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Abstract

Angiokeratoma corporis diffusum with glycopeptiduria is a
recently recognized inborn error of glycoprotein catabolism
resulting from the deficient activity of human a-N-acetylga-
lactosaminidase (E.C.3.2.1.49; a-GalNAc). The first patient
with this autosomal recessive disorder, a 46-yr-old consan-
guineous Japanese woman, presented with diffuse angioker-
atoma, mild intellectual impairment, and peripheral neu-
roaxonal degeneration. Deficient a-GalNAc activity also has
been reported in consanguineous brothers with an infantile-
onset form of neuroaxonal dystrophy resulting from a mis-
sense mutation (designated E325K) in the a-GalNAc gene.
To identify the mutation causing the phenotypically distinct
adult-onset disorder, Southern and Northern hybridization
analyses of DNA and RNA from the affected homozygote
were performed which revealed a grossly normal a-GalNAc
gene structure and normal transcript size and abundancy.
Reverse transcription, amplification, and sequencing of the
a-GalNAc transcript identified a single C to T transition at
nucleotide (nt) 985 that predicted an arginine to tryptophan
substitution in residue 329 (designated R329W) of the a-
GalNAc polypeptide. This base substitution was confirmed
by hybridization of PCR-amplified genomic DNA from fam-
ily members with allele-specific oligonucleotides. Transient
expression of an a-GalNAc construct containing the R329W
mutation resulted in the expression of an immunoreactive
polypeptide which had no detectable a-GalNAc activity.
Comparison of the biosynthesis and stabilities of the tran-
siently expressed and radiolabeled normal, E325K (infan-
tile-onset) and R329W (adult-onset) a-GalNAc polypeptides
in COS-1 cells indicated that both the mutant precursors
were processed to the mature form; however, the E325K
mutant polypeptide was more rapidly degraded than the
R329W subunit, thereby providing a basis for the distinctly
different infantile- and adult-onset phenotypes. (J. Clin. In-
vest. 1994. 94:839-845.) Key words: angiokeratoma ¢+ neu-
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Introduction

Angiokeratoma corporis diffusum with glycopeptiduria is a re-
cently recognized inborn error of glycoprotein catabolism re-
sulting from the deficient activity of the lysosomal glycohydro-
lase, a-N-acetylgalactosaminidase (E.C.3.2.1.49; a-GalNAc)'
(1-3). The enzymatic defect, inherited as an autosomal reces-
sive trait, leads to the tissue accumulation and increased urinary
excretion of glycopeptides and oligosaccharides containing a-
N-acetylgalactosaminyl moieties. The disorder was described
in 1989 by Kanzaki et al. (1) in a 46-yr-old consanguineous
Japanese female who had diffuse angiokeratoma, mild intellec-
tual impairment, and peripheral neuroaxonal degeneration. The
angiokeratoma, a disseminated petechiae-like eruption, first ap-
peared on her lower torso at ~ 28 years of age and then spread
slowly over her body in a distribution typical to that seen in
hemizygotes with Fabry disease (4). Dilated, tortuous blood
vessels were observed in her ocular conjunctiva and fundi.
There were no other manifestations commonly found in other
lysosomal storage diseases, including organomegaly, lymphade-
nopathy and skeletal abnormalities. The proband had a low
intelligence (IQ = 70) and magnetic resonance imaging of the
brain revealed a few small lacunar infarctions, but no gross
parenchymal atrophy. Motor nerve conduction studies were nor-
mal, but the sensory nerves had a marked decrease in amplitude
with normal velocity, indicating a peripheral neuroaxonal de-
generation (3).

The affected homozygote had levels of a-GalNAc activity
that were < 1% of normal in various sources as assayed with
the recently synthesized substrate, 4-methylumbelliferyl-a-N-
acetylgalactosaminide (4MU-a-GalNAc) (2). Her children had
intermediate levels of activity consistent with being obligate
heterozygotes for this autosomal recessive disorder. Using
monospecific rabbit anti-human a-GalNAc antibodies, immu-
noblots of fibroblast extracts from the affected proband revealed
no detectable immunoreactive enzyme protein, while extracts
from her heterozygous son had two immunoreactive peptide
species, the ~ 48-kD monomeric and ~ 117-kD dimeric forms
of a-GalNAc observed in normal cultured fibroblasts and in
preparations of the purified human enzyme. These findings sug-
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1. Abbreviations used in this paper: a-GalNAc, a-N-acetylgalactosami-
nidase; CRIM, cross-reacting immunological material; Endo H, endogly-
cosidase H; nt, nucleotide; PNGase F, peptide N-glycosidase F; 4-MU,
4-methylumbelliferyl.
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gested that the a-GalNAc mutation in this family markedly
altered the enzyme’s activity and stability.

Previously, an infantile form of neuroaxonal dystrophy due
to the deficient activity of lysosomal a-GalNAc was described
in two consanguineous German boys (4—7). The course of this
disorder was remarkably distinct from that of the adult-onset
form, and was characterized by normal development until 8—
12 mo of life, followed by a rapidly regressive course resulting
in profound psychomotor retardation by three years of age. They
had no apparent or histologic evidence of cutaneous involve-
ment at 8 and 9 years of age. Morphologic analysis of cortical
tissue revealed the characteristic ‘spheroids,”” which are the
pathologic hallmark of the neuroaxonal dystrophies. The dem-
onstration of accumulated O-linked sialoglycopeptides and the
blood group A oligosaccharide in their urines led to the identifi-
cation of deficient a-GalNAc activity as the primary enzymatic
defect causing this form of infantile neuroaxonal dystrophy (5,
7, 8). The finding that the German brothers with infantile neu-
roaxonal dystrophy and the Japanese woman with diffuse angi-
okeratoma excreted the same sialoglycoproteins (9, 10), led to
the discovery that the adult-onset proband also had deficient -
GalNAc activity (3). Thus, phenotypically distinct infantile- and
adult-onset forms of a-GalNAc deficiency were delineated.

The isolation and expression of the full-length cDNA and
genomic sequence encoding human a-GalNAc (11, 12) permit-
ted investigation of the molecular lesions that cause the pheno-
typically distinct forms of a-GalNAc deficiency. The 12-kb a-
GalNAc gene encodes a polypeptide of 411 amino acids includ-
ing a signal peptide of 17 residues. Studies of human a-GalNAc
biosynthesis indicated that the precursor polypeptide was co-
translationally glycosylated in the endoplasmic reticulum, and
after carbohydrate modifications and phosphorylation of its high
mannose-type oligosaccharide structures in the Golgi, the ma-
ture glycopeptide of 394 amino acids was trafficked to the lyso-
some via the mannose-6-phosphate receptor-mediated pathway
(13). Presumably, the mature glycopeptide is dimerized to form
the 117-kD active form in the Golgi. Recently, the molecular
lesion in the consanguineous German brothers with the infan-
tile-onset form was identified as a single G to A transition at
nucleotide (nt) 973 which predicted a glutamic acid to lysine
substitution at residue 325 (designated E325K) in the a-GalNAc
polypeptide (14). Cultured fibroblasts from the infantile-onset
patients, who were homoallelic for the E325K mutation, had
< 1% normal a-GalNAc activity and no detectable immunore-
active enzyme protein. Studies of a-GalNAc biosynthesis in
cultured fibroblasts from the infantile-onset probands suggested
that the E325K precursor subunit was synthesized, but was
so unstable that it was not processed to the mature lysosomal
form (15).

In this communication, we report the specific missense mu-
tation in the a-GalNAc gene (designated R329W), that causes
adult-onset angiokeratoma corporis diffusum with glycopepti-
duria in the consanguineous Japanese proband. This base substi-
tution was confirmed by analysis of genomic DNA from family
members and by transient expression studies. Of interest was
the fact that the inactive enzyme protein expressed in COS-1
cells was immunologically detectable, whereas no cross-re-
acting immunological material (CRIM) was present in cultured
fibroblasts from the adult proband. In addition, transient expres-
sion of a-GalNAc mutations E325K and R329W indicated that
the R329W polypeptide was more stable than the E325K sub-
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unit, suggesting a molecular basis for these phenotypically dis-
tinct disorders.

Methods

Cell lines. Primary cultures of fibroblasts and lymphoblasts were estab-
lished from skin biopsies and peripheral blood samples obtained with
informed consent from members of the infantile- and adult-onset fami-
lies and from normal controls. The COS-1 cells lines were purchased
from the American Type Tissue Collection (Rockville, MD). The fibro-
blasts, lymphoblasts and COS-1 cell lines were grown in DME media
supplemented with 10% fetal bovine serum, 1% penicillin, and 1 mg/
ml streptomycin by standard procedures (16).

Assays of a-GalNAc activity and protein. The a-GalNAc activity in
cultured cell lines was determined with the synthetic fluorogenic sub-
strate 4MU-a-GalNAc (17) as previously described (7). Protein concen-
tration was determined by the fluorescamine assay (18). Immunoblot
analyses of a-GalNAc enzyme protein in transfected COS-1 cells was
performed using monospecific rabbit anti—human a-GalNAc antibodies
as described (7, 11).

Southern and Northern hybridization analyses. Genomic DNA was
isolated from at least 10° cultured lymphoblasts (19). DNA digested
with various restriction endonucleases (e.g., BamHI, Pstl, EcoRI, Tagl)
(New England Biolabs, Beverly, MA), was electrophoresed in 1% agar-
ose, transferred to BioTrace RP charge-modified nylon 66 binding ma-
trix (Gelman Sciences, Inc., Ann Arbor, MI) (20) and hybridized with
nick-translated a-GalNAc cDNA as the probe (21). To determine the
relative sizes and amounts of the 2.2- and 3.6-kb a-GalNAc transcripts
(11), total RNA was isolated from at least 10° cultured lymphoblasts
from the adult-onset proband and normal individuals (22). RNA samples
were electrophoresed in 1% agarose/formaldehyde denaturing gels (23),
transferred to the BioTrace membranes described above, and analyzed
with the radiolabeled a-GalNAc riboprobe synthesized with SP6 poly-
merase from the a-GalNAc 2.2-kb cDNA cloned into the pGEM 4Z
vector (Promega, Madison, WI).

DNA amplification and sequencing of the mutant allele. Sense and
anti-sense oligonucleotide primers designed to amplify the entire coding
region of the a-GalNAc transcript in two overlapping fragments were
synthesized on a model 380B DNA synthesizer (Applied Biosystems,
Foster City, CA). The 5’ region of the a-GalNAc transcript (cDNA
nucleotide [nt] —54 to 689 [11]) was amplified using the 32-mer sense
primer, P1 (5'-AGTAGTGAATTCCTGATACACGCAGACCAGAT-
3'), corresponding to a-GalNAc nt —34 to —53 with an additional 12
nt which included an EcoRlI site, and a 32-mer antisense primer, P2 (5'-
AGTAGTAAGCTTTTCAGGATGGAGAGCTCGCT-3'), correspond-
ing to a-GalNAc cDNA nt 670—689 with a HindIII site for directional-
subcloning. The 3’ region of the coding sequence (cDNA nt 595 to
1292) was amplified using a 32-mer sense primer, P3 (5'-AGTAGT-
GAATTCAGGGTGAACTACAGTCTGCT-3'), corresponding to nt
595-614 with an EcoRlI site and a 32-mer antisense primer, P4 (5'-
AGTAGTAAGCTTGCTCCATGGTCTAGGCTCAG-3'), correspond-
ing to nt 1273-1292 and containing a HindIII site. Total RNA (10 pg)
was reverse-transcribed to cDNA using the BRL cDNA Synthesis Kit
(GIBCO-BRL, Gaithersburg, MD). One-fourth of the cDNA product
was PCR-amplified (24) using the GeneAmp DNA Amplification Re-
agent Kit (Perkin Elmer Cetus, Norwalk, CT) and 1 uM of each primer.
Each of the 30 PCR cycles consisted of denaturation at 94°C for 1 min;
annealing at 37°C for 2 min; and extension at 60°C for 7 min. Each
PCR product was phenol/chloroform extracted, ethanol precipitated, re-
suspended in 20 ul of H,0, and then 2 ul was analyzed by electrophore-
sis in a 1.8% agarose gel. The remaining 18 ul was digested with EcoRI
and HindIIl and directionally subcloned into the M13mp18 and 19
vectors (25). Clones containing the PCR products were identified by
plaque hybridization using the nick-translated a-GalNAc cDNA (21).
Single-stranded template was isolated (25) from six separate M13
clones, and each was sequenced in both orientations by the dideoxy
chain termination method (26) using universal and a-GalNAc-specific
primers.



Oligonucleotide hybridization of PCR-amplified genomic DNA. Ge-
nomic DNAs (1 pg) from the affected homozygote, her obligate hetero-
zygous son, her surviving siblings and normal individuals were PCR-
amplified using primers that flanked the region of the mutation by the
conditions described above. The 5’ sense primer was a 20-mer (5'-
TGATGTCCACAGACCTGCGT-3’) corresponding to nt 842—-861 and
the 3’ antisense primer was a 20-mer (5'-CATATCGGTCCTGCAGC-
TGA-3") corresponding to nt 1005-1024 of the a-GalNAc full-length
cDNA (10). Normal and mutation-specific oligonucleotide probes (21-
mers) were synthesized with the sequences 5'-GTGTACATGCGGCCT-
CTGTCC-3' and 5'-GTGTACATGTGGCCTCTGTCC-3’, respectively.
Dot blots were denatured, hybridized and washed as described (27).

Computer-assisted analyses. Local secondary structure for the nor-
mal and both mutant enzyme subunits were predicted by the algorithms
of Chou and Fasman (28) and Garnier et al. (29) using the University
of Wisconsin Computer Group software (30). A region of 20 amino
acids corresponding to residues 310—-330 which included the E325K and
R329W substitutions were used to predict the local secondary structures.

Construction of the mutant cDNA and transient expression in COS-
1 cells. The BamHI-Kpnl fragment from a M13 clone containing the
nt 985 C to T substitution, was used as a cassette to replace the corre-
sponding region in the full-length a-GalNAc cDNA (11). The sequence
was confirmed by dideoxy sequencing, and then the mutant cDNA was
subcloned into the eukaryotic expression vector p91023(B) (31) kindly
provided by Dr. R. J. Kaufman (Genetics Institute, Cambridge, MA).
This expression construct was designated p91-R329W, and the pre-
viously constructed expression vectors for the normal and E325K alleles
(14) were designated p91-AGB and p91-E325K, respectively. For tran-
sient expression studies, each construct was transfected into COS-1 cells
(32), harvested at 72 h after transfection, and then assayed for activity
and immunoreactive protein as previously described (7).

To compare the biosynthesis and stabilities of the normal and mutant
proteins, the p91-AGB, p91-E325K and p91-R329W expression con-
structs (20 ug DNA each) were individually transfected into 5 X 10°
COS-1 cells by electroporation as previously described (Biorad Gene
Pulser, Richmond, CA). The transfected COS-1 cells were radiolabeled
for 15, 20, 30, or 60 min with 100 Ci of [**S]methionine (Dupont New
England Nuclear, Boston, MA) per 100 mM dish containing 1 X 10°
cells at 72 h after transfection. Cells were harvested at various time
points after labeling and the normal, R329W and E325K a-GalNAc
polypeptides” were immunoprecipitated using Staphylococcus aureus
cells (Pansorbin, Calbiochem, San Diego, CA). Equal amounts of immu-
noprecipitated protein were electrophoresed on a standard tricine sodium
dodecyl sulfate 10% polyacrylamide (SDS-PAGE) gel as previously
described (14, 33). Autoradiograms were scanned and analyzed using
the ‘‘Image Processing and Analysis’’ version 1.41 software kindly
provided by Wayne Rasband (National Institutes of Health).

To investigate the glycosylation of the expressed normal a-GalNAc
protein, COS-1 cells were transfected with the p91-AGB construct,
and after 72 h were labeled for 1 h, were harvested immediately, and
immunoprecipitated as described above. The immunoprecipitated en-
zyme was digested with peptide N-glycosidase F (PNGase F) and endo-
glycosidase H (Endo H) (Boehringer Mannheim, Indianapolis, IN) as
described (34). The digested proteins were desalted using microcentri-
cons (Amicon, Beverly, MA) and electrophoresed as described above.

Results

Identification of the a-GalNAc mutation in the adult-onset pro-
band. To characterize the nature of the a-GalNAc mutation in
the adult-onset proband with angiokeratoma corporis diffusum
and glycopeptiduria, Southern and Northern hybridization anal-
yses were performed with four restriction endonucleases on
lymphoblast genomic DNA and total RNA from the affected
homozygote, her obligate heterozygous children and unrelated
normal individuals. No gene rearrangements were observed, the
family was not polymorphic for the BamHI and Taq]l restriction

Figure 1. Partial DNA
sequence of the reverse-
transcribed and PCR-am-
plified a-GalNAc tran-
Sor script from the adult-on-
set patient. Compared to
the normal cDNA se-
quence (left),aCto T
Pio transition at nt 985 which
predicted an arginine to
tryptophan substitution
at polypeptide residue
329, was identified in all
subclones containing the
a-GalNAc PCR product
from the affected homo-
val zygote. See text for de-
tails.
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length fragment polymorphisms (11), and the ~ 2.2- and ~ 3.6-
kb a-GalNAc transcripts were of normal size and abundancy
(data not shown). Therefore, to identify a probable point muta-
tion or small insertion or deletion in the coding region, total
RNA isolated from cultured lymphoblasts derived from the pro-
band was reverse transcribed, and the coding region was PCR-
amplified and sequenced in both orientations. Sequence analysis
of all 12 subclones revealed a C to T transition at nt 985 which
predicted an arginine to tryptophan substitution at residue 329
(Fig. 1). This substitution, designated R325W, was confirmed
by hybridization of allele-specific oligonucleotides with PCR-
amplified genomic DNA from the affected homozygote, her
obligate heterozygous son, her sibs and normal individuals. As
shown in Fig. 2, the amplified genomic sequence from the af-
fected homozygote hybridized only with the mutation-specific
oligonucleotide. In support of this finding, the genomic PCR
product from each of her children hybridized with both the
normal and mutation-specific oligonucleotides. Furthermore,
the heterozygous status of three of her four sibs as determined
by a-GalNAc enzyme activity (3) was confirmed by allele-
specific hybridization (data not shown).

Expression of the R329W adult-onset mutation in COS-1
cells. To further characterize this mutation, the BamHI-Kpnl
fragment (nt 921-1193) from a M13 subclone containing the
R329W mutation was introduced as a cassette into the full-
length a-GalNAc cDNA (11). The mutated cDNA (designated
PAGB-R329W) was subcloned into the eukaryotic expression
vector p91023(B) (designated p91-R329W), electrotransfected
into 5 X 10° COS-1 cells, and after incubation for 72 h, the

Figure 2. Allele specific
oligonucleotide hybrid-
ization of PCR-amplified
genomic DNA isolated
from lymphoblasts of the
affected homozygote (A),
her obligate heterozy-
gous son (H), and three
unrelated normal indi-
viduals (N). Hybridiza-
tion was carried out ini-
tially at 45°C and the filters were washed at the indicated temperatures
for allele specific binding. See text for details.

0000 ® ~5c
'Y &R

A H N NN

Normal
65 °C

Mutation - * 63°C

Specific
se®6 e

45°C

Molecular Lesion in Adult-Onset a-N-Acetylgalactosaminidase Deficiency ~ 841



kD

Figure 3. Immunoblot of tran-
siently expressed a-GalNAc
constructs p91-AGB and p91-
AGB-985T in COS-1 cells. Lane
1, mock transfection minus
DNA; lane 2, p91-AGB; lane 3,
p91-AGB-R329W; lane 4, nor-
mal human fibroblast extracts.

—-117

cells were harvested and extracts were assayed for a-GalNAc
activity and immunoreactive enzyme protein. Immunoblot anal-
ysis revealed the presence of immunologically detectable pro-
tein with a subunit molecular weight of ~ 48—49 kD (Fig. 3).
However, the 4MU-a-GalNAc activity in the COS-1 cells was
not increased above endogenous levels, whereas transfection
with the normal construct, p91-AGB, resulted in immunodetect-
able protein which had an a-GalNAc activity that was about
30-fold higher than the mean endogenous level or the mean
level in mock-transfected COS-1 cells (Table I).

Secondary structure analyses. Computer-assisted regional
secondary structural analysis of residues 310 to 330 predicted
differences in the normal R329W and E325K structures (22,
23). As illustrated in Fig. 4, the arginine to tryptophan substitu-
tion in R329W extended a random coil region in and around
the area of the mutation. For comparison, the E325K mutation
replaced the random coil region with a-helical structure.

Transient expression and comparison of the biosynthesis
and relative stabilities of the expressed infantile- and adult-
onset polypeptides. The biosynthesis and relative stabilities of
the normal, E325K and R329W a-GalNAc polypeptides were
determined by transient expression and pulse-chase labeling of
the respective constructs in COS-1 cells. These experiments
were conducted at 72 h after electroporation with radiolabeling
for 15-, 20-, 30-, or 60-min pulses. As shown in Fig. 5, a 60-
min pulse revealed six radiolabeled species for the normal and
mutant enzymes with estimated molecular weights of ~ 39, 42,
44, 46, 49, and 53 kD, with the 49- or 53-kD species being

Table 1. Transient Expression of the Normal and R329W
a-GalNAc cDNAs

Transfected construct a-GalNAc activity*

U/mg protein

p91-AGB

Mean 168

Range (n = 4) 127-261
p91-AGB-R329W

Mean 58

Range (n = 4) 4.7-7.5
Mock (No DNA)

Mean 53

Range (n = 4) 3.2-74

*Enzymatic activity is expressed as the mean and range of four indepen-
dent transfections. The reaction mixture contained 0.8 mM 4MU-a-
GalNAc as substrate.
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Figure 4. Computer-assisted secondary structure predicted for normal,
E325K and R329W a-GalNAc residues 310—-330. Note that the E325K
mutation replaced a random coil region with an a-helical structure,
whereas the R329W mutation extended the random coil region in the
area of the mutation. See text for details.

most prominent. These species formed a ladder with 2—3-kD
increments. Immediately after the 1 h pulse-labeling, the normal
~ 49 and ~ 53 kD forms were present in approximately equal
amounts (Fig. 5 A, 0 h lane); after a 12—24 h chase, the 53-kD
species appeared to be processed to a diffuse band(s) with a
slightly lower molecular weight (~48-49 kD). Similarly, ap-
proximately equal amounts of the ~ 49- and 53-kD species of
the E325K and R329W subunits also were observed immedi-
ately following radiolabeling; after a 12—24-h chase, only the
mature subunit (~48-49 kD) was predominantly detected
(Figs. 5, B and C, respectively).

Shorter pulses of 15, 20 (not shown), and 30 min were
performed to determine if the 49- or 53-kD species was the
enzyme precursor subunit. In these experiments, both the 49-
and 53-kD species were detected (Fig. 6); shorter pulses did
not label sufficient enzyme for detection. The nature of the
oligosaccharide chains on the normal polypeptide was investi-
gated by subjecting the immunoprecipitated enzyme to digestion
with PNGase F and Endo H before electrophoresis. As shown
in Fig. 7, PNGase F digestion reduced all the enzyme species
to a single broad band of ~ 39 kD; similarly, the Endo H
digestion converted the enzyme bands to as a single broad band
with an estimated molecular weight of ~ 42 kD.

The relative quantities of the radiolabeled immunoreactive
proteins expressed by the normal and mutant E325K and
R329W constructs at 0, 6, 12, 24, and 48 h after labeling were
determined by densitometry. Since there was variability in sig-
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nal strength for the normal enzyme subunit due to transfection
efficiency and for the mutant subunits primarily due to their
inherent instability, the results are reported as the means and
ranges for three independent experiments. The approximate
half-life of the normal enzyme in COS-1 cells was about 37 h
with a range of 20—-68 h in independent experiments. In con-
trast, the R329W and E325K a-GalNAc polypeptides had esti-
mated half-lives of 19 h (range, 18—20 h) and 11 h (range, 8-
12 h), respectively.

Discussion

Adult-onset angiokeratoma corporis diffusum with glycopepti-
duria was first described in 1989 by Kanzaki et al. (1). The
pattern of urinary glycopeptide and oligosaccharide excretion in
the adult proband was identical to that in patients with infantile
neuroaxonal dystrophy due to deficient a-GalNAc activity (10),
suggesting that a-GalNAc activity also might be deficient in
the milder, adult-onset disorder. Subsequently, markedly defi-
cient a-GalNAc activity was demonstrated in various sources
from the adult-onset proband (2). Of note, cultured fibroblasts
from both the infantile- and adult-onset probands had little, if
any, residual a-GalNAc activity and no immunoreactive en-

A

Figure 6. Biosynthesis of

0051 2 4 6 normal a-GalNAc tran-
siently expressed in
B COS-1 cells. a-GalNAc

was labeled at 72 h post-
transfection by incorpo-
ration of [**S]methionine
for (A) 15 min or (B) 30
min. Cells were chased
for the indicated time pe-
riods. The intensity of the
signal varied due to the
amount of recovered en-
zyme in the immunopre-
cipitate.

0 05 1
Chase (h)

2 4 8

C Figure 5. Biosynthesis of (A) normal, (B)

E325K, and (C) R329W a-GalNAc tran-
siently transfected COS-1 cells. At 72 h
after transfection, a-GalNAc was labeled
for 1 h by incorporation of [**S]methi-
onine and immunoprecipitated either di-
rectly (0 h of chase) or after 6, 12, 24, 48
h of chase from the cell homogenate. Note
that at O h of chase, the ~ 49- and ~ 53-
kD enzyme subunits were detected for the
normal and both mutant glycopeptides.
The lighter bands ranging from 39 to 46
kD represent partially glycosylated forms
of the a-GalNAc polypeptide.

0 6 12 24 48

zyme protein (2, 7). Thus, the milder adult-onset phenotype
could not be explained by the presence of residual activity, as
has been the case for the adult-onset forms of many other lyso-
somal storage diseases (e.g., Tay-Sachs, Gaucher and Niemann-
Pick diseases, 35-37).

Recently, the missense mutation E325K was identified as
the molecular lesion causing the infantile-onset form of a-Gal-
NAc deficiency. Transient expression of the E325K cDNA in
COS-1 cells produced the immunoreactive ~ 48—49-kD a-Gal-
NAc enzyme glycopeptide which had no detectable enzymatic
activity (14), indicating that the mutant enzyme polypeptide
was synthesized and processed to the mature form, but was very
unstable since it was not detectable in cultured fibroblasts from
these probands. Subsequently, Hu et al. (15) investigated the
biosynthesis of the E325K enzyme in cultured fibroblasts and
reported that a 52-kD immunoreactive enzyme precursor was
synthesized, but was not phosphorylated or processed to a de-
tectable ~ 49-kD mature form. Since they could not detect
the enzyme precursor in the culture media following NH,CI
treatment of the mutant fibroblasts (in contrast to the secretion
of the ~ 52-kD a-GalNAc precursor from normal fibroblasts),
it was concluded that the mutant a-GalNAc precursor polypep-
tide was rapidly degraded. Their results differed from the pre-
viously reported finding that the transiently expressed E325K
polypeptide was processed to its mature form in COS-1 cells
(14). Thus, further studies are required to determine if the ma-
ture form of the E325K precursor glycopeptide is processed to
the mature lysosomal form, or if the mutant precursor is de-
graded, precluding its delivery to the lysosome.

To compare the nature of the a-GalNAc lesions causing the
infantile- and adult-onset phenotypes, efforts were first under-
taken to identify the mutation in the family with angiokeratoma
corporis diffusum with glycopeptiduria. Southern and Northern

Figure 7. Endoglycosi-
dase digestion of a-Gal-
NAc transiently ex-
pressed in COS-1 cells.
At 72 h after transfection,
a-GalNAc was labeled
for 1 h with [*S]-
methionine and immuno-
precipitated. C represents
untreated a-GalNAc en-
zyme; the other samples
were treated with either
PNGase F or Endo H.
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hybridization analyses of DNA and RNA from the adult-onset
proband revealed no gross gene rearrangements and transcripts
of normal size and abundancy. Subsequent reverse transcription,
amplification, and sequencing of the a-GalNAc transcript from
the adult-onset patient revealed a single C to T transition at nt
985 in the coding region (Fig. 1). This transition, which pre-
dicted an arginine to tryptophan substitution at residue 329 of
the a-GalNAc polypeptide (R329W), was confirmed in genomic
DNA from the affected homozygote and her obligate heterozy-
gous son using allele-specific oligonucleotides (Fig. 2). These
results indicated that the adult-onset proband was homoallelic
for this mutation, consistent with the fact that she was the off-
spring of a first cousin marriage. Transient expression of the
mutant R329W cDNA in COS-1 cells resulted in the production
of an immunoreactive ~ 48—49-kD polypeptide, although no
immunoreactive enzyme protein was previously detected in cul-
tured fibroblasts from the affected proband. The finding of im-
munoreactive enzyme in the COS-1 cells reflects the ‘‘pulsed’’
synthesis of the catalytically impaired and unstable R329W
enzyme polypeptide precursor, which was then processed to the
mature lysosomal form. Thus, the classification of a mutation
as CRIM-negative based on studies of the patient’s cultured
cells (or tissues) does not imply that the enzyme was not synthe-
sized.

Of interest was the finding that the E325K and R329W
missense mutations causing the infantile- and adult-onset forms
of this disease resulted in amino acid substitutions that were
separated by only three residues. Based on these and previous
studies (2, 14, 15), it was hypothesized that both the E325K and
R329W mutations encoded unstable and catalytically impaired
enzyme precursor glycopeptides that were normally processed,
the R329W glycopeptide being slightly more stable, such that
it retained sufficient residual activity (~ 1% or less) to modify
the disease phenotype to the milder adult-onset form. To test
this hypothesis, the normal and mutant E325K and R329W
glycopeptides were transiently expressed in COS-1 cells and
their biosynthesis and relative stabilities were determined. Of
note, six enzyme forms (ranging from an estimated 39 to 53
kD) were detected for the normal and mutant enzymes after
a 1-h pulse (Fig. 5). These forms presumably represent the
unglycosylated polypeptide subunit and the sequentially glyco-
sylated forms, as five of the six putative N-glycosylation sites
are occupied (M. Hodgson and R. J. Desnick, unpublished re-
sults). Thus, human a-GalNAc was translated so slowly that
the sequential glycosylation of the enzyme was revealed in these
biosynthesis studies. Consistent with this explanation, digestion
of the enzyme glycoforms with PNGase F or Endo H resulted
in single species of the expected molecular weights for the
deglycosylated enzymes (Fig. 7).

Since the 49- and 53-kD bands had the greatest intensity,
shorter pulses of 15—30 min were performed to determine which
was the enzyme precursor (Fig. 6). However, both the 49- and
53-kD glycoforms were detected in similar amounts, suggesting
that the 53-kD glycoform was the precursor which was pro-
cessed to a slightly lower molecular weight form in the Golgi
and/or lysosomes.

Biosynthesis studies also revealed that both the E325K and
R329W enzyme precursors were processed to their mature
forms (Figs. 5, B and C). These results differed from those of
Hu et al. (15) who reported that the E325K precursor was not
processed to the mature form. Their findings can be explained
by the fact that cultured fibroblasts produce such low levels of
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the unstable precursor that any processed to the mature form
may be immunologically undetectable, whereas the transiently
transfected cells produce a large pulse of the unstable enzyme
precursor which is rapidly (and detectably) processed to the
mature form.

To assess the relative stabilities of the mutant proteins,
pulse-chase labeling experiments were performed. The E325K
glycopeptide had a markedly reduced stability (average t,, ~ 11
h) compared to that (average t,, ~ 37 h) of the normal a-
GalNAc glycopeptide. Of interest, the R329W subunit was
slightly more stable (;, ~ 19 h) than the E325K glycopeptide.
These studies were consistent with the concept that the more
unstable E325K mutation resulted in little, if any, active en-
zyme, and the more severe neuroaxonal dystrophy phenotype,
while the slightly more stable R329W mutation, which presum-
ably retained some residual activity, caused the more mild phe-
notype.

Further investigation of the molecular basis of these remark-
ably distinct phenotypes will require the stable, high-level ex-
pression of the normal and mutant constructs to produce suffi-
cient quantities of the mutant enzyme proteins for more accurate
comparison of their stabilities as well as their physical and
kinetic properties. Such studies may definitively determine if the
E325K or R329W mutations alter enzyme processing, subunit
association, the interaction with different substrates, and/or
other factors in the catalytic complex.

Among the lysosomal storage diseases, the occurrence of
different allelic mutations that result in severe infantile-onset
and milder, latter or adult-onset forms is common. For example,
patients with infantile Tay-Sachs, Gaucher type 2 or Niemann-
Pick type A disease experience a severe neurodegenerative
course with death by five years of age, whereas patients with
the milder, later-onset forms survive into adulthood and have
mild (Tay-Sachs) or no (Gaucher type 1 and Niemann-Pick
type B) neurologic involvement. In each of these disorders,
the infantile-onset neurodegenerative phenotypes result from
mutations in the respective gene that produce no enzyme or
inactive enzyme polypeptides, whereas the mutations causing
the later-onset, milder forms retain a few percent or less of
normal activity. In infantile Tay-Sachs disease, the most com-
mon mutations include a substitution in a consensus splicing
sequence (38) and a four base pair insertion (39), both of which
produce little, if any, transcript, and therefore no enzyme pro-
tein. In contrast, the adult-onset form of Tay-Sachs disease,
which is characterized by a muscle wasting condition, mild
intellectual loss, and a relatively normal lifespan, results from
a missense mutation (G269S) that retains < 5% of normal enzy-
matic activity (40). Thus, a very small amount of enzymatic
activity can completely alter the onset and course of the disease.
Presumably, the difference between the infantile- and adult-
onset forms of a-GalNAc deficiency are analogous to those of
other lysosomal disorders. Although the studies reported here
indicate that the adult-onset a-GalNAc mutation is more stable
than that causing the infantile-onset neurodegenerative disease,
further studies are required to delineate the precise molecular
pathologies of these phenotypically diverse forms.

Acknowledgments

This research was supported in part by a MERIT Award from the
National Institutes of Health (5 RO1 DK34045), a General Clinical
Research Center grant (2 MO1 RR00071) from the National Center



for Research Resources, National Institutes of Health, a grant (1 P30
HD28822) for the Mount Sinai Child Health Research Center from the
National Institutes of Health, a grant (1-589) from the March of Dimes
Birth Defects Foundation, and a grant-in-aid for scientific research (B)
(02454279) from the Ministry of Education, Science and Culture of
Japan. A. M. Wang is the recipient of a postdoctoral fellowship from
the National Institutes of Health (5 T32 HD07105).

References

1. Kanzaki, T., M. Yokota, N. Mizuno, Y. Matsumoto, and Y. Hirabayashi.
1989. Novel lysosomal glycoaminoacid storage disease with angiokeratoma cor-
poris diffusum. Lancer. i:875-877.

2. Kanzaki, T., A. M. Wang, and R. J. Desnick. 1991. Lysosomal a-N-
acetylgalactosaminidase deficiency, the enzymatic defect in angiokeratoma corpo-
ris diffusum with glycopeptiduria. J. Clin. Invest. 88:707-711.

3. Kanzaki, T., M. Yokota, F. Irie, Y. Hirabayashi, A. M. Wang, and R. J.
Desnick. 1993. Angiokeratoma corporis diffusum with glycopeptiduria due to
deficient lysosomal a-N-acetylgalactosaminidase activity: clinical, morphologic
and biochemical studies. Arch. Dermatol. 120:460.

4. Desnick, R. J., and D. F. Bishop. Fabry disease: a-galactosidase A defi-
ciency: Schindler disease: a-N-acetylgalactosaminidase deficiency. In The Meta-
bolic Basis of Inherited Disease. C. R. Scriver, A. L. Beaudet, W. S. Sly, and D.
Valle, editors. McGraw-Hill, Inc., New York. 1751-1796.

5. van Diggelin, D. P., D. Schindler, W. J. Kleijer, J. M. G. Huijmans, H.
Galjaard, H. H. Linden, J. Peter-Katalinic, H. Egge, 1. Dabrowski, and M. Cantz.
1987. Lysosomal a-N-acetylgalactosaminidase deficiency: a new inherited meta-
bolic disease. Lancet. 2:804.

6. van Diggelin, O. P., D. Schindler, E. Willemsen, M. Boer, W. J. Kleijer,
J. G. M. Huijmans, W. Blom, and H. Galjaard. 1988. a-N-acetylgalactosaminidase
deficiency, a new lysosomal disorder. J. Inherited Metab. Dis. 11:249-357.

7. Schindler, D., D. F. Bishop, D. E. Wolfe, A. M. Wang, H. Egge, R. U.
Lemieux, and R. J. Desnick. 1989. Neuroaxonal dystrophy due to lysosomal a-
N-acetylgalactosaminidase deficiency. N. Engl. J. Med. 320:1735-1740.

8. Linden, H. U, R. A. Klein, H. Egge, J. Peter-Katalinic, J. Dabrowski,
and D. Schindler. 1989. Isolation and characterization of sialic acid-containing
glycopeptides of the O-glycosidic type from the urine of two patients with heredi-
tary deficiency in a-GalNAc activity. Biol. Chem. Hoppe-Seyler. 370:661—-672.

9. Hirabayashi, Y., Y. M noto, M. M noto, T. Toida, N. Iida, T.
Matsubara, T. Kanzaki, M. Yokota, and I. Ishizuka. 1990. Isolation and character-
ization of major urinary amino acid O-glycosides and a dipeptide from a new
lysosomal storage disorder (Kanzaki disease). J. Biol. Chem. 265:1693-1701.

10. Schindler, D., T. Kanzaki, and R. J. Desnick. 1990. A method for the rapid
detection of urinary glycopeptides in a-N-acetylgalactosaminidase deficiency and
other lysosomal storage diseases. Clin. Chim. Acta. 190:81-92.

11. Wang, A. M., D. F. Bishop, and R. J. Desnick. 1990. Human a-N-acetylga-
lactosaminidase: molecular cloning, nucleotide sequence and expression of a full-
length cDNA. J. Biol. Chem. 265:21859-21866.

12. Wang, A. M., and R. J. Desnick. 1991. Structural organization and com-
plete nucleotide sequence of the human a-N-acetylgalactosaminidase gene: ho-
mology with the a-galactosidase A gene provides evidence for evolution from a
common ancestral gene. Genomics. 10:133-142.

13. Sweeley, C. C., N. C. LeDonne, and P. W. Robbins. 1983. Post-transla-
tional processing reactions involved in the biosynthesis of lysosomal a-N-acetyl-
galactosaminidase in cultured human fibroblasts. Arch. Biochem. Biophys.
223:158-165.

14. Wang, A. M., D. Schindler, and R. J. Desnick. 1990. Schindler disease: the
molecular lesion in the a-N-acetylgalactosaminidase gene that causes an infantile
neuroaxonal dystrophy. J. Clin. Invest. 86:1752—1756.

15. Hu, P, A. J. J. Reuser, H. C. Janse, W. J. Kleijer, D. Schindler, H.
Sakuraba, A. Tsuji, Y. Suzuki, and O. P. van Diggelin. 1991. Biosynthesis of
human a-N-acetylgalactosaminidase: defective phosphorylation and maturation in
infantile a-N-acetylgalactosaminidase deficiency. Biochem. Biophys. Res. Com-
mun. 175:1097-1103.

16. Bernstein, H. S., D. F. Bishop, K. H. Astrin, R. Kornreich, C. M. Eng,
H. Sakuraba, and R. J. Desnick. 1989. Fabry disease: Six gene rearrangements
and an exonic point mutation in the a-galactosidase gene. J. Clin. Invest. 83:1390—
1399.

17. Szweda, R., U. Spohr, R. U. Lemieux, D. Schindler, D. F. Bishop, and R. J.
Desnick. 1989. Synthesis of 4-methylumbelliferyl glycosides for the detection of
a- and f-D-galactopyranosides. Can. J. Chem. 67:1388—-1391.

18. Bishop, D. F., and R. J. Desnick. 1981. Affinity purification of a-galactosi-
dase A from human spleen, placenta and plasma with elimination of pyrogen
contamination. J. Biol. Chem. 256:1307-1316.

19. Aldridge, J., L. Kunkel, G. Bruns, U. Tantravahi, M. Lalande, T. Brewster,
E. Moreau, M. Wilson, W. Bromley, T. Roderick, and S. A. Latt. 1984. A strategy
to reveal high frequency RFLPs along the human X chromosome. Am. J. Hum.
Genet. 36:546—564.

20. Southern, E. M. 1975. Detection of specific sequences among DNA frag-
ments separated by gel electrophoresis. J. Mol. Biol. 98:503-517.

21. Maniatis, T., E. F. Fritsch, and J. Sambrook. 1982. Molecular Cloning: A
Laboratory Manual. Cold Spring Harbor Laboratory Press, Cold Spring Harbor,
New York.

22. Chirgwin, J. M., A. E. Pryzbyla, R. J. MacDonald, and W. J. Rutter.
1979. Isolation of biologically active RNA from sources enriched in ribonuclease.
Biochemistry. 18:5294—-5298.

23. Lehrach, H., D. Diamond, J. M. Wozney, and H. Doedtker. 1977. RNA
molecular weight determinations by gel electrophoresis under denaturing condi-
tions, a critical look. Biochemistry. 16:4743-4751.

24, Saiki, R. K., S. Scharf, F. Faloona, K. B. Mullis, G. T. Horn, H. A. Erlich,
and N. Arnheim. 1985. Enzymatic amplification of S-globin genomic sequences
and restriction site analysis for diagnosis of sickle cell anemia. Science (Wash.
DC). 230:1350-1359.

25. Messing, J., and J. Vieira. 1982. A new pair of M13 vectors for selecting
either DNA strand of double digest restriction fragments. Gene (Amst.). 19:269—
276.

26. Sanger, F., A. R. Coulson, B. G. Garrell, A. J. H. Smith, and B. A. Roe.
1980. Cloning in single-stranded bacteriophage as an aid to rapid DNA sequenc-
ing. J. Mol. Biol. 143:161-178. )

27. Theophilus, B., T. Latham, G. A. Grabowski, and F. I. Smith. 1989.
Gaucher disease: molecular heterogeneity and phenotype-genotype correlations.
Am. J. Hum. Genet. 45:212-225.

28. Chou, P. Y., and G. D. Fasman. 1978. Prediction of the secondary structure
of proteins from their amino acid sequence. Adv. Enzymol. 47:45-147.

29. Garnier, J., D. J. Osguthorpe, and B. Robson. 1978. Analysis of the
accuracy and implications of simple methods for predicting the secondary struc-
ture of globular proteins. J. Mol. Biol. 120:97-120.

30. Wolf, H., S. Modrow, M. Motz, B. A. Jameson, G. Hermann, and B.
Fortsch. 1988. An integrated family of amino-acid sequence-analysis programs.
CABIOS. 4:187-191.

31. Wong, G. G., J. S. Witek, P. A. Temple, K. M. Wilkins, A. C. Leary,
D. P. Luxenberg, S. S. Jones, E. L. Brown, R. M. Kay, E. C. Orr, C. S. Shoemaker,
D. W. Golde, R. J. Kaufman, R. M. Hewick, E. A. Wang, and S. C. Clarke. 1985.
Human GM-CSF: Molecular cloning of the complementary DNA and purification
of the natural and recombinant proteins. Science (Wash. DC). 228:810-813.

32. Chen, C., and H. Okayama. 1987. High efficiency transformation of mam-
malian cells by plasmid DNA. Mol. Cell. Biol. 7:2745-2752.

33. Schagger, H., and G. von Jagow. 1987. Tricine-sodium dodecyl sulfate-
polyacrylamide gel electrophoresis for separation of proteins and range from 1 to
100 kDa. Anal. Biochem. 166:368—379.

34. Tarentino, A. L., R. B. Trimble, and T. H. Plummer, Jr. 1989. Enzymatic
approaches for studying the structure, synthesis, and processing of glycoproteins.
Methods Cell Biol. 32:111-139.

35. Sandhoff, K. E., Conzelmann, E. F. Neufeld, M. M. Kaback, and K.
Suzuki. 1989. The Gy, Gangliosidoses. The Metabolic Basis of Inherited Disease
(6th ed.), C. R. Scriver, A. L. Beaudet, W. S. Sly, and D. Valle, editors, McGraw-
Hill, Inc., New York. 1807-1839.

36. Desnick, R. J. 1982. Gaucher disease: A Century of Delineation and
Research, R. J. Desnick, S. Gatt, and G. A. Grabowski, editors, Alan R. Liss,
Inc., New York, 1-30.

37. Takahashi, T., M. Suchi, R. J. Desnick, G. Takada, and E. A. Schuchman.
1992. Identification and expression of five mutations in the acid sphingomyelinase
gene causing types A and B Niemann-Pick disease. Molecular evidence for genetic
heterogeneity in the neuronopathic and non-neuronopathic forms. J. Biol. Chem.
267:12552-12558.

38. Myerowitz, R. 1988. Splice junction mutation in some Ashkenazi Jews
with Tay-Sachs disease: evidence against a single gene defect within this ethnic
group. Proc. Natl. Acad. Sci. USA. 85:3955-3959.

39. Myerowitz, R., and F. C. Costigan. 1988. The major defect in Ashkenazi
Jews with Tay-Sachs disease is an insertion in the gene for the a-chain of §-
hexosaminidase. J. Biol. Chem. 263:18587-18589.

40. Navon, R., and R. L. Proia. 1989. The mutation in the Ashkenazi Jews
with adult GM, gangliosidosis, the adult form of Tay-Sachs disease. Science
(Wash. DC). 243:1471-1474.

Molecular Lesion in Adult-Onset a-N-Acetylgalactosaminidase Deficiency =~ 845



