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Defects in the human protein TMEM165 are known to cause a
subtype of Congenital Disorders of Glycosylation. Transmembrane
protein 165 (TMEM165) belongs to an uncharacterized family of
membrane proteins called Uncharacterized Protein Family 0016,
which are well conserved throughout evolution and share character-
istics reminiscent of the cation/Ca®* exchanger superfamily. Ger1
dependent translation factor 1 (Gdt1p), the budding yeast member
of this family, contributes to Ca>* homeostasis via an uncharacter-
ized Ca®* transport pathway localized in the Golgi apparatus. The
gdt1A mutant was found to be sensitive to high concentrations of
Ca%*, and interestingly, this sensitivity was suppressed by expres-
sion of TMEM 165, the human ortholog of Gdt1p, indicating conser-
vation of function among the members of this family. Patch-clamp
analyses on human cells indicated that TMEM165 expression is
linked to Ca®* ion transport. Furthermore, defects in TMIEM165 af-
fected both Ca?* and pH homeostasis. Based on these results, we
propose that Gdt1p and TMEM165 could be members of a unique
family of Golgi-localized Ca?*/H* antiporters and that modification
of the Golgi Ca?* and pH balance could explain the glycosylation
defects observed in TMEM165-deficient patients.
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ecently, Foulquier et al. (1) demonstrated that mutations of

the gene coding for transmembrane protein 165 (TMEM165)
are involved in a subtype of Congenital Disorders of Glycosylation
(CDGs). CDGs are a family of inborn metabolic diseases affecting
the glycosylation pathway. Most of these mutations are found in
genes directly involved in glycosylation, however unique types of
CDG have been found to be caused by deficiencies in vesicular
Golgi trafficking (2-6) and Golgi pH homeostasis (7). TMEM165
belongs to a well-conserved, but uncharacterized, family of mem-
brane proteins named UPF0016 (Uncharacterized Protein Family
0016; Pfam PF01169) and is localized in the Golgi apparatus (1).
The members of this family are well conserved and are found in
many organisms—for example, 919 different species of bacteria
and 409 different eukaryotes.

Gerl dependent translation factor 1 (Gdtlp) the yeast ortholog
of TMEM165, is a 280-residue membrane protein and is in-
volved in tolerance to high concentrations of calcium (Ca®*) (8).
In eukaryotic cells, Ca®" is a ubiquitous intracellular messenger
involved in many different biological processes (9). To allow
the increases in cytosolic calcium concentration ([Ca2+]cyt) re-
quired for these signaling mechanisms, it is absolutely necessary
that the resting Ca®* levels are maintained below a certain
threshold. Under normal conditions, the yeast [Ca**].y, is
maintained between 50 and 200 nM (10). The maintenance of
this basal level and the return to normal levels after stimulation
are achieved by a series of Ca** pumps and exchangers located in
different compartments of the cell: Pmrlp, the P-type Ca**/
Mn?*-ATPase localized in the medial-Golgi apparatus and
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responsible for the Ca”* supply for the secretory pathway (11—
13), and Pmclp (14), a P-type Ca®*-ATPase, and Vexlp (15, 16),
a Ca**/H* exchanger (CAX), both responsible for the uptake of
Ca** through the vacuolar membrane.

Yeast is a simple and convenient model for examining the basic
mechanisms of Ca®* signaling and homeostasis in eukaryotic cells,
but is far less complex than animal cells. Different sets of Ca**
sensors, effectors, and transporters are found in different animal
cell types and are involved in Ca**-signaling systems with different
spatial and temporal properties (17). Basically, transient increases
in the [Caz*]Cyt are produced either by uptake from the external
medium, via a variety of plasma membrane channels, or by release
from internal stores. Interestingly, calcium-proton exchange ac-
tivity has been reported in different mammalian cell types such as
synaptic vesicles of sheep brain cortex (18); however, although
members of the CAX family are present in the genomes of some
animals (e.g., fish and amphibians) (19), they are absent in mam-
malian genomes (20). This contradiction could be due to the ex-
istence of a still unidentified family of Ca®*/H™ antiporters.

Here, we show that, in yeast, Gdtlp is localized in the cis- and
medial-Golgi apparatus, where it colocalizes with Pmrlp. Our
findings indicate that Gdtlp and Pmrlp are involved in two differ-
ent, but related, pathways of Ca®* transport in the Golgi apparatus.
Interestingly, the growth defect observed in the absence of Gdt1p in
yeast could be partially restored by expression of a truncated version
of human TMEM165, suggesting conservation of function between
these two proteins. In human cells, we show that TMEM165 is in-
volved in Ca®* and pH homeostasis. Furthermore, patch clamp
analyses showed that expression of TMEMI165 resulted in ion
transport, which was inhibited by EGTA, suggesting that the ion
transported was Ca”*. Together, our results suggest that Gdtlp,
TMEM165, and the other members of the UPF0016 family could
be a group of Ca>*/H* antiporters.

Results

Gdt1p Is Involved in Calcium Tolerance. In a large-scale phenotype
analysis in yeast (8), it was shown that gdt/ A null mutants have
a growth defect in the presence of high concentrations of calcium
chloride (700 mM). We confirmed this phenotype and compared
it with the growth of mutants pmrlA, pmclA, and vexIA (Fig.
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S1A and Table S1). On plates supplemented with 50 mM CaCl,,
none of the strains showed sensitivity; interestingly, the slight
growth defect observed for the pmrlA mutant under normal
conditions was even partially overcome. However, in the presence
of a high concentration of Ca** (750 mM), growth of the gdtIA
and pmrl A mutants was reduced compared with that of the wild
type, while the pmcl A null mutant was totally unable to grow (Fig.
S1A). These differences have been confirmed when growth rates
were compared in liquid medium. Interestingly, a slight defect is
detected for gdt/A strain in YD medium (Fig. S1B). This result
differs somewhat from that previously reported by Miseta et al.
(21), who found that the growth of the pmrl A mutant was also
totally abolished by high concentrations of Ca®*. This difference
could be due to the different background of the strains used. In
any case, these results show that Gdtlp is involved in Ca®* ho-
meostasis following exposure to extreme Ca”* stress, but probably
to a lesser extent than the Ca®*-ATPases, Pmrlp and Pmclp.

Gdt1p Is Localized in the Early Golgi Apparatus. To determine the
subcellular localization of Gdt1p, wild-type yeast cells were grown
in 1 L cultures, lysed gently, and the different organelles frac-
tionated on a 10-step sucrose gradient. Gdtlp was found in the
same fractions as markers of the Golgi (Emp47p) and endosomes
(Pep12p), but not in fractions containing markers for the ER
(Sec22p), plasma membrane (Pmalp), or vacuoles (carboxypep-
tidase Y) (Fig. S24). To distinguish between a Golgi or an endo-
somal localization, we assessed the colocalization of Gdtlp and
Pep12p by immunofluorescence microscopy in the wild-type
strain using antibodies specific for each protein. Gdtlp did not
colocalize with the endosomal marker, suggesting that it is prob-
ably located in the Golgi apparatus (Fig. S2B). We then immu-
nostained Gdtlp in strains expressing GFP-fused markers of the
different cisternae of the Golgi, namely Sed5p (cis-Golgi), Goslp
(medial-Golgi), and Sec7p (trans-Golgi) (22). Partial superimpo-
sition of the signals was visible only with Sed5p and Goslp (Fig.
S2C), showing that Gdtlp is present in the early compartments of
the Golgi apparatus, but not in the #rans-Golgi.

GDT1 Genetically Interacts with PMR1. Because of their common
Golgi localization and involvement in Ca®* tolerance, we wanted
to investigate possible interactions between GDT1 and PMR1. A
high-throughput analysis previously revealed a synergistic genetic
interaction between those two genes (23). The growth of the gdt1 A/
pmrl A double deletant was slightly decreased compared with that
of the single mutants under normal conditions, and this synergistic
effect was greatly enhanced in the presence of 400 mM Ca** (Fig.
1A). No effect was observed when Mg*" or Mn** was added on
solid medium (Fig. S3). This result suggests that both Gdtlp and
Pmrlp are involved in high Ca®* stress tolerance but via two dis-
tinct pathways and that the absence of one can be compensated for
by the other pathway, but the simultaneous suppression of both is
highly deleterious for cell growth. Interestingly, this synergistic ef-
fect was also visible on medium containing a very low concentration
of Ca®* (about 3 pM after addition of 15 mM EGTA at pH 6.0). It
was already known that the pmrl/A mutant is hypersensitive to
EGTA (24), showing that Pmrlp is necessary for the adequate
supply of Ca®* to the Golgi apparatus (12). The fact that the single
gdt] A mutant did not show any growth difference compared with the
wild type under those conditions probably means that the role of
Gdtlp in maintaining an adequate Ca®" supply is only marginal in
the presence of Pmrlp, but becomes essential when Pmrl1p is absent.

To determine whether Gdtlp and Pmrlp exert their function
in the same compartments, we performed colocalization experi-
ments using a functional and correctly localized HA-tagged ver-
sion of Pmrlp (25). Subcellular fractionation revealed that Gdtlp
and HA-Pmrlp were found in the same fractions of the sucrose
gradient (Fig. 1B) and immunofluorescence microscopy showed
extensive colocalization between these proteins (Fig. 1C). Taken
together, these results suggest the presence in the Golgi appa-
ratus of two distinct machineries involved in Ca** supply to the
secretory pathway and the detoxification of the cytosol upon high
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Fig. 1. GDT1 genetically interacts with PMR1. (A) The different mutants
were precultured in YD medium to an ODgq of 0.3, then serial 10-fold dilu-
tions were dropped onto solid YD medium alone or supplemented with
400 mM CaCl, or 15 mM EGTA and the plates incubated at 28 °C for 4-6 d.
Colocalization of Gdt1p and HA-Pmr1p as shown by subcellular fractionation
(B) or immunostaining (C). (B) The fractions collected from the top of a dis-
continuous 10-step sucrose gradient were analyzed by Western blotting using
antibodies against HA-Pmr1p (anti-HA) or Gdt1p. (C) Gdt1p and HA-Pmrip in
yeast were labeled using rabbit or rat primary antibodies, respectively, and
fluorescein-conjugated anti-rabbit IgG and Alexa Fluor 546—conjugated anti-
rat 1gG antibodies. Differential interference contrast (DIC) and merged
(merge) pictures are also presented. (Scale bar, 5 pm.) (D) The different strains
expressing apo-aequorin from a plasmid were incubated overnight in mini-
mal medium containing coelenterazine to reconstitute the holoenzyme.
When the ODggoo reached 3.0, 200 pl of each culture was transferred to
a luminometric tube and the baseline luminescence monitored for 60 s, then
CaCl, was injected to a final concentration of 133 mM and the signal moni-
tored for 3 min. The [Caz”]cy( values were derived from luminometric units
using the equation from Allen et al. (1977) (37). All displayed results are
representative of those seen with at least three replicates. (/nset) Gdt1p and
Cdc48p (loading control) levels in the different mutants measured by Western
blotting of total extracts using anti-Gdt1p or anti-Cdc48p antibody. “pmriA +
GDT1" corresponds to the pmr1A mutant overexpressing GDT1.

Ca** stress, a Pmr1p-dependent pathway, which is probably the more
active under normal conditions, and a secondary, Gdt1p-dependent,
pathway, which becomes essential in the absence of Pmrlp.

Gdt1p Regulates Cytosolic Ca’* Levels in the pmr1A Mutant. Using
an aequorin-based assay, we monitored changes in the [CaZJ']cyt
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after exposure of the cells to high Ca®* stress (133 mM). The ab-
sence of Gdt1p alone did not alter the response compared with that
in the wild type (Fig. 1D). Both strains had a basal [Ca* ]Cyt of about
0.3 pM, showed a sharp increase in the Ca*" concentration after
application of stress, then rapidly recovered, reachmg their basal
level after 3 min. In contrast, and in line with previous findings
(26), the absence of Pmrlp markedly increased the initial [Ce12+]Cyt
to about 0.5 pM, indicating that active Ca Z* transport into the
gl apparatus by Pmrlp is essential in maintaining the resting

Ca”*],, under a certain threshold. The intensity of the response
was also markedly increased, suggesting a decreased rate of Ca®*
uptake from the cytosol, consistent w1th the absence of the major
Ca®* pump, or an increased rate of Ca** entry across the plasma
membrane. However, we found that Gdtlp levels were markedly
reduced in the pmrl A mutant compared with the wild type (Fig.
1D, Inset), and this decrease might be partially responsible for the
large changes observed in this mutant. To verify this hypothesis, we
overexpressed GDT1 in the pmrl A mutant to produce Gdtlp levels
comparable to those in the wild type and found that, although the
basal [CazJ']Cyt did not change, the 1ntens1§/ of the peak was markedly
decreased, suggesting that the rate of Ca® uptake from the cytosol is
hrgher in the pmrl A mutant when Gdtlp levels are increased. Fi-
nally, in the gdt1 Ajpmr1A double deletant, the resting [Ca®*].y, was
even higher (0.6 pM) than in the other strains, probably reﬂectlng
severe deregulation of Ca** homeostasis when both Ca>* uptake
pathways in the Golgi are disrupted, consrstent with our phenotype
results. After the stress, the [Ca® *leyt decreased slowly and
reached a new higher steady-state, indicating less efﬁcrent adapt-
ability of this double deletant to environmental Ca** changes.

These results emphasize the role of Gdt1p in Ca** homeostasis.

Although its absence did not seem to affect the cellsin the presence
of Pmr1p, which is known to be the major Ca®* pump under normal
conditions (27), the Gdt1p-dependent Ca®* uptake gathway mark-
edly affected the response to high environmental Ca** shock when
Pmrlp was absent.

Gdt1p and Its Human Ortholog, TMEM165, Are Functionally Related.
The members of the UPF0016 family are highly conserved (Fig.
S4A4). Most of them possess two copies of a hydrophobic region
that contains a highly conserved internal ExGD(KR)(TS) motif.
These two homologous regions are probably the result of an
ancient gene-duplication event. They contain three predicted
transmembrane spans and surround a central hydrophilic loop
usually rich in acidic residues (Fig. S4B). Due to the number of
transmembrane domains, the two repeats are oriented in an
antiparallel topology, a feature commonly observed in secondary
transporters (28).

We wanted to examine conservation of function and tried to
suppress the Ca®* sensitivity of the gdfIA yeast mutant by ex-
pression of its human ortholog, TMEM165. As shown in Fig. S4C,
unlike the full-length version of TMEM165, which was not able to
complement the absence of GDT1, a truncated version of the
protein lacking the first 55 residues, corresponding to an N-ter-
minal extension that is not found in the yeast protein, partially
restored growth in the presence of a high concentration of Ca”*,
suggesting that these proteins exert the same function in their
respective hosts. The N-terminal extension might alter the local-
ization and/or activity of the protein when expressed in the yeast.

TMEM165 Is Involved in Ca’* Movement Across Membranes. Based
on the predicted topology of TMEM165 and Gdtlp, it is likely
that they act as transporters. We performed electrophysiolog-
ical measurements on mammalian cells (HeLa cells) stably
expressing TMEM165 C-terminally tagged with red fluorescent
protein (RFP) (TMEMI165-RFP). To perform patch-clamp
analysis, we first checked that wild-type TMEM165-RFP could reach
the plasma membrane. For this, nonpermeabilized TMEM165-
RFP-expressing cells were labeled with polyclonal antibodies against
RFP (anti-RFP), then, after fixation, were labeled with Alexa Fluor
488-conjugated secondary antibody to visualize TMEM165-RFP at
the plasma membrane. Alexa Fluor 488 labeling (green) of the
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plasma membrane was clearly observed in TMEM165-RFP-
expressing cells (Fig. 24). To confirm this result, the plasma mem-
brane localization of TMEM165-RFP was assessed by flow cytom-
etry. In contrast to the specific binding for HeLa cells overexpressing
TMEM165-RFP, no binding to the parental HeLa cells was observed
(Fig. 2B). While in normal conditions TMEM165 is localized in
the Golgi apparatus (1), this result confirmed the plasma mem-
brane localization likely resulting from the overexpression of the
fusion protein.

Given the nonnegligible fraction of TMEM165-RFP found at the
plasma membrane, the cells were then subjected to patch clamp
analyses. Whole-cell ionic currents across the plasma membrane
were measured in HeLa cells overexpressing wild-type TMEM165-
RFP and in nontransfected HeLa cells. Potassium currents were
inhibited using 10 mM tetra-ethyl ammonium (TEA) (a nonspecific
inhibitor of potassium channels) in the external medium. Mem-
brane currents were measured for a voltage ramp ranging from
—100-150 mV. No significant current was observed in non-
transfected HeLa cells (HeLa—American Type Culture Collection),
while in HeLa cells overexpressing TMEM165-RFP (HeLa-
TMEM165), outward rectifying currents were observed (Fig. 2C).
Thus, expression of TMEM165 was associated with ion transport.
At 150 mV, membrane currents were increased by almost twofold
in TMEM165-HeLa cells (n = 8) compared with nontransfected
cells (5.8 + 1.2 pA/pF vs. 3.2 + 0.8 pA/pF) (Fig. 2D). To assess
whether the membrane currents observed in HeLa cells were de-
pendent on Ca®*, we used two different concentrations of EGTA
(0.1 and 10 mM, respectlvely) in the patch-pipette, which should
reduce the cytosohc -free Ca** concentration to 1-10 nM. Using an
EGTA concentration of 10 mM, the outward rectifying currents
progressively decreased after breaking into whole-cell configura-
tion as EGTA diffused into the cytosol (Fig. 2F), whereas using an
EGTA concentration of 0.1 mM, membrane currents did not de-
crease over the duration of the experiment (Fig. 2E).

Together, these experiments show that TMEM165 over-
expression is associated with outward rectifying currents, which
might be due to cation efflux from the cell or anion influx into the
cytosol. Since these currents were still observed in the absence of
potassium and the presence of TEA, it is unlikely that these cur-
rents are carried by potass1um ﬂuxes

To determine whether Ca** homeostasis was perturbed in
HeLa cells overexpressing TMEM165, the [Ca® "]yt Was mea-
sured by loading the cells with the CaZ* probe Fura-2. In the
absence of extracellular Ca*, the [Ca ]Lyt was lower in
TMEM165 overexpressing HeLa cells than in control cells (Fig.
S5). Exposure of Fura-2-loaded cells to 1 M thapsigargin pro-
duced in HeLa—ATCC cells a steep increase in the cytosolic Ca**
levels as a result of the depletion of intracellular stores. In-
terestingly, thapsigargin-induced Ca** release was greatly re-
duced in HeLa-TMEM165 cells. This conﬁrms that TMEM165
overexpression not only disturbs the [Ca? *]eyt homeostasis but
also the luminal Ca** stores.

TMEM165 Deficiency Impairs Lysosomal pH Homeostasis. So far, four
different mutations in the TMEM165 gene have been identified in
five patients (1). The first is an intronic mutation causing the acti-
vation of a cryptic splice site (c.792+182G > A), the second a mis-
sense mutation resulting in an Arg to His substitution (c.377G >
A; p.R126H), the third a different missense mutation in
the same codon (¢.376C > T; p.R126C), and the fourth another
missense mutation resulting in a Gly to Arg substitution
(c.910G > A; p.G304R).

We investigated the effect of the natural mutated versions of
the protein on pH homeostasis using fibroblasts from the dif-
ferent patients. After loading with the acidotropic dye Lyso-
Tracker Red, differences in fluorescence intensities were noted
between control and three patients’ cells (Fig. S6 4 and B). The
lysosomal accumulation of LysoTracker was confirmed by
colocalization with LAMP2 (lysosomal-associated membrane
protein 2) (Fig. S6C).
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To investigate the pH properties of these compartments in
living cells, patients’ cells were stained with a pH-sensitive
fluorescent dye LysoSensor DND189, a membrane-permeating
weak base with an acid- dependent fluorescence (pK, 5.1), and
analyzed by fluorescence microscopy and flow cytometry. Com-
pared with control cells, intracellular fluorescence was significantly
increased in the cells from three patients (Fig. 3 A and B), con-
sistent with a decrease in the lysosomal pH in the TMEM165-
deficient cells and the LysoTracker results. As a negative control,
cells from two V0-ATPase—deficient patients (patients P6 and P7)
(7) were included in the assay and both showed decreased fluo-
rescence compared with control cells (Fig. 3 A and B). These
results for the TMEM165-deficient cells were confirmed by FACS
analysis (Fig. 3 C and D). The differences in the quantification for
patients P4 and P5 suggest that the missense mutations have
a weaker effect on TMEM165 activity than the splicing mutants
(P1, P2, and P3).

To further substantiate these findings, TMEM165 expression in
HeLa cells was knocked down using siRNA, then the cells were
stained with LysoSensor DND189. HeLa cells treated with siRNA
showed a marked (> 90%) decrease in TMEM165 levels, as shown
by immunofluorescence (Fig. 3E) and immunoblot analysis (Fig.
3F). Intense LysoSensor DND189 staining, corresponding to
a general decrease in the pH in acidic compartments, was ob-
served in these siRNA-targeted HeLa cells, which was about twice
as intense as that in control cells (Fig. 3 G and H). Together these
data show that late endosomal/lysosomal pH homeostasis is dis-
turbed in cells from TMEM165-deficient patients.
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TMEM165 in the presence of 0.1 mM EGTA (E) or 10 mM
EGTA (F) (n = 4). WCR, whole-cell recording.

Discussion

In this study, we characterized two members of an uncharacterized
and highly conserved family of membrane proteins, the UPF0016
family. These proteins are involved in Ca®* and pH homeostasis,
suggesting that they could be members of Golgi-localized Ca**/H*
antiporters. First, we showed that Gdt1p, the yeast member of the
family, was localized in the cis- and medial-Golgi apparatus and
was involved in tolerance to high environmental Ca®* concen-
trations. Since these features are shared with Pmrlp, the Golgi
Ca®*/Mn**"-ATPase, we tested the consequences of the lack of
both proteins and found that sensitivity to Ca®* was markedly
increased in the gdt1A/pmriA double mutant. This synergistic
effect implies the presence of two distinct, but related, Ca*"
transport pathways, showing that Gdtlp is involved in a pre-
viously undescribed Ca®* transport system in the Golgi appara-
tus. Moreover, the fact that tolerance to Ca®* starvation was also
reduced in the gdtIA/pmrlA mutant indicates that these two
pathways are important for an adequate Ca®* supply to the
Golgi apparatus.

To confirm that the function of members of the UPF0016 family
was well conserved, we tried to compensate for the absence of
GDT1 by expressing the human ortholog of Gdt1p, TMEM165, and
we showed that a truncated version of the protein, > TMEM165,
could at least partially overcome the Ca** sensitivity of the gdtl A
mutant. The presence of a nonconserved 55-residue extension at
the N terminus of TMEM165 prevented it from working properly
when expressed in yeast. It is possible that this region affects
the expression, targeting, and/or stability of the protein in yeast.
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Fig. 3. Lysosomal pH homeostasis is disturbed in TMEM165-deficient patients’ cells. (A) Live cell fluorescent images of lysosomal pH using LysoSensor green
DND189 in fibroblasts from a control (C), five TMEM165-deficient patients (P1 to P5), and two VO-ATPase—deficient patients (P6 and P7). (B) Quantification of
the fluorescence intensities observed in A. Error bars indicate mean + 95% confidence interval (n = 3, around 10 cells per experiments). Data were analyzed by
one-way ANOVA followed by Student post hoc test to identify mean differences between treatment and positive control. P values less than 0.05, 0.01, or
0.001 were indicated by *, **, or ***, respectively. Statistical analyses were performed using the software JMP 10 (SAS Institute). (C) Control and patients’
fibroblasts were incubated with LysoSensor green DND 189, harvested, and analyzed by flow cytometry. Each histogram shows the autofluorescence (black
line on the left) and the fluorescence (FL1-H) for the control cells (black line on the right) and one of the TMEM165-deficient patients’ cells (filled gray area).
(D) Quantification of fluorescence intensities. The results were expressed as the percentage of the specific staining of the control cells—that is, the difference
between the total and nonspecific binding peaks (autofluorescence). (E and F) Hela cells were transfected with nontargeting siRNA (control) or siRNA
targeted against TMEM165 (siRNA TMEM165); then, 7 d later, indirect immunofluorescence (E) and Western blotting analysis (F) were performed using anti-
TMEM165 antibodies. (G) Live cell fluorescent images of the lysosomal pH using LysoSensor Green DND189 in control HeLa cells and TMEM165 siRNA knock-
down Hela cells. The results shown are representative of multiple cells assessed in independent experiments. (H) Quantification of the green fluorescence
intensity (error bars indicate mean + SEM, n = 3, >15 cells per experiments).
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Another explanation could be that an N-terminal autoinhibitory
domain has appeared during evolution, requiring the action of
other proteins to activate TMEM165. These domains are com-
monly found in Ca®* transporters: for example, the plant and ani-
mal orthologs of Pmclp have a calmodulin-binding autoinhibitory
domain, which is absent in the yeast protein (29). Similarly, the
Arabidopsis thaliana ortholog of Vexlp, CAX1, has an N-terminal
autoinhibitory tail that interacts with activator proteins (29).

In human cells, it was previously shown that endogenous
TMEM165 is localized in the Golgi apparatus (1). In our study,
deficiency or absence of TMEM165 was associated with an
acidification of the lysosomal and endosomal compartments. In
eukaryotic cells, the secretory pathway is progressively acidified
and the pH of the different organelles results from a balance
between proton pumping via the V-type H" ATPase and proton
leakage—for example, via transporters using the proton motive
force. If TMEMI165 is involved in the exit of H* from the Golgi
apparatus, its absence could affect this equilibrium and lead to
acidification of the Golgi apparatus and, gradually, of all of the
downstream acidic compartments. Alternatively, a defect in
calcium homeostasis could indirectly affect organelle pH ho-
meostasis probably via signaling perturbation.

We found that, when overexpressed in HeLa cells, a fraction
of the total TMEM165 was relocalized to the plasma membrane.
In this situation, whole-cell patch-clamp analysis was feasible and
demonstrated that the presence of TMEM165 was linked to ion
transport. The outward rectifying currents observed correspond
to either a net export of positive charges or import of negative
charges, showing that the transport is electrogenic. Furthermore,
transport was inhibited by addition of EGTA, which suggests the
involvement of Ca*" ions.
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Several features in the sequences of Gdtlp and TMEMI165
strengthen the hypothesis that they are CAXs. Their predicted
topology includes six transmembrane spans distributed in two hy-
drophobic clusters surrounding a large cytosolic loop that is rich in
acidic residues. Except for the number of transmembrane spans,
this topology corresponds exactly to the definition of the cation/
Ca®* exchanger superfamily (30). In this superfamily, the two hy-
drophobic clusters are homologous as a probable result of an an-
cient gene-duplication event. Each of these domains displays
a highly conserved internal motif, called a-1 and a-2, and con-
taining one conserved acidic residue (D/E). These acidic residues
are believed to neutralize the two positive charges of a Ca®* ion,
and may thus help to overcome the energy barrier encountered by
ions crossing a hydrophobic membrane. In the vicinity of this acidic
residue, there are numerous serine and threonine residues, the side
chain oxygen of which could help create a hydrophilic microenvi-
ronment around the Ca*" transport pathway. These motifs also
contain glycine and alanine residues that may provide the flexibility
needed for potential conformational changes (30, 31). All of these
features, without exception, are found in Gdtlp/TMEM165, and
by analogy, we can call their two typical ExGD(KR)(TS) motifs -1
and a-2, respectively.

An acidic residue-rich domain is found in several Ca®*-binding
proteins, such as calsequestrin and calreticulin (32), or Ca**
transporters, such as the yeast vacuolar CAX Vcxl1p. This acidic
motif seems to be essential for the activity and Ca** specificity of
these proteins. For example, Cagnac et al. (33) recently showed
that yeast Vnxlp, a membrane protein highly similar to Vexlp,
does not display any Ca**/H* exchange activity but does display
Na*/H* and K*/H* exchange activity. According to the authors,
this difference in substrate specificity could partially be explained
by the absence of an acidic motif in Vnx1p. Although this is not
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direct evidence, these structural data, together with our experi-
mental results, strongly justify the hypothesis that Gdtlp and
TMEM165 are Ca®*/H" antiporters. Further studies are needed to
confirm this hypothesis by direct transport assays.

Adequate Ca®* uptake into acidic Ca** stores is known to be
essential for both the function of the organelles and the mainte-
nance of cytosolic Ca** homeostasis in human cells. For example,
mutation of secretory pathway Ca**-ATPase isoform 1 (SPCAI),
the human ortholog of yeast PMR1, causes a rare autosomal-
dominant skin disorder, called Hailey-Hailey disease, which is
accompanied by an increase of the [Ca™*].,, and a reduction in the
Golgi luminal Ca** concentration (19, 34, 35). Mutations in the a2
subunit of the V-type H" ATPase, encoded by ATP2V0A2, have
also been shown to result in abnormal glycosylation (CDG) and
skin diseases (7, 36). In these patients, defects in the pH regulation
of acidic organelles or vesicular trafficking within the cell are
thought to be the molecular cause of the pathology. These two
examples emphasize the importance of regulation of Ca** and pH
homeostasis both in the cytosol and in the lumen of acidic organ-
elles that is essential for the activity of several enzymes, and which
may, as in the case of the V-type H" ATPase and TMEM165
deficiencies, affect glycosylation.

In conclusion, we believe that Gdtlp, TMEM165, and the other
members of the UPF0016 family could be a unique group of
Ca”*/H" antiporters regulating Ca*" and pH homeostasis in acidic
Ca** stores. This study provides information on previously unchar-
acterized Ca”* transporters in yeast, which remains a convenient
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model for understanding the Ca** homeostasis mechanisms in
all eukaryotic cells. Moreover, this study provides insights into
the molecular causes of defects of glycosylation observed in
TMEM165-deficient patients.

Materials and Methods

Different haploid yeast strains were routinely grown at 28 °C in the proper
culture medium (as they carry a plasmid or not) and submitted to growth
assays, subcellular fractionation, immunolocalization, or aequorin-based
luminometric assays as extensively described in S/ Materials and Methods.
Electrophysiological recordings were performed on Hela cells stably over-
expressing a RFP-tagged version of TMEM 165, and lysosomal pH analysis was
performed on fibroblasts from different TMIEM165-deficient patients or
siRNA-treated Hela cells. All these experiments are fully described in S/
Materials and Methods.
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