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ABSTRACT. When expressed either in polarized epithelial cells or in fibroblasts, tw@dH\aexchanger
isoforms, NHE1 and NHE3, have different subcellular distributions. Using a quantitative cell surface
biotinylation technique, we found PS120 cells targ®0% of mature NHE1 but only 14% of NHES to

the cell surface, and this pattern occurs irrespective of NHE protein expression levels. In this study, we
examined surface fractions of NHE3 C-terminal truncation mutants to identify domains involved in the
targeting of NHE3. Removing the C-terminal 76 amino acids doubled surface fractions to 30% of total
and doubled th&max from 1300 to 2432«M H*/s. Removal of another 66 amino acids increased surface
levels to 55% of total with an increase in thgax to 5794uM Ht/s. Surface fractions did not change

with a further 105 amino acid truncation. We postulated that inhibition of the basal recycling of NHE3
could result in the surface accumulation of the NHE3 truncations. Accordingly, we found that, unlike
wild-type NHES3, the truncations were shown to internalize poorly and were not affected by PI3 kinase
inhibition. However, while the truncations demonstrated reduced basal recycling, they retained the same
serum response as full-length NHES3, with a mobilization~df0% of total NHE to the surface. We
conclude that basal recycling of NHE3 is controlled by endocytic determinants contained within its
C-terminal 142 amino acids and that serum-mediated exocytosis is independently regulated through a
different part of the protein.

Na'/H* exchangers (NHE%)are a family of integral cells is found on the basolateral membrane, where it mediates
membrane proteins that mediate the electroneutral exchangeuch “housekeeping” functions as maintaining intracellular
of Na' for H*. The six cloned NHEs, named NHENHEG6 pH homeostasis, modulating cell volum®),(and perhaps
according to the order of their discovery, demonstrate helping organize the actin cytoskeletat).(Both transfected
differences in their mechanism of regulation as well as their gnd endogenous mature NHE1 in polarized and unpolarized
expression patterns. Each NHE is composed of D cells demonstrates a largely plasma membrane localization,
transmembrane domains in its N-terminus that mediate the\yhich does not appear to change as a part of regulaion (
movement of Na and H" across the plasma membrane and 7) The acute regulation of NHEL by growth factors and
a long cytoplasmic C-terminal tail that allows the regulation protein kinases occurs through changes in its affinity for
of the transport function. N@H* exchangers demonstrate intracellular H (K'[H*],). The mechanism of NHE1 regula-

50—-60% amino acid identity in their N-terminal transport . - . o P
; : tion is through changes in the activity of individual molecules
m m 0,
domains. In contrast, NHE isoforms demonstratg5% and is mediated by phosphorylation-dependent and indepen-

amino acid identity in their C-terminal domains, which dent modifications of two critical domains in its cytoplasmic
determine the unique characteristics of the regulation of an portion B—10) ytop

individual NHE (for reviews see refs and 2).
Among the members of the cloned ME™ exchanger gene NHE3 has a much more limited expression pattern and is
family, NHE1 and NHES3 are the best-characterized isoforms. found predominantly on the brush border membrane of small
NHEL1 is the ubiquitously expressed isoform and in epithelial intestine, colon, gall bladder, kidney proximal tubule and
thick ascending loop of Henle, and salivary gland ducts,
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The mechanism of NHE3 regulation is through changes verified by both restriction analysis and sequencing of
in the maximal activity of individual exchangers and/or in junctions.
the total amount of active NHE3 on the plasma membrane. The double leucine deletion mutants were constructed by
The role of membrane trafficking in NHE3 regulation has use of a set of complementary primers of the surrounding
been suggested with the observations that endogenous NHE3equences with the six base pairs deleted. Fragments were
in kidney cortex {2), intestinal Caco-2 cells1@), and generated by PCR with the mutated primers and convenient
opossum kidney (OK) cellsl@, 15) is found both on the  upstream and downstream primers and then ligated together
brush border membrane as well as in a subapical compart-by PCR with the flanking primers.
ment. Furthermore, NHE3 has been shown to move between Cell Culture.Chinese hamster ovary (CHO) cell-derived
these two locations in response to various signaling pathwaysPS120 fibroblasts were stably transfected with cDNAs for
as part of the regulation of NHE3 activitg g, 14—17). full-length rabbit NHE3V, E3/756V, E3/690V, and E3/585V

This aspect of endogenous NHE3 is reproduced when theand human NHEL1V, using the lipofectamine reagent (Life
protein is exogenously expressed in two independerit Na Technologies). They were grown in Dulbecco’s modified
H* exchanger-deficient fibroblast cell lines, PS120 and AP1. Eagle’s medium (DMEM) supplemented with 25 mM
Recent studies in PS120 and AP1 cells have demonstratedNaHCQ;, 10 mM HEPES, 50 units/mL penicillin, 509/
that only a small fraction of NHE3 is found on the plasma ML streptomycin, and 10% fetal bovine serum in a 5%,CO
membrane under basal conditions8( 19). In fact, the =~ 95% G incubator at 37°C, as described2(). G418 (400
majority of the exchanger is present within an intracellular #9/mL) was used to maintain selection pressure and was
juxtanuclear compartment. While not definitively identified, added immediately after each subculturing. In addition, cells
studies showing that a population of intracellular NHE3 Wwere exposed to an acid load consisting of 50 mM,8IA
colocalizes with both the transferrin receptor and cellubrevin saline solution for 1 h, followed by an isotonic 2 mM Na
suggested that the intracellular compartment of NHE3 is solution. Surviving cells were then placed in normal culture
recycling endosomes, from which it is postulated that NHE3 medium and allowed to reach 360% confluence. The
traffics to and from the plasma membrane. Thus, a role for acidification process was initially repeated every2days

endo/exocytosis in both the basal and regulated activity of until more than 50% of the cells survived and was then
NHE3 appears likelyX9). repeated every week to maintain high id* exchange

activity.

Crude Membrane Preparatiorftransfected PS120 cells
were grown to confluence in 10-cm Petri dishes. All
ubsequent manipulations of the cells were conducted at 4

To quantitatively examine the role of membrane trafficking
in basal and regulated NHE1 and NHES3 activity, as well as
to identify domains within NHE3 involved in these processes,
the plasma membrane expression of both exchangers had t(§ N ; .
be determined. Consequently, we developed a method usin%v(,: with ice-cold solutlons. The cells were washed three times
cell surface biotinylation that allowed us to quantitate the !th PBS and_on_ce with 5 mM sodium phosphgte, pH 8,
plasma membrane fractions of NHE protein. This method with protease inhibitors. The cells were scraped-#2ImL

was used to quantitate the plasma membrane fractions oi’]?]c > de SOd"]fm phogphate,_sodnicated blrifaflyaanctj) Cimri'
full-length NHE1 and NHE3, as well as C-terminal truncation [U9€d at 300gfor 10 min to spin down nuclei and unbroken

mutants of NHE3, under both basal and serum-stimulated C€!lS- The resulting supernatant was centrifuged at 39000
conditions. We have previously reported that the 377 for 30 min to pellet the_ cell membranes, and the pellet_was
C-terminal amino acids of NHE3 comprise the domain homogenized by passing through a 26gauge needle in
necessary for all basal and regulated modulation of NHE3 100-3004L of sodium phosphate buffer.

activity, with serum acting through the very N-terminal 19 Cell Surface BiotinylationTransfected PS120 cells were
amino acids of this domainl(). We now report that a  97OWn to 76-80% confluence in 10-cm Petri dishes. The

subdomain of this region, the C-terminal 142 amino acids cells were then serum-starved for 5 h. For serum conditions,
reduces basal plasma membrane expression of NHE3 by!0% dialyzed FBS was supplemented for 15 min atG7
mediating the endocytosis of the exchanger. Furthermore,@nd for wortmannin conditions, 100 nM wortmannin was
we found that basal and serum-stimulated membrane traf-SuPPlemented for 60 min at 3T. All subsequent manipula-

ficking of NHE3 are independently regulated and act through tions were performed at #C. Cells were washed twice in
different domains in the C-terminus of the exchanger. phosphate-buffered saline (150 mM NaCl and 20 mM-Na

HPQO,, pH 7.4) and once in borate buffer (154 mM NacCl,
EXPERIMENTAL PROCEDURES 10 mM boric acid, 7.2 mM KC|, and 1.8 mM Ca_(,)pH 9).

The surface plasma membrane proteins were then biotin-

DNA ConstructsNHE3V truncation mutants were gener- ylated by gently shaking the cells for 20 min with 3 mL of

ated from NHE3 tagged at the C-terminus with the vesicular borate buffer containing 1.5 mg of NH&S—biotin (biotin-
stomatitus virus G protein (VSV-G) epitope and linker ylation solution; Pierce). An additional 3 mL of the same
sequence. A conveniedhd restriction site at the junction  biotinylation solution was then added, and the cells were
between NHE3 and the VSV-G sequence allowed the designrocked for an additional 20 min. The biotinylation solution
of antisense primers with the internal sequence at the desiredvas then discarded, and the cells were washed extensively
sites of truncation and aKhd site inserted at the'%end. with the quenching buffer (20 mM Tris and 120 mM NacCl,
Fragments were generated by PCR with upsteam sensgH 7.4) to scavenge the unreacted biotin, and then the cells
primers with convenient restriction sites and the internal were washed twice with phosphate-buffered saline.
antisense primers with the engineebdud sites. Fragments Cells were then scraped and solubilized with 1 mL 6f N
were then ligated into the NHE3V plasmid and cut withd buffer (60 mM HEPES, pH 7.4, 150 mM NacCl, 3 mM KClI,
and the upstream restriction enzyme, and their sequence wa$ mM Ng&EDTA, 3 mM EGTA, and 1% Triton X-100) and
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were then sonicated for 20 s and agitated on a rotating rockercarboxy-flouorescein (BCECF-AM, &M) in Na* buffer

at 4 °C for 30 min, followed by centrifugation at 12090 (130 mM NaCl, 5 mM KCI, 2 mM CaG| 1 mM MgSQ, 1

for 30 min to remove insoluble cellular debris. mM NaH,PQ,, 25 mM glucose, 20 mM HEPES, pH 7.4)
A portion of the resulting supernatant was retained as the for 30—60 min at room temperature, then washed with TMA

total fraction. The remaining total was then incubated with buffer (130 mM tetramethylammonium chloride, 5 mM KClI,

avidin—agarose (Pierce) f® h toseparate the biotinylated 2 mM CaC}, 1 mM MgSQ, 1 mM NaHPQO, 25 mM

proteins from nonbiotinylated proteins by binding the former glucose, 20 mM HEPES, pH 7.4) to remove the extracellular

to avidin-agarose. After two consecutive avidin precipations, dye, and the coverslip was mounted at an angle 6fi6@

the remaining supernatant was retained as the intracellularlO0 L fluorometer cuvette designed for perfusion and

fraction. Finally, the avidirragarose beads were washed thermostated at 37C. The cells were pulsed with 40 mM

repeatedly in N buffer to remove all the nonspecifically NH4CIl in TMA™* buffer for 2-10 min, followed by removal

bound proteins, and the bound proteins were solubilized in of the NH,CI, and then the cells were perfused with TMA

equivalent volumes (to volume initially added to beads) of buffer, which resulted in the acidification of the cells. In the

sample buffer containingg-mercaptoethanol to cleave the wortmannin experiments, the cells were incubated with

disulfide bonds of the NHSSS-biotin and then heated wortmannin (dissolved in DMSO) for 60 min while they

gently at 70°C for 5 min, yielding the surface fraction. Three were dye-loading.

dilutions of the total, intracellular, and surface fractions were  Kinetic studies were performed as describet) @nd did

run on the same 9% polyacrylamide gel and transferred to not include data from cells with an intracellular pH greater
Immobilon membranes. Western analysis was performedthan pH 7.1, as there exists an endogenous acidification
with monoclonal anti-VSV-G antibody (P5D4 hybridoma process in PS120 cells above this pH value. At pilues
supernatant) as the primary antibody and horseradish periower than pH 7.1, the pH recovery was entirely ‘Na
oxidase-conjugated anti-mouse as the secondary antibodydependent and amiloride-sensitive. ‘iNd" exchange rate
Bands were then visualized for enhanced chemiluminescencejata were calculated as the product of Na-dependent change
(ECL) on preflashed film under developing conditions in in pH; times the buffering capacity at each p&hd were
which the dilutions gave linear signals. analyzed by a nonlinear regression data analysis program
Quantitation of FractionsThe volume of each band was  (Origin software), which allowed fitting of data to a general
determined in arbitrary densitometric units by use of a gllosteric model described by the Hill equation; €
scanning densitometer and Imagequant software. Values fory, . IS]7/(K'+[S]"), with estimates foWmax andK'[H*]; and
each band were plotted as densitometric units versus sampleheir respective errors (SEM), as well as fitting to a
volume. Curves for each fraction (total, intracellular, and hyperbolic curve, such as would be expected with Michae-
surface) were generated and analyzed by linear analysis onis—Menten kinetics. The SEM was calculated by the

Origin software. Fractions were quantitated as the percentagecomputer to reflect variability of the parameters estimated.
of total as follows: (1) the sample volume needed to give

the same densitometric value was determined for eachRESULTS

fractions present; (2) the sample volumes for each fraction

were compared against the volume of the total fraction PS120 Cells Target All Mature Glycosylated NHEL1 to the
needed to give the same densitometric value only when theyPlasma Membrane While Only 14% of NHE3V in PS120

fell on the linear range of all curves simultaneously; and (3) Cells Is Expressed on the Plasma MembraidE-deficient
values were used 0n|y if recovery (i_e', surface p|us intrac- PS120 fibroblasts were stably transfected with either NHE1

ellular) equaled or exceeded 85% of total NHE3. or NHE3 VSV-G-tagged at its C-terminus. The fraction of
Reversible BiotinylationThe protocol described above was Plasma membrane expression was determined as described
modified to determine the amount of internalized NHE3. under Experimental Procedures. Briefly, intact cells were
Cells were biotinylated as described above &E4they were ~ surface biotinylated before being lysed, and biotinylated
then incubated at 37C for the indicated times in the Proteins were separated from unbiotinylated proteins by
presence or absence of wortmannin (100 nM). Cells were repeated avidifragarose precipitations. The supernatant
then returned to 4C, when all remaining surface biotin was remaining after the avidin precipitations was verified to
removed by addition of 10 mM freshly added 2-mercapto- contain no remaining biotinylated proteins both by determin-
ethanesulfonic acid (MESNA) for % 30 min washes in  Ing that no further biotinylated proteins precipitated with
stripping buffer (100 mM NaCl, 1mM EDTA, 50 mM Tris, ~ another round of avidin precipitation and by probing blots
pH 8.6, and 2 mg/mL BSA). All unreacted MESNA was With HRP—streptavidin (data not shown). Three dilutions
quenched with 100 mM iodoacetamide in PBS for 10 min Of the resulting fractions, total, surface, and intracellular, were
before cells were lysed as described above. The stepgesolved by SDSPAGE and bands were visualized by ECL.
following were the same as the protocol described above. The volume of individual bands was determined by use of a
Fluorometry/BCECF Experiment&ells were seeded on densitometer, and the volume of sample loaded was plotted
g|ass Coversnps and grown until they reached-30% against the denSity of individual bands. The fractions were
confluency. They were then placed in serum-free media for compared against each other for the same densitometric value
5 h before transport was studied as descriligl (n brief, only whgn it fell in the linear range of the signals for all
control and test experiments were done on the same day usingurves simultaneously.
similarly acid selected cells of the same passage. Cells were The top panel of Figure 1A shows cell surface biotinylation
seeded on glass coverslips, grown overnight in serum-freeresults of two clones of NHE1V expressing different ratios
medium, and studied for transport. The cells were loaded of the 110 kDa mature glycosylated form to the 90 kDa
with the acetoxymethyl ester of 2-bis(carboxyethyl)5 6- immature form. The bottom panel is the corresponding
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Ficure 1: Cell surface biotinylation of NHE1V and NHE3V. Intact PS120 cells stably transfected with either NHE1V or NHE3V were
serum-starved for5 h before being biotinylated as described under Experimental Procedures. (A) Western blots of two clones of NHE1V
with three dilutions of total, intracellular, and surface fractions (top panel), probed with anti-VSV-G monoclonal antibody (P5D4) and
visualized with ECL. Representative quantitation of 110-kDa NHE1V (clone B) (bottom panel) is also shown with density of bands determined

by a scanning densitometer and Imagequant software and plotted against the sample volume. Fractions were compared for similar densitometric
values across the overlapping linear range for all curves. At least three densitometric values were compared in the analysis of one Western
blot. (B) Western blot of NHE3V with three dilutions of total, intracellular, and surface fractions (top panel), probed with anti-VSV-G
monoclonal antibody (P5D4) and visualized with ECL. Representative quantitation (bottom panel) is also shown, with density of bands
compared as discussed above. (C) Mean of surface (solid bars) and intracellular (hatched bars) fractions of NHE1V and NHE3V, shown
+ SE. Experiments were repeated four times for each NHE1 clone. Experiments were repeated 10 times for NHE3V.

quantitation of the 110 kDa form of NHELV clone B, with of NHE3V is consistently reproduced across multiple clones
the percentage on the plasma membrane determined byas well as mixed populations of stably expressing cells,
comparing the volume of sample needed to give a similar demonstrating a wide variety of NHE3V expression levels
densitometry value for all fractions present (total and (data not shown). A summary of the plasma membrane and
surface). Intracellular levels of 110 kDa NHE1V were too intracellular fractions for NHE1V and NHE3V stably
low to quantitate. Both clones of NHE1V target nearly all expressed in PS120 cells is shown in Figure 1C. NHE1V
(88% vs 85%) of their 110 kDa form to the plasma expresses 88.8% 3.5% of 110 kDa exchanger on the cell
membrane, irrespective of the levels of total NHE1V surface, while NHE3V expresses only 14.0£61.3% of
expression or the relative amounts of the 110 and 90 kDaexchangers on the plasma membrane, with 88%.2%
forms. remaining within the cell.

Cell surface biotinylation results for NHE3V are shown Truncation of the C-Terminus of NHE3V Increases Basal
in Figure 1B. NHE3V is not glycosylated and appears as a Na'/H" Exchange Actiity and the Percentage of Exchanger
single 85 kDa band with only 12% of exchangers present on the Plasma MembraneSince the plasma membrane
on the plasma membrane and 85% remaining within the cell. fraction of NHE1V and NHE3V in PS120 cells was
Again, as in the case of NHELV, this subcellular distribution independent of expression level, appearing instead to be an
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FiGure 2: Expression and transport rates of NHE3V truncation mutants in PS120 cells. NHE3V truncation mutants were generated by
PCR as described under Experimental Procedures. (A) The membrane-spanning domain of NHE3 is indicatestasethéarand the
cytoplasmic domain as theolid bar. The amino acids deleted from NHE3V truncation mutants E3/690V and E3/756V are shown below
with double leucine motifs underlined. (B) Western blot of equal amounts of total protein of cell lines stably expressing NHE3V, E3/756V,
E3/690V, and E3/585V. (C) NHE3\M), E3/756V (»), E3/690V#®), and E3/585V Q) cells were loaded with BCECF in Na medium and

then acidified by incubation with Ni€I, followed by perfusion in TMA solution, and finally were allowed to recover to steady-state pH

in Na" medium. The intracellular [H was monitored with BCECF in a spectrofluorometer. In these kinetic studiesfftux rates,
equivalent to N&/H* exchange, were plotted against intracellular JHNa*/H™ efflux rates were calculated at various pkhes were fit

to the data by an allosteric model, and kinetic parametéfs,[K'(H*);, andn,,] were estimated. (D) Summary of bas4l., values for
NHE3V and truncation mutants. Values were calculated from at least three full kinetic curves for each exchanger and shows-as mean
SE.

NHE3V E3/756V E3/690V E3/585V

intrinsic characteristic of the particular protein, we hypoth- uM H*/s. Removal of the C-terminal 76 amino acids (E3/
esized that the differences in this distribution could be 756V) doubled the basaVma to 2432+ 530 uM H/s.
attributed to a domain that is highly divergent between the Truncation of a further 66 amino acids (E3/690V) resulted
two proteins, namely, the C-terminal cytoplasmic domain. in a further doubling of the bas&max to 5794+ 366 uM
Furthermore, we have previously shown that signaling H*/s. Finally, removal of another 105 amino acids (E3/585V)
pathways change th¥n.x of NHE3 through distinct C- resulted in a much loweVmax of 750+ 150uM H*/s. The
terminal subdomains that work additively to determine both K'[H*]; values of full-length NHE3V and its truncation
basal and regulated levels of NE* exchange activityl(1). mutants remained unaltered-a®.2uM H* (data not shown).
We therefore generated VSV-G-tagged C-terminal truncation  To determine the mechanism for the altered b&gal of
mutants of NHES, stably transfected them into PS120 cells, the NHE3 truncation mutants, the percentage of NHE protein
and studied them for total NHE expression levels, basal Na that each truncation mutant expressed on the plasma mem-
H* exchange activity, and the percentage expressed on théorane was quantified by the cell surface biotinylation
plasma membrane. Figure 2A is a schematic of NHE3V technique described above. E3/756V demonstrated a doubling
indicating the sites used to generate the mutants as well af the percentage on the plasma membrane, increasing from
the amino acids deleted from E3/756V and E3/690V. 14% 4+ 1% for full-length NHE3V to 30%+ 1% for E3/
Figure 2B is a Western blot probed with anti-VSV-G of 756V. A representative Western blot and the corresponding
equal amounts of total protein (crude membrane preparations)quantitation of cell surface biotinylation for E3/756V are
from four mixed-population cell lines expressing full-length depicted in Figure 3A. Cell surface biotinylation results for
NHE3V or the truncation mutants, E3/756V, E3/690V, and E3/690V are shown in Figure 3B, demonstrating that removal
E3/585V. We found that E3/756V and E3/690V expressed of a further 66 amino acids increases the surface fraction to
an equivalent amount of NHE protein as full-length NHE3V, 55% + 1% of total. Figure 3C shows cell surface biotiny-
but E3/585V demonstrated an 8-fold reduction in expression lation results for E3/585V, demonstrating that removal of
levels. Full kinetic curves were generated to determine the another 105 amino acids does not increase the surface
basal Na/H* exchange activity, with representative curves fraction, which remained essentially constant with 58%
for all four cell lines shown in Figure 2C and summarized 6% of total NHE protein still on the plasma membrane. A
in Figure 2D. Full-length NHE3V had ¥y 0f 13004+ 180 summary of the plasma membrane fraction of NHE3V, E3/
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Ficure 3: Surface levels of NHE3V truncation mutants. Intact PS120 cells stably expressing E3/756V, E3/690V, and E3/585V were
serum-starved for-5 h before being biotinylated as described above. Western blots of E3/756V (A), E3/690V (B), and E3/585V (C) with
three dilutions of total, intracellular, and surface fractions (top panels) are shown. Representative quantitations are also shown (bottom
panels) with density of bands compared as discussed above. (D) Summary of surface levels of NHE3V and truncation mutants. Experiments
were repeated at least four times for each exchanger and are shown ag-r8&an

756V, E3/690V, and E3/585V stably expressed in PS120 expression for NHE3V was contained within the last 142
cells is shown in Figure 3D. The relative maximal activity amino acids, all further studies were conducted with the full-
of individual exchangers, calculated as gy per percent- length protein and two truncation mutants, E3/756V and E3/
age of surface NHE (normalized for total expression levels), 690V.

for full-length NHE3V and the truncation mutants E3/756V, E3/756V and E3/690V Internalize Poorly Compared to
E3/690V, and E3/585V are very similar, ranging from 108 Full-Length NHE3V.One possible explanation for the
to 120uM H*/% surface NHE. Therefore, it appears that increased plasma membrane levels of E3/756V and E3/690V
the C-terminal 142 amino acids of NHE3V determines the is an inability to internalize effectively, resulting in an
fraction of surface NHE3V, without changing the maximal accumulation on the cell surface. To test this possibility, we
activity of individual exchangers. Truncation of a further 105 maodified our cell surface biotinylation technique. Cells were
amino acids (E3/585V) fails to change levels on the plasma surface biotinylated as before at@, they were then warmed
membrane or the maximal activity of individual exchangers. to 37 °C for the indicated times, and finally cooled back
Since the domain mediating the fraction of plasma membranedown to 4°C where all remaining surface biotin was stripped
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A. NHE3V were studied. We found that neither truncation mutant
internalizes during 1, 3,rdb h incubation periods (data not

Total Stripped Internalized shown). This could be explained by the internalization rates

Fraction: of E3/756V and E3/690V being significantly longer than 5
40 80 160 h and hence out of the range of detection of the above
Volume (ul): 5 10 20 40 80 160 internalization assay.

: PI3 Kinase Inhibition Reduces N&1*™ Exchange and
8skp P M‘P' e H Surface Leels of NHE3V but Does Not Alter the Surface
' Levels or the Transport Actity of E3/756V or E3/690V.
PI3 kinase has been implicated in mediating the exocytic
B. E3/690V portion of the recycling of NHE3V under basal conditions
. ) (21). Eliminating PI3 kinase activity by wortmannin treat-
Fraction: 1@ Stripped  Intemnalized ment (100 nM, 37C) resulted in (1) a reduction of NAH*
40 80 160 exchange activity of NHE3V (Figure 5A), (2) reduced plasma
Volume (ul): 5 10 20 40 80 160 membrane levels of NHE3V (Figure 5B), and (3) no change
in the amount of internalized NHE3V, based on quantitation
69 kD P -q I 1 B oLk of internalized NHE3V in the presence of wortmannin using
reversible biotinylation (data not shown). In contrast, wort-
FiGURE 4: Internalization of NHE3V and E3/690V. Intact PS120 mannin reatment did not ‘?Iter the. tra.nSport function, plasma
cells were serum-starved fer5 h before being biotinylated at 4 ~Membrane levels, or the internalization of E3/690V or E3/
°C as described above. Cells were then placed atG@Tor 1 h 756V (Figure 5). The inability of wortmannin treatment to
before being returned to %, and surface biotin was stripped as  alter the transport rates or surface expression levels of E3/
described under Experimental Procedures. Results for NHE3V are756v or E3/690V indicated that their higher plasma mem-

shown in panel A and those for E3/690V are shown in panel B. . .
Parallel plates were selected for equivalent amounts of total protein brane levels were due entirely to poor endocytosis, because

expressed (total), and one was stripped without &@ihcubation blocking recycling to the plasma membrane did not affect
to check stripping efficiency (Stripped) while the other was allowed these mutants.

to internalize NHE3 protein fol h at 37°C (internalized). Results Two Double Leucine Motifs between Amino Acids-756
are representative of four independent experiments. 832 Are Not Imolved in the Endocytosis of NHE3Whe
before the cells were lysed and biotinylated proteins were truncation mutants of NHE3V have elevated surface levels
precipitated with avidir-agarose. In this case, all remaining because the exchanger is unable to endocytose effectively
biotinylated proteins were protected from the stripping and consequently accumulates on the plasma membrane. The
procedure because they were internalized during th&C37  rapid internalization of NHE3V must be determined, there-
incubation period. Parallel plates were treated in three fore, by amino acids between 690 and 832. Double leucine
different ways: one was biotinylated as before to ensure theresidues have been shown to function as endocytic motifs
efficiency of the biotinylation reaction; one was stripped for such membrane proteins as Glug®), the interleukin 6
immediately following biotinylation without a 37C incuba- receptor 23), and the human immunodeficiency virus Nef
tion to ensure that all surface biotin was effectively removed protein @2, 24). The domain between amino acids 756 and
(stripped); the third was placed at 3C for 1 h before being 832 for NHE3V contains two such motifs (indicated in Figure
stripped to determine the fraction of NHE protein internalized 2A), and we investigated their involvement in the internal-
during tre 1 h incubation (internalized). Reversible biotin- ization of the exchanger. The double leucines were deleted
ylation results for NHE3V are shown in Figure 4A. Three individually and together and transfected into PS120 cells.
dilutions of total, stripped surface, and internalized NHE3V Cell surface biotinylation results for the double mutant
were run on a Western blot, and the amount of internalized (lacking both LL motifs) demonstrated that surface levels
NHE3V was determined as the fraction of total. The high were not significantly different (12.7%: 3.5% vs 14.0%t

level of stripping efficiency was demonstrated by the absence 1.3%) from the wild-type NHE3V, indicating that these
of biotinylated proteins from the stripped fraction, while signals were not involved in the endocytosis of NHE3V.
guantitation of the internalized fraction demonstrated that Similar results were obtained for both single mutants (data
~50% of surface NHE3V was endocytosed during the 1 h not shown).

incubation period. In contrast, neither E3/756V nor E3/690V  Plasma Membrane Lels of NHE3V, E3/756V, and E3/
demonstrated any significant internalization during the 1 h 690V Increase with Serum Treatment Whiledle of NHE1V
incubation period, despite surface biotinylation occurring Remain UnalteredThe regulation of NHE3 in kidney cortex
normally. Results for E3/690V are shown in Figure 4B, with and Caco-2 cells in response to various agonists and
similar results obtained for E3/756V (data not shown). This antagonists such as phorbol esté3) (parathyroid hormone
indicates that the increased plasma membrane levels of thgPTH) (15), hypertensionX6, 17), and EGF has been linked
NHE3 truncation mutants is at least partially due to their to changes in plasma membrane NHE3. NHE3V, E3/756V,
inability to endocytose, resulting in their elevated accumula- and E3/690V in PS120 cells all show stimulated K&

tion on the plasma membrane. The higher fraction of E3/ exchange rates in response to serum treatnigiit Conse-
690V on the plasma membrane (55%) compared to E3/756V quently, we asked whether the serum stimulation of NHE3V
(30%) would indicate that E3/690V internalizes less ef- could be mediated by changes in the membrane trafficking
fectively than E3/756V despite neither one showing any of the exchanger and whether the truncated NHE3V proteins
appreciable internalization overgi h incubation. Therefore, retained the same mechanism for serum stimulation, despite
longer internalization time points for E3/690V and E3/756V having elevated basal surface levels. Cells were serum-
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Ficure 5: Wortmannin treatment of transport rates and surface levels of NHE3V, E3/756V, and E3/690V. (A) NHE3V, E3/756V, and
E3/690V cells were loaded with BCECF in Na medium, alone or containing 100 nM wortmannib,if@t 37°C. The cells were then

acidified by incubation with NECI, followed by perfusion in TMA solution, and finally were allowed to recover to steady-state pH in

Na" medium. The intracellular [ was monitored with BCECF in a spectrofluorometer and kinetic parameters were determined as described
above. (B) Cells were serum-starved fob h before being placed in fresh serum-free medium, alone or containing 100 nM wortmannin,

for 1 h at 37°C. They were then placed at°€ before being biotinylated, and surface fractions were determined as described above.
Control surface levels are shown as solid bars and wortmannin surface levels as hatched bars. Experiments were repeated four times and
shown as mear: SE. Asterisk indicatep = 0.001; ns, not significant.

starved for~5 h before being exposed to 10% fetal bovine serum treatment. In contrast, NHE1V surface levels remained
serum (FBS) for 15 min at 37C and surface biotinylated, the same. Therefore, the serum stimulation of NHE3V is at
and the percentage on the plasma membrane was quantitateléast partially attributable to an increase in the amount of
as described above. Figure 6 shows that NHE3V and its active plasma membrane exchangers. This serum-mediated
truncation mutants all show elevated plasma membrane levelsmodulation of the membrane trafficking of NHE3V was
with serum treatment. The plasma membrane levels of retained in its truncation mutants, E3/756V and E3/690V,
NHE3V increased from 14% to 22% of total, E3/756V with all three showing a recruitment 6f10% of total NHE
surface levels increased from 30% to 43% of total, and E3/ protein to the cell surface with serum treatment. Given the
690V surface levels increased from 55% to 66% of total with elevated basal surface levels of the NHE3V truncation
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100~ R comrol biotinylation data have included concerns about the efficiency
Serum e of the modification as well as possible contamination of
intracellular pools25). Our biotinylation results for NHE1V
807 _E addresses both these issues. To independently confirm our
= 7 7 results, we used previous studies of the percentage of NHE1
i 60 x '{//’ { on the plasma membrang6). Extracellular chymotryptic
8 ; % 7 cleavage of NHEl demons_trated that all the mature glyco-
5 40 . 77 % 7 sylated protein was susceptible to degradation and hence was
@ ] % % - localized to the cell surface, while the smaller biosynthetic
z ] % //// 7 intermediate was protected from cleavage and consequently
o201 ? % % 7 must be localized intracellularly. Consistent with these
] % / /// results, we found that 88% of mature NHE1 was retrieved
0 Ly through avidin precipitations, indicating that essentially all

NHE3V E3/756V E3/690V NHE1V

- 6 Acut reatment of NHE3V. E3/756Y. E3/690V surface NHE1 was modified by incubation with biotin.
IGURE 0. AcCUte serum treatment O , , ,
E3/585V, and NHELV. Colls were serum-starved £ h before Furthermore, none of the smaller form of NHE1 was detected

being placed in fresh serum-free medium, alone or containing 10% 1N the surface fractions, demonstrating that intracellular
FBS, for 15 min at 37C. They were then placed at°€ before proteins were not being labeled. The similar results obtained
being biotinylated, and surface fractions were determined as for the plasma membrane expression of NHE1 using either
described above. Control surface levels are shown as solid barSextrace"L”ar Chymotryptic Cleavage or cell surface biotin-

and serum levels as hatched bars. Experiments were repeated sev : ; ; S . :
times and shown as meain SE. Asterisk indicatep < 0.02: ns, Sfation validated this use of quantitative biotinylation. In

not significant. addition, the similar membrane topology of all NHEs and
the conserved presence of extracellular lysine residues

mutants, the percent stimulation of serum was different Suggested that the biotinylation results for NHE1 could be

between NHE3V, E3/756V, and E3/690V. extrapolated to other NHE isoforms.
Cell surface biotinylation results indicated that, unlike the
DISCUSSION plasma membrane expression of NHEL1V, only 14% of

NHE3V was found on the cell surface. The characteristic

Biosynthetically mature NHE1 is found almost exclusively surface expression patterns of both NHE isoforms were
on the plasma membrane. In contrast, NHE3 is found both consistently reproduced across a wide variety of expression
on the cell surface and within intracellular vesicles. Some |evels and remained unaltered among clones expressing
of the intracellular NHE3 molecules are derived from the equivalent levels of NHE1V and NHE3V. These results
redistribution of the exchanger from the plasma membrane, suggested that the differences in subcellular distribution
as a part of the basal recycling of the protein. Changes in petween the two NHE isoforms were attributes of NHE1 vs
the rapid recycling of NHE3 provide a means to regulate NHE3 and not simple products of overexpression. In fact,
the percentage of exchanger at the surface membrane anghe polarized epithelial cells of the intestine and kidney
thus regulate total N@H* exchange activity. Previous studies  proximal tubule, which express both NHE1 and NHE3, share
have examined the basal recycling of NHE3,(21) as well the same pattern of plasma membrane targeting as demon-
as changes in this recycling under a variety of regulatory strated in PS120 fibroblasts. Namely, all the mature NHE1
conditions (3, 16, 17). What have not been identified are s targeting to the basolateral membrane, while NHE3 is
determinants within NHE3 that are involved in either the found both on the brush border membrane and in subapical
basal or regulated movement of the protein to and from the vesicles, although a higher percent of total NHE3 is present
cell surface. In this study, we have developed a method of on the apical surface than on the plasma membrane of
cell surface biotinylation that allowed the quantitation of the fiproblasts.

percentage of plasma membrane molecules as a fraction of The low surface fraction of NHE3V is consistent with the
the total. AnalyS|S of C-terminal truncation mutants of NHE3 rapid recyc"ng of the protein from the cell surface to

using this method allowed the identification of two adjacent juxtanuclear recycling endosomes. To identify determinants
domains in the C-terminus of the exchanger, which determinejn the basal recycling of NHE3V, we examined the cell
the levels of basal N@H" exchange by regulating the surface expression of several C-terminal truncation mutants
endocytosis of NHE3. In contrast, neither of these domains of NHE3V. This was done not only because the C-terminus
affected the increase in plasma membrane NHE3 caused byof NHE3 is extremely divergent from that of NHE1 but also
acute serum treatment. In the NHE3 truncation mutants, pecause our previous studies have demonstrated elevated
which endocytose extremely poorly, the intact serum regula- pasal NHE3 activity with the truncation of the C-terminal
tion indicated a stimulation of exocytosis, demonstrating that 76 amino acids. However, it had not been elucidated whether
different parts of the NHE3 C-terminus are involved in thjs stimulation was caused by a change in the amount of
controlling plasma membrane expression under basal andp|asma membrane NHE3 or was due to Changes in the NHE3
serum-stimulated conditions. transport activity.

The use of impermeant biotin analogues to label membrane Our present results indicate that the stimulation of Na
proteins is a widely used technigue to examine cell surface H" exchange was due entirely to the presence of more
expression. Here, we report quantitative analysis with this surface NHE3 molecules and suggests that the C-terminal
technique that allows the determination of the percentage of 142 amino acids of NHE3 act to inhibit plasma membrane
NHE protein on the plasma membrane. Reported method-NHE3 expression under basal conditions. In addition, these
ological issues that affect quantitative interpretations of results led to the surprising conclusion that removal of the
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majority of the regulatory domain of NHE3 (277 of the 377 exchange rate or the percentage of NHE3 on the plasma
amino acids that comprise the cytoplasmic domain) did not membrane. While no other recognized endocytic motifs are
alter the basal activity of individual NHE3 molecules. located within the C-terminal 142 amino acids, we postulate
Furthermore, our results suggest that the plasma membranghe presence of either unrecognized endocytic motifs or the
expression level of NHE3 is regulated in at least two steps. involvement of NHE3-associated proteins that mediate the
Removal of the C-terminal 76 amino acids resulted in the basal endocytosis of NHES. In fact, we have reported that
loss of at least one of these putative signals, with surface calmodulin binds within the last 76 amino acids of NHE3
levels doubling from 14% to 30% of total NHE3V now on and the abrogation of this binding results in a stimulation of
the plasma membrane. Truncation of another 66 amino acidsNHE3 activity. Whether the binding of calmodulin to NHE3
removed the other putative signal with surface levels rising influences the membrane trafficking of the exchanger remains
to 55% of total, which was unaltered with the removal of a to be defined 27).
further 105 amino acids. The plasma membrane fractions of = The rates of recycling of NHE3V are altered by a variety
the NHE3V truncation mutants were consistently reproduced of signaling pathways, which culminate in a change in the
across multiple expression levels, indicating that total protein number of exchangers on the plasma membrane. Acute serum
levels were not determining the extent of surface expression.treatment has been shown to stimulate thé/Na exchange
Rather, these specific domains influenced the surface expresof NHE3V and appears to act through the very N-terminal
sion of NHE3. portion of the C-terminus of the proteii). Cell surface
The stepwise increase in surface fraction with the NHE3 biotinylation showed that the serum-mediated increase in
truncation mutants implies the presence of multiple signals NHE3V activity was at least partially attributable to an
controlling how much exchanger is localized to the plasma increase in plasma membrane exchangers. Furthermore, the
membrane. Given the large stretches of amino acids truncatednechanism of serum stimulation (i.e., movement of mol-
in the mutants, we favor the presence of two or more distinct ecules to the cell surface) was retained between full-length
signals vs one large domain contained within the C-terminal NHE3V and its truncation mutants, which all mobilized
142 amino acids, the effect of which is partially abrogated ~10% of total NHE3 molecules to plasma membrane within
with the removal of the C-terminal 76 amino acids. 15 min of serum exposure. The ability of the NHE3V
Given that NHE3 recycles under basal conditions, alter- truncation mutants to be mobilized to the cell surface with
ations in the rates of endocytosis or exocytosis could serum stimulation demonstrated that NHE3V trafficked
potentially have been responsible for changing the amountdifferently under basal and regulated conditions, with distinct
of basal plasma membrane NHE3. The rapid basal recyclingmodulators of both processes found within the protein.
of NHE3V was examined in two ways. First, reversible cell  Mmembrane trafficking has been implicated in the regulation
surface biotinylation demonstrated thab0% of surface  of numerous transport proteins, including the vasopressin-
NHE3V was internalized durgna 1 hincubation at 37C. mediated exocytosis of aquaporinZB) and the parathyroid
In contrast, the NHE3V truncation mutants demonstrate no hormone-mediated endocytosis of NaPi2®)( In contrast,
appreciable internalization for up to 5 h. Second, previous the trafficking of NHE3 appears to play a role not only in
studies have demonstrated that the exocytosis of NHE3V changing plasma membrane levels of the exchanger under
from recycling endosomes is mediated by the lipid kinase, specific regulatory conditions but also in determining the
PI3 kinase. These studies also established a specific role folmasal surface levels of NHE3. Our results suggest that, under
PI3 kinase in its regulation of NHE3 movement. Unlike other pasal conditions, NHE3 is rapidly endocytosed from the
reported observations of the role of PI3 kinase in the plasma membrane through determinants localized to the
membrane trafficking of other plasma membrane proteins C-terminal 142 amino acids. This implies NHE3 exists in
as well as in bulk membrane movement, PI3 kinase worked an “inhibited” condition, with internal signals limiting the
almost exclusively in mediating the exocytosis of NHE)( extent of plasma membrane expression of the exchanger. The
Accordingly, the inhibition of PI3 kinase with wortmannin  yapid basal recycling of NHE3, mediated potentially through
for 1 h decreased NHE3V transport rates and surface Ievelsmu|tip|e motifs, allows signaling pathways to change NHE3

by ~50% without altering the amount of internalized activity by altering how the exchanger is endocytosed or
NHE3V. In contrast, the inhibition of PI3 kinase failed to  exocytosed.

affect either transport rates or plasma membrane fractions
of the truncation mutants. Both the inability to internalize REFERENCES
effectively and the lack of effect with the block of exocytosis

are consistent with a model of the truncated NHE3V proteins
lacking the domains mediating the basal endocytosis of the
exchanger and hence accumulating on the cell surface.
Since truncated NHE3V internalized poorly, we hypoth-
esized that endocytic motifs within the C-terminal 142 amino
acids of the protein were mediating the internalization of
the exchanger. Motifs that have previously been shown to
be involved in endocytosis and that are present within the
C-terminal 142 amino acids of NHE3 include two double
leucine motifs. These motifs have been shown to be involved
in the endocytosis of Glut2@) and the interleukin 6 receptor
(23). However, mutations of these two double leucine motifs
either alone or together failed to alter the basal NHE3
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