The missing link in lysosomal enzyme targeting
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In this issue of the JCI, Raas-Rothschild et
al. (1) elucidate the mechanism of a rare
inherited disorder of lysosomal enzyme
targeting, mucolipidosis IIIC. In so doing,
they add an important piece to the puzzle
of how cells target lysosomal enzymes to
lysosomes (for reviews, see refs. 2 and 3),
and put some finishing touches on an
important chapter in cell biology.

The story began in 1967 when Leroy
and DeMars (4) described a new disorder
that clinically resembled Hurler syn-
drome, but lacked mucopolysaccha-
riduria. Another distinguishing feature
was the presence of large, phase-dense
inclusions in patient fibroblasts. Because
these cells were called inclusion cells (I-
cells), the disorder came to be called I-cell
disease. Similar inclusions were seen in
pseudo-Hurler polydystrophy, which
was clinically milder than I-cell disease
and presented later (5).

Subsequently, Spranger and Weide-
mann (6) coined the term mucolipidosis
to denote diseases that combined fea-
tures of the mucopolysaccharidoses
and the sphingolipidoses. In this classi-
fication, I-cell disease was called muco-
lipidosis II and pseudo-Hurler polydys-
trophy was called mucolipidosis IIIL
Although this classification is not ideal,
because the 2 disorders are fundamen-
tally different than the other lysosomal
storage diseases, the terms and their
abbreviations MLII and MLIII are gen-
erally accepted in the literature. Somat-
ic cell geneticists identified 3 comple-
mentation groups of MLIII patients
that were labeled MLIIT A, B, and C (B
representing only 1 patient), suggesting
genetic heterogeneity in MLIII

What has made these related autoso-
mal recessive inherited diseases so
important is not their frequency — both
are rare — but the clues they provided
investigators elucidating the pathway by
which acid hydrolases are targeted to
lysosomes. By the early 1970s, other bio-
chemical abnormalities were observed
in I-cell disease. Cultured fibroblasts
were found to be deficient for multiple
acid hydrolases, many of which were
present in abnormally high levels in cul-

ture medium (7, 8). In addition, the
serum and body fluids of such patients
show elevated levels of these lysosomal
enzymes. Similar biochemical abnor-
malities were identified in MLIII (9).
Hickman and Neufeld (10) made the
key observations that I-cell fibroblasts
were capable of endocytosis of acid
hydrolases secreted by normal fibrob-
lasts, but that the enzymes secreted in
excess by I-cell fibroblasts were not sub-
ject to endocytosis by normal fibrob-
lasts. These observations suggested that
lysosomal enzymes contain a recogni-
tion marker for uptake and transport to
lysosomes and that the enzymes secret-
ed by I-cell fibroblasts lack this marker
(11). This hypothesis was subsequently
confirmed, and the recognition marker
was identified as mannose 6-phosphate
in Sly’s laboratory (12, 13).

The biosynthetic pathway by which the
mannose 6-phosphate is added to newly
synthesized acid hydrolases was elucidat-
ed in the Kornfeld (14) and von Figura
(15) laboratories. The mechanisms for
processing and targeting acid hydrolases
to lysosomes involve some of the same
machinery used for synthesis of other gly-
coproteins. Lysosomal enzymes are syn-
thesized on membrane-bound ribosomes
and translocated to the lumen of the
endoplasmic reticulum, where N-linked
oligosaccharide chains are added (14).
After transfer to the Golgi apparatus,
mannose 6-phosphate residues are added
to acid hydrolases in a process that
requires the sequential action of 2
enzymes. The first catalyzes the addition
of an a-N-acetylglucosamine 1-phos-
phate residue to the 6 position of man-
noses on high-mannose oligosaccharide
chains. The second enzyme removes N-
acetylglucosamine to expose the mannose
6-phosphate. The “uncovering enzyme”
was recently characterized and shown to
be a tetramer composed of 2 disulfide-
linked homodimers of 68-kDa subunits.
To date, no disease has been attributed to
a deficiency of this enzyme (16).

Cells from patients with I-cell disease
and MLIII were shown to be deficient in
the first enzyme in this pathway (UDP-

N-acetylglucosamine:lysosomal enzyme
N-acetylglucosamine 1-phosphotrans-
ferase). As early as 1981, it was clear that
there was a variant form of MLIII that
had normal catalytic activity with a-
methylmannoside but failed to recog-
nize acid hydrolases normally (17).
Varki et al. inferred that the catalytic
and recognition domains of the enzyme
resided on different subunits. Work
from the Kornfeld laboratory, using
bovine cathepsin D and cathepsin D-
pepsin chimeric enzymes, identified 3-
dimensional patches that serve as
recognition domains for the phospho-
transferase (18).

Once the absence of the phospho-
transferase was shown to be the molec-
ular basis of I-cell disease and MLIII
(14, 15), and the enzyme proposed to be
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a multisubunit enzyme, acquiring
enough purified phosphotransferase to
test this hypothesis became the elusive
Holy Grail of the lysosomal enzyme
sorting field. Nearly 15 years later, the
Canfield laboratory succeeded in purifi-
cation of the enzyme as a 54-kDa 02f32Y>
hexameric complex (19). Unpublished
data cited in the Raas-Rothschild arti-
cle (1) show that many patients with I-
cell disease lack the transcript whose
product is cleaved to form the o and 3
subunits of the phosphotransferase.
The article also reports the isolation of
the cDNA for the y subunit, maps its
gene to chromosome 16p, and provides
evidence that affected members of 3
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families with variant MLIII have the
same single base insertion resulting in
a frameshift and early termination of
this subunit. This beautiful set of exper-
iments neatly closes the circle on the
enzymology of lysosomal enzyme
recognition and provides evidence that
the original “Iranian patients,” whose
cell provided Varki et al. (17) the key to
the lysosomal enzyme recognition
defect, lacked the y subunit.
Wonderful as this story is, it does not
answer all the mysteries of I-cell disease
and MLIIL A yet-unexplained feature of
these disorders is that not all cells in I-
cell disease are deficient in lysosomal
enzymes, even though all cells exam-
ined to date are deficient for phospho-
transferase activity (2). Several cell types
(e.g., hepatocytes, Kupffer cells, and
leukocytes) and several organs (e.g.,
liver, kidney, and brain) appear to have
nearly normal levels of most lysosomal
enzymes in I-cell disease. Thus, man-
nose 6-phosphate is not the only ticket
to lysosomes. There must be alternate
pathways. In fact, 2 acid hydrolases,
acid phosphatase and glucocerebrosi-
dase, do not use the mannose 6-phos-
phate targeting pathway in any cell
type. Acid phosphatase is made as a
transmembrane protein, and the signal
for its lysosomal targeting is contained
in the cytoplasmic tail. The targeting
mechanism for glucocerebrosidase
remains to be clarified, as do the other

mannose 6-phosphate-independent
routes to lysosomes that provide lyso-
somal proteins to certain cells and
organs in patients with I-cell disease.
Nonetheless, the work presented by
Raas-Rothschild et al. elucidates the
molecular genetics of the mannose
6-phosphate-dependent pathway of
lysosomal enzyme targeting and defin-
itively establishes the molecular basis
for the genetic heterogeneity in MLII
and MLIIL
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