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Abstract

Mucolipidosis type IV (MLIV) is caused by loss of function mutations in the TRPML1 ion 

channel. We previously reported that tissue zinc levels in MLIV were abnormally elevated; 

however, the mechanism behind this pathologic accumulation remains unknown. Here, we 

identify transmembrane (TMEM)-163 protein, a putative zinc transporter, as a novel interacting 

partner for TRPML1. Evidence from yeast two-hybrid, tissue expression pattern, co-

immunoprecipitation, mass spectrometry, and confocal microscopy studies confirmed the physical 

association of TMEM163 with TRPML1. This interaction is disrupted when a part of TMEM163's 

N-terminus was deleted. Further studies to define the relevance of their interaction revealed that 

the plasma membrane (PM) levels of TMEM163 significantly decrease when TRPML1 is co-

expressed in HEK-293 cells, while it mostly localizes within the PM when co-expressed with a 

mutant TRPML1 that distributes mostly in the PM. Meanwhile, co-expression of TMEM163 does 

not alter TRPML1 channel activity, but its expression levels in MLIV patient fibroblasts are 

reduced, which correlate with marked accumulation of zinc in lysosomes when these cells are 

acutely exposed to exogenous zinc (100 μM). When TMEM163 is knocked down or when 

TMEM163 and TRPML1 are co-knocked down in HEK-293 cells treated overnight with 100 nM 

zinc, the cells have significantly higher intracellular zinc levels than untreated control. Overall, 

these findings suggest that TMEM163 and TRPML1 proteins play a critical role in cellular zinc 

homeostasis, and thus possibly explain a novel mechanism for the pathological overload of zinc in 

MLIV disease.
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Mucolipidosis type IV (MLIV; OMIM #252650) is a genetic disorder with clinical 

manifestations of progressive degeneration of neurons and retinal cells, cataract formation, 

achlorhydria with serum hypergastrinemia, and anemia (1). MLIV is caused by a mutation 

or deletion in the MCOLN1 gene (2), whose protein product, Transient Receptor Potential 

Mucolipin-1 (TRPML1), belongs to the TRP family of ion channel proteins (3). TRPML1 is 

widely expressed in tissues and organs (4, 5). It is a lysosomal membrane protein associated 

with metal homeostasis, endosomal-lysosomal biogenesis, maintenance of lysosomal 

maturation and pH, lipid metabolism, membrane trafficking, and autophagy (6-13). 

TRPML1 contains six predicted transmembrane (6TM) domains with channel features 

showing inward rectification, and non-selective permeability to calcium (Ca2+), zinc (Zn2+), 

iron (Fe2+), and manganese ions (Mn2+) (4, 11, 14). The general phenotypic characteristics 

of neurons and other cell types affected in MLIV include large hyperacidic lysosomes, 

accumulation of membranous lamellar vacuoles, mitochondrial fragmentation, and abnormal 

autophagy (8-10, 15). More recently it was found that abnormal levels of specific trace 

metals have been implicated as a potential contributing factor to disease phenotype and 

progressive cell degeneration in MLIV (11, 12).

We previously reported that Zn2+ levels are significantly elevated in the post-mortem brains 

of TRPML1-null mice using inductively-couple plasma mass spectrometry (ICP-MS) and in 

cultured MLIV patient fibroblasts using N-(6-methoxy-8-quinolyl)-p-toluenesulfonamide 

(TSQ) fluorometric assay (12). Using the TSQ assay, we also found that RNA interference 

(RNAi)-induced knock down of endogenous TRPML1 protein levels in human embryonic 

kidney (HEK)-293 cells results in accumulation of intracellular Zn2+ that is highly 

prominent within enlarged lysosomes in the absence of exogenous zinc exposure. Recently, 

Kukic et al. (2013) (13) confirmed our observation using RNAi of TRPML1 in HeLa cells; 

however, they only observed intracellular zinc accumulation in enlarged lysosomes of 

TRPML1 knocked down cells upon exposure with 100 μM zinc for 48 hours. Furthermore, 

the authors implicated the vesicular zinc transporter (ZnT)-4, but not ZnT2, with regard to 

the regulation of zinc translocation between the lysosomes and cytoplasm when TRPML1 is 

knocked down (13). Overall, these findings indicate that the functional loss of TRPML1 

protein is directly coupled to intracellular Zn2+ homeostasis in the cytosol and lysosomes. 

These observations impact our understanding of MLIV pathology, because the brain 

contains a sizeable amount of a chelatable zinc pool that is co-released with glutamate in the 

synapse during normal neuronal communication (16). When this pool of chelatable zinc is 

not properly buffered and is released uncontrollably (through oxidative stress, ischemia, or 

trauma), it kills neurons and glial cells by apoptosis or necrosis (17-22). Thus, protein 

transporters tightly control cerebral zinc release within the neuronal synapse, while cytosolic 

zinc levels taken up by neurons are mostly sequestered by zinc-binding proteins such as 

Metallothionein (MT) (17, 23). During pathological events, however, cytoplasmic zinc 

overload accumulates in the lysosomes (24-26), possibly as a protective response to 

temporarily store the ions until the cells could produce more MT, or through lysosomal 

exocytosis as recently reported by Kukic et al. (2014) (27).

In this report, we identified transmembrane (TMEM)-163 protein as a novel interaction 

partner for TRPML1 ion channel. TMEM163, also known as synaptic vesicle 31 (SV31), 

was first identified by proteomics of rodent brain synaptosomes (28). It was observed to 
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bind zinc and was detected in certain glutamatergic and γ-aminobutyric acid (GABA)-ergic 

neuronal populations (28, 29). Our analysis shows that human TMEM163 transcripts are 

detected in many tissues, which coincides well with TRPML1 expression (30), notably in 

the brain, lung and testis. We observed that TMEM163 mRNA and protein expression levels 

are reduced in MLIV fibroblast cells, which correlates with increased lysosomal zinc levels. 

Meanwhile, co-expression of TMEM163 with a PM-variant of TRPML1 and cell surface 

biotinylation of TMEM163 with wild-type TRPML1 revealed that the ion channel 

influences the subcellular distribution of TMEM163. We then found that RNAi of 

TMEM163, or RNAi of both TMEM163 and TRPML1 results in a significant elevation of 

intracellular zinc levels, which further supports our observations in MLIV fibroblast cells. 

Thus, we propose that both TMEM163 and TRPML1 proteins serve to regulate intracellular 

chelatable Zn2+ distribution in the cytoplasm and vesicular compartments such as lysosomes 

and synaptic vesicles. Our findings reveal for the first time the possible mechanism behind 

the perturbation of intracellular zinc levels in MLIV disease.

Results

The split-ubiquitin membrane-based yeast two-hybrid (mb-YTH) assay is a genetic method 

for in vivo detection of membrane protein interactions that is based on the reconstitution of 

ubiquitin molecule in Saccharomyces cerevisiae (31). Using mouse Trpml1 cDNA as bait, 

we identified one independent clone of transmembrane (Tmem)-163 as an interactor of 

Trpml1. Vector sequencing revealed that the Tmem163 clone that bound Trpml1 was not a 

full-length sequence, but it contained a portion of the N-terminus region, the predicted 

transmembrane domains, and the C-terminus region. The positive controls, Fur4-NubI and 

Ost1-NubI, showed growth of yeast expressing the bait, but not the negative controls Fur4-

NubG, Ost1-NubG, and NubG (Figure 1A). To further show the specificity of the Trpml1-

Tmem163 interaction, we used mouse Trpml3 cDNA as bait and found that Tmem163 did 

not interact with Trpml3 (Supplemental Figure S1A). Trpml3, however, exhibited a non-

specific interaction with the negative controls, Fur4-NubG and Ost1-NubG, but not with 

NubG.

To validate the Trpml1-Tmem163 interaction, we heterologously expressed Trpml1 and 

Tmem163 in HEK-293 cells, and upon co-immunoprecipitation (co-IP), we observed 

Tmem163 co-eluting with Trpml1 (Supplemental Figure S1B). To be certain of the identity 

of the protein co-eluting with Trpml1, we ran the eluted samples in a polyacrylamide gel, 

Coomassie stained it, and excised the corresponding band for mass spectrometry (MS). 

Bioinformatics analysis of the MS data confirmed the identity of Tmem163 co-eluting with 

Trpml1 (Supplemental Figure S1C). We then performed subcellular co-localization 

experiments using SH-SY5Y neuroblastoma cells by co-expressing Tmem163 and Trpml1 

each tagged with a fluorescent protein (Supplemental Figure S1D). We found that Tmem163 

partially co-localized with Trpml1 in vesicular structures, but that it was also detected within 

the plasma membrane.

We subsequently extended our study using human TMEM163 and TRPML1 expression 

constructs to ensure its relevance to MLIV. First, we analyzed the tissue mRNA levels of 

TMEM163 to gain more information about its possible function, and to determine if its 
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expression in human tissues overlaps with that of TRPML1. Using standard PCR and real-

time quantitative PCR, we found that the relative transcript expression of TMEM163 was 

widely distributed among the human tissues analyzed (Figure 1B) with the brain, lung, and 

testis having the highest relative mRNA levels (Figure 1C). This tissue distribution pattern 

of TMEM163 shared a close commonality with that of TRPML1 as previously reported by 

us (30).

To verify the interaction of TMEM163 and TRPML1, peptide-tagged constructs were 

heterologously expressed in HEK-293 cells. Co-IP of transfected cell lysates showed that 

TMEM163 and TRPML1 physically interacted with each other whether we 

immunoprecipitated TMEM163 (Figure 2A) or TRPML1 (Figure 2B). Additional co-IP 

control experiments using single transfection trials showed that the interaction between 

TRPML1 and TMEM163 was specific (Supplemental Figure S2A). We then used another 

lysosome-associated protein called TMEM176A, which we previously identified as a 

binding partner of TRPML2 through a genetic screen using mb-YTH. We co-

immunoprecipitated TMEM176A with TRPML2 (Supplemental Figure S2B) or TMEM163 

(Supplemental Figure S2C) and found that TMEM176A did not interact with TMEM163, 

but it interacted with TRPML2 as expected (positive control).

In order to show that the interaction between TRPML1 and TMEM163 occurs within the 

native cell environment, we first validated the specificity of the anti-TRPML1 monoclonal 

and anti-TMEM163 polyclonal antibodies used in the study. We tested both antibodies using 

over-expressed and endogenous protein samples (Supplemental Figures S3A and S2B, 

respectively). We found that both antibodies detected their corresponding native proteins. 

Co-IP of native TMEM163 and TRPML1 proteins using postmortem human cerebral cortex 

homogenates and HGT-1 gastric cell lysates confirmed the interaction between the two 

endogenous proteins (Figure 2C), and further substantiated the co-IP data we obtained from 

heterologous expression study.

To provide additional corroboration of our observations, we performed subcellular co-

localization studies of heterologously expressed TMEM163 and TRPML1 using primary 

human fibroblasts and HEK-293 cells. Confocal microscopy revealed that co-expressed 

fluorescent-tagged TRPML1 and TMEM163 partially co-localized within subcellular 

compartments with a punctate distribution pattern (Figure 3A). TMEM163 was observed 

within the plasma membrane (PM) and it also co-localized with lysosomal associated 

membrane protein 1 (LAMP1), a marker for late endosomes and lysosomes (28, 29, 32, 33). 

In HEK-293 cells, co-expression of TMEM163 with a TRPML1 mutant construct lacking 

the lysosomal targeting sequence (LTS) motif, we refer to as TRPML1(NC), produced a 

discernible increase in the localization of TRPML1 within the PM along with TMEM163 

(Figure 3A). To determine if TRPML1(NC) is affecting the co-localization of TMEM163 in 

HEK-293 cells, we quantified the subcellular co-localization of both proteins and found that 

75% of the cells (n = 50) have higher PM co-localization as exemplified by a representative 

image in Figure 3A. To ascertain the distribution levels of TMEM163 protein expressed in 

human fibroblast and HEK-293 cells, we counted the percentage of its vesicular co-

localization pattern when co-expressed with LAMP1, or with TRPML1. The data revealed 

that in fibroblasts, between 70-80% of TMEM163-positive vesicles were also positive for 
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TRPML1, or for the late endosomal and lysosomal marker, LAMP1. In HEK-293 cells, 

between 60-70% of TMEM163-positive vesicles were also positive for TRPML1 (Figure 

3B).

We were interested in investigating how might a physical interaction between TMEM163 

and TRPML1(NC) affect the function of this PM-variant ion channel. Given that the wild-

type (WT) TRPML1 protein is mostly detected in lysosomes, TRPML1(NC) made it easier 

for us to assess the potential effect of TMEM163 on its channel activity. We thus analyzed if 

TMEM163 influences the channel activity of TRPML1(NC), because we and others have 

previously reported that certain binding partners of TRP ion channels regulate their channel 

activity (34-37). We performed Fura-2 Ca2+-imaging studies in HEK-293 cells co-

expressing the TRPML1(NC) mutant and TMEM163 using a known TRPML1 small 

molecule activator, SF-22 (30) (Figure 3C). We observed that calcium influx mediated by 

TRPML1(NC) mutant was not significantly altered in the presence of TMEM163 when 

compared with the empty pcDNA vector control (Figure 3D). The specificity of SF-22's 

effect on TRPML1 is shown in Supplemental Figure S4.

To investigate the functional relationship between TRPML1 and TMEM163 proteins in the 

context of MLIV, we cultured MLIV patient fibroblast cells (GM02527 and GM02048) that 

are missing TRPML1 proteins (TRPML1−/− knockout), and a WT control (GM03440). We 

previously reported using spectrofluorometric assay that these MLIV patient cells have 

significantly higher levels of intracellular zinc (12). However, our previous analysis 

measured the total intracellular zinc levels based on the relative fluorescence produced by 

TSQ, a high affinity zinc-specific dye that only fluoresces when bound to zinc (38). To 

determine if zinc accumulates in the cytoplasm or lysosomes of the MLIV and WT control 

fibroblast cells used above, we performed confocal microscopy and analyzed FluoZin-3 

fluorescence in cells transiently exposed to exogenous zinc levels (100 μM ZnCl2 for 3 

hours), or untreated control. The cells not exposed to zinc allowed us to determine the 

possible contribution of autofluorescent lipofuscin structures typically seen in MLIV cells. 

We observed that in cells not exposed to zinc, MLIV fibroblast cells have more FluoZin-3-

positive vesicles compared to WT cells (Figure 4A). MLIV fibroblast cells not exposed to 

zinc have relatively less fluorescence than the MLIV cells incubated with exogenous zinc 

(Figure 4A, compare left panel versus right panel).

The prominent FluoZin-3-positive lysosomes in MLIV fibroblast cells, however, did not 

fully explain how TMEM163 might play its part in the abnormal accumulation of zinc, 

especially in the brain, where we previously observed abnormally high zinc levels in post-

mortem brain tissues of TRPML1−/− knockout (KO) mice (12). Since post-mortem brain 

tissues of TRPML1−/− KO mice or MLIV patients were not available, we analyzed the 

transcript and protein levels of TMEM163 using the same MLIV and WT control fibroblast 

cells. Our analyses revealed that the transcript (Figure 4B) and protein levels (Figures 

4C-4D) of TMEM163 were markedly reduced in MLIV as opposed to WT fibroblast cells as 

evidenced by real-time qPCR and Western blot (WB) techniques, respectively.

We then investigated the association between abnormal intracellular zinc levels and reduced 

TMEM163 expression in MLIV fibroblast cells using RNAi in HEK-293 cells. In this study, 
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we either knocked down or overexpressed TMEM163 and TRPML1 together, or 

individually. Twenty-four hours post-transfection, we exposed the cells for 24 hours to a 

very low amount of ZnCl2 (100 nM) to prevent cytotoxicity. Spectrofluorometric analysis of 

cells incubated with FluoZin-3 revealed that when TMEM163 is knocked down (KD), a 

significant increase in intracellular zinc levels was seen when compared with untreated 

control (Figure 5A). Co-knockdown (co-KD) of TMEM163 and TRPML1 also produced a 

significant increase in intracellular zinc levels when compared with untreated control. On 

the other hand, overexpression (OE) of TMEM163 produced a small, but not significant 

increase of FluoZin-3 fluorescence relative to untreated control. Co-OE of TMEM163 and 

TRPML1 produced a similar relative fluorescence to that of OE TMEM163, which was 

slightly higher than untreated control, but the value was not significant. Meanwhile, KD or 

OE of TRPML1 resulted in a relatively small, but not significant decrease of FluoZin-3 

fluorescence when compared with untreated control.

We then used the TSQ dye to verify the FluoZin-3 fluorometric data. Our results showed 

that the TSQ fluorescence confirmed a significant increase of intracellular zinc levels upon 

TMEM163 KD (Figure 5B). Note, however, that when TMEM163 and TRPML1 were co-

KD, the TSQ fluorescence exhibited a similar trend of increased intracellular zinc levels, but 

it was not significant due to higher variability in the assay. Nevertheless, the results obtained 

in our RNAi study support our observation that abnormal intracellular zinc accumulation is 

correlated with an apparent reduction of TMEM163 expression and simultaneous loss of 

TRPML1 function in MLIV patient fibroblast cells examined.

To further elucidate the biological mechanism behind the interaction between TRPML1 and 

TMEM163, we performed cell surface biotinylation of heterologously expressed TMEM163 

with or without co-expression of TRPML1 in HEK-293 cells. We found that when TRPML1 

is co-expressed with TMEM163, there was a significant reduction (50%) of TMEM163 

proteins that are present in the plasma membrane when compared to single TMEM163 

expression control (Figures 5C-5D). This result parallels the observed effect of 

TRPML1(NC) mutant on influencing the subcellular localization of TMEM163 when co-

expressed in HEK-293 cells (Figure 3A).

Finally, we sought to identify the region where TMEM163 could potentially bind TRPML1 

with the prospect of disrupting their interaction. TMEM163 is predicted to have cytoplasmic 

N- and C-termini with six transmembrane domains (Supplemental Figure S5). Since the C-

terminus region of TMEM163 was very short, we theorized that the binding region would be 

at the N-terminus of TMEM163. Using site-directed mutagenesis, we deleted the first 126 

base pairs (bp) and 213 bp of TMEM163's N-terminus region resulting in TMEM163-Δ42 

amino acid (AA) and TMEM163-Δ71 AA deletion mutants. Note that as a result of the 

deletion, the TMEM163-Δ71 AA mutant, but not the TMEM163-Δ42 mutant, is missing a 

predicted di-Leucine LTS motif (D/E)XXXLL (Supplemental Figure S5). Confocal 

microscopy analysis of both TMEM163 deletion mutants heterologously co-expressed with 

WT TRPML1 or TRPML1(NC) mutant in HEK-293 cells did not display overt differences 

in their subcellular distribution (Supplemental Figure S6). To determine if the TMEM163 

deletion mutants could still bind TRPML1, we performed a co-IP of TRPML1 with WT 

TMEM163, TMEM163-Δ42 deletion mutant, or TMEM163-Δ71 deletion mutant. We found 
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that removing the first 42 AA of TMEM163 reduced its interaction with TRPML1, while the 

loss of 71 AA in TMEM163 virtually eliminated its interaction with TRPML1 (Figure 5E). 

Thus, the binding region for TMEM163 is located at its N-terminus, which is between AA 

position 42 and 71.

Discussion

This study identified TMEM163 protein as a novel binding partner of the TRPML1 ion 

channel. We showed for the first time that the interaction of TRPML1 ion channel with 

TMEM163 protein might have a crucially important role in maintaining zinc homeostasis in 

a cell-type specific manner.

The widely distributed expression pattern of TMEM163 mRNA coincides well with 

TRPML1, making it more likely that their interaction is biologically relevant. In addition, its 

relatively high expression levels in the brain and its interaction with TRPML1 suggest that it 

could be a key player in MLIV neuropathology, since neurons are mostly affected in MLIV. 

Indeed, co-IP experiments using heterologous expression system, and native proteins from 

human gastric cells and postmortem human brain tissues verified the physical association 

between the two proteins.

Confocal microcopy experiments also established that TMEM163 is distributed on the PM 

and partially co-localizes with LAMP1-positive late endosomes or lysosomes and with 

TRPML1. This finding is further supported by the conspicuous di-Leucine LTS motif, (D/

E)XXXLL, present in the N-terminus region of both TRPML1 and TMEM163 proteins. For 

TRPML1, the N-terminus LTS motif has been reported to be essential for its direct targeting 

to the lysosomes, while another LTS motif located at the C-terminus is responsible for its 

internalization via the adaptor protein-2 pathway (39). It is interesting to note that if the loss 

of the LTS motif in TMEM163-Δ71 mutant had an effect, then it was very subtle because it 

appeared to be similarly distributed in cells overexpressing TMEM163-Δ42 and WT 

TMEM163 proteins (Supplemental Figure S6). The interaction between TRPML1 and 

TMEM163-Δ71 mutant, however, is abolished when compared to TMEM163-Δ42 or WT 

TMEM163 (Figure 5E). Taken together, these data imply that the loss of interaction between 

TMEM163-Δ71 and TRPML1 is not caused by a mis-localization of the TMEM163-Δ71 

deletion mutant, but rather due to its failure to physically bind the TRPML1 protein.

We previously reported that chelatable Zn2+ levels are elevated in brain tissues of 

TRPML1–/– KO mice or TRPML1–/– KO MLIV fibroblasts cells (12), however, our 

fluorometric analysis measures total intracellular Zn2+ levels and did not distinguish 

between cytoplasmic or lysosomal Zn2+ store. In the current study, our confocal microscopy 

data on MLIV and control fibroblast cells revealed that the distinct Zn2+ accumulation is 

mostly detected within the lysosomes of MLIV fibroblasts (Figure 4A). The magnitude of 

FluoZin-3 staining was more pronounced when these MLIV fibroblasts were exposed to 

exogenous zinc, which suggests that the loss of TRPML1 affects the ability of cells to 

extrude zinc from the lysosomal lumen into the cytosol or perhaps outside the cell due to 

reports that lysosomal exocytosis is impaired in MLIV (40, 41). On the other hand, WT 

control fibroblasts incubated with exogenous zinc did not show a considerable amount of 
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FluoZin-3 staining, suggesting that these cells have a mechanism to buffer or efflux excess 

luminal zinc. These results imply that lysosomal zinc accumulation in MLIV fibroblasts (or 

quite possibly in actual MLIV neurons) might be due to the failure of TRPML1 to extrude 

lysosomal Zn2+ for subsequent buffering by cytoplasmic MT proteins. Indeed, Kukic et al. 

(2013) (13) reported that the clearance of Zn2+ from lysosomes was severely affected when 

TRPML1 has been knocked down in HeLa cells. The authors noted that the luminal Zn2+ 

secretion (into the cytosol) was merely delayed, suggesting that a redundant lysosomal leak 

or active transport system yet to be identified mediates Zn2+ transport. On the other hand, 

the authors found that knocking down ZnT4 in TRPML1-deficient HeLa cells prevented 

lysosomal Zn2+ accumulation suggesting that this transporter is necessary for lysosomal 

Zn2+ uptake. One caveat in all these findings is the cell type- or tissue-specificity of ZnTx 

(where x denotes a family number), and Zrt-, Irt-like Protein (ZIP)x family of Zn2+ 

transporters (42, 43). A case in point, Kukic et al. (2013) failed to see an effect on lysosomal 

Zn2+ flux when they knocked down ZnT2 possibly due to its tissue-specific expression. 

Indeed, many ZIP and ZnT proteins have tissue-specific expression or cell-specific 

distribution patterns. For example, ZnT3 is exclusively found in synaptic vesicles of 

neurons, ZIP4 is present in the plasma membrane of enterocytes, and ZnT8 functions 

specifically in secretory granules of pancreatic β cells (42, 44). Taken together, the current 

observations suggest that TMEM163 and TRPML1, as well as other zinc transport proteins 

may play a crucial role in Zn2+ homeostasis in a tissue-specific manner.

The reduction of TMEM163 expression in MLIV fibroblasts correlates with the lysosomal 

zinc accumulation in these cells. Indeed, the FluoZin-3 assay showed that RNAi of 

TMEM163 alone, and co-knockdown of TMEM163 and TRPML1 resulted in significant 

elevation of intracellular Zn2+ levels. While the TSQ assay confirmed the statistical 

significance of increased intracellular zinc levels, the co-knockdown of both proteins was 

not significant in this assay due to higher variability of the experimental trials. Despite this 

result, the FluoZin-3 data are more reliable because this dye readily binds labile (free) or 

chelatable zinc, whereas TSQ tends to bind zinc that is also bound to proteins such as MT 

(45). Indeed, the magnitude of the relative fluorescence units (RFUs) obtained in the 

FluoZin-3 assay is considerably smaller than that of the TSQ assay, suggesting that other 

zinc-bound proteins may have contributed to the RFUs obtained from the TSQ assay. 

Nevertheless, the numerical trend is very similar between the two assays.

It is intriguing that the zinc levels in TRPML1 KD did not increase more than the control, 

despite our previous report that intracellular Zn2+ levels increased upon TRPML1 KD in 

HEK-293 cells using the TSQ assay (12). We can only speculate that lot-to-lot variation and 

differences in the origin of fetal bovine serum (FBS) could be the mitigating factor that 

influenced our previous work, since Zn2+ concentration in FBS has been reported to be at 

the micromolar range (46). Moreover, the discrepancy between our previous TRPML1 KD 

data and the current TRPML1 KD observation suggests that TSQ may also be a confounding 

factor as it detects both free and protein-bound Zn2+ (45). FluoZin-3 is thus a better 

fluorescent stain to reliably determine changes in intracellular labile Zn2+ concentration. It is 

worth noting that Kukic et al. (2013) have reported that TRPML1 KD in HeLa cells do 

exhibit enlarged lysosomes that accumulate Zn2+ after 48 hours of exogenous zinc exposure 

(13), which supported our previous report overall.
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The protein responsible for the membrane trafficking of TMEM163 from the PM to the 

lysosomes is not known. Interestingly, our observation that the subcellular distribution of 

TMEM163 parallels that of the TRPML1(NC) PM-variant suggests that WT TRPML1 could 

influence the localization of TMEM163. Remarkably, our cell surface biotinylation data 

indicate that this is the case, since a 50% decrease in TMEM163's PM localization was seen 

when it was co-expressed with TRPML1 (Figure 5C). This result is in agreement with our 

previous finding that TRPML1 affects the trafficking of another interaction partner, 

TRPML3 (30). Furthermore, Venkatachalam et al. (2006) have shown that TRPML1 also 

affects the lysosomal localization of TRPML3 when both proteins are heterologously co-

expressed (47). Whether these observations are an artifact of overexpression, or an actual 

biological function of TRPML1 remains to be elucidated.

In conclusion, the interaction of TMEM163 with TRPML1 ion channel appears to impact 

Zn2+ metabolism in cells. This study provides further evidence in support of our theory that 

abnormal cellular Zn2+ levels may be a contributing factor to the progressive neuronal and 

retinal degeneration in MLIV. Zinc is an important trace element, but at high levels, it is 

cytotoxic (24, 26, 48-50). Although the use of zinc-specific chelating agents may have the 

potential to abrogate the negative effects of Zn2+ imbalance in certain vulnerable cells, 

further research is needed in order to establish if metal chelation is indeed a promising 

therapy for MLIV due to metal specificity issues of many chelating agents.

Materials and Methods

Split ubiquitin membrane-based yeast two-hybrid (mb-YTH) assay

The split-ubiquitin mb-YTH technique was done using the dual membrane kit offered by 

DualSystems Biotech (Zurich, Switzerland). The mb-YTH assay is a genetic method that 

allows two-hybrid analysis of full-length integral membrane proteins as opposed to 

traditional YTH, because membrane proteins are not targeted to the nucleus. The mb-YTH 

data from this study arose from a group collaboration to confirm candidate interaction 

proteins recently published by Spooner et al. (51), in which Vergarajauregui et al. (33) 

confirmed one of the candidates as a Trpml1 interaction partner. The bait plasmids were a 

kind gift of Dr. Hanna (Johnny) Fares (Univ. of Arizona). The prey vectors (pPR3-N) came 

from a mouse kidney library that was also purchased from DualSystems Biotech. The 

expression vectors of mouse pBT3-Trpml1-Cub-LexA-VP16 and NubG or NubI-fusions 

were transformed into the yeast strain NMY51 [MATa his3delta200 trp1-901 leu2-3,112 
ade2 LYS2::(lexAop)4-HIS3 ura3::(lexAop)8-lacZ (lexAop)8-ADE2 GAL4)]. The 

transformants were selected on –leu –trp (–LT) plates. We used equal numbers of cells from 

each transformation and spotted samples on –leu –trp, and high stringency –leu –trp –ade –

his (–LTAH) plus 3-Amino-1,2,4-triazole (5 mM; 3-AT) agar plates. The plates were placed 

at 30°C and colony growth was scored on the fourth day. Positive colonies were picked and 

grown in shaking culture. The plasmid DNA from each positive clone was extracted, and 

sent for sequencing (Sequetech, Mountain View, CA). We used BLAST (NCBI) to identify 

the identity of each interactor. (51)
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Recombinant DNA and RNA interference (RNAi) constructs

We cloned mouse Tmem163 from a brain cDNA library into pDsRed (Clontech, Mountain 

View, CA) or pmCherry-N1 vector (red fluorescent protein tag, a kind gift from Dr. Roger 

Tsien, UC San Diego). The mouse Trpml1 in pEGFP-C3 (green fluorescent protein tag) 

vector was a generous gift from Dr. Hanna (Johnny) Fares (Univ. of Arizona). Mouse 

Trpml1 was subcloned into a Hemagglutinin (HA) peptide tag, while Tmem163 was cloned 

into Myc tag and red fluorescent protein (RFP) tag vectors. The human pCMV6-TMEM163-

GFP and pCMV6-TRPML1-DDK (flag peptide tag) constructs were purchased from 

OriGene Technologies (Rockville, MD). We subcloned the human TMEM163 cDNA into 

pCMV6-AC-DDK (Flag peptide tag), pCMV6-AC-HA, or pmCherry-N1 vector, while the 

human TRPML1 cDNA was subcloned into pmCherry-N1 or pCDNA-YFP (yellow 

fluorescent protein tag) vector. We created the human TRPML1(NC)-YFP mutant by 

deleting the lysosomal targeting sequence (LTS) containing the di-Leucine motif at both the 

5′ and 3′ ends of the ORF (30). This mutant is mostly localized in the plasma membrane. We 

created two N-terminus deletion mutants of human TMEM163 that were missing 42 (Δ42) 

and 71 (Δ71) amino acids using the In-Fusion® HD mutagenesis kit (Clontech, Mountain 

View, CA). For the sequence map of TMEM163, please refer to Supplemental Figure S5. 

We verified all expression constructs by DNA sequence analysis prior to use (Retrogen, San 

Diego, CA).

We purchased and validated the effectiveness of a short hairpin RNA (shRNA, 29-mer; 

OriGene Technologies) vector targeting human TMEM163 (Supplemental Figure S7). The 

most effective TMEM163 shRNA vector was subsequently used in this study. The shRNA 

vector targeting human TRPML1 has been previously reported by our laboratory (5, 12). 

Negative shRNA and scrambled controls were included in all experiments.

Standard polymerase chain reaction (PCR) and real-time quantitative PCR (qPCR)

Both standard PCR and real-time qPCR reactions were done as previously described (52) 

with minor modifications appropriate for this study. For these experiments, the human 

cDNA tissue samples were commercially purchased (Clontech, Mountain View, CA). The 

multiple tissue cDNA (MTC) human panels I and II contain the following samples: brain, 

thymus, heart, lung, liver, spleen, pancreas, small intestine, colon, kidney, skeletal muscle, 

prostate, ovary, testis, placenta, and peripheral blood leukocyte (PBL). The manufacturer 

has normalized the MTC panels against four housekeeping genes (α-tubulin, β-actin, 

GAPDH, and phospholipase A2) and with each other for accuracy. Supplemental Table S1 

outlines the standard and quantitative PCR primer sets used to amplify human TMEM163, 

18S ribosomal RNA, and GAPDH.

The human TMEM163 open-reading frame (ORF) is 870 bp and contains a high G/C 

content at its 5′ end. Addition of dimethyl sulfoxide to the PCR reaction generated highly 

specific amplicons of TMEM163. To be absolutely certain, we sent purified PCR products 

from randomly selected tissues for DNA sequencing (Sequetech, Mountain View, CA), and 

subsequently confirmed that the PCR amplicons were in fact TMEM163. For our controls, 

human GAPDH was used as loading control to compare relative band intensities resulting 
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from the standard PCR experiments. Water was used as negative control, while the pCMV6-

TMEM163-GFP clone was used as positive control.

We extracted total RNA using Tri-Zol (Life Technologies) and used the Revert-Aid cDNA 

synthesis kit (Thermo Scientific, Waltham, MA) to obtain cDNAs. The cDNAs were stored 

at -20 °C until it was ready for use in the qPCR studies. For the human fibroblast study 

quantifying the endogenous TMEM163 transcripts, we processed MLIV and WT control 

cells as above, and stored the cDNA at -20 °C for subsequent qPCR experiments.

For the real-time qPCR studies, we followed the Minimum Information for Publication of 
Quantitative Real-Time PCR Experiments (MIQE) guidelines (53) using a CFX96 

thermocycler (Bio-Rad, Hercules, CA). We used the Livak method (2−ΔΔCq) to analyze all 

qPCR data in which the quantitative cycle (Cq) values obtained from human 18S rRNA was 

used as the reference gene (normalizer) due to its robust expression across many tissues and 

cell lines (54) and represented as normalized relative expression levels that were calibrated 

to PBL (value = 1) for the MTC panel, and non-MLIV control fibroblast (value = 1) for the 

fibroblast experiments. All qPCR reactions were done in triplicate using the SYBR 

SensiMix No Rox reagent (Bioline USA, Taunton, MA) with the following parameters: 10 

min at 95 °C, and 40 cycles for 15 sec at 95 °C, 30 sec at 58 °C and 30 sec at 72 °C. Melt 

curve analysis was done at the end of each run to track the specificity and reliability of the 

PCR reaction. All three independent trials in the study included a standard curve with a 

correlation coefficient (R2) value of 0.99 ± 0.02 (mean ± SEM). The qPCR efficiencies for 

each primer set were (mean ± SEM): TMEM163 = 99.8 ± 1.47 % and 18S rRNA = 92.1 ± 

0.06 %.

Co-immunoprecipitation (co-IP) and Western blot

We performed co-IP experiments using either the Dynabeads (Life Technologies) for mouse 

proteins, or Pierce Co-IP kit (Thermo Scientific) and immobilized agarose beads (Novus 

Biologicals, Littleton, CO) for human proteins. All treated and control samples were 

processed as previously described (52) with minor modifications appropriate for this study. 

Specifically, HEK-293 cells were transfected with TMEM163-HA, TRPML1-DDK, or both 

constructs using Turbofect (Thermo Scientific), and cultured for 48 hours. The negative 

controls used in the study included no-antibody incubation, untransfected cells, and single 

cDNA plasmid transfection. We also performed a reverse co-IP to validate our findings, and 

run a WB to show the specificity of the antibodies used in the experiments (Supplemental 

Figure S3). Additional co-IP control experiments were done with TMEM163-HA and 

another lysosome-associated protein, TMEM176A-DDK to show the specificity of 

interaction between TRPML1 and TMEM163. We used human TRPML2-DDK and 

TMEM176A-HA as a positive control, since we have initially identified these proteins as 

interactors through a genetic screen using mb-YTH assay (Supplemental Figure S2). To 

determine the binding region within TMEM163, we deleted the N-terminus as described 

earlier and performed co-IP of the deletion mutants and WT TRPML1.

To analyze endogenous TRPML1-TMEM163 interaction, we used postmortem human 

cerebral cortex tissues obtained from the Alzheimer's Disease Research Center (ADRC) of 

Southern California Brain Bank. The brain tissues were pulverized and homogenized in 
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buffer containing 25 mM Tris-HCl pH 7.4, 150 mM NaCl, 1 mM EDTA, 1% Nonidet P-40 

and 5% glycerol, 1 mM phenylmethylsulfonyl fluoride (PMSF) and protease inhibitor 

cocktail (PIC) (Thermo Scientific). We also used cell lysates from HGT-1 human gastric 

cell line (a kind gift from Dr. Ehud Goldin, NIH/NHGRI) to provide additional evidence for 

endogenous protein-protein interaction. All cell lysates or tissue homogenates were 

incubated with the specific antibody for co-IP, immunoblotted, and scanned using a LI-COR 

Biosciences (Lincoln, NE) Odyssey SA™ infrared (IR) scanner.

The IP and Western blot antibodies were obtained from: Sigma (St. Louis, MO), anti-HA 

(1:1000) monoclonal antibody (mAb) and anti-TRPML1 (1:500) mAb; OriGene 

Technologies, anti-DDK (1:1000) mAb; and Novus Biologicals, anti-HA (1:1000) 

polyclonal antibody (pAb), anti-TMEM163 (1:500) pAb, anti-Trpml1 (1:500) pAb, and β-

actin (1:500) mAb or pAb. Supplemental Figure S3 confirmed the specificity of anti-

TRPML1 and anti-TMEM163 antibodies against endogenous and overexpressed TRPML1 

and TMEM163 proteins, respectively. Secondary IR-Dye™ 800CW-conjugated antibodies 

(1:15000) were purchased from LI-COR Biosciences. Integrated density values (IDV) of 

protein gel band intensities were analyzed and calculated using NIH ImageJ software. The 

IDV were normalized against beta-actin. Student's t-test (paired, two-tailed) was used to 

determine statistical significance of the data (p-value was set at p < 0.05).

Human cell lines and primary MLIV and control fibroblast cell cultures

All cells were cultured and maintained in a standard 37° C incubator supplied with 5% CO2. 

Human embryonic kidney (HEK)-293 cells were maintained in Dulbecco's Modified Eagle's 

Media (DMEM; Mediatech, Manassas, VA) supplemented with 10% fetal bovine serum 

(FBS) and 1% pen-strep antibiotics. This cell line was used for heterologous overexpression 

of epitope-tagged constructs for co-IP experiments, fluorometric assay and confocal 

microscopy.

Human fibroblast cells from MLIV patients (GM2527, GM2408) and normal control 

(GM3440) were obtained from Coriell Cell Repositories (Camden, NJ). The cells were 

maintained in DMEM supplemented with 15% FBS plus 1% pen-strep antibiotics. These 

primary cells were used for TMEM163 mRNA and protein expression analyses, and for 

FluoZin-3 confocal microscopy. The qPCR data analyzing mRNA levels from these cells 

were calculated and analyzed for statistical significance using Student's t-test (paired, two-

tailed; significance level was set at p < 0.05).

Human SH-SY5Y neuroblastoma cells were obtained from American Type Culture 

Collection (Manassas, VA) and maintained in 1:1 Minimum Essential Medium/Ham's F12K 

supplemented with 10% FBS plus 1% pen-strep antibiotics. To obtain a mature phenotype, 

the SH-SY5Y cells were differentiated with retinoic acid (5 μM) and cholesterol (5 μg/mL) 

for 1-2 weeks prior to use (55). The mature neuroblastoma cells were used for confocal 

microscopy.

Confocal microscopy analysis

For confocal microscopy, human fibroblasts, HEK-293 cells, or differentiated SH-SY5Y 

neuroblastoma cells were transfected with fluorescent-tagged constructs of TMEM163 and 
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TRPML1, fixed with 4% paraformaldehyde, mounted, treated with ProLong Gold anti-fade 

reagent, and then analyzed for confocal microscopy (Leica TCS SP2 laser-scanning system). 

For the analysis of intracellular zinc using FluoZin-3, cultured MLIV patient and control 

fibroblast cells were either exposed to ZnCl2 (100 μM) for 3 h or not exposed. Cells 

incubated with exogenous zinc were washed twice with 1X phosphate buffered saline (PBS). 

The cells were then incubated with 1 μM of FluoZin-3 and Lysotracker™ Red (Life 

Technologies, Carlsbad, CA) for 30-60 min, washed twice with PBS, fixed with 4% 

paraformaldehyde, and then analyzed for imaging.

Mass Spectrometry (MS) and Bioinformatics analyses

To further validate our co-IP results, we run the samples on a polyacrylamide gel, washed 

the gel with PBS, and stained it with SimplyBlue™ Safe Stain (Life Technologies) 

according to the manufacturer's recommendation. We then excised gel bands from the eluted 

co-IP samples as previously described (52). The samples were sent to the Stanford 

University Mass Spectrometry Core facility (Stanford, CA) for liquid chromatography (LC)-

MS/MS analysis. The data were analyzed using the Scaffold 3 software (Proteome Software, 

Portland, OR).

Calcium (Ca2+)-imaging assay and electrophysiology using agonist-induced TRPML1 
channel activation

We used the human TRPML1(NC)-YFP mutant because this mutant is mostly localized in 

the plasma membrane, and is thus ideal for calcium imaging technique. Measurements of 

intracellular calcium concentration [Ca2+]i with the fluorescent indicator Fura-2-AM (Life 

Technologies) were performed as described (4) using a monochromator-based imaging 

system (Polychrome V monochromator, TILL Photonics). HEK-293 cells, plated onto glass 

coverslips, were loaded with 4 μM Fura-2-AM in a standard bath solution containing 138 

mM NaCl, 6 mM KCl, 2 mM MgCl2, 2 mM CaCl2, 10 mM HEPES, and 5.5 mM D-glucose 

(adjusted to pH 7.4 with NaOH). The cells were then activated with 10 μM of the TRPML1 

activator, SF-22 (5-chloro-N-(2-piperidin-1-ylphenyl)thiophene-2-sulfonamide).

To test the specificity of SF-22, whole-lysosome planar patch-clamp was done as described 

previously (56). We used 1 μM vacuolin-1 overnight to enlarge the lysosomes of HEK-293 

cells heterologously expressing TRPML1-YFP and negative control, as well as MLIV 

patient (TRPML1−/− knockout) and wild-type (WT) control fibroblast cells (11, 56, 57). No 

differences in TRPML1 channel property have been reported using vacuolin-1 enlarged 

lysosomes (> 5 μm) (11). The planar patch-clamp technology combined with a pressure 

control system and microstructured glass chips containing an aperture of ∼1 μm diameter 

(resistances of 10-15 MΩ) (Port-a-Patch, Nanion Technologies) were applied as described 

(56). Currents were recorded using an EPC-10 patch-clamp amplifier and PatchMaster 

acquisition software (HEKA). Data were digitized at 40 kHz and filtered at 2.8 kHz. 

Cytoplasmic solution contained 60 mM KF, 70 mM K-MSA (methanesulfonate), 0.2 mM 

Ca-MSA, 10 mM HEPES (pH adjusted with KOH to 7.2). Luminal solution contained 60 

mM Ca-MSA, 70 mM K-MSA, 10 mM HEPES (pH adjusted with MSA to 4.6). Liquid 

junction potential was corrected. The membrane potential was held at -60 mV, and 500 ms 

voltage ramps from -200 to +100 mV were applied every 5 sec due to the presence of high 
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luminal calcium to ensure giga seals when performing whole-lysosomal patch-clamp on the 

port-a-patch system (56), the inward currents are less rectifying and reverse at more positive 

potentials in TRPML1-expressing HEK-293 cell system (14). All recordings were obtained 

at room temperature and were analyzed using PatchMaster (HEKA) and Origin 6.1 

(OriginLab) software.

Spectrofluorometric analysis of intracellular zinc

HEK-293 cells were plated on a 96-well culture plate treated with poly-D-lysine. The cells 

were transfected with either an RNAi knockdown (KD) or an overexpression (OE) plasmid, 

namely: KD TMEM163 or KD TRPML1, and OE TMEM163 or OE TRPML1. Double 

transfections were done as either combined KD (co-KD TMEM163-TRPML1) or combined 

OE (co-OE TMEM163-TRPML1). Twenty-four hours post-transfection, we incubated the 

cells with low levels of ZnCl2 (100 nM) to prevent cytotoxicity and saturation of 

fluorometric readings done the following day (n = 6 independent trials). The cells were 

analyzed for intracellular Zn2+ fluorescence using the membrane permeable zinc-specific 

fluorescent dyes, FluoZin-3 (Kd ∼15 nM; ex = 494 nm, em = 516 nm) and TSQ (N-(6-

methoxy-8-quinolyl)-p-toluene sulfonamide; Kd ∼10 nM; excitation = 380 nm, emission = 

495 nm; AnaSpec, Fremont, CA). A membrane impermeable FluoZin-3 was used as 

negative control. TSQ and FluoZin-3 only fluoresces when bound to Zn2+ (38), thereby 

providing an excellent method to assess changes in intracellular Zn2+ levels. One caveat is 

that TSQ forms a ternary complex with zinc-bound proteins (45), while FluoZin-3 binds 

more specifically to labile (free) or chelatable zinc. To obtain relative fluorescence units 

(RFUs) for analysis, we subtracted background fluorescence (blank) from each treatment.

Cell surface biotinylation

HEK-293 cells were transfected with TMEM163-HA, TRPML1-DDK, or combined 

TMEM163-HA and TRPML1-DDK. Twenty four hours post-transfection, the cells were 

washed two times with 10 ml of ice-cold PBS-CM (1X PBS, 0.5 mM CaCl2, 1 mM MgCl2, 

pH 8.0) and incubated with 1 ml of freshly prepared Sulfo-NHS-LC-LC-Biotin solution 

(Thermo Scientific; 0.5 mg/ml in PBS-CM) for 30 min at 4°C. The cells were washed twice 

with 10 ml of PBS-CM containing 0.1% BSA to terminate and quench any unbound Sulfo-

NHS-LC-LC-Biotin. The cells were lysed for 1 h at 4°C with 1 ml of lysis buffer (PIC, 150 

mM NaCl, 5 mM EDTA, 1% Nonidet P-40, 50 mM Tris, pH 7.5). The lysates were 

centrifuged at 14,000 rpm for 15 min at 4°C. An aliquot (1-5%) was taken from each sample 

to normalize total protein (input) for each treatment. The neutravidin beads (Thermo 

Scientific) were equilibrated in lysis buffer, added to normalized protein samples (1000 mg/

ml), and incubated overnight at 4°C. The samples were washed five times with lysis buffer, 

incubated in 50 μl Laemmli buffer for 30 min at 37 °C, and eluted by low speed 

centrifugation. The samples were immunoblotted with primary anti-HA mAb or anti-DDK 

mAb, and secondary mouse IR-Dye 800CW. The blots were then scanned using the Odyssey 

SA™ infrared imaging system (LI-COR Biosciences). The IDV of the relative band 

intensities for TMEM163 and TMEM163 plus TRPML1 were analyzed and calculated using 

the NIH ImageJ software. The IDV of monomeric TMEM163 upper band was normalized 

with the monomeric lower band (n = 3 independent trials). Student's t-test (paired, two-

tailed) was used to determine statistical significance of the data (p-value was set at p < 0.05).
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Synopsis

Elevated cellular zinc levels are correlated with MLIV disease. We discovered that 

TRPML1 interacts with TMEM163. RNA interference of TMEM163, or TMEM163 and 

TRPML1 in cultured HEK-293 cells significantly increased intracellular zinc levels. This 

result paralleled a reduction of TMEM163 and zinc accumulation in MLIV patient 

fibroblast cells. Overall, these data suggest that TRPML1 and TMEM163 play a role in 

cellular zinc homeostasis, in which disruption of their function potentially contributes to 

MLIV pathology.
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Figure 1. Membrane-based yeast two-hybrid assay and tissue expression pattern analysis of 
TMEM163 transcripts using human adult multiple tissue cDNA (MTC) panel
A) NMY51 yeast cells carrying the indicated constructs were spotted on −leu −trp (−LT) 

agar plates that select for expressed plasmids, or high stringent −leu −trp −ade −his 

(−LTAH) plus 5 mM 3-AT agar plates that assay for interaction with mouse Trpml1-Cub. 

Tmem163-NubG was confirmed to bind and complement Trpml1-Cub as evidenced by 

complete growth in the high stringent –LTAH selection plate. NubG, Fur4-NubG, and Ost1-

NubG are negative controls; Fur4-NubI and Ost1-NubI are positive controls. B) Standard 

RT-PCR analysis of human TMEM163 transcripts using the normalized MTC panel 
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described in the Materials and Methods section. The primer set used for this experiment was 

the same as the qPCR primers shown on Supplemental Table S1. The TMEM163 amplicon 

size is 167 bp. No template control (H2O) represented the negative control, while pCMV6-

GFP-TMEM163 and non-normalized pooled cDNA were used as positive controls. The 

housekeeping gene, GAPDH, was used as an internal loading control. C) Real-time qPCR 

analysis of human TMEM163 using the same MTC panel. Real-time qPCR was analyzed as 

described in the Materials and Methods section. The housekeeping gene, 18s rRNA, was 

used as a reference (normalizer), and the peripheral blood leukocyte tissue was used as a 

calibrator (value = 1). Data are represented as mean ± SEM (n = 3). AU, arbitrary unit; bp, 

basepair.
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Figure 2. Biochemical studies of the interaction between human TMEM163 and TRPML1 
proteins
A) Representative Western blot (WB) image of heterologously expressed human 

TMEM163-HA and TRPML1-DDK showing that TRPML1 co-eluted upon co-IP with 

TMEM163 protein. Arrowheads indicate the TRPML1 protein in monomeric and multimeric 

forms. I, input; W, wash; E, elution; IP, immunoprecipitation; mAb, monoclonal antibody; 

pAb, polyclonal antibody. B) Representative WB image of heterologously expressed human 

TMEM163-HA and TRPML1-DDK showing that TMEM163 co-eluted upon co-IP with 

TRPML1 protein. Arrowheads indicate monomeric and dimeric forms of TMEM163. Note 

that the monomeric form of TMEM163 appears as a doublet band. The top monomeric band 

is presumably due to post-translational modification. C) Representative WB image of native 

TMEM163 and TRPML1 proteins from postmortem human cerebral cortex homogenates 

(left panel) and human HGT-1 gastric cell line lysates (right panel). The no-antibody (No 

Ab) negative control showed that the beads do not bind to endogenous TRPML1 non-

specifically. Using both human brain tissue and gastric cell samples, the data show that the 
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anti-TRPML1 mAb elutes endogenous TRPML1. Similarly, the co-IP of endogenous 

TMEM163 protein with anti-TMEM163 pAb co-eluted the endogenous TRPML1 protein as 

evidenced by WB using anti-TRPML1 mAb. This result further confirms the physical 

interaction between native TMEM163 and TRPML1 proteins.
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Figure 3. Analyses of the subcellular distribution of co-expressed TRPML1 and TMEM163 
proteins and the effect of their interaction on TRPML1 channel function
A) Representative laser scanning micrographs showing subcellular co-localization of 

TRPML1-YFP and TMEM163-mCherry upon heterologous expression in human primary 

fibroblast cells (top panel) and HEK-293 cells (bottom panel). TMEM163-mCherry partially 

co-localized with TRPML1-YFP and LAMP1-YFP (a marker for late endosomes and 

lysosomes). TMEM163 localized on the plasma membrane, but also exhibited a punctate 

distribution pattern with either TRPML1 or LAMP1. In HEK-293 cells, co-expression of 

TMEM163-mCherry with the TRPML1(NC)-YFP construct mutant lacking the N- and C-

terminal lysosomal targeting sequence motifs showed a more pronounced localization 

pattern in the plasma membrane compared to wild-type (WT) TRPML1-YFP. Scale bar: 20 

μm. B) Cell count showing the percentage of vesicular co-localization pattern between co-

expressed TMEM163 plus LAMP1, and TMEM163 plus TRPML1 (for both human 
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fibroblast and HEK-293 cells). The data showed that 70-80% of TMEM163 co-localized 

with LAMP1 and TRPML1 in late endosomes and lysosomes of fibroblast cells, while 

60-70% of TMEM163 co-localized with TRPML1 in late endosomes and lysosomes of 

HEK-293 cells (n = 50 cells). C) Two representative Fura-2 calcium imaging traces of co-

expressed TRPML1(NC)-YFP mutant and TMEM163-mCherry in HEK-293 cells (top 
panel) compared to TRPML1(NC)-YFP co-expressed with empty pCDNA 3.1 vector in 

HEK-293 cells (bottom panel). The TRPML1(NC) mutant construct has higher plasma 

membrane distribution and is thus, ideal for calcium imaging studies. The transfected cells 

were activated with 10 μM of the TRPML1 activator, SF-22 (5-chloro-N-(2-piperidin-1-

ylphenyl)thiophene-2-sulfonamide). D) Graphical summary of the calcium imaging 

experiments, which demonstrated that co-expression of TMEM163 with TRPML1 resulted 

in a modest reduction of calcium entry, albeit not significant. Untransfected control cells on 

the same cover slip did not respond to SF-22 stimulation. Data shown are mean ± SEM 

values of 5-10 cells for each treatment condition.
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Figure 4. Inverse correlation between intracellular zinc levels and TMEM163 expression in 
MLIV patient fibroblast cells
A) Representative confocal micrographs of MLIV patient and wild-type (WT) control 

fibroblast cells in the absence (left panel) or presence of 100 μM ZnCl2 (3 h exposure, right 
panel). The cells were co-stained with FluoZin-3 and Lysotracker™ Blue or Red. In the 

absence of exogenous zinc, vesicular structures in MLIV fibroblast cells exhibited positive 

FluoZin-3 fluorescence while WT cells have relatively less FluoZin-3 fluorescence. When 

cells were acutely exposed to zinc, MLIV fibroblasts showed a more pronounced FluoZin-3 

fluorescence when compared to WT control fibroblasts (right panel). Scale bar: 20 μm (No 

ZnCl2, left panel), 10 μm (With ZnCl2, right panel). B) Relative TMEM163 mRNA 

expression levels in MLIV (GM02527 and GM02048) and WT control (GM03440) 

fibroblast cells. Real-time qPCR analysis showed that the relative TMEM163 transcripts 

were markedly reduced in MLIV cells compared with control fibroblast cells. Data are 

represented as mean ± SEM (n = 4, Student's t-test, paired, two-tailed, *p < 0.05). C) 

Relative TMEM163 protein levels in MLIV (GM02527 and GM02048) and WT control 

(GM03440) fibroblast cells. The relative TMEM163 protein expression levels were analyzed 

by quantifying the integrated density value (IDV) of each band using NIH ImageJ. All IDV 

values were normalized against the IDV values of the housekeeping gene, β-actin. The 

reduction of relative TMEM163 protein level was consistent with the decreased mRNA 

levels shown in B. Data are represented as mean ± SEM (n = 3, Student's t-test, paired, two-
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tailed, *p < 0.05). D) Representative WB image of TMEM163 protein from non-MLIV and 

MLIV patient fibroblast cells quantified in C. The samples were blotted with anti-

TMEM163 pAb. β-Actin was used as sample loading control.
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Figure 5. The effect of TRPML1-TMEM163 interaction on intracellular zinc flux and cell 
surface levels of TMEM163
A) FluoZin-3 and B) TSQ spectrofluorometric assays of intracellular chelatable zinc 

concentrations of each treatment. Cultured HEK-293 cells were exposed to ZnCl2 (100 nM) 

for 24 h after they were transiently transfected overnight with shRNA (KD) or 

overexpression (OE) constructs in order to knockdown and overexpress both proteins, 

respectively. Co-overexpression (co-OE) and co-knockdown (co-KD) were also performed 

using the same treatment conditions. In the FluoZin-3 assay, significant elevations of 

intracellular zinc levels were observed in KD TMEM163 and co-KD TMEM163-TRPML1 
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cells when compared with untreated control. In the TSQ assay, a significant increase of 

intracellular zinc levels in KD TMEM163 was observed. Although the co-KD TMEM163-

TRPML1 treatment was not significant due to higher data variability, the treatment 

displayed a similar trend to that of the FluoZin-3 value. Data are represented as mean ± 

SEM (n = 6, ANOVA and Dunnet's post-hoc multiple comparisons test of untreated control 

versus treated samples, two-tailed, *p < 0.05). C) A graphical summary of calculated IDV 

from Input and Elution bands of TMEM163 alone, and TMEM163 plus TRPML1. When co-

expressed with TRPML1, the relative cell surface levels of TMEM163 protein revealed a 

significant reduction (50%) compared to single TMEM163 expression. The IDV was 

determined using NIH ImageJ and the numerical values were calculated by normalizing the 

upper TMEM163 monomeric band against the lower monomeric band. Data are represented 

as mean ± SEM (n = 3, Student's t-test, paired, two-tailed, *p < 0.05). D) A representative 

WB image of cell surface biotinylation of HEK-293 cells expressing TMEM163-HA only, 

TRPML1-DDK only, and TMEM163-HA with TRPML1-DDK immunoblotted with anti-

HA pAb (top panel). I, input; W, wash, E, elution. The bottom panel shows a representative 

WB image of the same experiment as above, but immunoblotted with anti-DDK mAb to 

confirm TRPML1 protein co-expression. E) Representative WB image of co-IP experiments 

of TRPML1 heterologously co-expressed with TMEM163 WT, TMEM163-Δ42 AA 

deletion mutant, and TMEM163-Δ71 AA deletion mutant. The elution profile of 

TMEM163-Δ42 mutant protein showed a low intensity band suggesting a weak interaction 

with TRPML1. Meanwhile, the elution band for TMEM163-Δ71 mutant protein did not 

show, which suggested a loss of physical interaction with TRPML1.
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