that
remain linked by a disulfide bond between the cysteine resi-
dues at positions 187 and 199 in CTA. Catalytic activity resides
in the CTA1 polypeptide, while the CTA2 polypeptide links
CTA1 to CTB and stabilizes the holotoxin. The B subunit of
CT is organized as a homopentameric ring-like structure that
binds to GM1 gangliosides on the eukaryotic plasma mem-
brane. Binding to GM1 gangliosides triggers toxin internaliza-
tion from the cell surface through a caveolae or caveolae-like
endocytic mechanism (1, 6, 30, 43). The active pool of inter-
nalized toxin subsequently moves from the endosomes to the
Golgi and travels to the endoplasmic reticulum (ER) by ret-
rograde vesicular transport (6, 15, 17, 22, 24, 26, 29). Reduc-

tion of the CTA1-CTA2 disulfide bond occurs in the ER, and
a redox-dependent chaperone known as protein disulfide
isomerase (PDI) catalyzes the release of CTA1 from CTA2/
CTB5 (28, 40). The released CTA1 polypeptide then crosses
the ER membrane, enters the cytosol, and initiates the major
toxic effects of CT.

Previous work has examined the trafficking of CT from the
cell surface to the ER, the movement of CTA1 from the ER to
the cytosol, and the interactions between CTA1 and Gs� (re-
viewed in references 19, 21, and 35). However, the mechanism
by which the cytosolic pool of CTA1 reaches its Gs� target
remains unknown. One possibility is that CTA1 simply diffuses
through the cytosol to the plasma membrane, where Gs� is
located. Another possibility is that CTA1 associates with the
cytoplasmic face of the endomembrane system (either ER or
Golgi membranes) after it enters the cytosol and travels on the
cytoplasmic face of anterograde-directed transport vesicles in
order to reach Gs� at the plasma membrane (9, 12, 19). As-
sociation with the ER or Golgi membrane could be facilitated
by (i) direct insertion of the CTA1 polypeptide into the cyto-
solic leaflet of the ER membrane (7); (ii) interactions between
CTA1 and a membrane-associated protein such as ARF1 (25);
or (iii) continued tethering of CTA1 to the CT holotoxin via a
membrane-spanning interaction with the lumenally oriented
CTA2/CTB5 portion of the toxin (16, 20). The possibility of a
restricted cytosolic distribution for CTA1 (i.e., membrane as-
sociation) was also inferred from the limited number of pro-
teins ADP-ribosylated by CT in vivo compared to the larger
number of proteins ADP-ribosylated by CT in vitro (42). Fur-
thermore, a 15°C temperature block imposed 25 to 30 min
after the addition of CT to cultures of T84 cells inhibited toxin
activity but not the dissociation of CTA1 from CTA2/CTB5 in
the ER lumen (17, 18). Since vesicular transport from the ER
to the Golgi is blocked at 15°C (32), this result suggested that
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the pool of free CTA1 requires anterograde vesicular traffick-
ing in order to access its Gs� target. The intoxication process
would thus involve retrograde vesicular trafficking of CT from
the plasma membrane to the ER and then anterograde traf-
ficking of cytosolic CTA1 from the ER to the cytoplasmic face
of the plasma membrane where Gs� resides. A similar traf-
ficking pathway has also been discussed for pertussis toxin, an
AB-type protein toxin that enters the cytosol after retrograde
trafficking to the ER and ADP-ribosylates the inhibitory G� at
the cytoplasmic face of the plasma membrane (44, 45).

Technical limitations have made it difficult to evaluate di-
rectly the possible role of anterograde transport in the delivery
of CTA1 from the ER to its target in intoxicated cells. Com-
mon methods for detecting CTA1 activity in the cytosol—
elevated levels of intracellular cAMP, morphological changes
to Y1 or CHO cultured cells, chloride efflux from polarized
epithelial cells, and fluid accumulation in ileal loops—involve
the addition of CT to the extracellular medium. With these
methods, CT must undergo a series of retrograde vesicular
trafficking events before the CTA1 polypeptide can cross the
ER membrane and enter the cytosol. Disruptions to retrograde
transport therefore inhibit the cellular response to exogenously
added CT (15, 17, 22, 24, 26, 29). Unfortunately, disruptions to
anterograde transport often have a corresponding inhibitory
effect on retrograde transport. Any block of CTA1 anterograde
transport could therefore inhibit CT retrograde transport as
well. Experiments that use exogenously added CT to study
CTA1 trafficking from the ER to the plasma membrane thus
suffer from problems in reciprocity of anterograde-retrograde
trafficking blocks.

Our investigators recently described a plasmid-based trans-
fection system that allows direct delivery of newly synthesized
CTA1 into the ER lumen of cultured cells (38). Biochemical
methods demonstrated that the entire pool of newly synthe-
sized CTA1 was cotranslationally inserted into the ER lumen
(38). With this system, our group found that the ER-localized
pool of CTA1 was rapidly exported from the ER to the cytosol
and was degraded in the cytosol by a proteosome-dependent
mechanism. However, our previous work was conducted with
an enzymatically inactive CTA1 construct that contained as-
partate-for-glutamate substitutions at residues 110 and 112 in
the CTA1 active site and a C-terminal CVIM farnesylation
consensus sequence. In this study we examined the conse-
quences of delivering active forms of CTA1 into either the ER
lumen or the cytosol of cultured CHO cells. CTA1 elicited a
cAMP response from transfected cells when expressed in ei-
ther the ER or the cytosol. Since this transfection-cAMP assay
does not involve retrograde trafficking of CT from the cell
surface to the ER, we were able to examine directly the puta-
tive role of anterograde vesicular transport in CTA1 activity.
As disruption of anterograde transport did not alter the cellu-
lar response to CTA1 expression in either the ER or the
cytosol, our results indicate that a functional secretory pathway
is not required for the cytosolic pool of CTA1 to interact with
its Gs� target.

MATERIALS AND METHODS

Materials. Chemicals, protein A-Sepharose, and protein G-agarose were pur-
chased from Sigma-Aldrich (St. Louis, Mo.). Cell culture reagents were from
Gibco BRL (Grand Island, N.Y.), while Lipofectamine was from Invitrogen

(Carlsbad, Calif.). Monoclonal and polyclonal antibodies to CTA were produced
in this lab (10, 11), the anti-�1-antitrypsin (�1AT) antibody was from DAKO
(Carpinteria, Calif.), the anti-PDI antibody was from Stressgen (San Diego,
Calif.), and the secondary antibodies were from Jackson ImmunoResearch Lab-
oratories (West Grove, Pa.). Immobilized antibodies were generated by a 4°C
overnight incubation with 50 mg of protein G-agarose (anti-CTA antibody) or
100 mg of protein A-Sepharose (anti-�1AT antibody) in 1 ml of phosphate-
buffered saline supplemented with 0.1% bovine serum albumin. [35S]methionine
was purchased from NEN Life Sciences (Boston, Mass.). The [125I]cAMP Bio-
trak competition assay kit was from Amersham-Pharmacia (Arlington Heights,
Ill.). The Chinese hamster ovary (CHO) fibroblasts used in this study are auxo-
trophic for proline and were provided by Henry Wu (Uniformed Services Uni-
versity of the Health Sciences, Bethesda, Md.). A. A. McCracken (University of
Nevada, Reno) kindly provided the pSV7/�1AT-M plasmid.

CTA1 expression constructs. The constructs used in this study are derivatives
of pcDNA3.1/CTA1-CVIM, a previously described plasmid that uses a synthetic
Kozak sequence in front of the native CTA signal sequence (denoted by ss) to
drive the expression of a CTA1 variant with a C-terminal CVIM tag (38). The
CVIM-tagged CTA1 variant was replaced with the native CTA1 sequence by
cloning an XbaI-PstI fragment from a PCR product using a reverse primer
(CCCTGCAGTCATTATCTTGGAGCATTCCCAC) that adds two stop codons
and a PstI site (underlined) immediately after the arg-192 codon. Clones of
wild-type or enzymatically inactive (E110D and E112D substitutions, denoted by
dd) CTA variants were used as PCR templates to produce pcDNA3.1/ssCTA1
and pcDNA3.1/ddCTA1, respectively. pcDNA3.1/mCTA1 was generated in a
similar manner: the E110D and E112D substitutions and CVIM tag in a
ddCTA1-CVIM variant lacking the CTA signal sequence (39) were replaced with
wild-type CTA1 sequences. All constructs were verified by DNA sequencing.

Cell culture and transfection. CHO cells were maintained in Ham’s F-12
medium supplemented with 10% fetal bovine serum. Growth conditions were at
37°C and 5% CO2 in a humidified incubator. For transient transfections,
pcDNA3.1 expression plasmids (Invitrogen) containing our recombinant con-
structs were mixed with Lipofectamine as per the manufacturer’s instructions.
The mixtures were then added for 3 h to cells that had been seeded in six-well
plates at 75% confluency 16 to 24 h before transfection. For immunofluorescence
experiments, cells to be transfected were seeded at 25% confluency directly onto
coverslips. Transfected cells were utilized at 2 to 4 h posttransfection (cAMP
assays) or 24 h posttransfection (immunofluorescence and metabolic labeling).

Immunofluorescence. Transfected cells were fixed with a 20-min incubation in
3.7% formaldehyde and permeabilized with a 2-min incubation in ice-cold meth-
anol. Monoclonal anti-CTA and rabbit polyclonal anti-PDI antibodies were then
added for 1 h. After an additional 30-min incubation with fluorescein isothio-
cyanate-conjugated goat anti-mouse immunoglobulin G (IgG) and rhodamine-
conjugated donkey anti-rabbit IgG antibodies, the intracellular distributions of
CTA1 and PDI were visualized with a Nikon Eclipse TE200 microscope
(Melville, N.Y.) and a 63� objective.

cAMP assay. Transfected cells were solubilized in 0.75 ml of acidic ethanol (1
N HCl–EtOH at a 1:100 ratio) for 15 min at 4°C. The supernatant was then
collected after a 10-min 4°C spin, and a second extraction with 0.75 ml of an
ice-cold ethanol-H2O solution at a 2:11 ratio was performed on the remaining
cell pellet. Supernatants from both extractions were combined and lyophilized
overnight. cAMP levels in the lyophilized extracts were then quantitated with a
[125I]cAMP competition assay. Background cAMP levels from cells transfected
with the empty pcDNA3.1 vector (typically 800 to 1,000 fmol of cAMP/well) were
subtracted from the values obtained for our experimental conditions.

Metabolic labeling and immunoprecipitation. Cells transfected with a plasmid
encoding the wild-type variant of �1-antitrypsin (�1AT-M) were bathed in me-
thionine-free medium for 1 h, incubated with 0.5 ml of a 40-�Ci/ml solution of
[35S]methionine for 30 min, and returned to serum-free medium containing 0.5
mg of methionine/ml for 0 or 90 min of chase. At min 0 of chase, cell extracts
were generated by solubilization in 1 ml of lysis buffer (25 mM Tris [pH 7.4], 20
mM NaCl, 1% deoxycholic acid, 1% Triton X-100, 1 mM phenylmethylsulfonyl
fluoride, 1 �g of pepstatin/ml, and 1 �g of leupeptin/ml) for 20 min at 4°C.
Insoluble debris was subsequently removed by centrifugation. At 90 min of chase,
the extracellular medium was collected and centrifuged to remove any cells that
might have detached from the substratum. Both cell extracts and extracellular
media were mixed with immobilized anti-�1AT antibodies for an overnight
incubation. The bound material was then washed multiple times with 150 mM
NaCl in NDET (1% NP-40, 0.4% deoxycholic acid, 5 mM EDTA, 10 mM Tris;
pH 7.4) and resuspended in sample buffer. A PhosphorImager (Bio-Rad, Her-
cules, Calif.) was used to visualize and quantitate the immunoprecipitated pools
of �1AT-M that were resolved by sodium dodecyl sulfate–9% polyacrylamide gel
electrophoresis (SDS-PAGE). For quantitation, the secreted pools of �1AT-M
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FIG. 1. Intracellular distribution of ddCTA1, ssCTA1, and mCTA1. CHO cells were transiently transfected with pcDNA3.1/ddCTA1 (A and
B), pcDNA3.1/ssCTA1 (C and D), or pcDNA3.1/mCTA1 (E and F). At 24 h posttransfection the cells were fixed, permeabilized, and exposed to
a mixture of mouse anti-CTA and rabbit anti-PDI antibodies for 1 h. The cells were then incubated with fluorescein isothiocyanate-conjugated goat
anti-mouse IgG and rhodamine-conjugated donkey anti-rabbit IgG antibodies for 30 min. Expression patterns of the CTA1 constructs are shown
in panels A, C, and E; the distribution of PDI, a resident ER enzyme, is shown in panels B, D, and F. Arrowheads in panels A and C denote CTA1
labeling of the nuclear envelope, which is physically contiguous with the ER. The arrow in panel C marks a cell with the elongated and bipolar
morphology characteristic of CT-intoxicated CHO cells.
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were expressed as percentages of the �1AT-M values obtained from the pulse-
labeled cells.

Cells transfected with plasmids encoding ssCTA1 or mCTA1 were preincu-
bated in methionine-free medium for 1 h, incubated with 0.5 ml of a 150-�Ci/ml
solution of [35S]methionine for 1 h, and returned to serum-free medium con-
taining 0.5 mg of methionine/ml, 20 mM HEPES (pH 7.4), and 14 mM NaHCO3

for 0, 1, 2, or 3 h of chase. The preincubation and metabolic labeling were
conducted at 37°C; the chase was performed at 15 or 37°C as indicated. Anti-
CTA immunoprecipitations from cell extracts generated after each chase point
were processed as described above, except SDS–15% PAGE was used for sample
electrophoresis. Results for the chase intervals were expressed as percentages of
the values obtained from the pulse-labeled cells.

RESULTS

Distribution of the CTA1 constructs. To examine the possi-
ble role of anterograde vesicular transport in the trafficking of
cytosolic CTA1, we placed the coding sequence of the CTA1
polypeptide in the pcDNA3.1 eukaryotic expression vector.
Three variants of this construct were made: (i) pcDNA3.1/
ssCTA1 included the coding region for the CTA signal se-
quence immediately upstream of the CTA1 coding sequence;
(ii) pcDNA3.1/ddCTA1 was identical to pcDNA3.1/ssCTA1
with the exceptions of codons that replaced glutamate with
aspartate at residues 110 and 112 in the CTA1 active site, thus
rendering the expressed ddCTA1 polypeptide enzymatically
inactive (11); and (iii) pcDNA3.1/mCTA1 contained the active,
mature CTA1 coding sequence without an upstream signal
sequence. In eukaryotic cells the CTA signal sequence acts as
a targeting motif for cotranslational insertion of CTA1 into the
ER, and it is proteolytically removed in the ER lumen to
generate the mature form of the CTA1 polypeptide (33, 38).
Our investigators have previously used biochemical methods to
confirm that the CTA signal sequence directs the entire pool of
newly synthesized CTA1 into the ER lumen (38). Thus, newly
synthesized ssCTA1 and ddCTA1 will be directed into the ER,
while newly synthesized mCTA1 will be present in the cytosol.

The predicted distributions of ddCTA1, ssCTA1, and
mCTA1 were confirmed by indirect immunofluorescence mi-
croscopy (Fig. 1). We found that ddCTA1 and ssCTA1 pro-
duced branching, tubularized staining patterns that colocalized
with the endogenous ER chaperone PDI (Fig. 1A to D). The
ssCTA1 staining pattern was more vesicular in nature than the
ddCTA1 staining pattern, which may reflect different cellular
responses to the presence of active versus inactive CTA1. La-
beling of the nuclear envelope, which is physically contiguous
with the ER (Fig. 1A and C) was clearly visible in both the
ddCTA1 and ssCTA1 staining patterns. mCTA1 did not colo-
calize with PDI but instead produced a diffuse and unstruc-
tured staining pattern that included labeling of both the cytosol
and the nucleus (Fig. 1E and F). As proteins smaller than 60
kDa can pass through the nuclear pore complex, it was not
surprising that the 21-kDa mCTA1 polypeptide appeared to be
present in both the cytoplasm and the nucleoplasm (Fig. 1E).
Our results indicated that ddCTA1 and ssCTA1 were located
in the ER, whereas mCTA1 was distributed throughout the
cytoplasm and likely the nucleoplasm as well.

Most of the cells transfected with pcDNA3.1/ssCTA1 or
pcDNA3.1/mCTA1 exhibited an elongated and bipolar mor-
phology (Fig. 1C) that made it difficult to resolve the structure
of the ER. The morphology of the cells presented in Fig. 1C to
F is thus atypical for the populations of transfected cells ex-

pressing ssCTA1 or mCTA1. These atypical cells produced
weak CTA1 immunofluorescent signals but were chosen for
presentation in order to clearly visualize the structure of the
ER. Very few cells expressing ddCTA1 produced the altered
cell shape commonly seen in cells expressing ssCTA1 or
mCTA1. Since CHO cells exhibit an elongated and bipolar
morphology after exposure to exogenously added CT (8), these
results indicated that ssCTA1 and mCTA1, but not ddCTA1,
were enzymatically active in transfected CHO cells. It is likely
that the few cells with weak CTA1 immunofluorescent signals
and normal cellular morphologies did not express a sufficiently
high amount of CTA1 (and cAMP) to trigger the all-or-noth-
ing morphological response to CTA1.

Enzymatic activity of the CTA1 constructs. To further assess
the cytotoxic activities of our CTA1 constructs, a [125I]cAMP
competition assay was used to measure cAMP levels in cells
transfected with 1 �g of the empty parent vector, 1 �g of
pcDNA3.1/ddCTA1, 0.5 or 1 �g of pcDNA3.1/ssCTA1, and 0.5
or 1 �g of pcDNA3.1/mCTA1 (Fig. 2). Transfection consisted
of a 3-h incubation with a mixture of plasmid DNA and Lipo-
fectamine. Intracellular cAMP levels were then quantitated at
2 and 4 h of posttransfection chase. Cells transfected with
either pcDNA3.1/ssCTA1 or pcDNA3.1/mCTA1 produced sig-
nificantly more cAMP than cells transfected with the empty
parent vector. In contrast, cells transfected with pcDNA3.1/
ddCTA1 did not produce much more cAMP than cells trans-
fected with the empty parent vector. The extent of the cAMP
response from cells transfected with either pcDNA3.1/ssCTA1
or pcDNA3.1/mCTA1 was dependent upon both the initial
plasmid concentration and the time of posttransfection chase.
We also found that a 16-h chase with pcDNA3.1/ssCTA1- or
pcDNA3.1/mCTA1-transfected cells resulted in two- to four-
fold-higher levels of intracellular cAMP than observed after
4 h of chase (data not shown), indicating that the cAMP re-
sponse of transfected cells was not yet maximal after just 4 h of

FIG. 2. In vivo activity of ddCTA1, ssCTA1, and mCTA1. CHO
cells seeded to 75% confluency in six-well plates were exposed to a
mixture of plasmid DNA and Lipofectamine for 3 h and were then
chased for 2 h (white bars) or 4 h (gray bars). Plasmid DNA consisted
of 1 �g of pcDNA3.1 (empty vector), 1 �g of pcDNA3.1/ddCTA1, 0.5
or 1 �g of pcDNA3.1/ssCTA1, or 0.5 or 1 �g of pcDNA3.1/mCTA1.
Cell extracts generated at the end of the chase were assayed for cAMP
content in a [125I]cAMP competition assay. Background or endoge-
nous levels of cAMP from cells transfected with the empty vector (800
to 1,000 fmol of cAMP/well) were subtracted from the other results.
Data are presented as averages � standard errors of the means of four
independent experiments with duplicate samples.
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chase. In addition, untransfected cells exposed to 10 ng of
exogenously added CT produced more cAMP than cells trans-
fected with either pcDNA3.1/ssCTA1 or pcDNA3.1/mCTA1
(see Fig. 4, below). This result further indicated that our sys-
tem had not reached saturation at 4 h of posttransfection
chase.

Drug effects on vesicular traffic and CTA1 activity. To de-
termine whether anterograde vesicular trafficking was required
for the in vivo activity of CTA1, we repeated our transfection-
cAMP assay with cells exposed to caffeine, monensin, ilima-
quinone (IQ), or brefeldin A (BfA)—four drugs that inhibit
anterograde transport at various stages of the secretory path-
way. Caffeine inhibits post-Golgi secretory traffic by an unde-
fined, temperature-dependent mechanism (14); monensin is a
carboxylic ionophore that disrupts transport in the Golgi ap-
paratus (37); IQ prevents the formation of transport vesicles
from the Golgi membrane and blocks secretory traffic at a site
between the ER and medial Golgi (36); and BfA blocks vesic-
ular transport from the ER and induces the assimilation of the
Golgi apparatus into the ER (13). Drug effects on the cytotoxic
activity of exogenously applied CT were also assessed.

The impacts of caffeine, monensin, IQ, and BfA on antero-
grade transport were initially confirmed by monitoring the
drug-induced inhibition of �1AT-M secretion. �1AT-M is a
soluble glycoprotein that is secreted with a t1/2 of �60 min (23).
CHO cells transiently transfected with an �1AT-M expression
plasmid were metabolically labeled for 30 min and then chased
for 0 or 90 min. The amount of �1AT-M immunoprecipitated
from the extracellular medium at 90 min of chase was then
divided by the amount of �1AT-M immunoprecipitated from
the cell extracts at 0 min of chase to determine the extent of
�1AT-M secretion. Following published methodologies (refer-
ences 13, 14, 36, and 37 and references therein), drug treat-
ments were initiated during the preincubation (10 mM caf-
feine), metabolic labeling (10 �M IQ and 1 �g BfA/ml), or
chase (10 �M monensin). The differential timing of inhibitor
addition reflects the time course required for optimum drug
effects. Untreated CHO cells released 94% of pulse-labeled
�1AT-M after 90 min of chase, but over the same time period
caffeine-treated cells only released 44% of pulse-labeled
�1AT-M; monensin-treated cells released 22% of pulse-la-
beled �1AT-M; IQ treated cells released 16% of pulse-labeled
�1AT-M; and BfA-treated cells released 1% of pulse-labeled
�1AT-M (Fig. 3). The higher apparent molecular mass of the
chase samples, in comparison to the pulse samples, was due to
the addition of N-linked oligosaccharides to �1AT-M during
transit through the Golgi apparatus. Exposure to caffeine, mo-
nensin, IQ, or BfA thus led to a significant inhibition of secre-
tory transport.

An inhibition of cAMP production in cells transfected with
pcDNA3.1/ssCTA1 or pcDNA3.1/mCTA1 and subjected to
drug-induced blocks of secretory transport would indicate a
requirement for anterograde trafficking for the intracellular
activity of CTA1. In contrast, our results showed that drug-
induced blocks to secretory transport did not affect the cAMP
response of cells transfected with either pcDNA3.1/ssCTA1 or
pcDNA3.1/mCTA1 (Fig. 4).

Cells transfected with pcDNA3.1/ssCTA1 or pcDNA3.1/
mCTA1 and treated with caffeine produced a stronger cAMP
response than the untreated, transfected control cells (Fig.

4A). Cells incubated with 10 mM caffeine throughout the post-
transfection chase produced 152% (ssCTA1) or 138%
(mCTA1) of the cAMP response recorded for the control cells.
Caffeine-induced sensitization to CTA1 was also observed in
cells exposed to exogenously added CT: cells exposed to both
CT and caffeine produced 161% of the cAMP response re-
corded for cells exposed to just CT. Sensitization was likely due
to the inhibitory action of caffeine on cAMP phosphodiester-
ase activity. Note, however, that a stimulatory effect arising
from caffeine’s action as a cAMP phosphodiesterase inhibitor
would only be observed if the caffeine-induced inhibition of
secretory transport did not prevent the interaction between
CTA1 and Gs�. Efficient post-Golgi vesicular transport was
therefore unnecessary for the in vivo activity of CTA1.

Cells transfected with pcDNA3.1/ssCTA1 or pcDNA3.1/
mCTA1 and treated with monensin generated a cAMP re-
sponse similar to that observed in the untreated, transfected
control cells (Fig. 4B). Cells treated with 10 �M monensin
produced 120% (ssCTA1) or 108% (mCTA1) of the cAMP
response recorded for the control cells. Monensin treatment
resulted in a slightly greater level of sensitization to exog-
enously applied CT than to the transfected CTA1 constructs
(149% of the untreated cAMP response to CT versus 108 to
120% of the untreated cAMP response for transfected CTA1).
Sensitization to CT likely resulted from enhanced toxin traf-
ficking from the cell surface to the ER, because the same level
of sensitization was not seen when retrograde trafficking was
bypassed by direct expression of CTA1 in either the ER lumen
or the cytosol. Thus, monensin had a dual effect of inhibiting
anterograde transport to the cell surface while enhancing ret-
rograde transport from the cell surface to the ER. Since mo-
nensin stimulated CT activity and had no substantial effect on

FIG. 3. Effect of caffeine, monensin, IQ, and BfA on the secretion
of �1AT-M. Transfected CHO cells were preincubated in methionine-
free medium for 1 h, labeled with 40 �Ci of [35S]methionine for 30
min, and chased in serum-free medium containing 0.5 mg of methio-
nine/ml for 0 or 90 min. Drug treatments were initiated during the
preincubation (10 mM caffeine), metabolic labeling (10 �M IQ and 1
�g BfA/ml), or chase (10 �M monensin). Immunoprecipitates from
the pulse-labeled cell extracts (p) and extracellular medium after 90
min of chase (c) were visualized and quantitated by SDS-PAGE with
PhosphorImager analysis. One of three independent experiments is
presented in the gel; the graph represents the averages � standard
errors of the means of all three experiments.

6830 TETER ET AL. INFECT. IMMUN.



FIG. 4. Effect of caffeine, monensin, IQ, and BfA on the in vivo activity of CTA1. CHO cells exposed to a mixture of plasmid DNA and
Lipofectamine for 3 h and were chased for 4 h in the absence (white bars) or presence (gray bars) of 10 mM caffeine (A), 10 �M monensin (B),
10 �M IQ (C), or 1 �g of BfA/ml (D). Plasmid DNA consisted of 1 �g of pcDNA3.1 (empty vector), 1 �g of pcDNA3.1/ssCTA1, or 1 �g of
pcDNA3.1/mCTA1. In parallel experiments, untransfected CHO cells preincubated for 3 h in the absence (white bars) or presence (gray bars) of
10 mM caffeine (A), 10 �M monensin (B), 25 �M IQ (C), or 1 �g of BfA/ml (D) were subsequently exposed to 10 ng of CT/ml for 4 h in the
continued presence or absence of drug. Cell extracts generated at the end of the chase were assayed for cAMP content with the use of a [125I]cAMP
competition assay. Background or endogenous levels of cAMP from cells transfected with an empty vector were subtracted from the other results.
Data in the left panels show cAMP responses and are presented as averages � standard errors of the means (SEMs) of at least four independent
experiments with duplicate samples. Data in the right panels show the cAMP responses (averages � SEMs) in drug-treated cells as percentages
of the responses in untreated cells.
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the activity of transfected CTA1, anterograde transport
through the Golgi apparatus was apparently unnecessary for
the in vivo activity of CTA1.

IQ treatment did not affect the cAMP response of cells
transfected with either pcDNA3.1/ssCTA1 or pcDNA3.1/
mCTA1 (Fig. 4C). Cells incubated with 10 �M IQ throughout
the posttransfection chase generated 98% (ssCTA1) or 102%
(mCTA1) of the cAMP response observed for the untreated,
transfected control cells. Surprisingly, IQ treatment failed to
diminish the cellular response to exogenously added CT and
instead generated a mild stimulatory effect on toxicity (124%
of the untreated cAMP response to CT). Previous work has
shown that IQ induces a block of retrograde transport from the
Golgi to the ER and therefore inhibits the cytotoxic activities
of ER-translocating toxins such as ricin, Haemophilus ducreyi
cytolethal distending toxin, Pseudomonas aeruginosa exotoxin
A, and the Shiga-like toxins (3, 27, 36). We confirmed that IQ
had an inhibitory effect on ricin intoxication of CHO cells (data
not shown). CT can therefore travel from the cell surface to the
ER by a retrograde transport pathway that is not inhibited by
IQ. Since CT moves from the cell surface to the Golgi (6),
these findings suggest that the Golgi-to-ER trafficking of CT
occurs by a mechanism that is distinct from that used by ricin
and the other ER-translocating toxins mentioned above.

Exposure to BfA did not inhibit the cAMP response of cells
transfected with either pcDNA3.1/ssCTA1 or pcDNA3.1/
mCTA1 (Fig. 4D). Cells treated with 1 �g of BfA/ml through-
out the posttransfection chase produced 102% (ssCTA1) or
106% (mCTA1) of the cAMP response recorded for the un-
treated, transfected control cells. In separate experiments, 1 �g

of BfA/ml was present during the transfection and was then
removed or kept for the duration of the chase. This protocol
lowered the extent of the cAMP response in all transfected
cells (most likely due to a lower transfection efficiency in the
presence of BfA) but did not produce any substantial differ-
ences between cells chased in the absence or presence of BfA.
The inhibitory effect of BfA on exogenously applied CT con-
firmed the efficacy of our BfA treatment. An intact Golgi
apparatus and functioning secretory pathway were therefore
unnecessary for the in vivo activity of CTA1.

Temperature-dependent degradation of CTA1 constructs.
The cAMP response elicited by ssCTA1 and mCTA1 in drug-
treated cells indicated that anterograde secretory transport was
not required for CTA1 activity. This result seemed to conflict
with the observation that a 15°C incubation will block both
anterograde vesicular trafficking and the in vivo activity of the
free CTA1 polypeptide (17, 18, 32). However, it was possible
that the 15°C block of CTA1 activity did not result from an
inhibition of vesicular transport but was instead due to the
inhibition of CTA1 export from the ER to the cytosol. We
were unable to test this possibility with our transfection-cAMP
assay because the synthesis of ssCTA1 and mCTA1 was se-
verely inhibited at 15°C. Instead, as an alternative approach to
examine whether CTA1 export from the ER to the cytosol was
blocked at 15°C, we determined the half-lives of ssCTA1 and
mCTA1 in cells incubated at either 15 or 37°C (Fig. 5). An
inhibition of protein export from the ER to the cytosol would
extend the half-life of ssCTA1, but not mCTA1, since proteo-
somal activity in the cytosol is required for the efficient degra-
dation of CTA1 (38).

FIG. 5. Temperature-dependent degradation of ssCTA1 and mCTA1. CHO cells transfected with pcDNA3.1/ssCTA1 (A) or pcDNA3.1/
mCTA1 (B) were preincubated for 1 h at 37°C in methionine-free medium and then exposed to 0.5 ml of a 150-�Ci/ml solution of [35S]methionine
for an additional hour at 37°C. Labeled cells were chased at 15°C (squares) or 37°C (circles) in serum-free medium containing 0.5 mg of
methionine/ml, 20 mM HEPES (pH 7.4), and 14 mM NaHCO3. Anti-CTA immunoprecipitates from cell extracts generated at 0, 1, 2, or 3 h of
chase were visualized and quantitated by SDS-PAGE with PhosphorImager analysis. One of four independent experiments is presented in the gel;
the graph represents the averages � standard errors of the means of all four experiments.
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CHO cells transiently transfected with pcDNA3.1/ssCTA1
or pcDNA3.1/mCTA1 were metabolically labeled at 37°C and
chased for 0, 1, 2, or 3 h at either 15 or 37°C. Cell extracts
generated after each chase point were subjected to anti-CTA
immunoprecipitation, and the immuno-isolated samples were
subsequently visualized and quantitated by SDS-PAGE with
PhosphorImager analysis. We found that, in comparison to the
37°C chase, a 15°C chase significantly inhibited the turnover of
ssCTA1 (Fig. 5A) but had only a minor effect on the degrada-
tion of mCTA1 (Fig. 5B). The efficient turnover of mCTA1 at
15°C indicated that proteosome activity was not inhibited at
15°C. Thus, the block of ssCTA1 degradation at 15°C was most
likely due to an inhibition of ssCTA1 export from the ER to
the cytosol. The inability of CTA1 to enter the cytosol at 15°C
would also account for its lack of cytotoxic activity at 15°C.

DISCUSSION

Plasmid-borne expression of CTA1 in either the ER or the
cytosol of transfected cells generated elevated levels of intra-
cellular cAMP. The ADP-ribosyltransferase activity of CTA1
was required to generate a cAMP response, as cells expressing
the enzymatically inactive ddCTA1 construct did not produce
much more than background levels of cAMP. However, the
cAMP response to recombinant CTA1 (either ssCTA1 or
mCTA1) never reached the level seen with exogenously ap-
plied CT. There are at least two reasons for this observation:
(i) the exogenous addition of CT to a cell monolayer will
expose the entire population of cells to toxin, whereas only a
subpopulation of the cell monolayer will express CTA1 after
transfection with the pcDNA3.1/CTA1 constructs; and (ii) cells
transfected with the pcDNA3.1/CTA1 constructs do not ex-
press a maximal amount of CTA1 after just 4 h of posttrans-
fection chase. These points are demonstrated in Fig. 2, which
shows that the extent of cAMP production in transfected cells
is dependent upon both the plasmid concentration (i.e., trans-
fection efficiency) and the length of the posttransfection chase
(i.e., time allowed for CTA1 synthesis). Thus, cell monolayers
bathed in CT-containing medium will likely contain a greater
level of cytosolic CTA1 and generate a greater cAMP response
than cell monolayers transfected with pcDNA3.1/CTA1 con-
structs. Although CT intoxication produced a greater cAMP
signal than CTA1 transfection, our transfection system yielded
a reproducible and readily detectable cAMP response that was
amenable to experimental manipulation as discussed below.

We were unable to directly compare the amount of cytosolic
CTA1 in transfected versus intoxicated cells because the
amount of CTA1 synthesized during 4 h of posttransfection
chase was below the threshold for detection by metabolic la-
beling and immunoprecipitation. However, it should be noted
that direct comparisons were not made between transfected
and intoxicated cells in terms of the raw cAMP responses
presented in the left panels of Fig. 4. Results under each
condition (intoxication and transfection) were standardized
internally by expressing the cAMP responses in drug-treated
cells as percentages of the responses in untreated cells (right
panels in Fig. 4). Only these standardized responses were used
to make relative comparisons between transfected and intoxi-
cated cells.

An emerging concept regarding CT trafficking proposes that

CTB acts as a targeting vehicle for the delivery of CTA1 to the
ER (1, 6, 43). With this model, CTB binding to GM1 ganglio-
sides in lipid rafts on the plasma membrane results in move-
ment of the bound toxin to the ER by retrograde vesicular
traffic. Toxin disassembly then occurs in the ER, allowing the
free CTA1 polypeptide to cross the ER membrane and enter
the cytosol. This model predicts that CTA1 will be able to cross
the ER membrane when delivered to the ER by a CTB-inde-
pendent mechanism and that CTA1 will be enzymatically ac-
tive when delivered to the ER or the cytosol by a CTB-inde-
pendent mechanism. Results with our plasmid-borne CTA1
expression system were consistent with the proposal of CTB as
an ER-targeting vehicle, since CTA1 expression in either the
ER or the cytosol led to Gs� activation without the need for a
prior interaction with CTB. Similar observations regarding
toxin export from the ER to the cytosol and toxin activity in the
cytosol have been made when the A chain of the AB-toxin ricin
was expressed in the ER of either transfected yeast (34) or
transfected tobacco cells (4) and when the catalytic S1 subunit
of pertussis toxin was expressed in the ER or cytosol of trans-
fected cultured cells (2, 41). The function of toxin B subunits as
ER-targeting devices appears, therefore, to be a common
theme in the intoxication process of ER-translocating toxins.

It has been proposed that the cytosolic pool of CTA1
reaches its Gs� target at the cytoplasmic face of the plasma
membrane by traveling on anterograde-directed transport ves-
icles (9, 12, 19). To further examine this possibility, we con-
ducted our transfection-cAMP assay on cells exposed to caf-
feine, monensin, IQ, or BfA—four drugs that block
anterograde transport at different stages of the secretory path-
way. An inhibition of CTA1 activity in cells with drug-induced
blocks to secretory transport would provide supporting evi-
dence for the role of anterograde transport in the intracellular
activity of CTA1. In contrast, we found that none of the afore-
mentioned drugs inhibited the cAMP response of cells trans-
fected with pcDNA3.1/ssCTA1 or pcDNA3.1/mCTA1. Caf-
feine treatment resulted in a partial inhibition of �1AT-M
secretion but did not inhibit the activity of CT, ssCTA1, or
mCTA1. Likewise, the strong inhibition of �1AT-M secretion
in monensin- or IQ-treated cells did not correspond to an
inhibitory effect on CT, ssCTA1, or mCTA1. Finally, exposure
to BfA resulted in an essentially complete inhibition of
�1AT-M secretion (due to a block of anterograde transport)
and CT toxicity (due to a block of retrograde transport, as
previously reported in references 17, 26, and 29), but the ac-
tivities of ssCTA1 and mCTA1 were unaffected by BfA treat-
ment. The process of cholera intoxication thus requires retro-
grade vesicular transport of CT from the cell surface to the ER,
but it does not require anterograde transport of the dissociated
CTA1 polypeptide from the ER to the cell surface.

Previous work has shown that a 15°C incubation will block
the in vivo activity of CTA1 polypeptides that have dissociated
from the cholera holotoxin (17, 18). Since secretory transport
is also blocked at 15°C (32), this observation seemed to indi-
cate that a functional secretory pathway was required for
CTA1 to reach its Gs� target at the plasma membrane. Yet the
experiments presented here support an alternative interpreta-
tion, namely, that a 15°C incubation inhibits the ER-to-cytosol
passage of the free CTA1 polypeptide. An inhibition of CTA1
export from the ER to the cytosol would prevent the ADP-
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ribosylation of Gs� by CTA1. It would also block the cytosolic,
proteosome-mediated degradation of our ER-localized ss-
CTA1 construct. It would not, however, affect the turnover of
our mCTA1 construct that was expressed directly in the cy-
tosol. A temperature-induced inhibition of CTA1 entry into
the cytosol thus provides a consistent explanation for both the
previously published data and the results of this study. Recent
work has demonstrated that a 15°C incubation also prevents
the movement of diphtheria toxin A chain from the endosomes
to the cytosol (31).

Our transfection-cAMP assay allows the in vivo activity of
CTA1 to be uncoupled from upstream CT trafficking events.
Other assays to monitor in vivo CTA1 activity utilize exog-
enously applied holotoxin and therefore require a functional
secretory pathway in order to elicit a cellular response to CT.
The value of our transfection-cAMP assay was demonstrated
by our ability to evaluate, directly and independently of CT
trafficking events, the potential requirement of anterograde
trafficking for the intracellular activity of CTA1. Furthermore,
by comparing CT activity to ssCTA1/mCTA1 activity, we were
able to distinguish events affecting retrograde CT trafficking in
the endomembrane system from events affecting CTA1 activity
in the cytosol. For example, monensin and IQ both generated
slightly greater levels of sensitization to CT than to ssCTA1 or
mCTA1. Because little stimulation of CTA1 activity was seen
in monensin- or IQ-treated cells when retrograde CT transport
was circumvented with plasmid-borne CTA1 expression, the
observed sensitizations to CT likely resulted from drug-in-
duced stimulations of retrograde trafficking to the ER. In con-
trast, it appears that caffeine altered CTA1 activity, but not CT
trafficking, because it generated a similar level of sensitization
to CT, ssCTA1, and mCTA1. In future studies it should be
possible to use similar comparisons of CT activity versus ss-
CTA1/mCTA1 activity to resolve controversies regarding the
inhibitory role(s) of cholesterol depletion on CT trafficking
versus CTA1 interaction with Gs� (5). Finally, it should also be
possible to use the transfection-cAMP assay to assess the in
vivo activity of CTA1 mutants that are unable to assemble into
holotoxins. Studies of this sort are under way and should pro-
vide additional novel information regarding the structure and
function of CTA1.
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