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a b s t r a c t

TMEM165 is a Golgi protein playing a crucial role in Mn2+ transport, and whose mutations in patients are 
known to cause Congenital Disorders of Glycosylation. Some of those mutations affect the highly-conserved 
consensus motifs E-φ-G-D-[KR]-[TS] characterizing the CaCA2/UPF0016 family, presumably important for 
the transport of Mn2+ which is essential for the function of many Golgi glycosylation enzymes. Others, like 
the G > R304 mutation, are far away from these motifs in the sequence. Until recently, the classical mem-
brane protein topology prediction methods were unable to provide a clear picture of the organization of 
TMEM165 inside the cell membrane, or to explain in a convincing manner the impact of patient and ex-
perimentally-generated mutations on the transporter function of TMEM165. In this study, AlphaFold 2 was 
used to build a TMEM165 model that was then refined by molecular dynamics simulation with membrane 
lipids and water. This model provides a realistic picture of the 3D protein scaffold formed from a two-fold 
repeat of three transmembrane helices/domains where the consensus motifs face each other to form a 
putative acidic cation-binding site at the cytosolic side of the protein. It sheds new light on the impact of 
mutations on the transporter function of TMEM165, found in patients and studied experimentally in vitro, 
formerly and within this study. More particularly and very interestingly, this model explains the impact of 
the G > R304 mutation on TMEM165’s function. These findings provide great confidence in the predicted 
TMEM165 model whose structural features are discussed in the study and compared to other structural and 
functional TMEM165 homologs from the CaCA2/UPF0016 family and the LysE superfamily.

© 2023 Published by Elsevier B.V. on behalf of Research Network of Computational and Structural 
Biotechnology. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/ 

licenses/by-nc-nd/4.0/).

1. Introduction

In 2012, mutations in TMEM165, the gene coding for the trans-
membrane protein 165 (TMEM165), were detected in Congenital 
Disorders of Glycosylation (CDG) patients presenting a peculiar 
clinical phenotype, including major skeletal dysplasia, osteoporosis 
and dwarfism, and a strong defect in the Golgi glycosylation char-
acterized by hypogalactosylation and hyposialylation of total serum 
N-glycoproteins [1]. Moreover, it was reported that those 

glycosylation defects also affect O-glycosylated proteins, glycolipids 
and proteoglycans [2–5]. We showed that whereas some patient 
mutations affected either the expression or the localization of 
TMEM165 [6], others clearly impaired the function of TMEM165 in 
the Golgi, leading to glycosylation defects [7]. Interestingly, our re-
sults demonstrated a link between TMEM165 and Mn2+ homeostasis, 
then suggesting that TMEM165 may be a key importer of Mn2+ into 
the Golgi where this cation is a mandatory cofactor for many gly-
cosyltransferases [8]. This hypothesis is highly reinforced by the fact 
that TMEM165 belongs, according to the IUBMB Transporter Classi-
fication Database (TCDB) (https://www.tcdb.org), to the Ca2+:H+ 

Antiporter (CaCA2) family (formerly called the uncharacterized 
Protein Family 0016 (UPF0016)). Within this family, several homo-
logs from bacteria, plants and eukaryotes were also shown to be 
involved in Mn2+ homeostasis, and possibly also for some of them, 
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including human TMEM165 and Saccharomyces cerevisiae Gdt1p, in 
Ca2+ and H+ homeostasis [9,10]. Additional pieces of evidence are the 
sensitivity of TMEM165 to increased cytosolic Mn2+ concentrations 
[8,11] and the measurement of Mn2+ transport activity of a truncated 
form of TMEM165 in Lactococcus lactis, as well as that of Gdt1p [10]. 
In the last years, several studies aimed to characterize the con-
tribution of some specific amino acid (aa) residues to Mn2+ sensi-
tivity and/or Mn2+ transporter function of TMEM165 allowing 
normal Golgi glycosylation [7,10], primarily focusing on aa residues 
of the two consensus motifs E-φ-G-D-[KR]-[TS] highly-conserved 
among CaCA2 members (108ELGDKT113 and 248EWGDRS253 in human 
TMEM165), and on aa residues found mutated in TMEM165-CDG 
patients. The results confirmed the involvement of specific aa re-
sidues within the two motifs, in particular acidic aa residues E108, 
D111, E248 and D251, without however clearly explaining the re-
spective participation of these in the transporter function of 
TMEM165. Indeed, the classical membrane protein topology pre-
diction methods used till now predicted 6–7 transmembrane helices 
(TMD) with each consensus motif located at the extremity of TMD 1 
and 4 facing both cytosolic and luminal sides of the cell mem-
brane [12–14].

Prediction of protein 3D structure only based on the aa sequence, 
especially when no homologous structure is available as for TMEM165, 
has opened a wide field of research since more than 50 years. None of 
them, however, achieved an atomic resolution. A redesigned version of 
the neural network-based AlphaFold model, named AlphaFold 2 (AF2), 
has been validated in the 14th Critical Assessment Techniques for 
Protein Structure Prediction challenge (CASP14) (https://www.pre-
dictioncenter.org/casp14/doc/CASP14_Abstracts.pdf) [15–17]. Using ar-
tificial intelligence and machine learning approaches, AF2 was found to 
accurately predict protein structures even when no homologous 
structures are available. It has thus been shown to significantly surpass 
those of previously-described computational methods [15–17]. In the 
present paper, AF2 has been used to build a TMEM165 model that was 
then subjected to molecular dynamics (MD) simulation including 
membrane lipids and water. The model shows that TMEM165 is or-
ganized into two repeats of three transmembrane helices/domains 
(TMD) where the consensus motifs are joined to form a putative acidic 
cation-binding site. This model is supported by experimental results 
showing that mutations introducing positive charges at positions 140 
and 304 cause a glycosylation defect in cells due to direct electrostatic 
interactions between the positive charges and several key acidic aa 
residues of the putative cation-binding site. Very interestingly, these 
results explain the impact of the previously-unexplained G > R304 pa-
tient mutation [1,6] on TMEM165 transporter function. The predicted 
model also gives new insights on the impact of other mutations found 
in patients and studied experimentally in vitro on TMEM165’s function. 
Taken as a whole, our findings provide great confidence in the pre-
dicted TMEM165 model whose structural features are discussed and 
compared to homologs of TMEM165.

2. Material and methods

2.1. Predictive tools

Models of full-size and Δ80-TMEM165, and all other models of 
TMEM165 homologs, were produced with a locally-installed version 
of the AlphaFold v2.2 software [15–17]. Five models were generated 
with pLDDT (predicted local distance difference test) >  70, expected 
to be modeled with good accuracy [15]. All models shown in the 
figures were rendered with the UCSF ChimeraX v1.2 software 
(https://www.cgl.ucsf.edu/chimerax/).

The Orientations of Proteins in Membranes (OPM) database 
(https://opm.phar.umich.edu/) has been used to calculate the spatial 
arrangement of the AF2-predicted models with respect to the hy-
drocarbon core of the lipid bilayer [18,19]. Percentages of identity 

and homology between protein sequences were calculated using 
Clustal Omega (https://www.ebi.ac.uk/Tools/msa/clustalo/) and 
Ident and Sim (https://www.bioinformatics.org/sms2/ident_-
sim.html). The ConSurf server (https://consurf.tau.ac.il/con-
surf_index.php) has been used for estimating the evolutionary 
conservation of aa residues in TMEM165 and homologs based on the 
phylogenetic relations between homologous sequences [20–23]. The 
AF2-predicted top-ranked PDB files were submitted to the ConSurf 
server with default parameters using a selection of 150 sequences 
with % of identity between 95 and 35 and a bayesian evolutionary 
conservation method.

2.2. Modeling with lipids and water and MD

The AF2-predicted Δ80-TMEM165 model was computationally 
immersed in an equilibrated 1,2-dipalmitoylphosphatidylcholine 
(DPPC) bilayer, with all waters removed and the x and y coordinates 
expanded by a factor of 4. The system was restored to its reference 
area per lipid (57 Å2) by iteratively shrinking the lipid x and y co-
ordinates by 2 %, then increased to 5 % after 8 iterations. Every 
iterative step, the system was subjected to 100 steps of steepest 
descent energy minimization, applying strong position restraints 
(105 kJ/nm2) on the protein non-hydrogen atoms, and lipids that had 
their phosphorus atom at a distance closer than 6 Å to any calcium 
(Ca) atom of the protein were removed [24]. The final system was 
solvated with roughly 20,000 simple point charge (SPC) water mo-
lecules, neutralized by adding Na+ ions and subjected to 1000 steps 
of steepest descent energy minimization and 100 ps MD using weak 
position restraints (103 kJ/nm2). The system was then run for 10 ns 
free MD, using a time step of 2 fs, by GROMACS version 2018.8, 
employing the Gromos96 54a7 force field with Berger parameters 
for the lipid tails. The system was coupled to a temperature bath at 
310 K through velocity scaling, with a coupling constant of 0.1 ps. 
Protein, lipids and solvent were coupled independently. Pressure 
was maintained at 1 bar using isotropic pressure coupling with a 
coupling constant of 1 ps [25]. Van der Waals interactions were cut 
off at a distance of 1.4 nm, and electrostatic interactions were cal-
culated with the particle mesh Ewald method [26]. Equations of 
motion for the water molecules were solved analytically [27] and all 
covalent bonds in the system were constrained in the MD simula-
tions [28]. The same protocol was used for modeling TMEM165 
within 1-palmitoyl-2-oleoylphosphatidylethanolamine (POPE) and 
1,2-dimyristoylphosphatidylcholine (DMPC) lipid bilayers.

2.3. Cell culture

Control and TMEM165 KO HEK293T cells generated as described 
in [11] were maintained in Dulbecco’s Modified Eagle’s Medium 
(Lonza, Basel, Switzerland) supplemented with 10 % fetal bovine 
serum (FBS) (PAN Biotech, Aidenbach, Germany), at 37 °C with 5 % 
CO2 and humidity-saturated atmosphere.

2.4. Antibodies

Mouse monoclonal (IgG) anti-LAMP2 (H4B4) was purchased from 
Santa Cruz Biotechnology (Dallas, USA) (catalog # sc18822) and di-
luted at 1:2000. Rabbit polyclonal anti-TMEM165 was purchased 
from Sigma-Aldrich (Prestige Antibodies, St-Louis, USA) (catalog # 
HPA038299) and used at 1:100. Mouse monoclonal (IgG1) anti- 
GM130 was purchased from BD Biosciences (Franklin lakes, USA) 
(catalog # 610822) and diluted at 1:100. Mouse monoclonal (IgG1) 
anti-β-Actin was purchased from Sigma-Aldrich (St-Louis, USA) 
(catalog # A1978) and diluted at 1:10,000. Polyclonal goat anti- 
mouse immunoglobulins HRP conjugated and polyclonal goat anti- 
rabbit immunoglobulins HRP conjugated were purchased from 
DAKO (Glostrup, Denmark) (catalog # 56970 & 7074, respectively) 
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and diluted at 1:20,000 and 1:10,000, respectively. Conjugated Alexa 
Fluor Polyclonal goat anti-rabbit (GAR 568) or conjugated Alexa 
Fluor goat anti-mouse (GAM 488) were purchased from Thermo 
Fisher Scientific (Waltham, USA) (catalog # A-11011 & A-21121, re-
spectively) and diluted at 1:600.

2.5. Plasmids and transfections

The plasmids used in this study are encoding control and mutant 
TMEM165 forms (WT-TMEM165, M > R140-TMEM165, G > R304- 
TMEM165, G > K304-TMEM165, and G > H304-TMEM165). All the 
plasmids were generated by a tailor-made DNA plasmids method by 
e-Zyvec (Polyplus, Loos, France).

For transfection, control and TMEM165 KO HEK293T cells were 
seeded in 6-well plates 24 h before the transfection, for them to 
reach 70 % of confluency. On the transfection day, cells were washed 
twice with Opti-MEM culture medium (Gibco, Waltham, USA) and 
transfected with 1 µg of plasmids using Lipofectamine™ 2000 re-
agent (Invitrogen, Waltham, USA) in Opti-MEM (Gibco, Waltham, 
USA) according to the manufacturer’s protocol. Four hours and half 
after the transfection, Opti-MEM was replaced by DMEM containing 
10 % of FBS, until collect, 48 h later.

2.6. Western blot analysis

Forty-eight hours post-transfection, cells were placed on ice to be 
collected. The cells were washed twice with cold Phosphate-buffered 
saline (PBS Calcium and Magnesium free) (Euromedex, Strasbourg, 
France) and collected by up and down pipetting. Cells were then 
centrifuged at 7500 rpm at 4 °C for 10 min. Supernatant was dis-
carded and cells were lysed by up and down pipetting through a 
pipette tip with RIPA buffer (Tris/HCl 50 mM pH 7.9, EDTA 1 mM, 
NaCl 120 mM, NP40 0.5 %, NaF 5 mM, Sodium Orthovanadate 1 mM) 
containing a mixture of protease inhibitors (Roche Holding, Basel, 
Switzerland). Samples were vortexed 2 times for 10 s and then 
centrifuged 30 min at 14,000 rpm, 4 °C. Protein concentration in the 
supernatant (protein lysate) was estimated using the micro BCA 
Protein Assay Kit (Thermo Fisher Scientific, Waltham, USA). For 
preparation of Western-Blot samples, 10 µg of protein were mixed 
with water (to reach a volume of 15 µL) and with 5 µL of NuPAGE LDS 
4x-concentrated sample buffer (pH 8.4, Invitrogen, Waltham, USA) 
supplemented with 4 % of β-mercaptoethanol (Sigma-Aldrich, St- 
Louis, USA). Samples were then denatured for 10 min at 95 °C and 
separated on NuPAGE 4–12 % Bis-Tris precast polyacrylamide gel in 
MOPS running buffer (Invitrogen, Waltham, USA) and transferred 
onto nitrocellulose membrane (0.2 µm pore size) using iBlot2 Dry 
Blotting System (Thermo Fisher Scientific, Waltham, USA). The 
membrane was blocked in blocking buffer (5 % non-fatty milk 
powder (Leclerc, France) resuspended in TBS-Tween 0.05 %) 
(Euromedex, Strasbourg, France) at room temperature. After 1 h in 
blocking buffer, the membrane was incubated with a diluted primary 
antibody in blocking buffer overnight, at 4 °C and under agitation 
(20 rpm). The next day, the membrane was washed 3 times for 5 min 
with TBS-Tween. Secondary antibodies were then diluted in the 
same blocking buffer and incubated at room temperature for 1 h. The 
membrane was then washed 5 times for 5 min in TBS-Tween. Signal 
was detected with West Pico plus chemiluminescent substrate 
(Thermo Fisher Scientific, Waltham, USA) using Camera Fusion 
(Vilber, Collégien, France) and its software.

2.7. Immunofluorescence and image analysis

Cells were seeded on coverslips (VWR, Radnor, USA) in 6-well 
plates 24 h before the transfection. Forty-eight hours after the 
transfection and in non-sterile conditions, the cells were washed 

three times in Dulbecco’s Phosphate-buffered saline (DPBS with 
calcium and magnesium) (Hyclone, Utah, USA). The coverslips were 
fixed in 4 % paraformaldehyde for 20 min at room temperature. After 
three washes with DPBS, the coverslips were placed in a humid at-
mosphere. Cells were permeabilized with PBS-Triton X-100 0.5 % 
(Sigma-Aldrich, St-Louis, USA). After 10 min, the coverslips were 
washed three times with Phosphate-buffered saline (PBS calcium 
and magnesium free) (Euromedex, Strasbourg, France) and cells 
were blocked for 1 h in blocking buffer [0.2 % gelatin, 2 % Bovine 
Serum Albumin (BSA), 2 % FBS in PBS]. Coverslips were incubated 
with primary antibodies in blocking buffer for another hour. The 
cells were washed 3 times with PBS and incubated with secondary 
antibodies conjugated with Alexa-488 and Alexa-568, in darkness, 
for 1 h. The coverslips were washed 3 times in PBS and cells were 
incubated for 15 min with 5 µg/mL DAPI (Sigma-Aldrich, St-Louis, 
USA) in the dark. The cells were washed once again with PBS. The 
coverslips were individually washed 10 times in Milli-Q water and 
mounted in 6 µL of MOWIOL 4–88 (Calbiotech, El Cajon, USA) on 
microscope slides. Fluorescence was detected through an inverted 
Zeiss LSM780 or LSM700 confocal microscope. Acquisitions were 
done using the ZEN pro 2.1 software (Zeiss, Oberkochen, Germany) 
and images were analyzed using Fiji software (https://imagej.net/) 
and homemade plugin.

3. Results and discussion

3.1. AlphaFold 2 predicts the structure of TMEM165 with high 
confidence

As previously reviewed, the human TMEM165 primary sequence 
encompasses 324 aa residues and was initially predicted to contain 7 
TMDs by the commonly-used membrane protein topology predic-
tion methods such as TMHMM [12–14]. However, it can be noted 
that the presence of the first TMD in the mature protein has been 
questioned, owing to its low prediction score by membrane protein 
topology prediction methods. Furthermore, both the length and the 
composition of the N-terminal aa residues upstream from the 
second TMHMM-predicted TMD of TMEM165 are highly variable 
within the CaCA2 family. For example, the TMEM165 homologs from 
S. cerevisiae (Gdt1p) [8], prokaryotes (Vibrio cholerae (MneA)) [29]
and Synechocystis (SynPAM71/MNX) [30,31] possess a N-terminal 
segment whose length is 31, 11 and 2 aa residues, respectively, in-
stead of the 84 aa residues for the human TMEM165. In contrast, 
TMEM165 homologs in Arabidopsis thaliana thylakoids (PAM71) and 
chloroplasts (CMT1) have N-terminal segments encompassing 150 
and 142 aa residues, respectively, with organelle-addressing signal 
peptides [32].

AF2 prediction conducted on the full-size human TMEM165 se-
quence (UniProtKB ID Q9HC07) provided five models with average 
pLDDT (predicted local distance difference test), a per-residue esti-
mate of its confidence on a scale from 0 to 100 [15], ranging from 
71.56 to 74.50. Detailed pLDDT values from the best ranked 
TMEM165 model are illustrated in Fig. 1A. Among the 324 aa re-
sidues of the protein, 152 have pLDDT >  90 (up to 97.0), 53 have 
pLDDT ≥ 80 and <  90 and 3 have pLDDT ≥ 70 and <  80. This indicates 
that, according to AF2 estimations, a total of 210 aa residues (64.8 %) 
are expected to be correctly modeled, among which three-quarters 
with high accuracy. Three regions of the protein have medium/low 
to very low pLDDT values, preventing sufficient confidence in pre-
diction: the N-terminal end of the protein (86 aa residues), aa re-
sidues 211–233, and the C-terminal tail of the protein (6 aa residues). 
In particular, the N-terminal end exhibits a pLDDT lower than 50, 
suggesting that this region is either unstructured in physiological 
conditions or only structured as part of a complex with protein 
partners. Fig. 1B (up) depicts the full-size TMEM165 sequence 
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Fig. 1. AF2-predicted structure of human TMEM165. A) Primary sequence of TMEM165 showing the predicted TMDs and loops, together with vertical bars corresponding to the 
pLDDT values (AF2 confidence value from 0 to 100) for each aa residue. The right-bottom insert indicates the color correspondence with pLDDT values. For each vertical bar, the 
left and right sides correspond to the pLDDT values from the predicted full-size molecule and Δ80-TMEM165, respectively. H letters indicate the aa residues predicted to form 
helices in loops LC2 and LC3. Amino acid residues highlighted in yellow belong to the two consensus motifs E-φ-G-D-[KR]-[TS]. B) Full-size (top) and Δ80- (bottom) TMEM165 
AF2-predicted models with ribbon diagrams colored according to pLDDT values indicated in the insert. C) Ribbon diagram of the predicted Δ80-TMEM165 structure. The insert 
indicates the colors used to identify the predicted TMD helices and loops, and the positions of the E-φ-G-D-[KR]-[TS] motifs. Colored numbers indicate the aa residues delimiting 
the TMD helices. D) Predicted insertion and orientation of the Δ80-TMEM165 model in a flat lipid bilayer. The blue and red disks indicate the surfaces of the hydrophobic layer at 
the cytosolic and Golgi lumen sides, respectively, as calculated by the PPM 2.0 Web Server of the OPM (Orientation of Proteins in Membranes) database (see Material and 
methods). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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predicted model showing the N-terminal end in a disordered state, 
except for the presence of a short helix which however was pre-
dicted in only two out of the five AF2 models. Owing to the dis-
ordered nature of this region, and to avoid possible interference with 
the rest of the molecule, the first 80 N-terminal aa residues were 
deleted from TMEM165 sequence and a novel AF2 prediction was 
performed. As shown in Fig. 1A and B (bottom), the obtained top- 
ranked model was very similar to the previous one between aa re-
sidues 81 and 234, with a mean pLDDT of 86.3, and quite similar per- 
residue confidence values. Hence, the delta-80 N-terminal aa re-
sidues model (Δ80-TMEM165 model) has been used as a template in 
the paper for further studies and predictions.

The predicted structural domains of TMEM165 are depicted in 
Fig. 1 C. As formerly deduced from membrane protein topology 
prediction methods, the Δ80-TMEM165 scaffold encompasses six 
transmembrane domains (TMD) formed by a two-fold repeat of 
three transmembrane helices (TMD 1–3 and TMD 4–6) where TMD 1 
and 4 are antiparallel helices bearing at their midpoint a loop con-
taining the consensus motifs E-φ-G-D-[KR]-[TS] (residues 108–113 
and 248–253). Very interestingly, whereas the membrane protein 
topology prediction methods assumed orientation of these two 
motifs on either side of the Golgi membrane (cytosolic and lumen 
sides for motifs 1 and 2, respectively) [12,13], our model shows that 
the motif-containing loops are facing each other and are cytosoli-
cally oriented (Fig. 1 C and D). As calculated by the PPM 2.0 Web 
Server of the OPM (Orientation of Proteins in Membranes) database, 
the model indeed fits into a flat lipid bilayer with a hydrophobic 
depth/thickness of 28.8  ±  2.2 Å, a ΔGtransfer of − 49.3 kcal/mol and a 
tilt angle of 21  ±  1°. In this model, both motif-containing loops are 
clearly located at the interface of the hydrophobic layer with the 
cytosol. They are in close proximity to the beginning of the large α- 
helix of the cytosolic LC2 loop, with both halves of TMD 1 and 4 
(TMD 1b and TMD 4a) resting on top of that interface. Elsewhere, 
whereas cytosolic loops LC1 and LC3 are predicted at the surface of 
the hydrophobic lipid layer, the short luminal loops LL1 and LL2 are 
found rather buried in the layer (Fig. 1D). These findings will be 
supported later in this paper from modeling of TMEM165 immersed 
in an equilibrated phospholipid bilayer solvated with water mole-
cules. A focus on the predicted structural features of TMEM165 al-
lowing speculation on the effect of protein mutations on its function 
and its possible mechanism of cation transport will be also made in 
the following paragraphs.

3.2. Pathogenicity of patient mutations solved in the light of the 
TMEM165 model

A major outcome of the AF2-predicted model is the presence of a 
cation-binding site consisting of both conserved consensus motifs E- 
φ-G-D-[KR]-[TS] (108ELGDKT113 and 248EWGDRS253 in human 
TMEM165). Indeed, those motifs form an “acidic cage” potentially 
responsible for the binding of divalent cations such as Mn2+ and/or 
Ca2+ (Fig. 2 A and B). Mn2+ and Ca2+ are actually known to be co-
ordinated in proteins by oxygen atoms provided by carboxylate 
moieties of Asp and Glu residues and carbonyls of the polypeptide 
chain, as well as oxygen atoms of water molecules for Mn2+ [33–35]. 
The TMEM165 model highly supports the hypothesis that those 
acidic aa residues E108, D111, E248 and D251 are essential for the 
function of the protein. As shown in Fig. 2B, they adopt a trigonal 
bipyramidal geometry that is reported to coordinate Mn2+ in Mn2+- 
dependent proteins [35]. This assumption is corroborated by the 
findings that i) mutation E  >  G108 was found in a TMEM165-CDG 
patient [36], ii) all four acidic aa residues seem crucial for the role of 
TMEM165 in glycosylation and/or Mn2+ sensitivity, as experimen-
tally shown in [7], and iii) those aa residues are highly conserved 
during evolution (Supplementary Fig. 1).

Unexpectedly, another TMEM165-CDG patient mutation greatly 
enhanced our confidence in the AF2-predicted model. This is the 
case for mutation G > R304 [1], whose impact on protein function 
remained hitherto unexplained using classical membrane protein 
topology prediction methods. According to TMHMM prediction, this 
mutation was indeed located in the last TMD of the protein far away 
from the conserved consensus motifs [12,14]. The model actually 
predicts that the guanidium group of R304 may readily interact with 
the side-chain carboxyl group of D111, probably through electrostatic 
bonding at physiological pH (Fig. 3 A, bottom right model). The oc-
currence of a pair of hydrogen bonds between two hydrogens of the 
guanidium group and one oxygen of the carboxyl can even be seen in 
Fig. 3 A (bottom right model). Hence, interference of R304 with the 
cation-binding site of TMEM165 would explain the molecular me-
chanisms by which the mutation G > R304 impairs its transporter 
function. In order to go further and support this hypothesis, we 
specifically expressed different TMEM165 mutated proteins at po-
sition 304 in TMEM165 KO HEK293T cells and their function was 
followed by our LAMP2 glycosylation readout, as previously de-
scribed [7,8]. We did replace Arg at position 304 by His (G > H304) 

Fig. 2. Putative cation-binding site of TMEM165. A) Partial ribbon diagram of TMEM165 (pale gray) showing the lateral chains of aa residues present within the consensus motifs 
E-φ-G-D-[KR]-[TS] (colored in yellow). The blue dashed lines show hydrogen bonds exchanged by those aa residues with their neighborhood in the model, as predicted by 
ChimeraX. B) Partial ribbon diagram of TMEM165 (pale gray) showing the geometry of the “acidic cage” formed by both consensus motifs E-φ-G-D-[KR]-[TS] (colored in yellow). 
Average distances between the carbonyl groups of aa residues E108, D111, E248 and D251 are indicated with blue dashed lines and values. (For interpretation of the references to color 
in this figure legend, the reader is referred to the web version of this article.)
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and Lys (G > K304), two basic aa residues with different structural and 
ionic properties. Very interestingly, our results show that, contrary 
to the expression of the G > R304 mutant but similarly to that of wild 
type (WT) TMEM165, expression of either G > H304 or G > K304 mu-
tants in TMEM165 KO HEK293T cells rescued LAMP2 glycosylation 
(Fig. 4 A). Indeed, LAMP2 protein bands with slower SDS-PAGE mi-
gration rates, similar to that of LAMP2 in wild-type cells, can be 
observed in TMEM165 KO cells expressing either wild type- 

TMEM165, G > H304-TMEM165 or G > K304-TMEM165. This indicates 
the neosynthesis of fully-glycosylated LAMP2 forms in those trans-
fected cells and therefore the expression of a functional form of 
TMEM165. Expression of the TMEM165 variants in transfected cells 
is shown by Western blot and immunostaining in Supplementary 
Fig. 2. These results can be explained by the proposed TMEM165 
models shown in Fig. 3 A. Indeed, the G > H304 model clearly shows 
that the R group of H304 does not interact with D111 or any of the aa 

Fig. 3. Partial ribbon diagrams of TMEM165 with mutations at positions 104 and 304. A) Models without (top left) and with mutations G > H304 (top right), G > K304 (lower left) 
and G > R304 (lower right). B) Models without (left) and with mutation M > R104 (right). The models only show the lateral side chains of the acidic aa residues from the conserved 
motifs and that of the mutated aa residue. The mutated aa residues are colored according to the capacity of corresponding mutants to restore LAMP2 glycosylation when 
expressed in TMEM165 KO HEK293T cells in the present study: full (green) or no (red) restauration. The acidic aa residues of the motifs possibly impacted by electrostatic 
interactions and/or hydrogen bonds with the basic charges of mutated aa residues are colored in magenta. The blue dashed lines show the hydrogen bonds exchanged by aa 
residues of the consensus motifs and mutated aa residues with their neighborhood in the model, as predicted by ChimeraX. (For interpretation of the references to color in this 
figure legend, the reader is referred to the web version of this article.)
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residues involved in the cation-binding pocket. The same explana-
tion applies to K304. The G > K304 TMEM165 model shows that the 
maximal length of the R group of K304 would allow electrostatic 
interactions with the carboxyl group of D111 (distance of 4.3 Å be-
tween the nitrogen of the amine group of K304 and one oxygen of the 
carboxylate of D111) but due to the slightly shorter length of its side 
chain and weaker polarization than R304, it may be hypothesized 
that its potential to interfere with D111 is significantly weaker than in 
the case of R304. In support to this, differences in the conformation 
and interactions of both aa residues in a physiological environment 
has been thoroughly documented [37,38]. Altogether these results 
not only explain why a mere G > R304 mutation abolishes the func-
tion of TMEM165 but they also validate the TMEM165 model pre-
dicted by AF2.

To further assess our confidence in the predicted TMEM165 
model, we investigated the possibility to introduce a mutation in 
another part of the protein that would be able, like the G > R304, to 
interfere with the cation-binding site and thus impair TMEM165 
function. We hypothesized that introducing a positive charge (Arg) 
at position 140, which is located on TMD 2 at the opposite of G304, 
may offer that opportunity. Indeed, as shown in Fig. 3B, the AF2 
model predicts that mutation M > R140 places the guanidium group 
of Arg in close proximity to the cation-binding site, most particularly 
to E108, E248 and D251 (distances between the guanidium group and 

carboxylates ranging from 1.7 to 3.5 Å). In contrast, a greater distance 
separates the R140 guanidium group from D111 carboxylate (6.2 Å), 
which makes the interactions between those aa residues less likely. 
Our choice of M140 was reinforced by our previous experiments 
showing that mutation M > G140 did not impair the function of 
TMEM165 in glycosylation [7], which indicates that the side chain of 
M140 is not essential for the transporter function. Very interestingly, 
expression of the M > R140 mutant in TMEM165 KO HEK293T cells did 
not rescue LAMP2 glycosylation, similarly to the G > R304 mutant 
(Fig. 4 A). As shown in Fig. 4B, all TMEM165 mutants localized in the 
Golgi of cells. Nevertheless, it has to be noted that the M > R140 

mutant also significantly accumulates in punctuated structures, 
likely endosomal/lysosomal compartments. This suggests that 
strong interactions between R140 and the cation-binding site may 
not only perturb the function of TMEM165 but also its fate. Taken as 
a whole, these results greatly support our hypothesis that introdu-
cing a basic aa residue in a position that directly interferes with any 
part of the molecular determinants of the cation-binding site of 
TMEM165, as it is the case for mutation G > R304 found in TMEM165- 
CDG patients, would impair its function. Altogether, they sig-
nificantly consolidate our confidence in the TMEM165 model pre-
dicted by AF2.

It should also be mentioned that gene mutations other than 
E  >  G108 and G > R304 have been identified in TMEM165-CDG 

Fig. 4. Expression of TMEM165 mutants in TMEM165 KO HEK293T cells. A) LAMP2 glycosylation profiles of TMEM165 KO HEK293T cells transfected with empty vector (Ctrl), wild- 
type (WT) and different TMEM165 constructs. Western blot and immunostaining were performed as described in Material and methods. B) Immunofluorescence analysis of the 
expression and localization of TMEM165 in cells transfected with the mutated forms of TMEM165. Immunofluorescence and image analysis were performed as described in 
Material and methods. Fluorescence of TMEM165 and GM130 (Golgi marker) is illustrated in red and green, respectively. The fluorescence merge of both proteins is shown with 
nucleus DAPI staining (blue). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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patients [1,36]. More specifically, in addition to the mutations that 
activate a cryptic splice donor site (c.792 + 182 G > A) leading to a 
lack of protein expression, missense mutations c.377  >  A and c 
0.377 C >  T had been found [1,36], leading to proteins with muta-
tions R > H126 and R > C126, respectively. Through expression of C- 
terminally RFP-tagged TMEM165 proteins in HeLa cells, we showed 
that the R > H126 and R > C126 mutants preferentially localized in 
endosomes and lysosomes, while the wild-type (wt)TMEM165 pre-
ferentially localized in the Golgi [6]. In addition, with regard to R126, 
whose mutations R > H and R > C in TMEM165-CDG patients pre-
ferentially lead the protein towards endosomes and lysosomes [6], it 
was hypothesized that it belongs to a putative tyrosine-based lyso-
somal-targeting signal YXXØ in TMEM165 (124YNRL127). This signal 
sequence is known to be able to interact with heterotetrameric 
adaptor protein (AP) complexes AP1, AP2, AP3 or AP4, which recruit 
clathrin to initiate the formation of coated vesicles [39]. According to 
the TMEM165 model, the 124YNRL127 sequence forms the short cy-
toplasmic loop LC1 which protrudes towards the cytoplasmic space 
(Fig. 1B and C) but whose degree of accessibility will be commented 
later in the section of the manuscript dealing with the simulation of 
TMEM165 in a phospholipid bilayer.

Lastly, previous experimental data not only confirmed the im-
portance of E108, D111, E248 and D251 in the function of TMEM165, but 
also showed the importance of aa residues within and at the vicinity 
of the two consensus motifs, such as T113, F114, S253 and Q254 [7]
(illustrated in both protein sequence and model in Supplementary 
Fig. 3). Whereas it is hard to speculate about the role of F114 and Q254 

in the binding of the divalent cation by TMEM165 and/or its trans-
port function, since their side chains stay clearly apart from the 

consensus motifs, it may be hypothesized that both T113 and S253 

play a direct role in this binding, or at least in the stabilization of the 
binding site. Indeed, as shown in Fig. 2A, the lateral chains of those 
two aa residues are found in very close positions (about 2 Å) to E108, 
E248 and D251, with which they share several hydrogen bonds. As to 
the impact of mutations of F114 and Q254 on the protein, it may be 
hypothesized that they contribute to destabilize the structure and/or 
impair the function of the protein. The partial loss of function of 
TMEM165 mutated at positions 118, 120, 122 and 123 
(Supplementary Fig. 3) also suggests that the structural integrity of 
TMD 1b must be preserved for the transport function.

3.3. TMEM165 and its structural and functional homologs

As previously mentioned, TMEM165 belongs to the CaCA2/ 
UPF0016 family encompassing many homologs from bacteria, plants 
and eukaryotes (https://www.tcdb.org). Sound pieces of evidence 
were provided for their function as Mn2+ exporters, most particu-
larly as compared to TMEM165 located in the Golgi apparatus of 
animal cells [8,11], Gdt1p in the Golgi apparatus of yeast [10], PML3/ 
BICAT3 in the Golgi apparatus of plant cells [40], CMT1/PAM71-HL 
and PAM71 in plant chloroplasts/thylakoids [32], SynPAM71/MNX in 
cyanobacteria Synechocystis [30,31] and MneA in V. cholerae [29]. 
Very interestingly, AF2 predictions performed using the sequences of 
these homologous proteins, N-terminally truncated in most cases to 
avoid casual interference of the unstructured N-terminal tail with 
the rest of the protein, reveal foldings that are quite similar to 
human TMEM165, thus confirming their family membership and the 
consistency of AF2 predictions (Fig. 5). It should be noted that, when 

Fig. 5. Compared 3D models of TMEM165 and structural and functional homologs of the CaCA2 family. The figure shows the ribbon diagrams predicted by AF2 of human 
TMEM165 (UniProtKB ID Q9HC07) (mean pLDDT = 86.3) located in the Golgi apparatus, yeast Golgi Gdt1p (S. cerevisiae – UniProtKB ID P38301) (mean pLDDT = 83.8), plant Golgi 
PML3/BICAT3 (A. thaliana - UniProtKB ID Q93Y38) (mean pLDDT = 84.6), chloroplast inner membrane CMT1/PAM71-HL (A. thaliana – UniProtKB ID Q9T0H9) (mean pLDDT = 83.9), 
thylakoid membrane PAM71 (A. thaliana – UniProtKB ID Q94AX5) (mean pLDDT = 88.5) and SynPAM71/MNX (Synechocystis – UniProtKB ID P52876) (mean pLDDT = 93.9), and 
plasma membrane MneA (V. cholerae – UniprotKB ID A0A0H3AJF5) (mean pLDDT = 88.4). For all proteins, except SynPAM71, N-terminally-truncated sequences were used for AF2 
predictions, as indicated on the figure. The top-right insert indicates the colors used to identify the homologous TMD helices and loops in the models. The LC2 loop of each protein 
model is colored in light purple. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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compared to the Δ80-TMEM165 sequence, sequence alignments of 
the N-terminally-truncated protein sequences using Clustal Omega 
(https://www.ebi.ac.uk/Tools/msa/clustalo/) indicate identity/simi-
larity percentages ranging from 38/55 for Δ77-PML3/BICAT3 to as 
low as 19/38 for Δ7-MneA. It may also be observed that the 
equivalent LC2 loop in proteins may highly vary in length, the 
longest within Gdt1p, the protein belonging to S. cerevisiae, and the 
shortest being MneA belonging to V. cholerae (Fig. 5).

Even more interestingly, a previous study expanded the LysE 
superfamily to new members through the identification of internal 
repeats and conserved motifs, multiple alignments, phylogenetic 
trees and average hydropathy, amphipathicity and similarity [41]. 
Members of this superfamily were formerly identified in prokaryotes 
as L-Lys and L-Arg efflux transporters (LysE family) but also as ex-
porters of homoserine/threonine (RhtB family) and Cd2+ (CadD fa-
mily) [42]. Tsu and Tseir’s study included newly-identified protein 
families into the LysE superfamily that now encompasses proteins 
specifically transporting tellurium (TerC family), iron/lead (ILT fa-
mily), Mn2+ (MntP family), Mn2+/Ca2+ (CaCA2 family, thus including 
MneA and TMEM165), Ni2+ and Co2+ (NiCo family), neutral amino 
acids (NAAT family), peptidoglycolipids (GAP family) and even 
electrons (DsbD family) [41]. Most LysE superfamily proteins share 
similar sizes, around 200 aa residues, with 6 predicted TMDs. Im-
pressively, AF2 predicts for any member of these familes a protein 
scaffold comparable to that of TMEM165 and its homologs of the 
CaCA2 family, despite their relatively low identity and similarity 
percentages with TMEM165, up to 15 % and 30 %, respectively (il-
lustrated for Thermococcus sp. SnatA (NAAT/UPF0056 family) and E. 
coli MntP (MNTP family) in Supplementary Fig. 4). Two archaeal 
membrane electron transporters from the DsbD family, CcdA from 
Archaeoglobus fulgidus and Thermus thermophilus, need special at-
tention since their structures had been investigated by NMR [43,44]. 
Both proteins exhibited a two-fold repeat of 3 TMDs with redox 
active cysteines located in conserved PCxxP motifs on TMD 1 and 4. 
This clearly indicates that TMEM165 originates from a large family of 
proteins, deriving from a single common 3-TMD precursor peptide 
via intragenic gene duplication, as previously postulated for the 
UPF0016 family members [45], used for the export of not only ions 
but also electrons and biomolecules.

3.4. Molecular dynamics simulation of TMEM165 in a phospholipid 
bilayer

To further refine the TMEM165 model in a cell membrane, the AF2- 
predicted Δ80-TMEM165 model was processed as described in Material 
and methods. Briefly, the predicted structure was first computationally 
immersed in a DPPC (1,2-dipalmitoylphosphatidylcholine), POPE (1- 
palmitoyl-2-oleoylphosphatidylethanolamine) and DMPC (1,2-dimyr-
istoylphosphatidylcholine) bilayer with all water removed, subjected to 
iterative steps of energy minimization, solvated with SPC (simple point 
charge) water molecules and subjected again to energy minimization 
steps. The final systems were then run for 10 ns free molecular dy-
namics (MD) simulation. The root mean square deviation with respect 
to the starting structure is shown in Supplementary Fig. 5A. Together 
with Supplementary Fig. 5C, which shows the average residue root 
mean square deviation over the last 8 ns of the simulations, we can 
conclude that all three simulations are sufficiently equilibrated and 
that any fluctuations are due to the unstructured region linking the LC2 
helix and TMD 4a (aa residues 210–225 in full-size TMEM165, 130–145 
in the Δ80-TMEM165 model). However, as expected, the DPPC bilayer 
corresponds best to the hydrophobic thickness of TMEM165 and we 
will focus our analyses henceforth on that system primarily.

Fig. 6 depicts the topology of TMEM165 within the phospholipid 
bilayer in presence of water molecules after MD simulation, while 
the corresponding structure prior to MD is shown in Supplementary 

Fig. 6. TMEM165 is completely embedded within the phospholipid 
bilayer with the exception of LC2 that protrudes above the bilayer 
(Fig. 6 A). Furthermore, a cleft is formed between TMD 3 and TMD 6 
from one side, and TMD 1a and TMD 4b from the other side, which 
virtually allows communication across the lipid bilayer (Fig. 6B). 
However, it is unlikely that, in this predicted configuration, the cleft 
may be permeable to water and ions. Indeed, although water mo-
lecules could be observed along this cleft in the model prior to MD 
(Supplementary Fig. 6B), these water molecules were excluded from 
the cleft following MD simulation (Fig. 6 C). In the MD model, water 
molecules were only present at both cytosolic and luminal ends of 
the cleft, as well as in the environment of the potential cation- 
binding site, itself buried at the interface of polar heads and apolar 

Fig. 6. Topology of Δ80-TMEM165 within a DPPC lipid bilayer in presence of water 
molecules after MD simulation. Modeling and MD simulation were performed as 
described in Material and methods. A) Side view of TMEM165 within the phospho-
lipid bilayer, without water molecules. For permitting clearer viewing of the protein 
ribbon diagram, only the phospholipids surrounding the model at a distance less than 
or equal to 15 Å are represented. B) Top view of TMEM165 within the phospholipid 
bilayer. C) Same view as in A) but only the protein model and water molecules are 
represented. The right-bottom insert indicates the colors used to identify the pre-
dicted TMD helices and loops. (For interpretation of the references to color in this 
figure legend, the reader is referred to the web version of this article.)

D. Legrand, M. Herbaut, Z. Durin et al. Computational and Structural Biotechnology Journal 21 (2023) 3424–3436

3432



chains of the cytosolic lipid layer (Fig. 6B). These observations find 
an explanation by the fact that the cleft is highly hydrophobic in its 
central part with lots of apolar side chains of aa residues, most of 
them highly conserved, such as L166, F167, F170, M174, F308 and F311 on 
both TMD 3 and 6, and V106, V103 and L260 on both TMD 1a and 4b 
(Supplementary Fig. 7A). Conversely, many charged/polar aa re-
sidues, such as conserved T159, S163 and R173, are present at the cy-
tosolic and luminal ends of the cleft, within the polar end groups of 
lipids (Supplementary Fig. 7B).

The differences between the two protein models, prior and after 
MD simulation, mainly relate to the position of the long LC2 loop and 
the conformation of the second consensus motif (aa residues 
248–253) contributing to the potential cation-binding site of 
TMEM165 (Fig. 7 A and B); this suggests a significant degree of 
flexibility of the two regions, which is confirmed by the root mean 
square fluctuation plots of Supplementary Fig. 5B. With regard to 
LC2 loop, this observation is not surprising because, except for the 
long helix (aa residues 187–234) which was previously reported as a 
short coiled-coil helix [6], it belongs to the least-structured region of 
the predicted Δ80-TMEM165 model (Fig. 1). Interestingly, the MD 
model clearly shows that the LC2 helix rests at the cytosolic surface 
of the phospholipid bilayer (Fig. 6 A) and, as this will be commented 
in the next section, that the charged/polar aa lateral chains of the 
inner face of the helix are in a position to interact with polar head 
groups of DPPC. With regard to aa residues 248–253, presumably 
involved together with aa residues 108–113 in binding cations, a 
significant conformational change of the inter-helix loop may be 
observed upon MD simulation. As depicted in Fig. 7B, the major 
change concerns the C-terminal end of TMD 4a that displaces E248 

from its initial position within the putative cation-binding site, 
about three-times as far from E108, and about 1.5 times from both 

D111 and D251. Although this has still to be confirmed experimentally, 
it might be hypothesized that the flexibility of this region could play 
an important role in the cation capture mechanism by TMEM165 at 
the cytosolic interface. Another interesting observation is given by 
MD simulations of TMEM165 in POPE and DMPC lipid bilayer sys-
tems, with layer thicknesses higher or lower than DPPC, respectively 
(Supplementary Fig. 8). Indeed, it can be observed that different 
positions of the long helix of LC2 and of the unstructured C-terminal 
sequence of LC2, depending on the thickness of the phospholipid 
bilayer, may have significant impact on the position/conformation of 
TMD 4a and the second consensus motif. For example, the average 
distances between the carbonyl groups of E108 and D248, calculated 
over the full MD trajectories, vary from 10.1 Å (SD=2.2 Å) to 14.8 Å 
(SD=1.3 Å) and 15.3 Å (SD=1.6 Å) in DMPC, DPPC and POPE lipid bi-
layer systems, respectively. It may thus be hypothesized that LC2, by 
interacting with the membrane, ions and/or proteins at the cytosolic 
interface could play a role in the function of TMEM165. This will be 
further discussed in the last section of the paper.

Lastly, the TMEM165 model predicts that among the 124YNRL127 

sequence, a putative lysosomal-targeting signal [6], Y124 is the most 
accessible aa residue at the surface of the phospholipid bilayer. 
Tyrosine is indeed a critical aa residue of the YXXØ signal recognized 
by the AP complex [6]. With regard to R126 whose mutations R > H126 

and R > C126 were found in TMEM165-CDG patients [1], this aa re-
sidue is located at the end of TMD 2 and possibly interacts with the 
phosphorus atoms of phospholipids for stabilizing the LC1 loop 
(Supplementary Fig. 9). Indeed, it has been reported that Arg pos-
sesses a unique ability to form bidentate H-bonds with phosphate 
groups of lipids [46]. This obviously does not exclude the possibility 
that R126 within the YNRL sequence may interact with the AP 
complex.

Fig. 7. Comparison of the structures of TMEM165 before and after MD. A) Superimposition of the predicted TMEM165 ribbon diagrams within a DPPC bilayer, prior and after 10 ns 
MD simulation. The right-side insert indicates the colors used to identify the models, TMD helices and loops. B) Structural changes of the putative cation-binding sites before and 
after 10 ns MD simulation. The ribbon diagrams show the changes in the geometry of the “acidic cage” formed by both consensus motifs E-φ-G-D-[KR]-[TS] (indicated in yellow 
with lateral chains in green). Distances between the carbon atoms of carbonyl groups of E108, D111, E248 and D251 are indicated with blue dashed lines and values. The values 
correspond to the distances at the end of the MD simulation. The average distances over the full MD trajectory were calculated as: 14.8 Å (standard deviation (SD)=1.3 Å) between 
E108 and E248; 6.5 Å (SD=0.7 Å) between E108 and D111; 12.2 Å (SD=1.4 Å) between D111 and E248, 8.0 Å (SD=1.1 Å) between E108 and D251; 8.4 Å (SD=1.5 Å) between E248 and D251. (For 
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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3.5. Clues toward the mechanism of cation transport by TMEM165 and 
its regulation?

Obviously, the in silico prediction of TMEM165 3D structure cannot 
answer all questions regarding the mechanism of cation transport and 
its regulation. Nevertheless, some clues may be drawn from predic-
tions. The Mn2+ exporter MNTP family belonging to the LysE super-
family [47] provides interesting information on the molecular 
determinants that are essential for Mn2+ transport. Indeed, while the 
predicted 2-fold 3-TMDs protein scaffold of E. coli MntP is preserved 
and may be globally compared to that of TMEM165 (Supplementary 
Fig. 4B), the acidic aa residues found within the consensus motifs of the 
CaCA2 family are absent, except for the conservation of a single aa 
residue in TMD 1 (D16 within sequence 13MSMDAFA19) and TMD 4 (D118 

within sequence 115TSLDAMA121). A glutamate residue (E47) is also 
observed in TMD 3, just behind D16 and D118, but is not conserved in all 
homologs within the MNTP family (data not shown). Since those two 
acidic aa residues are in homologous positions to D111 and D251 of 
TMEM165, it is expected that, among the acidic tetrad participating to 
the cation-binding site of TMEM165, D111 and D251 are the most im-
portant for Mn2+ binding. This assertion is supported, first, by the ex-
perimental data showing that mutation of E108 only partially impaired 
LAMP2 glycosylation [7] and, second, by the flexibility of E248 evi-
denced by MD in this study. Hence, it may be hypothesized that aa 
residues E108 and E248 participate in stabilizing the binding of Mn2+ 

and/or allow the binding of other cations such as Ca2+.
As previously mentioned, it could also be postulated that the LC2 

loop, whose N-terminal end lies directly above the cation-binding 
site on the model (Fig. 6C), plays an important role in the cation- 
binding mechanism and/or its regulation. Indeed, on the one hand, 
MD simulation of TMEM165 in phospholipid bilayers of different 
thicknesses highlights the potential influence of LC2 on the second 
consensus motif. On the other hand, as depicted in Supplementary 
Fig. 10, the solvent-accessible part of the LC2 loop (aa residues 
181–227) is highly charged, mostly with negatively-charged aa re-
sidues (9 Glu, 3 Asp), with a cluster of Lys and Arg residues in the 
middle of the long helix, making this loop prone to potential elec-
trostatic interactions with other molecules/proteins that could reg-
ulate the function of TMEM165. This may be the case of SPCA1, for 
example, with which we demonstrated a functional link with 
TMEM165 and its proximity with TMEM165 in the Golgi of Hailey- 
Hailey patient fibroblasts [48,49]. Moreover, it should be noted on 
the TMEM165 model that while the positions of most aa residues of 
LC2 are not conserved during evolution, three of them (E189, E192 and 
Q194) are highly conserved and actually directly overhang the po-
tential cation-binding site (Supplementary Fig. 10). Even more in-
terestingly, the charged groups of both E189 and E192 are at distances 
from that of K112, that are compatible with the formation of salt 
bridges (4.5 and 5.5 Å, respectively). It is therefore possible that the 
LC2 loop could interfere with the cation-binding site through in-
teraction with the first consensus motif. Lastly, it would be possible 
that, owing to its high content in negatively-charged aa residues, the 
LC2 would bind cytosolic Mn2+/Ca2+ and serve as a sensor mod-
ulating the transport activity of TMEM165. Both E189 and E192, whose 
distance between their carboxyl group (about 5 Å in the model) is 
compatible with divalent cation binding, could be one of these 
binding sites. In strong support to this is the finding that within the 
NiCo family proteins in prokaryotes [47], which export Ni2+ and/or 
Co2+, the corresponding positions of E189 and E192 are occupied by 
highly-conserved His residues. This is the case, for example, of H153 

and H157 in E. coli RNCA protein (UniProtKB ID A0A2S8JXG6) [50]. 
Indeed, His residues are well known to participate to Ni2+ and/or 
Co2+ binding [51]. Furthermore, the N-terminal end of RNCA LC2, 
equivalent to aa residues 181–187 in human TMEM165, forms a large 
loop that is rich in His residues, also very prone to serve as a Ni2+/ 
Co2+-binding region (data not shown).

Lastly, the predicted TMEM165 model may illustrate what could 
be the “inward open” conformation of TMEM165 with the cation- 
binding site facing the cytosol, assuming that an “outward open” 
conformation (facing the Golgi lumen) may also exist. This is gen-
erally the case for secondary transporters using an alternating access 
mechanism: either the “rocker-switch”, “rocking-bundle” or “ele-
vator” mechanism [52]. While the “rocker-switch model” requires 
structurally similar bundles forming the binding site, the two other 
models require structurally dissimilar bundles, as seems to be the 
case for TMEM165 and close homologs. Examples of rocking-bundle 
models from the large monovalent cation proton antiporter (CPA) 
superfamily [53] are NhaA from E. coli [54] and its structural 
homolog in Neisseria meningitidis, the bile acid sodium symporter 
ASBTnm [55]. They both possess two distinct and asymmetric do-
mains delimiting a cavity: a core domain and a dimerization domain, 
formed by 6 and 4 TMDs in ASBTnm, respectively [55]. In the “ele-
vator” mechanism, the substrate is transported by only one of the 
bundles whereas the other one is fixed, most likely due to dimer-
ization or oligomerization. This third mechanism has been suggested 
from modeling of both oxidized outward-facing and reduced in-
ward-facing states of T. thermophilus CcdA [44]. Although dimer-
ization of TMEM165 has never been neither experimentally 
demonstrated to date nor convincingly predicted by AlphaFold- 
multimer [56] (unpublished personal results), similar rocking- 
bundle or elevator models cannot be excluded, with TMD 1, 2, 4 and 
5 acting as the core/transport domain, and TMD 3 and 6 as the di-
merization domain. In any case, it is interesting to mention that AF2 
structure predictions of several members of the LysE superfamily, 
including members of CaCA2 in prokaryotes, such as the MneA 
homolog in Candidatus Altiarchaeales archaeon (UniProtKB ID 
A0A256XC95), reveal models where the metal-binding site faces the 
extracellular side of the phospholipid bilayer (data not shown). In-
terestingly, AF2 generates a model for PML3/BICAT3, a close 
TMEM165 homolog, that could also depict the outward open con-
formation. Indeed, the fifth-ranked model of Δ77-PML3/BICAT3 
(pLDDT = 80.3 vs 86.0 for the first-ranked model) shows a protein 
where TMD 1, 2, 4 and 5 are downwardly tilted causing a translation 
of the metal-binding site of about 12 Å toward the lumen side of the 
phospholipid bilayer (Supplementary Fig. 11). Of course, this inward/ 
outward open conformation model remains highly speculative and 
will require further experimental studies to be confirmed.

4. Conclusion

AF2 and further model refinement using MD with lipids and 
water have proven to be highly powerful and valuable tools for 
predicting the 3D structure of TMEM165 within a phospholipid bi-
layer and, by extension, that of homologous proteins of the CaCA2 
family whose structural data hitherto only relied on poor membrane 
topology predictions. Firstly, our predictive methods provide much 
clearer insights on the impact of known CDG patient mutations on 
its transporter function, which for some of them had remained 
completely unexplained till now on a structural/functional point of 
view. Secondly, they unveil important structural features that offer 
interesting research paths allowing understanding the precise me-
chanism of transport of TMEM165, a key player in the homeostasis of 
Mn2+ within the Golgi, itself crucial for the functioning of Mn2+- 
dependent enzymes involved in glycosylation.
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