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ABSTRACT TWO murine lysosome-assoeiated membrane proteins, LAMP-1 of 105,000- 
115,000 D and LAMP-2 of 100,000-110,000 D, have been identified by monoclonal antibodies 
that bind specifically to lysosomal membranes. Both glycoproteins were distinguished as 
integral membrane components solubilized by detergent solutions but not by various chao- 
tropic agents. The lysosome localization was demonstrated by indirect immunofluorescent 
staining, co-localization of the antigen to sites of acridine orange uptake, and immunoelectron 
microscopy. Antibody binding was predominantly located at the limiting lysosomal membrane, 
distinctly separated from colloidal gold-labeled alpha-2-macroglobulin accumulated in the 
lumen during prolonged incubation. LAMP-1 and LAMP-2 also appeared to be present in low 
concentrations on Golgi trans-elements but were not detected in receptosomes marked by 
the presence of newly endocytose~malpha-2-macroglobulin, or in other cellular structures. 
LAMP-1 and LAMP-2 were distinguished as different molecules by two-dimensional gel 
analysis, 1251-tryptic peptide mapping, and sequential immunoprecipitations of ~2Sl-labeled cell 
extracts. Both glycoproteins were synthesized as a precursor protein of ~90,000 D, and 
showed a marked heterogeneity of apparent molecular weight expression in different cell 
lines. LAMP-2 was closely related or identical to the macrophage antigen, MAC-3, as indicated 
by antibody adsorption and tryptic peptide mapping. It is postulated that these glycoproteins, 
as major protein constituents of the lysosomal membrane, have important roles in lysosomal 
structure and function. 

Lysosomes are membrane-bound vacuoles rich in hydrolytic 
enzymes that act as sites for the digestion of foreign materials 
and for specialized autolytic phenomena (1). The importance 
of lysosomal function in cellular metabolism is reflected by 
the large number of genetic abnormalities attributed to lyso- 
somal defects (2). Extensive progress has been made in un- 
derstanding some aspects of lysosomal function, in particular, 
the synthesis and assembly of the acid hydrolases, pathways 
ofendocytosis, and the role of compartment acidification (for 
reviews, see references 1, 3, 4, and 5). 

Membrane glycoproteins presumably have important roles 
in lysosomal structure and function, and lysosomes have been 
examined for their content of unique components. Using a 
method involving intravacuolar iodination in living cells, 
Muller et al. (6) studied the composition of phagolysosomes 
in cultured macrophages; these experiments did not reveal 
any major differences between the membrane proteins of 

phagolysosomes and those of the plasma membrane. On the 
other hand, Burnside and Schneider (7) and Ohsumi et al. (8) 
partially purified lysosomes from rat liver and found that the 
lysosomal membranes differed in polypeptide composition 
from the plasma membrane, with characteristic glycoproteins 
in the 60,000 and 90,000-I 10,000-D range. Reggio et al. (9) 
have recently reported a 100,000-D rat glycoprotein that is 
antigeincally cross-reactive with H ÷, K÷-ATPase of porcine 
gastric mucosa and is present in lysosomes and a variety of 
other cell compartments that are acidified by an ATP-driven 
pump. 

We here report two lysosome-associated membrane pro- 
teins (LAMP-1 and LAMP-2). J The two molecules were lo- 

Abbreviations used in this paper: DME, Dulbeceo's modified Eagle's 
medium; EGS, ethyldimethylaminopropyl carbodi-imide, glutaral- 
dehyde, saponin; LAMP-1 and LAMP-2, lysosome-associated mem- 
brane proteins; Nonidet P-40, NP-40. 
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calized primarily on the periphery of the lysosome and appear 
to be constituents of the lysosomal membrane. The molecules 
were first recognized in studies designed to identify and char- 
acterize major membrane glycoproteins of mouse embryo 
3T3 tissue culture cells (10). LAMP-1 was previously purified 
and was found to comprise ~0. 1% of total cell protein, as 
measured by the yield of purified protein, with more than 106 
antibody binding sites per cell (11). The lysosomal membrane 
localization of the molecules was revealed by studies using 
indirect immunofluorescence, co-localization with acridine 
orange, and immunoelectron microscopy. The two glycopro- 
teins were similar in several ways, but were distinguished as 
different molecules by their molecular and antigenic proper- 
ties. In addition, we find that the macrophage differentiation 
antigen MAC-3 (12) is highly homologous to LAMP-2. 

MATERIALS AND METHODS 

Production of Monoclonal Antibodies: Monoclonal antibody 
ABL-93 (anti-LAMP-2) was prepared against glycoproteins purified by lectin 
affinity chromatography. Approximately 5 x l0 s Balb/c 3T3 cells were collected 
by centrifugation and lysed in 5.0 ml extraction buffer (5 mM Tris-HC1, l raM 
EDTA, 400 mM KC1, 1% Triton X-100, 1 mM phenylmcthylsulfonyl fluoride, 
pH 7.2), as previously described (10). The extract, containing 46.5 mg of 
protein, was dialyzed against 20 raM Tris-HCl, 100 mM NaCl, and 0.2% (wt/ 
vol) Triton X- 100, pH 7.6, and centrifuged for I h at 100,000 g. The supernatant 
was adjusted to 1 mM Mg *+, Ca ++, and Mn ++, and applied to an affinity 
column containing 2 ml of lentil-lectin Sepharose (Pharmacia Inc., Piscataway, 
N J) that had been cross-linked with glutaraldehyde (13). Bound proteins were 
eluted with 0.3 M a-methyl-D-mannoside (Sigma Chemical Co., St. Louis, MO) 
in the same buffer, and were dialyzed against 20 raM Tris-HCl, pH 7.6, 1 mM 
EDTA, 100 mM NaCI, 0.2% Triton X-100, and a female Sprague-Dawley rat 
was injected subcutaneously and intraperitoneally with 50 #g of the purified 
glycoproteins in complete Freund's adjuvant. The animal was boosted on days 
14, 28, and 42 with subcutaneous and intraperitoneal injections of 50 zg 
glycoprotein in incomplete Freund's adjuvant. The rat was injected intraperi- 
toneally with 50 #g glycoproteins in incomplete adjuvant on day 61, and cell 
fusion was performed three days later with P3x63-Ag8-653 mouse myeloma 
cells (14) as previously described (10). Hybridomas were selected by antibody 
precipitation of a specific protein from the lentil-lectin fraction labeled with 
~2~I. The isotype of ABL-93 is IgG2a as found by Ouchterlony double diffusion 
analysis using class specific antisera. 

Monoclonal antibody 1D4B (anti-LAMP-l), IgG2a, was prepared as previ- 
ously described (10). Monoclonal antibody M3/84 (anti-MAC-3) (15) was 
obtained from American Tissue Type Culture (Rockville, MD). 

Light Microscopic Immunocytochemistry: NIH 3T3or HaNIH 
cells were grown to 50% confluency on marked coverslips or in 35-ram culture 
dishes in Dulbecco's modified Eagle's medium (DME) containing 10% fetal 
bovine serum at 370C and fixed in sito with 3.7% paraformaldehyde in 
phosphate-buffered saline (PBS) for 10 rain. The cells were incubated in 
hybridoma supernatant medium with 0.1% saponin (Sigma Chemical Co.) for 
15 rain at room temperature, washed, and further incubated with affinity- 
purified goat anti-rat lgG conjugated to rhodamine Oackson ImmunoResearch, 
Avondale, PA) for an additional 15 rain. 

Double-label experiments with rhodamine aipha-2-macroglobulin were per- 
formed as follows: Cells were incubated with 50 zg/ml rhodamine.labeled 
alpha-2-macroglobulin (16) at 4"C for 30 rain, washed, and warmed to 37°C 
for 5 min. The ceils were then fixed in paraformaldehyde for 10 rain and 
treated with 0.1% Triton X-100 (Sigma Chemical Co.) for 3 rain. This was 
followed by incubation in hybridoma culture supernatant with saponin and 
affinity-purified goat anti-rat IgG conjugated to fluorescein (Jackson 
lmmunoReseareh), as described above. Ceils were examined and photographed 
using a Zeiss RA microscope (Carl Zeiss, Inc., Thornwood, NY) equipped with 
epiillumination and a 63x, numerical aperture 1.4, oil planapochromat objec- 
tive. Photographs were made with Kodak Tri-X film and Diaflne development. 

Co-localization of Acridine Orange with LAMP-1 and 
LAMP-2: Cells were propagated on marked coverslips as described above, 
and acridine orange (Sigma Chemical Co.) was added at 5-10/~g/ml from a 
stock solution (1 mg/ml in H20). Cells were incubated for 10 rain at 37°C, 
washed with medium, and viewed and photographed immediately by epiflu- 
orescence using a Zeiss RA microscope with rhodamine filters. When dishes 
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were used, the cells were mounted in medium under a coverslip and viewed 
with a 40x, numerical aperture 1.0, planapochromat objective. The cells were 
marked in the plastic dish by scratching a 0.5-ram square on the bottom of the 
dish using a needle. The coverslips or dishes were then washed in PBS and 
fixed either in 100% methanol (10 min at 23"C) or in 3.7% paraformaldehyde 
in PBS (10 min at 23°C). This was followed by incubation with monoclonal 
antibodies ID4B, ABL-93, or control antibody P3x63Ag8 (30 rain, 23"(2). 
When cells were fixed with formaldehyde, the antibody incubations included 
0.1% saponin. The cells were then washed and incubated in affinity-purified 
rabbit or goat anti-rat lgG conjugated to rhodamine (Kirkcgaard and Perry 
Laboratories, Inc., Gaithersburg, MD; Jackson lmmunoResearch) (50/~g/ml, 
30 rain, 23"C). The cells were then mounted in glycerol and the same fields 
photographed previously with acridine orange were viewed and photographed 
again by rhodamine epifluorescence. Photography was performed using either 
3M 640-T film or Kodak Tri-X film with Diaflne development. 

Electron Microscopic Immunocytochemistry: Cells propa- 
gated in 35-mm plastic dishes were fixed with 0.1% glutaraldehyde and proc- 
essed as previously described (17) for the ethyldimethylaminopropyl carbodi- 
imide, glutaraldehyde, saponin (EGS) procedure. In some experiments, the 
cells were preincubated with colloidal gold-labeled alpha-2-macroglobulin for 
60 rain at 4°C and then warmed to 370C for 5 or 60 rain before being fixed 
and processed. Preparation of the gold-labeled protein was previously described 
(18). Antibody bound to antigen was localized by the fetritin bridge method: 
The cells were incubated with tissue culture supernatant media of I D4B, ABL- 
93, or a rat monoclonal antibody that did not react with these cells (30 rain, 
23°C) in media containing 10% fetal bovine serum and 0. I% saponin. Rabbit 
anti-rat IgG (Cappel Laboratories, West Chester, PA), affinity-purified rat anti- 
"erritin (Jackson ImmunoResearch), and horse spleen ferritin were then added. 
Each incubation was performed in the continuous presence of 0.1% saponin 
and 4 mg/ml normal rabbit globulin. The cells were secondarily fixed, dehy- 
drated, and embedded as described (17). Thin sections were eounterstained 
using lead citrate and bismuth subnitrate, and examined using a Philips 400T 
electron microscope at 40 kV. 

Cell Extraction and Protein Imrnunoprecipitation: 
Metabolically labeled cells were extracted with a lysis buffer containing 10 mM 
Tris-HCI, pH 7.5, 0.5% Nonidet-P40 (NP-40, Particle Data Inc., Elmhurst, IL), 
5 mM EDTA, I mM phenylmethylsulfonyl fluoride, and 0.15 M NaCI (10). 
After 30 rain on ice, the lysate was freeze-thawed three times, and the detergent- 
insoluble material was removed by centrifugation at 100,000 g for 60 min at 
4"(7. The soluble extract containing 1-5 x I ~  acid precipitable cpm was 
incubated with 200 ~,1 monoclonal antibody from tissue culture supernatants 
for 1 h at 4"C followed by addition of goat anti-rat second antibody and 
incubation on ice for 5 h. The antibody-antigen complexes were washed twice 
with 20 mM Tris-HCl, pH 7.6 containing 2.5 M KCI, 100 mM NaC1, 1 mM 
EDTA, 0.5% NP-40, and once with 20 mM Tris HCI, pH 7.6. 

Extraction of/.AMP- ? and LAMP-2: HaNIH cells grown to 90% 
confluence in %150 flasks were preincubated with 6 ml of methionine-free 
media (Gibco Laboratories, Grand Island, NY) for 2 h at 370C. The cells were 
incubated for 4 h with 6 ml of mcthionine-free media supplemented with 150 
~Ci/ml [3SS]methionine (Amersham Corp., Arlington Heights, IL), washed with 
warm Hank's buffered saline, and incubated an additional 2 h with DME 
containing 10% fetal bovine serum. After washing with Hank's buffered saline, 
cells were collected by scraping into a conical centrifuge tube, suspended in 
Hank's buffered saline, and aliquoted into seven preweighed conical tubes. 
After re-pefleting the cells, various extraction agents were added to the pellet at 
a ratio of extraetion agent/cell pellet = 10:l (wt/wt), as follows: A, Hank's 
buffered saline; B, 1.0% Triton X-100; C, 5 mM EDTA with three cycles of 
freeze-thaw; D, 1.0 M KI; E, 0.5 M guanidine HCL; F, 1.0 M urea; and G, 
0.5% NP-40. To all of these, phenylmethylsulfonyl fluoride was added to a 
final concentration of l raM. After incubation at room temperature for 30 
rain, the cells were centrifuged at 100,000 g for 1 h at 4"C. The supernatants 
were dialyzed exhaustively against lysis buffer (0.5% NP-40, 5 mM EDTA, 150 
mM NaC1, l0 mM Tris-HCl, pH 7.5) and centrifuged at 100,000 g for l h at 
4"C. The pellets from the first 100,000 g centrifugation were extracted a second 
time with lysis buffer, and the suspension was centrifuged at 100,000 g. The 
supernatant and the pellet extracts were incubated with the 1D4B or ABD93 
monoclonal antibodies, and the immune complexes were processed and ana- 
lyzed by SDS PAGE as described (10). 

Cells: NIH 3T3 cells (19) were obtained from Dr. Don Blair of the 
Frederick Cancer Institute, MD. HaNIH cells (20) and P388Dl (21) were 
obtained as previously described (10). 

Other Procedures: The following procedures have been described: 
two-dimensional gel dectrophoresis (22), biosynthetic labeling with [3SS]methi- 
onine (1 l), iodination of proteins with chloramine-T (23), SDS PAGE (24), 
and fluorography (25). 



RESULTS 

Biosynthetic Labeling and Immunoprecipitation 
of LAMP- 1 and LAMP-2 

The antigens recognized by anti-LAMP-1 and anti-LAMP- 
2 monoclonal antibodies were identified by immunoprecipi- 
tation of biosynthetically labeled proteins. Antigens were la- 
beled in two ways: (a) cells were pulsed with [35S]methionine 
for 5 rain and collected immediately or incubated for 120 
min in the presence of unlabeled methionine; (b) cells were 
incubated for 4 h with [3H]glucosamine and chased for 120 
min in the presence of unlabeled glucosamine. 

Polypeptides labeled during a 5-min incubation with [3sS]- 
methionine and immunoprecipitated with the 1D4B or ABL- 
93 antibodies both showed an apparent Mr of ~90,000 (Fig. 
1). Mature LAMP-I labeled with [35S]methionine for 5 min 
and immunoprecipitated after a 2-h chase was 105,000- 
115,000 in apparent molecular weight, and LAMP-2, 
100,000-110,000; the results were the same under reducing 
and nonreducing conditions. These findings were confirmed 
by a kinetic analysis of protein synthesis (data not shown). 
The amount of [35S]methionine immunoprecipitated as 
LAMP-1 was consistently greater than that immunoprecipi- 
tated as LAMP-2. 

The mature glycoproteins were readily labeled with [3H]- 
glucosamine, with the intensity of labeling similar for both 
glycoproteins. A remarkable finding repeatedly observed was 
that the apparent molecular weight of the sugar-labeled gly- 
coprotein appeared greater than that of the [35S]methionine- 
labeled specimen (Fig. I). In other studies, we found that the 
heterogeneity in apparent molecular weight of the molecules 
results from posttranslational processing with marked differ- 
ences in either the composition or number of oligosaccharide 
chains of different molecules (26). It appeared that a small 
fraction of the protein labeled with [35S]methionine contained 
a majority of the sugar residues labeled by [3H]glucosamine; 
this heavily glycosylated fraction correspondingly migrated at 
higher apparent molecular weights. In accord with this expla- 
nation, the purified glycoproteins detected by staining with 
silver or Coomassie Brilliant Blue coincided with the [35S]- 
methionine-labeled glycoprotein bands (data not shown). 
These results attest to an extreme heterogeneity of both 
LAMP-1 and LAMP-2 in oligosaccharide composition. 

FIGURE 1 Immunoprecipitation of LAMP-1 and LAMP-2. HaNIH 
cells grown in T-75 cm 2 flasks to 80% confluence were washed 
with 10 ml of warm Earle's salt solution (Gibco Laboratories) and 
incubated for 2 h at 37"C with 10 ml of DME without methionine 
(Gibco Laboratories). Cells were then incubated for 5 min at 37"C 
with 4 ml of methionine-free media containing 125 ~Ci/ml of [3sS]- 
methionine (Amersham Corp.). Cells were collected immediately 
(T = 0) and extracted as described in Materials and Methods, or 
they were washed with 10 ml of warm Earle's salt solution and 
incubated for 2 h in DME with 10% fetal bovine serum. These cells 
were then collected and extracted. [3H]glucosamine labeling was 
performed in the same way except that the cells were incubated 
for 4 h at 37"C with 4 ml of glutamine-free DME (Gibco Laborato- 
ries) containing 50/~Ci/ml of [3H]glucosamine (New England Nu- 
clear, 13oston, MA). The radiolabeled proteins were immunoprecip- 
itated with the 1D4B and ABL-93 antibodies and analyzed by 
discontinuous SDS PAGE under nonreducing conditions. The la- 
beled proteins were visualized by fluorography with Kodak XAR 
film. Molecular weight standards were: myosin, Mr 200,000; 13- 
galactosidase, Mr 116,000; phosphorylase 13, Mr 97,400; 13SA, M, 

Two-Dimensional Gel Electrophoresis 
LAMP- 1 and LAMP-2 were compared by two-dimensional 

gel electrophoresis of proteins isolated by immunoprecipita- 
tion from cells labeled with [35S]methionine. The two glyco- 
proteins differed in their isoelectric point. LAMP-1 demon- 
strated marked isoelectric heterogeneity with more than 16 
distinct fractions between pH 4.1 and 7.0 (Fig. 2). In contrast, 
LAMP-2 contained many fewer fractions focusing between 
pH 4.1 and 5.2. 

LAMP-1 and LAMP-2 As Integral 
Membrane Glycoproteins 

HaNIH cells radiolabeled with [35S]methionine were ex- 
tracted by a variety of chaotropic agents and nonionic deter- 
gents as described in Materials and Methods. Both the super- 

68,000; RNA polymerase subunit, M, 43,000; and chymotrypsin, M, 
23,000. 
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FtGURE 2 T w o - d i m e n s i o n a l  
electrophoresis of immunopre- 
cipitated LAMP-1 and LAMP-2 
antigens metabolically labeled 
with [3SS]methionine. HaNIH 
cells were labeled with [3SS]me- 
thionine and for 120 min as de- 
scribed in Fig. 1. LAMP-1 and 
LAMP-2 were immunoprecipi- 
tated from 5 x 106 dpm of acid- 
precipitable protein. The immu- 
noprecipitates were analyzed by 
two-dimensional gel electropho- 
resis. The gels were visualized by 
fluorography with Kodak XAR-5 
film. 

natant and pellet fractions were analyzed for the presence of 
LAMP-I and LAMP-2 by immunoprecipitation and SDS 
PAGE (data not shown). Both glycoproteins were completely 
solubilized by the detergents Triton X-100 or NP-40. In 
contrast, freeze-thawing in low ionic strength buffer contain- 
ing EDTA, or treatment with chaotropic agents such as KI, 
guanidine HCI, or urea, failed to extract LAMP-1 or LAMP- 
2, with the majority of the antigen remaining in the pellet. 

Lysosomal Localization of LAMP-1 and LAMP-2 
Antibodies bound to LAMP-1 and LAMP-2 and visualized 

by indirect immunofluorescence light microscopy were pres- 
ent in a perinuclear "ring" pattern that suggested localization 
of the glycoproteins at the perimeters of lysosomes (Fig. 3, A 
and B). The patterns with LAMP-1 and LAMP-2 were indis- 
tinguishable. 

The site of antibody binding was compared with the local- 
ization of acridine orange, a supravital dye known to accu- 
.nulate in lysosomes (27). Cells treated with acridine orange 
were photographed and then fixed and analyzed by indirect 
immunofluorescence for binding of the monoclonal antibod- 
ies. The localizations of acridine orange and the antibodies to 
LAMP-1 and LAMP-2 were very similar (Fig. 3, C, D, and 
E). There was no localization of the control antibody 
(P3x63Ag8) indicating that the fluorescence seen with ID4B 
or ABL-93 was not due to residual acridine orange or non- 
specific binding of antibodies. The same results were obtained 
when the experiment was repeated with HaNIH cells. 
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Electron Microscopy 
Electron microscopy with feiTitin bridge labeling showed 

extensive localization of the two glycoproteins just beneath 
the limiting lysosomal membrane of large "dense body" ly- 
sosomes and smaller multivesicular lysosomes (Fig. 4A). 
Small lysosomes on the trans-face of the Golgi stacks and 
some Golgi trans-elements also showed labeling (Fig. 4, B and 
C). Control samples with normal rat globulin showed only 
low background levels of labeling (Fig. 4 D). 

Other cellular structures, including the plasma membrane, 
coated pits, and structures with the morphological appearance 
of receptosomes, showed no significant labeling of both 
LAMP-I and LAMP-2. 

Localization Compared 
with Alpha-2-macroglobulin 

Many ligands, such as alpha-2-macroglobulin, enter cells 
through coated pits and receptosomes, and are then delivered 
to lysosomes. The antibodies to LAMP-1 and LAMP-2 pro- 
vided an opportunity to investigate whether newly formed 
receptosomes contained these lysosomal membrane markers. 
Previous studies had shown that receptosomes lack detectable 
lysosomal enzyme activities (28, 29). Thus, the absence of 
these LAMP markers in receptosomes would be another 
criterion for the nonlysosomal nature of receptosomes. 

In one set of experiments, the intracellular localization of 
fluorescein-labeled anti-LAMP-1 was compared with that of 



FIGURE 3 Immunocytochemical localization of LAMP-1 and LAMP-2 and co-localization with acridine orange. NIH 3T3 cells 
were fixed and processed using formaldehyde-saponin with rhodamine epifluorescence (A and B) as described in Materials and 
Methods. The fluorescence patterns of ABL-93 (A) and 1D4B (B) show a "ring" pattern at the perimeters of lysosomes, some of 
which are labeled in this figure with arrowheads. Co-localization with acridine orange (C and D) was as described in Materials 
and Methods. The cells were photographed using epifluorescence (C). They were then fixed in formaldehyde, incubated with 
1D4B followed by anti-rat rhodamine in the presence of saponin, and then rephotographed using rhodamine epifluorescence 
(D). Examples of the almost exact coincidence of acridine orange and 1D4B are shown by arrows. There was no fluorescence 
localization with a control nonreactive monoclonal antibody, P3X63Ag8 (E). A, ABL-93. B, 1D4B. Bar in B, 5 pro. Bar in C, 10 p.m. 
(A and B) x 2,050. (C, D and E) x 1,000. 

recently endocytosed rhodamine-labeled alpha-2-macroglob- 
ulin. There was no correspondence in the localization of 
LAMP- 1 and receptosomes containing the rhodamine-alpha- 
2-macroglobulin (Fig. 5, A and B). The localization was also 
examined by electron microscopy, with colloidal gold-labeled 
alpha-2-macroglobulin and ferritin bridge-labeled 1D4B an- 
tibody. Gold-labeled receptosomes marked by the recently 
endocytosed alpha-2-macroglobulin (5-min incubation) con- 
tained little or no antibody, whereas adjacent lysosomes (Ly) 
were heavily labeled with ferritin-conjugated antibody (Fig. 
5 C). When the cells were incubated for 60 min at 37"C to 
allow the colloidal gold-labeled probe to reach lysosomes, all 
of the lysosomes containing colloidal gold in the lumen were 
also labeled at the peripheral membrane with the 1D4B 
antibody (Fig. 5D). Thus, LAMP-l, while detected at high 
levels in lysosomes, was not found in newly formed endocytic 
vesicles (receptosomes). 

Antigen Expression in Different Cell Lines 

LAMP-1 and LAMP-2 were further analyzed by examining 
the expression and apparent mass of [35S]methionine-labeled 
glycoproteins in NIH 3T3, HaNIH, and P388 cells (Fig. 6). 
Both pulse-labeled unprocessed and mature glycoproteins 
were examined. The unprocessed forms of LAMP-I and 
LAMP-2 were very similar in the different cell lines, with a 
large amount of both glycoproteins in the macrophage cell 
line P388. In contrast, the apparent molecular weights of both 
mature glycoproteins differed markedly between the different 
cell lines. LAMP- 1 was 105,000-115,000 D in NIH 3T3 and 
HaNIH cells, and 115,000-160,000 D in P388 cells. LAMP- 
2 was 100,000-110,000 D in 3T3 cells, and 115,000-130,000 
D in P388. In other studies, we have found that LAMP-I 
from HaNIH and P388 cells were highly homologous, if not 
identical, by tryptic peptide mapping (26) and NH2-terminal 
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Flour[ 4 Electron microscopy of NIH 3T3 cells. Cells were processed by EGS fixation and ferritin bridge labeling (C-F) as 
described in Materials and Methods. Large "dense body" lysosomes and smaller multivesicular lysosomes show extensive antigen 
localization just beneath the limiting lysosomal membrane using 1D4B (A) (arrowheads). Note that the internal myelin-figure 
membranes within the "dense body" lysosome do not contain large amounts of label. Small lysosomes (Ly) on the trans-face of 
the Golgi stacks also show extensive labeling (B), with lower concentrations of label in trans-elements (B). In cross-sections of 
some Golgi stacks, a large number of these swollen trans-elements show low concentrations of label (C). These trans-elements 
are more readily identified because of the interruptions in their membranes due to the extraction of their high cholesterol content 
by saponin (C). A normal rat globulin control sample shows only low background levels of labeling (D). A and C, 1D4B. B, ABL- 
93. D, normal rat globulin. N, nucleus. L, lipid droplet, er, endoplasmic reticulum. Ly, lysosome, np, nuclear pore. m, mitochondrion. 
Gs, Golgi stack, ce, centriole. Arrowheads in A-D, ferritin cores. Bars, 0.1 #m. (A) x 94,000. (B and C) x 73,000. (D) x 57,000. 

amino acid sequence (30 residues) (unpublished observa- 
tions). We attributed the differences in apparent molecular 
weight of the glycoproteins in different cells to heterogeneity 
in number or composition of oligosaccharides. It was notable 
that both LAMP-1 and LAMP-2 shared this property. 

Tryptic Peptide Maps of LAMP-1, LAMP-2, 
and MAC-3 

An important question was whether LAMP-1 and LAMP- 
2 were the same or different since the cellular localizations of 
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FIGURE 5 Localization of LAMP-1 and alpha-2-macroglobulin. NIH 3T3 cells were incubated with rhodamine-labeled alpha-2- 
macroglobulin at 4°C for 30 min. The cells were warmed to 37"C for 5 min, fixed in formaldehyde, and treated with Triton X- 
100, then incubated with 1D4B (anti-LAMP-I) followed by fluorescein-labeled anti-rat lgG. An image of such a cell on the 
rhodamine channel is shown in A (alpha-2-macroglobulin) and on the fluorescein channel in B (LAMP-I). Arrowheads in A show 
examples of endocytic vesicles (receptosomes) labeled with rhodamine that show no detectable label with 1D4B (B). For electron 
microscopy (C and DL cells were incubated with colloidal gold-labeled alpha-2-macroglobulin for 2 h, warmed to 37"C for 5 (C) 
or 60 (D) rain, then fixed and processed using the EGS procedure. 1D4B was localized using the ferritin bridge method as 
described in the Results section. Antibody was not present on the receptosome (R) containing recently endocytosed colloidal 
gold-alpha-2-macroglobulin (large arrowheads), and an adjacent lysosome (LF) was strongly labeled with 1D4B-ferritin (small 
arrowheads). After a 60-rain incubation at 37"C, all of the endocytosed colloidal gold-alpha-2-macroglobulin was found in 
lysosomes which were also heavily labeled with 1D4B (D). Ly, lysosome. R, receptosome. Bar in B, 10 ~tm. Bar in C, 0.1 ~m. (A 
and B) x 2,050. (C and D) x 90,000. 

the two molecules, as described above, were indistinguishable. 
The two glycoproteins were therefore compared in a number 
of ways, including tryptic peptide mapping. MAC-3, a mac- 
rophage differentiation antigen (l 2, 15, 30), was included in 
these experiments as the reported properties of MAC-3 were 
very similar to the LAMP molecules in molecular weight, 
isoelectric point, molecular weight heterogeneity between dif- 
ferent cell types, and histological staining patterns of mouse 
tissues. 

Glycoproteins of NIH 3T3 cells were purified by lentil- 
lectin affinity chromatography, labeled with 125I, and immu- 
noprecipitated with each of the three antibodies. The immu- 

noprecipitates were analyzed by SDS PAGE, and the bands 
corresponding to LAMP-I, LAMP-2, and MAC-3 were ex- 
cised and analyzed by two-dimensional tryptic peptide map- 
ping (Fig. 7). LAMP-I was clearly different from LAMP-2 
and MAC-3, whereas LAMP-2 and MAC-3 were very similar. 

Sequential Immunoprecipitation 
A further comparison of LAMP-I, LAMP-2, and MAC-3 

was carried out with a series of sequential immunoprecipita- 
tions of the t2~I-labeled lentil-lectin purified glycoproteins by 
the different antibodies. Equal aliquots of the labeled extract 
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FIGURE 6 Antigen expression in different 
cell lines. HaNIH, P388D1, and NIH 3T3 
cells were grown to 80% confluence in T- 
75 flasks. The cells were pulse-labeled with 
[3SS]methionine as described in Fig. 1. An 
aliquot was collected immediately (0) or 
incubated with unlabeled methionine for 
120 min (120). The cells were extracted and 
106 dpm of acid-precipitable radioactivity of 
each sample were immunoprecipitated with 
ID4B or ABL-93 monoclonal antibodies for 
the LAMP-1 or LAMP-2 glycoproteins, re- 
spectively. The immunoprecipitates were 
analyzed by discontinuous SDS PAGE under 
reducing conditions. 

were depleted of an individual antigen by two cycles of 
immunoprecipitation with an excess of either anti-LAMP-1, 
anti-LAMP-2, or anti-MAC-3 antibodies. Antibody com- 
plexes were removed by centrifugation, and the supernatant 
fraction was divided into four equal aliquots that were reacted 
individually with anti-LAMP-l, anti-LAMP-2, anti-MAC-3, 
or control antibodies (P3). 

Adsorption of the extract with a given antibody completely 
removed the corresponding antigen (Fig. 8). After removal of 
LAMP-I, 84-90% of the total radioactivity of LAMP-2 and 
MAC-3 glycoproteins remained and could be immunoprecip- 
itated by the corresponding antibodies. After removal of 
LAMP-2 or MAC-3, 90% of LAMP-1 remained in the extract. 
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However, immunoprecipitation of LAMP-2 after prior ab- 
sorption of MAC-3 was markedly reduced. Correspondingly, 
preabsorption of LAMP-2 markedly reduced immunoprecip- 
itation of MAC-3. These results indicated that LAMP- 1 was 
antigenically distinct from LAMP-2 and MAC-3, whereas 
LAMP-2 and MAC-3 were antigenically similar, if not iden- 
tical. 

DISCUSSION 

These studies provide evidence that two glycoproteins, 
LAMP-1 of 105,000-115,000 D and LAMP-2 of 100,000- 
110,000 D, reside predominently in the lysosomal membranes 
of NIH 3T3 and HaNIH cells. The distribution of the antigens 



FIGURE 7 1251-tryptic peptide maps. 
Glycoproteins of Balb/c 3T3 cells puri- 
fied by lentil-lectin affinity chromatog- 
raphy used for the production of mono- 
clonal antibodies were labeled with 12Sl 
by the chloramine T procedure and im- 
munoprecipitated with 1D4B, ABL-93, 
or M3/84 monoclonal antibodies. The 
immunoprecipitates were analyzed by 
SDS PAGE, as described in Fig. 1, and 
exposed to Kodak XAR-5 film. Tryptic 
peptide analysis was performed as de- 
scribed by Krantz et al. (35). The bands 
were excised and incubated at 37°C for 
24 h with 80 #g/ml of TPCK trypsin in 
50 mM NH4HCO3. The entire reaction 
was spotted onto cellulose TLC plates 
(EM reagants, Dramstadt, Germany) and 
initially chromatographed for 2 cm to 
remove contaminating electrolytes. First 
dimension electrophoresis was followed 
by second dimension chromatography. 
The labeled peptides were visualized by 
autoradiography of Kodak XAR-5 film. 

was perinuclear, readily distinguished from antigens of the 
Golgi stacks (31, 32), rough endoplasmic reticulum (32), or 
mitochondria (33). Co-localization of the antigens with sites 
of acridine orange uptake confirmed the presence of the 
glycoproteins in acidic vesicles. Electron microscopy showed 
that antibodies bound to the glycoprotein were present on the 
luminal side of the lysosomal membrane of both large and 
small lysosomes. Verification of the structures as lysosomes 
rests on their content of endocytosed alpha-2-macroglobulin 
in extended (60 min) incubations, their uptake of acridine 
orange, and their morphological appearance. All structures 
with the appearance oflysosomes in these cells labeled heavily 
with antibodies to LAMP-1 and LAMP-2. The antigens were 
also detected in low concentration in the trans-elements of 
the Golgi stacks, possibly representing molecules undergoing 
terminal processing in the Golgi before movement to the 
primary lysosomes. Antigens were not detected in other or- 
ganelles, coated pits, endocytic vesicles, or the plasma mem- 
brane. Moreover, LAMP-1 and LAMP-2 were not labeled by 
vectorial iodination of NIH 3T3 or HaNIH cells (Chert, J., 
and T. August, unpublished experiments). 

These assays measured the relative concentration of the 
glycoproteins at different sites, and did not address movement 
of the glycoproteins in the cell. Possibly, there was a flow of 
the molecule through the plasma membrane at concentrations 
below that detected by short-term lactoperoxidase iodination 
or by the experiments described herein. Previously it was 
observed that NIH 3T3 cells lightly fixed with 0.12% glutar- 
aldehyde and incubated for 120 min with 1D4B antibody 
showed a high level of antibody bound to the cell (11). A 
trivial explanation is that the lightly fixed cells were fractured 
by centrifugation in the antibody binding assay, allowing 
access of the antibody to the lysosome-associated antigen. 
Alternatively, if there is a flow of these glycoproteins through 
the plasma membrane, the molecules may continue to move 
in lightly fixed cells and become trapped on the surface during 
prolonged incubation with antibody. J. Lippincott-Schwartz 
and D. M. Fambrough (personal communication) find that a 
chicken lysosomal membrane glycoprotein shuttles continu- 
ously between the cell surface and an intracellular pool with 
-2% of the antigen on the cell surface. 

Similarities in LAMP-1 and LAMP-2 suggest possible re- 
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FIGURE 8 Antigen adsorption by sequential immunoprecipitation. Glycoproteins of Balb/c 3T3 cell were purified by lentil-lectin 
affinity chromatography and labeled with 12Sl by the chloramine T procedure. Aliquots containing 2 x 106 cpm of acid-precipitable 
radioactivity were subjected to two cycles of immunoprecipitation with the anti-LAMP-1, anti-LAMP-2, anti-MAC-3 or P3x63Ag8 
antibodies and goat anti-rat immunoglobulin secondary antibody. All antibody complexes were collected and washed as 
described in the Results section. The supernatants from the final immunoprecipitation were divided into four equal aliquots and 
immunoprecipitated with each of the four monoclonal antibodies as indicated. These precipitates and one-fourth of the antibody 
complexes collected in the first two absorptions were analyzed by SDS PAGE and visualized by exposure to Kodak XAR-5. 

lationships between the molecules. They were both integral 
membrane proteins with indistinguishable lysosomal localiza- 
tion and tissue distribution; both labeled intensely with [3H]- 
glucosamine and showed similar patterns of posttranslational 
glycosylation resulting in a marked heterogeneity of apparent 
molecular weight. However, they were identified as unique 
molecules by tryptic peptide mapping and by the distinct 
antigenicity of the two glycoproteins. The cellular concentra- 
tions of the two glycoproteins also differed. Purified LAMP- 
1 constituted ~0.1% of the total detergent-extracted protein 
of the cell, with over 106 molecules/cell (11), and immuno- 
precipitation of [35S]methionine-labeled proteins yielded 
0.08% of the total acid precipitable-labeled proteins as 
LAMP-I. LAMP-2, in contrast, comprised only 0.02% of 
total [3SS]methionine-labeled protein. In addition, we consist- 
ently noted more intense immunohistochemical staining of 
tissues for LAMP- 1 in comparison to LAMP-2 (Chert, J., and 
T. August, unpublished experiments). Finally, initial results 
from protein sequencing indicated that the amino-terminal 
sequences of the two molecules were different and there was 
no significant homology between cloned cDNA of LAMP-1 
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and LAMP-2 (Chen, J., and T. August, unpublished experi- 
ments). 

The results also indicated that LAMP-2 is the same mole- 
cule or is highly homologous to MAC-3, a macrophage gly- 
coprotein reported by Ho and Springer (12). MAC-3 on intact 
peritoneal exudate cells was accessible to vectoral iodination 
and to antibody-binding, indicating that at least some of the 
antigen was present on the macrophage cell surface (12). 
LAMP-I and LAMP-2 were also lightly labeled by lactoper- 
oxidase-catalyzed iodination of the macrophage-like cell line 
P388 (Chen, J., and T. August, unpublished experiments). It 
thus appears that the topology of the glycoproteins is different 
in macrophage membranes as compared with NIH 3T3 or 
HaNIH cell membranes. This is possibly due to the fusion of 
intracellular membrane pools with the cell surfaces of mac- 
rophages (34). 

Other reports of lysosome-specific membrane glycoproteins 
from rat liver lysosome membranes (7, 8; Mellman, I., and 
A. Helenius, personal communication), and chicken cells 
(Lippincott-Schwartz, J., and D. M. Fambrough, personal 
communication) all describe components of ~ 100,000 D. In 



addition, Reggio et al. (9) describe adsorbed, polyclonal anti- 
bodies prepared against rat liver lysosomal membranes that 
react with a protein of 100,000 D and stain lysosomes, some 
coated vesicles, other vesicles and vacuoles, and (to a lesser 
extent) the plasma membrane of macrophages; these antibod- 
ies also reacted with purified H +, K+-ATPase from porcine 
gastric mucosa, the enzyme active in the HCI secretion, but 
not with other ATPase's. Despite the similarities in apparent 
molecular weight, properties of the Lippincott-Schwartz and 
Fambrough (personal communication) and Reggio et at. (9) 
glycoproteins suggest that they are different from LAMP-1 
and LAMP-2. 
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