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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 membrane 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.
Gcr1 dependent translation factor 1 (Gdt1p) the yeast ortholog
of TMEM165, is a 280-residue membrane protein and is involved in tolerance to high concentrations of calcium (Ca2+) (8).
In eukaryotic cells, Ca2+ is a ubiquitous intracellular messenger
involved in many different biological processes (9). To allow
the increases in cytosolic calcium concentration ([Ca2+ ]cyt) required for these signaling mechanisms, it is absolutely necessary
that the resting Ca2+ levels are maintained below a certain
threshold. Under normal conditions, the yeast [Ca2+ ]cyt 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 Ca2+ pumps and exchangers located in
different compartments of the cell: Pmr1p, the P-type Ca2+/
Mn2+ -ATPase localized in the medial-Golgi apparatus and
www.pnas.org/cgi/doi/10.1073/pnas.1219871110

responsible for the Ca2+ supply for the secretory pathway (11–
13), and Pmc1p (14), a P-type Ca2+-ATPase, and Vcx1p (15, 16),
a Ca2+/H+ exchanger (CAX), both responsible for the uptake of
Ca2+ through the vacuolar membrane.
Yeast is a simple and convenient model for examining the basic
mechanisms of Ca2+ signaling and homeostasis in eukaryotic cells,
but is far less complex than animal cells. Different sets of Ca2+
sensors, effectors, and transporters are found in different animal
cell types and are involved in Ca2+-signaling systems with different
spatial and temporal properties (17). Basically, transient increases
in the [Ca2+]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 activity 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 mammalian genomes (20). This contradiction could be due to the existence of a still unidentiﬁed family of Ca2+/H+ antiporters.
Here, we show that, in yeast, Gdt1p is localized in the cis- and
medial-Golgi apparatus, where it colocalizes with Pmr1p. Our
ﬁndings indicate that Gdt1p and Pmr1p are involved in two different, but related, pathways of Ca2+ 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 involved in Ca2+ and pH homeostasis. Furthermore, patch clamp
analyses showed that expression of TMEM165 resulted in ion
transport, which was inhibited by EGTA, suggesting that the ion
transported was Ca2+. Together, our results suggest that Gdt1p,
TMEM165, and the other members of the UPF0016 family could
be a group of Ca2+/H+ antiporters.
Results
Gdt1p Is Involved in Calcium Tolerance. In a large-scale phenotype
analysis in yeast (8), it was shown that gdt1Δ 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 pmr1Δ, pmc1Δ, and vcx1Δ (Fig.
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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 characteristics reminiscent of the cation/Ca2+ exchanger superfamily. Gcr1
dependent translation factor 1 (Gdt1p), the budding yeast member
of this family, contributes to Ca2+ homeostasis via an uncharacterized Ca2+ transport pathway localized in the Golgi apparatus. The
gdt1Δ mutant was found to be sensitive to high concentrations of
Ca2+, and interestingly, this sensitivity was suppressed by expression of TMEM165, the human ortholog of Gdt1p, indicating conservation of function among the members of this family. Patch-clamp
analyses on human cells indicated that TMEM165 expression is
linked to Ca2+ ion transport. Furthermore, defects in TMEM165 affected both Ca2+ and pH homeostasis. Based on these results, we
propose that Gdt1p and TMEM165 could be members of a unique
family of Golgi-localized Ca2+/H+ antiporters and that modiﬁcation
of the Golgi Ca2+ and pH balance could explain the glycosylation
defects observed in TMEM165-deﬁcient patients.

S1A and Table S1). On plates supplemented with 50 mM CaCl2,
none of the strains showed sensitivity; interestingly, the slight
growth defect observed for the pmr1Δ mutant under normal
conditions was even partially overcome. However, in the presence
of a high concentration of Ca2+ (750 mM), growth of the gdt1Δ
and pmr1Δ mutants was reduced compared with that of the wild
type, while the pmc1Δ 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 gdt1Δ 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 pmr1Δ mutant was also
totally abolished by high concentrations of Ca2+. This difference
could be due to the different background of the strains used. In
any case, these results show that Gdt1p is involved in Ca2+ homeostasis following exposure to extreme Ca2+ stress, but probably
to a lesser extent than the Ca2+-ATPases, Pmr1p and Pmc1p.
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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 fractionated on a 10-step sucrose gradient. Gdt1p 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 (Pma1p), or vacuoles (carboxypeptidase Y) (Fig. S2A). To distinguish between a Golgi or an endosomal localization, we assessed the colocalization of Gdt1p and
Pep12p by immunoﬂuorescence microscopy in the wild-type
strain using antibodies speciﬁc for each protein. Gdt1p did not
colocalize with the endosomal marker, suggesting that it is probably located in the Golgi apparatus (Fig. S2B). We then immunostained Gdt1p in strains expressing GFP-fused markers of the
different cisternae of the Golgi, namely Sed5p (cis-Golgi), Gos1p
(medial-Golgi), and Sec7p (trans-Golgi) (22). Partial superimposition of the signals was visible only with Sed5p and Gos1p (Fig.
S2C), showing that Gdt1p is present in the early compartments of
the Golgi apparatus, but not in the trans-Golgi.
GDT1 Genetically Interacts with PMR1. Because of their common
Golgi localization and involvement in Ca2+ 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 gdt1Δ/
pmr1Δ 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 Ca2+ (Fig.
1A). No effect was observed when Mg2+ or Mn2+ was added on
solid medium (Fig. S3). This result suggests that both Gdt1p and
Pmr1p are involved in high Ca2+ stress tolerance but via two distinct 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 effect was also visible on medium containing a very low concentration
of Ca2+ (about 3 μM after addition of 15 mM EGTA at pH 6.0). It
was already known that the pmr1Δ mutant is hypersensitive to
EGTA (24), showing that Pmr1p is necessary for the adequate
supply of Ca2+ to the Golgi apparatus (12). The fact that the single
gdt1Δ mutant did not show any growth difference compared with the
wild type under those conditions probably means that the role of
Gdt1p in maintaining an adequate Ca2+ supply is only marginal in
the presence of Pmr1p, but becomes essential when Pmr1p is absent.
To determine whether Gdt1p and Pmr1p exert their function
in the same compartments, we performed colocalization experiments using a functional and correctly localized HA-tagged version of Pmr1p (25). Subcellular fractionation revealed that Gdt1p
and HA–Pmr1p 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 apparatus of two distinct machineries involved in Ca2+ supply to the
secretory pathway and the detoxiﬁcation of the cytosol upon high
6860 | www.pnas.org/cgi/doi/10.1073/pnas.1219871110

Fig. 1. GDT1 genetically interacts with PMR1. (A) The different mutants
were precultured in YD medium to an OD600 of 0.3, then serial 10-fold dilutions were dropped onto solid YD medium alone or supplemented with
400 mM CaCl2 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 discontinuous 10-step sucrose gradient were analyzed by Western blotting using
antibodies against HA-Pmr1p (anti-HA) or Gdt1p. (C) Gdt1p and HA-Pmr1p in
yeast were labeled using rabbit or rat primary antibodies, respectively, and
ﬂuorescein-conjugated anti-rabbit IgG and Alexa Fluor 546–conjugated antirat IgG antibodies. Differential interference contrast (DIC) and merged
(merge) pictures are also presented. (Scale bar, 5 μm.) (D) The different strains
expressing apo-aequorin from a plasmid were incubated overnight in minimal medium containing coelenterazine to reconstitute the holoenzyme.
When the OD600 reached 3.0, 200 μl of each culture was transferred to
a luminometric tube and the baseline luminescence monitored for 60 s, then
CaCl2 was injected to a ﬁnal concentration of 133 mM and the signal monitored for 3 min. The [Ca2+]cyt 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. (Inset) Gdt1p and
Cdc48p (loading control) levels in the different mutants measured by Western
blotting of total extracts using anti-Gdt1p or anti-Cdc48p antibody. “pmr1Δ +
GDT1” corresponds to the pmr1Δ mutant overexpressing GDT1.

Ca2+ 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 Pmr1p.
Gdt1p Regulates Cytosolic Ca2+ Levels in the pmr1Δ Mutant. Using
an aequorin-based assay, we monitored changes in the [Ca2+]cyt
Demaegd et al.

Gdt1p and Its Human Ortholog, TMEM165, Are Functionally Related.
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The members of the UPF0016 family are highly conserved (Fig.
S4A). 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 Ca2+ sensitivity of the gdt1Δ yeast mutant by expression 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-terminal extension that is not found in the yeast protein, partially
restored growth in the presence of a high concentration of Ca2+,
suggesting that these proteins exert the same function in their
respective hosts. The N-terminal extension might alter the localization and/or activity of the protein when expressed in the yeast.
TMEM165 Is Involved in Ca2+ Movement Across Membranes. Based
on the predicted topology of TMEM165 and Gdt1p, it is likely
that they act as transporters. We performed electrophysiological measurements on mammalian cells (HeLa cells) stably
expressing TMEM165 C-terminally tagged with red ﬂuorescent
protein (RFP) (TMEM165-RFP). To perform patch-clamp
analysis, we ﬁrst checked that wild-type TMEM165-RFP could reach
the plasma membrane. For this, nonpermeabilized TMEM165RFP–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
Demaegd et al.

plasma membrane was clearly observed in TMEM165-RFP–
expressing cells (Fig. 2A). To conﬁrm this result, the plasma membrane localization of TMEM165-RFP was assessed by ﬂow cytometry. 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 membrane 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 TMEM165RFP 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. Membrane currents were measured for a voltage ramp ranging from
–100–150 mV. No signiﬁcant current was observed in nontransfected HeLa cells (HeLa–American Type Culture Collection),
while in HeLa cells overexpressing TMEM165-RFP (HeLaTMEM165), 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 dependent on Ca2+, we used two different concentrations of EGTA
(0.1 and 10 mM, respectively) in the patch-pipette, which should
reduce the cytosolic-free Ca2+ concentration to 1–10 nM. Using an
EGTA concentration of 10 mM, the outward rectifying currents
progressively decreased after breaking into whole-cell conﬁguration as EGTA diffused into the cytosol (Fig. 2F), whereas using an
EGTA concentration of 0.1 mM, membrane currents did not decrease over the duration of the experiment (Fig. 2E).
Together, these experiments show that TMEM165 overexpression 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 currents are carried by potassium ﬂuxes.
To determine whether Ca2+ homeostasis was perturbed in
HeLa cells overexpressing TMEM165, the [Ca2+]cyt was measured by loading the cells with the Ca2+ probe Fura–2. In the
absence of extracellular Ca2+ , the [Ca2+ ]cyt was lower in
TMEM165 overexpressing HeLa cells than in control cells (Fig.
S5). Exposure of Fura-2–loaded cells to 1 μM thapsigargin produced in HeLa–ATCC cells a steep increase in the cytosolic Ca2+
levels as a result of the depletion of intracellular stores. Interestingly, thapsigargin-induced Ca2+ release was greatly reduced in HeLa-TMEM165 cells. This conﬁrms that TMEM165
overexpression not only disturbs the [Ca2+]cyt homeostasis but
also the luminal Ca2+ 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 activation of a cryptic splice site (c.792+182G > A), the second a missense mutation resulting in an Arg to His substitution (c.377G >
A; p.R126H), the third a different missense mutation in
the same codon (c.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 different patients. After loading with the acidotropic dye LysoTracker Red, differences in ﬂuorescence intensities were noted
between control and three patients’ cells (Fig. S6 A and B). The
lysosomal accumulation of LysoTracker was conﬁrmed by
colocalization with LAMP2 (lysosomal-associated membrane
protein 2) (Fig. S6C).
PNAS | April 23, 2013 | vol. 110 | no. 17 | 6861
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after exposure of the cells to high Ca2+ stress (133 mM). The absence of Gdt1p alone did not alter the response compared with that
in the wild type (Fig. 1D). Both strains had a basal [Ca2+]cyt of about
0.3 μM, showed a sharp increase in the Ca2+ concentration after
application of stress, then rapidly recovered, reaching their basal
level after 3 min. In contrast, and in line with previous ﬁndings
(26), the absence of Pmr1p markedly increased the initial [Ca2+]cyt
to about 0.5 μM, indicating that active Ca2+ transport into the
Golgi apparatus by Pmr1p is essential in maintaining the resting
[Ca2+]cyt under a certain threshold. The intensity of the response
was also markedly increased, suggesting a decreased rate of Ca2+
uptake from the cytosol, consistent with the absence of the major
Ca2+ pump, or an increased rate of Ca2+ entry across the plasma
membrane. However, we found that Gdt1p levels were markedly
reduced in the pmr1Δ 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 pmr1Δ mutant to produce Gdt1p levels
comparable to those in the wild type and found that, although the
basal [Ca2+]cyt did not change, the intensity of the peak was markedly
decreased, suggesting that the rate of Ca2+ uptake from the cytosol is
higher in the pmr1Δ mutant when Gdt1p levels are increased. Finally, in the gdt1Δ/pmr1Δ double deletant, the resting [Ca2+]cyt was
even higher (0.6 μM) than in the other strains, probably reﬂecting
severe deregulation of Ca2+ homeostasis when both Ca2+ uptake
pathways in the Golgi are disrupted, consistent with our phenotype
results. After the stress, the [Ca2+ ]cyt decreased slowly and
reached a new higher steady-state, indicating less efﬁcient adaptability of this double deletant to environmental Ca2+ changes.
These results emphasize the role of Gdt1p in Ca2+ homeostasis.
Although its absence did not seem to affect the cells in the presence
of Pmr1p, which is known to be the major Ca2+ pump under normal
conditions (27), the Gdt1p-dependent Ca2+ uptake pathway markedly affected the response to high environmental Ca2+ shock when
Pmr1p was absent.
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Fig. 2. Ionic movements are monitored across the
plasma membrane when TMEM165 is overexpressed. (A)
Living cells stably expressing TMEM165-RFP were incubated for 10 min at 18 °C with rabbit anti-RFP antibody
and then were ﬁxed and immunostained with Alexa
Fluor 488–conjugated anti-rabbit IgG antibodies. (B)
Presence of TMEM165 at the plasma membrane of HeLa
cells stably expressing TMEM165-RFP investigated by ﬂow
cytometry. As described in Materials and Methods, ﬁxed
cells were incubated with rabbit anti-RFP antibodies and
stained with Alexa Fluor 488–conjugated anti-rabbit IgG
antibody. The plots show the green ﬂuorescence (FL1-H)
of wild-type HeLa cells (Left) and TMEM165-RFP–
expressing HeLa cells (Right). Each plot shows the ﬂuorescence of cells incubated without antibodies (autoﬂuorescence; black line on left), only with Alexa Fluor
488–conjugated anti-rabbit IgG antibody (nonspeciﬁc
binding; black line on right), or with both anti-RFP rabbit
antibodies and Alexa Fluor 488–conjugated anti-rabbit
antibody (total binding; gray shaded area). (C) Whole-cell
membrane currents were measured in nontransfected
HeLa cells (HeLa–ATCC) and HeLa cells overexpressing
TMEM165. (D) Averaged membrane currents for n = 8. (E
and F) Membrane currents in HeLa cells overexpressing
TMEM165 in the presence of 0.1 mM EGTA (E) or 10 mM
EGTA (F) (n = 4). WCR, whole-cell recording.

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 (pKa 5.1), and
analyzed by ﬂuorescence microscopy and ﬂow cytometry. Compared with control cells, intracellular ﬂuorescence was signiﬁcantly
increased in the cells from three patients (Fig. 3 A and B), consistent with a decrease in the lysosomal pH in the TMEM165deﬁcient 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 ﬂuorescence 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 observed 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 disturbed in cells from TMEM165-deﬁcient patients.
6862 | www.pnas.org/cgi/doi/10.1073/pnas.1219871110

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 Ca2+ and pH homeostasis,
suggesting that they could be members of Golgi-localized Ca2+/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 Ca2+ concentrations. Since these features are shared with Pmr1p, the Golgi
Ca2+ /Mn2+ -ATPase, we tested the consequences of the lack of
both proteins and found that sensitivity to Ca2+ was markedly
increased in the gdt1Δ/pmr1Δ double mutant. This synergistic
effect implies the presence of two distinct, but related, Ca2+
transport pathways, showing that Gdt1p is involved in a previously undescribed Ca2+ transport system in the Golgi apparatus. Moreover, the fact that tolerance to Ca2+ starvation was also
reduced in the gdt1Δ/pmr1Δ mutant indicates that these two
pathways are important for an adequate Ca2+ 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, Δ55TMEM165,
could at least partially overcome the Ca2+ sensitivity of the gdt1Δ
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.
Demaegd et al.

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 commonly found in Ca2+ transporters: for example, the plant and animal orthologs of Pmc1p have a calmodulin-binding autoinhibitory
domain, which is absent in the yeast protein (29). Similarly, the
Arabidopsis thaliana ortholog of Vcx1p, 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 TMEM165 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 homeostasis 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 Ca2+ ions.
Demaegd et al.

Several features in the sequences of Gdt1p and TMEM165
strengthen the hypothesis that they are CAXs. Their predicted
topology includes six transmembrane spans distributed in two hydrophobic 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/
Ca2+ exchanger superfamily (30). In this superfamily, the two hydrophobic clusters are homologous as a probable result of an ancient gene-duplication event. Each of these domains displays
a highly conserved internal motif, called α-1 and α-2, and containing one conserved acidic residue (D/E). These acidic residues
are believed to neutralize the two positive charges of a Ca2+ 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 microenvironment around the Ca2+ 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 Gdt1p/TMEM165, and
by analogy, we can call their two typical ExGD(KR)(TS) motifs α-1
and α-2, respectively.
An acidic residue-rich domain is found in several Ca2+-binding
proteins, such as calsequestrin and calreticulin (32), or Ca2+
transporters, such as the yeast vacuolar CAX Vcx1p. This acidic
motif seems to be essential for the activity and Ca2+ speciﬁcity of
these proteins. For example, Cagnac et al. (33) recently showed
that yeast Vnx1p, a membrane protein highly similar to Vcx1p,
does not display any Ca2+/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
PNAS | April 23, 2013 | vol. 110 | no. 17 | 6863
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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 V0-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 DND189, 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 antiTMEM165 antibodies. (G) Live cell ﬂuorescent images of the lysosomal pH using LysoSensor Green DND189 in control HeLa cells and TMEM165 siRNA knockdown 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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direct evidence, these structural data, together with our experimental results, strongly justify the hypothesis that Gdt1p and
TMEM165 are Ca2+/H+ antiporters. Further studies are needed to
conﬁrm this hypothesis by direct transport assays.
Adequate Ca2+ uptake into acidic Ca2+ stores is known to be
essential for both the function of the organelles and the maintenance of cytosolic Ca2+ homeostasis in human cells. For example,
mutation of secretory pathway Ca2+-ATPase isoform 1 (SPCA1),
the human ortholog of yeast PMR1, causes a rare autosomaldominant skin disorder, called Hailey–Hailey disease, which is
accompanied by an increase of the [Ca2+]cyt and a reduction in the
Golgi luminal Ca2+ 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 Ca2+ and pH
homeostasis both in the cytosol and in the lumen of acidic organelles 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 Gdt1p, TMEM165, and the other
members of the UPF0016 family could be a unique group of
Ca2+/H+ antiporters regulating Ca2+ and pH homeostasis in acidic
Ca2+ stores. This study provides information on previously uncharacterized Ca2+ transporters in yeast, which remains a convenient

model for understanding the Ca2+ homeostasis mechanisms in
all eukaryotic cells. Moreover, this study provides insights into
the molecular causes of defects of glycosylation observed in
TMEM165-deﬁcient patients.
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