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Background & Aims: We previously isolated a monoclo-
nal antibody against a Necturus gallbladder epitope that
blocks native adenosine 3*,5*-cyclic monophosphate
(cAMP)-dependent chloride channels in intestine, gall-
bladder, urinary bladder, and airway epithelia in various
animals. Methods: Using this antibody, we purified a
200-kilodalton protein that, when reconstituted in lipid
bilayers, forms 9-pS chloride channels that are blocked
by the antibody. Results: Amino acid sequencing of the
purified protein showed strong homology to rabbit su-
crase-isomaltase, an abundant intestinal enzyme. West-
ern blot analysis of the in vitro–translated sucrase-isomal-
tase was indistinguishable from that of the protein used
in the lipid bilayer studies. Expression of this protein in
Chinese hamster ovary cells and in Xenopus laevis
oocytes yielded cAMP-dependent chloride currents that
in the latter system were blocked by the antibody.
Conclusions: Because the monoclonal antibody blocks
cAMP-dependent currents in epithelia as well as those
produced both by the reconstituted and by the heterolo-
gously expressed protein, sucrase-isomaltase is a cAMP-
dependent epithelial chloride channel. Thus an enzyme
that can also function as an ion channel has been
described for the first time.

Many epithelia contain adenosine 39,59-cyclic mono-
phosphate (cAMP)-dependent chloride channels in

their apical membranes.1–3 When the channels open,
chloride is secreted into the lumen of the particular organ
such as the respiratory tree or the gastrointestinal tract.
This channel is extremely abundant in the apical mem-
brane of the gallbladder of Necturus maculosus4,5; making
use of that fact, we immunized mice with these cells. We
then obtained and purified a monoclonal antibody (mAb
E12) that fully blocks such chloride currents in epithelial
cells from mudpuppies to humans and recognizes a pro-
tein of approximately 200 kilodaltons (p200).6 Recon-
stitution of the purified protein in lipid bilayers yields a

9-pS chloride channel that requires phosphorylation for
activity and is blocked by the antibody.6–8

In the present study, we used the antibody to purify
p200. We show that this protein demonstrates strong
homology to a common enzyme, rabbit sucrase-isomal-
tase (SI). We also show that SI is a cAMP-dependent
chloride channel when expressed in heterologous cells.

Materials and Methods
Protein Purification

We scraped the cells from the colons of 100 mudpup-
pies (we have previously shown that this protein is present in
colon cells6) into ice-cold Necturus Ringer’s solution containing
protease inhibitors (1 mmol/L phenylmethylsulfonyl fluoride,
10 mg/mL aprotinin, 0.1 mmol/L leupeptin, and 1 mmol/L
pepstatin), homogenized for 1 minute in a VirTis homogenizer
(VirTis, Gardiner, NY) and centrifuged at 40,000g for 20
minutes. The supernatant was rotated overnight at 4°C in 10
mmol/L CHAPS and separated into fractions on Sephacryl
S-200-HR (Sigma, St. Louis, MO). Fractions were monitored
for protein concentration and for the presence of p200 by mAb
E12. An immunoaffinity column was prepared using Affi-Gel
10 gel (Bio-Rad, Hercules, CA) and mAb E12, according to
the manufacturer’s instructions. The fractions containing p200
were pooled, dialyzed overnight at 4°C against Tris-buffered
saline–CHAPS (pH 8.5), then mixed gently overnight, again
at 4°C, with the immunoaffinity resin prepared as above. In
the morning, the resin was put into a column and allowed to
settle. The eluate was passed over the column several more
times, and p200 was eluted with 0.2 mol/L glycine-HCl (pH
2.5).

Plasmid Preparation

The complementary DNA (cDNA) encoding SI was
cut from its vector (pUC13) with SmaI and subcloned into the

Abbreviations used in this paper: CFTR, cystic fibrosis transmem-
brane conductance regulator; CHO, Chinese hamster ovary; PCR, poly-
merase chain reaction; RT, reverse transcription; SI, sucrase-isomaltase.
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expression vector pcDNA3.0 (Invitrogen, Carlsbad, CA). The
plasmid was purified in a large-scale preparation by alkaline
lysis followed by equilibrium centrifugation in a CsCl–
ethidium bromide gradient.9 Identity with the published se-
quence of rabbit SI was confirmed by sequencing and restric-
tion enzyme digestion. The cDNA included the entire open
reading frame of SI, but a part of the 39-untranslated end was
not included.

Cell Culture and Transfection

Chinese hamster ovary (CHO) cells were grown in
Ham’s F12 medium with 10% fetal calf serum and 10,000 U
of penicillin/streptomycin. For transient transfections and sub-
sequent electrophysiologic characterization, cells were plated
onto glass coverslips coated with 40 mg/mL poly-L-lysine.
Cells were transiently transfected using Lipofectamine
(GIBCO-BRL, Grand Island, NY) with expression plasmids
encoding the green fluorescent protein (pEGFP-N2; Clontech,
Palo Alto, CA) and the full-length SI (pcSI, obtained by
subcloning SI into the mammalian expression vector pcDNA3
[Invitrogen]). Expression efficiency of 15%–30%, assessed by
the green fluorescent protein marker, was routinely achieved.

Electrophysiology: CHO Cells

Patch electrodes were pulled from cleaned Drummond
N51A glass (Drummond Scientific Co., Broomall, PA) on a
PP-83 (Narashige, Tokyo, Japan) puller. Electrodes were pol-
ished at 8003 on a homemade microforge. Electrode tips were
filled by dipping into a simple chloride salt solution of the
major cation for an experiment (e.g., KCl, HEPES, MgCl2) and
then back-filled with the desired patch solution (Table 1).
Electrodes were positioned using Newport (Newport Corp.
Irvine, CA) mechanical/motorized manipulators. The experi-
mental chamber containing cells was viewed with a Nikon
Diaphot (Nikon Inc., Melville, NY) inverted microscope at
4003 under Hoffman optics and is continuously superfused at
1 mL/min with external solutions. Whole-cell macroscopic

currents were sampled with a Digidata 1200b interface (Axon
Instruments, Inc., Foster City, CA) using Axotape and pClamp
7.0 software (Axon Instruments). Currents were elicited by
ramp voltage commands (2120 mV to 140 mV) of 800
milliseconds’ duration from a holding potential of –60.

Electrophysiology: Xenopus laevis Oocytes

Oocytes are surgically removed and placed in OR
medium (Table 1). The follicular cell layer is removed by
incubating the oocytes for 2–3 hours in Ca21-free OR medium
containing 1.5 mg/mL collagenase (170 U/mg; GIBCO-BRL),
and stored in ND-96 medium at 18°C for 24 hours before
RNA injection. For these studies, purified plasmid DNA
(either pcSI, prepared as described above, or human cystic
fibrosis transmembrane conductance regulator (CFTR)
DNA, kindly provided by Dr. David Dawson, subcloned
into the plasmid vector pBluescript [Stratagene, La Jolla, CA])
was used as the template for the synthesis of capped RNA
using the Message Machine kit (Ambion, Austin, TX). Tem-
plate DNA was removed by RNase-free DNase I, and the
RNA was extracted with phenol/chloroform, precipitated in
isopropyl alcohol, and resuspended in RNase-free TE buffer
(10 mmol/L Tris-Cl plus 1 mmol/L EDTA, pH 8). RNA was
examined on ethidium bromide–stained denaturing agarose
minigels and showed a single undegraded band of the correct
size. Each oocyte was injected with 46 nL containing 25 ng
RNA in 100 mmol/L KCl using a Drummond Nanojector.
Control oocytes were injected with like volumes of 100
mmol/L KCl, water, or empty vector. For study, cells were
placed in a chamber in zero calcium ND 5 96 medium 2 days
later, and data were obtained using the 2-electrode voltage
clamp method.

Reverse-Transcription Polymerase
Chain Reaction

Total RNA was isolated from mudpuppy gallbladder,
urinary bladder, small intestine, colon, liver and skeletal mus-
cle using Trizol reagent (Molecular Research Center, Cincin-
nati, OH) according to the manufacturer’s protocol. First-
strand cDNA was synthesized using reverse transcriptase (RT;
Life Technologies, Grand Island, NY); polymerase chain reaction
(PCR) was performed using PlatinumTaq DNA polymerase (Life
Technologies) in a Perkin-Elmer 9600 thermocycler (Perkin-
Elmer Instruments Inc., Boston, MA). The primers used were for
sucrase, 59-GAACCCTCGAGCACCTGAATG-39 (forward), 59-
TGGGCATTTCCTTCATCTTCC-39 (reverse); for b-actin, 59-
GGCATTGTTACCAACTGGGAC-39 (forward), 59-ACCA-
GAGGCATACAGGGACAG-39 (reverse). These primers led to
a predicted fragment length of 588 base pairs (bp) for SI and
219 bp for actin. PCR conditions were predenaturation at
94°C for 4 minutes, followed for sucrase by 40 cycles of
denaturation at 94°C for 1 minute, annealing at 60°C for 30
seconds, and elongation at 72°C for 1 minute. For actin, the
annealing temperature was 65°C, and we used 35 cycles.

Table 1. Solutions

HCI LCI HCE LCE OR ND96 0CND

NaCl 0 0 145 0 86 96 96
NaIseth 0 0 0 145 0 0 0
KCl 145 5 5 0 1.5 2 2
Kasp 0 140 0 0 0 0 0
MgCl2 1 1 1 1 1 1 1
CaCl2 0 0 2 2 0 1 0
EGTA 1 1 0 0 0 0 1
HEPES 10 10 10 10 10 10 10
Glucose 10 10 10 10 0 0 0
Cl2 147 7 156 6 89.5 102 100

NOTE. All concentrations are given in mmol/L. OR and ND96 also
contained 50 mg/mL gentamycin. HCI, high-chloride internal (pipette)
solution; LCI, low-chloride internal (pipette) solution; HCE, high-chlo-
ride external solution; LCE, low-chloride external solution; OR, Oocyte
Ringer; OCND, zero calcium ND 5 96.

118 FINN ET AL. GASTROENTEROLOGY Vol. 120, No. 1



Results
The protein immunopurified from mudpuppy co-

lon contained a single band when viewed by silver-
stained polyacrylamide gel electrophoresis. A sample was
run onto a gel, stained with Coomassie blue, then cut out
of the gel, destained, washed with 50% acetonitrile,
frozen, and sent to the Harvard microsequencing facility
to obtain sequence information. Analysis yielded 2 non-
overlapping peptides with 19 of 20 amino acids identical
to rabbit SI (Figure 1), a protein first cloned in 1986,10

and no significant similarity to any other protein in the
data banks. Because of this observation, we obtained
rabbit SI cDNA from Dr. Ned Mantei of the Swiss
Federal Institute of Technology in Zurich.

To determine if the antibody that recognizes p200 also
recognizes SI, we performed in vitro transcription and
translation of SI, as previously described.11,12 We used a
coupled reticulocyte lysate assay system (Promega, Fitch-
burg, WI), ran the resulting product on sodium dodecyl
sulfate–polyacrylamide gel electrophoresis, and trans-
ferred it to nitrocellulose for a Western blot assay using
mAb E12. As shown in Figure 2, the translation product
reacts with the monoclonal antibody exactly as does an
aliquot of the purified protein that had been sent for the
sequence analysis, suggesting that SI and p200 are the
same protein.

The cDNA encoding SI was subcloned into the mam-
malian expression vector pcDNA3.0 and transfected into
CHO cells (Figure 3). Electrophysiologic studies of
transfected and control (nontransfected) cells were carried
out 2–3 days later. The results are shown in Figure
3A–D and summarized in Figure 3E. In each of the 14
pcSI-transfected cells, there was an increase in current,
most marked at hyperpolarizing potentials, after the
elevation in intracellular cAMP (Figure 3). There are no
known sodium currents in the membrane under these
conditions, so that the increase in current can be ex-
plained only by potassium entry into the cells or chloride
exit from them (at hyperpolarizing potentials; the reverse
is true at depolarizing potentials). However, because
there is a highly significant shift of the reversal potential
(depolarization of 24.4 6 3.8 mV) away from the potas-
sium equilibrium potential (285 mV) and toward that

for chloride (21 mV), these currents are most likely
carried by chloride. A clear representation of this is
shown in Figure 3C, in which the subtracted current
voltage (IV) curve shows a reversal potential near the
origin, as expected for a chloride current, when the
transmembrane chloride gradient is close to zero (147
mmol/L intracellular, 156 mmol/L extracellular; Table
1). Confirmation was obtained by changing the trans-
membrane chloride concentration gradient. In one series
of experiments (n 5 3) in which internal chloride was 7
mmol/L and external chloride was 156 mmol/L, elevation
of cellular cAMP caused hyperpolarizing shifts of
212.0 6 2.3 mV, again in the direction expected for a
chloride channel (in these cells, both internal and exter-
nal K1 were 5 mmol/L). In another group of 3 cells in
which internal chloride was 147 mmol/L and external
chloride was 6 mmol/L (a high outward gradient for both
chloride and potassium), the addition of the cAMP cock-
tail induced a depolarizing shift of 34.7 6 1.8 mV, again
indicating the opening of chloride channels. Finally, in
one cell in which the pipette chloride concentration was

Figure 1. Primary structure of the 2 peptide sequences and of the
corresponding portions of rabbit SI. Shaded amino acids are identical
in the 2 structures.

Figure 2. In vitro translation of pcSI yields a protein identical to p200.
Western blot analysis was performed with mAb E12. Lane 1 was
loaded with 15 ng of purified p200, lane 2 with unpurified translation
product without added DNA, and lane 3 with unpurified translation
product from a reaction that contained added pcSI. According to the
manufacturer, the volume we loaded onto the gel contained some-
where between 10 and 40 ng of translated protein. Upper bands, 200
kilodaltons; lower bands, 105 kilodaltons. We presume that the lower
band is a degradation product because it usually is not seen in fresh
material.
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Figure 3. Voltage-clamped currents in CHO cells. Except as described below, the external medium is HCE (Table 1), the internal HCI (essentially 0
transmembrane chloride gradient: Clin 5 147, Clout 5 156). During cAMP periods, a combination of 2 mmol/L theophylline and 1 mmol/L 8-bromo cAMP
(the cAMP cocktail) was added to the external solution. (A) Nontransfected cells have no cAMP-dependent current. In this control cell, 2 sets of current-
voltage data are displayed, one obtained before (F) and one 5 minutes after (Œ) the addition of the cAMP/theophylline mixture. The data are super-
imposable. (B) Transfection with pcSI leads to the appearance of a cAMP-dependent current. Its speed of onset is shown by the 2 sets of IV curves,
one obtained 15 seconds after the addition of the cAMP cocktail (■) and another at 1 minute (Œ). F, Control IV curve. In other cells (data not shown),
the current was shown to be stable by approximately 1 minute. (C) cAMP-dependent current was obtained by subtraction of the baseline (control) IV
curve from the curve obtained 1 minute after addition of the cocktail in Figure 2B. (D) Reversibility of cAMP-dependent current. In this transfected cell,
we show traces before addition of the cAMP mixture (■) and after its removal (F).Œ, cAMP-induced current. There are approximately 2 minutes between
traces. (E) Summary of results in CHO cells. The ordinate shows the cAMP-dependent current density (6SEM) when the membrane voltage was
clamped at –100 mV. The difference in current levels between control (n 5 7) and transfected (n 5 14) cells is highly significant (P , 0.01). (F ) Effect
of changes in chloride gradient. In this transfected cell, the pipette contains HCI. F, Control IV data (with LCE in the bath, HCI in the pipette). Upon
addition of the cAMP cocktail, with the same external medium, the IV data show a typical response (Œ). Upon increasing external chloride (HCEout, HCIin),
i.e., decreasing the transmembrane gradient (in the continued presence of cAMP [■]), there was a shift of the reversal potential back to control levels.
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147 mmol/L, we switched the external chloride concen-
tration from 6 mmol/L to 156 mmol/L during cAMP
stimulation, thus decreasing the chloride gradient (Fig-
ure 3F ). It can be seen that the reversal potential shifted
once again toward the new chloride equilibrium poten-
tial when the chloride gradient decreased. In similar
experiments with AtT-20 cells (not shown), transfection
with pcSI also invariably led to the expression of a
cAMP-dependent current that was not observed in non-
transfected cells. Thus, in mammalian cells expressing
SI, a robust cAMP-induced chloride current can be de-
tected. Untransfected control cells examined under sim-
ilar conditions do not exhibit any such currents (Figure
3E ).

We also studied the expression of the SI cDNA in
Xenopus laevis oocytes, a system that allows relatively
long-term experiments in which a single cell can be used
as its own control. Consistent with a previous report,13

we found no cAMP-dependent current in 5 control (KCl-
or water-injected) oocytes (data not shown). Oocytes
injected with in vitro–transcribed SI RNA (Figure
4A–F) showed, in every cell examined, a significant
cAMP-dependent increase in membrane current that was
fully reversible upon removal of the 8-bromo-cAMP/
theophylline cocktail. Furthermore, these cAMP-depen-
dent currents were fully blocked by mAb E12. As an
additional control, we injected capped RNA prepared
from CFTR DNA into other oocytes. Results (data not
shown) were virtually identical to those previously de-
scribed13; however, mAb E12 had no effect on the
cAMP-dependent chloride current, in contrast to its
inhibitory effect after SI expression.

To determine the expression of SI in the mudpuppy,
we performed RT-PCR using primers from the sucrase
portion of rabbit cDNA. As shown in Figure 5, message
is present in all tissues studied, although the level of
expression is lower in muscle than in the other organs
studied.

Discussion
Our results indicate that the abundant intestinal

enzyme SI can also function as an epithelial chloride
channel. The idea that a single protein can have more
than a single function is not new14–16; in fact, SI has also
been shown to be a Clostridium difficile toxin A–binding
site in rabbit ileum.17 It is interesting that in all the
other cases described so far, the multiple activities are
neither independent nor disparate in their functions. For
example,16 in paramecium a potassium channel controls
the activity of adenylyl cyclase. In this case, both activ-
ities are contained in the same protein, and the channel

activity and the enzyme activity are strictly interdepen-
dent. One could argue18 that many types of receptors are
bifunctional in the sense, for instance, of ligand-gated
ion channels, which are at the same time receptors and
ion channels. However, there is no precedent for the
apparent independence of the functions attributable
to SI.

There seems to be no obvious physiologic advantage to
be derived from having 2 such apparently disparate
functions combined in a single protein, other than the
obvious one of parsimony (for example, why “waste” a
transmembrane domain as “simply” an anchor for a lu-
minal enzyme?) because it is evident that the protein acts
as a channel in far more organs than it acts as an enzyme.
Further studies are needed to clarify the relationship
between the 2 major functions of the protein in both
physiologic and pathophysiologic (such as secretory di-
arrhea, cystic fibrosis, or sucrase deficiency) conditions.

We have previously shown that mAb E12 blocks all
cAMP-dependent current in mudpuppy and toad gall-
bladder, rat colon, cultured human nasal epithelial cells,6

and mouse colon (Finn AL, unpublished observations),
suggesting that this chloride channel is also quite abun-
dant. Indeed, in the mudpuppy gallbladder, this channel
must make up a sizable fraction of total apical membrane
protein because an increase in cellular cAMP can increase
total membrane conductance up to 200-fold, all of which
is caused by the appearance of a chloride current that is
fully blocked by mAb E12.4,5

Is it possible that rather than forming a channel itself,
expression of SI in mammalian cells or oocytes unmasks
or stimulates a native chloride channel preexisting in the
cell? We believe this alternative to be unlikely in view
of strong evidence from 2 sources. First, reconstitution
of the purified protein (an aliquot of the same protein
that was sequenced) in lipid bilayers has in every case
yielded highly selective chloride channels.6–8 These
channels have identical kinetic characteristics despite a
5–10-fold dilution of the protein, reducing the likeli-
hood that an undetectable impurity might be the chan-
nel molecule. Second, the channel is blocked by the
antibody, whether it is reconstituted in lipid bilayers6,8

or expressed in Xenopus oocytes, whereas CFTR channels
are not blocked by the antibody. It is also unlikely that
the expression of SI in the heterologous systems de-
scribed above could be accounted for by “piggybacking”
of another protein on SI because at least 2 major char-
acteristics of the expression seen in Figures 3 and 4 (the
requirement of phosphorylation and the blockade by
mAb E12) are similar to those seen in the bilayer ex-
pression system.
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Figure 4. Voltage-clamped currents in Xenopus laevis oocytes. We studied only oocytes in which the initial resting membrane potential was greater
than 225 mV; otherwise, the cells were not selected. Cells were clamped at a membrane potential of 240 mV, and at 5-minute intervals a series of 15
12-second voltage clamp steps was applied, 10 mV apart, from 2120 to 120 mV. In every case, the RNA-injected cells showed a sustained response
to elevation of cell cAMP; the response began in each case by 5 minutes and increased to a maximum 10–15 minutes after addition of the cocktail.
Washout of the response followed a similar time course, reaching baseline values within 15 minutes after removal of the cocktail. None of the KCl–,
water–, or empty vector (pcDNA 3.0)–injected cells showed any response either to cAMP elevation or to antibody. Traces from a single RNA-injected cell
are shown (A) before and (B) 15 minutes after addition of the cAMP cocktail, then (C) 15 minutes after removal of the cocktail and (D) 15 minutes after
the antibody and the cocktail were added again. The antibody completely prevents the response to stimulation. In one cell, we added and removed cAMP
3 times, and each time there was an identical response. (E) Current–voltage curves obtained 50 milliseconds after the start of the pulse, from the data
shown in A–D. The cAMP-dependent increase is evident and includes a shift in the reversal potential toward the chloride equilibrium potential.F, Control
responses; E, responses after cAMP elevation; Œ, responses after washout of the cocktail; ‚, responses after antibody 1 cAMP cocktail. We chose
to plot the data at 50 milliseconds purely arbitrarily; at 1 second, the control current in this oocyte was 2600 nA at 2120 mV. In the other 3, the control
currents at that voltage and time were 2130, 250, and 290 nA. (F ) Mean responses (6SEM) of 4 injected oocytes; h, data obtained at 2120 mV;
■, data obtained at 120 mV. The changes after cAMP alone are significantly different from control currents (P , 0.01), and none of the other changes
(after wash or after antibody plus the cAMP cocktail) is significant.
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As noted above, mAb E12 does not affect cAMP-
dependent chloride currents in Xenopus oocytes injected
with CFTR message. Furthermore, as shown previously
and by the present data, it is clear that this monoclonal
antibody recognizes SI, a protein entirely different from
CFTR. Finally, mAb E12 blocks all cAMP-dependent
current in all of the epithelia so far tested.4,6 Because it
has been presumed that much or all of the epithelial
cAMP-dependent chloride current is caused by CFTR
channels, the current data at least raise questions about
this interpretation. There is no specific inhibitor of epi-
thelial CFTR, as there is of SI chloride channels, yet both
have now been expressed in heterologous systems. It is
not entirely surprising that simultaneous expression of
both in oocytes showed only apparent independence be-
cause the steps from message injection to membrane
expression are multiple and complicated. Studies are now
being directed at the possible relationship between these
2 important proteins.

What kind of protein is SI? Hydropathy analysis
suggests that it has but one transmembrane domain in its
primary structure.10 One native channel described with
that topology is minK,19 but it has recently been shown
to associate with other channel subunits to form func-
tional channels.20 Of more interest is phospholemman, a
72–amino acid protein with a single transmembrane
domain21,22; this protein conducts a large number of ions
and induces a chloride current in Xenopus oocytes. How-
ever, it has no sequence homology or structural resem-
blance to SI.

It should be noted that it was the astounding homol-
ogy of P200 to the already-cloned SI that induced us to
obtain the SI cDNA and study it, and not a preconceived
notion. The distribution of SI has been studied exten-
sively, although it is unfortunate that until now there
have been no studies of expression of this protein in the
upper airways, gallbladder, or urinary bladder, all of
which show SI by Western blot analysis using our mono-
clonal antibody.6 Northern blots have shown message in

the small intestines of mammals and none in the normal
colon.23 However, other studies with mAbs have clearly
shown that SI is present in normal human colon24,25; in
addition, the enzyme is abundant in both benign25,26 and
malignant26 tumors of the colon, so that our finding of
extensive colon expression of SI (using mAb E12) is not
inconsistent with that observed for SI thus far. SI enzyme
activity has not been found in the frog Rana pipiens,
although there is but a single study,27 and in the exper-
iments described sucrose placed in the intestinal lumen
did not lead to measurable glucose absorption. Because
SI (that is, a protein that reacts with mAb E12 and has
high homology with rabbit SI) is clearly present in the
amphibian (mudpuppy gallbladder, colon, and urinary
bladder, toad gallbladder, and urinary bladder; Tsai et
al.6), the explanation for the negative findings in frog
intestine is most likely attributable to a lack of sensitiv-
ity in those experiments. Consistent with this is our
finding, by the more sensitive method RT-PCR, of SI
message in all mudpuppy organs tested. These include
colon, urinary bladder, and gallbladder, in which we
have also shown functional activity (i.e., cAMP-depen-
dent chloride currents blocked by antibody). The appar-
ent ubiquity of message is not unlike that of CFTR
message, which has been found in many tissues other
than those known or thought to be principally affected in
cystic fibrosis (airways, pancreas, sweat glands, epididy-
mis, intestine), such as gallbladder,28,29 heart,30,31

uterus,32,33 brain,34,35 endothelial cells,36 and liver.37

Wells and Hediger38 and Bertran et al.39 have de-
scribed an amino acid transporter with a single trans-
membrane domain, but no other transporters with this
characteristic have yet been defined. Furthermore, a
search of protein databanks shows no significant homol-
ogies of SI with any known transporter. The putative
transmembrane domain in SI contains only neutral
amino acids but clearly is highly selective for anions.
Because this channel is stimulated by cAMP, the likeli-
hood that the transmembrane domain alone forms chan-
nels is small, especially given its structure. In this regard,
we are planning to study the behavior of the transmem-
brane domain expressed alone as well as of the protein
without the transmembrane domain.

Given the present state of our knowledge of membrane
ion channels, it would appear likely that the transporting
form of the molecule is a multimer of some sort, but this
is by no means proven. At the very least, the idea that
such a protein can be a channel capable of carrying
chloride currents challenges current views of ion channel
structure–function relationships. Furthermore, the con-
cept that a single protein can have 2 such apparently

Figure 5. Sucrase gene expression analysis by RT-PCR. Total RNA
was isolated from the gall bladder (GB), urinary bladder (UB), small
intestine (SI), colon (Col), liver (Liv), and muscle (Mus). First-strand
cDNA was synthesized, and PCR was performed as described in
Materials and Methods. (2), negative control. Major fragment sizes
are as predicted.
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disparate and unrelated functions is unprecedented. In-
deed, from our previous findings that respiratory and
urinary (as well as intestinal) epithelia contain SI chloride
channels,6 one wonders about the regulation of an en-
zyme that exists in a variety of epithelia that never see its
substrate. This information raises the basic question of
whether the enzyme and channel functions are com-
pletely independent; studies are currently under way to
evaluate this.

The importance of the antibody in these studies can-
not be minimized. As previously shown, it has no evident
action other than recognizing and blocking the function
of this channel protein6; that is, it has no effect on
sodium, potassium, or water transport or on baseline
electrophysiologic properties of the mudpuppy gallblad-
der. Whether it affects the enzymatic function of SI
remains to be seen; this question has considerable im-
portance in the study of the relative independence of the
2 main functions of this protein.
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