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Abstract

Transport of newly synthesized lysosomal enzymes to the lysosome requires tagging of these 

enzymes with the mannose 6-phosphate moiety by UDP-GlcNAc:lysosomal enzyme N-

acetylglucosamine-1-phosphotransferase (GlcNAc-1-phosphotransferase), encoded by two genes, 

GNPTAB and GNPTG. GNPTAB encodes the α and β subunits, which are initially synthesized as 

a single precursor that is cleaved by Site-1 protease in the Golgi. Mutations in this gene cause the 

lysosomal storage disorders mucolipidosis II (MLII) and mucolipidosis III αβ (MLIII αβ). Two 

recent studies have reported the first patient mutations within the N-terminal transmembrane 

domain (TMD) of the α subunit of GlcNAc-1-phosphotransferase that cause either MLII or MLIII 

αβ. Here, we demonstrate that two of the MLII missense mutations, c.80T>A (p.Val27Asp) and 

c.83T>A (p.Val28Asp), prevent the cotranslational insertion of the nascent GlcNAc-1-

phosphotransferase polypeptide chain into the endoplasmic reticulum. The remaining four 

mutations, one of which is associated with MLII, c.100G>C (p.Ala34Pro), and the other three with 

MLIII αβ, c.70T>G (p.Phe24Val), c.77G>A (p.Gly26Asp), and c.107A>C (p.Glu36Pro), impair 

retention of the catalytically active enzyme in the Golgi with concomitant mistargeting to 

endosomes/lysosomes. Our results uncover the basis for the disease phenotypes of these patient 

mutations and establish the N-terminal TMD of GlcNAc-1-phosphotransferase as an important 

determinant of Golgi localization.
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INTRODUCTION

The degradation of intracellular and endocytosed materials within the lysosome is dependent 

on the proper targeting of 60 or so acid hydrolases to this organelle. Defects in this transport 
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pathway give rise to a number of diseases collectively known as Lysosomal Storage 

Disorders (Parenti, Andria, & Ballabio, 2015). Most notable among these are mucolipidosis 

II (MLII) (MIM# 252500) and mucolipidosis III αβ (MLIII αβ) (MIM# 252600), which 

result from mutations in the GNPTAB gene (RefSeq NM_024312.5) that encodes the α and 

β subunits of the enzyme UDP-GlcNAc:lysosomal enzyme GlcNAc-1-phosphotransferase 

(GlcNAc-1-phosphotransferase; EC 2.7.8.17) (Kudo, Brem, & Canfield, 2006). The α and β 
subunits of GlcNAc-1-phosphotransferase are initially synthesized as an inactive α/β 
precursor polypeptide chain in the endoplasmic reticulum (ER). The precursor is then 

transported to the cis-Golgi where it undergoes cleavage by Site-1 protease (S1P) into the 

individual α and β subunits, a step that is essential for catalytic activation (Marschner, 

Kollmann, Schweizer, Braulke, & Pohl, 2011).

GlcNAc-1-phosphotransferase performs the initial and most crucial step in the generation of 

the mannose 6-phosphate (Man-6-P) recognition marker on newly synthesized lysosomal 

acid hydrolases. This marker allows for high-affinity binding to Man-6-P receptors (MPRs) 

in the trans-Golgi network and transport to the endo-lysosomal system (Kornfeld, 1986). 

The steady-state localization of GlcNAc-1-phosphotransferase in the cis-Golgi is imperative 

for the fidelity of this process, as illustrated by mutations in the N-terminal cytoplasmic tail 

(N-tail) of the enzyme which lead to mislocalization to lysosomes, resulting in MLIII αβ 
(van Meel, Qian, & Kornfeld, 2014).

To date, there are no studies on the role of the N-terminal transmembrane domain (TMD) of 

GlcNAc-1-phosphotransferase in Golgi localization. Two recent publications have reported 

the first patient mutations within the N-terminal TMD of GlcNAc-1-phosphotransferase 

which lead to MLII or MLIII αβ, although the cellular consequences of these mutations was 

not addressed (Velho et al., 2019; Wang et al., 2019). Here, we report on the functional 

characterization of these missense mutations, showing that four of the six mutations affect 

Golgi retention of GlcNAc-1-phosphotransferase while the other two prevent insertion into 

the ER.

MATERIALS AND METHODS

Reagents and Antibodies

UDP-[3H]GlcNAc (20-45 Ci/mmol) was purchased from Perkin Elmer (Boston, MA). 

Mouse anti-V5 monoclonal antibody (Cat #46-0705) was obtained from Thermo Fisher 

(Waltham, MA) while anti-giantin rabbit polyclonal antibody (Cat # 924302) was from 

BioLegend (San Diego, CA). Endo Hf was purchased from New England BioLabs (Ipswich, 

MA). Methyl α-D-mannopyranoside (α-MM) was from Sigma-Aldrich (St. Louis, MO).

DNA Constructs

The full-length human GlcNAc-1-phosphotransferase-V5/His constructs in pcDNA6 has 

been described (Qian et al., 2015). Constructs with mutations in the N-terminal TMD were 

generated by 2-step overlap-extension PCR wherein the WT DNA fragment encoding the 

first 364 aa of GlcNAc-1-phosphotransferase was swapped for the same size fragment 
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harboring the individual mutation. DNA sequencing was performed to ensure that only the 

desired site was mutated within the swapped DNA fragment.

Cell Lines

HEK 293 and HeLa cells (ATCC) were maintained in DMEM containing 0.11 g/L sodium 

pyruvate and 4.5 g/L glucose, supplemented with 10% (vol/vol) FBS, 100,000 U/L 

penicillin, 100 mg/L streptomycin and 2 mM L-glutamine. GNPTAB −/− HeLa cells were 

maintained under similar conditions except that 20% instead of 10% FBS was used.

GlcNAc-1-phosphotransferase Assay

Constructs encoding the WT and TMD mutant precursors were expressed in HEK 293 cells 

by transfection with the jetOPTIMUS transfection reagent from Polyplus (Illkirch, France) 

according to the manufacturer’s protocol. Cells in 6-well plates were harvested 48 h post-

transfection and lysed in 100 μl of buffer A (25 mM Tris-Cl, pH 7.2, 150 mM NaCl, 1% 

Triton-X 100 and protease inhibitor cocktail). 30 μg of each cell lysate was incubated for 2 h 

at 37 °C in a buffer containing 100mM α-methyl mannoside, 50 mM Tris-HCl, pH 7.4, 10 

mM MgCl2, 10 mM MnCl2, 75 μM UDP-[3H]GlcNAc (1 μCi), and 2 mg/mL bovine serum 

albumin in a final volume of 50 μl. The reactions were terminated by addition of 950 μl of 5 

mM EDTA, pH 8.0. The sample was applied to a 1 mL column of QAE-Sephadex (GE 

Healthcare, Chicago, IL) equilibrated with 2 mM Tris base, pH 8.0. The column was washed 

with 5 mL of 2 mM Tris base and the phosphorylated products were eluted with 5 mL of 2 

mM Tris base containing 30 mM NaCl. The incorporated [3H]GlcNAc-P was determined by 

addition of 8.5 mL of EcoLite scintillation fluid (MP Biomedicals Inc., Irvine, CA). The 

background activity in non-transfected cells less than 1% of that obtained with cells 

transfected with WT GlcNAc-1-phosphotransferase cDNA.

CI-MPR Affinity Chromatography and Lysosomal Enzyme Assays

The preparation of the cation-independent MPR (CI-MPR) beads from soluble bovine CI-

MPR purified from FBS has been described (Valenzano, Remmler, & Lobel, 1995). 

Equivalent amounts of cell extract from 2-day transfected GNPTAB−/− HeLa cells were 

incubated with CI-MPR affinity beads, washed twice with buffer and then assayed for bound 

lysosomal enzymes as previously described (Gelfman et al., 2007). Briefly, β-

hexosaminidase (β-Hex) and β-galactosidase (β-Gal) were assayed with 5 mM 4-

methylumbelliferyl(MU)-N-acetyl-β-d-glucosaminide (Sigma-Aldrich) and 5 mM 4-MU-β-

d-galactopyranoside (Calbiochem, San Diego, CA), respectively, in 50 mM citrate buffer 

containing 0.5% Triton X-100 (pH 4.5). The activity of β-glucuronidase (GUSB) was 

assayed with 5 mM 4-MU-β-d-glucuronide (Calbiochem) in 0.1 M Na-acetate buffer 

containing 0.5% Triton X-100 (pH 4.6). The activity of β-mannosidase (β-Man) was assayed 

with 5 mM 4-MU-β-d-mannopyranoside (Sigma-Aldrich) in 50 mM Na-citrate buffer 

containing 0.5% Triton X-100 (pH 5.0).

Immunofluorescence Microscopy

To visualize the subcellular localization of the WT and mutant GlcNAc-1-

phosphotransferase, the various constructs were transfected into HeLa cells using the 
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jetOPTIMUS transfection reagent. The cells were fixed 24-36 h post-transfection with 4% 

formaldehyde (Sigma-Aldrich) for 10 min, permeabilized and blocked with PBS containing 

0.4% (v/v) Triton X-100 and 2% IgG free BSA (Jackson ImmunoResearch) for 1 h, and then 

probed with the indicated combinations of antibodies in PBS containing 0.1% Triton X-100 

and 0.5% BSA. For observation of non-permeabilized cells, TritonX-100 was omitted at 

every step. The processed cells were mounted in ProLong® Gold antifade mounting medium 

(Life Technologies), and the images were acquired with an LSM880 confocal microscope 

(Carl Zeiss Inc., Peabody, MA). Images were analyzed by Image J software (Fiji).

Immunoblotting

Proteins resolved by SDS-PAGE under reducing conditions were transferred to 

nitrocellulose membrane and detected with antibodies as described in the figure legends. 

The indicated amounts of whole cell extract were loaded on the gels.

RESULTS

Transmembrane mutations identified in patients with MLII/ MLIII αβ impair the activity of 
GlcNAc-1-phosphotransferase.

In order to assess the effect of the disease-causing missense mutations on the activity of 

GlcNAc-1-phosphotransferase, cDNAs encoding either wild-type (WT) enzyme or the 

various mutants (Figure 1a) were transfected into HEK 293 cells. All constructs were 

appended with a C-terminal V5 epitope sequence. Catalytic activity was measured 48 h post-

transfection using an equivalent amount of whole cell lysates in an in vitro assay in which 

the simple sugar α-MM served as the substrate. Four of the six variants, c.70T>G 

(p.Phe24Val), c.77G>A (p.Gly26Asp), c.100G>C (p.Ala34Pro), and c.107A>C 

(p.Glu36Pro), resulted in mutant proteins displaying catalytic activity ranging from 25-65% 

of the WT value (which is set at 100%), whereas the c.80T>A (p.Val27Asp) and c.83T>A 

(p.Val28Asp) mutations resulted in mutant proteins showing virtually no activity (Figure 

1b).

We next analyzed expression of the WT and mutant proteins by immunoblotting. Cell 

lysates (10 μg) from HEK cells transfected with the various constructs were resolved on an 

SDS gel, with the exception of the p.Val27Asp and p.Val28Asp mutants, in which case 40 μg 

of cell lysate was loaded due to poor expression of the two mutants. The proteins were then 

transferred to nitrocellulose and probed with the anti-V5 antibody. The V5-epitope is at the 

C-terminus of the β subunit (Figure 1a), so both inactive α/β precursor and the active β 
subunit will be detected by immunoblotting but not the α subunit. As shown in Figure 1c, 

the amount of the processed β subunit of the p.Phe24Val mutant was decreased marginally 

relative to WT GlcNAc-1-phosphotransferase, while the decrease was much more 

substantial with the p.Gly26Asp, p.Ala34Pro and p.Glu36Pro mutants, in good agreement 

with the enzyme activity data wherein p.Phe24Val displayed the highest activity among the 

patient mutants (Figure 1b). The level of the inactive α/β precursor was not substantially 

different between WT and the p.Phe24Val, p.Gly26Asp, p.Ala34Pro and p.Glu36Pro 

mutants (Figure 1c). On the other hand, the lysates of the p.Val27Asp and p.Val28Asp 

transfected cells had dramatically decreased levels of the inactive α/β precursor and no 

Lee et al. Page 4

Hum Mutat. Author manuscript; available in PMC 2021 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



detectable β subunit, which explains the complete lack of enzyme activity of these mutants. 

We also observed that the α/β precursor of these mutants migrated faster on the SDS gel 

(Figure 1c, *), consistent with a lack of N-linked glycosylation. This suggested a block in 

the translocation of the nascent p.Val27Asp and p.Val28Asp mutant polypeptides chains into 

the lumen of the ER where the α/β precursor acquires N-linked high mannose glycan chains. 

To test this hypothesis, endoglycosidase H (Endo H) treatment, which removes N-linked 

high mannose or hybrid type glycans from glycoproteins, was performed with WT 

GlcNAc-1-phosphotransferase alongside the p.Val28Asp and the p.Ala34Pro mutants 

(Figure 1d). Whereas the WT and p.Ala34Pro precursor chains shifted down with Endo H 

treatment as a result of removal of the associated N-glycan chains, no shift was seen with the 

p.Val28Asp mutant, consistent with an inability of this mutant to be inserted into the lumen 

of the ER. Failure to deliver the newly synthesized p.Val27Asp and p.Val28Asp mutants to 

the ER could also explain the low expression observed in the western blot of these two 

mutants, as the non-glycosylated nascent polypeptides would not be expected to fold 

properly in the cytosol, leading to their degradation.

The p.Phe24Val, p.Gly26Asp, p.Ala34Pro and p.Glu36Pro mutants are poorly retained in the 
Golgi.

Since GlcNAc-1-phosphotransferase is initially synthesized as an inactive α/β precursor in 

the ER and requires transport to the cis-Golgi for cleavage into the α and β subunits by S1P 

for activation, we considered two possibilities to account for the decrease in activity of the 

p.Phe24Val, p.Gly26Asp, p.Ala34Pro and p.Glu36Pro mutants; i) the mutants exit the ER 

poorly and consequently are not activated by S1P cleavage, or ii) the mutants are transported 

to the cis-Golgi and activated but their retention in this compartment is impaired, resulting in 

inactivation of the mutant enzymes in the endo-lysosomal compartment and/or transport to 

the cell-surface.

In order to distinguish between these two possibilities, HeLa cells were transfected with 

either WT or mutant GlcNAc-1-phosphotransferase cDNAs, and the cells were processed for 

confocal immunofluorescence microscopy 24-36 h post transfection. As described 

previously, the localization of WT GlcNAc-1-phosphotransferase in HeLa cells was 

impacted by the level of expression of the protein (van Meel et al., 2014). High expression 

resulted in GlcNAc-1-phosphotransferase being detected in the ER in addition to the Golgi 

(not shown). Moderate to low expression, however, resulted in the WT enzyme being 

detected primarily in the Golgi where it colocalized with the cis-Golgi marker giantin 

(Figure 2). The p.Phe24Val, p.Gly26Asp, p.Ala34Pro, and p.Glu36Pro mutants, on the other 

hand, displayed a predominantly punctate appearance (Figure 2) with low levels in the 

Golgi, similar to observations with N-tail mutants (Liu, Doray, & Kornfeld, 2018; van Meel 

et al., 2014). None of these TMD mutants showed the characteristic ER pattern of staining, 

as was the case with the p.R334Q mutant which served as a control for ER retention (Figure 

2) (Qian et al., 2015). It is of note that expression of the p.Val27Asp and p.Val28Asp 

mutants was hardly detectable by immunofluorescence microscopy, and in the few cells 

where any signal was observed, only a faint diffuse cytoplasmic staining was observed (not 

shown). Taken together, these data demonstrate that patient mutations within the N-terminal 

TMD of GlcNAc-1-phosphotransferase either prevent translocation of the mutants into the 
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ER (p.Val27Asp and p.Val28Asp), or impair retention of the mutant proteins in the Golgi 

(p.Phe24Val, p.Gly26Asp, p.Ala34Pro and p.Glu36Pro).

The p.Phe24Val, p.Gly26Asp, p.Ala34Pro and p.Glu36Pro mutants are degraded in the 
lysosome.

We previously established that punctae seen in immunofluorescence microscopy of the N-

tail mutants of GlcNAc-1-phosphotransferase are, for the most part, components of the 

endo-lysosomal compartment (Liu et al., 2018; van Meel et al., 2014). We also showed that 

treatment of transfected cells with Bafilomycin A1 significantly increased the amount of the 

active β subunit of the mutants that are impaired in Golgi retention by blocking exit from 

this organelle. To determine if this is the case with the TMD mutants, Bafilomycin a1 was 

added to transfected HEK 293 cells 24 hr post-transfection at a final concentration of 100 

nM for 6 hours. Cell lysates were then assayed for GlcNAc-1-phosphotransferase catalytic 

activity and protein levels were determined by immunoblotting. Figure 3a shows that WT 

GlcNAc-1-phosphotransferase as well as the p.Phe24Val, p.Gly26Asp, p.Ala34Pro and 

p.Glu36Pro mutants all showed an increase in activity after bafilomycin treatment, with the 

increase ranging from 1.8-fold for WT to 2.4-5-fold for the mutants. The enzyme activity 

data were corroborated by immunoblot analysis which showed increased amounts of the 

active β subunit following bafilomycin treatment for WT, p.Phe24Val, p.Gly26Asp, 

p.Ala34Pro and p.Glu36Pro (Figure 3b). These results provide additional evidence that 

mutations in the N-terminal TMD of GlcNAc-1-phosphotransferase that impair Golgi 

retention lead to transport to lysosomes for degradation. In contrast, the lysates of the 

p.Val27Asp and p.Val28Asp mutants had no activity even in the presence of bafilomycin 

(Figure 3a), since the delivery of these mutants to the ER lumen is affected.

Effect of TMD mutations on acid hydrolase phosphorylation.

We have reported that the acid hydrolases from GNPTAB−/− HeLa cells have less than 1% 

binding to CI-MPR beads relative to the acid hydrolases from WT HeLa cells, reflecting the 

lack of GlcNAc-1-phosphotransferase activity (van Meel et al., 2016). We next transfected 

GNPTAB−/− HeLa cells with either WT or mutant cDNAs in order to assess the ability of 

the various TMD mutants to restore phosphorylation to four different lysosomal enzymes 

when compared to WT GlcNAc-1-phosphotransferase. As shown in Table 1, the binding to 

the CI-MPR beads, a measure of the extent of phosphorylation, was modestly decreased 

with the p.Gly26Asp, p.Asp34Pro, and p.Glu36Pro mutants, whereas the p.Phe24Val mutant 

behaved like WT GlcNAc-1-phosphotransferase in this assay. As expected, there was no 

significant activity with the p.Val27Asp and p.Val28Asp mutants. It must be noted that the 

transfected HeLa cells express between 50-100 fold the endogenous level of GlcNAc-1-

phosphotransferase. Consequently, the level of the various mutants should be more than 

adequate to maintain the WT level of acid hydrolase phosphorylation. However, only in the 

case of p.Phe24Val is this observed. The likely explanation is that much of the mutant 

enzymes have escaped the Golgi, leaving behind an inadequate amount of enzyme to 

phosphorylate the acid hydrolases in the Golgi.
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The N-terminal TMD of GlcNAc-1-phosphotransferase functions as an autonomous Golgi 
localization signal.

We have shown that the cytoplasmic N-tail of GlcNAc-1-phosphotransferase harbors 

sufficient information on its own to direct a chimera containing the TMD of a type II plasma 

membrane protein, sucrase isomaltase (SI), and lumenal green fluorescent protein (GFP) to 

the Golgi (PT-SI-GFP) (Figures 4a & b) (Liu et al., 2018). In contrast, the chimeric protein 

containing both the N-tail and TMD of SI fused to GFP (SI-SI-GFP) (Figure 4a) lacked 

Golgi localization (Figure 4b)(Liu et al., 2018) and showed strong cell surface expression, as 

seen with the anti-GFP staining of transfected non-permeabilized HeLa cells (Figure 4c). We 

next asked if the N-terminal TMD of GlcNAc-1-phosphotransferase alone is sufficient to 

direct a chimeric protein containing the N-tail of SI and lumenal GFP to the Golgi (SI-PT-

GFP) (Figure 4a). As shown by the confocal immunofluorescence microscopy images, SI-

PT-GFP displayed good colocalization with the cis-Golgi marker giantin, very similar to PT-

SI-GFP (Figure 4b). This result shows that the N-terminal TMD alone of GlcNAc-1-

phosphotransferase is sufficient for Golgi localization. The Asp34Pro mutant of SI-PT-GFP, 

on the other hand, failed to colocalize with giantin (Figure 4b). The lack of a cell surface 

signal with the anti-GFP antibody (Figure 4c) suggests that this mutant is either retained in 

the ER and/or present in the endosomes/lysosomes.

DISCUSSION

The results presented here are the first to analyze the consequences of missense mutations 

within the N-terminal TMD of GlcNAc-1-phosphotransferase that were recently identified in 

patients with MLII/ MLIII αβ (Velho et al., 2019; Wang et al., 2019). Our data establish that 

two of the mutations, namely p.Val27Asp and p.Val28Asp, that cause the more severe form 

of the disease (MLII), prevent the insertion of the nascent polypeptide chain into the ER 

lumen, and have no detectable enzyme activity. Since the α subunit of GlcNAc-1-

phosphotransferase has a similar configuration to a type II transmembrane protein, its TMD 

serves as an uncleaved signal peptide/membrane anchor (SA). This domain interacts with 

signal recognition particle (SRP) to form a SRP-ribosome-nascent polypeptide complex that 

subsequently associates with the translocon on the surface of the rough ER, followed by 

translocation of the nascent protein into the lumen of that organelle (Egea, Stroud, & Walter, 

2005). Our data indicate that valine 27 and valine 28 are critical residues of the SA domain 

of GlcNAc-1-phosphotransferase, and that mutation of either valine to aspartate likely 

abrogates SRP recognition by the TMD as it emerges from the ribosome. In this case, the 

translated α/β precursor polypeptide chain will not be co-translationally inserted into the ER 

lumen, which is borne out by our finding that the p.Val27Asp and p.Val28Asp mutants lack 

glycosylation and are present at very low levels in the cell. Presumably, these mutant 

GlcNAc-1-phosphotransferases are unable to fold in the cytosol and are degraded.

The remaining four mutations, including one that causes MLII (p.Ala34Pro), together with 

the three that cause MLIII αβ (p.Phe24Val, p.Gly26Asp, and p.Glu36Pro), impair retention 

in the Golgi. It has been reported that TMDs vary, depending on their organelle of residence, 

both in length and composition (Sharpe, Stevens, & Munro, 2010; Welch & Munro, 2019). 

These differences presumably impact how well the TMDs fit into the lipid bilayer of an 
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organelle. It seems likely that the missense mutations described here impair the ability of the 

mutant TMD to interact properly with the lipids of the Golgi bilayer, resulting in an unstable 

situation that allows the mutant protein to escape the Golgi. An alternate explanation is that 

the N-terminal TMD of GlcNAc-1-phosphotransferase interacts with another Golgi protein 

to maintain its proper localization and the various mutations impair this interaction, resulting 

in the escape of the mutant protein from the Golgi (Schoberer et al., 2019; Sharpe et al., 

2010; Welch & Munro, 2019). Further work will be required to clarify this situation.

The failure of these mutant enzymes to either be delivered to the ER for onward trafficking 

to the Golgi, or efficiently retained in the Golgi, severely impacts their ability to generate the 

Man-6-P recognition marker on newly synthesized acid hydrolases. This, in turn, impairs the 

proper targeting of the latter to lysosomes, which results in the development of a lysosomal 

storage disorder. While our study clearly reveals two distinct mechanisms that contribute to 

the pathogenicity of these mutations, a correlation of our functional data with the clinical 

outcome of the individual patients is not precise. For instance, both the p.Ala34Pro and 

p.Glu36Pro mutants are poorly retained in the Golgi and display around 20% GlcNAc-1-

phosphotransferase activity compared to WT, yet the patient with the p.Ala34Pro mutation 

was diagnosed with MLII (Wang et al., 2019), while the patient with the p.Glu36Pro 

mutation was diagnosed with MLIII αβ (Velho et al., 2019). In the case of the former, it was 

reported that the second GNPTAB allele of the patient also had a mutation (c.136C>T; 

p.Arg46X) which resulted in the codon for arginine changing into a termination codon. No 

data is available to show if the latter patient also had a biallelic mutation of the GNPTAB 
gene, which makes it difficult to establish accurate genotype-phenotype correlations. Also, 

the clinical distinction between MLII and MLIII αβ is not always precise, and in fact, an 

intermediate MLII/MLIII αβ phenotype has been described for a cohort of eight patients 

who share the c.10A>C (p.Lys4Glu) mutation in the GNPTAB gene (Leroy et al., 2014). In 

addition, the in vitro GlcNAc-1-phosphotransferase activities reported in this study were 

assayed with whole cell extracts from cells transfected with either WT or mutant cDNAs. 

The N-terminal TMD mutants that exit the Golgi and are observed in punctae have yet to be 

degraded in the lysosome and are likely to be catalytically active and contribute to the total 

enzyme activity measured in cell lysates. This would lead to an over-estimation of the 

functional catalytic activity of these mutants since in vivo, only Golgi-localized GlcNAc-1-

phosphotransferase is able to act on its endogenous substrates. A case in point is the 

p.Phe24Val mutant, which had a little over 60% of WT catalytic activity in our assay. Even 

if the second allele of this patient harbored a totally inactivating mutation, it would be hard 

to reconcile the disease condition of the patient with 30% normal activity, unless a 

significant fraction of the activity we observed is due to this mutant enzyme being present in 

a post-Golgi compartment, in agreement with our immunofluorescence microscopy data. An 

interrogation of the GNPTAB gene using the gnomAD browser (https://

gnomad.broadinstitute.org/) revealed the c.70T>G (p.Phe24Val) variant to occur in 86 out of 

279702 alleles that have been examined to date. While the low frequency of this variant 

would exclude the change as a polymorphism (Richards et al., 2015), we cannot rule out the 

possibility that c.70T>G (p.Phe24Val) is a benign variant as opposed to a pathogenic variant. 

The next significant hurdle is determining the mechanism by which the N-terminal TMD of 

GlcNAc-1-phosphotransferase functions as a Golgi retention signal.
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Figure 1. 
(a) Schematic of human GlcNAc-1-phosphotransferase α/β subunit modular arrangement. 

The 4 regions shown in lime together comprise the Stealth, an evolutionarily conserved 

domain which functions as the catalytic core of the protein. * indicates site of cleavage to 

generate the individual α and β subunits. Patient mutations within the N-terminal TMD are 

shown in bold. (b) GlcNAc-1-phosphotransferase activity toward the simple sugar αMM, 

using extracts of HEK 293 cells transfected with WT α/β precursor or the various point-

mutation cDNAs. The vector-only transfected cell extract served as a control and activity 

was normalized to total protein concentration. (c) Western blot of WT α/β and mutants 

expressed in HEK 293 cells probed with the anti-V5 antibody. 10 μg of each cell extract was 

loaded, with exception of the p.Val27Asp and p.Val28Asp mutants, in which case 40 μg was 

loaded. (d) Western blot of WT and the indicated mutants analyzed after treatment with 

Endo Hf. Only the α/β precursor is shown here.

Lee et al. Page 11

Hum Mutat. Author manuscript; available in PMC 2021 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
Subcellular localization of WT α/β precursor and mutants. Confocal immunofluorescence 

images of HeLa cells transfected with either WT α/β precursor, or the indicated mutant 

cDNAs, and colocalized with the Golgi marker giantin (see Materials and Methods).
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Figure 3. 
Effect of bafilomycin treatment on activity of the TMD mutants. (a) HEK 293 cells 

transfected with WT α/β precursor or the various point-mutation cDNAs were treated 24 h 

post-transfection with either DMSO (control) or 100nM bafilomycin a1 for 6 h. Catalytic 

activity was then measured using equivalent amounts of whole cell extracts. The vector-only 

transfected cell extract served as a control. (b) Western blot (anti-V5) of HEK293 cells 

expressing WT or mutant GlcNAc-1-phosphotransferase treated with either DMSO (control) 

or 100 nM bafilomycin a1 for 6 h. The mature β subunits of all the mutants, except for 

p.Val27Asp and p.Val28Asp (not shown), increased after bafilomycin treatment.
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Figure 4. 
(a) Schematic of the various chimeric GFP (green)-V5 constructs encoding the N-tail or 

TMD of either GlcNAc-1-phosphotransferase (purple) or the plasma membrane protein, 

sucrase isomaltase (blue), as shown. (b) Immunofluorescence images of permeabilized HeLa 

cells transfected with the indicated chimeric GFP-V5 constructs, probed with the anti-V5 

antibody (green) and colocalized with the Golgi marker giantin (red). (c) 

Immunofluorescence images of non-permeabilized HeLa cells transfected with either SI-SI- 

GFP-V5 or SI-PT (Asp34Pro)-GFP-V5 cDNA. Cells were probed with an anti-GFP 

antibody (red) and compared with native GFP fluorescence (green).
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Table 1.

Lysosomal Enzyme Phosphorylation of TMD Mutants

Constructs β – HEX GUSB β – Man β – Gal

Wt 100% 100% 100% 100%

F24V 93 99 110 99

G26D 44 70 46 35

V27D <2 <2 <2 <2

V28D <2 <2 <2 <2

A34P 62 80 72 66

Q36P 60 75 75 54

Data are the mean of two independent transfections of the indicated cDNAs into HeLa GNPTAB −/− cells. Following CI-MPR bead binding, the 
activities of the enzymes were assayed as described in Materials & Methods. WT activity is set at 100% after subtraction of background values 
from untransfected cells.
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