Overexpression of the inositol phosphatase SopB in
human 293 cells stimulates cellular chloride influx
and inhibits nuclear mRNA export
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SopB is an inositol phosphate phosphatase that is a virulence factor
in Salmonella species. We have overexpressed SopB cDNA in a
tetracycline-dependent system in human embryonic 293 cells, and
used this model system to directly analyze the role of SopB in
altering inositol metabolite levels in vivo. Addition of tetracycline
to these cells resulted in the rapid induction of SopB expression,
which was coincident with perturbations in the cellular levels of
multiple soluble inositol phosphates. All of the changes induced by
SopB expression were reversed within 24 h on removal of tetra-
cycline from media. Specifically, cellular inositol 1,3,4,5,6-pen-
takisphosphate (InsPs) and inositol hexakisphosphate (InsPg) levels
were depleted within 4 to 6 h after inducing SopB expression. A
transient rise in cellular inositol 1,4,5,6-tetrakisphosphate was also
observed and was accompanied by increased chloride channel
activity. This indicates that SopB alone is sufficient for changes in
chloride channel function in cells infected with Salmonella organ-
isms. Depletion of inositol phosphates, including InsPs and InsPg
metabolites, was coincident with the accumulation of polyadenyl-
ated RNA in the nucleus. This suggested that a defect in nuclear
export had occurred. Moreover, the penetrance of the export
defect required localization of SopB to the nucleus. These results
provide evidence that inositol phosphate productions may be
required for efficient mRNA export in mammalian cells.

he inositol signaling pathway is involved in a host of intra-

cellular processes. Previous studies have shown that pertur-
bations of cell signaling can be achieved by molecular genetic
manipulation or mutations of the enzymes involved in inositol
phosphate metabolism. Type I inositol polyphosphate 5-phos-
phatase is the enzyme that hydrolyzes the calcium-mobilizing
messenger inositol 1,4,5-trisphosphate (Ins-1,4,5-P3). Cells sta-
bly transfected with an antisense cDNA for this enzyme have
elevated levels of Ins-1,4,5-P3 and display a transformed phe-
notype (1). Drosophila mutants lacking inositol polyphosphate
1-phosphatase, a lithium-inhibited phosphatase, have a “shaker”
phenotype (2). Mice with deletion of SHIP, a hematopoietic
cell-specific inositol polyphosphate 5-phosphatase, have exces-
sive cytokine signaling and die from myeloid proliferation (3).
Patients with Lowe syndrome, a deficiency of another inositol
polyphosphate 5-phosphatase designated OCRL, have de-
creased phosphatidylinositol 4,5-bisphosphate (PtdIns-4,5-P)
hydrolyzing activity and accumulate the PtdIns-4,5-P, metabo-
lite in cells. These and other examples not cited show that
perturbation of inositol signaling can uncover potential cellular
functions for particular metabolites.

Inositol 1,3,4,5,6-pentakisphosphate (InsPs) and inositol
hexakisphosphate (InsPs) are soluble inositol polyphosphates
that are very abundant in cells, but until recently their cellular
functions were unknown (4). Recent studies in the budding yeast
Saccharomyces cerevisiae have suggested that these molecules
function in the nucleus to stimulate transcription by the ArgR-
MCM1 complex and to facilitate nuclear export of mRNA (5, 6).
Conserved InsPs 2-kinases have been identified in several fungi
(7); however, a mammalian homologue of an InsPs 2-kinase has
not yet been reported. Moreover, in vivo roles for InsPs and InsPg

in higher eukaryotic cells have not been demonstrated. To
analyze the roles of such inositol polyphosphates in mammalian
cells, we have devised a strategy to deplete these metabolites and
to assay for perturbations of nuclear and cellular functions.

SopB is one of several proteins secreted by the type III
secretion system of the enteric Salmonella dublin species. These
proteins are injected into host cells on contact with the bacteria,
and the secretion system is required for the pathogenicity of the
organisms (8, 9). Deletion of SopB alone does not affect the
invasiveness of Salmonella; however, its absence does abrogate
diarrhea and inflammation (10). During routine searches of
GenBank for homologues of enzymes potentially involved in
inositol phosphate metabolism, we noted that SopB contained
two motifs that were highly similar to sequence motifs in inositol
polyphosphate 4-phosphatases. Notably, one of these motifs
(CKSGKDRTGM) contains the active site cysteine residue that
is required for 4-phosphatase activity (11-13). We recently
showed that SopB indeed encodes an inositol phosphate phos-
phatase. When SopB was expressed in E. coli and assayed in vitro,
it hydrolyzed a variety of inositol phosphates and phospholipids,
although it did not hydrolyze InsPg in vitro (14). In contrast, when
S. dublin was added to HeLa cells there was a rapid (1 h) increase
in the levels of inositol 1,4,5,6-tetrakisphosphate (Ins-1,4,5,6-P4)
without significant changes in other inositol phosphates or
phospholipids (14, 15). This finding was significant because
Ins-1,4,5,6-P4 has been shown to antagonize the phosphatidyl-
inositol 3,4,5-trisphosphate-mediated closing of cellular chloride
channels (15). Thus, we speculated that SopB may enhance
chloride and water secretion, thereby inducing diarrhea during
infection. We showed that a mutation in the active site cysteine
residue of SopB abrogated both inflammation and diarrhea in
infected calf intestinal loops. This established the role for SopB
in pathogenicity (14).

To further study the function of SopB in vivo in the absence
of the many other Salmonella factors, we have cloned a cDNA
encoding SopB into a mammalian expression vector that is
under the control of a tetracycline-inducible promoter. We
have isolated stable cell lines that harbor this SopB construct
by using a human embryonic 293 cell line, and have determined
the effect of SopB overexpression on cellular inositol phos-
phate levels and chloride secretion. Coincidentally, the strik-
ing depletion of inositol phosphates, including InsPs and InsPs
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metabolite levels, by SopB expression in the nucleus allowed
us to test for perturbations of mRNA export from the nucleus
to the cytoplasm.

Experimental Procedures

Plasmid Construction. Full-length cDNA encoding SopB was gen-
erated by PCR using chromosomal DNA from S. dublin 2229 as
template. The plasmid FLAG-SopB (FS) was constructed by
deleting the initiator methionine and inserting a BamHI restric-
tion site at the 5’ end. An EcoRI site was added at the 3’ end.
The PCR product was digested with BamHI and EcoRI and
subcloned into pcDNA4/TO (Invitrogen), a tetracycline induc-
ible expression vector, to generate pSopB-1. Two complemen-
tary oligonucleotides encoding a HindIII site, followed by a
Kozak sequence (CACC) (16), and then sequences encoding a
methionine residue, a FLAG epitope, and a BamHI site, were
synthesized (MDYKDDDK) (17). This was inserted into the
HindIll/BamHI site of pSopB-1 to create FS. The oligonucle-
otides were 5'-AGCTTCACCATGGATTATAAAGATGAT-
GATGATAAAG-3" and 5'-GATCCTTTATCATCATCATC-
TTTATAATCCATGGTGA-3'.

The plasmid FLAG-SopB-NLS (FSN) was constructed as
described above by using the FLAG oligonucleotides and a
PCR product encoding full-length SopB lacking its stop codon.
These fragments were inserted into pcDNA4/TO to create
pSopB-2. Two complementary oligonucleotides encoding an
EcoRI site followed by sequences encoding a nuclear local-
ization sequence (PKKKRKYV) (18, 19), two stop codons, and
an Xbal site, respectively, were synthesized. The annealed
double-stranded oligonucleotides were inserted into the
EcoRI/Xbal site of pSopB-2 to create FSN. The oligonucle-
otides were 5'-AATTCCCGAAAAAGAAACGCAAAGT-
CTGATGAT-3' and 5'-CTAGATCATCAGACTTTGCGTT-
TCTTTTTCGGG-3'.

Stable SopB Mammalian Cell Lines. FS and FSN constructs were
transformed into TOP10 cells (Invitrogen) and plasmid DNA
was purified. The isolated plasmids (2 ug DNA) were transfected
into 1.5 X 10° T-REx 293 human embryonic cells (Invitrogen)
in 2 ml of medium using TransIT-LT1 transfection reagent
(Panvera, Madison, WI). Transfected cells were plated at 1000—
4000 cells/ml in 15-cm tissue culture plates containing DMEM
with 10% FBS (Tet system approved, CLONTECH), 2 mM
glutamine, 100 units of penicillin G/ml, 10 pg streptomycin/ml,
0.25 ug amphotericin B/ml, 5 ug blasticidin/ml (selection for tet
repressor), and 0.3 mg/ml Zeocin (selection for SopB expres-
sion). Colonies were grown from single cells for approximately
2 weeks and then picked and expanded in 96-well plates. SopB
expression was confirmed by Western blotting with monoclonal
antibodies recognizing the FLAG epitope (Sigma) and by en-
zyme assay using [*H]Ins-1,3,4,5-P, as substrate.

Immunofluorescence and in Situ Hybridization. SopB expression and
subcellular localization in FS and FSN cells were determined by
using cells grown on glass coverslips in 6-well tissue culture
plates. When cell density reached 60% confluence, 20 ng tetra-
cycline/ml was added to induce SopB expression. After over-
night incubation, cells were washed, fixed, and permeabilized as
described (20, 21). Cells were then incubated with 10 ug
anti-FLAG M2 monoclonal antibody-FITC conjugate for 1 h at
room temperature. mRNA in situ hybridization was carried out
as described (20). Photographs were taken with the X60 objec-
tive on a Nikon Eclipse E800 fluorescence microscope.

HPLC of Inositol Phosphates. Cells were grown in complete media
containing 10 uCi (1 Ci = 37 GBq) [*H]inositol/ml in 6-well
tissue culture plates for 72 h. After various times of SopB
induction with tetracycline (20 ng/ml final), cells were lysed in
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0.5 ml methanol/0.5 M HCI (2/1) and extracted with 1 ml
chloroform. The aqueous phase was dried, suspended in water,
and applied to a 250 X 4.6 mm AdsorboSphere SAX column
(Alltech/Applied Science, Deerfield, IL). Inositol phosphates
were eluted as described (22). 3?P-labeled Ins-1,3,4,5-P4 (22),
Ins-1,3,4,5,6-Ps (14), and InsPe (our unpublished data) were
synthesized and used as internal standards. Radiolabeled inositol
phosphates were detected by using a Beta-RAM flow-through
detector (IN/US System, Tampa, FL). The inositol lipid fraction
was deacylated (23) and separated on a PartiSphere SAX
column (Whatman) as described (24).

Measurement of Chloride Influx. Chloride influx was measured by
modification of a previously described method (25). Cells were
cultured for various times in the presence of 20 ng tetracy-
cline/ml and then trypsinized, washed, and resuspended at 2 X
107 cells/ml. Na3¢Cl (ICN), 2 pCi/ml, was added for varying
times and 30-ul samples were removed and added to Microfuge
(Beckman Coulter) tubes containing “stop solution” (330 ul of
complete medium containing 140 mM potassium gluconate and
1 mM 4,4’-diisothiocyanatostilbene-2,2’-disulfonic acid (DIDS)
layered over 30 ul of dibutyl phthalate). Tubes were immediately
spun at top speed in a Microfuge for 30 sec, frozen in a dry ice
bath, and the tips of the tubes containing the cell pellets were cut
off and analyzed in a liquid scintillation counter.

Protein Synthesis Assay. Cells grown in six-well plates were treated
with 20 ng tetracycline/ml for varying times before addition of
Tran*S-label (ICN), 5 uCi, and further incubation for 15 min at
37°C. Protein was precipitated in 10% trichloroacetic acid,
filtered onto Whatman glass microfiber filters, and samples were
analyzed in a liquid scintillation counter (26).

Results and Discussion

Expression of SopB. Our previous studies have shown that SopB is
an inositol phosphate phosphatase (14), and the recombinant
protein assayed in vitro hydrolyzes a wide range of inositol
phosphates and phospholipids (not including InsPs). However,
when a virulent strain of S. dublin is added to HeLa cells, it
appears that Ins-1,3,4,5,6-Ps is the major, if not only, phospha-
tase substrate with cellular levels of Ins-1,4,5,6-P, rising 14-fold
in 30 min (14, 15). Thus, other bacterial proteins besides SopB
may be affecting intracellular inositol metabolites. To investigate
the effect of SopB itself on mammalian cells, a cDNA encoding
full-length SopB fused to a sequence encoding the FLAG
epitope was cloned into a mammalian expression vector and
placed under the control of a tetracycline-inducible promoter.
Stable cell lines expressing FS were generated in the human
embryonic 293 cell line (see Experimental Procedures). The
expression of FS was induced with tetracycline for varying times,
and we estimated by western blotting with an antibody recog-
nizing the FLAG epitope that FS was induced at least 50- to
100-fold after 16 h, as shown in Fig. 1. At the zero time point in
the absence of tetracycline, a low level of FS was expressed,
indicating that the promoter was leaky. The highest expression
level was achieved 20 h after the addition of 20 ng/ml tetracy-
cline in the media (data not shown).

To examine the subcellular localization of FS, indirect immu-
nofluorescence microscopy was conducted with an anti-FLAG
monoclonal antibody. Without tetracycline induction, only back-
ground staining was observed (Fig. 2B). After induction over-
night, the majority of the anti-FS staining was present in the
cytoplasm (Fig. 2D). Significant levels of FS were not observed
in the nuclei of most cells, as indicated by the absence of staining
in the areas corresponding to DAPI (4',6-diamidino-2-
phenylindole) staining (Fig. 2 C vs. D). The lack of nuclear
localization is likely due to the fact that the predicted molecular
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Fig. 1. Western blotting of FSN in lysates from stably transfected human 293
cells. Cells were induced with 20 ng/ml tetracycline for varying times. Total
protein (50 pg) was loaded on SDS/PAGE and then transferred to a poly(vi-
nylidene difluoride) (PVDF) membrane. Monoclonal antibody against the
FLAG epitope was used to visualize the overexpressed SopB protein.

mass of FS (=62 kDa) is just above the predicted diffusion limit
for nuclear entry.

To be able to perturb inositol phosphate pools in both the
nuclear and cytoplasmic compartments, we inserted a nuclear
localization signal at the carboxyl terminus of FS to form FSN.
Stable tetracycline-inducible FSN cell lines were isolated and
characterized. As for FS, the expression levels of FSN were
analyzed by Western blotting and nearly identical results were
obtained as in Fig. 1. Based on the signal increase, at least a 50-
to 100-fold induction was observed over the basal level in the
absence of tetracycline. Indirect immunofluorescence micros-
copy showed that FSN was present throughout the cell with a
notable concentration in the nucleus (Fig. 2F). We also noted
that after induction of either FS or FSN expression, the cells
rounded up and tended to detach from the dishes. Removal of

Fig. 2. Immunofluorescence of SopB expression in human 293 cells. (A and
B) FS cells without tetracycline induction. (Cand D) FS cells induced overnight.
(E and F) FSN cells induced overnight. Cell nuclei were stained by using DAPI
(Left), and SopB was visualized by FITC conjugated anti-FLAG monoclonal
antibody (Right).
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Fig. 3. HPLC of inositol phosphates in FS-overexpressing cells. (A) Inositol
phosphates in human 293 cells without induction, or after FSN expression was
induced for 1 and 8 h. (B) Changes in Ins-1,4,5,6-P4, InsPs, and InsPg in SopB-
overexpressing 293 cells after different times of induction. The averages of
three independent experiments are shown = SD (two trials of FS and 1 trial of
FSN).

the tetracycline and overnight incubation resulted in restoration
of normal cell morphology and growth.

SopB Expression Alters Cellular Inositol Phosphate Levels. To analyze
perturbations on the cellular inositol phosphates at various times
after induction of either FS or FSN expression, we measured the
amounts of soluble inositol phosphates by steady-state radiola-
beling and HPLC analysis (see Experimental Procedures) (Fig. 3).
We also analyzed the effects on inositol lipids by HPLC of
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Fig. 4. [35CI-] uptake in FS-overexpressing 293 cells that were not induced
with tetracycline (®) and induced for 1 h (m).

glyceryl phosphoryl inositol derivatives and saw no significant
changes in any of these molecules. The results were very similar
for expression of both FS and FSN, and a summary of the
changes averaged from three independent experiments is shown
in Fig. 3B. Compared with cells before induction, at least three
major effects were noted. First, the levels of Ins-1,4,5,6-P4
increased at 1 h and subsequently decreased. The elevation of
Ins-1,4,5,6-P4 levels that is observed without tetracycline pre-
sumably results from the low basal expression level of SopB
without tetracycline (see Fig. 1). Second, Ins-1,3,4,5,6-Ps levels
decreased at 1 h and were absent by 8 h. Finally, InsPs was also
surprisingly depleted by 8 h (Fig. 3). In some experiments,
Ins-1,3,4,5,6-Ps and InsP, were largely depleted within 2 hours.
The decrease in InsPg levels was also unexpected because InsPg
is not an in vitro substrate for SopB. The depletion of InsPs
indicates that this metabolite can turn over rapidly, perhaps in an
effort to maintain cellular Ins-1,3,4,5,6-Ps levels. The perturba-
tions in inositol phosphate metabolite levels were reversed
within 24 h by removal of the tetracycline (data not shown).

Chloride Influx Is Stimulated in SopB-Expressing Cells. Because Sal-
monella induces a rapid rise in Ins-1,4,5,6-P,4 in cells exposed to
the organism and SopB expression alone also induced a transient
rise in this metabolite, we measured chloride channel activity 1 h
after induction (Fig. 4). Influx in uninduced cells reached a

steady state by 15 min corresponding to an intracellular chloride
concentration of 25 mM. The cells induced for SopB overex-
pression took up 3°Cl 2- to 3-fold faster and did not reach a steady
state by 15 min. This experiment was repeated several times with
similar results. We also measured uptake 2 h after induction of
SopB expression, at which time Ins-1,4,5,6-P4 levels had returned
to baseline. At this point, 3°Cl uptake was the same as that in
uninduced cells (data not shown). These results clarify the role
of SopB alone in altering cell functions in the absence of any
other proteins from Salmonella. Thus, increased levels of Ins-
1,4,5,6-P4, with its resulting increased chloride channel activity,
are due to SopB alone.

Expression of SopB Inhibits the Nuclear Export of Polyadenylated RNA.
Recent studies in S. cerevisiae have demonstrated that InsPg is
required for the efficient nuclear export of mRNA. Mutant yeast
strains that are deficient in any of the enzymes required for the
production of InsPs from PtdIns-4,5-P, each individually have
mRNA export defects at a restrictive growth temperature (5).
This includes phospholipase C (Plcl), a dual specificity Ins-
1,4,5-P3 6-kinase, and Ins-1,4,5,6-P4 3-kinase (Ipk2) and an
Ins-1,3,4,5,6-Ps 2-kinase (Ipkl) (5, 6). Thus, a loss of InsPs
production correlates with a decrease in mRNA nuclear export.
If the export of mRNA in mammalian cells is also dependent on
InsPs, we predicted that the SopB expressing cells should have
a nuclear mRNA export defect. To test for this defect, after the
induction of FS or FSN expression, the localization of polyad-
enylated RNA was visualized by in situ hybridization. Before
induction, staining was detected in both the cytoplasm and
nucleus (Fig. 5B). After induction of FSN for 4 h, polyadenylated
RNA staining disappeared from the cytoplasm and the intranu-
clear staining intensity significantly increased (Fig. 5D). The
accumulation of polyadenylated RNA in the nuclei became more
prominent after 8 and 16 h of induction (Fig. 5 F and H,
respectively). As an alternative indicator of mRNA export
capacity, we measured [3*S]methionine/cysteine incorporation
into total cellular protein at various times after induction of
SopB (Fig. 6). We reasoned that if mRNA is trapped in the
nucleus, protein synthesis should decrease as cytosolic mRNA
levels are depleted. By 16 h after induction of SopB expression,
there was a marked 30% inhibition of total protein synthesis.
Both the mRNA export and protein synthesis defects were

Fig. 5.

In situ hybridization of mRNA in FSN cells. Cells were not induced (A and B) or induced for 4 h (Cand D), 8 h (E and F), and 16 h (G and H). Cell nuclei

were stained by using DAPI (Upper). mRNA was hybridized with a digoxigenin-coupled oligo(dT) and then visualized by using FITC-conjugated anti-digoxigenin

Fab fragments.
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Fig.6. Inhibition of protein synthesisin FSN cells after tetracycline induction.
Protein synthesis was measured as the incorporation of [35S]cysteine/
methionine. The inhibition at 16 h was from three independent experiments
and the standard deviations are shown.

reversed to the uninduced status after overnight incubation of
the cells in the absence of tetracycline.

Interestingly, although mRNA export defects were also ob-
served with the expression of SopB that lacks a nuclear local-
ization signal (FS), the results were not as penetrant or consistent
as those observed with the FSN. This suggests that specific
depletion of a nuclear inositol phosphate pool is required for the
effective inhibition of export. It follows that a major site of
inositol phosphate function may be in the nucleus. Finally, the
fact that all of the perturbations noted in SopB-overexpressing
cells are reversed on removal of tetracycline suggests that no
permanent disruption of cell function is induced by depletion of
the higher inositol phosphates. This is consistent with regulatory
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roles for such inositol molecules. Because FS did not enter the
nucleus and had no consistent effect on mRNA export, we do not
believe that perturbation of mRNA export is caused by SopB in
Salmonella.

These results provide the first evidence that inositol phos-
phates are also required for the efficient export of mRNA in
mammalian cells. Based on recent results in S. cerevisiae, we
speculate that the production of InsPs will be specifically re-
quired for mRNA export in mammalian cells. In addition,
induction of SopB expression resulted in the coincident decrease
in InsPe levels. However, it is possible that depletion of Ins-
1,3,4,5,6-Ps or other unmeasured changes in inositol phosphate
metabolism caused by SopB expression play a role in the
phenotype of these cells. Overall, these results support the
hypothesis that the mechanism of inositol phosphate action in
mRNA export will be conserved across species.

A recent study (27) has described an additional distinct
nuclear inositol phosphate function by showing that in vitro InsPg
is required for efficient nonhomologous end-joining DNA re-
pair. This recent emergence of functions for inositol phosphates
in nuclear physiology expands further the panoply of intracel-
lular processes that are carried out by such inositol signaling
molecules. At present, there is no way to restore InsPs or InsPg
levels in cells without altering other metabolites. Further studies
pinpointing the mammalian inositol phosphates that are re-
quired for mRNA export will likely await the identification of
mammalian enzymes that mediate InsPs and InsPs production
and turnover.
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