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Abstract

MDCK cells stably transfected with betaine/GABA transporter tagged with EGFP (EGFP—BGT) were used to study plasma membrane
insertion of EGFP—BGT. Adaptive response to hypertonicity requires nuclear migration of TonEBP. Confocal microscopy showed that after
6 h hypertonicity, the nuclear/cytoplasmic ratio of TonEBP fluorescence was increased to 2.4 compared to 1.4 in isotonic controls ( P<0.001).
The ratio in hypertonic cells was reduced by the proteasome inhibitor MG-132 in a dose-dependent way. Inhibition was 50% at 3 uM. After
6 h, hypertonicity expressed EGFP—BGT was localized in the plasma membrane, but there was no change in total EGFP—-BGT abundance
compared to isotonic controls. In contrast, EGFP—BGT remained mostly intracellular when 3 pM MG-132 was included in the hypertonic
medium. The transport function of EGFP—BGT was studied as Na'-dependent uptake of [PH]JGABA. This was not changed by MG-132 in
isotonic controls, but MG-132 produced dose-dependent inhibition of hypertonic upregulation of Na'/GABA cotransport. Inhibition was
80% at 3 pM MG-132. Transport likely reflects membrane insertion of EGFP—BGT and there was a positive correlation ( £<0.05) between
Na'/GABA cotransport and the N/C ratio of TonEBP. Results are consistent with a role for TonEBP-mediated transcription in synthesis of

additional proteins required for membrane insertion of EGFP—BGT protein.

© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Cells regulate cytosolic volume by adjusting solute
content to produce an osmotically driven gain or loss of
water. Cell solute content is altered by a variety of
mechanisms including ion transport, formation, or degrada-
tion of macromolecules, and accumulation of organic
osmolytes [1,2]. Osmolytes are especially important for
long-term volume adjustments because they do not perturb
cellular function [3,4]. Betaine is an important osmolyte in
the kidney, and the renal betaine/GABA transporter (BGT1)
protects cells in the hypertonic inner medulla by mediating
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cell uptake and accumulation of betaine [5]. There is
prolonged hypertonicity in this region of the kidney during
the normal operation of the urinary concentrating mecha-
nism. In addition to functioning as an osmolyte, betaine also
may act as a chaperone to stabilize protein structure under
stressful conditions [6].

Transcriptional activation of the BGT! gene in MDCK
cells during hypertonic stress [7] is mediated by TonEBP, a
member of the NFAT family of transcription factors [8,9].
TonEBP abundance in the nucleus is increased by hyper-
tonicity, a step that begins within 60 min [10] and occurs
prior to the increase in BGT1 mRNA [11,12]. Failure of this
adaptive mechanism in the kidney leads to severe atrophy
and loss of medullary tissue [13,14].

Previous work in MDCK cells [15] utilized BGT1 tagged
at the N-terminus with enhanced green fluorescent protein
(EGFP). In transiently transfected cells, normal transport
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function of the fusion protein (EGFP—BGT) was not altered,
as determined by ion dependence, inhibitor sensitivity, and
kinetics. The EGFP—-BGT protein also trafficked normally to
the plasma membrane during hypertonic stress. Confocal
imaging of EGFP—-BGT distribution in live cells detected
EGFP—-BGT fluorescence in the plasma membrane within 2
h after switching the cells to hypertonic (500 mosM) growth
medium. While this model was adequate for initial character-
ization of EGFP-BGT trafficking, the low transfection
efficiency was problematic for studying cell populations.

In the present study, MDCK cells stably expressing the
EGFP-BGT fusion protein have been used to further
investigate the plasma membrane insertion of EGFP-BGT
during early onset of osmotic stress. The advantage of this
system compared to native MDCK cells is that over-
expression provides the cells with an abundance of EGFP—
BGT protein, which allows a focus on the membrane
insertion step independent of de novo synthesis. Further-
more, in stable transfectants the membrane insertion of
EGFP-BGT can be quantitated both in single cells by
confocal microscopy and in cell populations by biotinyla-
tion and measurement of transport function. Using these
approaches, the time course of plasma membrane insertion
of EGFP—BGT in MDCK cells has been characterized. By
use of a proteasomal inhibitor to block nuclear trans-
location of TonEBP, we have determined also if membrane
insertion is dependent on transcriptional activation by
TonEBP.

2. Methods

Culture of MDCK cells, measurements of GABA trans-
port, Western blotting, and surface biotinylation procedures
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Fig. 1. Na'-dependent GABA uptake by monolayers of native non-
transfected (Non-Tx) MDCK cells and MDCK cells stably transfected (Tx)
with BGT1 tagged with EGFP (EGFP—-BGT). Uptake was determined after
24 h incubation in normal isotonic (ISO) or hypertonic (HYP) growth
medium. Data are mean+S.D. from three separate experiments and have
been corrected by subtraction of Na'-independent uptake which was not
changed by hypertonic stress or transfection. *Significantly different from
respective isotonic group (P<0.02).
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Fig. 2. Abundance of EGFP—BGT protein in whole cell lysates of stable
transfectants determined by Western blotting. After 24 h incubation in
isotonic (Iso) or hypertonic (Hyp) growth medium, cells were lysed in 1%
Triton X-100 solution containing protease inhibitors (16) and centrifuged.
Supernatant (lysate) was removed and pellets (insoluble) were dissolved by
heating in 1% SDS (in 150 mM NaCl, 50 mM Tris, pH 7.4) for 10 min at 90
°C. Protein samples were separated on 10% polyacrylamide/SDS gels,
transferred to nitrocellulose and blotted with antibodies to GFP (16). Blots
were stripped and reprobed with anti-vinculin antibodies.

were described previously in detail [15,16]. All transport
data have been corrected by subtraction of values for Na'-
independent uptake, determined in the same experiment.
MDCK cells stably expressing EGFP-tagged BGT1 were
obtained by transfection, as described previously [15],
followed by selection in complete growth medium contain-
ing geneticin (G418,400 pg/ml). The maintenance dose was
200 pg/ml and was removed prior to experiments. Expres-
sion of EGFP-tagged BGT1 was verified by fluorescence
microscopy and Western blotting with affinity purified
rabbit polyclonal antibody to GFP (Abcam, Cambridge,
UK) [15].

Affinity-purified polyclonal antibodies to TonEBP were
generously provided by Dr. HM. Kwon, University of
Maryland, and diluted 1:2000 for westerns. Antibodies to E-
cadherin and vinculin were obtained from Dr. J Marrs and
Dr. F Pavalko, Indiana University School of Medicine, and
used at 1:10,000 and 1:5000 dilutions, respectively. Mouse
monoclonal antibody to p-actin from Sigma-Aldrich (St.
Louis, MO) was used at 1:1000 dilution. MG-132 was from
Calbiochem (San Diego, CA) and a stock solution was
prepared in dimethylsulfoxide at 2000-fold working con-
centration and stored at —20 °C. All test compounds were
added to cells in isotonic medium for 1 h to allow uptake
and accumulation prior to switching to hypertonic medium
for 24 h. Cell culture medium was made hypertonic (500
mosmol/kg) by addition of sucrose [15,16].

Cell viability was determined by crystal violet staining of
DNA of adherent cells following various treatments in
hypertonic medium for 24 h [17,18]. Cells that detach in
hypertonic medium were shown previously to be apoptotic
and non-viable [17]. Each well of a 6-well plate was seeded
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Fig. 3. Comparison of time course of hypertonic (HYP) activation of Na“-dependent GABA transport in native MDCK (right) and stably transfected (Tx, left)
MDCK cells. Transport in isotonic (ISO) controls remained unchanged. Mean data from a typical experiment (analyzed in triplicate) are shown. Bars for S.D.

are small and are obscured by the data symbols.

with 2x10° cells, and experiments were begun 48 h later
when the cells were just prior to confluence. After the 24-h
treatments, the cells were washed four times in PBS of
matching tonicity, and stained by addition of 0.75% crystal
violet in 30% acetic acid for 10 min. The cells were washed
five times in normal PBS, extracted with methanol, and
absorbance at 630 nm was determined. Percent viability of
treated cells was expressed as the absorbance relative to
isotonic control cells.

The proportion of EGFP—BGT that reached the plasma
membrane after 6 h hypertonic stress was quantitated by
confocal morphometric analysis of live cells on glass
coverslips. The red lipophilic FM 4-64 dye was applied
extracellularly to specifically stain the plasma membrane
and to form a mask overlapping EGFP-BGT localized in
the plasma membrane, as described elsewhere [19-23].
MDCK cells were cooled to 4 °C to block endocytosis and
incubated in 10 pM FM 4-64 in PBS for 2 min immediately
prior to visualization. There was no improvement in labeling
intensity at concentrations above 10 uM. Images were
collected using a Zeiss LSM 510 confocal microscope
equipped with a Zeiss C-Apo x40 water immersion lens, and
controlled by LSM 510 software version 3.0 SP3. FM 4-64
was excited by 488 nm with emission collected between 620
and 680 nm. EGFP was excited by 488 nm and emission
was collected at 500—550 nm. Optical sections at 1-um
intervals were obtained to produce a three-dimensional
image of each cell, and cells in 3—4 different fields were
sampled. The instrument gain, offset, and other settings
were the same for all samples. Fluorescent images were
examined with LSM software (Carl Zeiss, Thornwood, NY)
and Metamorph software (Universal Imaging, Downing-
town, PA) was used for analysis.

MDCK cells were grown on glass coverslips for visual-
ization of TonEBP distribution. Following incubation in
isotonic or hypertonic test medium, the cells were washed
four times in isotonic or hypertonic PBS and fixed for 5 min
in 4% paraformaldehyde/PBS. The cells were washed in
PBS, permeabilized in 0.2% Triton X-100/PBS for 5 min,

rinsed again, and incubated in PBS containing 2% gelatin
for 30 min at 37 °C to block non-specific binding. The cells
were next incubated for 1 h at 37 °C in 1% gelatin/PBS
containing TonEBP antibody at 1:1,000 dilution. The
primary antibody was detected by incubating cells for 45
min in 1% gelatin/PBS containing affinity-purified goat
anti-rabbit IgG conjugated to FITC (Jackson Immuno-
Research, West Grove, PA) at 1:100 dilution. Cells were
washed and counterstained for 10 min in propidium iodide
(2 pg/ml) in PBS. After final washes, the cells were
mounted with fluoromount-G (Southern Biotechnology,
Birmingham, AL) and examined by confocal microscopy,
as described previously [16,24]. For detection of FITC
fluorescence, the excitation was at 488 nm and emission
was collected at 500-530 nm. Propidium iodide was
detected in the same image by exciting at 488 nm and
collecting emission at 620—680 nm. A single optical plane
was chosen that intersected all the nuclei (20—30) in the
field of view. Images were stored and Metamorph software
was used for analysis. The periphery of each nucleus was
traced on the propidium iodide image. A second larger
region was traced outside the first to include the cytoplasm
immediately adjacent to each nucleus. Nuclei were chosen
randomly to include different staining intensities. The
marked regions were transferred to the TonEBP image.
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Fig. 4. Na'-dependent uptakes of L-alanine and D-glucose in stably
transfected MDCK cells after 6 h incubation in isotonic (Iso) or hypertonic
(Hyp) growth medium. Data are mean+S.D. from three separate experiments.
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The average fluorescence intensity of each region was
determined and thresholded by subtracting the value for a
region that showed no TonEBP staining. For each cell, the
average fluorescence intensity of the nucleus was divided by
the average intensity of the adjacent cytoplasm to obtain the
nuclear/cytoplasmic (N/C) ratio. The procedure was
repeated in a second field of view to determine the average
ratio for a total of 30—40 cells chosen randomly.

Data are expressed as mean + S.D. Analysis of variance
was used to evaluate differences between multiple groups,
and individual groups were compared by the Tukey test

Iso | .

[25] using Instat v. 3.06 (GraphPad Software, San Diego,
CA). A probability of P<0.05 was considered statistically
significant.

3. Results

Na'-dependent uptake of GABA by whole cell mono-
layers was activated by hypertonic stress (500 mosM) for 24
h in both native MDCK and stable transfectants (Fig. 1), but
the overall uptake was almost three times greater in
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Fig. 5. Confocal micrographs comparing distribution of EGFP-tagged BGT1 (EGFP—-BGT, center panels) in stable transfectants after 6 h incubation in
isotonic (ISO) or hypertonic (HYP) growth medium. Plasma membranes in the same field of view were labeled with FM 4-64 (left panels). Two separate
experiments are depicted for both ISO (upper section) and HYP (lower section) groups. Instrument settings were the same for all samples. In each cell the
proportion of total cellular EGFP—BGT that localized to the plasma membrane was determined by use of Metamorph software, as described under Methods.

Scale bar is 20 pm.
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Fig. 6. Time course of surface expression of EGFP-tagged BGT! (E-B) in
stable transfectants during hypertonic stress for 0—6 h, as determined by
surface biotinylation. (A) Surface abundance of E—B relative to E-cadherin
(CAD) increased at 4 and 6 h. (B) Values for E-B/CAD ratios obtained
from three separate experiments (mean+S.D.). Significantly different
(*P<0.02) compared to ratio at time zero.

transfectants compared to native cells. The data have been
corrected for Na'-independent uptake of GABA which was
unchanged by hypertonic stress and did not differ between
native and transfected cells.

The increased transport activity in stable transfectants
during hypertonic stress is probably due to a change in
intracellular distribution because the total amount of
expressed EGFP—BGT was unchanged, based on Western
blots of whole cell lysates. All the expressed EGFP—BGT
was recovered in the Triton-soluble fraction and the
abundance after 24 h hypertonicity was very similar to the
abundance in isotonic controls (Fig. 2).

We next tested the time course of hypertonic adaptation in
stable transfectants to determine if EGFP—BGT overexpres-
sion allowed a faster adaptive response. Upregulation of
Na'/GABA cotransport in native non-transfected cells was
not detected until after 15—18 h of hypertonic treatment, as
reported previously [26,27]. In marked contrast, hypertonic
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Fig. 7. Western blot comparing relative abundance of expressed EGFP—
BGT (E—B) and actin proteins in whole cell lysates of stable transfectants
during 0—6 h hypertonic stress. The E—B/actin ratio was unchanged
throughout.
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Fig. 8. Surface expression of BGT1 in non-transfected MDCK cells under
isotonic (Iso) conditions. (A) Detection as Na‘-dependent GABA transport
in cell monolayers. Data are mean+S.D. from three experiments.
*Significantly different (P<0.02) compared to GABA uptake when Na"
in the uptake solution was replaced by methyl-D-glucamine (MGA) (16).
(B) Detection by surface biotinylation under isotonic conditions and after
24 h hypertonic (Hyp) stress.

upregulation was detected within 4 h in the stable trans-
fectants (Fig. 3) and was significantly different after 5—8 h
hypertonic stress. Absolute values after 6 h were 853+102 in
the hypertonic group compared to 502+96 pmol/mg/10 min
(n=3, P<0.05) in isotonic controls. The Na'/GABA uptake
continued to increase as hypertonic stress was maintained
and reached a peak at 15—24 h (not shown) that was almost
double the uptake after 7—8 h.

During hypertonic stress, native MDCK cells also
upregulate the Na'-dependent transport of alanine much
sooner (after 5—6 h) than Na'/GABA transport [26].
Alanine transport was determined in the stable transfectants

125
n=4
w 100 1 N — T
2 o ES
s 751
g
.gn 50
251
0
¢ MG CHX ¢ MG CHX
Isotonic Hypertonic

Fig. 9. Viability of stably transfected MDCK cells determined by crystal
violet staining after incubation for 6 h in either isotonic or hypertonic
growth medium. Medium contained either no additions (C), or 1 pM MG-
132 (MG) or 3 pM cycloheximide (CHX). Data are expressed as % of
isotonic controls, and are mean+S.D. from four experiments.
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Fig. 10. Blockade by 3 uM cycloheximide (CHX) of the surface expression
of EGFP—BGT during adaptation to 6 h hypertonic (Hyp) stress. (A) Na'/
GABA cotransport by MDCK cells stably transfected with EGFP-tagged
BGT1 (EGFP-BGT). (B) Proportion of EGFP-BGT localized to the
plasma membrane (PM) expressed as % total cellular expression, as
determined by the morphometric analysis. CHX had no effect under
isotonic (Iso) conditions. Data are mean+S.D. from three experiments (A)
and 1822 cells per group (B). Significantly different (*P<0.05) compared
to untreated isotonic control group.

after 6 h hypertonicity, and D-glucose was used as an
additional control. There was no change in either Na'/
alanine or Na'/glucose cotransport (Fig. 4) at this time,
suggesting that the much earlier upregulation of BGT1 after
4-6 h (Fig. 2) was adequate for providing intracellular
osmolytes in these cells. Similar experiments after 1 and 2 h
hypertonicity (not shown) revealed no change in Na'/alanine
transport, indicating that the normal upregulation at 5-6 h
was truly absent and not just shifted to earlier time points.

When stably transfected cells maintained in isotonic
medium were analyzed by confocal morphometric analysis,
expressed EGFP—BGT was detected in the plasma mem-
brane and the proportion accounted for 7.244.7%
(mean+S.D., n=8) of total cellular fluorescence. This finding
helps to explain the increased transport in this group under
isotonic conditions (Fig. 1). In contrast, after 6 h hypertonic
stress, there was 21.4+6.4% (n=12, P<0.001) of total
EGFP-BGT in the plasma membrane, representing a 3-
fold increase (Fig. 5).

Surface biotinylation studies on stable transfectants
detected increased abundance of EGFP-BGT protein at the
plasma membrane, relative to E-cadherin, after 4-6 h
hypertonicity (Fig. 6A). Data from three experiments were
quantitated by densitometry [15] and show that the ratio
almost doubled after 4 h and this increase was maintained at 6

h. The increases were significantly different compared to the
ratio at time zero (Fig. 6B). In contrast, whole cell lysates
from the same experimental groups showed no change in total
EGFP-BGT abundance (Fig. 7). The EGFP—BGT/actin
ratios were determined by densitometry. The ratio at time zero
was 0.82+0.32 (mean+S.D., n=3) and did not change
significantly during hypertonic stress for 1—6 h, confirming
that the increased amount at the plasma membrane was due
primarily to redistribution.

Biotinylation of transfected cells also confirmed the
presence of EGFP—BGT in the plasma membrane of isotonic
controls (time 0, Fig. 6A), consistent with the findings of the
confocal studies (Fig. 5) and morphometric analysis. This
may be due in part to the saturation of membrane trafficking
pathways by over-expressed EGFP—BGT protein. However,
when native non-transfected MDCK cells were re-inves-
tigated under isotonic conditions, a small but significant
amount of Na'/GABA cotransport was detected (Fig. 8A).
Biotinylation also detected a small amount of BGT1 protein
in the plasma membrane that showed a large increase in
abundance after 24 h hypertonic stress (Fig. 8B). This
strongly suggests that the increased GABA transport
function and the detection of membrane localization of
EGFP-BGT in isotonic transfectants (Figs. 1 and 5) are to be
expected, based on BGT1 behavior in native cells.
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Fig. 11. Time-dependent increases in (A) total cellular abundance of
TonEBP relative to E-cadherin (CAD), determined by Western blotting, and
(B) nuclear localization of TonEBP, expressed as the nuclear/cytoplasmic
(N/C) ratio of TonEBP fluorescence. Data obtained after subjecting stably
transfected MDCK cell monolayers to hypertonic (Hyp) stress for 0—6 h.
Data in B are meantS.D. from 30 cells at each time point. *Significantly
different (P<0.001) compared to N/C ratio at time.
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Fig. 12. Blockade by 1 uM MG-132 (MG) of the adaptation to 6 h
hypertonic (Hyp) stress in stable transfectants. (A) Nuclear localization of
TonEBP, determined as N/C ratio. (B) Surface expression of EGFP-BGT
determined as Na'/GABA cotransport. Data are mean+S.D. from 40 cells in
each group (A) or three experiments (B). *Significantly different ( £<0.001)
compared to hypertonic group.

Previous confocal studies on transiently transfected
MDCK cells showed that cycloheximide blocked mem-
brane insertion of EGFP—BGT during hypertonic stress for
14 h. We tested the action of cycloheximide (3 pM) in
stable transfectants during a 6-h hypertonic period. This
time and concentration had little effect on cell viability,
based on assay with crystal violet [17,18]. Viability of
hypertonic cells exposed to cycloheximide was 89%
compared to hypertonicity alone (Fig. 9). Cycloheximide
had no effect on transport in isotonic controls, but the
increase in Na'/GABA cotransport after 6 h hypertonicity
was blocked completely (Fig. 10A). Cycloheximide also
blocked localization of EGFP-BGT to the plasma
membrane, as determined by confocal morphometric
analysis. The proportion of EGFP—BGT localized to the
plasma membrane in isotonic controls was not changed by
treatment with 3 pM cycloheximide for 6 h. As shown
previously (Fig. 5), there was a significant increase in
plasma membrane localization of EGFP—-BGT after 6 h
hypertonicity. However, this increase was blocked com-
pletely when cycloheximide was present, and the mem-
brane localization of EGFP-BGT was not different from
isotonic controls (Fig. 10B).

Both the overall cellular abundance of TonEBP, which
was expressed relative to E-cadherin content, and the
proportion of TonEBP present in the nucleus, expressed as
the nuclear/cytoplasmic (N/C) fluorescence ratio [28], were

increased in the stably transfected MDCK cells during
hypertonic stress for 4—6 h (Fig 11). These responses are
very similar to those reported previously for native non-
transfected MDCK cells [10,29]. During 6-h hypertonicity,
the proteasome inhibitor MG-132 (1 uM) blocked the normal
increase in the nuclear/cytoplasmic (N/C) ratio of TonEBP by
40% (Fig. 12A), as expected [30]. MG-132 treatment also
blocked the hypertonic stimulation of Na'/GABA cotran-
sport by 70% (Fig. 12B). There was no significant effect of
MG-132 on cell viability under these conditions. Viability of
hypertonic cells treated with 1 pM MG-132 was 96%
compared to hypertonicity alone (Fig. 9). Thus, in spite of
over-expression of EGFP-BGT, the trafficking and mem-
brane insertion steps of this protein are still sensitive to a
proteasomal inhibitor that also blocked nuclear accumulation
of TonEBP. The inhibitory actions of MG-132 on the N/C
ratio of TonEBP and Na'/GABA transport were dose-
dependent at concentrations of 0, 0.3, 1.0, 3.0, and 10.0
UM, and there was a significant correlation between the N/C
ratio and transport (Fig. 13). Confocal microscopy confirmed
that 3 uM MG-132 inhibited membrane insertion of EGFP—
BGT during 6-h hypertonicity (Fig. 14).

4. Discussion

The overall BGT1 transport activity in the stable trans-
fectants exceeded that in native MDCK cells, under both
isotonic and hypertonic conditions (Fig. 1), and the differ-
ence is likely due to the additional activity of expressed
EGFP-BGT fusion protein in the transfected cells. The
adaptation to 24 h hypertonic stress was not accompanied by
an increase in abundance of EGFP—-BGT (Fig. 2), indicating
that the mechanism involved redistribution rather than
increased synthesis of EGFP—BGT. Similar findings were
reported for MDCK cells transiently transfected with
EGFP-BGT [15]. Quantitation by morphometric analysis
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Fig. 13. Regression analysis revealed a significant ( £<0.05) correlation
between Na'/GABA cotransport and nuclear localization (N/C ratio) of
TonEBP. The r value was 0.86. Data derived from use of MG-132 at 0, 0.3,
1.0, 3.0, and 10.0 pM. Other details as in Fig. 12.
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showed that just 7.2% of cellular EGFP—BGT was present in
the plasma membrane under isotonic conditions, and this
increased 3-fold after 6 h hypertonic stress. Although the
increased transport under isotonic conditions appears to
reflect abnormal trafficking, a detailed study of non-trans-
fected MDCK cells maintained in isotonic medium detected a
small amount of Na'-dependent GABA transport as well as
surface expression of BGT1 protein (Fig. 8). Thus, the
behavior of EGFP-BGT protein under both isotonic and
hypertonic conditions is identical in all respects to native
BGT]1 protein.

The increased plasma membrane content of EGFP—BGT
after just 6 h hypertonicity prompted examination of the time
course of the adaptation in stable transfectants. This revealed
a significant increase in transport activity after just 4 h
hypertonicity, much sooner than the 18-h period required to
activate transport activity in native MDCK cells (Fig. 3).
This time difference in upregulation indicates that measure-
ments of Na"”/GABA cotransport after 6 h hypertonicity
likely reflect only the activity of transfected EGFP—BGT
rather than the native BGTI that is also expressed in the
same cells. The early increase in transport activity apparently
obviated the requirement for upregulation of alanine trans-
port (Fig. 4) that normally occurs in native MDCK cells [26].
This process involves increased expression of system ATA2
[31] and is likely an intermediate step in osmolyte

accumulation. The finding of unchanged Na'/alanine and
Na'/glucose cotransport also illustrates the specificity of the
increase in Na"/GABA cotransport at 6h hypertonicity.

Independent analysis via surface biotinylation revealed a
2-fold increase in surface expression of EGFP-BGT,
relative to E-cadherin expression, after 4—6 h hypertonic
stress (Fig. 6). In the same experiments, there was no
change in EGFP—-BGT abundance in whole cell lysates after
4—6 h hypertonicity (Fig. 7). This confirms the results after
24 h hypertonicity (Fig. 2) and indicates that the increased
surface expression was due to a shift from cytoplasm to
plasma membrane. We conclude that the overexpression of
EGFP-BGT protein bypasses the need for de novo protein
synthesis and allows more rapid insertion in the plasma
membrane when hypertonic stress is encountered. Although
there is abundant EGFP—BGT protein in the cells, there still
remains a 3- to 4-h delay in the adaptive response measured
in a population of cells (Figs. 3 and 6). Previous confocal
studies on individual transfected cells revealed at least a 2-h
delay [15]. The delay period is consistent with the need to
synthesize accessory proteins, for example, Munc and other
SNARE proteins [32], that may be required for fusion and
membrane insertion of EGFP-BGT.

Inclusion of 3 pM cycloheximide, a non-specific
inhibitor of protein synthesis, in hypertonic medium
eliminated the normal adaptation to 6 h of hypertonic stress.

FM 4-64

EGFP-BGT

-

20 pm

Merged

Fig. 14. Distribution of EGFP—BGT (center panels) is primarily cytoplasmic after 6 h incubation in hypertonic medium containing 3 uM MG-132. Panels A
and B are from two different experiments. Plasma membranes in the same field of view were labeled with FM 4-64 (left panels). Instrument settings were the

same for all samples. Scale bar is 20 um.
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Both the increase in Na"/GABA cotransport and the increase
in plasma membrane localization of EGFP-BGT were
blocked (Fig. 10). This provides indirect support for the
concept that additional proteins must be synthesized to
facilitate membrane insertion of EGFP—BGT protein, even
when the latter is present in excess. Based on these
observations, it appears that hypertonic upregulation of
betaine transport involves at least a two-step process, starting
with synthesis of BGT1 and accessory proteins, and ending
with trafficking and plasma membrane insertion of BGT1
protein [33].

Finally, the possible role of TonEBP in the adaptive
mechanism in stable transfectants was examined. The
expected increases in TonEBP abundance and nuclear
accumulation were present after 4—6 h hypertonic stress
(Fig. 11). The proteasome inhibitor MG-132 (1 pM)
significantly inhibited both the increase in nuclear
accumulation and the increase in Na'/GABA cotransport
(Fig. 12). The transport measured at 6 h hypertonicity
primarily reflects membrane insertion of EGFP-BGT.
When these measurements were made using MG-132 over
a range of concentrations, a positive correlation emerged
between Na'/GABA cotransport and the N/C ratio of
TonEBP (Fig. 13). These findings should be interpreted
with caution because the correlation does not prove a
causal relationship and there may be other aspects of
proteasome inhibition (or MG-132 action) that contribute
to the blockade of transport. For example, both membrane
insertion of EGFP-BGT and nuclear translocation of
TonEBP may be influenced by unknown factors that are
present due to proteasomal inhibition (Fig. 14). However,
it is known that TonEBP stimulates transcription of a
number of target genes [34]. Thus, blockade of nuclear
accumulation of TonEBP may interfere with membrane
localization of EGFP—BGT because TonEBP also regulates
expression of the putative accessory proteins required for
membrane insertion of EGFP—-BGT. Additional work will be
required to define these new features of BGT1 protein
regulation.
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