THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 290, NO. 5, pp. 3045-3056, January 30, 2015
© 2015 by The American Society for Biochemistry and Molecular Biology, Inc.  Published in the US.A.

Analysis of Mucolipidosis IlI/1ll GNPTAB Missense Mutations
Identifies Domains of UDP-GIcNAc:lysosomal Enzyme
GIcNAc-1-phosphotransferase Involved in Catalytic Function
and Lysosomal Enzyme Recognition™

Received for publication, September 23, 2014, and in revised form, December 9, 2014 Published, JBC Papers in Press, December 11,2014, DOI 10.1074/jbcM114.612507

Yi Qian'’', Eline van Meel*', Heather Flanagan-Steet®, Alex Yox®, Richard Steet®”, and Stuart Kornfeld*

From the *Department of Internal Medicine, Washington University School of Medicine, St. Louis, Missouri 63110 and §Complex
Carbohydrate Research Center, University of Georgia, Athens, Georgia 30602

GlcNAc-1-phosphotransferase.

phosphotransferase.

\_

(Bacl(ground: Mutations in GNPTAB cause the lysosomal disorders mucolipidosis II and III «f.
Results: All reported missense mutations were studied and showed various consequences on its gene product, of3

Conclusion: Domains responsible for catalytic activity and lysosomal hydrolase recognition were identified.
Significance: Analysis of patient mutations provided new insight into the functional domains of a3 GIcNAc-1-
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UDP-GIcNAclysosomal enzyme GlcNAc-1-phosphotransferase
tags newly synthesized lysosomal enzymes with mannose
6-phosphate recognition markers, which are required for their
targeting to the endolysosomal system. GNPTAB encodes the o
and 8 subunits of GlcNAc-1-phosphotransferase, and muta-
tions in this gene cause the lysosomal storage disorders muco-
lipidosis Il and III af. Prior investigation of missense mutations
in GNPTAB uncovered amino acids in the N-terminal region
and within the DMAP domain involved in Golgi retention of
GlcNAc-1-phosphotransferase and its ability to specifically rec-
ognize lysosomal hydrolases, respectively. Here, we undertook a
comprehensive analysis of the remaining missense mutations in
GNPTAB reported in mucolipidosis IT and III af3 patients using
cell- and zebrafish-based approaches. We show that the Stealth
domain harbors the catalytic site, as some mutations in these
regions greatly impaired the activity of the enzyme without
affecting its Golgi localization and proteolytic processing. We
also demonstrate a role for the Notch repeat 1 in lysosomal
hydrolase recognition, as missense mutations in conserved cys-
teine residues in this domain do not affect the catalytic activity
but impair mannose phosphorylation of certain lysosomal
hydrolases. Rescue experiments using mRNA bearing Notch
repeat 1 mutations in GNPTAB-deficient zebrafish revealed
selective effects on hydrolase recognition that differ from the
DMAP mutation. Finally, the mutant R587P, located in the
spacer between Notch 2 and DMAP, was partially rescued by
overexpression of the y subunit, suggesting a role for this
region in 7y subunit binding. These studies provide new
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insight into the functions of the different domains of the «
and @ subunits.

UDP-GIcNAcilysosomal enzyme GIcNAc-1-phosphotransferase
(GlcNAc-1-phosphotransferase)® catalyzes the initial step in
the formation of the mannose 6-phosphate targeting signal on
newly synthesized lysosomal acid hydrolases. These mannose
6-phosphate residues function as high affinity ligands for bind-
ing to mannose 6-phosphate receptors in the trans-Golgi net-
work and subsequent delivery to lysosomes (1). GlcNAc-
1-phosphotransferase is an «,f,7y, heterohexamer that is
encoded by two genes (2). The GNPTAB gene encodes the «
and B subunits, and the GNPTG gene encodes the y subunit
(3-5). The « and B subunits are synthesized as a catalytically
inactive type 3 transmembrane precursor of 1256 amino acids,
which undergoes a proteolytic cleavage between Lys-928 and
Asp-929in the Golgi to generate the aand 8 subunits (6). These
subunits are responsible for the specific recognition of lyso-
somal acid hydrolases and the catalytic function of the transfer-
ase (6, 7). The -y subunit is a soluble glycoprotein of 305 amino
acids that enhances the phosphorylation of a subset of the ly-
sosomal acid hydrolase substrates (7).

The «f subunits contain three identifiable domains sepa-
rated by so-called spacer regions; that is, the Stealth domain,
which consists of four regions spread throughout the o and 8
subunits, the Notch repeats, and a DMAP interaction domain.
The Stealth domain is similar to bacterial genes involved in the
synthesis of cell wall polysaccharides and, in several instances,
has been shown to function as sugar-phosphate transferases
(8—11). This domain has been assumed to mediate the catalytic
activity of GIcNAc-1-phosphotransferase, although this has not
been formally demonstrated. The Notch modules found in

3The abbreviations used are: GlcNAc-1-phosphotransferase, UDP-GIcNAC:
lysosomal enzyme GIcNAc-1-phosphotransferase; a-MM, a-methyl b-man-
noside; ER, endoplasmic reticulum; M, Meckel’s cartilage; CH, ceratohyal.
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TABLE 1

Primer sequences used in QuikChange mutagenesis

Amino acid change

Forward primer (5’ — 3')

Reverse primer (5" — 3’)

CAAGATCTGTGCCATTCACCAAGGTGTAAACAACGTC
GTACTGTCAAAAACAACATCTGAGACATTGGTAGAAGG
GAGTGGGCATCTTCAACAACCTTAGTACTGTC
GCATGCCTCTCGATAGATTGCAATGAGTACCTCAG
GCATGCCTCTCGATAGATAGCAATGAGTACCTCAG
GCCCGTTGGTGACAAGGAAAATATTCCGAACCC
CAAGTGGCTCAAATTTCGAAGAACATCCTGGTGTG
CATCATCATTTAGGTAAGTAAACTTCTGGGACAGCCC
CCTTCCCAAACATGACATCAGCATTTAGGTAAATAAAC
CAGGAACCTGGGTAGCCCTCGGCACAG
CACCATCCCAATCGCCGGCTGAATTATTAC
CACTGTTTCCAGAGCTATCCCCACCATCCC
CGCACATCCCTGATTATAGTAAGAGACACTG
CCACAGGACAAGACATTGCGTGCTTGGTCACAGAAC
GTTGGCAATAGAAGCATGTGGAATTATTGGATTGTCAC
GGATGGTTTTCCACTTGTTGGTAATAGAAGCATGTCGAATTATTGG
CTCAGCAAGGCTGAATTGGACAAATTGTATCC
GGAAAAGTCAACCTCTGCCATCTTTCAGACACTCCTAAGC
CTGCAAATGTATCTTTTAGTGGCCTCCCAGTATTTTTGC

WS81L GACGTTGTTTACACCTTGGTGAATGGCACAGATCTTG
V182D CCTTCTACCAATGTCTCAGATGTTGTTTTTGACAGTAC
D190V GACAGTACTAAGGTTGTTGAAGATGCCCACTC

R334Q CTGAGGTACTCATTGCAATCTATCGAGAGGCATGC
R334L CTGAGGTACTCATTGCTATCTATCGAGAGGCATGC
1348L GGGTTCGGAATATTTTCCTTGTCACCAACGGGC

F374L CACACCAGGATGTTCTTCGAAATTTGAGCCACTTG
1403T GGGCTGTCCCAGAAGTTTACTTACCTAAATGATGATG
D407A GTTTATTTACCTAAATGCTGATGTCATGTTTGGGAAGG
C442Y CTGTGCCGAGGGCTACCCAGGTTCCTG

C461G GTAATAATTCAGCCGGCGATTGGGATGGTG

C468S GGGATGGTGGGGATAGCTCTGGAAACAGTG

C505Y CAGTGTCTCTTACTATAATCAGGGATGTGCG

C523R GTTCTGTGACCAAGCACGCAATGTCTTGTCCTGTGG
R587P GTGACAATCCAATAATTCCACATGCTTCTATTGCCAAC
A592T CCAATAATTCGACATGCTTCTATTACCAACAAGTGGAAAACCATCC
K732N GGATACAATTTGTCCAATTCAGCCTTGCTGAG

L785W GCTTAGGAGTGTCTGAAAGATGGCAGAGGTTGACTTTTCC
Q926P GCAAAAATACTGGGAGGCCACTAAAAGATACATTTGCAG
A955V GCGGAAAGTCCCTGTTCACATGCCTCACATG

H956Y GGAAAGTCCCTGCTTACATGCCTCACATGATTG

R986C GTCATTTCACAAAGTGTGCCATTCTGAGGATATGCAG
L1001P CTCTTATTTTTATTATCCCATGAGTGCAGTGCAGCC
D1018G GTCTTTGATGAAGTTGGTACAGATCAATCTGGTGTC
L1054V GACAGGTCTGGAACACATGGTAATAAATTGCTCAAAAATG
N1153S GTTTGCCTGAATGACAGCATTGACCACAATCATAAAG
K1236M CAGTTAATTGCACTTATGCGGAAGATATTTCCCAG

CATGTGAGGCATGTGAACAGGGACTTTCCGC
CAATCATGTGAGGCATGTAAGCAGGGACTTTCC
CTGCATATCCTCAGAATGGCACACTTTGTGAAATGAC
GGCTGCACTGCACTCATGGGATAATAAAAATAAGAG
GACACCAGATTGATCTGTACCAACTTCATCAAAGAC
CATTTTTGAGCAATTTATTACCATGTGTTCCAGACCTGTC
CTTTATGATTGTGGTCAATGCTGTCATTCAGGCAAAC
CTGGGAAATATCTTCCGCATAAGTGCAATTAACTG

Notch receptor family members are thought to regulate the
ligand-induced proteolytic cleavage of the Notch receptor by
an undetermined mechanism (12). The DMAP interaction
domain was initially described as a component of DNA meth-
yltransferase (DNMT1) where it was proposed to function as a
protein-protein interaction domain in a repressive transcrip-
tion complex (13).

Mutations in the GNPTAB gene give rise to the severe
lysosomal storage disorder mucolipidosis II (I-cell disease,
MIM#252500) and the attenuated mucolipidosis IIT a3 (pseu-
do-Hurler polydystrophy, MIM#252600). Mutations in the
GNPTG gene cause the least severe phenotype known as muco-
lipidosis III vy (14).

Among the mutations reported in patients with these disor-
ders are 31 GNPTAB missense mutations. Analysis of the
effects of these mutations on the maturation and function of
GlcNAc-1-phosphotransferase not only provides insight into
the pathogenic effects of these amino acid substitutions but
enhances the understanding of the function of the conserved
domains of this complex enzyme. We previously reported that
the K732N patient mutation in the DMAP interaction domain
resulted in impaired binding and decreased phosphorylation of
lysosomal acid hydrolases without affecting the catalytic activ-
ity toward the simple sugar a-methyl p-mannoside (a«-MM)
(15). This implicated the DMAP domain as a protein substrate
recognition module. We also found that the K4Q and S15Y
patient mutations within the N-terminal cytoplasmic tail of the
a subunit decreased retention of the catalytically active enzyme
in the Golgi complex, indicating a role for these residues in the
trafficking of the enzyme (16).

In this study we analyzed the consequences of the remaining
missense mutations on GlcNAc-1-phosphotransferase func-
tion using a combination of cell- and zebrafish-based studies.
Several missense mutations were identified that impact either
exit from the ER, proteolytic cleavage in the Golgi, or enzymatic
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activity. Domainsinvolved in catalyticactivity (Stealth) and lyso-
somal hydrolase recognition (Notch repeat 1) were character-
ized. Together, these findings highlight the ability of individual
disease-causing missense mutations to elicit a broad range of
consequences on GlcNAc-1-phosphotransferase function.

EXPERIMENTAL PROCEDURES

DNA Constructs—Human GNPTAB-V5/His in pcDNAG6 (a
kind gift from Dr. W. Canfield, Genzyme; see also Ref. 15) was
modified by QuikChange site-directed mutagenesis (Strat-
agene) to generate the various missense mutants; see Table 1 for
all primer sequences used. The full cDNA sequences were con-
firmed by DNA sequencing.

Zebrafish GNPTAB in pCSDest (17) was modified by
QuikChange site-directed mutagenesis to generate C447Y and
C473S af3 phosphotransferase using the primers 5'-CAA ATT
GTG CTG AGG GCT ATC CAG GAT CCT GGA TCA
AAG-3"and5'-CTT TGATCCAGGATCCTG GAT AGCCCT
CAG CAC AAT TTG-3' (C447Y) and primers 5'-GGG ATG
GAG GAG ACT CTC AAG GCA GCA GTC G-3' and 5'-CGA
CTG CTG CCT TGA GAG TCT CCT CCA TCC C-3' (C473S).

Human GNPTG-Myc/FLAG in pCMV6-Entry was obtained
from OriGene. GNPTG was amplified using the primers
5'-CCG CCA AGC TTA TGG CGG CGG GGC TG-3" and
5-CGCGTCTCGAGT TACTTATCGTCGTCATCCTTG
TAATCG GTA CCC AAA CTC CCA CGC AG-3' and cloned
into pcDNA3.1(+) using the restriction sites HindIII and Xhol.

Phosphotransferase Activity Assays—The activity of each
mutant toward a-MM was measured in at least three indepen-
dent experiments as described in van Meel et al. (16). All
mutants were expressed in HEK293 cells by transfection with
GeneCellin (BioCellChallenge) or Lipofectamine 3000 (Invitro-
gen) according to the manufacturers’ protocols and assayed
~48 h after transfection. In brief, the cells were lysed in 1%
Triton X-100, PBS containing protease inhibitors (Complete;
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FIGURE 1. Schematic representation of the domain organization of o3 phosphotransferase and the location of the missense mutations. It should be
noted that the precise boundaries of the various domains might vary, as the boundaries shown in this figure were mostly based on sequence alignments. Two
of the missense mutations occur at the same residues (334 and 956) but cause different amino acid (aa) changes. H956R was not analyzed in this study, as it
likely has the same consequence as H956Y. The patient with C523R was homozygous for this mutation, but the clinical phenotype was not specified (23).
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FIGURE 2. Western blot analysis of a subset of the Stealth domain missense mutants. A shows representative Western blots (anti-V5) of HEK293 cell lysates
~48 h after transfection with WT or mutant phosphotransferase a8 subunits with a C-terminal V5 tag. The anti-GAPDH control shows that the expression levels
of the mutants were similar. B, endoglycosidase H; (H) and peptide N-glycosidase F (F) treatment of HEK293 cell lysates expressing WT or W81L a3 phospho-
transferase. Endoglycosidase H,cleaved high mannose-type N-linked glycans, whereas peptide N-glycosidase F cleaved both high mannose and complex-type
units. The asterisk indicates the slower migrating 3 subunit of W81L, which contains both high mannose and complex-type N-linked glycans. Note that there

is a small amount of 3 subunit that migrates similar to WT.

Roche Diagnostics), and 100 ug of total protein was incubated in
50 mm Tris, pH 7.4, 10 mm MgCl,, 10 mm MnCl,, 2 mg/ml BSA, 2
mM ATP, 75 um UDP-GIcNAc, and 1 uCi UDP-[?H]GlcNAc
with 100 mM a-MM for 1 h at 37 °C. At the end of the incuba-
tion period 1 ml of 2 mm Tris, pH 8, was added to the reaction,
and the samples were immediately subjected to QAE-Sephadex
chromatography.

The activity toward a-iduronidase was determined in the
same reaction mixture, which contained 20 um a-iduronidase
(15). The reactions were performed for 4 h at 37 °C and stopped
by the addition of 300 wl of 1.5% (w/v) phosphotungstic acid,
0.75 N HCI, and 100 ul of 1 mg/ml BSA. The samples were
vortexed and centrifuged at 25,000 X g for 10 min at 4 °C after
which the pellets were washed 3 times with 1 ml of the acid
mixture and resuspended in 1 ml of 50 mm Tris, pH 11. Incor-
porated [*H]GIcNAc-P was determined in all cases by scintilla-
tion counting.

Western Blotting—SDS-PAGE and immunoblotting with
mouse anti-V5 antibody (Invitrogen) or mouse anti-GAPDH
(Sigma) was performed as described in van Meel et al. (16) with
10-20 pg of cell lysate. When indicated, 10 ug of cell lysate was
treated with 3000 units of endoglycosidase H; or 750 units of
peptide N-glycosidase F for 3 h at 37 °C before SDS-PAGE and
immunoblotting as described in van Meel et al. (16).

Immunofluorescence Microscopy—Confocal immunofluores-
cence microscopy was performed as described in Qian et al.
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(15). Our preliminary experiments showed that the subcellular
localization of WT or mutant phosphotransferase varies to
some degree between cells and depends on the level of overex-
pression and the time point after transfection (early time points
show relatively more ER than Golgi staining). Therefore, all
mutants were analyzed 2 days after transfection, and sufficient
numbers of low to moderate overexpressors (at least 200 cells/
mutant) were screened for phosphotransferase localization.
All mutants were evaluated in at least two independent
experiments.

Rescue Experiments with the vy Subunit—HeLa or HEK293
cells in 12-well plates were transfected with 1 ug of WT or
mutant a3 cDNA with or without 90 ng of WT y cDNA using
Lipofectamine 3000 (Invitrogen). Staining for immunofluores-
cence microscopy, «-MM activity assays, or SDS-PAGE and
Western blotting were performed ~48 h after transfection as
described.

Zebrafish Strains and Embryo Maintenance—W'T zebrafish
were maintained using standard protocols. Embryos were staged
according to the criteria established by Kimmel ez a/. (18). In some
cases, 0.003% 1-phenyl-2-thiourea was added to the growth
medium to block pigmentation. Handling and euthanasia of fish
for all experiments were carried out in compliance with University
of Georgia’s policies. This protocol was approved by the University
of Georgia Institutional Animal Care and Use Committee (permit
number A2012 07-037-Y2-AO0).
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Antisense Morpholino Injection and mRNA Rescue—Expres-
sion of GlcNAc-1-phosphotransferase (a3 subunit, gnptab)
was inhibited by injection of morpholino oligonucleotides (17).
Experiments involving mRNA rescue in the morphant back-
ground were performed on embryos sequentially injected with
8 ng of the gnptab splice blocking morpholino oligonucleotides,
which was previously validated to yield maximal specific inhi-
bition, and 300 pg of the appropriate mRNA. Based on titration
experiments, 300 pg of WT or mutant gnptab RNA yielded the
highest degree of phenotypic rescue within MLII embryos. Res-
cue was assessed by Alcian blue-stained cartilage, normalized
cathepsin K activity, and direct GIcNAc-1-phosphotransferase
activity measurements. The Message Machine kit (Ambion)
was used to synthesize all full-length mRNAs from PCSII+
constructs containing either zebrafish WT gnptab cDNA or the
Notch domain mutations corresponding to the two patient
missense mutations studied. The PCSII+WT zebrafish gnptab
construct was generated as previously described (17) and uti-
lized to generate the C447Y and C473S mutant sequences (see
DNA constructs for cloning details).

Alcian Blue Staining and Quantification of Craniofacial
Phenotypes—Embryos were stained with Alcian blue as
described previously (17). Analysis of craniofacial structures
was performed using the morphometric parameters outlined
under “Results.” Stained embryos were photographed on an
Olympus SZ-16 dissecting scope outfitted with Q-capture soft-
ware and a Retiga 2000R color camera. The length of specific
cartilage structures was measured using Photoshop Extended
measurement tools.

Enzyme Assays and Cation-independent Mannose 6-Phos-
phate Receptor Affinity Chromatography—The activity assays
for GlcNAc-1-phosphotransferase and cathepsin K as well as
the determination of the percentage of mannose phosphory-
lated B-galactosidase activity after affinity chromatography
were performed as previously described (15).

RESULTS

Localization of the Missense Mutations—The location of the
31 missense mutations in the a3 subunits is denoted in Fig. 1.
The red dots indicate homozygous mutations in MLII patients,
the blue dots indicate homozygous mutations in the MLIII a3
patients, and the black dots indicate sites of missense mutations
in patients where the second allele has a different missense or
other type of mutation. Although the mutations are widely dis-
tributed throughout the a and 8 subunits, they are clearly con-
centrated within the Stealth domain, with 48% of the mutations
(15/31) located in this region despite the fact that it only con-
stitutes 18% of the protein mass. A second concentration
occurred in the Notch repeats, which have 16% of the muta-
tions (5/31) but only 5% of the protein mass. On the other hand,
the spacer regions, which constitute 57% of the protein mass,
only contained 19% of the mutations (6/31). Of note, all the
Notch domain mutations occurred in the MLIII af3 patients,
whereas the Stealth mutations were present in the MLII and
MLIII o patients. The remaining mutations are located in the
DMAP domain and the cytoplasmic tails (2 and 3 mutations,
respectively).

3048 JOURNAL OF BIOLOGICAL CHEMISTRY

TABLE 2
Consequences of GNPTAB missense mutations
Mutation Activity Toward References
Domain Amino Nucleotide Exit ER o-MM IDU
acid (%WT) | (%WT)
WSIL | ¢242G>T + <2% NT® (25,26)
R334Q | c.1001G>A - <2% NT 22)
R334L | ¢.1001G>T - <2% NT @7
1348L | c.1042A>C Fu. 82+2% | 100£1% 22)
F374L | ¢.1120T>C e <2% NT @7
S399F | ¢.1196C>T +- 8+2% NT (22,25,26,28)
1403T | ¢.1208 T>C +- 11£2% NT (25,26,29,30)
Stealth D407A! | ¢.1220A>C i 8+6% NT @31)
A955V! | ¢2864C>T +H 9+5% NT Q@
H956R | c.2867A>G NT NT NT 22)
H956Y | ¢.2866C>T Fu. 4£2% NT @7
RI86C ¢.2956C>T ++ <2% NT (23,32)
L1001P | ¢.3002T>C ++ 5+2% NT (30)
D1018G | ¢.3053A>G + <2% NT 22)
N1153S | ¢.3458A>G ++ <2% NT 27
C442Y | c1325G>A 4t 94+3% | 18£16% (30)
C461G | c.1381T>G . 94:+4% 15£7% (30)
Notch C468S | c.1402T>A . 105£3% | 18+10% 22)
C505Y | c.1514G>A + 02£13% | 36£21% (22,25)
C523R | ¢.1567T>C + 29£12% | 18+9% 23)
K732N | ¢.2196 G>T . 100£10% | 12+6% @1
DMAP
L785W | c2354T>G - 103£12% | 15£12% 29)
V182D' | ¢.545T>A + 8+3% NT @1
DIV | ¢.569A>T . 86+20% | 76x17% 22)
Spacer R587P | ¢.1760G>C + 26£17% | 16£12% (33)
A592T | c.1774G>A ++ 23+12% | 25+15% 29)
Q926P | ¢.2777A>C +++ <2% NT (30)
L1054V | ¢3160C>G . 85+17% | 95+7% @1)
K4Q ¢.10A>C - 3243% | 38x13% | (21,22,34)
Cy“’]}?;‘i‘lsmic S15Y CA4C>A +++ 41£3% | 35+8% 22)
K1236M | ¢.3707A>T 4t 71£7% | 81x12% (35)

! These mutations were reported with an additional, novel mutation on the same
allele (D407A and A663G; A955V and K928R; V182D and Q205P). However,
our analysis only showed defects with the listed mutations. The additional
changes are likely single nucleotide polymorphisms.

2 Exit ER was evaluated by confocal immunofluorescence microscopy (co-localiza-
tion with Golgi marker GM130) and Western blot analysis (level of processed 3
subunit relative to WT B subunit). In almost all cases the results were in agree-
ment. A592T of3 phosphotransferase localized predominantly in the Golgi com-
plex. However, the 8 subunit level was lower than WT in all experiments.
Therefore, this mutant is likely somewhat retained in the ER.

3 NT, not tested.

Consequences of the Missense Mutations—To examine the
consequences of the missense mutations, plasmids encoding
WT and the various mutant GNPTAB cDNAs with C-terminal
V5/His tags were generated and transfected into HEK293 cells.
Cell lysates were prepared after ~48 h, and aliquots were sub-
jected to immunoblotting with an anti-V5 antibody to deter-
mine af3 precursor expression and monitor the appearance of
the mature V5-tagged B subunit. The latter reflects transport
of the a3 precursor to the Golgi apparatus where it is cleaved by
the site-1 protease to generate the 8 subunit (19), a process that
is required for activation of the enzyme. Additional aliquots of
the same extracts were assayed for catalytic activity using
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FIGURE 3. Subcellular localization of a8 phosphotransferase Stealth domain mutants by confocal immunofluorescence microscopy in HelLa cells. o3
phosphotransferase was detected with an antibody to the « subunit (green) and GM130 (red) marks the cis-Golgi complex. The arrow in the 1403T panels

indicates Golgi localization. Scale bars, 10 wm.

a-MM and, in some instances, the acid hydrolase a-iduroni-
dase as acceptors.

Consequences of Stealth Domain Mutations—Analysis by
Western blotting showed that similar levels of the a8 precursor
were present in all instances, but in seven of the Stealth domain
mutants little or no 8 subunit could be detected. Western blots
are shown in Fig. 24 for a subset of the mutants that represent
examples of the various defects. The absence or reduction in the
B subunit levels indicated that these mutations either prevent
the af precursor from exiting the ER or, after transport to the
Golgi, block the cleavage by the site-1 protease.

To distinguish between these possibilities the subcellular
localization of these mutants was examined in HeLa cells by
confocal immunofluorescence microscopy along with a WT
control. The seven mutants with no or reduced amounts of the
B subunit all exhibited increased ER staining (summarized in
Table 2 under exit ER). Two of the mutants, R334Q and R334L,
showed exclusively ER localization with no detectable Golgi
staining (Fig. 3 and Table 2 exit ER —). Western blot analysis
showed no detectable levels of the B subunit (Fig. 24). These
two mutations of residue 334 represent the most severe exam-
ple of mutants that fail to exit the ER. The S399F and 1403T
mutants also showed strong ER localization. However, in a
small population of the cells trace amounts were detected in the
Golgi complex (Fig. 3, I403T arrow), and in some experiments
the B8 subunit levels were just above the detection limit in the
Western blots, whereas other times it was undetectable (Fig.
2A, 1403T). These data indicate that the mutations strongly
inhibit ER exit but do not cause a complete block (Table 2, exit
ER +/—). A third group of mutants displayed both ER and Golgi
localization by immunofluorescence microscopy (Table 2, exit
ER +, Fig. 3, W81L). Surprisingly, the 8 subunit of W81L phos-
photransferase showed a slightly slower migration by Western
blotting than WT, in addition to a small amount of normally
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migrating B subunit (Fig. 24). Treatment with endoglycosidase
H;and peptide N-glycosidase F to analyze the types of N-linked
glycans showed a similar effect on the mutant and WT 3 sub-
units (Fig. 2B). These data suggest that the differently migrating
B subunit has reached the Golgi complex. One of the mutants,
L1001P, mostly localized in the Golgi but showed elevated ER
staining in a significant population of the cells and thus repre-
sents the least impaired of the analyzed mutants (Table 2, exit
ER ++; Fig. 3).

The enzymatic activity of WT and GNPTAB mutants toward
a-MM was measured next (Table 2). As expected, the mutants
R334Q and R334L that failed to exit the ER had no detectable
activity toward a-MM (<<2% of WT). The mutants that showed
partial exit from the ER exhibited either low levels of activity
(S399F, 1403T, L1001P) or undetectable activity (W81L, D1018G).
As the latter three mutants had both ER and Golgi localization, it is
possible that their mutations impair the catalytic activity of the
molecules that reach the Golgi.

Interestingly, six mutants in the Stealth domain that traf-
ficked to the Golgi (Table 2 and Fig. 3, D407A and R986C) and
underwent proteolytic cleavage had little or no enzymatic activ-
ity (Fig. 2A). This indicates that the mutations likely involve
residues that participate in the catalytic function of the trans-
ferase. Finally, one of the Stealth domain mutants, 1348L,
behaved similarly to WT in all the assays.

Consequences of DMAP Domain Mutations—W'e previously
reported that the DMAP interaction domain mutation K732N
has full activity toward a-MM but impaired ability to phosphor-
ylate lysosomal acid hydrolases (15). Here we show that a sec-
ond DMAP mutant (L785W) behaves in an analogous fashion,
with 103 * 12% of WT activity toward «-MM and only 15 *
12% of WT activity toward the lysosomal hydrolase a-iduroni-
dase (Table 2).
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FIGURE 4. Missense mutations in phosphotransferase Notch repeat 1 impair recognition of a-iduronidase. A, alignment of the Notch repeats 1 and 2 in
human «af phosphotransferase (PT) and the Lin12-Notch repeats (LNR) of human Notch 1. Indicated in bold are the cysteines that are mutated in MLIII a8
patients, and the different colors show disulfide bond formation. B, confocal immunofluorescence microscopy shows normal Golgi localization for the Notch
1 mutants (C442Y, C461G, and C468S) but partial Golgi/ER localization for the Notch 2 mutants (C505Y and C523R). Scale bars, 10 um. C, HEK293 cell lysates
expressing WT or mutant a3 phosphotransferase were subjected to SDS-PAGE and anti-V5 immunoblotting ~48 h after transfection. Although the Notch 1
mutant B subunit levels were comparable with WT, the Notch 2 mutants showed reduced levels of B subunit, which is consistent with impaired ER exit. The
anti-GAPDH control shows that the expression levels of the mutants were similar. D and E, although the activity toward a-MM (D) is normal with the Notch 1
mutants, the activity toward a-iduronidase (IDU, E) was significantly decreased (¥, p < 0.05, Student’s t test). The activity of the Notch 2 mutants C505Y and
C523R was reduced for both a-MM (**, p < 0.01) and a-iduronidase. The values show the activity as a percentage of WT enzyme activity (averages = S.E.) of at

least three independent experiments, measured in duplicate.

Consequences of Notch Repeat Mutations—Interestingly, all
the Notch mutations involve cysteine residues, and all block the
formation of a different disulfide bond (Fig. 44). However, only
the mutations in Notch repeat 2 resulted in partial ER retention
(Fig. 4B, C505Y and C523R) and reduced B subunit levels (Fig.
4C). The three Notch 1 mutants were efficiently delivered to the
Golgi complex (Fig. 4B, C442Y, C461G, and C468S), and the a3
precursors underwent proteolytic cleavage (Fig. 4C). The
Notch 1 mutants were fully active toward a-MM (Fig. 4D), doc-
umenting that the catalytic function of these mutants was
intact. However, they exhibited decreased activity toward
a-iduronidase (Fig. 4E), indicating an impairment in the selec-
tive recognition of acid hydrolases as substrates. The catalytic
activity of the Notch 2 mutants was significantly reduced (Fig.
4D), consistent with the partially impaired ER exit. The activity
toward a-iduronidase was similarly decreased (Fig. 4E). Unfor-
tunately, this assay was not sensitive enough to determine
whether the portion of the mutant enzyme that was catalytically
active was impaired in the recognition of this lysosomal
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enzyme. Therefore, it remains to be established whether the
Notch repeat 2 has a role in substrate recognition.

Notch Mutants Partially Rescue MLII Zebrafish—To gain
further insight into the consequences of the Notch domain
mutations, we turned to the zebrafish MLII model to examine
their effects in an intact animal system. In this model the
expression of GIcNAc-1-phosphotransferase is inhibited by
injection of embryos with morpholinos that target GNPTAB
mRNA, resulting in a phenotype with features similar to MLII
(17). These MLII zebrafish embryos can be rescued by co-injec-
tion with WT GNPTAB mRNA resistant to the morpholino.
Alternatively, mRNAs bearing mutations can be evaluated for
their ability to prevent the phenotype. We focused on the Notch
1 C442Y and C468S mutants, as they exhibit WT activity
toward a-MM but impaired phosphorylation of a-iduronidase
in the in vitro assays. The C442 and C468 residues correspond
to Cys-447 and Cys-473 in the zebrafish GIcNAc-1-phospho-
transferase. Rescued embryos were collected at 3 days post
fertilization and analyzed for the activity and mannose phos-
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FIGURE 5. The Notch domain mutations selectively impact lysosomal
hydrolase recognition in zebrafish embryos. A, direct measurement of
GIcNAc-1-phopshotransferase activity in 3 days post fertilization lysates
revealed comparable activity in embryos rescued with WT, C447Y, and C473S
mRNA (n = 2). B, cathepsin K activity was reduced to near WT levels in all
rescued embryos (n = 5). C, determination of the amount of mannose 6-phos-
phate modified B-galactosidase activity using cation-independent mannose
6-phosphate receptor (MPR) affinity chromatography demonstrated that
C447Y and C473S (but not WT) rescued embryos had B-galactosidase man-
nose phosphorylation levels that were comparable to MLII embryos (n = 4).
p < 0.001. Man-6-P, mannose 6-phosphate.

phorylation of relevant enzymes. Consistent with the cellular
assays, neither mutation affected the catalytic activity of
GlcNAc-1-phosphotransferase as comparable activity was
observed in embryos rescued with WT or mutant mRNA (Fig.
5A). The inability of either mRNA to restore WT levels of
GIcNAc-1-phosphotransferase activity likely reflects the low
efficiency of GNPTAB mRNA expression due to its large size.
Nonetheless, the level of GIcNAc-1-phosphotransferase activ-
ity achieved in embryos rescued with WT mRNA is sufficient
for complete biochemical and phenotypic rescue (15, 17). Anal-
ysis of cathepsin K activity in C447Y and C473S rescued
embryos showed a minor, but not statistically significant,
increase in total activity, indicating that the elevated activity of
this protease within the MLII background can be effectively
reduced despite the presence of the Notch domain mutants
(Fig. 5B). However, reduced mannose phosphorylation of the
glycosidase 3-galactosidase was still noted in C447Y and C473S
rescued embryos but not those rescued with WT mRNA (Fig.
5C). This finding supports a role for the Notch domain in lyso-
somal hydrolase recognition.

To determine whether the C447Y and C473S mutants were
able to restore the abnormal tissue development seen with the
MLII embryos, craniofacial phenotypes were assessed in Alcian
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blue-stained embryos (Fig. 6A4). MLII zebrafish typically exhibit
1) short flattened jaws with Meckel’s (M) cartilages that do not
protrude beyond the eyes, 2) decreased distance between the
Meckel’s and ceratohyal (CH) structures, 3) a straightened
angle of articulation between the ceratohyal elements, and 4)
reduced Alcian blue staining of posterior structures (17, 20).
Therefore, these criteria (outlined in Fig. 6B) were used to ini-
tially assess phenotypic rescue. Although 94% of the embryos
injected with WT mRNA corrected all four abnormalities,
embryos rescued with C447Y and C473S mRNAs only cor-
rected these features 84 and 80% of the time, respectively. Fur-
thermore, embryos rescued with the mutant mRNA appeared
visually different from embryos rescued with WT mRNA.
Therefore, we quantitatively assessed the degree of phenotypic
rescue by measuring the length of the M, palatoquadrate (PQ)
and CH structures (Fig. 6C). Collectively, these analyses
showed that all measurement parameters were improved com-
pared with MLII embryos. Of note, in the case of C447Y the M
to CH length was significantly shorter compared with WT
mRNA rescued zebrafish, the CH angle was significantly larger,
and in both C447Y and C473S mRNA rescued zebrafish the CH
length was significantly shorter relative to WT mRNA rescued
(p < 0.05, two-tailed Student’s ¢ test). The other parameters
were not significantly altered in the Notch mutant mRNA res-
cued zebrafish compared with those rescued with WT mRNA.

Consequences of Spacer and Cytoplasmic Tail Mutations—
The six mutations in the spacer regions showed various conse-
quences. The V182D and R587P mutants exhibited consider-
able ER staining with some Golgi localization (Fig. 7B and Fig.
84). The A592T mutant showed predominant Golgi localiza-
tion (Fig. 7B) with only a small reduction in the level of the 3
subunit. However, the activity toward a-MM was relatively
more reduced (23 = 12% of WT), consistent with some loss of
catalytic activity.

Of particular interest was the mutant enzyme with the
Q926P substitution, which is located just 2 residues upstream
of the site-1 protease cleavage site between Lys-928 and Asp-
929. The expressed protein had no detectable 8 subunit or
activity toward a-MM (Fig. 7A, Table 2). Immunofluorescence
staining revealed a typical Golgi pattern (Fig. 7B), indicating
that the mutant protein is transported to the Golgi but is not
cleaved by the site-1 protease. Finally, the D190V and L1054V
mutants exhibited minimal or no abnormalities in each of the
cell-based assays (Fig. 7, Table 2), as did a mutation in the C-ter-
minal cytoplasmic tail region (K1236M).

Overexpression of the vy Subunit Rescues R587P af3 Phos-
photransferase—As preliminary experiments suggested that
the spacer region between Notch repeat 2 and the DMAP inter-
action domain (residues 535—694) is involved in binding of the
v subunit, we next studied the effect of overexpressed WT vy
subunit on the localization of the mutants in this region, R587P
and A592T. This caused the R587P mutant to shift from a pre-
dominant ER localization to a predominant Golgi localization
(Fig. 8A). There was no effect on the A592T mutant, which
already showed a predominant Golgi localization without over-
expressed y subunit (Fig. 7B) or on the 1403T (Fig. 84), W81L,
R334Q, or S399F mutants. Consistent with the enhanced Golgi
localization of R587P when the y subunit was overexpressed,
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FIGURE 6. Notch mutants partially rescue the cartilage phenotypes in MLIl zebrafish. A, representative Alcian blue stains of WT, MLII, and rescued embryos.
The percentage of embryos with the representative staining pattern is shown. B, schematic representation of four different parameters, including the angle,
length, and position of multiple cartilage elements, quantified for all embryos in each condition. PF, pectoral fin; CB, cartilage. C, measurements were made in
at least 25 embryos for each condition. The results of this quantification support partial rescue when Notch mutant mRNA is used; see “Results” for details. All
parameters evaluated in the MLII zebrafish were significantly altered compared with WT zebrafish (p < 0.001). The parameters in the rescued zebrafish (WT,
C447Y, and C473S) were all significantly improved compared with the MLII zebrafish (p < 0.01). PQ, palatoquadrate.

Western blot analysis showed an increase in the level of the 8
subunit, whereas WT, 1403T, and A592T did not show signifi-
cant changes in the levels of this subunit (Fig. 8B). In addition,
co-expression of the vy subunit increased the activity of R587P
af3 phosphotransferase toward a-MM ~3.5-fold. These results
show that the function of the mutant enzyme can be partially
rescued by the y subunit of phosphotransferase.

DISCUSSION

The analysis of the GNPTAB missense mutations presented
here advances our understanding of how the various amino acid
substitutions affect the transport, activation, and catalytic func-
tion of the @ and B subunits of GIcNAc-1-phosphotransferase.
Moreover, these studies provide new insight into the function
of previously uncharacterized domains of this enzyme. Our
findings (summarized in Fig. 9) indicate four different ways in
which the missense mutations studied affect GIcNAc-1-
phosphotransferase function: 1) impaired exit from the ER, most
likely due to misfolding, 2) loss of catalytic activity toward simple
sugar substrates (this includes one mutation that prevents cleav-
age by the site-1 protease), 3) decreased binding and mannose
phosphorylation of lysosomal acid hydrolases, and 4) reduced
Golgi retention. In addition, several missense mutations were
identified that have no deleterious consequences on GIcNAc-1-
phosphotransferase function in the assays performed.

Although many of the substitutions in the Stealth domain
result in retention in the ER, six of the mutants reach the
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Golgi and undergo proteolytic processing but have no or
minimal catalytic activity toward a-MM. These residues,
distributed across the four Stealth regions of the enzyme,
appear to selectively impair the catalytic function of the
transferase. It is not clear whether these residues constitute
the amino acids responsible for transfer of GIcNAc-P to the
6-OH of the mannose acceptor, binding of UDP-GIcNAc,
and mannose residues or both. These findings provide the
first direct experimental evidence to support the longstand-
ing hypothesis that the Stealth domain mediates the catalytic
function of GlcNAc-1-phosphotransferase.

We also demonstrated a role for a second conserved domain
(Notch) of the enzyme in the recognition of lysosomal hydro-
lases. Each of the three cysteine mutations in Notch repeat 1
retained full activity of the enzyme toward a-MM but exhibited
significantly decreased activity toward the acid hydrolase
a-iduronidase. Furthermore, two of these mutants, C442Y and
C468S (C447Y and C473S in zebrafish), failed to restore
B-galactosidase phosphorylation in the zebrafish MLII
model. Taken together, these findings implicate the Notch
repeat 1 in the recognition of acid hydrolases. In contrast to
the Notch 1 mutants, the cysteine mutations in Notch repeat
2 resulted in partial retention in the ER. At this point it is
unclear whether these mutations also affect the ability of the
enzyme that reaches the Golgi to phosphorylate lysosomal
enzyme substrates.
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We previously reported a role for the DMAP interaction
domain in the recognition of lysosomal enzymes (15). This con-
clusion was based on the finding that the DMAP mutant K732N
showed normal catalytic activity («-MM measurement) but
impaired activity toward the lysosomal enzymes cathepsin D
and a-iduronidase. In addition, expression of K732N in the
MLII zebrafish model failed to rescue the craniofacial pheno-
type or reduce the elevated cathepsin K activity that is associated
with abnormal cartilage development. Thus, the impact of the
DMAP mutation differs from the effects of the Notch 1 mutants,
which showed partial rescue of the phenotypic abnormalities and a
reduction in cathepsin K activity back to WT levels. Nonetheless
both mutants exhibited reduced mannose phosphorylation of
B-galactosidase in our zebrafish studies supporting a role for these
domains in substrate recognition. It is possible that these domains
mediate the binding of distinct sets of lysosomal enzymes to
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ensure the phosphorylation of a broad spectrum of substrates.
Alternatively, they could act cooperatively to ensure the fidelity of
mannose phosphorylation.

Most studies that reported new mutations in MLIT and III o
patients used bioinformatics tools to predict the consequences
of these mutations. Although in the majority of the cases these
predictions were in agreement with our observations, we found
one damaging mutation that was predicted to be benign
(A955V) and one mutation that was predicted to be damaging
but showed no defects (Q205P) (21). Of interest are the muta-
tions that involve the consensus sequence for the site-1 prote-
ase, (R/K)X(hydrophobic)Z, with X representing any amino
acid and Z preferentially Leu or Thr but excluding Val, Pro, Glu,
Asp, or Cys (19). In af8 phosphotransferase, site-1 protease
cleavage occurs after Lys-928, and alanine scanning showed
that residues Arg-925, Leu-927, and Lys-928 were most critical
for this cleavage (19). Based on the consensus sequence (pre-
dicting any amino acid at residue 926), we did not expect that
the patient mutation Q926P would affect site-1 protease cleav-
age. However, although this mutant localized normally to the
Golgi complex, the enzyme was inactive, and no 3 subunit was
formed. These data show that a Pro at residue 926 is unfavor-
able for cleavage. On the other hand, substitution of Lys-928
with Arg (21) is tolerated (data not shown).

Several of the missense mutations were reported in a
homozygous state in either MLII or MLIII o patients. In gen-
eral, the severity of these mutations correlated well with the
reported clinical phenotypes in the patients. The mutations
W8I1L and R986C that resulted in the severe MLII phenotype
showed undetectable catalytic activity (<2% of WT) in our
assay. The homozygous mutations that occurred in MLIII «f3
patients were found to be less detrimental, as the residual activ-
ities were 8 —11%. The exceptions were D1018G, which is asso-
ciated with an MLIII a3 phenotype, although more severe than
seen in classical MLIII af3 patients (reported as MLIII interme-
diate in Cathey et al. (22)), as it showed undetectable catalytic
activity, and K1236M, which was normal in our assays. In addi-
tion, C523R was homozygous in a patient with either MLII or
I B (23). Our data predict an attenuated clinical phenotype in
this patient, as there was substantial residual catalytic activity
(29 = 12%).

De Pace et al. (24) previously reported expression studies of
four of the missense mutants analyzed here (W81L, S399F,
R986C, and K1236M). Our results are in agreement with their
finding that mutation of the residues Trp-81 and Ser-399
impacts ER exit. Moreover, by measuring the catalytic activity
of the mutants, our study suggests that the W81L mutation also
possibly impacts the activity of the portion of the enzyme that
makes it to Golgi complex. In addition, we established that the
R986C mutation completely impairs the catalytic activity.
Although our assays revealed the consequences of the great
majority of the missense mutations, no abnormalities were
found in the case of K1236M «af3 phosphotransferase. Likewise,
three other mutants, D190V, 1348L, and L1054V, showed little
or no impairment in their biosynthesis, Golgi localization, or
enzymatic activity toward a-MM and a-iduronidase. Thus it is
unclear at this point how these mutations give rise to the MLII/
MLIII a3 phenotype. Expression of mRNA bearing these muta-
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tions within the MLII zebrafish background may lend insight
into how these mutations alter GIcNAc-1-phosphotransferase
function in a physiological context.

To our surprise, overexpression of the y subunit of phospho-
transferase had a great impact on the ER exit of the R587P «f3
mutant. One possible explanation for this rescue is that the y
subunit binding site is located in this spacer region, close to
R587P. This interaction might stabilize this region and favor
correct folding of the enzyme. The endogenous vy subunit levels
may not be sufficient to mediate this rescue effect, possibly
because R587P has a modest effect on y subunit binding. In
addition, these results suggest that the a8 and y subunits
assemble in the ER and are transported to the Golgi as a
complex.
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Having confirmed that the Stealth domain mediates the cat-
alytic function of the enzyme and demonstrating that the Notch
and DMAP domains are involved in the selective recognition of
acid hydrolase substrates, it is of interest to relate these findings
to the evolution of mammalian GlcNAc-1-phosphotransferase.
There is now direct evidence that the bacterial Stealth proteins
function as sugar-phosphate transferases in the synthesis of
cell wall polysaccharides (8-10). In contrast to GlcNAc-1-
phosphotransferase, these reactions do not involve the recog-
nition of a protein determinant. Importantly, the bacterial
Stealth proteins lack the Notch and DMAP domains. Thus an
attractive hypothesis is that the mammalian enzyme acquired
these domains, as it evolved to selectively recognize and phos-
phorylate lysosomal acid hydrolases. The bacterial transferases
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also lack the 7y subunit. We, therefore, hypothesize that the
binding site for iy would be in the region of the af3 precursor
that contains the Notch and DMAP domains. We are currently
investigating this possibility.
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