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To study the role of carbohydrate in lysosomal protein transport, we engineered two
novel glycosylation signals (Asn-X-Ser/Thr) into the cDNA of human procathepsin L, a
lysosomal acid protease. We constructed six mutant cDNAs encoding glycosylation
signals at mutant sites Asn-138, Asn-175, or both sites together, in the presence or absence
of the wild-type Asn-204 site. We stably transfected wild-type and mutant cDNAs into
NIH3T3 mouse fibroblasts and then used species-specific antibodies to determine the
glycosylation status, phosphorylation, localization, and transport kinetics of recombinant
human procathepsin L containing one, two, or three glycosylation sites. Both novel
glycosylation sites were capable of being glycosylated, although Asn-175 was utilized
only 30-50% of the time. Like the wild-type glycosylation at Asn-204, carbohydrates at
Asn-138 and Asn-175 were completely sensitive to endoglycosidase H, and they were
phosphorylated. Mutant proteins containing two carbohydrates were capable of being
delivered to lysosomes, but there was not a consistent relationship between the efficiency
of lysosomal delivery and carbohydrate content of the protein. Pulse-chase labeling
revealed a unique biosynthetic pattern for proteins carrying the Asn-175 glycosylation
sequence. Whereas wild-type procathepsin L and mutants bearing carbohydrate at
Asn-138 appeared in lysosomes by about 60 min, proteins with carbohydrate at Asn-175
were processed to a lysosome-like polypeptide within 15 min. Temperature shift, brefel-
din A, and NH,CI experiments suggested that the rapid processing did not occur in the
endoplasmic reticulum and that Asn-175 mutants could interact with the mannose
6-phosphate receptor. Taken together, our results are consistent with the interpretation
that Asn-175 carbohydrate confers rapid transport to lysosomes. We may have identified
a recognition domain in procathepsin L that is important for its interactions with the
cellular transport machinery.

INTRODUCTION

The transport of proteins to their proper intracellular
and extracellular compartments requires a highly reg-
ulated set of processes in eukaryotic cells. One impor-
tant intracellular compartment is the lysosome, an
acidic organelle populated by soluble hydrolases that
degrade proteins and glycans. The primary transport
pathway for newly synthesized lysosomal hydrolases
utilizes the mannose 6-phosphate receptor (MPR),
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which recognizes mannose 6-phosphate (man6P) res-
idues present specifically on carbohydrates of lysoso-
mal enzymes (reviewed by von Figura and Hasilik,
1986; Ludwig et al, 1995). MPR binds mannose
6-phosphorylated proteins in the trans-Golgi network,
the receptor-ligand complex moves to a prelysosome/
late endosome acidic compartment, the receptor dis-
sociates from ligand, and the receptor recycles back to
the trans-Golgi.

Under certain growth conditions, some lysosomal
proteins are overproduced and predominantly se-
creted instead of being delivered to lysosomes (Gottes-
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man, 1978; Sloane et al., 1982; Gal et al., 1985; Kane et
al., 1988; Capony et al., 1989). The secretion of lysoso-
mal proteins is specific, occurring predominantly for
the protein that is overproduced in a particular cell
(Dong et al., 1989; Achkar et al., 1990; Isidoro et al.,
1991). The following mechanisms have been proposed
for how proteins escape transport to lysosomes: 1)
altered man6P content or structure of the carbohy-
drate, which prevents MPR binding (Hasilik and von
Figura, 1981; Pagano et al., 1989; Pohlmann et al., 1995);
2) altered availability of MPR due to its saturation,
down-regulation, or redistribution to the plasma
membrane (Achkar et al., 1990; Prence et al., 1990); 3)
altered binding to MPR due to noncarbohydrate ef-
fects on the lysosomal/secreted protein (Lazzarino
and Gabel, 1990). There is growing evidence to sug-
gest that lysosomal transport may be regulated (or
dysregulated) in some manner in cells that overpro-
duce and selectively secrete lysosomal hydrolases
(Prence et al., 1990; Isidoro et al., 1991, 1995; Ulbricht et
al., 1996). However, the exact mechanism by which
proteins escape lysosomal delivery and the role that
carbohydrate or protein determinants play in the dis-
tribution between intracellular and extracellular traf-
ficking remain unknown.

A man6P-independent pathway for transporting ly-
sosomal enzymes to their proper destination has been
proposed for several cell types. Man6P-independent
transport has been demonstrated directly for the lyso-
somal protein procathepsin D (proCD) and indirectly
for a variety of lysosomal hydrolases (Owada and
Neufeld, 1982; Waheed et al., 1982; Tsuji et al., 1988;
Rijnboutt et al., 1991b; Glickman and Kornfeld, 1993;
Ludwig et al., 1994; Pohlmann et al., 1995). Membrane-
associated “receptors” appear to be involved in
man6P-independent aspects of transport for at least
two lysosomal proteins, proCD and procathepsin L
(McIntyre and Erickson, 1993; Zhu and Conner, 1994).
However, the exact mechanism of man6P-indepen-
dent transport to lysosomes is not known. In addition,
it is not known whether man6P-dependent and
man6P-independent transport are completely distinct
processes or whether they actually intersect during the
normal transport of lysosomal enzymes. Recent re-
ports claim that malignant cells utilize the man6P-
independent pathway to a greater extent than do nor-
mal cells, suggesting that a defect or inefficiency of this
mechanism may also play a role in secretion of lyso-
somal proteins by growth-stimulated cells (Capony et
al., 1994; Isidoro et al., 1997).

Cathepsin L is a lysosomal cysteine protease that
has been used as a model system for protein localiza-
tion. Procathepsin L (proCL), the 42-kDa inactive
proenzyme precursor of cathepsin L, contains a single
carbohydrate at amino acid 204 (Gal and Gottesman,
1988). The most abundant form of this carbohydrate
carries two man6P residues in phosphomonoester
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linkages (Dong and Sahagian, 1990; Lazzarino and
Gabel, 1990). ProCL synthesized at basal levels by
normal cells is efficiently transported to lysosomes and
proteolytically processed to single-chain (32 kDa) and
two-chain (25 + 5 kDa) cathepsin L, the enzymatically
active forms of the protein (Gal et al., 1985).

ProCL synthesis is elevated in many cell types un-
der conditions of growth stimulation and malignant
transformation (Gottesman, 1978; Nielsen-Hamilton ef
al., 1982; Kane and Gottesman, 1990; Boyer and Tan-
nock, 1993), in osteoclasts of remodeling bones (Kake-
gawa et al., 1993), in activated macrophages (Reddy et
al., 1995), and in macrophages and synoviocytes of
arthritic joints (Maciewicz et al., 1990). In all cases of its
overexpression, the protein is abundantly secreted,
but other lysosomal enzymes are not concomitantly
secreted. The mechanism by which overexpressed
proCL is selectively secreted is not entirely known.
The secreted and intracellular forms of proCL appear
to be identical in their carbohydrate structures and
man6P content, and this glycosylation structure is not
affected by the growth state of cells (Dong and Saha-
gian, 1990; Lazzarino and Gabel, 1990). Therefore, al-
tered patterns of secretion and transport observed
during the overexpression of proCL cannot be attrib-
uted to loss of an MPR-binding motif.

ProCL has low binding affinity for MPR (Dong et al.,
1989; Lazzarino and Gabel, 1990). This observation has
prompted the suggestion that when MPR is limiting,
the low-affinity proCL is preferentially secreted by a
default mechanism of protein trafficking. Two hypoth-
eses have been set forth for why proCL binds MPR
with low affinity: 1) the protein has only a single
carbohydrate, whereas MPR has multiple man6P-
binding domains (Dong and Sahagian, 1990); 2) there
might be a sequence or structure in the protein that
interferes with MPR recognition or binding (Lazzarino
and Gabel, 1990). Neither of these models has been
adequately tested. Whatever the cause, it is possible
that low-affinity binding is an important component of
the regulated transport of proCL.

In the current work, we explore the effects of carbo-
hydrate and sequence on the transport of proCL. We
engineered two novel glycosylation signals (Asn-138
and Asn-175) into the coding sequence of proCL. The
novel sites were utilized for carbohydrate addition
and man6P modification. We found that hyperglyco-
sylation of proCL did not, in and of itself, confer
enhanced transport to lysosomes. However, one of the
novel glycosylations (Asn-175) appeared to confer the
rapid appearance of a processed, lysosome-like form
of proCL, both in the presence and absence of the
wild-type carbohydrate. This suggests that Asn-175
may lie in a domain of proCL that is important for its
interaction with cellular transport factors. In addition,
we observed significant man6P-independent transport
to lysosomes for recombinant human proCL proteins
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expressed in mouse NIH3T3 cells. We did not observe
man6P-independent transport for endogenous human
proCL expressed by human cells or for recombinant
mouse proCL expressed in mouse (Kane, 1993) or
human cells. This raises the possibility that there is
species or cell type specificity to the MPR-independent
pathway of lysosomal transport.

MATERIALS AND METHODS

Cell Lines

Parental and transfected NIH3T3 cells were maintained in DMEM
containing 10% bovine serum (Irvine Scientific, Santa Ana, CA), 50
U of penicillin per ml, and 50 pg of streptomycin per ml. Trans-
fected cells were maintained in medium containing colchicine, as
indicated below.

Computer Modeling

Cathepsin L was modeled using a knowledged-based approach
(Blundell et al., 1987) as implemented in the program HOMOLOGY
(Molecular Simulations, San Diego, CA) running on a Silicon Graph-
ics (Mountain View, CA) Indigo-2 R10000 high-impact workstation
maintained by the Molecular Modeling Facility of the City of Hope.
X-ray coordinates of actinidin (2ACT, Baker, 1980) and papain
(9PAP, Kamphuis et al., 1984) were used as templates for modeling
structurally conserved regions. Coordinates for nonconserved loops
were extracted from a high-resolution subset of the Brookhaven
Protein Databank (Bernstein et al., 1977). The model was refined
using a combination of energy minimization and molecular dynam-
ics (DISCOVER subroutines within HOMOLOGY). The consistent-
valence forcefield was used throughout (Dauber-Osguthorpe et al.,
1988). A ribbon model of the structure was created using MOL-
SCRIPT (Kraulis, 1991).

Site-directed Mutagenesis and Cloning

A cDNA fragment encoding human preprocathepsin L (nucleotides
127-1391; numbering according to Gal and Gottesman [1988], Gen-
Bank Accession No. X12451) was subcloned using Sall linkers into
the Sall site of pGEM-3 cloning vector (Promega, Madison, WI).
Site-directed mutagenesis was performed on this fragment using
the PCR. A glycosylation signal at amino acid 138 (amino acid
numbering relative to the amino terminus of proCL lacking the
N-terminal signal sequence) was engineered by mutating Thr-Gly-
Arg codons to Asn-Gly-Ser codons. The mutagenic oligonucleotide,
5-ATGTICCGGAAAAATGGGAGCCTTATCTCACTG  (nucleo-
tides 740-771; single underlines are mutated sites; double underline
is a BspEl site in the proCL ¢cDNA), was used as the upstream
primer for PCR, and the downstream primer was complementary to
the SP6 promoter in the cloning vector. The PCR product was
digested with BspEIl and HindIII and used to replace the correspond-
ing fragment in the wild-type cDNA, creating the N1IN3 mutant (see
Figure 1A for nomenclature). For introducing a glycosylation signal
at amino acid 175, Asp-Asn-Gly codons were mutated to Asn-Asn-
Ser codons. The mutagenic oligonucleotide, 5'-CCACTATTATTCT-
GAACATACTG (complementary to nucleotides 872-850), was used
as the downstream primer for PCR, and the upstream primer cor-
responded to the T7 primer in the cloning vector. The PCR product
was digested with Xbal at the 5'-end and left blunt-ended at the
3'-end. A second PCR fragment from nucleotides 873 through the
SP6 promoter was left blunt-ended at its 5'-end and digested with
HindIIl at its 3’-end. The two PCR fragments were cloned in a
three-way ligation into the Xbal-HindlIlI site of pGEM-proCL, with
the two blunt ends of the PCR fragments ligated together. This
created the N2N3 mutant.
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To mutate the wild-type glycosylation site, Asn-204 was mutated
to a GIn codon. The mutagenic oligonucleotide, 5'-TGTAAGTAC-
AATCCCAAGTATTCTGTTGCTCAGGACACCGGC (nucleotides
919-960; single underlines are mutations; double underline is a Rsal
site in the proCL cDNA) was the upstream PCR primer, and the
downstream primer was complementary to the SP6 promoter of
pGEM-3. The PCR product was digested with Rsal (at the 5'-end)
and Apal (at nucleotide 1020 of proCL) and used to replace the
corresponding fragment in N1IN3 and N2N3 constructs, creating the
N1Q3 and N2Q3 mutants, respectively. Finally, fragments encoding
the Asn-138 and Asn-175 glycosylations were cloned together into
the same cDNA in either a Asn-204 or GIn-204 background, creating
NIN2N3 and N1IN2Q3 mutants (not shown in Figure 1A). All
nucleotide sequences at mutated sites were confirmed by the
dideoxy chain termination method using a kit from United States
Biochemical (Cleveland, OH). For expression in NIH3T3 cells, re-
combinant c¢cDNAs were cloned as Sall fragments into the
pSK1.MDR expression vector (Kane et al., 1989).

For construction of mouse proCL lacking both of its glycosylation
signals, we modified the proCL.Q204 mutant that already contained a
Asn — GIn mutation at residue 204 (Kane, 1993). Asn-251, a normally
cryptic glycosylation site in mouse proCL, was mutated to Gln using
the method of Kunkel (1985). The mutagenic oligonucleotide was
5'-TATGAACCCCAGTGTAGCAGC. After the mutation at residue
251 was confirmed, a EcoRV-Sall fragment containing that mutation
was cloned into the corresponding region of proCL.Q204, creating the
double mutant Q204Q251. Wild-type and mutant mouse cDNAs were
cloned into the RcRSV expression vector (Invitrogen, San Diego, CA)
for expression in human cell lines.

Stable Expression in Cell Lines

Vectors encoding mutant human proCL were transfected into
NIH3T3 mouse fibroblasts by the DNA-CaPO, coprecipitation
method, and transfected cells were selected with colchicine (60
ng/ml) as described elsewhere (Kane et al., 1989). Individual colo-
nies or populations of transfected cells were expanded and main-
tained in colchicine (80 ng/ml) during subsequent experiments.
Control cells were transfected with vector encoding wild-type hu-
man proCL and grown in a high concentration of colchicine (640
ng/ml) to select for amplified expression of recombinant proCL, as
described in Kane et al. (1988). RcRSV vectors encoding mouse
cDNAs were transfected into SK-Hep human hepatoma cells using
the same procedure except that selections were with G418 (1.5
mg/ml, GIBCO BRL).

Metabolic Labeling and Immunoprecipitation

For continuous labeling experiments, transfected cells were incu-
bated in methionine-free medium (GIBCO, Grand Island, NY) in the
presence of 200-500 pCi/ml [**S]methionine (EXPRE®®S*S, Du-
Pont-New England Nuclear, Boston, MA), for 0.5-5 h, depending on
the experiment. Culture supernatants were collected, and cell ly-
sates were harvested in SDS-buffer A (0.15 M NaCl, 50 mM Tris, pH
7.4,0.5% Nonidet P-40, 0.05% SDS) containing protease inhibitors (1
mM PMSF, 1 uM E-64, 1 uM pepstatin). Cell lysates corresponding
to 5-20 X 10° trichloroacetic acid-precipitable counts per min, and
an equivalent volume of culture supernatants, were subjected to
immunoprecipitation, SDS-PAGE, and fluorography as previously
described (Kane, 1993). Polyclonal, species-specific antisera were
used to immunoprecipitate either recombinant human (Smith et al.,
1989) or endogenous mouse (Gottesman and Cabral, 1981) proCL
synthesized by transfected cells (both antisera were gifts from M.
Gottesman). For 3?P-labeling, cells were incubated in phosphate-free
medium containing 0.5 mCi/ml of [**PJorthophosphate (DuPont-
New England Nuclear) for 4-5 h. Immunoprecipitations were per-
formed on lysate and culture medium corresponding to 3-5 X 10°
cpm of lysate. Immunoprecipitations were subjected to SDS-PAGE
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and dried gels were exposed to X-AR film (Kodak, Rochester, NY)
at —80°C with an intensifying screen.

Pulse-Chase Analysis

For pulse-chase labeling, transfected cells were incubated in methi-
onine-free medium for 1 h before labeling. Cells were labeled using
the same conditions as in continuous labeling except labeling time
was decreased to 15 min. After labeling, cells were thoroughly
washed with PBS. Medium containing unlabeled methionine (2
mM) was added to cells for the chase. Culture supernatants and cell
lysates were collected in SDS-Buffer A at 0, 15, 30, 60, 90, 120, 180,
240, and 360 min of chase. Equal volumes of each sample were
immunoprecipitated and subjected to SDS-PAGE and fluorography.

Endoglycosidase Treatments

Endoglycosidase F (endoF) and endoglycosidase H (endoH) diges-
tions were done by adding 4 mU of endoH or 170 mU of N-
glycosidase F (both from Boehringer Mannheim) directly to cell
lysates in SDS-Buffer A. Digestions were for 4 h at 37°C. Samples
were then immunoprecipitated and subjected to SDS-PAGE and
fluorography.

Ammonium Chloride, Brefeldin A, and Tunicamycin
Experiments

For continuous labeling in the presence of NH,Cl, transfected cells
were preincubated in methionine-free medium with or without
NH,CI (10 mM) for 1 h. Cells were then labeled for 5 h with 300 nCi
per ml of [**S]methionine in methionine-free medium, either with or
without 10 mM NH,Cl. Culture supernatant and cell lysates were
collected, samples were immunoprecipitated separately with anti-
human cathepsin L antiserum or anti-mouse cathepsin L antiserum
and subjected to SDS-PAGE and fluorography. Brefeldin A (BFA)
labeling experiments were done in the same manner except that 10
pg/ml BFA and 500 uCi/ml of [**S]methionine were used and the
labeling time was for 3 h. For tunicamycin experiments, cells were
incubated in standard growth medium in the presence or absence of
tunicamycin (15 pug/ml) for 4 h before labeling. Cells were washed
with PBS and labeled in methionine-free medium supplemented
with 200-300 uCi/ml of [**S]methionine, with or without tunica-
mycin, for 3 h. Culture supernatants and cell lysates were collected
and processed as above.

RESULTS

Nowvel Glycosylation Signals in ProCL are Utilized

Human proCL contains a single carbohydrate signal
(Asn-Asp-Thr) with glycosylation at Asn-204. ProCL
is efficiently transported to lysosomes in normal cells
(<5% secretion), but secretion is enhanced when the
protein is overexpressed in malignant cells or in im-
mortalized cells transfected with a proCL expression
vector (Gottesman, 1978; Kane ef al., 1988).

To determine whether having multiple mannose-
phosphorylated carbohydrates would affect proCL
transport, we engineered two novel glycosylation
signals into the primary sequence of human proCL.
The novel signals were engineered alone or in com-
bination into either wild-type proCL or proCL lack-
ing the wild-type glycosylation signal at Asn-204.
Figure 1A is a schematic representation of proCL
indicating the positions of wild-type and novel gly-
cosylation sites within the linear protein sequence.
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The nomenclature of mutants and their sequences at
each of three potential glycosylation sites (two mu-
tant sites [N1 and N2] and the wild type [N3] site)
are shown below the linear map. Figure 1B is a
computer-generated model of proCL illustrating the
positions of wild-type and novel glycosylation sites
within the folded protein. The novel sites were pur-
posely engineered into an accessible loop and on the
same face of the molecule as the wild-type site, as
predicted by our computer model and consistent
with the recently published crystal structure of
proCL (Coulombe et al., 1996). We reasoned that
these locations would most likely be utilized for
carbohydrate addition and that the carbohydrates
would be recognized for mannose phosphorylation
(Cantor and Kornfeld, 1992).

Mutant and wild-type ¢cDNAs were transfected
into NIH3T3 mouse fibroblasts, and cells expressing
the corresponding recombinant proteins were iso-

A (NT) (N2) N3
| ] |
138 1756 204
pro 25K 5K

TGR DNG NDT
7 :

NGS NNS QDT

proCL T D N

NIN3 N D N

N2N3 T N N

N1Q3 N D Q

N2&@13 T N Q
B

Figure 1. Representations of (pro)cathepsin L. (A) Linear map of
proCL showing the profragment (pro) and both segments of the
mature enzyme (25K + 5K). On top of the map are the amino acid
positions of the glycosylation sites used in this study: 204,N3 is the
single wild-type site in human proCL; 138 (N1) and 175 (N2) are two
novel sites introduced in this work. Directly below the map are the
wild-type sequences at residues 138-140, 175-177, and 204-206 and
the mutations at those residues that either create (138 and 175) or
destroy (204) glycosylation signals. The bottom of the panel shows
the names of the relevant mutants and their corresponding amino
acids encoded at positions 138, 175, and 204, with mutations shown
in boldface. (B) Drawing of a three-dimensional computer model of
cathepsin L. The model was developed as described in MATERIALS
AND METHODS. Numbers and arrows designate the positions of
amino acids relevant to this study.
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lated as described in MATERIALS AND METH-
ODS. To determine the glycosylation status of the
various recombinant proteins, transfected cells were
metabolically radiolabeled with [**S]methionine;
cell lysates were incubated with or without endoH
and then subjected to immunoprecipitation with
species-specific antiserum raised against human
proCL. Results of the analysis are shown in Figure 2.
A single species of recombinant N1IN3 proenzyme
(glycosylation sites at Asn-138 and Asn-204) was
detected that migrated approximately 2 kDa slower
than wild-type proCL in the absence of endoH (Fig-
ure 2, compare lane 1 with lane 3). After endoH
treatment, wild-type and N1N3 proteins comigrated
(Figure 2, lanes 2 and 4). These results suggest that
N1N3 was fully glycosylated at both Asn-204 and
the novel Asn-138.

In contrast, two species of N2N3 proenzyme (glyco-
sylation sites at Asn-175 and Asn-204) were detected
in the absence of endoH, one that migrated slightly
slower than glycosylated wild-type proCL and one
that migrated slightly faster than proCL. After diges-
tion with endoH, the N2N3 species were reduced to a
single band that migrated slightly faster than endoH-
digested proCL (Figure 2, lanes 5 and 6 compared
with lanes 1 and 2). We interpret these results to mean
that N2N3 was partially glycosylated at the novel site
(Asn-175). Thus, the slower migrating protein con-
tained two glycosylations, at Asn-204 and Asn-175;
the faster migrating protein contained one glycosyla-
tion at the wild-type site, Asn-204. Utilization of Asn-
175 was variable from experiment to experiment, but
was always in the 30-50% range. The mutation creat-
ing the Asn-175 glycosylation signal (Asp-Asn-Gly —
Asn-Asn-Ser) apparently altered the migration of the
polypeptide to a slightly faster migrating species on
SDS-PAGE, relative to wild-type proCL. This interpre-
tation is reinforced by the relative migration patterns
of the mature forms of the respective polypeptides
(Figure 2). Results with mutants lacking the wild-type
glycosylation signal (N1Q3 and N2Q3) were consis-
tent with our interpretations that Asn-138 was fully
utilized for carbohydrate addition, Asn-175 was par-
tially utilized, and the mutation creating the Asn-175
signal affected migration of the resulting proteins (see
below).

Mutant N1IN2N3 encoding three glycosylation sites
was not stably synthesized in large enough quantities to
detect by metabolic labeling with [**S]methionine and
SDS-PAGE. The NIN2Q3 mutant encoding two novel
glycosylation sites and lacking the wild-type site was
glycosylated in accord with the other mutants (i.e., com-
pletely at Asn-138, partially at Asn-175). However, it did
not appear to be transported out of the endoplasmic
reticulum, probably because it was misfolded or aggre-
gated (our unpublished results). NIN2N3 and N1N2Q3
mutants were not analyzed further.
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Figure 2. EndoH digestion of recombinant proCLs. Cell lines sta-
bly expressing wild type (proCL) or mutants encoding the wild-
type glycosylation site plus a novel glycosylation site at Asn-138
(N1IN3) or Asn-175 (N2N3). Cells were radiolabeled for 5 h with
[**S]methionine, cell lysates were incubated in the presence (+) or
absence (—) of endoH to remove high-mannose carbohydrate, and
immunoprecipitations were performed with antiserum specific for
human proCL. Immunoprecipitated proteins were run on SDS-
PAGE and processed for fluorography as described in MATERIALS
AND METHODS. Proenzyme (pro), lysosomal single-chain (ma-
ture), and two-chain (25) forms of the proteins are indicated. The
5-kDa carboxy-terminal fragment from the two-chain enzyme was
run off the gel. The position of the 29-kDa size standard is shown on
the left and lane numbers are provided on the bottom.

1 2 3 4 5 6

Novel Carbohydrates Are Modified with Man6P

It has previously been demonstrated that proCL is
phosphorylated only in its man6P residues (Sahagian
and Gottesman, 1982). To determine whether the
novel carbohydrates at Asn-138 and Asn-175 were
capable of being recognized for man6P modification,
we metabolically radiolabeled transfected cells in par-
allel with [3*P]orthophosphate or [**S]methionine,
subjected cell lysates to immunoprecipitation, and an-
alyzed the immunoprecipitates by SDS-PAGE. Figure
3 shows the results of this analysis for mutants lacking
the wild-type glycosylation site and encoding only a
single novel glycosylation signal at Asn-138 or Asn-
175.

For N1Q3 (Asn-138), we detected a single proen-
zyme species with both radioisotopes that migrated at
a position consistent with glycosylation and phos-
phorylation at Asn-138 (Figure 3, lanes 3 and 4). Di-
gestion of this protein (and of NIN3) with endoH
completely eliminated the [*’P] signal, indicating that
the mutant protein was phosphorylated only in its
carbohydrate moiety and that novel amino acid phos-
phorylation was not introduced by the Asn-138 muta-
tion (our unpublished results). For N2Q3 (Asn-175),
we detected two proenzyme bands with [**S]methi-
onine. The upper band migrated slightly faster than
wild-type proCL, and only this band was radiolabeled
with [**PJorthophosphate (Figure 3, lanes 5 and 6).
These results are consistent with the interpretation
that Asn-175 was partially utilized for glycosylation
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Figure 3. Phosphorylation of novel carbohydrates. Cell lines stably
expressing wild type (proCL) or mutants containing only the novel
glycosylation sites at Asn-138 (N1Q3) or Asn-175 (N2Q3). Cells
were radiolabeled for 4-5 h with either [*®S]methionine (S) or
[*?PJorthophosphate (P). Cell lysates were subjected to immunopre-
cipitation and SDS-PAGE, as previously, and processed for fluorog-
raphy or autoradiography, respectively. The proenzymes (pro) and
the processed, single-chain proteins (mature) are indicated. The
position of the 29-kDa size standard is shown on the left and lane
numbers are provided on the bottom.

(the upper band) and that the carbohydrate was mod-
ified with man6P. The faster form of the N2Q3 proen-
zyme contained no carbohydrate and thus was not
radiolabeled with [*’Plorthophosphate. This again
confirmed carbohydrate-specific phosphorylation in
mutants containing Asn-175. Also seen in Figure 3 is
the fact that N1Q3 and both forms of N2Q3 were
transported to lysosomes, as detected by the appear-
ance of proteolytically processed, mature forms of the
proteins.

Mutant ProCLs Can Be Transported to Lysosomes
and Secreted

We now have the ability to distinguish between pro-
CLs that have zero, one, or two carbohydrates. To
determine whether mutant proCLs were secreted or
localized to lysosomes, we performed immunoprecipi-
tations from cell lysates and media collected from
metabolically radiolabeled transfected cell lines. In
this analysis, mature processed proteins represent
transport to lysosomes (also see below). Secreted pro-
teins are always full-length and glycosylated. As
shown in Figure 4, all of the mutant proCLs were
capable of being secreted into the medium (lanes
marked M) and transported to lysosomes (labeled in
the Figure as “mature”), regardless of their carbohy-
drate content. Figure 4 shows the results of one rep-
resentative clone from each of the transfected cell
lines. Similar results were obtained for populations of
cells obtained from two separate transfections and
for multiple independent clones of cells express-
ing each recombinant construct (our unpublished
observations).

We were not able to quantify these results, due to
the relatively low level of secreted proteins and the
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Figure 4. Steady-state distribution of recombinant proteins. Indi-
vidual clones of cells stably expressing wild-type (proCL) or mutant
proteins, as indicated. Cells were radiolabeled for 4 h with
[3?Plorthophosphate (left-hand panel in A and B) or [**S]methionine
(right-hand panel in A and B, both panels in C). Cell lysates (C) and
culture media (M) were collected and subjected to immunoprecipi-
tation, as previously described. The proenzymes (pro) and the pro-
cessed lysosomal proteins (mature) are indicated by brackets. The
positions of size markers are indicated on the left of each panel and
lane numbers are provided on the bottom.

variable distributions of proteins from experiment to
experiment, even for wild-type proCL (for example,
see Figure 4B, lanes 1 and 2 compared with lanes 5 and
6; in this comparison proCL appeared to be secreted
more efficiently in lane 2 than in lane 6). Although it
appears in Figure 4 that double-glycosylated proteins
were secreted less than single-glycosylated proCL,
this was not a consistent result in all experiments.
Furthermore, reduced secretion did not seem to cor-
relate with an enhanced transport to lysosomes for
proteins carrying two carbohydrates.

Secretion of the unglycosylated version of N2Q3
was significantly higher than that of the correspond-
ing monoglycosylated version of the protein (Figure
4C, lanes 7 and 8). This is to be expected given that
man6P-independent lysosomal transport of proCL is
inefficient in mouse fibroblasts (Kane, 1993). Surpris-
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Figure 5. Pulse-chase analysis. (A—E) Cell lines stably expressing recombinant proteins were pulse-labeled for 15 min with [**S]methionine
and then chased with unlabeled methionine for the indicated times. Cell lysates were collected at each time point and subjected to
immunoprecipitation as previously. (A) Wild-type proCL; (B) N1N3; (C) N1Q3; (D) N2N3; (E) N2Q3. (F) Lysates from the 2h time point of
proCL and N2Q3 cells were treatd with endoF (+F), endoH (+H), or left untreated (—) before immunoprecipitation. Brackets on the right
of each panel indicate the positions of proenzymes. The number of carbohydrates on each proenzyme are included in panels D and E.
Asterisks indicate the processed, lysosome-like bands for the respective recombinants, along with the number of carbohydrates present on

each of those proteins. Positions of the 29-kDa standard are shown.

ingly, we also observed a significant amount of a
mature, lysosome-like form of unglycosylated N2Q3
(see below).

ProCLs with Carbohydrate at Asn-175 Are Rapidly
Processed to Lysosome-Like Forms

To determine whether novel carbohydrates might
affect the rate of transport to lysosomes, we per-
formed pulse-chase analysis on transfected cell
lines. Cells were radiolabeled for 15 min with
[*°S]methionine and then chased for various times
in the presence of excess unlabeled methionine. Im-
munoprecipitations were performed on cell lysates
and media collected at each time point. Data for
transport to lysosomes are shown in Figure 5. Wild-
type proCL started to appear in lysosomes by 30-60
min of chase, as determined by the appearance of
the mature, 32-kDa form of the protein (Figure 5A).
This is consistent with previous reports of the trans-
port kinetics for endogenous mouse proCL and with
our own results using transfected recombinant
proCL (Gal et al., 1985; Kane, 1993). NIN3 and
N1Q3, containing two (Asn-138 + Asn-204) and one
(Asn-138) carbohydrate, respectively, were trans-
ported to lysosomes with kinetics similar to wild-
type proCL (Figure 5, B and C).

We obtained a surprising result with the Asn-175
constructs. For the double-glycosylated form of N2N3,
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we detected the rapid appearance of a lysosome-like
band within the 15-min pulse labeling time (Figure
5D, 0’ time point). The processed form of the mono-
glycosylated species appeared with normal kinetics
(60 min). We next wanted to determine whether the
rapid appearance of the lysosome-like form was due
to the presence of two carbohydrates on N2N3 or was
related to the location of carbohydrate at Asn-175. For
this, we did pulse-chase analysis on N2Q3, which
lacks the wild-type glycosylation site. Again, we de-
tected a lysosome-like form of the monoglycosylated
species (carbohydrate only at Asn-175) within the 15-
min pulse-labeling time. Surprisingly, we also ob-
served significant amounts of a mature form of the
unglycosylated species of N2Q3 within 60 min (nor-
mal kinetics) (Figure 5E). Endoglycosidase digestions
confirmed that the two lysosome-like species of N2Q3
were glycosylated and unglycosylated versions, re-
spectively, of the mature protein (Figure 5F). Similar
analysis of N2N3 confirmed the glycosylation patterns
of its mature proteins (our unpublished results). Fi-
nally, although the relative levels of protein secretion
were variable from cell line to cell line, kinetics of
secretion was the same for wild-type and each of the
mutant proteins, with initial appearance in the me-
dium by 30-60 min of chase (our unpublished obser-
vations).
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Figure 6. BFA treatment. Cell lines stably expressing the indicated
recombinants were radiolabeled for 3 h with [**S]methionine in the
absence (—) or presence (+) of BFA (10 ug/ml) to block transport in
the endoplasmic reticulum. Cell lysates were collected and sub-
jected to immunoprecipitation, as previously. Proenzyme (pro) and
processed (mature) proteins are indicated by brackets on both sides
of the image. The position of the 29-kDa size standard is shown and
lane numbers are provided on the bottom.

Processed Forms Are Not Produced in the
Endoplasmic Reticulum

To try to determine whether the processing of N2N3
and N2Q3 was occurring in the endoplasmic reticu-
lum rather than in lysosomes, we performed experi-
ments with BFA, a fungal antibacterial agent that
blocks secretory-pathway proteins in the endoplasmic
reticulum (Lippincott-Schwartz et al.,, 1989). Trans-
fected cells were incubated with or without BFA and
radiolabeled with [**S]methionine, as described in
MATERIALS AND METHODS, and cell lysates were
subjected to immunoprecipitation. Results are shown
in Figure 6. In the absence of BFA, results were con-
sistent with previous experiments in which both spe-
cies of N2N3 and N2Q3 appeared as processed, ma-
ture proteins (Figure 6, lanes 3 and 5). However, these
proteins did not appear in the presence of BFA (Figure
6, lanes 4 and 6), suggesting that processing did not
occur in the endoplasmic reticulum. Similar results

were obtained when cells were pulse-labeled at 20°C
to trap newly synthesized proteins early in the secre-
tory pathway (Braulke et al., 1988) and then chased at
37°C to allow transport to lysosomes. Mature bands
appeared only by 2 h after the shift in temperature to
37°C, and kinetics were in this case identical for all
species of wild-type, N2N3, and N2Q3 proteins (our
unpublished observations).

Mutant proCLs Interact with Man6P Receptor

To determine whether Asn-175 proCLs were trans-
ported to lysosomes by MPR, we labeled cells in the
presence and absence of NH,Cl, which raises the pH
of endosomes, prevents the release of lysosomal pro-
teins from MPR, and results in the predominant secre-
tion of those proteins (Gonzalez-Noriega et al., 1980).
Results of the steady-state labeling experiment are
shown in Figure 7. Secretion of full-length proenzyme
was enhanced by NH,CI in the cases of endogenous
mouse proCL (lane 4 vs. lane 2) and wild-type recom-
binant proCL (lane 8 vs. lane 6). Similarly, the secre-
tion of both proenzyme species of N2N3, carrying one
and two carbohydrates, respectively, were dramati-
cally enhanced in NH,Cl-treated cells relative to con-
trol cells in the absence of NH,Cl (Figure 7, lane 12 vs.
lane 10). For N2Q3, however, it appeared that en-
hanced secretion in NH,Cl-treated cells was specific
for the monoglycosylated species and not the ungly-
cosylated species (Figure 7, lane 16 vs. lane 14). These
results suggest that MPR mediates transport of the
glycosylated species but not the unglycosylated spe-
cies, as expected.

Recombinant, Unglycosylated Human proCLs Are
Transported to Lysosomes by NIH3T3 Cells

To determine whether lysosomal transport of ungly-
cosylated human proCL was specific for the N2Q3
mutant, we analyzed transport of wild-type, N2N3,
and N2Q3 proteins in the presence of tunicamycin,

Mouse proCL N2N3 N2Q3
NH,4CI - + - + - + - +
C M C M C M C M C M C M C M C M
£
2 —
= 8s :tl ' $e S _S=u-
29 - - 1] 41] 1 3] mature

1 2 3 .4 5 6 7 8

10 1 12 13 14 15 16

Figure 7. Ammonium chloride treatment. Cell lines stably expressing proCL, N2N3, or N2Q3 recombinants. Cells were radiolabeled for 5 h
with [**S]methionine in the absence (—) or presence (+) of NH,Cl (10 mM). Cell lysates (C) and culture media (M) were collected and
subjected to immunoprecipitation with anti-human proCL antiserum (last three panels). In the left panel (Mouse), anti-mouse proCL
antiserum was used to immunoprecipitate endogenous protein from lysates of cells expressing the N2N3 recombinant, using 10-fold less
sample than in the N2N3 panel. Positions of proenzymes and processed proteins (along with the number of carbohydrates on each protein)
are indicated, as previously. The 29-kDa size standard is shown on the left and lane numbers are provided below each panel.
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Figure 8. Tunicamycin treatment. (A) Transfected cell lines were
incubated in the presence (+) or absence (—) of tunicamycin (tunic.)
for 4 h and then radiolabeled for 3 h with [**S]methionine (+/-
tunic.). Cell lysates were immunoprecipitated with anti-human
proCL antiserum or anti-mouse proCL antiserum, as indicated,
followed by SDS-PAGE and fluorography. (B) Three human cell
lines, as indicated, were treated with tunicamycin (+) or left un-
treated (—) and radiolabeled with [**S]methionine. Cell lysates (C)
or media (M) were immunoprecipitated with anti-human proCL
antiserum, followed by SDS-PAGE. (C) Human SK-Hep cells were
transfected with wild-type mouse proCL (mproCL) or with a mu-
tant lacking both of its normal glycosylation signals (mQ204/251).
Left, Populations of cells (pop.) or two individual clones from each
population (c1 and c2) were radiolabeled and cell lysates were
immunoprecipitated with anti-mouse proCL antiserum. Right,
NIH3T3 cells expressing authentic mouse proCL or populations of
SK-Hep cells expressing wild-type or mutant recombinant mouse
proCLs, as indicated, were radiolabeled with [**S]methionine. Cell
lysates (C) and media (M) were immunoprecipitated with anti-
mouse proCL antiserum. Brackets mark the positions of proen-
zymes (pro). The positions of the small amount of unglycosylated,
lysosomal proteins are indicated (*,0). The 29-kDa size standard is
shown on the left and lane numbers are provided below the panels.

which inhibits all glycosylation. Results are shown in
Figure 8. NIH3T3 cells expressing any of the three
human proteins transported a significant amount of
those proteins to lysosomes in the presence of tunica-
mycin (Figure 8A, lanes 2, 4, and 6). This rules out the
trivial explanation that mature, unglycosylated N2Q3
was derived from mature, glycosylated N2Q3 after
transport to lysosomes. A low or undetectable amount
of endogenous mouse proCL was delivered to lyso-
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somes in the same tunicamycin-treated cells (Figure
8A, lanes 8, 10, and 12). The result with the mouse
protein is similar to what we have previously ob-
served for unglycosylated recombinant mouse proCL
expressed in NIH3T3 cells (<5% transport to lyso-
somes) (Kane, 1993).

We also wanted to determine whether unglycosy-
lated proCL could be transported to lysosomes in
other cell types. This did not appear to be the case.
Thus, when we treated human epidermoid cells (KB-
3-1) and human hepatoma cells (SK-Hep and HepG2)
with tunicamycin, endogenous proCL was predomi-
nantly secreted and not transported to lysosomes (Fig-
ure 8B). Finally, we constructed a mouse proCL cDNA
that lacked both of its wild-type glycosylation signals
and we stably expressed this mutant in SK-Hep cells.
The recombinant mouse protein was not appreciably
transported to lysosomes by the human cells (Figure
8C, lanes 4-6), although it could be secreted (Figure
8C, lane 12). Taken together, these results suggest that
carbohydrate-independent transport of proCL to lyso-
somes may be species-specific (for the human protein
expressed in mouse cells) and possibly cell type-spe-
cific (for NIH3T3 cells).

DISCUSSION

In this paper we have analyzed the carbohydrate con-
tent, phosphorylation, localization, and transport ki-
netics of recombinant human proCLs containing novel
glycosylation signals. One of those novel sites, Asn-
138, was 100% utilized, while the other site, Asn-175,
was utilized 30-50% of the time. This was true in
N2N3, which has both the engineered site at Asn-175
and the wild-type site at Asn-204, and in N2Q3, which
has only the Asn-175 site. This observation would
seem to rule out steric hindrance from the wild-type
carbohydrate as a reason for the partial utilization of
Asn-175. Although we cannot rule out the possibility
that Asn-175 was glycosylated more frequently and
then lost carbohydrate due to instability of the site,
this explanation does not seem likely given the fixed
ratio of double- to monoglycosylated species of N2N3
and mono- to unglycosylated species of N2Q3 during
the course of pulse-chase analyses (Figure 5).

The novel carbohydrates added at Asn-138 and Asn-
175 were both phosphorylated (Figure 3). We expected
this result, given the predicted positions of the two
sites on the same face of proCL as Asn-204 carbohy-
drate (Figure 1, panel B). This is consistent with proCD
studies, in which mannose phosphorylation of carbo-
hydrates is rather promiscuous within the context of a
lysosomal enzyme, but also depends on their proxim-
ity to a putative phosphorylation domain on those
proteins (Cantor and Kornfeld, 1992). We should be
able to extend our analysis of novel glycosylation sites
to map the domain on proCL that is responsible for
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recognition of carbohydrate for mannose phosphory-
lation.

One purpose of our experiments was to test the
hypothesis that extra man6P residues would enhance
the affinity of proCL for MPR and thus increase its
transport to lysosomes or reduce its secretion (Dong
and Sahagian, 1990). We have not determined the
affinity of our hyperglycosylated proteins for MPR,
and we were not able to achieve high enough expres-
sion levels of recombinant proteins to adequately test
the hypothesis. Nevertheless, our results suggest that
proCL proteins carrying two carbohydrates were still
capable of being secreted (Figure 4), even though both
carbohydrates were modified with man6P and the
proteins appeared to bind MPR (Figure 7). Further-
more, a direct comparison of double- and monoglyco-
sylated protein expressed in the same cell (the two
forms of N2N3 protein) suggested that extra carbohy-
drate was not sufficient to confer enhanced transport
to lysosomes (Figure 4, panel B). Results with N1N3
(two carbohydrates), compared with N1Q3 and wild-
type proCL (one carbohydrate each), were consistent
with this interpretation (Figure 4, panels A and C). A
similar study was performed with proCD, in which
one or the other of its two glycosylation signals was
selectively mutated. The conclusion of that study was
that the number of carbohydrates does not correlate
with efficiency of transport to lysosomes, although the
man6P content of recombinant proteins (wild type or
mutants) was not determined in that work (Forten-
berry et al., 1995).

We made a surprising and novel observation using
proteins that encoded the Asn-175 glycosylation sig-
nal: proteins with carbohydrate at Asn-175 appeared
to be transported to lysosomes very rapidly. This con-
clusion is based on the very rapid appearance of low-
molecular weight (mature) forms of newly synthe-
sized protein in pulse-chase labeling experiments
(Figure 5). The production of the mature forms did not
seem to occur in the endoplasmic reticulum or Golgi,
since BFA (Figure 6) and low temperature inhibited
the appearance of those bands. In addition, proteolytic
processing appeared to be accurate, since these forms
migrated on SDS-PAGE with authentic lysosomal ca-
thepsin L after digestion with endoF or endoH (Figure
5F). We have been unable to detect lysosomal appear-
ance of mutant proCLs directly by subcellular frac-
tionation, due to insufficient sensitivity of this assay,
particularly with pulse-labeled lysates. Therefore, we
cannot formally rule out the possibility that carbohy-
drate at Asn-175 increases the sensitivity of the protein
to proteolytic processing and results in the appearance
of the lysosome-like fragment in a prelysosomal com-
partment. Nevertheless, we believe our results with
BFA, temperature shift, and NH,Cl are consistent with
the interpretation that processing occurred in lyso-
somes.
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The rapid kinetics required carbohydrate at Asn-
175, since the double-glycosylated form of N2N3 (car-
bohydrate at Asn-175 + Asn-204) was processed rap-
idly, but its monoglycosylated form (Asn-204 only)
was not. The rapid kinetics did not depend on the
number of carbohydrates, however, since monoglyco-
sylated N2Q3 (Asn-175 only) was also processed rap-
idly. Furthermore, double-glycosylated NIN3 (Asn-
138 + Asn-204) and monoglycosylated N1Q3 (Asn-138
only) were not transported rapidly, again indicating
that rapid kinetics did not correlate with the number
of carbohydrates. Rather, rapid transport to lysosomes
may depend on the position and/or sequence of the
novel carbohydrate site.

We can speculate on a number of possible mecha-
nisms by which a novel carbohydrate and/or se-
quence at residues 175-177 (Asp-Asn-Gly mutated to
Asn-Asn-Ser) might affect the transport of proCL:

1. Asn-175 might lie in a domain that, when modi-
fied with carbohydrate, binds MPR with higher affin-
ity than the wild-type Asn-204 domain. This would be
consistent with observations that proCL normally has
relatively low binding affinity for MPR (Dong et al.,
1989; Lazzarino and Gabel, 1990). However, we have
not measured the MPR binding affinity of our mu-
tants, and it is not clear whether a higher affinity, if it
exists, would necessarily alter the relative amounts of
secreted versus lysosomal proCL, as the authors of
those studies have suggested. Nevertheless, if it is
MPR affinity that is affecting transport kinetics of our
mutants, then a normally low affinity may be an es-
sential feature of wild-type proCL localization, so that
secretion under certain growth conditions can be
achieved.

2. The new primary amino acid sequence at residues
175-177 might directly enhance recognition by MPR.
This would be consistent with the hypothesis that the
affinity of proCL for MPR is normally low because of
a noncarbohydrate domain that interferes with bind-
ing (Lazzarino and Gabel, 1990). Thus Asn-Asn-Ser at
residues 175-177 could either create a new motif that
enhances MPR binding or disrupt a motif that nor-
mally inhibits binding. Our results indicate that car-
bohydrate at Asn-175 is crucial for the rapid transport
kinetics, suggesting that primary amino acid sequence
at residues 175-177 is not sufficient for conferring this
phenotype. Nevertheless, sequence and carbohydrate
could somehow work in concert to enhance MPR
binding and transport. Again, this binding and trans-
port effect need not inhibit proCL secretion if that
trafficking pathway is regulated by a mechanism other
than MPR binding.

3. The new sequence at residues 175-177 might en-
hance interaction with the proCL-specific lysosomal
proenzyme receptor (LPR) proposed by McIntyre and
Erickson (1993). LPR is a 43-kDa integral membrane
protein that specifically recognizes a nine-amino acid
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sequence in the profragment of proCL (McIntyre et al.,
1994). Binding to LPR is carbohydrate-independent
(McIntyre and Erickson, 1991). Enhanced binding to
LPR by our mutants could indirectly enhance their
interaction with the MPR-dependent pathway, when
carbohydrate is present, giving us the rapid-transport
phenotype. According to our computer modeling of
cathepsin L (Figure 1) and the published crystal struc-
ture of proCL (Coulombe et al., 1996), residues 175-177
are in a region that might interact with the profrag-
ment, although not within the nine-amino acid do-
main previously identified as important for LPR bind-
ing (McIntyre et al., 1994). Using our model of
cathepsin L, we predict that the mutation at residues
175-177 would not cause any major changes to the
overall conformation of the protein (Sherman and
Kane, unpublished observations). Nevertheless, we
cannot rule out an indirect effect of the mutation on
the profragment and its interaction with LPR or a
more direct effect on other protein—protein interac-
tions via the 175-177 region. The fact that we elimi-
nated a negatively charged amino acid in making the
Asn-175 glycosylation signal might support a direct
effect on protein—protein interactions.

4. The new primary sequence at residues 175-177
might affect interaction with the carbohydrate-depen-
dent pathway as mediated by an unknown factor(s) in
the cellular transport machinery. This will be the topic
of future research.

A second, somewhat surprising observation was
that completely unglycosylated human proCLs were
transported to lysosomes by NIH3T3 mouse fibro-
blasts. This conclusion is based on the appearance of a
mature form of unglycosylated N2Q3, both on steady-
state labeling and pulse-chase labeling (Figures 3, 4,
and 5), and the appearance of mature human proteins
in transfected NIH3T3 cells treated with tunicamycin
(Figure 8, panel A). Again, the production of this band
seemed to be accurate (Figure 5, panel F), and it ap-
peared to take place in lysosomes (Figure 6). Lysoso-
mal delivery of unglycosylated N2Q3 protein was not
rapid but occurred with the same kinetics as for wild-
type, glycosylated proCL (Figure 5, panel E).

We have previously reported that recombinant
mouse proCL that lacks carbohydrate is quantitatively
secreted by NIH3T3 cells, even though it is properly
folded, stable to incubation at 37°C (pH 7), and capa-
ble of being proteolytically processed during incuba-
tion at pH 4 (Kane, 1993). We also did not observe any
lysosomal form of unglycosylated, endogenous hu-
man proCL in tunicamycin-treated cell lines (Figure 8,
panel B) or of unglycosylated, recombinant mouse
proCL expressed in human hepatoma cell lines (Fig-
ure 8, panel C). It is possible that unglycosylated pro-
tein was delivered to lysosomes in these experiments,
but that the protein was rapidly degraded in the hu-
man cell lines. However, we think this is unlikely
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given our previous analysis of unglycosylated proCL
(Kane, 1993, and this work) and the fact that recom-
binant cathepsin L purified from bacteria is stable and
enzymatically active (Smith et al., 1989). Therefore,
there may be species or cell type specificity to the
MPR-independent transport of human proCL in
NIH3T3 cells.

Other lysosomal enzymes appear to be transported
quite efficiently by an MPR-independent mechanism
in some cell types. For example, human hepatocytes
and lymphocytes transport unglycosylated proCD to
lysosomes (Glickman and Kornfeld, 1993; Rijnboutt et
al., 1991b). In addition, fibroblasts isolated from
knock-out mice lacking both the cation-independent
MPR (MPR300) and the cation-dependent MPR
(MPR46) still exhibit some residual lysosomal trans-
port of proCD. Therefore, these fibroblasts must have
a functional MPR-independent pathway, at least in the
absence of MPR-mediated transport (Ludwig et al.,
1994; Pohlmann et al., 1995).

ProCL and proCD are thought to associate with
membranes in a carbohydrate-independent manner in
fibroblasts, macrophages, and hepatocytes (Diment et
al., 1988; McIntyre and Erickson, 1991; Rijnboutt et al.,
1991a; Zhu and Conner, 1994). For proCL, membrane
association is low pH-dependent and is mediated by
the 43-kDa LPR (McIntyre and Erickson, 1991, 1993).
For proCD, membrane association is also pH-depen-
dent (McIntyre and Erickson, 1991) and appears to
involve another lysosomal protein, prosaposin (Zhu
and Conner, 1994). However, it is not known whether
carbohydrate-independent membrane association is
part of the normal MPR-mediated transport pathway
or is related to an MPR-independent transport mech-
anism, or both. Further work with proCL glycosyla-
tion mutants showing altered transport phenotypes
may help to clarify this issue.
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