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A Conserved Domain in the Tail Region of the Saccharomyces
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The Saccharomyces cerevisiae Na*/H* antiporter Nhalp has a two-domain structure
consisting of an N-terminal integral membrane region and a C-terminal cytoplasmic
region. We previously identified six distinct cytoplasmic domains (C1-C6) conserved
among yeast species and here we performed detailed structure-function analysis of
the C1 domain (16 residues). Deletion of the C1 domain causes extensive inhibition of
cell-growth under high salinity conditions. Mutants with single residue deletions or
various amino acid substitutions affecting the C1 domain were analyzed with respect
to salinity-dependent growth and Nhalp localization. The C1 domain was found to
consist of two subdomains: (i) The first three N-proximal residues, which in conjunc-
tion with the integral membrane region play a crucial role in the targeting of Nhalp
to the cytoplasmic membrane, and (ii) the portion between Leu-439 and Thr-449,
which is not required for localization, but in which four residues (Gly-440, Arg-441,
His-442, and Ile-446) affect salinity-sensitive cell-growth by possibly influencing the
antiporter activity. Based on the overall similarity of the two-domain structure of
Nhalp to that of mammalian Na*/H* antiporters, the functional importance of
domains proximal to the membrane region is discussed.

Key words: conserved domain, GFP fusion protein, hydrophilic tail, intracellular
localization, site-directed mutagenesis, two-domain structure, Yeast Na*/H* antiporter.

Cellular homeostasis requires that the pH and Na* con-
centration be maintained at certain levels in living cells
(1, 2). Na*/H* antiporters play an important role in this
regulation in organisms from bacteria to humans (7, 2).
Several Na*/H* antiporters, also called Na*/H* exchang-
ers (NHEs), have been found in bacteria, yeast, plants
and mammals (3-7). Although all antiporters are inte-
gral membrane proteins with the same function, their
primary structures are diverse (3-7). Eight NHE iso-
forms have been reported for mammals (8—12) and their
structure-function relationships have been extensively
studied (8—12). As determined by hydropathy plot analy-
sis, mammalian NHE isoforms have a two-domain struc-
ture consisting of an integral membrane region and a
hydrophilic cytoplasmic tail region (8—12). The highly
conserved integral membrane region is believed to form a
structure essential for ion transport across the mem-
brane (8—12). In contrast, the hydrophilic cytoplasmic
region (tail region) is structurally diverse and accumulat-
ing evidence suggests that isoform-specific elements in
this region mediate interactions with other proteins (13—
20). However, the molecular details of these regulatory
interactions remain to be determined.

Two Na*/H* antiporters, Nhx1p and Nhalp, have been
described in Saccharomyces cerevisiae (21, 22). Nhx1p,
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which exhibits sequence homology with NHE6 (10, 23,
24), is a mitochondrial (10) and late-endosomal mem-
brane protein (23, 24) that drives Na* transport across
membranes by means of a proton gradient that is proba-
bly formed by a V-type ATPase (22). Nhalp is transported
to the cytoplasmic membranes from the endoplasmic
reticulum (ER), and the Nhalp-mediated export of Na* is
coupled to the proton motive force created by the plasma
membrane H* translocating ATPase (7, 25, 26). Although
sequences found in the integral membrane regions of
mammalian NHE isoforms are not conserved in Nhalp,
the yeast protein has a two-domain structure consisting
of an integral membrane region and a hydrophilic mem-
brane-peripheral region (the tail) (27), as found for mam-
malian NHEs. We have reported that six small but dis-
tinct conserved domains, C1 to C6, are present in the tail
region, although the overall primary amino acid
sequences of these domains vary among yeast species
(27). We have also shown that these conserved domains
likely have similar functions in yeast and other fungi
(27). The C1 domain consists of sixteen residues, and the
C2 (23 residues) and C3 (15 residues) domains, which are
near the membrane region, are important for growth
under conditions of high salinity, possibly by influencing
the antiporter activity of Nhalp (27).

Here we further study the functions of the C1 domain,
especially with respect to the intracellular localization of
Nhalp. We demonstrate that C1 can be functionally dis-
sected into two portions, one important for directing

© 2004 The Japanese Biochemical Society.

ZT0Z ‘62 equisides uo eidsoH uensuyd enybueyd 1e /Bio'seulnolpiogxo-qli:dny woly pspeojumoq


http://jb.oxfordjournals.org/

140

intracellular localization and the other possibly required
for ion transport. These findings provide new clues for
understanding the functional significance of the two-
domain structures of Nhalp and mammalian NHEs.

MATERIALS AND METHODS

E. coli and Yeast Strains, and Cell Culture—The Sac-
charomyces cerevisiae strains, G19 and SK5, used in this
study are derivatives of W303-1B (MATa leu2-3/112
ura3-1trpl-1 his3-11/15 ade2-1 can1-100) (28). G19 con-
tains a deletion of ENA1 (enalA::HIS3::ena4A) (28) (a
kind gift from Dr. A. Rodriguez-Navarro, Ciudad Univ.)
and SK5 (enalA::HIS3::ena4A nhalA::LEU2) (27) was
derived from G19 by substitution of the 3.9 kb Xbal-Ndel
NHA1 fragment with LEU2. MTsec6, MTsec12, MTsec14,
and MTsec18 are derived from YPH (MATa ura3-52 lys2-
80 ade2-10 trp1-A63 his3-A200 lue2-Al) (kindly provided
by Dr. Yoshinori Ohsumi, Naional Institute for Basic
Biology and Dr. Akihiko Nakano, Univ. of Tokyo) (29) and
bear the temperature sensitive alleles sec6-4, sec12-4,
sec14-3, and secIl8-1, respectively (30). In all experi-
ments, cells were transformed with the vector alone or
with one of the plasmids described below. Strains were
routinely grown in rich medium (YPD) (31) containing
1% yeast extract, 2% peptone, and 2% glucose or minimal
medium (SD) (31) containing 0.67% yeast nitrogen base
and 2% glucose supplemented with required amino acids.
Escherichia coli JM109 (32) was used for the propagation
of plasmids. E. coli cells were cultured in L broth (33) at
37°C with an appropriate antibiotic for selection of trans-
formants, as described previously (33). Solid media con-
tained 1.5% agar.

Construction of Expression Vectors Encoding Nhal-
GFP Fusions and Derivatives—Constructs encoding C-
terminal truncations of Nhalp were created by amplifica-
tion of the full NHAI open reading frame, and of the
regions encoding amino acid residues 1-647 [NHA1A(C4-
C6)], 1-449 [NHA1A(C2-C6)], and 1-433 [NHA1A(C1-
C6)], with appropriate primers (Table 1) as described pre-
viously (34). All amplified DNAs were inserted between
the unique KpnlI and Sphl restriction sites of pUC18, and
the nucleotide sequences were verified. The full-length
and truncation derivatives of Nhalp were tagged with
the green fluorescent protein (GFP) as follows: A 0.7 kb
GFP fragment was amplified from pEGFP-N3 (Clontech),
and then cloned between the pUC18 Sphl and Sall sites.
NHA1 and NHA1 deletion derivatives were isolated from
the above pUC18 derivatives by digestion with Kpnl and
Sphl, and then ligated together with the SphI-Sall GFP
fragment to Kpnl-Sall-digested pKT10, a multi-copy
yeast expression vector with the GAP promoter and ter-
minator (35). The resulting plasmids, pPq,pNHA1-GFP,
pPuapNHA1A(C4-C6)-GFP, pPqp-NHA1A(C2-C6)-GFP,
and pPgp-NHA1A(C1-C6)-GFP, were used to construct
expression vectors carrying the NHAI promotor. The
BamHI fragment containing the 1.7 kb GAP promoter
(one site lies within the pUC18 polylinker and the other
within the NHA1 coding sequence) was excised from
these plasmids and replaced with a 1.6 kb genomic
BamHI fragment bearing the NHAI1 promoter. These
plasmids were named pNHA1l-GFP, pNHA1A(C4-C6)-
GFP, pNHA1A(C2-C6)-GFP, and pNHA1A(C1-C6)-GFP.
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To create an internal deletion of the C1 domain in the
full-length NHA1, oligos 6 and 7 (Table 1), which are spe-
cific to sequences flanking but not including the C1
domain, were used in conjunction with oligos 1 and 2
(Table 1) for PCR. The amplified fragment was used to
replace the corresponding region of the NHA 1 expression
vector pNHA1-GFP after digestion with BamHI and
Sphl. To create sequential deletions of the C1 domain,
oligo 1 was used with oligos 8 to 18 (Table 1) to amplify a
series of fragments encoding portions of Nhalp. The
amplified sequences were used to replace the corres-
ponding region of BamHI-Sphl-digested pNHA1-GFP.
Replacement of individual C1 residues by alanine or
arginine, or replacement of three consecutive C1 residues
by three consecutive alanine, serine or arginine residues
was achieved by PCR with oligonucleotide primers carry-
ing the desired mutations (Table 1, oligos 19 to 35 for sin-
gle Ala replacement, 36 to 43 for triple Ala replacement,
44 to 45 for triple Ser or Arg replacement, and 46 to 48 for
single Arg replacement with 1 and 2). Amplified DNA
carrying replacements was substituted for the corre-
sponding pNHA1-GFP sequence after digestion with
appropriate restriction enzymes.

Growth Assays for Yeast Cells Transformed with Nhal-
GFP Constructs—NHA1-deficient (SK5) and wild type
(G19) cells transformed with the full-length NHA1-GFP
fusion construct or derivatives were grown at 30°C for 24
h in SD, diluted and then grown for another 16 h in fresh
medium. Exponential phase cells were then diluted 100-
fold in SD, pH 5.5, and inoculated into 1 ml SD with var-
ious concentrations of NaCl in a multi-well plate. Growth
was monitored spectrophotometrically (ODgy,) and the
relative growth rate was expressed as a percentage of the
rate of growth in the absence of NaCl.

Detection of Cellular Localization of Nhalp-GFP by
Fluorescence Microscopy—SKS5 transformants expressing
Nhalp-GFP fusion proteins or derivatives were inocu-
lated at 30°C into SD, diluted and then incubated at 24°C
in fresh medium. Early logarithmic phase cells were
examined by fluorescence microscopy (Olympus BX51)
with appropriate filter sets (NIBA).

sec mutants (sec6-4, sec12-4, sec14-3, and sec18-1) (30)
transformed with the NHA1-GFP fusion construct were
grown at 23°C in SD. The cultures were diluted with
fresh medium, grown at 23°C to the early logarithmic
phase, shifted to 37°C, and then incubated for another
2 h. Cells were fixed with cold methanol for 10 min at
—20°C and then with cold acetone at —20°C. Cells were
rehydrated with PBS and observed by fluorescence
microscopy with appropriate filter sets.

Whole Cell Protein Fractionation and Western Blot-
ting—Cells were grown to OD600 = 0.6-1.0, collected by
centrifugation, resuspended in lysis buffer [20 mM Tris-
HCI, pH 7.6, 0.2 M sorbitol, 5 mM EDTA, 10 mM PMSF,
protease inhibitor cocktail (Roche Diagnostics)], and then
disrupted with glass beads at 4°C. After removing unbro-
ken cells and debris, a pellet fraction (P13) was obtained
from the total lysate by centrifugation at 13,000 xg for 15
min. The resulting supernatant was separated further
into pellet (P100) and supernatant (S100) fractions by
centrifugation at 100,000 xg for 1 h (39). Each fraction
was resuspended in an equal volume of SDS sample buffer.
A 20 pg aliquot of each was subjected to SDS—polyacryla-
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Table 1. Oligo DNAs used in this study.

Oligo DNAs Sequence (5'-3") Position*/Description
1. NHA1-BamHI-Fw  TA;GGATCCCTGCAGTCATGATA 1032-1053
2. SK31 TCT;; GCATGCCCTTATTGAGACCA 2952-2964
3. SK29 TGT;GCATGCGGAGAGATGAAGAT 1938-1950 A(C4-C6)
4. SK32 TCT;GCATGCTGGTTAACGTTATC 1344-1357 A(C2-C6)
5. SK36 ATGA;GCATGCCTGAAGAACCATGAAC 1294-1308 A(C1-C6)
6. NHA1-AC1-Fw CATGGTTCTTCAAAAACATTCACT 1294-1308, 1357-1368
7. NHA1-AC1-Rv AGTGAATGTTTTTGAAGAACCATG 1294-1308, 1357-1368
8. NHA1-434-Rv TCT;GCATGCTAACTGAAGAACCATG 1288-1302 NHA1-434
9. NHA1-435-Rv TCT;)GCATGCTTGCAACTGAAGAACC 1291-1305 NHA1-435
10. NHA1-436-Rv TCT;;GCATGCTGATTGCAACTGAAGAAC 1292-1308 NHA1-436
11. NHA1-437-Rv TCT;; GCATGCTTATGATTGCAACTGAAG 1295-1311 NHA1-437
12. NHA1-438-Rv TCT;; GCATGCTAGTTATGATTGCAAC 1300-1314 NHA1-438
13. NHA1-439-Rv TCT;GCATGCTTAGAGTTATGATTGC 1303-1317 NHA1-439
14. NHA1-440-Rv TCT;)GCATGCTACCTAGAGTTATGATTG 1304-1320 NHA1-440
15. NHA1-441-Rv TCT;;GCATGCTACGACCTAGAGTTATG 1308-1323 NHA1-441
16. NHA1-442-Rv TCT;; GCATGCTATGACGACCTAGAGTT 1311-1326 NHA1-442
17. NHA1-443-Rv TCT; GCATGCTCAAATGACGACCTAGAG 1313-1329 NHA1-443
18. NHA1-444-Rv TCT;; GCATGCTGTTCAAATGACGACCTAG 1315-1332 NHA1-444
19. V434A-Fw GG;;; CTCGAGCGCTGCAATCATAACTCTAGG 1302-1328
20. I436A-Fw GG;;)CTCGAGCGTTGCAGCCATAACTCTAGG 1302-1328
21. I437A-Fw GG;;)CTCGAGCGTTGCAATCGCAACTCTAGG 1302-1328
22. L438A-Fw GG;;)CTCGAGCGTTGCAATCATAGCTCTAGG 1302-1328
23. T439A-Fw GG;;)CTCGAGCGTTGCAATCATAACTGCAGGTCGTCATTTG 1302-1338
24. G440A-Fw GG;;; CTCGAGCGTTGCAATCATAACTCTAGCTCGTCATTTG 1302-1338
25. R441A-Fw GG;;)CTCGAGCGTTGCAATCATAACTCTAGGTGCTCATTTG 1302-1338
26. H442A-Rv TTG;;GTTAACGTTATCGTGTTCAAAGCACGAC 1328-1355
27. L443A-Rv TTG;GTTAACGTTATCGTGTTCGCATGACG 1330-1355
28. N444AA-Rv TTG;;;;GTTAACGTTATCGTGGCCAAATGACG 1330-1355
29. T445A-Rv TTG;; GTTAACGTTATCGCGTTCAAATGACG 1330-1355
30. [446A-Rv TTG;;;GTTAACGTTGCCGTGTTCAAATGACG 1330-1355
31. T447A-Rv TTG;GTTAACGCTATCGTGTTCAAATGACG 1330-1355
32. L448A-Fw ACGATAACGGCAACCAAAACATTC 1342-1365
33. L448A-Rv GTTTTGGTTGCCGTTATCGTGTTC 1338-1361
34. T449A-Fw ACGATAACGTTAGCCAAAACATTC 1342-1365
35. T449A-Rv GTTTTGGTTAACGCTATCGTGTTC 1338-1361
36. VAVAAA-Fw GG;;)CTCGAGCGCTGCAGCCATAACTCTAG 1302-1327
37. ILT/AAA-Fw GG;;)CTCGAGCGTTGCAATCGCAGCTGCAGGTCGTC 1302-1333
38. GRH/AAA-Fw CTAGCTGCTGCTTTGAACACG 1324-1344
39. GRH/AAA-Rv CAAAGCAGCAGCTAGAGTTATG 1317-1338
40. LNT/AAA-Fw CATGCGGCCGCGATAACGTTAAC 1333-1355
41. LNT/AAA-Rv TATCGCGGCCGCATGACGACC 1327-1347
42. ITLT/AAAA-Fw ACGGCAGCGGCAGCCAAAACATTC 1342-1365
43. ITLT/AAAA-Rv TTTGGCTGCCGCTGCCGTGTTCAA 1336-1359
44. VAI/SSS-Fw TGG;CTCGAGCTCTTCATCCATAACTCTAGG 1302-1328
45. VAI/RRR-Fw TGG; CTCGAGCAGAAGAAGAATAACTCTAGG 1302-1328
46. V434R-Fw TGG; CTCGAGCAGAGCAATCATAACTCTAGG 1302-1328
47. A435R-Fw TGG;;; CTCGAGCGTTAGAATCATAACTCTAGG 1302-1328
48. 1436R-Fw TGG;; CTCGAGCGTTGCAAGAATAACTCTAGG 1302-1328

141

*Position when the first letter of the initiation codon is 1. Restriction sites of BamHI, Sphl, Xhol, and Hincll are
underlined (1), (i1), (iii), and (iiii), respectively. The positions of BamHI, Xhol, and HinclI site are 1034, 1302, and
1350, respectively. Fw and Rv indicate primers for forward and reverse primers in PCR, respectively.

mide gel electrophoresis on a 10% acrylamide gel, and
the separated proteins were transferred to a membrane
filter (GHVP, Millipore) (40). The membranes were treated
with anti-GFP serum (Molecular Probe) or anti-Sec12p
polyclonal antibodies (a kind gift from Dr. Akihiko Nakano,
University of Tokyo). Immunoreactive bands were visual-
ized by means of the enhanced chemiluminesence method,
as described previously (Amersham Pharmacia) (41).

Vol. 135, No. 1, 2004

Other Procedures—All DNA manipulations were per-
formed according to published procedures (42). Proteins
were measured as described previously (43). DNA
sequencing was performed by the dideoxy chain termina-
tion method (44) with an ABI 377 DNA sequencer.

Materials—Restriction enzymes, KOD DNA poly-
merase, and T4 DNA ligase were purchased from Toyobo
and New England Biolabs. The oligonucleotides used in
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NHA 1 A(C4-C6)-GFP
NHA1A(C2-C6)-GFP
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Fig. 1. Schematic illustration of NHA1-GFP fusion proteins.
The transmembrane domain shown by the shadowed boxes com-
prises residues between 1 and 433. This putative integral mem-
brane domain was previously predicted on hydropathy plot analy-
sis. The conserved C1 to C6 domains in the hydrophilic tail domain
(indicated by shadowing) comprise residues 434 to 449, 465 to 487,
526 to 540, 694 to 717, 787 to 815, and 919 to 944, respectively. The
truncated forms of Nhalp include the following residues:
NHA1A(C4-C6), 1-647; NHA1A(C2-C6), 1-449; NHA1A(C1-C6), 1—
443; and NHA1A(C1), 1-433 and 450-985. GFP was fused to the C-
terminus of each Nhalp derivative.

this study were synthesized by Invitrogen. Other materi-
als were of the highest grade commercially available.

RESULTS

Effects of Deletions of the Cytoplasmic Domains of the
Na*/H* Antiporter 1 (Nhalp) on Salinity-Sensitivity—We
previously showed that over-expression of carboxy-temi-
nal truncations of Nhalp affects the growth of cells under
conditions of high salinity (27). In those experiments the
truncated forms were overproduced under the control of
the efficient GAP promoter of the high-copy expression
vector pKT10 (35). Here we expressed Nhalp truncations
from the NHA1 promoter to provide a lower level of pro-
tein and to reduce any consequences of over-expression.
In order to localize Nhalp expression in vivo, we created
C-terminal fusions of each Nhalp construct with the
green fluorescence protein (GFP) (Fig. 1). Cells trans-
formed with the full-length NHA1-GFP fusion construct
were resistant to high salinity, as found for wild type cells
(Fig. 2) and for nhalA::LEU2 mutant SK5 transformed
with NHA1 alone (data not shown), implying that the
GFP fusion protein is a functional Na*/H* antiporter and
that it acts to reduce the intracellular Na* concentration
as efficiently as the wild type Nhalp. The concentration
range of NaCl found to inhibit the growth of SK5 was 0.4
to 0.6 M, while at these concentrations SK5 transformed
with the wild type NHAI-GFP fusion grew at a rate of
85-80% of that of control cells in medium without NaCl.
Truncation of Nhalp by removal of the C4 to C6 domains
permitted growth at concentrations of greater than 0.6 M
(Fig. 2 B). In sharp contrast, loss of the C2 to C6 domains
strongly inhibited growth under high salinity conditions.
Further truncation resulting in loss of the C1 domain led
to even more severe growth retardation than for the C2-
C6 truncation (Fig. 2B). Internal deletion of the C1
domain also caused similar retardation of growth (data
not shown). These results, except for that concerning the
C1 internal deletion, are essentially the same as those
obtained for Nhalp truncations expressed under the
strong GAP promoter of pKT10. These results suggest

K. Mitsui et al.
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Fig. 2. The growth of cells transformed with Nhalp trunca-
tion derivatives is inhibited under conditions of high salin-
ity. (A) SK5 (nhalA, enal-4A) cells transformed with the Nhalp
truncation forms shown in Fig. 1 were diluted serially and then
spotted onto SD plates, pH 5.5 supplemented with NaCl as indi-
cated. The plates were incubated at 30°C for 4 days. (B) SK5 trans-
formants with the vector alone (diamonds), wild-type NHA1-GFP
(solid squares), NHA1A (C4-C6)-GFP (open squares), NHA1D(C2-
C6)-GFP (circies), or NHA1A(C1-C6)-GFP (triangles) were inocu-
lated into 5 ml SD medium supplemented with the indicated con-
centrations of NaCl and then cultured at 30°C with vigorous shak-
ing. The growth rate was spectrophotometrically determined (600
nm) after 24 h incubation at 30°C. The relative growth rate was cal-
culated as described under “MATERIALS AND METHODS” and is pre-
sented as the percentage of the growth rate of cells cultured in
medium without NaCl.

that the C1 and C2-C3 domains promote, and the C4-C6
domain inhibits growth under conditions of high salinity
through influences on antiporter activity, as proposed
previously (27). The phenotype of cells expressing Nhalp
with the deletion of the C1 domain strongly supports the
idea that this domain plays an essential role in anti-
porter activity.

Cellular Localization of Nhalp-GFP Fusions—Nhalp-
GFP fusions were localized in transformed cells by fluo-
rescence microscopy. While fluorescence due to GFP
alone was found throughout the cell (Fig. 3A), strong sig-
nals were observed on the membrane surface of cells
expressing the NhalpA(C4-C6)-GFP and NhalpA(C2-
C6)-GFP fusions as well as the wild type Nhalp-GFP
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Fig. 3. Cellular localization of Nhalp-GFP fusions. SK5
(nhalA, enal-4A) cells transformed with GFP alone (A), wild type
NHA1-GFP (B), NHA1A(C4-C6)-GFP (C), NHA1A(C2-C6)-GFP (D),
NHA1A(C1-C6)-GFP (E, F), or NHA1AC1-GFP (G, H) were grown at
30°C to the logarithmic phase, and then observed by fluorescence
microscopy. Fluorescence microscopic images (E, G) and Nomarski
microscopic images (F, H) of cells transformed with NHA1A(C1-C6)-
GFP and NHA1AC1-GFP are shown.

fusion (Fig. 3, B, C, and D). These results suggest that
most of the C-terminal tail, up to the C2 domain, is not
required for the targeting of Nhalp to the cytoplasmic
membrane. However, removal of the entire C-terminus,
including the C1 domain, caused most of the truncated
Nhalp-GFP fusions to appear in an intracellular com-
partment peripheral to the nucleus (Fig. 3E). This com-
partment was identified as the ER on comparison of the
pattern of fluorescence with images obtained on Nomar-
ski microscopy (Fig. 3, E and F). The internal deletion of
the C1 domain from the full-length Nhalp also caused
Nhalp to be localized to the ER (Fig. 3, G and H). These
results clearly show that the C1 region, but not the rest of
the C-terminal tail, plays a crucial role in directing
Nhalp to the cytoplasmic membrane. These results also

Vol. 135, No. 1, 2004
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Fig. 4. Intracellular distribution of Nhalp-GFP fusions. Pro-
teins prepared from cells expressing the full-length Nhalp-GFP or
NhalpA(C1-C6)-GFP were prepared as described under “MATERIALS
AND METHODS,” and then subjected to Western blot analysis with
antibodies against GFP and Sec12p.

support the idea that changes in the salt sensitivity of
cells expressing truncated forms NhalpA(C4-C6)-GFP
and NhalpA(C2-C6)-GFP are due to changes in anti-
porter activity rather than to an alteration in Nhalp
localization. In contrast, the decreased growth of trans-
formants expressing NhalpA(C1-C6) was revealed to be
due to inappropriate localization of the truncated Nhalp-
GFP to the ER rather than to a decrease in Nhalp activity.

Localization of the NhalpA(C1-C6)-GFP fusion was
also determined by fractionation of whole cellular pro-
teins (Fig. 4). The wild type Nhalp-GFP fusion was found
in the P100 fraction, which includes small endocytic vesi-
cles and cytoplasmic membrane fragments, as well as in
the P13 fraction, which includes the ER, Golgi apparatus
and large cytoplasmic membrane fragments. However,
NhalpA(C1-C6)-GFP was found primarily in the P13
fraction. As a control, the marker Sec12p, which is known
to be localized to the ER, was found mainly in the P13
fraction, as expected (45). These biochemical results also
confirm that fluorescence signals are due to the Nhalp-
GFP fusion but not to GFP alone. Overall, these results
are consistent with the observations made on fluores-
cence microscopy.

C1 Domain Residues Required for the Localization of
Nhalp to the Cytoplasmic Membrane—We next addressed
how the C1 domain of Nhalp functions in localization.
For this purpose, we constructed a series of deletion
mutants containing a part of the C1 domain and deter-
mined their intracellular locations, as shown in Fig. 5A.
An Nhalp truncation derivative containing residues 1-
438 exhibited the same pattern of distribution as full-
length Nhalp (Fig. 56B), demonstrating that the residues
between Leu-439 and Thr-449 do not affect the influence
of the C1 domain as to the localization of Nhalp. How-
ever, Nhalp derivatives containing residues 1-434 and
1-435 were found in the ER, like NhalpAC1-C6 (Fig. 3A,
Nhalp with residues 1-433). These results demonstrate
that residues Val-434, Ala-435, and Ile-436 are required
for the targeting of Nhalp to the cytoplasmic membrane,
and that a critical border is defined by residues Ileu-437
and Thr-438. Although NhalpA(437-985)-GFP and
NhalpA(438-985)-GFP are mainly localized in the cyto-
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A

wildtype --VHGSSVAIITLGRHLNTITLTKTFT--
A(445-985) --VHGSSVAIITLGRHLN
A(444-985) --VHGSSVAIITLGRHL
A(443-985) --VHGSSVAIITLGRH
A(442-985) --VHGSSVAIITLGR
A(441-985) --VHGSSVAIITLG
A(440-985) --VHGSSVAIITL
A(439-985) --VHGSSVAIIT
A(438-985) --VHGSSVAII

A(437-985) --VHGSSVAI

A(436-985) --VHGSSVA

A(435-985) --VHGSSV

B

wild type

A(435-985)

A(436-985)

A(442-985)

A(445-985)

Fig. 5. Localization of Nhalp derivatives with sequential
deletions affecting the C1 domain. (A) Amino acid sequences of
mutant C1 domains. (B) SK5 cells expressing Nhalp C1 deletion
derivatives were grown at 30°C to the logarithmic phase, and then
Nhalp-GFP fusions were localized by fluorescence microscopy. SK5
cells expressing Nhalp-GFP with complete deletion of the C1
domain were grown at 30°C to the logarithmic phase, and then
Nhalp-GFP fusions were localized by fluorescence microscopy.
Arrows indicate a peripheral region, likely the ER, where fluores-
cence is observed.

plasmic membrane, a small but significant portion of
these truncated proteins was also found in the peripheral
region of the nucleus, possibly in the ER. Nonetheless,
these truncation derivatives have a minimal structure
sufficient for proper localization. We therefore conclude
that C1 comprises two independent portions: one consist-
ing of residues Val-434, Ala-435, and Ile-436 is essential

K. Mitsui et al.

wild type

VAI/RRR

Fig. 6. Effect of replacement of C1 residues by various amino
acids on the localization of Nhalp to the cytoplasmic mem-
brane. Subcellular localization of Nhalp-GFP fusions with alanine,
serine, or arginine substitutions. VAI/SSS and VAI/RRR indicate
replacement of Val-434, Ala-435, and Ile-436 by three serines and
arginines, respectively. Single amino-acid substitutions are denoted
as V434R (replacement of Val-434 by arginine), A435R, and 1436R.
Cells expressing mutant Nhalp-GFP fusions were cultured as
described in the legend to Fig. 2.

for localization, and the other consisting of residues 439
to 449 is not required for localization.

We next replaced each C1 residue by alanine and
determined the localization of the resulting mutant
Nhalp-GFP derivatives. As expected, alanine mutations
affecting residues 439 through 449 had no effect on the
localization (data not shown), consistent with the obser-
vations made with truncated Nhalp derivatives.
Replacement of Val-434, Ala-435, and 11-436 by Ala also
did not cause a shift in Nhalp localization (data not
shown). Then a series of other derivatives was con-
structed for these three residues. Surprisingly, replace-
ment by three alanines or serines did not affect the local-
ization (Fig. 6), suggesting that the hydrophobicity of the
three residues is not the key factor. These results also
excluded the possibility of that the three residues play a
role as a specific sequence motif. On the other hand,
replacement by three arginines did cause a clear shift of
Nhalp-GFP to the ER area like NhalpAC1 (Fig. 6).
Replacement of each of the three residues by Arg (Val-
434-Arg, Ala-435-Arg, and Ile-436-Arg) affected the local-
ization slightly (Fig. 6). These results implied that the
structure comprising Val-434, Ala-435, and Ile-436, espe-
cially the total volume occupied by the three residues,
may play a crucial role in the proper localization of
Nhalp to the cytoplasmic membrane.

Effects of Sec Mutations on the Localization of Nhal—
Since we found the accumulation of Nhalp-GFP at an
ER-like structure with the mutations in C1, we examined
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37°C

sec 6-4

sec 12-4

sec [4-3

seclS-1

Fig. 7. Effects of sec mutations on localization of NHA1-GFP
fusions. sec6-4, sec12-4, sec14-3, or sec18-1 cells transformed with
the NHA1-GFP fusion were grown at 25°C to the logarithmic phase,
transferred to 37°C for 2 h or maintained at 25°C, fixed, and then
examined by fluorescence microscopy to determine the intracellular
locations of the Nhalp-GFP fusion proteins.

whether or not Nhalp is localized to the cytoplasmic
membrane through the known secretory pathway. SEC6,
SEC12,SEC14, and SEC18 have been shown to be essen-
tial for the cytoplasmic trafficking of membrane vesicles
and secretory proteins in S. cerevisiae (30). Here we
examined whether or not temperature-sensitive muta-
tions of these genes affect the localization of Nhalp. As
shown in Fig. 7A, at a non-permissive temperature
(37°C) for all of these sec mutations, the Nhalp-GFP
fusion was not localized to the cytoplasmic membrane as
in wild type cells. The sec6-4 mutation is known to inhibit
the fusion of secretory vesicles to the cytoplasmic mem-

Fig. 8. Effect of C1 single or multiple residue replacement by
alanine on Nhalp activity. (A) SK5 cells expressing Nhalp
alanine triple substitution derivatives were diluted serially and the
spotted onto SD plates, pH 5.5, supplemented with NaCl as indi-
cated. The plates were incubated at 30°C for 4 days. The target
sequences, VAI, ITL, GRH, LNT, and ITLT, correspond to those
shown in the sequence of the wild type in Fig. 5A. (B) SK5 cells
transformed with Nhalp alanine single substitution derivatives
were cultured as described in Fig. 2, diluted serially, and then spot-
ted onto SD plates, pH 5.5, supplemented with 0 or 0.2 M NaCl. The
plates were incubated at 30°C for 4 days. (C) Whole cell extracts
prepared from alanine substitution mutants were subjected to SDS
polyacrylamide gel electrophoresis and Western blot analyses.

Vol. 135, No. 1, 2004

brane. In this mutant, Nhalp-GFP-specific fluorescence
signals were observed to accumulate at 37°C and to form
dot-like structures, possibly secretory vesicles. The sec
12-4 mutation interferes with the release of COP II vesi-
cles from the ER. With this mutant, Nhalp-GFP-specific
fluorescence accumulated at the peripheral region of the
nucleus, possibly in the ER, as expected. The patterns of
accumulation of NhalpAC1-GFP and Nhalp-GFP with

A
NaCl (M)
vector
wild type
VAI'AAA
ITL/AAA
GRH/AAA
LNT/AAA
ITLT/AAA
B
NaCl (M) NaCl (M)
0 0.2 0.2
vector G Ra4lA
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o
A\
S
R
(a) — Nhalp-GFP
1/ Nhalp-GFP
(b) =
Nhalp
B
0 M NaCl 0.2 M NaCl
SK5 (nhalA) . 5?
G19 ( NHAI )

Fig. 9. Expression of Nhalp and Nhalp-GFP, and salinity
resistant cell-growth. (A) Whole cell extracts prepared from SK5
(nhalA, enal-4A), G19 (NHA1, enal-4A), and SK5 with the expres-
sion plasmid of Nhalp-GFP were subjected to SDS polyacrylamide
gel electrophoresis and Western blot analyses. (a) 15 pg protein in
the total cell lysate was applied for lanes 1, 2, and 3. (b) 15 pg and
0.3 ug protein in the total cell lysate was applied to lanes 1 and 2,
and lane 3, respectively. (B) Cells of SK5, G19, or SK5 expressing
NHA1-GFP were diluted serially and then spotted onto SD plates,
pH 5.5, supplemented with NaCl as indicated. The plates were
incubated at 30°C for 4 days.

VAI/RRR substitutions are similar to this, supporting
ER-accumulation of NhalpAC1-GFP and Nhalp-GFP
with VAI/RRR substitutions. The secI4-3 mutation has
been shown to inhibit the formation of secretory vesicles
in the Golgi apparatus. With this background, fluores-
cence signals accumulated in the cytoplasm as dot-like
structures. Finally, SEC18 is known to be essential for
the fusion process, and the sec18-1 mutation also causes
trafficked vesicles to accumulate in the cytoplasm. In
sec18-1 cells, these vesicles exhibited Nhalp-GFP-spe-
cific fluorescence. These results constitute evidence that
the cytoplasmic trafficking of Nhalp is dependent on pre-
viously identified sec gene functions and that Nhalp is
routed through the proposed secretory pathway (30).

C1 Residues Important for Growth in the Presence of
Salinity—To assess the functional roles of C1 domain res-
idues in antiporter activity during growth in high-salt
medium, a series of Nhalp alanine scanning mutants
was created. Replacement of residues Gly-Arg-His (440-
442) or Ile-Thr-Leu-Thr (446-449) with three or four
alanine residues, respectively, caused a dramatic decrease
in the growth of cells under conditions of high salinity
(Fig. 8A). In contrast, other triple alanine replacements
in the C1 domain had no effect. Thus, specific regions in
the second portion of the C1 domain are required for
resistance to salinity. Substitution of single residues with
alanine revealed that the G440A, R441A, H442A, and
1446A single mutations inhibited growth under condi-

K. Mitsui et al.

tions of high salinity (Fig. 8B), consistent with the results
obtained for triple-residue replacement. These mutant
Nhalps are localized to the cytoplasmic membrane, like
the wild type Nhalp. Therefore, these residues may play
a key role in antiporter activity but not localization. The
overall level of the Nhalp G440A mutant was reduced in
total cell lysates (Fig. 8C), and the levels of the R441A
and H442A mutant proteins were also slightly decreased
(Fig. 8C). While we conclude that the 1446A mutation
inhibits growth under high salt conditions by possibly
decreasing antiporter activity, the reduced rate of growth
of the G440A mutant might be due both to a decrease in
antiporter activity and a reduction in the level of protein.
In this connection, it should be noted that the expressed
Nhalp level in G19 cells is approximately fifty times
lower than that of exogenously expressed Nhalp-GFP
(Fig. 9A). Although the expression level of Nhalp is much
lower in G19 than SK5 cells with Nhalp-GFP, the high
salinity-resistant cell-growth of G19 is equivalent to cell-
growth level of SK5 with Nah1p-GFP. Therefore, the lev-
els of the G440A as well as the R441A and H442A
mutant Nhalp expressed from the same vector as SK5
with Nhalp-GFP should be higher than Nhalp level in
G19. These results suggest that decreased salinity resist-
ant growth levels for the G440A, and R441A and H442A
mutants are due to the altered antiporter activity rather
than the expressed Nhalp levels. It is noteworthy that
Nhalp (G440A)-GFP is localized only to the cytoplasmic
membrane, i.e. not elsewhere, as found for NhalpA(C1-
C6). A portion of the mutant Nhalp may also undergo
degradation.

DISCUSSION

Most eukaryotic Na*/H* antiporters, including those of
yeast, share a similar secondary structure (8, 27). The
two-domain structure comprises a hydrophobic integral
membrane region and a hydrophilic cytoplasmic tail
region. Extensive studies on mammalian NHEs have
been undertaken to find regulators of antiport activity
and proteins that interact with the cytoplasmic tail
region (13-20). It has been proposed that calmodulin
binds to the middle of the C-terminal tail of NHE1 and
triggers antiporter activity by releasing the inhibition
imposed by the C-terminal tail (13). However, the molec-
ular mechanism by which calmodulin influences the Na*/
H* antiport with respect to the tail domain and interact-
ing proteins has not been studied in detail, especially in
the context of the two-domain structure. To address this
issue, we have used the yeast Nhalp as a model to deter-
mine the functional significance of the two-domain struc-
ture at the amino acid level. We have carried out detailed
structure-function relationship analysis of small
domains in the hydrophilic tail of Nhalp proximal to the
integral membrane region, these domains being con-
served among yeast species.

The C1 domain, consisting of sixteen residues, was
confirmed to be important for Nhalp function. Here we
present evidence that C1 is further divisible into two
functionally different portions. The first, consisting of
three residues (Val-434, Ala-435, and Ile-436), was found
to play a crucial role in the targeting of Nhalp to the
cytoplasmic membrane from the ER. Replacement of
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these residues by Arg but not by Ser or Ala caused a shift
in the intracellular localization of Nhalp-GFP to the ER.
Therefore the space volume occupied by these three resi-
dues rather than their electrostatic charges or hydropho-
bicity seems to play a specific role in the localization of
Nhalp. NhalpAC1 might lose the proper conformation
required for movement from the ER to the cytoplasmic
membrane. In other words, the addition of the three resi-
dues to the integral membrane domain probably induces
the formation of the normal conformation of Nhalp
required for the proper localization. To our knowledge,
this is the first finding of a structure in the hydrophilic
tail region required for the intracellular targeting of the
integral membrane domains of Na*/H* antiporters that
have a two-domain structure, including mammalian
NHESs. Here, we showed that Nhalp is localized to the
cytoplasmic membrane via the secretory pathway. The
accumulation of NhalpAC1-GFP is similar to that of the
sec12-4 mutant at the non-permissive temperature, sup-
porting the notion that NhalAC1-GFP has a defect in the
release of Nhalp from the ER. It remains to be deter-
mined in the future how the supposed normal conforma-
tion provided by C1 is involved in this step.

The second portion of the C1 domain, from Leu-439 to
Thr-449, is not involved in the localization of Nhalp.
Replacement of Gly-440, Arg-441, His-442, and Ile-446
by alanine revealed that these residues play a key role in
the conferring of salinity-resistance. We previously
showed that the growth of yeast cells is highly dependent
on the Na* concentration in the culture medium (27).
Furthermore, the intracellular concentration of Na* is
higher in Nhalp-deficient mutants than in wild type cells
(27). These results indicate that the growth rate as a
function of the salt concentration may reflect the Na*/H*
antiporter activity, which suggests that this activity is
influenced by Gly-440, Arg-441, His-442, and Ile-446.
The Schizosaccharomyces pombe Na*/H* antiporter
Sod2p contains three Asp residues (Asp-241, Asp-266, and
Asp-267, in putative integral membrane segments 7 and
8), which are reported to be important for antiporter
activity (49). Therefore, the ion transport conduit is
believed to reside in the integral membrane region. The
second portion of the C1 domain might influence the ion
transport pathway directly or indirectly. In this context,
it is notable that the membrane peripheral regions of the
inward rectifier K* channel (50) and the bacterial drug
antiporter AcrB (51) are essential for the translocation of
ions.

A detailed molecular mechanism for Na*/H* antiport-
ers, including mammalian NHEs, has not been eluci-
dated thus far. Here we have demonstrated that domains
distant from the putative ion transport channel in the
integral membrane region are important for ion trans-
port and also for intracellular localization. These findings
may provide new clues relevant to the understanding of
antiporter activities, not only that of yeast Nhalp but
also that of mammalian NHEs.
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