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manganese in yeast and bacterial cells
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Cases of congenital disorders of glycosylation (CDG) have
been associated with specific mutations within the gene encod-
ing the human Golgi TMEM165 (transmembrane protein 165),
belonging to UPF0016 (uncharacterized protein family 0016), a
family of secondary ion transporters. To date, members of this
family have been reported to be involved in calcium, manganese,
and pH homeostases. Although it has been suggested that
TMEM165 has cation transport activity, direct evidence for its
Ca’*- and Mn>*-transporting activities is still lacking. Here, we
functionally characterized human TMEM165 by heterologously
expressing it in budding yeast (Saccharomyces cerevisiae) and
in the bacterium Lactococcus lactis. Protein production in these
two microbial hosts was enhanced by codon optimization and
truncation of the putatively autoregulatory N terminus of
TMEM165. We show that TMEM165 expression in a yeast
strain devoid of Golgi Ca®>* and Mn>* transporters abrogates
Ca®*- and Mn>**-induced growth defects, excessive Mn>* accu-
mulation in the cell, and glycosylation defects. Using bacterial
cells loaded with the fluorescent Fura-2 probe, we further
obtained direct biochemical evidence that TMEM165 medi-
ates Ca’>* and Mn>" influxes. We also used the yeast and
bacterial systems to evaluate the impact of four disease-
causing missense mutations identified in individuals with
TMEM165-associated CDG. We found that a mutation lead-
ing to a E108G substitution within the conserved UPF0016
family motif significantly reduces TMEM165 activity. These
results indicate that TMEM165 can transport Ca®* and
Mn?*, which are both required for proper protein glyco-
sylation in cells. Our work also provides tools to better un-
derstand the pathogenicity of CDG-associated TMEM165
mutations.

Post-translational modification of proteins by glycosylation
is an essential biological process significantly influencing and
modulating their structure and function. Genetically based
abnormalities in protein glycosylation can result in congenital
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disorders of glycosylation (CDG),” a group of inherited diseases
leading to wide variety of severe pathological symptoms. The
group of CDGs has rapidly broadened over the last decade nota-
bly because of the development of advanced high-throughput
sequencing techniques and consequent identification of re-
sponsible genes. This also involves a recent identification of
a CDG subtype associated with specific mutations in the
gene encoding TMEM165 (transmembrane protein 165) (1).
TMEM165 belongs to a family of poorly characterized mem-
brane proteins (UPF0016 and Pfam PF01169), which are highly
conserved through evolution and widely distributed among a
high number of prokaryotic and eukaryotic species. A specific
signature of all the orthologous members is the presence of one
or two copies of the highly conserved EXGD(K/R)(T/S) motif
(2). We previously reported that TMEM165, as well as its Sac-
charomyces cerevisiae ortholog Gdtlp, localizes at the Golgi
membrane (3). The exact physiological role of these proteins
still remains to be fully deciphered. However, data obtained in
recent studies gave several indications of their implication in
calcium and manganese homeostasis. Namely, we reported that
Gdtlp is required for high Ca®>" tolerance and proper Ca>"
response to salt stress (3). Regarding the manganese homeosta-
sis, deletion of GDT1 has been shown to lead to intracellular
Mn>" overaccumulation and to modulation of the activity of
the Mn>*-dependent enzyme Sod2p (4). The implication of
Gdtlp, as well as of TMEM165, in manganese homeostasis is
further supported by the fact that they are degraded by high
external Mn>" concentrations (5). Additionally in the presence
of high Ca®", a lack of Gdt1p in yeast or TMEM165 in human
cells was shown to result in protein glycosylation defects possi-
bly because of an imbalanced Golgi-related homeostasis of cal-
cium and/or manganese, two important elements for enzymes
acting in glycosylation processes (5, 6). These glycosylation
abnormalities can be in turn suppressed by Mn>* supplemen-
tation (7). Based on these data, Gdtlp and TMEM165 were
hypothesized to act as calcium/manganese transporters. Al-
though Ca?" and more recently Mn?>" transport capacity of
Gdtlp was proven based on the use of fluorescent probes in
Gdtlp-producing Lactococcus lactis (4, 8), no direct evidence of
such transport capacity has been demonstrated for the clini-
cally relevant TMEM165. In fact, development of such a direct
approach would additionally prove useful for deeper investiga-

3 The abbreviations used are: CDG, congenital disorder of glycosylation; ICP-
AES, inductively coupled plasma atomic emission spectrometry; ER, endo-
plasmic reticulum.
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tion of the functional impact of the specific missense mutations
in TMEM165 identified in CDG patients.

Different mutations were detected in TMEM165 in the
patients suffering from CDGs. One of these mutations (792 +
182G > A) causes the activation of a cryptic splice donor site
that then leads to the WT transcript together with another
transcript, resulting in a truncated and unstable protein (1). A
second disease-causing mutation is found in the highly con-
served '°®ELGDKT'® motif of TMEM165 (E108G) (9). The
arginine at position 126 that belongs to a putative lysosomal-
targeting motif "**YNRL'*’ of TMEM165 was found mutated
in two patients. One patient carried homozygous mutation
R126H, whereas the other patient carried heterozygous mis-
sense mutation R126C and a missense mutation G304R (1). The
effect of the identified missense mutations were studied mainly
in terms of expression levels, subcellular localization of the pro-
tein, and glycosylation defects in mammalian cells (5, 10). How-
ever, if and how these mutations directly affect the activity of
TMEM165 has yet to be examined. Because of difficulties in
directly measuring ion fluxes in human cells, attempts have
been carried out by heterologous expression of the mutated
forms of TMEM165 in S. cerevisiae strain lacking GDT1 and by
subsequent phenotypic response to high Ca®>" concentrations.
The full-length human TMEM165, however, could not comple-
ment the absence of Gdtlp, and only partial recovery was
observed when truncating the 55 first N-terminal residues of
the protein (3, 10). Because of these difficulties in producing an
active form of TMEM165 in yeast, the phenotypic response of
the mutations was therefore investigated only indirectly by
introducing the corresponding changes at synonymous posi-
tions in the S. cerevisiae GDT1I gene (6, 10, 11).

In this context, we primarily aimed to further improve the het-
erologous expression of the human TMEM165 in S. cerevisiae as
well as in L. lactis. Indeed, these two heterologous systems consti-
tute key tools to provide direct biochemical evidence for ion trans-
port properties of TMEM165, as well as to further explore the
impact of CDG-specific mutations on the transport activity. In the
yeast strain with inactive Golgi-localized Ca®>*, Mn>* transporters
(Gdtlp and Pmrlp (12)) producing functional TMEM165, we first
demonstrated an involvement of TMEM165 in resistance to high
Ca®** and Mn>" concentrations, as well as in cellular manganese
accumulation, thereby strengthening the fact that TMEM165
would transport calcium and manganese. On the other hand, in
L. lactis cells producing TMEM165, we were able to directly show
TMEM165-dependent calcium and manganese influx. We finally
used these two systems to study the impact of disease-causing
mutations on the transport activity of the human protein. Taken
together, these data provide direct evidence of calcium and man-
ganese transport by TMEM165, thereby opening up new avenues
for a better understanding of the related disorders of glycosylation.

Results

Optimization of the heterologous expression of TMEM165 in
yeast

Gdtlp is required for calcium homeostasis in yeast because a
gdtIA strain is sensitive to high external Ca*>" concentration
(3). This phenotype is exacerbated in a strain deleted for the
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Golgi-localized Ca®>*/Mn>*-ATPase PMRI (3, 8). Also, it has
been shown that a truncated version of TMEM165 partially
restores the growth of gdtIA strain under high Ca®>" concen-
tration. The N-terminal extension of TMEM165 is not present
in Gdtlp and has been hypothesized to act as a nonconserved
autoregulatory domain (3). To improve the expression and
activity of TMEM165 in yeast, we have constructed three
codon-optimized versions of TMEM165: a full-length version
(TMEM165), a version truncated of the first 55 amino acids
(A5*TMEM165), and a version truncated of the first 78 amino
acids (*”* TMEM165) (Fig. S1). The ”*TMEM165 version is
equivalent to the yeast #**Gdt1p in which the putative signal
sequence has been removed. As shown in Fig. 14, the codon
optimization significantly improved the heterologous pro-
duction of the three TMEM165 versions in S. cerevisiae
gdt1ApmrIA strain.

Fig. 1B shows that the nonoptimized full-length TMEM165
was not able to complement the growth defect of the
gdt1Apmri1Ain the presence of 400 mm Ca®*, whereas the non-
optimized ***TMEM165 slightly decreased the Ca®" sensitiv-
ity. This Ca®>" sensitivity was, on the other hand, fully sup-
pressed by the expression of the codon-optimized versions of
TMEMI165. Strikingly, the expression of *”*TMEM165 confers
higher tolerance when compared with the strains expressing
the other TMEM165 variants as well as GDTI. Because the
truncated versions are produced at approximately the same
level, this better complementation is likely due to the differen-
tial truncation. This phenotype is consistent with the previ-
ously discussed possibility that the nonconserved N-terminal
part of TMEM165 acts as an autoregulatory domain (3).

Expression of TMEM165 in yeast modulates its Mn**
homeostasis

In addition to calcium homeostasis, Gdt1p and TMEM165 were
recently proposed to play an important role in the regulation of
Golgi Mn®" homeostasis (4, 7). Additionally, it was previously
shown that deletion of GDT1 confers an extrasensitivity toward
Mn?" in the pmr1A background. The expression of the full-length
TMEM165 and the **>*TMEM165 variants in the gdt1ApmrIA
strain did not restore the tolerance to high Mn?>" because the
growth was similar to that of the control strain harboring an empty
vector. On the contrary, and just as observed in Ca®* -related phe-
notypic assay, the sensitivity level of the gdt1ApmriA strain to
high Mn®" was diminished by expression of the truncated
A7STMEM165 (Fig. 2A). To provide further evidence of the
involvement of TMEM165 in Mn>" homeostasis, the total Mn*"
levels of the WT strain and of gdtiApmrIA carrying different
TMEM165 forms were evaluated using inductively coupled
plasma atomic emission spectrometry (ICP-AES) (Fig. 2B). Con-
sistent to our recently reported data (4), the cellular Mn>" content
of the gdt1ApmriIA strain was ~30-fold higher when compared
with the WT. As already indicated by the growth assay, the cel-
lular Mn>" content of gdt1ApmriA was significantly decreased
when expressing “”*TMEM165. It displayed even lower Mn>"
content than gdtlApmrIA expressing GDTI, suggesting that
A78TMEM165 would be more active than Gdt1p, as also indicated
by the growth test. Interestingly, whereas the growth of the
gdt1Apmr1A mutant expressing TMEM165 or the “*>*TMEM165
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Figure 1. A, production of the different TMEM165 versions in gdt1Apmr1A strain. Total protein extracts of cells grown in MD-U medium to an A, of 3 were
analyzed by Western blotting with antibodies directed against TMEM165. &, gdt1Apmr1A with the empty pRS416 vector. Coomassie Blue-stained polyvi-
nylidene fluoride membranes were used as loading control. B, growth of the WT strain and gdt1/Apmr1A in MD-U medium supplemented or not with CaCl,. The
gdt1Apmr1A strain expressed GDT1, TMEM165, or its different truncated versions under the control of the constitutive TP/T promoter. n/o, codon nonoptimized
versions of TMEM165. The cells were precultured overnight in MD-U medium. The cultures were subsequently adjusted to an Agq, of 0.3, and serial 10-fold
diluted cultures were dropped on MD-U solid medium containing indicated concentrations of CaCl,. The plates were incubated 3 days at 28 °C.

was similar to the negative control (with empty vector) when
exposed to high Mn>", the total Mn>" content of gdtlApmrIA
expressing either of the two TMEM165 forms was significantly
lower than the negative control and reached levels similar to the
strain expressing GDT1. This indicates that although not capable
of suppressing the sensitivity of gdt1ApmrIA to high Mn", the
full-length TMEM165 and the ***TMEM165 are still functionally
efficient to complement the absence of GDT1 in terms of the
Mn?* content regulation.

Truncated TMEM165 mediates Ca®>* and Mn?™ influx in
L. lactis

To unambiguously demonstrate the transport activity of
TMEM165, we performed an in vivo functional transport assay
in the L. lactis DML1 strain loaded with the fluorescent Ca**/
Mn?"-sensitive Fura-2 probe. Using this strategy, we have pre-
viously demonstrated Ca®>" and Mn>* transport activity of
Gdtlp (4, 8). As mentioned above, the combination of the
codon optimization and truncation of the nonconserved N-ter-
minal sequence improved the heterologous expression and
functional complementation of TMEM165 in S. cerevisiae. We
therefore selected the two truncated variants of TMEM165
and applied a codon optimization specific for heterologous
expression in bacteria (Fig. S2). We then verified that these
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two forms are indeed well-produced in the selected bacterial
host (Fig. 34). The L. lactis cells expressing *>>*TMEM165 or
A7STMEMI165 or containing the empty vector were loaded
with the Fura-2 probe. The changes in fluorescence intensity
monitored over time correspond to variation of intracellular
free cation (Ca®>"/Mn>") concentration, reflecting Ca®>" or
Mn?" transport (Fig. 3B). Upon addition of CaCl, in the exter-
nal medium, the cells expressing the truncated TMEM165 vari-
ants exhibited a strong increase of the emission of fluorescence
at 510 nm after excitation at 340 versus 380 nm (ratio 340/380),
reflecting Ca®>" influx, whereas almost no increase was detected
in the control strain harboring the empty plasmid. The Mn*"
transport assay takes advantage of the fact that manganese
quenches Fura-2—emitted fluorescence, which, when excited at
360 nm (the Fura-2 isosbestic point), is independent of the
Ca®" concentration (4). Similarly as for Ca®>"* transport, the
cells expressing the two TMEM165 variants exhibited signifi-
cantly more pronounced fluorescence quenching after the
addition of MnCl, when compared with the negative control.
Although the slight signal decrease observed for the negative
control might reflect transport of Mn>* by L. lactis endogenous
transporters, the stronger quenching observed for the clones
producing either of the TMEM165 indicates that they me-
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Figure 2. A, Growth of the WT strain and gdt71Apmr1A in MD-U supple-
mented or not with MnCl,. The gdtTApmr1A strain expressed GDTI,
TMEM165, or its different truncated versions under the control of the consti-
tutive TPIT promoter.J, gdt1Apmr1A with the empty pRS416 vector. The cells
were treated as described in Fig. 1B. B, cellular Mn®*" content of the WT and
gdt1Apmr1A expressing GDT1, TMEM165, or its different truncated versions
under the control of the constitutive TP/T promoter. The strains were grown in
MD-U medium to an Ay, of 3, and the cellular Mn?" content was measured
by ICP-AES. The data are shown as means = S.D. (n = 4).*, p < 0.05; ***, p <
0.001 (one-way analysis of variance with Bonferroni post hoc test). ns, not
significant.

diate Mn”" influx in L. lactis. Strikingly, the cells expressing
A7STMEM165 exhibited markedly more pronounced 340/380
increase and more intense fluorescence quenching than the
cells with “**TMEM165, reflecting better capability of the
shorter TMEM165 version to mediate Ca®>* and Mn>" trans-
portin L. lactis. This observation supports the above described
data obtained in S. cerevisiae—related assays. Given this higher
activity, 2”*TMEM165 was selected to determine its affinity for
Ca?* and Mn?" and to further investigate whether the CDG-
linked mutations affect the transport activity.

The apparent K, for Ca®>" and Mn*>" were determined by in
vivo transport measurements in L. lactis at a range of concen-
trations of CaCl, and MnCl, (2.5-200 um CaCl, and 10-400
M MnCl,). The analysis, which exhibited typical Michaelis—
Menten saturation kinetics (Fig. 4), revealed the apparent K, of
21 + 4 uMm for Ca®" and of 170 + 30 um for Mn?*. This obser-
vation suggests greater affinity of TMEM165 for Ca>* than for
Mn>", which is consistent with our previously shown data for
Gdtlp (4).

Impact of CDG specific mutations on transport activity of
TMEM165

To assess the impact of the CDG-specific missense muta-
tions E108G, R126H, R126C, and G304R on the transport activ-
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ity, these mutations were introduced in *”*TMEM165 by site-
directed mutagenesis. We first verified that all these mutated
forms are well-produced in bacteria (Fig. 5A4). Interestingly, the
G304R mutated variant was detected by Western blotting as a
product of higher size when compared with the nonmutated or
the other mutated versions of “”*TMEM165. Then, using the
Fura-2-based functional assay in L. lactis, we determined their
impact on Ca®>* and Mn>" transport capacity (Fig. 5B) and on
the transport kinetics by estimating the apparent K, (Table 1).
The estimated kinetic parameters indicated that none of the
missense mutations modulated the affinity of *”*TMEM165 for
Mn?*, and only *”*TMEM165 with R126C and G304R muta-
tions displayed a reduced affinity for Ca®>*. The cells expressing
A7STMEM165 with the E108G substitution within the con-
served motif displayed significantly lower final fluorescence
signal (340/380) after CaCl, addition, as well as less intense final
quenching by MnCl,. This indicates a reduced capacity of the
mutated protein to transport Ca** and Mn?>" although no
reduced affinity for the two cations. Similarly, a drop (although
toalesser extent) in the Ca®>*/Mn>" transport capacity was also
observed for #”*TMEM165-R126C. Interestingly, the substitu-
tion of the same arginine at position 126 to histidine (R126H)
resulted in no reduction of the transport capacity for the two
cations. No significant reduction of Ca*>* or Mn>" transport
capacity was observed for the *”*TMEM165 containing G304R
mutation.

Modulation of yeast cation homeostasis by the mutated forms
of TMEM165

To further explore the functional impact of the CDG-associ-
ated missense mutations, we performed heterologous expres-
sion of the mutated variants of *”*TMEM165 back in S. cerevi-
siae and observed the capability to overcome Ca*>* and Mn**
stress. As observed in the phenotype complementation assay
(Fig. 6A), expression of ““*TMEMI165 carrying R126H or
R126C mutations led to only partially decreased growth of
the gdtiApmrIA strain in the presence of 400 mm CaCl,,
whereas the Ca®" tolerance was totally lost when exposed to
higher Ca®" concentration (500 mm). The cells expressing
A7STMEM165-E108G exhibited comparable growth with that
of the negative control and were completely unable to grow in
the presence of higher amounts of CaCl,. This indicates that the
mutation of the highly conserved glutamate (E108G) fully abol-
ished the Ca®" tolerance of the gdt1ApmrIA strain conferred
by the nonmutated “”*TMEM165. Similar sensitivity to Ca**
exposure was observed for the gdtIApmrIA strain expressing
A78TMEM165-G304R. In contrast to the Ca®"-related pheno-
types, expression of any of the mutated forms of *”*TMEM165
did not affect the ability of the gdti1ApmriA to grow in the
presence of high Mn®" concentrations. To verify that the
effects of the mutations indeed reflect activity modulation, we
further assessed the subcellular localization (Fig. 6B8). Immuno-
detection of the subcellular compartments fractionated on a
sucrose gradient showed that “”*TMEM165 localizes to the
same Golgi-containing fractions as Gdt1p and partly to the ER.
The detection of the protein in the ER-corresponding fractions
might indicate a partial retention in the ER, which might be a
consequence of overexpression. Nevertheless, the growth res-
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Figure 3. Ca?* and Mn>" transport mediated by truncated TMEM165 expressed in L. lactis. A, production of the truncated TMEM165 in L. lactis. The cells
were grown to an Agq, of 0.5 and incubated in the presence (+nis) or not (—nis) of nisin (2.5 ug/l) for 2 h to induce the expression of ASSTMEM165 or
A78TMEM165. The tagged proteins (N terminus) were detected in membrane protein extracts by Western blotting with anti-HA antibodies. &, cells with the
empty pNZ8048 vector. Coomassie Blue-stained polyvinylidene fluoride membrane was used as loading control. B, time-course measurement of the fluores-
cence emitted by Fura-2in L. lactis DML1 expressing the truncated versions of TMEM165 or containing the empty pNZ8048 vector (&) in the presence of 75 um
CaCl, (left panel) or 75 um MnCl, (right panel). The cells were grown to an Agy, of 0.5, at which the truncated TMEM165 expression was initiated by addition of
2.5 pg/liter nisin. After a 2-h postinduction time, the cells were washed and incubated for 2 h in the presence of Fura-2/AM. Left panel, time-course measure-
ments of the ratio of the fluorescence emitted at 510 nm after excitations at 340 and 380 nm (340/380). Right panel, time-course measurements of the
quenching by Mn?" of the fluorescence emitted at 510 nm after excitation at 360 nm normalized to the initial fluorescence. CaCl, or MnCl, were added after
120 s of measurement (arrow), and the curves represent the means (n = 3 = S.D.).
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toration of the gdt1ApmrIA strain in presence of high Ca>" and
Mn?" demonstrates a production of a functional *”*TMEM165.
The same distribution was also observed for the mutated
A7STMEMI165 except for 4”*TMEM165-G304R, which was pre-
dominantly detected in the Golgi-containing fractions.

To better understand the observed growth deficiencies, we
assessed the glycosylation defects as an indicator of a disturbed
cation homeostasis at the Golgi level. Indeed, it has been previ-
ously shown that GDTI-deficient yeast strain grown at a high
external calcium concentrations exhibited protein glycosyla-
tion defects (6, 8). In this context, we examined the impact of
the CDG-related mutations in the glycosylation process. We
assessed by Western blotting differences in migration of the
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glucanosyltransferase Gaslp, which undergoes N- and O-
linked glycosylation and is often employed as a reporter of Golgi
glycosylation capability (8, 13). Compared with the WT strain
and in accordance with previously reported data, the
gdtlApmriA strain transformed with an empty vector showed
glycosylation defects (Fig. 6C). The re-expression of GDT1 in
gdt1ApmriAled to improved glycosylation of Gaslp. The same
migration level of Gas1p was also observed for the cells express-
ing the nonmutated *”*TMEM165. Although migration was
faster than observed for the WT strain, which might reflect the
absence of Pmrlp, the improvement of glycosylation by these
two strains indicates that Gdtlp and *”*TMEM165 are func-
tional in terms of Golgi-related glycosylation. Similar mobility

J. Biol. Chem. (2020) 295(12) 3865-3874 3869
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Figure 5. The impact of CDG-related mutations on the transport activity of *”>TMEM165 in L. lactis. A, the HA-tagged proteins (N terminus) were
detected in membrane protein extracts by Western blotting with anti-HA antibodies. Colloidal blue-stained gel was used as loading control. B, comparison of
the fluorescence emitted during time by Fura-2 in L. lactis DML1 expressing the nonmutated *”®TMEM165 truncated versions (orange curves) or ’*TMEM165
containing the CDG-related mutations (indicated on the top of the graphs). The cells were treated as described in Fig. 3B. Upper panels, time-course measure-
ments of the ratio of the fluorescence emitted at 510 nm after excitations at 340 and 380 nm (340/380). Lower panels, time-course measurements of the
quenching by Mn?* of the fluorescence emitted at 510 nm after excitation at 360 nm normalized to the initial fluorescence. CaCl, (25 um) or MnCl, (25 um) were
added after 120 s of measurement (arrow), and the curves are represented as means (n = 3 = S.D.). The values recorded 5 min after CaCl, or MnCl, addition were

analyzed by unpaired t test. *, p < 0.05; **, p < 0.01; ***, p < 0.001; ns, not significant.

Table 1

The apparent K, (um) for Ca>* and Mn?* estimated by in vivo transport measurements in L. lactis expressing the nonmutated *”*TMEM165 or

A78TMEM165 containing CDG-related mutations
The data are represented as means * S.D. (n = 3).

A7STMEM165 A78-E108G A78-R126H A78-R126C A78-G304R
Ca** 20.9 + 4.1 21.4 + 3.57 19.8 = 2.7 40.8 +9.7° 35.3 + 4.6°
Mn?* 170 + 30 155 + 357 179 + 50° 221 + 66° 157 + 42¢

“ Not significant.
 p < 0.05 (unpaired ¢ test).

of Gaslp was observed for the strains expressing the mutated
A7STMEM165-R126H and “”*TMEM165-R126C, whereas the
strains producing *”*TMEM165-E108G and “"*TMEM165-
G304R showed glycosylation defects. This observation corre-
lates well with the defective growth of the corresponding
mutants at high Ca®" concentrations.

Because all the forms were well-produced, the aforemen-
tioned deficiencies are not due to protein abundance. It rather
indicates a disturbed cation homeostasis at the Golgi level
probably arising from the impaired activity of the two mutated
variants of “”*TMEM165. Interestingly, the “*”*TMEM165-
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G304R mutated form was detected as a product of higher size
when compared with the other #”*TMEM165 forms, as previ-
ously observed when the proteins are expressed in L. lactis
(Figs. 54 and 6D).

Discussion

Heterologous expression of human proteins in unicellular
models has become a valuable strategy for their characteriza-
tion. In this study, we succeeded in the heterologous produc-
tion of functional human TMEM165 protein in yeast and bac-
terial hosts. This allowed us to provide for the first time direct
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Figure 6. A, phenotyflc effects of ”*TMEM165-CDG-related mutations within gdt7ApmriA strain. The gdt1ApmriA strain expressed GDT1, 2’ TMEM165

truncated version, or

78TMEM165 containing CDG-causing mutations. &, gdtIApmrIA with the empty pRS416 vector. The cells were treated as described in

the legend to Fig. 18B. B, subcellular fractionation of gdt7Apmr1A strain expressing GDT1, “’*TMEM165, or mutated *”®TMEM165. Each strain was lysed and
fractionated on a sucrose gradient. The collected fractions were analyzed by Western blotting using antibodies against Gdt1 or TMEM165 and against markers
of the different subcellular compartments (CPY, Emp47, and Ost1). The distributions of the organellar markers shown here are representatives of those
observed in all the strains. C, glycos lation of Gas1p. Total membrane proteins were extracted from the WT strain or gdt/Apmr1A strains expressing GDT1,
A78TMEM165 truncated version, or 2”°TMEM165 containing CDG-causing mutations. The cells were grown in MD-U supplemented with 200 mm CaCl, toan A,
of 3. The levels of Gas1p were analyzed by Western blotting with anti-Gas1 antibodies. D, production of the different TMEM165 versions in gdtIApmrlA strain.

Total protein extracts of cells grown in MD-U medium to an Ag,, of 3 were analyzed by Western blotting with antibodies directed against TMEM165.

biochemical evidence for the calcium and manganese transport
of this CDG-related protein and to investigate the impact of
disease-causing mutations on the transport activity.

We used codon optimization and genetic engineering of
TMEM165 to optimize expression level and activity in yeast
and bacteria. Indeed, codon optimization radically improved
protein production in S. cerevisiae, and deletion of the first res-
idues of TMEM165 significantly increased its activity in yeast
and bacteria. A similar effect of the N-terminal truncation on
Ca®" tolerance was also observed for BICAT2, one of the Ara-
bidopsis thaliana UPF0016 members, when expressed in yeast
(14). This strengthens the fact that the UPF0016 N-terminal
region, which shows the highest variability and which has been
predicted to be cleavable secretory pathway signal peptide for
some members, needs to be at least partly removed for optimal
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heterologous production of functional eukaryotic UPF0016
members. This also suggests, as previously stated by Demaegd
et al. (2) and Schneider et al. (15), that this N-terminal region
could participate in regulation of the cation homeostasis as an
autoinhibitory/regulatory domain. In our study, we show that
production of this codon-optimized truncated version of
TMEM165 modulates yeast resistance to high external Mn>"
concentrations, cellular Mn** accumulation, and glycosylation
efficiency, all reflecting an effect on the homeostasis of manga-
nese in this host. To further investigate whether TMEM165
transports cations, we took advantage of the use of *”*TMEM165-
producing L. lactis cells loaded with the fluorescent probe
Fura-2. This bacterium has been shown to be valuable expres-
sion system because of targeting the expressed membrane pro-
teins in functional form to the cytoplasmic membrane, without
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the formation of inclusion bodies (16). With this system, we
confirmed the previously suggested Ca®>" transport activity (3)
and showed for the first time direct Mn>" transport by this
human protein. This suggests that the effect of TMEM165 on
manganese homeostasis previously observed in human cells
(affected stability of the Mn**-sensitive protein GPP130,
Mn2"-induced degradation of TMEM165, and restoration of
the TMEM165-induced glycosylation defects by Mn>" (5, 7))
could indeed be related to its Mn®" transport ability at the
Golgi. In addition, this further reinforces the involvement of the
UPF0016 members in manganese homeostasis that was previ-
ously shown for bacterial, plant, yeast, and human members
and their subsequent connection to essential cellular processes
like photosynthesis and glycosylation. Confirmation of the
transport activity of TMEM165 directly in human cells will be
required in the future.

Missense mutations were recently identified in TMEM165 in
patients with CDGs. In this study, we took advantage of the
development of the ”*TMEM165-producing yeast and bacte-
rial cells to investigate the impact of the identified missense
mutations on the transport activity. Introduction of the muta-
tion E108G within the conserved UPF0016 motif of TMEM165
led to reduced Ca®>* and Mn?* transport activity, both in bac-
teria and in yeast. In contrast, TMEM165 with mutation R126H
seems to be the least affected in terms of the transport activity,
only showing impaired yeast growth at the highest tested Ca®"
concentration. The mutations R126C and G304R showed inter-
mediate results, their transport ability being impaired only in
bacteria or in yeast, respectively. In fact, R126H/C missense
mutations have been previously shown to affect the subcellular
localization of TMEM165 in HelLa cells, being predominantly
detected in lysosomes (10). Additionally, complementation
assay in yeast showed that the equivalent mutations (R71H and
R71C) introduced in Gdtlp had no effect on the protein func-
tion (10), which further supports the hypothesis that the disease
caused by TMEM165 with R126H/C mutations can be linked to
altered protein localization in human cells rather than its trans-
port activity. The TMEM165-G304R is also reported as mislo-
calized compared with the WT protein (10). In addition, West-
ern blotting analysis revealed altered protein size that could
arise from mutation-induced alteration of post-translational
protein modifications. In this context, the molecular causes of
the pathogenicity of this mutation remain unclear. In contrast,
the TMEM165-E108G was found correctly localized in HeLa
cells and only slightly restores the glycosylation defects
observed in TMEM165-knockdown cells (5, 17). Combined
with our results, this suggests that the mutation of the highly
conserved Glu'®® causes glycosylation defects through im-
paired cation transport activity of the protein.

No matter whether resulting in altered localization or trans-
port activity, the presence of specific mutations within
TMEM165 might alter cation homeostasis at the Golgi level
where protein maturation takes place. Another type of CDG,
related to the presence of specific mutations within the cell-
surface Mn>" importer SLC39A8, was similarly linked to pro-
tein undergalactosylation because of altered cellular manga-
nese homeostasis (18). These two examples clearly illustrate the
key importance of proper cation regulation at the Golgi for
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essential processes like glycosylation. At present, it remains an
important issue to distinguish whether defective cytosolic or
Golgi concentrations of Ca®>" and/or Mn>" are responsible for
the TMEM165-CDGs, these two cations being important for
proper glycosylation by modulating intracellular trafficking
within the secretory pathway, influencing protein stability, or
acting as cofactors. Identification of TMEM165 selectivity
mutants transporting only Ca>* or Mn”" might help answering
this question in the future.

Experimental procedures
Strains and culture media

The S. cerevisiae strains used in this study were BY4741
(Mata his3A1 leu2A0 metl15A0 ura3A0, Euroscarf) and BY
gdtIN pmriA (Mata his3A1 leu2A0 ura3A0 met15A0
gdtl:KanMX4 pmrl:KanMX4) (3). Nontransformed yeast
cells were routinely cultured at 28 °C in YD medium (2% yeast
extract KAT, 2% glucose) under agitation. Cells transformed
with plasmids were grown in MD-U minimal medium (0.2%
yeast nitrogen base without amino acids and ammonium sul-
fate (Difco), 76 mm NH,Cl, 2% glucose, supplemented with 1.92
g/liter of Drop-Out mixture without Uracil (Formedium, UK)).
Solid media were produced by addition of 2% agar to the mix-
ture. The L. lactis DML1 strain was kindly provided by B. Pool-
man (Groningen, The Netherlands). L. lactis cells were grown
in M17 broth according to Terzaghi (Merck Millipore) supple-
mented with 1% glucose at 28 °C. Cells transformed with the
pNZ8048 plasmid were grown in the presence of 10 ug/ml
chloramphenicol. Expression of genes under the control of the
pNisA promoter was induced by 2.5 ug/lite nisin at the log
phase (Ago0 = ~0.4-0.5).

Vector construction

Yeast and bacterial plasmids were obtained following stan-
dard molecular biology protocols, and the authenticity of all
genetic constructs was validated by sequencing. The yeast
plasmids pRS416-pTPI-GDT1 (overexpressing GDT1 under
the control of TPII, triose-phosphate isomerase, constitu-
tive promoter), pRS416-pTPI-TMEM165, and pRS416-
pTPI-***TMEMI165 (overexpressing codon nonoptimized
TMEM165 and “***TMEM165) were obtained previously (3).
The full-length TMEM165 gene was codon-optimized for
the S. cerevisiae expression system (Fig. S1) and chemically
synthesized (GeneScript). The codon-optimized truncated
A55TMEM165 and *”*TMEM165 were obtained by amplifi-
cation from the codon-optimized full-length gene. The DNA
fragments were digested with Xbal/Xhol and integrated in
the pRS416-pTPI plasmid. For the heterologous expression in
L. lactis, we used pNZ8048 plasmid expressing 10HIS-HA-TEV-
tagged (N-terminal) ***TMEM165 or 4”*TMEMI165 truncated
version under the control of the nisin-inducible promoter. The
nucleotide sequences were codon-optimized for bacterial expres-
sion (MeKaGene) (Fig. S2), chemically synthesized (Integrated
DNA Technologies), digested with Ncol/HindIII, and cloned into
the pNZ8048 vector. The TMEMI165-CDG mutations were
inserted in the codon-optimized “”*TMEM165 by triple PCR
using overlapping primers containing the desired nucleotide
changes (19). The primers used to insert the point mutants are
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Table 2

Primers used for the site-directed mutagenesis

The underlined letters indicate the changes in nucleotide sequence. The bold letters
indicate restriction sites.

Name Sequence 5" — 3’

Insertion into pRS416-pTPI

pRS-78TMEM-Fa GTATCTAGAATGCATACTAACAAAGA

(Xbal)
pRS-TMEM-Ra2 CATCTCGAGTTAAAAACCTG (XhoI)
pRS-E108G-F TATTGTATCTGGACTTGGAG
pRS-E108G-R CTCCAAGTCCAGATACAATA
pRS-R126H-F GATATAATCATTTGACAGTTCTITG
pRS-R126H-R CAAGAACTGTCAAATGATTATATC
pRS-R126C-F GATATAATTGTTTGACAGTTCTTG
pRS-R126C-R CAAGAACTGTCAAACAATTATATC
pRS-G304R-F GTAACCATTATTAGAGGAATTG
pRS-G304R-R CAATTCCTCTAATAATGGTTAC
Insertion into pNZ8048
Ins-F-4 AGCTCAGCCATGGGTCATC (Ncol)
Ins-R-1 CTCTTACCTTGAAGCTTTCA (HindIII)
E108G-F TATTGTGTCCGGATTAGGTG
E108G-R CACCTAATCCGGACACAATA
R126H-F CTATAACCACCTGACCGTG
R126H-R CACGGTCAGGTGGTTATAGC
R126C-F CTATAACTGCCTGACCGTG
R126C-R CACGGTCAGGCAGTTATAGC
G304R-F ACCATCATTAGAGGAATCG
G304R-R CGATTCCTCTAATGATGGTGAC

listed in Table 2. DNA amplification was carried out with the Phu-
sion polymerase (New England Biology). The amplified PCR prod-
ucts for S. cerevisiae expression system were digested with Xbal/
Xhol and integrated into the pRS416-pTPI plasmid. The PCR
products for L. lactis expression system were digested with Ncol/
HindIII and cloned into the pNZ8048 vector. Yeast transforma-
tion was performed in triplicate following the method of Gietz et
al. (20). L. lactis transformation was performed in triplicate by
electroporation as described by Holo et al. (21).

In vivo transport assay

The in vivo transport measurements were carried out
using the fluorescent dye Fura-2/AM as described previously
(4). In short, L. lactis DML1 cells transformed with the
empty or pNZ8048 plasmid harboring the different versions
of TMEM165 were grown in M17 broth. At an A, of 0.5,
induction was initiated by adding 2.5 ug/liter nisin in the extra-
cellular medium. After a postinduction time of 2 h, the cells
were harvested (3,000 X g for 7 min) and washed twice with the
washing buffer (50 mm Tris-HCI, pH 7.4, 100 mm KCl, and 1 mm
MgCl,). The washed cells were resuspended in the same buffer
supplemented with 0.2 mm EDTA (pH 8.0) and incubated for 10
min. The harvested cells were then incubated with the washing
buffer supplemented with 10 um Fura-2/AM (Molecular
Probes) and 1.7 mMm probenecid for 2 h at 28 °C under agitation.
The cells were subsequently washed three times in the presence
of 1 mm EGTA, and the final pellet was resuspended in 10 ml of
the washing buffer supplemented with 1.7 mm probenecid.
Prior to measurements, this latter solution was treated with
calcium sponges (BAPTA chelator coupled to a polymer
matrix, Invitrogen). The signal was recorded either with a single
excitation wavelength of 360 nm (quenching measurements) or
with two excitation wavelengths of 340 and 380 nm (ratiomet-
ric measurements), the emission wavelength being set at 510
nm. MnCl, or CaCl, were added in the extracellular medium at
the indicated concentrations. The data were recorded using
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JASCO FP8500 fluorimeter controlled by the Spectra Manager
software. The transport kinetics of ”*TMEM165 were ana-
lyzed at Ca®>" and Mn*" concentrations ranging from 2.5 to 200
uM CaCl, and 10 to 400 um MnCl,, and the determination of
the apparent K, was performed as described previously (4).

ICP-AES analysis

For determination of the total intracellular Mn?" content,
the yeast transformants were grown in MD-U medium to an
Agoo of 3. The cells were then collected by vacuum filtration
using membrane filters (Millipore, 0.45-um pore size) and
washed twice with 2 ml of 1 mm EGTA (pH 8) and twice with 2
ml of H,O. The cells were collected in heat-resistant beakers in
10 ml of H,O and dried at 95 °C overnight and then in a desic-
cator for 24 h. The dry matter was mineralized by heating at
500 °C overnight. The ashed sample was subsequently dissolved
in 10 ml of 6.5% HNO; for analysis on an ICAP 6500 spectrom-
eter (Thermo Scientific).

Subcellular fractionation

Subcellular compartments were fractionated on a discontin-
uous sucrose gradient ranging from 12.5 to 54% as described
previously (3). The fractions were separated by SDS-PAGE and
analyzed by immunoblotting. Detection of Emp47, Ostl, and
CPY was used as Golgi, ER, and vacuolar markers, respectively.

Western blotting

Total protein extracts from yeast cells were prepared as fol-
lows. The cells grown in the indicated media to A, of 3 were
harvested by centrifugation at 3,000 X g for 5 min, washed with
cold water, and resuspended in 200 ul of lysis buffer (250 mm
sorbitol, 50 mm imidazole, 1 mm MgCl,:6H,O, pH 7.5) contain-
ing phenylmethylsulfonyl fluoride at a final concentration of 1
mM and 0.1% protease inhibitor mixture (Roche). The cells
were lysed with glass beads by vortexing (eight 30-s pulses fol-
lowed by 15-s pauses on ice). Cell debris and unbroken cells
were eliminated by centrifugation at 3,000 X g at 4 °C for 20 s.
The total membrane fractions from L. lactis were prepared as
described earlier (8), except that the cells were not incubated 30
min at 28 °C before the lysis with glass beads. The protein con-
centrations were determined using the bicinchoninic acid assay
according to Smith et al (22). Aliquots (30 ug) of protein
extracts were mixed with sample loading buffer (80 mm Tris-
HCl, pH 6.8, 2% SDS, 10% glycerol, 0.005% bromphenol
blue, 1% DTT), separated by SDS-PAGE using 4—15% Mini-
PROTEAN TGX gels (Bio-Rad), and transferred using the
Trans-Blot turbo transfer system (Bio-Rad). To detect Gdtlp
the extracts were separated on a 10% handmade SDS-PAGE gel
and transferred to a polyvinyl difluoride membrane (Millipore)
using a semidry transfer system (Bio-Rad) in 50 mm Tris, 40 mm
glycine, 1.3 mm SDS, 20% methanol. Primary antibodies used in
this study were rabbit anti-TMEM165 (1:2,000 dilution; Pro-
teintech), rabbit anti-Gdt1 (1:333 dilution; (3)), rat anti-hemag-
glutinin (anti-HA; 1:1,000 dilution; Roche), rabbit anti-Ost1l
(1:2,000 dilution; gift from R. Gilmore), rabbit anti-Emp47, rab-
bit anti-CPY, and rabbit anti-Gasl (all 1:2,000 dilution; gifts
from H. Riezman, Geneva, Switzerland). Incubation with pri-
mary antibodies was followed by incubation with horseradish
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peroxidase— coupled anti-rat (1:10,000 dilution; Thermo Scien-
tific) or anti-rabbit (1:10,000 dilution; IMEX) IgG antibodies.
Bound antibodies were revealed using Lumi-Light Western
blotting substrate (Roche Diagnostics), and the emitted light
was captured with Amersham Biosciences Imager 600 (GE
Healthcare Bio-Sciences AB). The Western analyses were per-
formed from at least three biological replicates.

Yeast calcium and manganese sensitivity assays

For drop tests, the yeast cells were precultured overnight in 5
ml of MD-U medium. Each culture was then adjusted toan A,
of 0.3. Aliquots of 4 ul of the adjusted culture and of 10-fold
serial dilutions were spotted on solid YD media or MD-U media
containing the indicated concentrations of CaCl, or MnCl,.
The plates were incubated and monitored for 3—5 days at 28 °C.
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