A Receptor for the Selective Uptake and

Degradation of Proteins by Lysosomes
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Multiple pathways of protein degradation operate within cells. A selective protein import
pathway exists for the uptake and degradation of particular cytosolic proteins by lyso-
somes. Here, the lysosomal membrane glycoprotein LGP96 was identified as a receptor
for the selective import and degradation of proteins within lysosomes. Specific sub-
strates of this proteolytic pathway bound to the cytosolic tail of a 96-kilodalton lysosomal
membrane protein in two different binding assays. Overexpression of human LGP96 in
Chinese hamster ovary cells increased the activity of the selective lysosomal proteolytic

pathway in vivo and in vitro.

Lysosomes are able to take up and degrade
intracellular proteins by several mechanisms,
including bulk vesicular processes such as
macroautophagy and microautophagy and
also by a selective molecule-by-molecule
pathway (1). Certain cytosolic proteins, but
not others, are substrates for the selective
pathway of lysosomal proteolysis, and this
pathway is especially active in cultured cells
that are deprived of serum growth factors (2,
3) and in liver and other tissues of starved
rats (4, 5). The selective pathway of lysoso-
mal proteolysis has been reconstituted in
vitro with the use of lysosomes from cultured
human fibroblasts (2, 3) and from rat liver
(4, 5). Two model proteins that have been
used extensively in these assays (5) are ribo-
nuclease A (RNase A) and glyceraldehyde-
3-phosphate dehydrogenase (GAPDH).

- The mechanistic features of this pathway
of proteolysis resemble, in many respects, the
transport of precursor proteins across other
cellular membranes into organelles such as
mitochondria or the endoplasmic reticulum
(6). These similarities include specific bind-
ing to protein-containing components of the
organelle membrane; kinetic intermediates
in the transport of certain proteins; a require-
ment for the magnesium salt of adenosine
triphosphate (Mg-ATP); and a molecular
chaperone, the heat shock cognate protein
of 73 kD (HSC73), in the cytosol (6). In
addition, another member of the heat shock
protein 70-kD (HSP70) family within the
organelle is required for the efficient import
of substrate proteins (6). Receptors for sub-
strate proteins have been identified on the
surface of mitochondria and other organelles
(6). We now report that a known lysosomal
glycoprotein of 96 kD (LGP96; also called
LAMP?) is a receptor for the selective up-
take of proteins into lysosomes for subse-
quent degradation.
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Rat liver lysosomal membranes were sep-
arated by SDS-polyacrylamide gel electro-
phoresis (SDS-PAGE), transferred to nitro-
cellulose membranes, and incubated in re-
naturation buffer containing RNase A (Fig.
1A) or [**C]JGAPDH (Fig. 1B). Both sub-
strates bound to a 96-kD protein that was
not a prominent stained protein band in the
lysosomal membranes. No binding of RNase
A occurred with mitochondrial membranes
(7). The binding of ['"*CIGAPDH encoun-
tered interference from nonradioactive
GAPDH or RNase A but not from ovalbu-
min, a protein known not to be a substrate
for the pathway (5, 7). The complex be-
tween radiolabeled GAPDH and radiola-
beled RNase A and a 96-kD lysosomal
membrane protein was also evident after
molecular size chromatography (7). Finally,
GAPDH was immobilized on agarose beads,
and solubilized lysosomal membrane pro-
teins were passed through this GAPDH af-
finity column. A 96-kD protein was eluted
with low pH, and a 73-kD protein was
eluted by a subsequent salt wash (Fig. 1C).
The 73-kD protein was immunologically
identified as HSC73 (3, 7).

The 96-kD band was sequenced after
being eluted from the SDS-PAGE gel. The
sequence obtained (Fig. 1D) matched ex-
actly the NH,-terminus of the mature rat
lysosomal membrane protein LGP96 (8),
which is an integral membrane protein
whose function is uncertain. It has a pre-
dicted molecular weight of 45 kD, based on
its cDNA sequence, but it is heavily glyco-
sylated on the lumenal portion of the mol-
ecule. The cytosolic tail portion of the pro-
tein consists of 12 amino acids. A peptide
corresponding to the cytosolic sequence
GLKRHHTGYEQF (8, 9) inhibited the
binding of RNase A to lysosomal mem-
branes, whereas a peptide of the same ami-
no acid composition, but in a randomized
sequence, YRQEHLGHKGFT, had no ef-
fect (Fig. 2A). Similar results were obtained
for the binding of ['"*CIGAPDH (7). Con-
sistently, preincubation of lysosomes with a
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specific polyclonal antibody to the cytosolic
tail of LGP96 prepared in our laboratory
also inhibited binding of RNase A (Fig. 2B)
and GAPDH (7) to lysosomal membranes.
The binding of RNase A and GAPDH
to LGP96 was stimulated by HSC73 added
to immunoblots (7). Previous studies have
shown that HSC73 binds RNase A near the
KFERQ (9) sequence within the NH,-ter-
minal 20 amino acids, which are referred to
as RNase S-peptide (2, 3), and that RNase
S-peptide also competes for binding of
RNase A to lysosomal membranes (5). We
speculate that the interaction of HSC73
with the S-peptide region of RNase A
somehow facilitates the interaction of this
same region of RNase A with LGP96.
CHO cells express the selective lysosomal
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Fig. 1. Binding of substrates of the selective lyso-
somal degradation pathway to a lysosomal mem-
brane protein of 96 kD. (A and B) Rat liver lysoso-
mal membranes were immobilized in a nitrocellu-
lose membrane after SDS-PAGE and incubated
with RNase A or ['"*C]GAPDH [lane 2in (A) and (B),
respectively] in a renaturation buffer (76). Bound
protein was detected with a specific antibody to
RNase A (4, 5) (A) or by direct exposure to a
phosphor screen (B). Nitrocellulose-immobilized
lysosomal membranes were stained with amido
black (AB) (lane 1). (C) Rat liver lysosomal mem-
krane proteins (Lys. mem.) were solubilized (lane
1) (16) and incubated with GAPDH immobilized in
an Aminolink Plus gel column. Flow through (FT)
the column was collected (lane 2), and after ex-
tensive washing, GAPDH-bound proteins were
eluted with acetate buffer (pH 4.0) (lane 3) fol-
lowed by elution with 1 M NaCl (lane 4). Solubilized
membranes and collected fractions were subject-
ed to SDS-PAGE, and the gel was stained with
periodic acid and silver. (D) The LGP96 mature
NH,-terminal sequence (8, 9) and the sequence of
the lysosomal membrane protein that binds
GAPDH and RNAse A (Seq. A) were compared.
Gaps indicate that the identity of the amino acid at
that position was unclear.
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pathway of proteolysis, but to a lesser degree
than do human lung fibroblasts (10). We
transfected CHO cells with a cDNA encod-
ing human LGP96 (11, 12), and measured
the amount of human LGP96 with antibod-
ies to human LGP96 (13). The endogenous
CHO LGP96 was recognized poorly by the
human LGP96 antibody (Fig. 3A). Howev-
er, using ['*C]JGAPDH binding assays, we
estimated that the CHO cell lines expressed
two to three times more LGP96 than did the
untransfected controls (7). The overex-
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Fig. 2. Role of the LGP96 cytosolic tail in binding
of RNase A to lysosomes. (A) Rat liver lysosomal
membranes (100 pg of protein) were incubated in
10 mM Mops and 0.3 M sucrose (pH 7.3) with
RNase A (50 p.g) alone (lane 2) or with increasing
concentrations (as labeled) of cytosolic tail peptide
(lanes 3 to 5) or random peptide (lanes 6 to 8) for 20
min at 37°C. At the end of the incubation, mem-
branes were pelleted, washed with buffer, and sub-
jected to SDS-PAGE and immunoblot with a spe-
cific antibody to RNAse A (4, 5). (B) Rat liver lyso-
somal membranes (100 pg) were incubated alone
(lane 2) or with increasing concentrations (as la-
beled) of a specific antibody to the cytosolic tail of
LGP96 (anti-LGP96) (lanes 3 to 5) or of pre-im-
mune antibody (lanes 6 to 8) for 20 min at 37°C. A
second incubation with RNase A (50 p.g) for 20 min
at 37°C was performed, and samples were pro-
cessed as in (A). RNase A (1 ng) is shown in lane 1
in (A) and (B). Graphs in (A) and (B) depict the
densitometric analyses (mean = SD) of six different
experiments similar to those shown in the figure.
Differences compared with control values were sig-
nificant at P < 0.01 () and P < 0.001 (*x).
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pressed human LGP96 appeared to be local-
ized mainly in lysosomes, as more than 80%
of the total LGP96 in homogenates was re-
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Fig. 3. Expression and distribution of human
LGP96 in transfected CHO cells. (A) Nontrans-
fected CHO cells (control, ctr.) (lanes 3 and 4)
and two different single colonies of cells trans-
fected with cDNA encoding human LGP96
[+hLGP96 (1) and +hLGPS6 (2); lanes 5 to 8]
were lysed by nitrogen cavitation, and lyso-
somes were isolated (4, 5). Protein (50 pg) from
homogenates (Hom.) or lysosomes (Lys.) were
subjected to SDS-PAGE and immunoblot with
an antibody to human LGP96. Molecular size
markers are shown on the left in kilodaltons.
Molecular weight markers (lane 1) and homog-
enate from human fibroblasts (IMR-90) (lane 2)

covered in the lysosomal fraction (Fig. 3A),
and most of it (>75%) was colocalized with
cathepsin D (Fig. 3B).

are for reference. Quantitation of human LGP96 amounts in lysosomes of transfected cells was deter-
mined by densitometric analyses of four different immuncblots. (B) Colocalization by immunofluorescence
of human LGP96 and cathepsin D in CHO cells stably transfected with human LGP96 cDNA. Cells
transfected by the standard calcium phosphate-mediated procedure were grown on cover slips and were
fixed with 3% formaldehyde and incubated with a specific monoclonal antibody to human LGP96 (13) and
a polyclonal antibody to cathepsin D (78). Secondary antibodies [Texas Red-labeled antibody to mouse
and fluorescein isothiocyanate (FITC)-abeled antibody to rabbit (Jacksen ImmunoResearch, West Grove,
Pennsylvania)] were used, and fluorescence for Texas Red (human LGP96; top) or FITC (cathepsin D;
bottom) was analyzed. Quantitation of colocalization was performed in 38 different microscopic fields and
was expressed as a percentage of total dots labeled with both antibodies. No fluorescence was visible
when secondary antibodies were used alone (7). Magnification, *500.

Fig. 4. Lysosomal function in CHO cells transfected with human
LGP96 cDNA. (A) Intracellular protein degradation is depicted.
Confluent nontransfected CHO cells (control) and human
LGP96—transfected cells were labeled with [°H]leucine and
[*“Clleucine, respectively (17), and after extensive washing, cells
were replated at a 1:2 ratio of control ({J) and transfected cells
(@) in the same plate to reach confluence. Proteolysis was mea-
sured at the indicated times in cells in complete medium (serum
+, solid lines) or cells in serum-deprived medium (serum —,
dashed lines) (7). Values are mean =+ SD of 12 different exper-
iments, and differences between control cells and human
LGP96-transfected cells were significant at P < 0.001 (*x). (B)
Endocytic activity is depicted. [*H]RNase A was added to the
medium of confluent nontransfected (control) or human LGP96 -
transfected CHO cells (hLGP96+). Aliquots of the medium were
taken at the indicated times, and acid-soluble and -precipitable
radioactivity was measured. Values are mean *= SD of nine
different experiments. No significant differences were found be-
tween control and transfected cells. (C) Activity of isolated lyso-
somes is depicted. Freshly isolated lysosomes (4, 5) from non-
transfected cells (control, solid bars) or human LGP96-trans-
fected CHO cells (NLGP96+, hatched bars) were incubated with
['“CJGAPDH (230 nM) in the in vitro degradation system (4, 5,
17), without additions (control, indicated by ctr.) or with the
indicated additions [bovine brain cytosolic HSC73 (4, 5) (HSC),
Mg-ATP (ATP), or both (ATP + HSC)]. Proteolysis was mea-
sured as described (77). Values are mean *+ SD of 20 different
experiments. Differences between control and human LGP96-
transfected cells were significant at P < 0.001 (x).
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When confluent cells in culture are de-
prived of serum growth factors, the selective
pathway of lysosomal proteolysis is activated
(2, 3). To determine whether overexpression
of human LGP96 affected this proteolytic
pathway, we radiolabeled control CHO cells
with [*H]leucine and transfected cells with
[Clleucine and then cultured both cell types
on the same culture dishes to simultaneously
follow degradation of *H- and '¥C-labeled
proteins (14). Proteolysis was increased in the
transfected cells, both in the presence and
absence of serum, when compared with the
control CHO cells (Fig. 4A). Similar results
were obtained when control and transfected
cells were analyzed in separate culture dishes
(7). Cells that expressed half the amount of
human LGP96 as the transfectants shown in
Fig. 4A also showed half the increased protein
degradation rates when compared to those in
CHO cells, and cells transfected with plasmid
containing no ¢cDNA degraded proteins at
rates similar to those of the untransfected
control cells (7).

Several other aspects of the transfected
cells were unaffected by overexpression of hu-
man LGP96. For example, the percentage of
lysosomes broken during cell homogenization
was similar in control and transfected cells
(7), and [PH]RNase A was taken up by cells
and digested within endosomes and lysosomes
at normal rates (Fig. 4B). In addition, the cells
grew at normal rates and had unaltered rates
of protein synthesis (7). Finally, lysosomes
isolated from human LGP96-overexpressing
cells were more active in the in vitro uptake
and degradation of ["*CJGAPDH under all
conditions tested (Fig. 4C).

Thus, overexpression of human LGP96 in-
creased the activity of the selective lysosomal
proteolytic pathway, and the level of LGP96
appears to be one rate-limiting component of
the degradation machinery. It is not necessar-
ily the only rate-limiting component, howev-
er, because overexpression of one protein may
cause overexpression of interacting proteins
(15). Whether LGP96 plays a role in the
selective uptake of proteins by lysosomes, in
addition to the binding of substrate proteins,
remains to be studied.
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Lymphocyte Apoptosis: Mediation by Increased
Type 3 Inositol 1,4,5-Trisphosphate Receptor

Adil A. Khan, Mark J. Soloski, Alan H. Sharp, Gabriele Schilling,
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B and T lymphocytes undergoing apoptosis in response to anti-immunoglobulin M an-
tibodies and dexamethasone, respectively, were found to have increased amounts of
messenger RNA for the inositol 1,4,5-trisphosphate receptor (IP;R) and increased amounts
of IP,R protein. Immunohistochemical analysis revealed that the augmented receptor
population was localized to the plasma membrane. Type 3 IP,R (IP;R3) was selectively
increased during apoptosis, with no enhancement of type 1 IP;R (IP;R1). Expression of
IP;R3 antisense constructs in S49 T cells blocked dexamethasone-induced apoptosis,
whereas IP,R3 sense, IP,R1 sense, or IP;R1 antisense control constructs did not block
cell death. Thus, the increases in IP,R3 may be causally related to apoptosis.

Calcium entry into cells appears to be a
critical early event in apoptosis (pro-
grammed cell death) (I). In thymocytes,
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apoptosis elicited by glucocorticoids is asso-
ciated with a sustained increase in cytosolic
calcium concentration, and depletion of
calcium with chelating agents blocks apop-
tosis (2, 3). The endonuclease that causes
characteristic apoptotic cleavage of chro-
matin is calcium-dependent (2, 4). Calcium
entry also participates in cellular prolifera-
tion, especially in lymphocytes undergoing
immune stimulation (5). The channels and
mechanisms that account for the cellular
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