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1 |  INTRODUCTION

The major function of lysosomes is the hydrolytic breakdown 

of various macromolecules including proteins, lipids, nucleic 

acids, and oligosaccharides, to low-molecular-weight metab-

olites which can be re-used in the cytosol for biosynthetic 

pathways.1 The resulting low-molecular-weight degradation 

products are exported via the limiting lysosomal membrane 

to the cytosol by the action of numerous transporter proteins, 

of which many are still enigmatic.2 Some transporter proteins 

actively import a subset of metabolites from the cytosol into 

the lysosomal lumen.3

The great majority of lysosomal proteins including in-

tegral transmembrane proteins are highly N-glycosylated, a 

posttranslational modification that has evolved for protecting 

the lumen-exposed loops from the harsh conditions of the ly-

sosomal matrix, which exhibits an acidic pH, a high concen-

tration of active proteases, and reducing conditions.4,5 Some 

polytopic integral membrane proteins lack N-glycosylation, 

but tightly interact with accessory subunits, which take over 
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Abstract

The two lysosomal integral membrane proteins MFSD1 and GLMP form a tight 

complex that confers protection of both interaction partners against lysosomal prote-

olysis. We here refined the molecular interaction of the two proteins and found that 

the luminal domain of GLMP alone, but not its transmembrane domain or its short 

cytosolic tail, conveys protection and mediates the interaction with MFSD1. Our 

data support the finding that the interaction is essential for the stabilization of the 

complex. These results are complemented by the observation that N-glycosylation 

of GLMP in general, but not the type of N-glycans (high-mannose-type or complex-

type) or individual N-glycan chains, are essential for protection. We observed that 

the interaction of both proteins already starts in the endoplasmic reticulum, and quan-

titatively depends on each other. Both proteins can affect vice versa their intracellular 

trafficking to lysosomes in addition to the protection from proteolysis. Finally, we 

provide evidence that MFSD1 can form homodimers both in vitro and in vivo. Our 

data refine the complex interplay between an intimate couple of a lysosomal trans-

porter and its accessory subunit.
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the protective function.6-9 In addition to their protective role, 

such accessory subunits furthermore often affect intracellular 

sorting of the protein complexes and even affect transport ac-

tivity in the case of transporters.7,8,10,11

Recently, we have characterized a novel lysosomal multi-

ple transmembrane-spanning protein, MFSD1, that was ini-

tially identified by proteomic analysis of enriched lysosomes 

and is supposed to transport small solutes across the lyso-

somal membrane.2,9 MFSD1 has 12 transmembrane helices 

and belongs to the major facilitator superfamily (MFS), one 

of the two largest families of transporter proteins that medi-

ate secondary active or passive transport in different cellular 

compartments.12 MFSD1 is not N-glycosylated and localizes 

in lysosomes of mouse embryonic fibroblasts (MEF) and 

other cell types in various mouse tissues.9 MFSD1 is critical 

for liver homeostasis and MFSD1-deficiency in mice leads 

to a liver disease characterized by the partial loss of sinu-

soids, the extravasation of erythrocytes, development of liver 

fibrosis, and sporadic tumor development at a late stage of 

age. We found that MFSD1 critically depends on the highly 

N-glycosylated lysosomal type I transmembrane protein 

GLMP and vice versa: MFSD1 and GLMP stability depends 

on each other, in a way that the absence of MFSD1 leads to 

an almost complete decline of GLMP protein levels, and the 

absence of GLMP leads to similar decline of MFSD1. Glmp 

knockout mice suffer from a liver injury that strikingly resem-

bles the phenotype observed in Mfsd1 knockout mice,9,13 sup-

porting the tight genetic interaction between the two proteins.

Here we refined the interaction between MFSD1 and 

GLMP and found the highly glycosylated luminal domain of 

GLMP to be essential and sufficient to interact with MFSD1. 

We, therefore, studied in more detail the N-glycosylation of 

GLMP and the importance of N-glycosylation for GLMP sta-

bility. We found evidence that MFSD1 and GLMP already 

start to form a complex in the endoplasmic reticulum (ER) 

and that the interaction of both proteins affects their intra-

cellular sorting. The two complex-partners quantitatively 

depend on each other and if one subunit is limiting, the con-

sequence is increased proteolytic degradation of the other 

interaction partner, implicating a balanced and regulated 

stoichiometry. Finally, we provide evidence that MFSD1 can 

form homodimers in vitro and in vivo. Our findings provide a 

more detailed insight into the interdependence of an intimate 

couple that is essential for stability but also affects intracel-

lular trafficking.

2 |  MATERIALS & METHODS

2.1 | Antibodies and reagents

Antibodies against MFSD1 and GLMP were described pre-

viously.9 The following commercial and noncommercial 

antibodies were used throughout the study: LAMP2 (clone 

H4B4, Developmental Studies Hybridoma Bank), HA (clone 

3F10; Roche), HA-Peroxidase (clone 3F10; Roche), HA 

(clone F7; Santa Cruz), GAPDH (Santa Cruz), LAMP1 (clone 

1D4B, Developmental Studies Hybridoma Bank), Tubulin 

(Clone E7; Developmental Studies Hybridoma Bank), 

LAMP2 (clone ABL93; Developmental Studies Hybridoma 

Bank), GM130 (Clone 35/GM130, BD Bioscience), HA-PE 

(Clone 16B12; Biolegend), CD63 (Eurogentec), KDEL 

(clone 10C3; Enzo Life Sciences), PDI (clone 1D3; Enzo 

Life Sciences), LBPA (clone 6C4, gift from Jean Gruenberg), 

LIMP2 (Pineda), PLD3,14 GFP (clones 7.1 and 13.1; Roche), 

CoxIV (Abcam), and mouse Trueblot ULTRA (Rockland). 

All standard reagents and chemicals, if not stated otherwise, 

were purchased from Sigma-Aldrich.

2.2 | Plasmids

mMFSD1, mMFSD8, and hLAMP1 constructs were cloned 

using murine mMFSD1-influenza hemagglutinin (HA) in 

the pcDNA3.1 vector, mMFSD8 pEGFP-N1, and hLAMP1-

HA pcDNA3.1 as templates, respectively. A sequence cod-

ing for the α2c-adrenergic receptor ER-retention motif 

(KHILFRRRRRGFRQ) was introduced in the cloning 

primer and fused at the C-terminus of the mMFSD1-HA se-

quence. The mutations MFSD111,12LL_AA and GLMP400Y_A 

were introduced in the cloning primer and by site-directed 

mutagenesis, respectively. The mutations N_A of GLMP 

putative N-glycosylation sites were introduced by site-

directed mutagenesis. The GLMP-LAMP1 chimeras were 

generated by PCR-driven overlap extension using mGLMP-

HA-pcDNA3.1 and hLAMP1-HA pcDNA3.1 as templates. 

Primers containing restriction sites XhoI/HindIII (mMFSD1), 

NotI/NotI (mMFSD1), Xho/BamHI (GLMP and hLAMP1), 

and BglII/HindIII (mMFSD8) were purchased from Sigma-

Aldrich. mMFSD1 was cloned into pEGFP-C1 and pXLG, 

mMFSD8 was cloned into pmKATE2 and hLAMP1 was 

cloned into pEGFP-N1 vector. All constructs were sequenced 

by GATC Biotech (Cologne, Germany).

2.3 | Cell culture and transfection

MEFs from wild type, Mfsd1 knockout, and Glmp knock-

out mice were described previously.9 MEFs and HeLa cells 

were cultivated in DMEM containing 4.5 g/L of D-glucose, 

L-glutamine (Thermo Fisher Scientific) supplemented with 

10% (v/v) fetal bovine serum (FBS; Biochrom), 100 units/ml 

penicillin (Life-technologies), and 100 µg/mL streptomycin 

(Life-technologies). MEF Glmp KO and MEF wild-type cells 

were cultured with 1 µg/mL of kifunensine (Cayman) for a 

period from 48 to 72 hours. After 48 hours of treatment with 
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kifunensine, MEF Glmp KO cells were treated for additional 

9 or 24 hours with 20mU/mL of EndoH (Roche) in addition 

to 1 µg/mL kifunensine.

A mix of 1-5 μg of DNA (depending on the experiment) 

incubated with polyethylenimine (PEI) in DMEM (without 

antibiotics and FBS) for 15  minutes at room temperature 

(RT) was used for transfection of cells. The mix was applied 

to the culture of cells and after ~6 hours, the cell culture me-

dium was exchanged. The transfected cells were analyzed, if 

not indicated otherwise, 24-48 hours post-transfection.

2.4 | Purification of mMFSD1

HEK293F cells at a cell density of 20 × 106 cells/ml were 

transiently transfected with mMFSD1-GFP-His pXLG plas-

mid using PEI. After incubation for 3 hours at 8% CO2, 37°C, 

FreeStyle 293 Expression Medium was added to reach a final 

cell density of 1 × 106 cells/mL. After 48 hours (at 8% CO2, 

37°C), cells were harvested at 1500 ×  g for 10 minutes at 

4°C and stored at −80°C. The cell pellet was thawed on ice 

and resuspended in lysis buffer (1xPBS, 150 mM NaCl and 

cOmplete EDTA-free Protease Inhibitor Cocktail (Roche)) at 

5  mL/1  g of wet cell pellet. The cell suspension was then 

lysed by sonication on ice for 3 × 1 min at 30% amplitude, 

pulsing at 30  s on/30  s off. Unbroken cells and cell debris 

were removed via centrifugation at 3000 × g for 20 minutes 

at 4°C, followed by ultracentrifugation of the supernatant at 

100 000 × g for 2 h. The membrane pellet was resuspended 

in lysis buffer (1xPBS, 150 mM NaCl, and cOmplete EDTA-

free Protease Inhibitor Cocktail), flash frozen in liquid nitro-

gen, and stored at −80°C.

Resuspended membranes were thawed on ice and mem-

brane proteins extracted by addition of n-dodecyl-D-malto-

pyranoside (DDM; Anatrace) and Cholesterol hemi succinate 

(CHS; Anatrace) to a final concentration of 1% (w/V) and 

0.2% (w/V), respectively. The mixture was gently mixed for 

1h at 4°C, followed by ultracentrifugation (100 000 ×g, 1 h, 

4°C). The supernatant was used for subsequent purification 

by IMAC. Briefly, solubilized membrane proteins were in-

cubated with Ni-NTA agarose resin in presence of 10 mM 

Imidazole for 1h. The beads were washed twice in wash buf-

fer (1× PBS, 150 mM NaCl, 0.1% (w/V) DDM, and 0.02% 

(w/V) CHS) containing 20 mM and 40 mM Imidazole, re-

spectively, and eluted with wash buffer containing 250 mM 

Imidazole. The GFP-6xHis-tag was removed by addition of 

TEV protease (1:1 molar ratio) overnight while dialyzing 

against 20 mM HEPES pH 7.5, 200 mM NaCl, 0.03% (w/V) 

DDM, and 0.006% (w/V) CHS. An additional IMAC step 

was introduced to remove the GFP-His-tag and TEV prote-

ase as well as un-cleaved protein from the suspension. The 

purified membrane protein was subjected to size exclusion 

(SEC) using a S200 10/300 increase column (GE Healthcare) 

equilibrated in 20 mM HEPES pH 7.5, 200 mM NaCl, 0.03% 

(w/V) DDM, and 0.006% (w/V) CHS. The peak fraction was 

subjected to an additional SEC round in the same SEC buffer. 

Fractions containing mMFSD1 were combined and concen-

trated to 0.1 mg ml−1. The concentrated sample was then used 

for SDS-PAGE and immunoblot analysis.

2.5 | In vitro deglycosylation by Peptide 
-N-Glycosidase F (PNGase F)/ Endoglycosidase 
H (Endo H)

The cell lysates were denatured in 0.5% (w/v) SDS and 

250mM ß-mercaptoethanol at 95°C for 10 minutes. The sam-

ples were adjusted to a final concentration of 12 mM EDTA, 

120 mM Tris HCl pH 8.0, 1.2% (w/v) CHAPS and 2 units of 

PNGase F or 60 mM NaAc, 0.12% (w/v) CHAPS and 5 mU 

of EndoH, according to the deglycosylation reaction and in-

cubated O/N at 37°C.

2.6 | Protein extraction and immunoblotting

Culture dishes containing cells were washed twice with PBS 

and 600μl of PBS supplemented with 1x complete Protease 

inhibitor cocktail (Roche) were added to the plate for harvest-

ing the cells using a cell scraper. After centrifugation of the 

cell suspension for 8 minutes at 1000 ×g at 4°C, the pellet 

was re-suspended in lysis buffer (PBS, 1× complete and 1% 

(w/v) Triton X-100), sonicated twice for 20 seconds at 4°C 

using a Branson Sonifier 450 (level 7 in a cup horn, Emerson 

Industrial Automation) and lysed on ice for approximately 

60 minutes (the samples were homogenized using a vortex 

every 15 minutes). The cell lysate was centrifuged at 16 000 

×g for 15  minutes at 4°C and the protein concentration of 

the supernatant was quantified using the Pierce BCA (bicin-

choninic acid) Assay kit (Thermo Fisher Scientific) accord-

ing to the manufacturer’s instructions.

The protein lysates were prepared in sample buffer 

(125 mM Tris/HCl pH6.8, 10% (v/v) glycerol, 1% (w/v) SDS, 

1% (v/v) ß-mercaptoethanol, and traces of bromophenol blue) 

and were denatured for 10 minutes at 55°C or 95°C depending 

on the hydrophobicity of the sample and its running behavior. 

Immunoblot was carried out according to standard procedures. 

After several membrane washing steps in TBS-T buffer for 

10 minutes, the activity of horseradish peroxidase was detected 

using an ImageQuant LAS 4000 (GE Healthcare). The inten-

sity of the signal was quantified using ImageJ software. Before 

incubation with new antibodies, the membranes were stripped 

using 0.2M NaOH. Incubations of 5 minutes at RT and gentle 

shaking were done in distilled water, followed by 0.2M NaOH, 

rinsing with distilled water, 0.2M NaOH, distilled water, and 

TBS-T. Next, the membranes were incubated in 5% (w/v) milk 
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powder in 1× TBS-T buffer for 1 hour at RT followed by incu-

bation with the first antibody.

2.7 | Crude-membrane preparation of 
mouse tissues

Mouse tissues were homogenized in 10 volumes of homogeni-

zation buffer (250 mM saccharose, 10 mM Tris in PBS pH 7,4 

and 1× complete inhibitor) with 10-20 strokes at 1000 rounds 

per minute using a Glass homogenizer (B. Braun type 853202). 

After centrifugation of the lysates at 1000 ×g at 4°C for 10 min-

utes the post nuclear supernatant was collected. The post nu-

clear supernatant was sonicated twice for 20  seconds at 4°C 

using a Branson Sonifier 450 (level 7 in a cup horn, Emerson 

Industrial Automation) and three cycles of freeze/ thaw were 

applied. The samples were placed into a polypropylene tube 

with snap-on cap (Beckmann Coulter) and ultracentrifuged at 

186,000 x g in an Optima TLX Ultracentrifuge (Beckmann 

Coulter) using a TLA-55 rotor (Beckmann Coulter) for 1 hour 

at 4°C. The pellet was re-suspended in 2% SDS in PBS and the 

protein concentration was determined.

2.8 | Co-Immunoprecipitation

Transfected HeLa cells were lysed 48  hours post-trans-

fection in immunoprecipitation buffer (1% CHAPS 

[3-[3-cholamidopropyldimethylammonio]-1-propanesul-

fonate] in PBS, 120 mM NaCl, 50 mM Tris HCl, 2.5 mM 

CaCl2, 2.5 mM MgCl2, and 1× complete Protease inhibitor 

cocktail (Roche)). Proteins were extracted and quantified as 

described above and 300-1000 μg of total protein were incu-

bated with 1.5 μL of antibody O/N at 4°C in a rotor. A total of 

50 μL/sample of Dynabeads Protein G per immunoprecipita-

tion (Thermo Fisher Scientific) were blocked with 3% BSA 

O/N at 4°C in a rotor. Afterward, the lysate/antibody mixture 

was incubated with the beads for 2 hours at RT in a rotating 

wheel. Three washing steps of 15 minutes at RT with 1 mL 

immunoprecipitation buffer using a magnetic separator were 

applied. In a final step, the beads were incubated with 40 μL 

of 1× Lämmli buffer, and incubated for 10 minutes at 55°C 

or 95°C. Finally, the Co-IP samples were analyzed by SDS-

PAGE and immunoblotting.

2.9 | Flow cytometry

Forty-eight hours after transfection, the surface expression of 

the indicated antigens of transfected HeLa cells was analyzed 

by flow cytometry. Approximately 106 cells were pipetted in 

96-well round bottom tissue cultures plates and centrifuged 

at 210 ×g for 5 minutes at 4°C. After incubation of the sam-

ples with specific antibodies coupled to phycoerythrin (PE) 

diluted in MACS buffer (2 mM EDTA and 0.5% (w/v) BSA 

in PBS) for 45 minutes on ice in the dark, the samples were 

centrifuged at 210 ×g for 5 minutes at 4°C and washed with 

MACS buffer. Subsequently, the cells were centrifuged, 

washed again, and further re-suspended in 200 μL of MACS 

buffer for analysis on a FACSCanto II (BD Biosciences) de-

vice using the FACSDiva software. Positive and negative 

controls were used for every fluorescent dye. The data were 

analyzed with the FlowJo 10 software.

2.10 | Flow cytometry/ Fluorescence 
resonance energy transfer (FRET)

Flow cytometry was performed using a FACS Canto II (BD 

Bioscience). Voltage was adjusted with the BD FACSDiva 

software. GFP was excited with the 488 nm laser and emis-

sion was measured with a 530/30 filter; any occurring FRET 

signal was measured with a 670 LP filter. For each sample 

30.000 events were collected. The data were analyzed with 

FlowJo10 software.

The indicated plasmids containing the cDNA fused to 

EGFP (pEGFP-N1) or mKATE2 (pmKATE2-N) in the 

C-terminus or EGFP (pEGFP-C1) in the N-terminus were 

used for transfection of HeLa cells. Forty-eight hours after 

transfection flow cytometry measurements were performed 

using a FACS Canto II (BD Biosciences) device and the re-

sults were analyzed with the FACSDiva software.

2.11 | Indirect immunofluorescence

Transfected HeLa and MEF cells grown over glass coverslips 

were fixed for 20 minutes with 4% (w/v) paraformaldehyde at 

RT, permeabilized, quenched, and blocked before incubation 

with primary antibodies overnight at 4°C. The samples were 

washed and incubated for 90 minutes with Alexa Fluor dye-

conjugated secondary antibodies (Thermo Fisher Scientific). 

After four washing steps, the coverslips were mounted on 

microscope slides with mounting medium including DAPI 

(4-,6-diamidino-2-phenylindole) to visualize the cell nuclei. 

For visualization of the samples a FV1000 confocal laser 

scanning microscope (Olympus Life Science Solutions) 

equipped with a U Plan S-Apo 100× oil immersion objec-

tive (NA = 1.40) was used. Images were acquired and pro-

cessed with the Olympus FluoView Software (Olympus Life 

Science Solutions). Single plane images for each representa-

tive image are shown throughout the manuscript.

2.12 | Statistical analyses

If not stated otherwise, two-tailed unpaired t test was per-

formed using GraphPad Prism Software Version 5.03. 
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F I G U R E  1  The luminal domain of GLMP interacts with MFSD1. A, Schematic representation of the molecular complex of MFSD1-

GLMP. B, Schematic representation of HA-tagged chimeras of the cytosolic tail, the transmembrane domain and the luminal domain of GLMP 

and LAMP1. Abbreviations for the different chimeras are depicted on the left. (G = GLMP; L = LAMP1) C, Immunoblot analysis of the HA-

tagged GLMP/LAMP1 chimeras expressed in wild-type MEFs detected with an antibody against HA. Tubulin is depicted as a loading control. D, 

Immunofluorescence staining for endogenous MFSD1 (red) in untransfected Glmp KO MEFs, cells transfected with GLMP-HA or LAMP1 HA 

(magenta). The late endosomal/ lysosomal marker LBPA is shown in green. Nuclei are stained with DAPI (blue). Transfected cells are encircled 

with a dashed line. UT = untransfected. E, Expression of the HA-tagged GLMP/LAMP1 chimeras (magenta) in Glmp KO MEFs. Endogenous 

MFSD1 is depicted in red. LBPA, a late endosomal lipid, is shown in green. Rescue of endogenous MFSD1 is indicated (green tick). Transfected 

cells are encircled with a dashed line. A quantification of the percentage of cells, in which expression of GLMP, LAMP1 or the chimeras rescues 

lysosomal MFSD1 is given (25-30 cells). F, Co-Immunoprecipitation of the HA-tagged GLMP/LAMP1 chimeras with MFSD1. MFSD1 was 

immunoprecipitated with a polyclonal antibody against MFSD1. The HA-tagged GLMP-HA, LAMP1-HA and the chimeras were detected with 

an antibody against HA. The right part with LGG, LGL, and LLG is shown at higher exposure, as these chimeras where expressed at lower levels. 

Precipitation of MFSD1 detected on the membranes with the anti-MFSD1 antibody is shown in the lower panel. (C), (D) and (E): Representative 

images from three independent experiments

(A) (B)

(D)(C)

(E)

(F)
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Significant values were considered at P < .05. Values are ex-

pressed as mean ± standard error of the mean (SEM) and sig-

nificance is designated as *P < .05; **P < .01; ***P < .001.

3 |  RESULTS

3.1 | The luminal domain of GLMP 
interacts with MFSD1 and is sufficient and 
essential for protecting MFSD1

We have shown previously that MFSD1 and GLMP form a 

tight protein-protein complex.9 GLMP protects MFSD1 from 

lysosomal proteolysis in MEFs and MFSD1 is degraded rap-

idly in Glmp KO MEFs and Glmp KO mouse tissues.9 GLMP 

is a lysosomal type I transmembrane protein with a short 

cytosolic tail, a single transmembrane domain and a highly 

glycosylated luminal region, similar to LAMP1 (the luminal 

region of LAMP1 contains two independent domains, which 

we, for reasons of simplicity, refer to as one “luminal do-

main” from here on),15,16 (Figure 1A,B). In order to ascer-

tain the domain(s) of GLMP that interact with MFSD1 and 

can rescue MFSD1 from lysosomal proteolysis in Glmp KO 

MEFs after ectopic expression, chimeric proteins of LAMP1 

and GLMP were designed. cDNA chimeras coding for fu-

sion proteins containing the different (cytosolic-, transmem-

brane- and luminal-) domains of GLMP (G) and LAMP1 (L) 

fused to an HA-tag were generated, resulting in six different 

chimeric proteins (Figure 1B). Overexpression of the cDNA-

constructs in wild-type MEF cells and subsequent analysis 

of the lysates by immunoblot using an antibody against HA 

revealed that all chimeric proteins were properly expressed, 

though at different levels. All chimeras containing the lumi-

nal domain of LAMP1 were expressed at significantly lower 

level compared to those containing the luminal domain of 

GLMP (Figure 1C). The chimeras migrate at different mo-

lecular weight and all chimeras containing the luminal do-

main of LAMP1 migrated at a higher apparent molecular 

weight, presumably due to higher degree of glycosylation 

and additional polylactosaminoglycans of the luminal do-

main of LAMP117 compared to the luminal domain of GLMP 

(Figure 1C). Ectopic expression of the chimeras in HeLa cells 

revealed proper localization of all chimeras in lysosomes and 

barely any cells with misfolded chimeric proteins in the ER 

(Supplemental Figure 1A). Ectopic expression of MFSD1 

in HeLa cells alone results in the generation of C- and 

N-terminal fragments (C-/ NTFs). Co-expression of GLMP 

prevents the generation of these fragments.9 We used this ex-

perimental setup for testing if the chimeric proteins can pre-

vent the generation of the N-terminal fragment of MFSD1. 

Co-expression of full length GLMP and all chimeras contain-

ing the luminal domain of GLMP quantitatively prevented the 

generation of the NTF of MFSD1, but co-expression of full 

length LAMP1 or chimeras containing the luminal domain 

of LAMP1 did not (Supplemental Figure 1B). However, the 

interpretation of the data was challenged by the lower ex-

pression of the chimeras containing the luminal domain of 

LAMP1. We, therefore, changed to an imaging-based ex-

perimental setup, in which we compared cells with compa-

rable expression of each chimera. Endogenous MFSD1 is 

strikingly reduced in Glmp KO MEFs and residual MFSD1 

is found in the Golgi apparatus (Figure  1D,9). While the  

re-introduction of HA-tagged GLMP into GLMP-deficient 

MEFs efficiently rescues the lysosomal localization of endog-

enous MFSD1, the overexpression of LAMP1-HA is not af-

fecting the levels and mislocalization of MFSD1 (Figure 1D). 

After transfection of Glmp KO MEFs with cDNA coding for 

the six different HA-tagged GLMP-LAMP1 chimeras fol-

lowed by immunofluorescence staining, we observed that 

only the constructs containing the luminal domain of GLMP 

(GGL, GLG, and GLL) rescued the lysosomal localization 

of MFSD1 (Figure  1E). The introduction of the chimeras 

containing the luminal domain of LAMP1 (LGG, LGL, and 

LLG) in GLMP-deficient MEFs did not recover the lyso-

somal localization of MFSD1. It should be noted that we 

selected cells with equal expression of the constructs for mi-

croscopy, precluding bias due to the overall lower expression 

of the chimeras containing the luminal domain of LAMP1 

(Figure 1C). These results suggest that the luminal domain of 

GLMP is essential but also sufficient for rescuing MFSD1. 

Next, we tested by co-immunoprecipitation which of the dif-

ferent HA-tagged GLMP-LAMP1 chimeras physically inter-

act with MFSD1. After transfection and immunoprecipitation 

of MFSD1 with the anti-MFSD1 antibody, only the chimeric 

proteins containing the luminal domain of GLMP were ef-

ficiently co-immunoprecipitated (Figure  1F). These results 

are in agreement with the immunofluorescence-based rescue 

experiments (Figure 1E), corroborating the finding that the 

luminal domain of GLMP physically interacts with MFSD1 

and that it is indispensable for the lysosomal localization and 

rescue of MFSD1 in Glmp KO MEFs.

3.2 | The stability of GLMP depends on 
N-glycosylation

Because the luminal domain of GLMP is highly 

N-glycosylated and MFSD1 is not glycosylated,9,15 it is 

tempting to speculate that N-glycosylation of GLMP protects 

MFSD1 from lysosomal proteolysis. We, therefore, addressed 

the question if the type of N-glycosylation (complex-type vs 

high-mannose-type) of GLMP was important for the rescue 

of MFSD1. GLMP-deficient MEFs were transfected with 

GLMP-HA and treated with kifunensine, an inhibitor of the 

ER mannosidase I,11 preventing the addition of any com-

plex-type N-glycosylation. Kifunensine-treatment resulted 
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in a much more homogeneous N-glycosylation pattern of 

GLMP, observed as a sharp band, compared to untreated 

cells, which displayed a diffuse fuzzy band as assessed by 

immunoblot (Figure  2A). Digestion of lysates of kifunen-

sine-untreated cells with the high-mannose type-specific 

glycosidase Endo-β-N-acetylglucosaminidase H (EndoH) 

caused only a marginal shift in the apparent molecular weight 

of GLMP, while N-glycosidase F (PNGaseF), cleaving both 

high-mannose-type and complex-type N-glycans, reduced 

the apparent molecular weight almost to the predicted mo-

lecular weight of ~43 kDa, indicating that GLMP is normally 

almost exclusively equipped with complex-type N-glycans. 

These findings are in agreement with previous results.15 It 

should be noted that under these conditions, GLMP was 

likely not fully deglycosylated, resulting in a blurry band-

ing pattern. More extensive deglycosylation resulted in a loss 

F I G U R E  2  High-mannose type N-glycosylated GLMP can rescue MFSD1. A, Immunoblot analysis with the anti-HA antibody of Glmp 

KO MEF transfected with HA-tagged GLMP untreated or treated in vivo with the mannosidase I inhibitor kifunensine. Cell lysates were 

treated in vitro with EndoH or PNGaseF. LIMP2, which contains both high-mannose-type and complex-type glycans is shown as a positive 

control for the kifunensine-, EndoH-, and PNGaseF-treatment. GAPDH is depicted as a loading control. The N-glycan structures of complex-

type glycans (left) and high-mannose-tye glycans (right), the latter resulting from kifunensine-treatment, are schematically depicted below the 

immunoblot (blue square = N-Acetyl-D-glucosamine; green circle = mannose; yellow circle = galactose; magenta hexagon = neuraminic acid). 

B, Immunofluorescence for endogenous MFSD1 (purple) in Glmp KO MEFs transfected with GLMP-HA (red). Cells were untreated or incubated 

in vivo with kifunensine. The lysosomal marker LAMP1 is depicted in green. Nuclei are stained with DAPI (blue). Transfected cells are encircled 

with a dashed line. The percentage of cells with lysosomal MFSD1 staining pattern is diagramed (35-40 cells). C, (I) Schematic representation 

of the kifunensine/EndoH in vivo experimental setup. (II) Immunoblot analysis of GLMP-deficient MEFs transfected with HA-tagged GLMP 

untreated or treated with kifunensine and EndoH with the anti-HA antibody. LIMP2 is shown as a positive control for the kifunensine- and EndoH-

treatment. Endogenous MFSD1 was detected with an MFSD1-specific antibody. GAPDH is depicted as a loading control. D, (I) Immunoblot 

analysis of wild-type MEFs overexpressing GLMP-HA or GLMP-HA with N/A mutations in the nine putative N-glycosylation sites detected 

with the anti-HA antibody. (II) Schematic representation of N-glycosylated asparagine residues in the luminal domain of GLMP. (A)-(C): 

Representative images from three independent experiments

(A)

(D)

(B)

(C)
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of immunoreactivity by immunoblot (not shown). Digestion 

of lysates of kifunensine-treated MEFs with EndoH resulted 

in complete deglycosylation of GLMP-HA, indicating that 

GLMP-HA is quantitatively equipped with high-mannose 

type N-glycosylation upon kifunensine treatment. Re-

introduction of GLMP-HA in kifunensine-treated Glmp KO 

MEFs (ie, GLMP equipped with high-mannose type glycans) 

rescued the endogenous MFSD1 lysosomal localization, sug-

gesting that the type of N-glycosylation (high-mannose-type 

or complex-type) of GLMP is not critical for the interaction 

and protection of MFSD1 (Figure 2B). Next, we addressed 

whether non-glycosylated GLMP could rescue MFSD1 in 

Glmp KO MEFs. For that purpose, a GLMP cDNA with mu-

tations of the critical asparagine residue to alanine in its pre-

viously described nine putative N-glycosylations sites15 was 

transfected into GLMP-deficient MEFs. However, this mu-

tant was quantitatively retained in the ER, most likely due to 

misfolding (data not shown). To overcome the aberrant pro-

tein folding and quality control in the ER, we treated GLMP-

deficient MEFs overexpressing wild-type GLMP-HA with 

kifunensine and EndoH in vivo. EndoH is efficiently endocy-

tosed and active at the acidic pH of lysosomes, therefore, re-

sulting in in vivo deglycosylation of lysosomal high-mannose 

type glycosylated proteins.18 In vivo deglycosylation affects 

lysosomal membrane proteins to a different extent: whereas 

deglycosylation of LAMP1 and LAMP2 leads to their rapid 

degradation, the stability of another highly glycosylated 

lysosomal membrane protein (LIMP2) is not affected.18 We 

next tested the effect of in vivo deglycosylation on GLMP. 

We offered EndoH to the cells for different time points. In 

vivo treatment of high-mannose type glycosylated GLMP for 

24 hours with EndoH (Figure 2C) leads to the degradation of 

GLMP as determined by immunoblot for the HA-tag, indicat-

ing that GLMP stability depends on N-glycosylation, similar 

F I G U R E  3  GLMP can deliver plasma-membrane targeted MFSD1 to lysosomes and vice versa. A, Immunofluorescence analysis of wild-type 

MEFs expressing GLMPY/A-HA mutant (green) or MFSD1LL/AA-GFP mutant (green) co-stained with the lysosomal marker CD63 (red). Nuclei 

are stained with DAPI (blue). Transfected cells are encircled with a dashed line. B, Immunofluorescence analysis of MEFs expressing GLMPY/A-

HA mutant (green) together with MFSD1-GFP (white) or MFSD1LL/AA-GFP mutant (green) together with GLMP-HA (white) co-stained with the 

lysosomal marker CD63 (red). Nuclei are stained with DAPI (blue). Transfected cells are encircled with a dashed line. (A) - (B): Representative 

images from three independent experiments. The number of cells with MFSD1LL/AA-GFP/ GLMPY/A-HA at the plasma membrane, plasma membrane 

and lysosomes (mixed) or lysosomes is depicted (n = 30-40 cells). C, Schematic representation of the MFSD1LL/AA-construct with an internal-HA-

tag between TMD 1 and 2 (MFSD1int
LL/AA) used for FACS analysis. D, FACS plots of untransfected HeLa cells, cells transfected with MFSD1int

LL/

AA alone or together with LAMP1 or GLMP after staining of HA without permeabilization. E, Immunoblot analysis of untransfected HeLa cells, cells 

transfected with the MFSD1int
LL/AA alone or together with LAMP1 or GLMP, respectively. F, Quantification of the percentage of HA positive cells 

shown in (D) normalized to the HA expression levels shown in (E) (two-tailed unpaired t test; Mean ± SEM, n = 5. ***P < .0001)

(A)

(C)

(E) (F)
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to the LAMP-proteins.18 Surprisingly, the levels of MFSD1 

did not follow the same decrease as GLMP (Figure  2C), 

indicating that either the degradation follows a slower ki-

netic, or that not only protection of MFSD1 by GLMP in-

fluences its levels, but also other factors like effects on 

intracellular sorting. Since N-glycosylation is critical for the 

stability of GLMP, we analyzed which of the nine putative 

N-glycosylation sites are occupied/critical (Figure 2D). All 

potential N-glycosylation sites (with the motif N-X-S/T) were 

tested individually by mutating the corresponding asparagine 

residue (N) to alanine (A). The kifunensine treatment of cells 

after overexpression of the GLMP mutants resulted in three 

sharp bands that allowed the discrimination of small molecu-

lar weight differences (Figure 2D). N64A was expressed at 

very low levels and even with high exposure (Supplemental 

Figure 1A), no definitive conclusions could be drawn. While 

the apparent molecular weight of the N166A GLMP mutant 

was not decreased, the seven remaining GLMP N/A-mutants 

had an apparent molecular weight of approximately 3 kDa 

smaller than wild-type GLMP, indicating that N-glycans are 

attached to those asparagine-residues in wild-type GLMP 

(Figure  2D and Supplemental Figure 2A). Next, we tested 

by immunofluorescence analysis whether the introduction of 

GLMP N-glycosylation mutants in Glmp KO MEFs still res-

cues endogenous lysosomal MFSD1 (Supplemental Figure 

2B). Interestingly, overexpression of all GLMP mutants har-

boring mutation of a s single N-glycosylation site in GLMP-

deficient MEFs was able to rescue lysosomal localization of 

MFSD1, indicating that not a single N-glycan confers pro-

tection for MFSD1, but the sum or at least more than one 

N-glycan. In summary, these data support a protective func-

tion of GLMP on MFSD1 and particularly a protective func-

tion of N-glycosylation on GLMP itself.

3.3 | The MFSD1-GLMP interaction 
overcomes the cell surface mislocalization of 
GLMPY/A and MFSD1LL/AA mutants

The interaction between transporters and their corresponding 

accessory subunits often affects the intracellular transport of 

the complex. This is for instance the case for CLC-7, a lyso-

somal chloride transporter, and OSTM1, its β-subunit that 

shows an ER-like distribution when overexpressed alone, 

but lysosomal localization when co-expressed with CLC-7.6 

We have shown previously that ectopically overexpressed 

MFSD1 and GLMP can reach lysosomes in the absence of 

their corresponding interaction partners in KO MEFs for 

the corresponding genotype.9 Both MFSD1 and GLMP ex-

hibit dileucine or tyrosine-based sorting motifs in their cy-

tosolic N- and C-termini, respectively (Supplemental Figure 

3A,9,15). Mutation of these sorting motifs followed by ectopic 

expression in cells lead to the localization to the cell surface 

of both GLMP
Y/A and MFSD1

LL/AA mutants (9 Figure 3A). 

The highly stable interdependence of GLMP and MFSD1 

suggests a strong interaction. Therefore, we studied whether 

the co-expression of cell surface mutants of MFSD1 or 

GLMP (MFSD1LL/AA or GLMPY/A) together with wild-type 

GLMP or MFSD1, respectively, would change the subcellu-

lar localization of the proteins. Immunofluorescence analysis 

of MEF cells after co-transfection with either GLMPY/A-HA 

and MFSD1-GFP or MFSD1LL/AA-GFP and GLMP-HA re-

vealed co-localization of GLMPY/A-HA and MFSD1LL/AA-

GFP with the lysosomal marker CD63, indicating proper 

delivery to lysosomes despite mutation of the respective sort-

ing motifs and differing from overexpression of the GLMPY/

A-HA and MFSD1LL/AA-GFP alone (Figure  3B). However, 

while GLMPY/A-HA was nearly absent from the cell surface 

when co-expressed with wild-type MFSD1-GFP, MFSD1LL/

AA-GFP could still be partially observed at the cell surface 

after co-transfection with GLMP-HA. To obtain quantita-

tive data, MFSD1LL/AA with an internal HA-tag (designated 

as MFSD1int
LL/AA) between transmembrane domain (TMD)1 

and TMD2 (Figure  3C,9), was co-expressed in HeLa cells 

together with GLMP or together with LAMP1 (as a nega-

tive control) and the cell surface levels of MFSD1 were an-

alyzed by flow cytometry. These experiments showed that 

MFSD1int
LL/AA was barely present at the cell surface after co-

expression with GLMP, while after co-expression of LAMP1 

large amounts of MFSD1int
LL/AA were still detected at the 

plasma membrane (Figure  3D-F, Supplemental Figure 3A-

C). For normalization of the FACS results on the MFSD1-

protein levels, immunoblots for MFSD1, GLMP, and LAMP1 

were performed in replicates (Supplemental Figure 3B). A 

representative blot is shown in (Figure  3E). Quantification 

of the FACS data in replicates, normalized to the HA expres-

sion levels determined by immunoblot, showed significantly 

lower MFSD1int
LL/AA -surface levels after co-expression of 

GLMP compared to co-expression with LAMP1 or expres-

sion of MFSD1int
LL/AA alone (Figure  3F). These results il-

lustrate that the interaction between MFSD1 and GLMP can 

partially redirect GLMPY/A or MFSD1LL/AA to lysosomes 

when co-expressed with MFSD1 or GLMP, respectively, 

and indicate that the interaction of MFSD1-GLMP occurs in 

earlier subcellular compartments than lysosomes. Moreover, 

these data pinpoint, that the interaction of GLMP and MFSD1 

is not only important for stability but also affects the intracel-

lular sorting of the two proteins.

3.4 | MFSD1 interacts with GLMP already 
in the ER

We next tested if the two proteins already start to interact in 

the ER. To that end, a sequence coding for the C-terminal 

ER-retention signal of the human α2C adrenergic receptor19 
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was fused to the C-terminus of MFSD1-HA (MFSD1ER 

Ret-HA) to retain MFSD1 in the ER (Figure  4A). 

Immunofluorescence analysis of MEF cells overexpressing 

MFSD1ER Ret-HA showed no co-localization of this artifi-

cial fusion protein with the lysosomal marker LAMP1, but 

extensive co-localization with the ER-marker PDI and less 

co-localization with the cis-Golgi marker GM130, respec-

tively (Figure 4B). Overexpression of MFSD1 alone, but not 

together with GLMP, leads to proteolytic fragmentation due 

to lysosomal proteolysis.9 We used the formation of the frag-

ments as an additional readout for the lack of delivery to late 

endocytic organelles. Immunoblot analysis with MFSD1- 

and HA-antibodies of HeLa cells overexpressing MFSD1ER 

Ret-HA showed a strong reduction in the ratio of both C- and 

N-terminus/Full length of MFSD1ER Ret-HA when compared 

to MFSD1-HA, supporting the immunofluorescence data that 

MFSD1ER Ret-HA is not reaching lysosomes (Figure 4C).

To test whether MFSD1 and GLMP interact in earlier 

subcellular compartments than lysosomes, MFSD1ER Ret-HA 

was co-expressed with GLMP or LAMP1 fused to mKATE2 

and the subcellular localization was analyzed by immunoflu-

orescence. While MFSD1ER Ret-HA did not reach lysosomes 

after co-expression with LAMP1-mKATE2, as indicated by 

co-staining with the lysosomal marker CD63, the overex-

pression of MFSD1ER Ret-HA together with GLMP-mKATE2 

lead to a clear co-localization of MFSD1ER Ret-HA with CD63 

(Figure 4D). No co-localization of MFSD1ER Ret-HA with the 

ER and cis-Golgi markers PDI and GM130 was detected after 

co-expression with GLMP-mKATE2 (Supplemental Figure 

4A,B). These results suggest that the complex composed of 

MFSD1 and GLMP is already formed in the ER and that the 

sorting of the two interaction partners is strong enough to 

overcome the α2C adrenergic receptor-ER retention motif of 

MFSD1ER Ret-HA. Additionally, these data highlight again, 

that the interaction of the two proteins can affect their intra-

cellular trafficking.

3.5 | MFSD1 and GLMP levels 
quantitatively depend on each other

Immunoblot analysis showed that MFSD1 levels are de-

creased to less than 5% in different tissues of Glmp KO 

mice compared to wild-type mice, similar to GLMP levels in 

Mfsd1 KO tissues.9 Ectopic expression of MFSD1 in HeLa 

cells alone results in the generation of C- and N-terminal 

F I G U R E  4  GLMP and MFSD1 interact already in the ER. A, Schematic representation of a MFSD1-HA construct fused C-terminally to 

the α2C-adrenergic receptor ER-retention motif (MFSD1ER Ret-HA). B, Immunofluorescence analysis of MEFs expressing the MFSD1ER Ret-HA 

construct (green) co-stained with the lysosomal marker LAMP1 (red), the ER marker PDI (red) or the cis-Golgi marker GM130 (red). Nuclei are 

stained with DAPI (blue). Transfected cells are encircled with a dashed line. C, Immunoblot analysis of HeLa cells overexpressing MFSD1-HA or 

MFSD1ER Ret-HA with antibodies against MFSD1 and HA. The full-length (FL) MFSD1 is labeled with a black arrowhead, the N- and C-terminal 

fragments (NTF and CTF, respectively), are labeled with an open arrowhead. Quantification of the rate of the N- and C-terminal fragments/Full 

length MFSD1 is depicted (two-tailed unpaired t test; Mean ± SEM, n = 3. ***P < .0001; **P < .01; n = 2). (D) Immunofluorescence analysis of 

MEFs transfected with MFSD1ER Ret-HA stained for HA (purple) together with GLMP-mKATE2 or LAMP1-mKATE2 (red) and co-stained with 

the lysosomal marker CD63 (green). Nuclei are stained with DAPI (blue). Transfected cells are encircled with a dashed line. Representative images 

from three independent experiments. The percentage of cells with lysosomal MFSD1 staining pattern is depicted (35-40 cells)

(A)

(B)

(D)
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fragments (C-/ NTFs) and co-expression of GLMP prevents 

the generation of these fragments.9 These data indicate that 

both proteins of the complex are essential for maintaining 

their stability. Next, we addressed the question, if both pro-

teins quantitatively depend on each other. For this, a con-

stant MFSD1 cDNA concentration was transfected in HeLa 

cells with increasing and decreasing amounts of GLMP and 

LAMP1 cDNAs, respectively, and the ratio of CTF/full-

length MFSD1 was determined. Immunoblot analysis of the 

cell lysates using HA-, GLMP-, and LAMP1-specific anti-

bodies revealed that the CTF/FL MFSD1 ratio was inversely 

proportional to the GLMP expression levels (Figure 5A), im-

plicating a quantitative interdependency of the two subunits. 

We then tested whether the levels of GLMP also quantita-

tively depend on MFSD1 levels in vivo. Therefore, mem-

brane fractions of kidney, liver, lung, and spleen from wild 

type, heterozygous or knockout for Mfsd1 were analyzed by 

immunoblot with antibodies against MFSD1, GLMP, and 

CoxIV (as a membrane-protein loading control) (Figure 5BI). 

These experiments indicate that in all four tissues from Mfsd1 

heterozygous mice, the levels of GLMP were reduced to ap-

proximately half when compared to wild-type tissues. These 

differences reached statistical significance for liver and 

spleen (Figure 5BII). Altogether, these findings indicate that 

both, GLMP and MFSD1 stability quantitatively depend on 

the direct interaction with their corresponding interaction 

partner, and once one of the partners of the complex is limit-

ing, this ultimately leads to the rapid degradation of the other 

partner.

3.6 | MFSD1 can form homodimers

Several transporter proteins, including members of the MFS-

family form heterodimers and/or homodimers (reviewed in 

20). For instance, a member of the MFS transporter family, 

MCT8, forms dimers resistant to denaturation and reducing 

conditions.21 We, therefore, analyzed if MFSD1 can form 

oligomers. After ectopic expression of MFSD1-HA in HeLa 

cells we consistently observed by immunoblot analyses an 

additional band at  ~70  kDa, approximately at the double 

size of full-length MFSD1, suggesting that MFSD1 might 

also form dimers partially resistant to denaturing condi-

tions and β-mercaptoethanol (Figure 6A). It is unlikely that 

the observed band resembles the complex between MFSD1 

and GLMP, given the apparent molecular weight of GLMP 

F I G U R E  5  MFSD1 levels quantitatively depend on GLMP levels and vice versa. A, (I) Immunoblot analysis of HeLa cells overexpressing 

MFSD1-HA together with decreasing amounts of LAMP1 cDNA and increasing amounts of GLMP cDNA detected with HA, GLMP and LAMP1 

antibodies. GAPDH is shown as a loading control. (II) A quantification of the ratio C-terminal/Full length MFSD1 and of the GLMP levels is 

represented (n = 3). B, (I) Immunoblot analysis of MFSD1 wild type, heterozygous, and homozygous knockout kidney, liver, lung, and spleen 

membrane fractions with anti-MFSD1 and anti-GLMP antibodies. CoxIV is shown as a loading control. (II) Quantification of MFSD1 and GLMP 

levels in the different tissues normalized by the levels of CoxIV. (two-tailed unpaired t test; Mean ± SEM, n = 3-4.**P < .01***P < .001)

(A) (B)
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alone is  ~70  kDa. To specifically investigate if MFSD1 

forms homodimers, we performed co-immunoprecipitation 

assays using MFSD1 constructs fused to eGFP- or HA-tags. 

MFSD1-HA and MFSD1-eGFP were efficiently co-immu-

noprecipitated with MFSD1-eGFP or MFSD1-HA, respec-

tively, from HeLa cells transfected with both MFSD1-eGFP 

and MFSD1-HA constructs (Figure  6B). MFSD1-HA was 

efficiently detected in GFP-precipitates and MFSD1-GFP 

was efficiently co-precipitated in HA-precipitates, indicat-

ing physical interaction between the differentially tagged 

MFSD1 proteins. To rule out unspecific co-immunoprecip-

itation due to the use of CHAPS as a detergent, the pres-

ence of another lysosomal membrane protein, LIMP2, in 

the immunoprecipitated fraction was analyzed. The result 

showed no LIMP2 band in the immunoprecipitated fractions, 

indicating specific immunoprecipitation.

Attempts to purify ectopically expressed recombi-

nant MFSD1 (recMFSD1) from HEK293F cells by Ni-

NTA affinity chromatography followed by size exclusion 

chromatography revealed a monodisperse elution profile. 

RecMFSD1 eluted earlier from the size exclusion column 

than a known monomeric membrane transporters of simi-

lar size, indicative for a higher oligomeric assembly or an 

increased amount of lipids and detergents bound to purified 

MFSD1 (Supplemental Figure 5A). Immunoblot analysis of 

recMFSD1 revealed, as seen before by immunoblot analysis 

F I G U R E  6  MFSD1 can form homodimers. A, Immunoblot analysis of HeLa cells overexpressing MFSD1-HA with an anti-HA antibody. A 

putative dimer is labeled with an asterisk. B, Immunoprecipitation of MFSD1-HA and MFSD1-GFP from transfected HeLa cells lysates transfected 

with both constructs using antibodies against HA and GFP. Co-immunoprecipitated proteins are detected with anti-HA and anti-GFP antibodies. 

Representative images from 2-3 independent experiments. C, Flow cytometry-based FRET analysis of HeLa cells transfected with combinations 

of plasmids coding for MFSD1, GLMP and MFSD8 untagged or tagged with eGFP or mKATE2. FRET intensity is plotted against eGFP intensity. 

Cells inside the gate defined by the intensity of cells expressing fused eGFP:mKATE2 were considered FRET+. The given numbers in the plot 

represents the average of alive FRET + cells for each condition, which is also represented in the bar graph. n = 3/ condition. D, Structure prediction 

of mMFSD1 using Phyre2 software with GLUT3 as a model. The prediction covers the mMFSD1 amino acid sequence from S20 to S451. Numbers 

in red represent the TMDs (1 = most N-terminal TMD, 12 most C-terminal TMD)
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of lysates from transfected cells, bands at ~70 kDa presum-

ably corresponding to a dimer (Supplemental Figure 5B).

Additionally, we validated dimer formation of MFSD1 

with an independent approach by FACS-based Förster res-

onance energy transfer (FRET) (Figure  6C). We used the 

green fluorescent protein eGFP and the red fluorescent pro-

tein mKATE2 for generating fusion proteins, a combina-

tion that was shown previously to yield efficient FRET,9,10 

as FRET couple. MFSD1 was fused to eGFP at the C- or 

the N-terminus (MFSD1-eGFP and eGFP-MFSD1) and to 

mKATE2 at its C-terminus (MFSD1-mKATE2). As a neg-

ative control, the polytopic lysosomal transporter MFSD8 

was used in the experimental setup. HeLa cells transfected 

with a fusion protein between eGFP and mKATE2 (eGF-

P:mKATE2) were used as a positive control for FRET. The 

eGFP-fusion proteins were expressed to a similar extent 

in all samples (Supplemental Figure 4C). To test whether 

GLMP influences MFSD1 homodimerization, GLMP, or 

LAMP1, as a negative control, were co-expressed together 

with mKATE2- and eGFP-tagged MFSD1 (Figure  6D, 

Supplemental Figure 4C). While MFSD1-mKATE2 did not 

show efficient FRET with MFSD1-eGFP, FRET was occur-

ring between MFSD1-mKATE2 and eGFP-MFSD1 suggest-

ing that the MFSD1 C-terminus is close to the N-terminus 

of the dimerization partner molecule. Additionally, the 

co-expression of GLMP did not increase MFSD1 homodi-

merization. Co-expression of MFSD1-FRET constructs and 

LAMP1 yielded a similar FRET signal intensity compared to 

co-expression with GLMP, indicating that GLMP is dispens-

able for homodimerization of MFSD1. These results are in 

line with the previous co-immunoprecipitation experiments 

and indicate that MFSD1 can form homodimers. GLMP is 

dispensable for this homodimerization. In summary, our ex-

periments indicate that MFSD1 is not present per se in an 

oligomeric state but can form homodimers.

4 |  DISCUSSION

We have shown previously that the two lysosomal integral 

membrane proteins MFSD1 and GLMP form a tight com-

plex.9 In this study, we refined the molecular interaction of 

the two proteins and found the luminal domain of GLMP 

alone, but not its transmembrane domain or the short cyto-

solic tail confers protection and interaction with MFSD1. Our 

data support the finding that the protein-protein interaction 

is essential for stabilization of the two proteins in a complex 

and that N-glycosylation is essential for this process.

We investigated which domain of GLMP interacts with 

MFSD1 and found the luminal domain to be critical. In this 

regard, GLMP and MFSD1 deviate from other couples of 

transporters and their corresponding type I-topology acces-

sory subunits like CLCN-7 and OSTM1.22 In OSTM1, the 

transmembrane domain was shown to be necessary and suf-

ficient for OSTM1 constructs being carried to lysosomes 

by CLCN-7, and both the transmembrane and the luminal 

domain are needed for proper H+/Cl− exchange of CLCN-

7.22 These differences might reflect differences in the major 

function of the accessory subunits and their corresponding 

transporter: The major function of OSTM1 is to facilitate 

trafficking of CLCN-7 and H+/Cl−  exchanger function, 

while the major function of GLMP is likely the protection of 

MFSD1 from lysosomal proteases, though trafficking is ap-

parently also part of the shared interaction, at least under ab-

normal conditions when MFSD1 is missorted to the plasma 

membrane. In this line, we further investigated the effect of 

altered N-glycosylation of GLMP on its protective function 

of MFSD1. Our results implicate, that (1) GLMP needs to 

be equipped with N-glycans, for not being degraded by lyso-

somal proteases itself and hence, that N-glycosylation is in-

directly necessary for protecting MFSD1 and (2) not a single 

N-glycan directly confers protection of GLMP (and indirectly 

MFSD1) or an interaction of a single glycan with MFSD1, but 

the sum of N-glycans shields GLMP. If the luminal domain is 

also essential for the transporter activity of MFSD1 can only 

be determined once its substrate is known and a transporter 

assay is established. Our chimeras will be a useful tool to 

analyze a possible contribution of GLMP to the transporter 

function of MFSD1 once such assays are available.

Even though several lines of evidence support the protec-

tive effect of GLMP on MFSD1 and vice versa (9 Figure 2), we 

considered the possibility that the two proteins additionally 

reciprocally affect their intracellular sorting. Furthermore, 

we wanted to figure out, whether the interaction starts in 

the ER, the Golgi-apparatus or even in late endosomes/lyso-

somes. Surprisingly, the co-expression of wild-type GLMP 

was able to overcome the ER-retention of MFSD1. Of note, 

MFSD1ER ret did not retain GLMP in the ER. These data sug-

gest that (1) the two proteins already assemble into a complex 

in a pre-Golgi-compartment and most likely in the ER, and 

(2) that the formation of the complex triggers their transloca-

tion to lysosomes, implicating an effect on the intracellular 

transport. The findings of these experiments were addition-

ally supported by showing that co-expression of wild-type 

MFSD1 or wild-type GLMP with mutations in their respec-

tive sorting motifs lead to proper localization to lysosomes in-

stead of the plasma membrane. This finding can be explained 

by two possible scenarios: either the sorting-motif-mutated 

protein (MFSD1LL/AA or GLMPY/A, respectively), and its 

wild-type counterpart are transported together directly from 

the Golgi apparatus via endosomes to lysosomes (Figure 7A), 

and an intact sorting motif of one of the partners is sufficient 

to maintain normal intracellular delivery. The other possi-

bility is that both proteins take, to some extent, the indirect 

pathway for their delivery to lysosomes via the plasma mem-

brane (Figure  7B), and the two proteins are transported in 
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a complex from the plasma membrane via endocytosis and 

AP-2 to lysosomes. In this regard, it should be noticed that 

tyrosine-based sorting motifs are preferentially found in pro-

teins that are destined for endocytosis from the plasma mem-

brane.23 The latter possibility would also offer an interesting 

mechanistic explanation: missorted MFSD1 (or GLMP) 

might be toxic for cells in vivo (however, we found no evi-

dence that either MFSD1LL/AA or GLMPY/A overexpression is 

toxic) and re-endocytosis via MFSD1/ GLMP is a protective 

mechanism, or this could be a kind of back-up system for 

efficient delivery to lysosomes even if MFSD1 or GLMP are 

partially missorted to the plasma membrane.

We finally analyzed the interdependence of MFSD1 and 

GLMP quantitatively and provide evidence that MFSD1 

can form homodimers both in vitro and in vivo. Whether di-

merization is critical for its function needs to be clarified in 

future experiments. Although we cannot fully rule out post-

lytic artificial dimerization in vitro, the combination of in 

vivo and in vitro data suggests that this oligomerization is a 

true biological finding. Notably, oligomerization is well doc-

umented for several members of the MFS, mainly affecting 

the transporter activity. In this regard, oligomerization may 

play a regulatory role. Reduced oligomerization leading to 

increased transport activity (Vmax) has been documented for 

other members of the MFS family including the plant phos-

phate transporter, Pht1,24 and the plant nitrate transporter 

NRT1.1.25 Once a substrate for MFSD1 can be identified, 

this will be an important question to be addressed. The gen-

eral folding of MFS proteins is well preserved and we, there-

fore, predicted the structure of MFSD1 using Phyre2 software 

with GLUT3 as a model (Figure 6D). Interestingly the FRET 

couple with C-terminally tagged mKATE2 and N-terminally 

tagged EGFP yielded higher FRET compared to C-terminally 

tagged mKATE2 and C-terminally tagged EGFP, indicating 

that the interaction likely occurs at the interface between the 

long C-terminal helix and the cytosolic N-terminal tail.

Interestingly, the expression of both MFSD1 and GLMP 

seem to be closely balanced, because a lack of sufficient amounts 

of one of the interaction partners leads to a linear decrease of the 

other interaction partner. These experiments suggest that the ex-

pression of both proteins must be highly regulated so that both 

are expressed in an equimolar ratio, or that GLMP is expressed 

in excess so that it is not limiting. Such an excess of GLMP 

could ensure quantitative delivery of MFSD1 to lysosomes. The 

stoichiometry (ie, if more than one molecule of one subunit is 

interacting with the other partner) of other couples of lysosomal 

membrane complexes (eg, CLCN-7 and OSTM1,26 SLC37A3 

and ATRAID8 or ABCD4 and LMBD110) and even the pos-

sibility of homodimerization of the transporting subunit has 

not yet been determined. It will be interesting in future studies, 

how these interacting-couples are regulated and if, similar to 

MFSD1 and GLMP, one of the interaction partners is limiting. 

This is particularly interesting for the disease-causing proteins 

like CLCN-7, OSTM1, and ABCD4/LMBD1, given that het-

erozygote mutations could already have a deleterious effect on 

the levels and possibly function of the other interacting subunit.
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