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Lysosome-associated membrane protein-1 (LAMP-1)
consists of a highly glycosylated luminal domain, a
single-transmembrane domain and a short cytoplasmic
tail that possesses a lysosome-targeting signal
(GYQTI382) at the COOH terminus. It is hypothesized
that the COOH-terminal isoleucine, I382, could be
substituted with any other bulky hydrophobic amino
acid residue for LAMP-1 to exclusively localize in lyso-
somes. In order to test this hypothesis, we compared
subcellular distribution of four substitution mutants
with phenylalanine, leucine, methionine and valine at
the COOH-terminus (termed I382F, I382L, I382M
and I382V, respectively) with that of wild-type
(WT)-LAMP-1. Double-labelled immunofluorescence
analyses showed that these substitution mutants were
localized as significantly to late endocytic organelles
as WT-LAMP-1. However, the quantitative subcellular
fractionation study revealed different distribution of
WT-LAMP-1 and these four COOH-terminal mutants
in late endosomes and dense secondary lysosomes.
WT-LAMP-1 was accumulated three to six times
more in the dense lysosomal fraction than the four
mutants. The level of WT-LAMP-1 in late endosomal
fraction was comparable to those of I382F, I382M and
I382V. Conversely, I382L in the late endosomal
fraction was approximately three times more abundant
than WT-LAMP-1. These findings define the presence
of isoleucine residue at the COOH-terminus of
LAMP-1 as critical in governing its efficient delivery
to secondary lysosomes and its ratio of lysosomes to
late endosomes.

Keywords: COOH-terminal amino acid/glycoprotein/
lysosome/membrane/targeting signal.

Abbreviations: AP, adaptor protein complex; EGFP,
enhanced green fluorescent protein; LAMP,
lysosome-associated membrane protein; NS, newly
synthesized; PNS, post-nuclear supernatant; TGN,
trans-Golgi network; WT, wild-type.

Lysosomes are cytoplasmic organelles involved in
endocytic and auphagic processes and possess an
assortment of soluble acid-dependent hydrolases and
a set of integral membrane glycoproteins (1�3). Two
structurally similar classes of lysosome-associated
membrane proteins, LAMP-1 and LAMP-2, are
major components of these membrane glycoproteins
and occur in almost all cell types in birds and mam-
mals (4�8). While LAMPs are localized predominantly
in lysosomes, they are also found in endosomal com-
partments at a steady state (9). Furthermore, endogen-
ous LAMP-1 and LAMP-2 shuttle between the cell
surface and lysosomes through early and late endo-
somes (10�13). Both of the LAMPs consist of a
large, extensively glycosylated luminal domain, a
single transmembrane domain and a short cytoplasmic
tail at the COOH-terminal. The cytoplasmic tails of
LAMPs contain a consensus amino acid sequence
(GYXX�) called a tyrosine-base motif for lysosomal
targeting (6�8). Immunofluorescence studies using
the site-directed mutants of LAMP-1 indicated that
� could be any bulky hydrophobic amino acid for
localization in late endosomes and lysosomes
(14�16). In fact, F, I, M, L and V naturally occur in
the � position of the lysosomal membrane proteins
(4�8, 17�20).

Newly synthesized (NS) lysosomal membrane
proteins follow a common biosynthetic route from
the endoplasmic reticulum to the trans-Golgi network
(TGN). Two different pathways designated as ‘direct’
and ‘indirect’ have been proposed for biosynthetic
transport from the TGN (18, 19, 21�29). In the
direct pathway, they are transported intracellularly
from the TGN to either early or late endosomes and
then to lysosomes (21, 23�28). In the indirect pathway,
in contrast, NS lysosomal membrane proteins are
transported from the TGN to the cell surface from
which they are internalized and subsequently delivered
to lysosomes via early and late endosomes (19, 22, 29).
It has been shown that sorting events of LAMPs in the
post-Golgi compartments (TGN, the cell surface and
early endosomes) are mediated by four heterotetra-
meric adaptor protein complexes (i.e. AP-1, AP-2,
AP-3 and AP-4) associated with coated vesicles
involved in endocytic and late secretory pathways
[reviewed in (30�32)]. Interaction of GYXX� motifs
with one or two of these AP complexes is considered to
help LAMPs incorporate into coated vesicles.
Cytoplasmic peptides containing the tyrosine-based
motif indeed bind to APs in vitro and the
COOH-terminal amino acid (�) influences the ability
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of the LAMPs cytoplasmic tails to interact with AP
complexes (33�37). Three variants of avian LAMP-2
with different amino acid sequences in the transmem-
brane and cytoplasmic domains are differently distrib-
uted between the intracellular organelles and the cell
surface (17, 18). The different distribution is due to the
difference of � of the targeting signal (18, 19).
Assuming from these results, the strength of inter-
action of APs with the tail could be related to the
ratios of the cell surface to intracellular LAMP vari-
ants. The variants may interact selectively with APs
associated with different sites of the sorting. Since
the intracellular organelles represent mixtures of
early endosomes, late endosomes and lysosomes, it is
unclear whether difference of � exerts an effect(s) on
distribution of LAMPs between endosomes and lyso-
somes. We have previously established separation con-
ditions for these three endocytic organelles from
cultured rat hepatocytes and human hepatoma cell
lines using the Percoll density centrifugation method
(13, 25, 26, 38). This fractionation method combined
with immunofluorescence microscopy enabled us to
quantitatively analyse lysosomal membrane proteins
partitioned in endosomes and lysosomes (38).

In the present study, we have undertaken compara-
tive morphological and cell fractionation studies using
cells that transiently express wild-type (WT)-LAMP-1
and its COOH-terminal amino acid substitution mu-
tants to understand the role(s) of the COOH-terminal
isoleucine in endosomal and lysosomal localization of
LAMP-1. It is concluded from the results obtained
here that the COOH-terminal isoleucine is optimal
for efficient targeting of LAMP-1 to secondary
lysosomes.

Materials and Methods

Materials
Anti-mouse LAMP-1 monoclonal antibody (1D4B) and a mamma-
lian cell expression plasmid, pEGFP-Rab7, were kindly provided by
Dr Thomas August (Johns Hopkins University, Baltimore, MD,
USA) and Dr Marino Zerial (Max Planck Institute for Molecular
Cell Biology and Genetics, Dresden, Germany), respectively.
Antibodies used were as follows: anti-Rab5 polyclonal antibody
(Santa Cruz Biotechnology, Inc.), anti-EEA1 mouse monoclonal
antibody, anti-syntaxin 8 mouse monoclonal antibody and
anti-human LAMP-1 mouse antibody (BD Biosciences). Anti-rat
LAMP-1 and anti-green fluorescence protein (GFP) rabbit poly-
clonal antibodies were prepared in (11) and (20), respectively.

DNA constructs of site-directed mutants of LAMP-1
Mouse LAMP-1 cDNA, which had originally been cloned into M13
mp9 (4), was subcloned into the EcoRI site of pcDNA3.1 mamma-
lian expression vector (Invirtogen, San Diego, CA, USA).
COOH-terminal mutants were prepared using polymerase chain re-
action (PCR) with the linear mouse LAMP-1 cDNA as a template
using Prime Star Premix (Takara Suzo, Ohtzu, Japan). A forward
primer is 50-AGCAAAGAGATCTACACCATGGAT-30 annealed
to the sequence corresponding to amino acid residues S103 to D110,
52 base pairs upstream of a unique EcoRV restriction site of mouse
LAMP-1 cDNA (4, 15). The following reverse primers were used to
generate substitution mutants at I382 (primers are anti-sense, a codon
corresponding to an exchanged amino acid is bold and an XbaI sites
introduced into the primer is underlined):

I382A, 50-GCCCATCTAGACTAGGCGGTCTGATAGCC-30;
I382C, 50-GCCCATCTAGACTAACAGGTCTGATAGCC-30;
I382D, 50-GCCCATCTAGACTAGTCGGTCTGATAGCC-30;

I382F, 50-GCCCATCTAGACTAGAAGGTCTGATAGCC-30;
I382M, 50-GCCCATCTAGACTACATGGTCTGATAGCC-30;
I382L, 50-GCCCATCTAGACTACAAGGTCTGATAGCC-30;
I382V, 50-GCCCATCTAGACTAAACGGTCTGATAGCC-30;
I382W, 50-GCCCATCTAGACTACCAGGTCTGATAGCC-30.

The PCR products were purified using a PCR purification kit
(Qiagen, Tokyo, Japan) and digested with EcoRV and XbaI. The
pcDNA3.1 plasmid where the mouse LAMP-1 cDNA had been
inserted at the EcoRI restriction site was cut with EcoRV and
XbaI, and the insert resulting from this cut was removed. The
enzyme-digested PCR product was ligated into the EcoRV and
XbaI sites of the pcDNA3.1-mouse LAMP-1 cDNA. Competent
Escherichia coli DH5a was transformed with pcDNA3.1 containing
the mutant cDNA. The plasmid was purified from cultures of the
transformed E. coli by the method of alkaline lysis using a plasmid
purification kit (Qiagen). All mutants were confirmed by dideoxy
sequencing.

Cell culture and transfection
COS7 cells were grown in Dulbecco’s minimal essential medium
(DMEM; Gibco ERL, Grand Island, NY, USA) supplemented
with 10% foetal calf serum, 100 U/ml penicillin/streptomycin (Life
Technologies Inc.) and 2mM L-glutamine (Life Technologies Inc.).
Confluent cells were passaged the day before transient transfection
and 2�105 cells were distributed into a 35-mm plastic dish. Once
cells reached 60% confluency, transient transfection of the above
vectors was carried out with 5mg of DNA using PolyFect (Qiagen)
in 1ml of DMEM according to the previous procedure (20).
Transfected cells were then washed with phosphate buffered saline
(PBS), overlaid with supplemented DMEM and left to incubate for
24 h. Normal rat kidney (NRK) cells were cultured under the same
condition as COS7 cells.

Immunofluorescence microscopy
Cells were grown on glass coverslips and fixed with �20�C methanol
for 4min. Fixed cells were washed and blocked with 0.5% bovine
serum albumin (BSA) in PBS. Cells were incubated sequentially in
primary and secondary antibodies diluted in 0.5% BSA/PBS at
room temperature for appropriate time and mounted with
ProLong Antifade (Molecular Probe-Invitrogen, San Diego, CA,
USA). Confocal images were collected using a laser-scanning micro-
scope (Carl Zeiss model 510meta).

Cell fractionation
Confluent COS7 cells were washed two times with cold PBS, then
with a cold isotonic sucrose solution 0.25M sucrose/10mM
Tris�HCl (pH 7.2)/1mM EDTA and then removed from the dish
using a rubber policeman. The cells (3�106) in 1.5ml of the isotonic
sucrose solution containing a set of protease inhibitors (1mM
phenylmethylsulphonyl fluoride, 1mg/ml leupeptin and 1mg/ml
pepstatin A) were disrupted and homogenized by nitrogen cavitation
using Cell Disruption Bombs (Central Scientific Commerce Inc.,
Tokyo, Japan) under a pressure at 2400 kPa for 1min and then
centrifuged at 650g for 10min. The post-nuclear supernatant
(PNS) containing �1.0mg of total proteins was diluted with
Percoll to a final concentration of 30 (v/v)% and centrifuged at
25,000 rpm for 40min in a Beckman 70.1 Ti rotor. Following cen-
trifugation, the gradients were divided into 18�0.5ml fractions by
downward displacement. Solubilizing buffer was added to each frac-
tion to a final concentration of 1% sodium dodecyl sulphate (SDS),
2mM EDTA, 0.5% Lubrol PX, 0.15M NaCl, 10mM Tris�HCl (pH
7.0), 5mM EDTA and protease inhibitor cocktail (Roche Applied
Science, Tokyo, Japan). Percoll particles were precipitated by cen-
trifugation for 1 h at 100,000g in a Beckman 70.1Ti rotor. An equal
volume of the supernatants was analysed by quantitative immuno-
blotting as described below.

Sodium dodecyl sulfate-polyacrylamide gel electrophoresis
and western immunoblot analysis
PNS and fractionated PNS were mixed with sample buffer, boiled
for 3min and loaded onto 12% acrylamide gel for sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS�PAGE) according
to the method of Laemmli (39). The separated proteins were electro-
transferred to nitrocellurose sheets (Toyo Roshi Ltd, Tokyo, Japan)
according to the method of Towbin et al. (40). The sheets were
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blocked for 1 h in PBS containing 10% skim milk and 0.05%
Tween-20 and incubated for 2 h at room temperature with an appro-
priate concentration of primary antibody in 0.05% Tween-20/0.2%
skim milk/PBS. After five washes with 0.05% Tween-20/0.2% skim
milk/PBS, the sheets were incubated for 2 h at room temperature with
a 1/1,000 dilution of horseradish peroxidase-conjugated secondary
antibody in 0.05% Tween-20/0.2% skim milk/PBS. Immuno reactive
bands were detected using ECL detection kit (Amersham, Tokyo,
Japan) according to the manufacturer’s instructions. Densities of
immunopositive bands were quantified with an Intelligent
Quantifier (Bio Image, CA, USA) according to the method of
Guengerich et al. (41).

Other procedures
Alkaline phosphodiestherase I and b-glucuronidase were assayed by
Brightwell and Tappel (42) and Robins et al. (43), respectively.

Results

Expression of WT-LAMP-1 and its COOH-terminal
substitution mutants
As depicted in Fig. 1A, we generated mammalian cell
expression vectors containing cDNAs that encode
mouse WT-LAMP-1 and different COOH-terminal
mutants (I382D, I382F, I382M, I382L and I382V).
COS7 cells were transfected with these plasmids and
cultured for 24 h. PNSs of these cells were prepared as
described under ‘Materials and Methods’ section.
PNSs with similar protein concentrations and specific
activities of b-glucuronidase were used for the cell frac-
tionation. To examine the expression levels of exogen-
ous WT-LAMP-1 and its mutants in the PNSs, they
were simultaneously subjected to western immunoblot
analysis. As shown in Fig. 1B, the WT-LAMP-1 and
the mutant protein bands were stained in the trans-
fected cells to similar extents, allowing us to perform
comparative immunofluorescence and cell fraction-
ation studies.

Localization of WT-LAMP-1 and the
COOH-terminal-mutants by confocal
immunofluorescence microscopy
We analysed the cellular localization of WT-LAMP-1
and the COOH-terminal mutants in their respective
cells by double-labelled immunofluorescence micro-
scopy. Syntaxin 8, a class of SNARE proteins, was
employed as an endogenous marker for late endocytic
organelles (44). To ascertain whether endogenous syn-
taxin 8 resides in late endosomes and/or lysosomes, we
compared its immunofluorescence patterns with those
of endogenous LAMP-1 in NRK cells (Fig. 2A, a�c).
Syntaxin 8 showed notable colocalization of LAMP-1
in the perinuclear region, attesting the significant local-
ization of syntaxin 8 in late endocytic organelles. As
shown in Fig. 2A d�f, WT-LAMP-1 was localized
predominately to vesicles in perinuclear cytoplasm
and markedly colocalized to syntaxin 8, similar to
co-distribution of LAMP-1 and syntaxin 8 in NRK
cells. Immunofluorescent signals of I382F (Fig. 2A,
p�r), I382L (Fig. 2A, s�u), I382M (Fig. 2A, g�i) and
I382V (Fig. 2A, m�o) were significantly detected in
perinuclear vesicles containing syntaxin 8 in COS7
cells as observed for WT-LAMP-1. In an I382D-
expressing cell (Fig. 2A, j�l), immunofluorescence
with anti-LAMP-1 antibody labelled the plasma

membrane and cytoplasmic vesicles devoid of syntaxin
8 signal. Additionally, I382D was concentrated close
to a nucleus and some of I382D-positive perinuclear
vesicles were labelled with anti-syntaxin 8 immuno-
fluorescence. Syntaxin 8 is shown to reside in
TGN-derived non-coated vesicles as well (44), suggest-
ing that excess I382D is accumulated in the vesicles
involved in secretory pathway.

Subcellular fractionation of COS7 cells
In the double-labelled immunofluorescence analyses,
there were no notable differences in intracellular
distribution among WT, I382F, I382M, I382L and
I382V. To obtain further information on their intra-
cellular localization, we next quantified these LAMP-1
variants distributed in the endocytic organelles, early
endosomes, late endosomes and lysosomes, by the cell
fractionation technique. We previously reported the
separation of these three organelles from cultured rat
hepatocytes and HepG2 cells with Percoll density
centrifugation (25, 38). In the present study, a similar
isopycnic centrifugation procedure was applied for
separation of the endocytic organelles of COS7 cells.

A

B

Fig. 1 Western immunoblot analysis of COS7 cells expressing

WT-LAMP-1 and the COOH-terminal substitution mutants.

(A) Schematic representation of WT-LAMP-1 and its substitution
mutants at the COOH-terminus. Mouse WT-LAMP-1 is a
382-amino acid-polypeptide consisting of a large luminal domain
(LD), a transmembrane domain (TM) and a short cytoplasmic tail
(CT) at the COOH-terminus. The COOH-terminal five-amino acid
sequence (GYQTI) for lysosomal targeting is underlined. The
COOH-terminal isoleucine (I382) was substituted with phenylalanine
(I382F), methionine (I382M), leucine (I382L), valine (I382V) and
aspartic acid (I382D) as described in ‘Materials and Methods’
section. (B) Equal amounts (�20 mg protein) of PNSs from COS7
cells transfected with the expression plasmids of WT-LAMP-1 and
its mutants were simultaneously subjected to SDS�PAGE followed
by western immunoblotting with anti-mouse LAMP-1 monoclonal
antibody (1D4B). Lane 1, parental; lane 2, WT; lane 3, I382F; lane 4,
I382V; lane 5, I382L; lane 6, I382M and lane 7, I382D. A molecular
weight was indicated to the left.
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A

Fig. 2 Immunofluorescence localization of WT-LAMP-1 and its COOH-terminal mutants in their respective COS7 cells. (A) To determine the
extent of endogenous LAMP-1 colocalized with endogenous syntaxin 8, NRK cells were analysed by double-immunofluorescence microscopy
(a�c). The cells were fixed with methanol at �20�C, and stained with anti-rat LAMP-1 rabbit antibody followed by Alexa Fluor 594 (red)-
coupled anti-rabbit IgG goat antibody (a) and anti-syntaxin 8 mouse antibody followed by Alexa Fluor 488 (green)-coupled anti-mouse IgG goat
antibody (b). The images of a and b were merged into c. COS7 cells expressing WT-LAMP-1 (d�f ), I382M (g�i), I382D (j�l), I382V (m�o),
I382F (p�r) and I382L (s�u) were analysed by double-immunofluorescence microscopy. The cells were fixed with methanol at �20�C and stained
with the following antibodies: anti-mouse LAMP-1 rat antibody followed by Alexa Fluor 594 (red)-coupled anti-rat IgG goat antibody (d, g, j,
m, p and s) and anti-syntaxin 8 mouse antibody followed by Alexa Fluor 488 (green)-coupled anti-mouse IgG goat antibody (e, h, k, n, q and t).
The images shown in f, i, l, o, r and u were obtained by overlaying red and green channels. (B) To examine colocalization of endogenous LAMP-1
and EEA1, NRK cells were analysed by double-immunofluorescence microscopy (a�c). The cells were fixed with methanol at �20�C, and stained
with anti-rat LAMP-1 rabbit antibody followed by Alexa Fluor 594 (red)-coupled anti-rabbit IgG goat antibody (a) and anti-EEA1 mouse
antibody followed by Alexa Fluor 488 (green)-coupled anti-mouse IgG goat antibody (b). The images of a and b were merged into c. COS7 cells
transfected with cDNA encoding WT-LAMP-1 were fixed with methanol at �20�C and stained with the following antibodies: anti-mouse
LAMP-1 rat antibody followed by Alexa Fluor 594 (red)-coupled anti-rat IgG goat antibody (d) and anti-EEA1 mouse antibody followed by
Alexa Fluor 488 (green)-coupled anti-mouse IgG goat antibody. (e). The images of d and e were merged into f. Bars, 10 mm.
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Alkaline phosphodiesterase I (APDE I) and
b-glucuronidase activities were measured to locate
fractions containing the plasma membrane and lyso-
somes in the Percoll gradient, respectively. As shown
in Fig. 3A, APDE I displayed a single peak at fraction
3 of light buoyant density. Two peaks of
b-glucuronidase were observed in fractions 5 and 17.
A major peak of b-glucuronidase in the densest
fraction is originated from typical dense lysosomes
(secondary lysosomes) whereas the enzymic activities
detected in the light buoyant density fraction are from
microsomal b-glucuronidase as described previously
(25, 26). We further determined the distribution of
Rab5, a marker for early endosomes (45), on the
Percoll gradient (Fig. 3B). Rab5 is localized in
the low buoyant density fraction with a single peak
(fraction 4) between the plasma membrane and the
endoplasmic reticulum. Location of late endosomes
was subsequently examined by means of transgened
EGFP-Rab7 because of exclusive localization of
Rab7 in late endosomes (45). As shown in Fig. 3C,
EGFP-Rab7 was distributed mainly between fractions
10 and 14 with an intermediate buoyant density.
Distributions of these endocytic organelles of COS7
cells in Percoll density gradient are similar to those
of hepatic cells (25, 38). Taken together with these
results, the isopycnic centrifugation allowed us to
well separate early endosomes, late endosomes and
lysosomes.

WT-LAMP-1 and the COOH-terminal mutants are
differently distributed in the Percoll gradient
We investigated the distribution of WT-LAMP-1 and
the five COOH-terminal mutants in the Percoll density
gradient using quantitative western immunoblotting.
Figures 4 and 5 showed the distribution patterns of
exogenous WT-LAMP-1 and the mutants, respect-
ively. Figure 6 indicated their relative abundances in
late endosomes and lysosomes. As shown in Fig. 4A,
�70% of the total WT-LAMP-1 was recovered in
the light equilibrium density fraction containing the
plasma membrane and early endosomes, whereas
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Fig. 2 Continued.
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Fig. 3 Distribution of marker proteins for endocytic organelles in the

Perocoll gradient. (A) PNS of COS7 cells was fractionated by the
Percoll density gradient centrifugation. Fractions of 0.5ml were
collected from the top of the gradient. Activities of alkaline
phosphodiesterase I (APDE I; closed squares) and b-glucuronidase
(closed circles) were assayed. (B) For distribution of Rab5,
equivalent volumes of the fractions were subjected to SDS�PAGE
followed by western immunoblotting using anti-Rab5 antibody.
Densities of positive bands were the quantified by densitometric
tracing. An amount of Rab5 in each fraction was expressed as
percentage of the total. (C) For distribution of Rab7, PNS of COS7
transfected with pEGFP-Rab7 was fractionated with the Percoll
density centrifugation. The fractions were subjected to western
immunoblotting with anti-GFP antibody. The densities of positive
bands were analysed by densitometry and an amount of Rab7-EGFP
in each fraction was expressed as percentage of the total.
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�15% of the total was present in the densest lysosomal
fraction. WT-LAMP-1 was broadened through frac-
tions 10 to 14, giving a small yield of �2%. In contrast,
a major portion of endogenous simian LAMP-1 was
located in the densest lysosomal fraction (Fig. 4B). The
distribution pattern of endogenous LAMP-1 was very
similar to that of b-glucuronidase (Fig. 4A) and almost
the same as that of endogenous LAMP-1 in parental
COS7 cells without transfection (data not shown).
Therefore, it is likely that the expression of exogenous
WT-LAMP-1 does not affect the intracellular distribu-
tion of endogenous LAMP-1. In COS7 cells generating
I382F (Fig. 5A), I382M (Fig. 5B), I382L (Fig. 5C) and
I382V (Fig. 5D), large portions of these mutants were
deposited in the light buoyant density fraction and
smaller portions of them were present in the densest
lysosomal fraction. The quantitative analyses revealed
that lysosomal I382F, I382M, I382L and I382V ac-
count for 3�5% of the total (Fig. 6B). The levels of
these mutants in the dense lysosomal fraction were 3�5
times lower than that of WT-LAMP-1 (Fig. 6B). It was
characteristic that I382L was notably broadened
through the intermediate fraction (fractions 10 to 14)
containing late endosomes (Fig. 5C), resulting in the

highest abundance of I382L in the late endosomal frac-
tion among WT- and the mutant LAMP-1 proteins
(Fig. 6A). In the previous study by Gough et al. (19),
the LAMP chimera with GYQSI and GYQSL as lyso-
somal targeting signals had the highest intracellular
percentage among the other COOH-terminal substitu-
tion mutants, which agrees with the data presented
here. As shown in Fig. 5E, I382D provided a single
peak at the plasma membrane fraction but no positive
signal in the intermediate and dense fraction, which
was concomitant with the immunofluorescence micro-
scopic observation (Fig. 2A, j�l). Additionally, the dis-
tribution profiles of I382A, I382C and I382W were
analogous to that of I382D (data not shown). Since
b-glucuronidase distribution in these transfected cells
are very similar to each other (Fig. 4A and Fig. 5A�E),
the differences of WT-LAMP-1 and its mutants in the
Percoll density gradient distribution are not due to
changes of lysosomal densities in the cells that overly
express the LAMP-1 proteins.

When the distribution pattern of WT-LAMP-1
was compared with that of I382D, a notable portion
of WT-LAMP-1 broadened to slightly denser frac-
tions containing early endosomes (compared Fig. 4A
with Fig. 5E), suggesting that a large amount of
WT-LAMP-1 was accumulated in early endosomes.
To verify whether excess WT-LAMP-1 is retained
in early endosomes, its colocalization with early
endosome-associated antigen 1(EEA1) (46) in COS7
cells was examined by the double-labelled immuno-
fluorescence analysis. As shown in Fig 2B, d�f,
WT-LAMP-1 was costained partially but substantially
with EEA1 in COS7 cells that expressed WT-LAMP-1.
On the other hand, endogenous LAMP-1 was hardly
colocalized with EEA1 in NRK cells (Fig. 2B, a�c),
which was consistent with the present (Fig. 4B) and the
previous results (25, 26) that low levels of endogenous
LAMP-1 and LAMP-2 were present in early endo-
somes at a steady state. Furthermore, small amounts
of WT-LAMP-1 were recovered in the plasma mem-
brane and early endosomal fractions with the light
buoyant density in Percoll density gradient from a
stable HepG2 cell line that displays its moderate ex-
pression (Akasaki et al. unpublished data) as observed
for endogenous LAMP-1 in COS7 cells (Fig. 4B).
Harter and Mellman (24) have shown that increased
biosynthesis of LAMP-1 caused its elevation on the
plasma membrane. Therefore, the present
quantitative fractionation study revealed that overex-
pression of exogenous WT-LAMP-1 resulted in its
accumulation as much in the plasma membrane
fraction as in the early endosomal fraction.

Optimal size and hydrophobicity of the
COOH-terminal amino acid side chain is
important for efficient trafficking of LAMP-1 to
secondary lysosomes
To clarify whether the extents of hydrophobicity and
side chain size of the COOH-terminal amino acid
correlate with efficiency of lysosomal targeting, the
levels in the lysosomal fraction were plotted against
the Kite and Doolittle hydrophathy index (47) and
against accessible surface area of the COOH-terminal
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the Percoll gradient fractions. PNS of COS7 cells expressing
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western immunoblotting with anti-mouse and anti-human LAMP-1
antibodies for exogenous (A) and endogenous (B) LAMP-1
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side chain (48), respectively. As shown in Fig. 7A, it is
likely that LAMP-1 proteins ending in more hydro-
phobic amino acid residues have a tendency for more
lysosomal localization. When the accessible surface
area of COOH-terminal amino acid was plotted
against the percentage of lysosomal WT-LAMP-1
and its mutants (Fig. 7B), a sharp peak was obtained
at 180 Å2, indicating that the COOH-terminal amino
acid of LAMP-1 has an optimal size of the hydro-
phobic side chain for efficient lysosomal targeting.

Discussion

Two types of the targeting signals have thus far been
identified in the COOH-terminal cytoplasmic tails of
several classes of lysosomal membrane glycoproteins

(6�8). One is a tyrosine-based motif representing
GYXX� and the other is a di-leucine motif. The
GYXX� sequence is found in LAMP-1 (4), LAMP-2
(5, 17), DC-LAMP (20), CD63 (LIMP-1, LAMP-3)
(36) and Endolyn (37) (has exceptionally an
NYXX�). Isoleucine, leucine, methionine, phenylalan-
ine and valine occur naturally at the COOH-terminus
of these lysosomal membrane proteins. LAMP-1 mu-
tants with these amino acid residues at the COOH ter-
minus were all colocalized with endogenous syntaxin 8
in late endocytic organelles when analysed by
double-labelled immunofluorescence microscopy.
Gough et al. (19) conducted similar experiments with
cells expressing LAMP-2 chimeras that have sequences
of GYQSF, GYQSI, GYQSL, GYQSM and GYQSV
and have shown that these LAMP chimeras coexist
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with endogenous LAMP-1 by double-labelled im-
munofluorescence microscopy, concomitant with our
morphological observation. It is well known that
LAMP-1 and LAMP-2 are distributed mainly in late
endosomes and lysosomes, and to a lesser extent in
early endosomes (2, 3, 9, 25, 26). Double-
immunofluorescence microscopic analyses hardly dis-
criminate between late endosomal and lysosomal
LAMPs. In the present study, we successfully sepa-
rated early endosomes, late endosomes and lysosomes
by cell fractionation with the Percoll density gradient
centrifugation as previously studied (25, 38). Although
the major portion of overexpressed WT-LAMP-1 and
its COOH-terminal mutants resided in the plasma
membrane and early endosomal fractions, we were
able to measure precisely their localization in late
endosomes and lysosomes. As an important result,
WT-LAMP-1 with isoleucine at the COOH-terminus
represented the highest percentage in the lysosomal
fraction. Gough et al. (18, 19) determined the ratio
of the LAMP chimeras with various COOH-terminal
amino acid residues at the cell surface to the total by
the cell surface-binding assay with a specific antibody
and have shown that their cell surface levels vary de-
pending on the COOH-terminal amino acid residues.
Since the cell surface-binding assay provided a percent-
age of intracellular LAMP proteins consisting of those
in early endosomal, late endosomal and lysosomal
fractions, our experimental results show for the first
time the exact relationship between net lysosomal

contents of LAMP-1 and nature of the
COOH-terminal amino acid. It is therefore noteworthy
that a single peak was obtained at the size of isoleucine
residue when the lysosomal abundance was plotted
against accessible surface area of the COOH-amino
acid residue (Fig. 7B). Together with the fact that
no other variant of the signal of LAMP-1 signal
other than that of GYQTI occurs among all species
identified (4, 6�8), this isoleucine-terminated sequence
is critical for the most efficient transport of LAMP-1 to
secondary lysosomes. While the COOH-terminal
leucine residue provides the second highest lysosomal
targeting efficiency, it gives the highest level in late
endosomal fraction. Another type of lysosomal
membrane glycoprotein termed LGP85 or LIMP-2
has an LI signal of the di-leucine motif in the
COOH-terminal cytoplasmic tail for lysosomal
targeting (6�8). We have previously shown that site-
directed mutagenesis at the COOH-terminal side
isoleucine residue of the motif in LGP85 alters its
distribution between late endosomes and lysosomes
(38) and �25% and 45% of WT-LGP85 were located
in late endosomes and lysosomes, respectively. In
contrast, LGP85 mutant with the LL sequence displays
an adverse distribution with 35 and 13% in late endo-
somes and lysosomal fractions, respectively. As
observed for LGP85, the replacement of COOH-
terminal isoleucine with leucine changed the ratios
of late endosomal/lysosomal LAMP-1 even though
isoleucine and leucine have almost the same size of
bulky side chain and very similar hydrophobicities.
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Therefore, strict sorting machineries recognize identity
of the COOH-terminal isoleucine and confer an equi-
librium of LAMP-1 with its content being several times
higher in lysosomes than in late endosomes.

There have been a body of evidence concerning
machineries by which lysosomal membrane proteins
are sorted to lysosomes [reviewed by Luzio et al. (3)].
The best characterized protein molecules that interact
with cytoplasmic tails of LAMPs are APs associated
with transport vesicles with and/or without clathrin
(30�32). AP-1, AP-2 and AP-3 have been shown to
bind to the lysosomal targeting sequence of cyto-
plasmic peptides of LAMP-1 and LAMP-2 in vitro
(33�37). AP-3 but not AP-1 deficiency caused an
increased trafficking of LAMPs to the cell surface
(36, 37, 49�51). Although evidence was seemingly
accumulated to suggest that AP-3 plays an important
role in sorting LAMPs to lysosomes in TGN and early
endosome-derived tubular network, the recent study
has shown a significant function of AP-2 in the biosyn-
thetic transport of LAMP-1 and LAMP-2 to late endo-
somes and then to lysosomes (29). As shown in
Fig. 4A, LAMP-1 accumulated as much in early endo-
somal fractions as in the plasma membrane, suggesting
that whether NS-LAMP-1 takes any of the direct and
indirect routes, its passage through early endosomes
containing AP-3 is a regulatory step for LAMPs trans-
port to lysosomes. Ohno et al. (34) provided biochem-
ical evidence that m3A chain of AP-3 prefers I and L
but disfavours F, M and V at the COOH-terminus
of GYXX� sequence. Gough et al. (19) have later
examined interactions of GYQSV of LAMP-2b and
its COOH- terminal substitution peptides with m3A
chain. GYQSL, GYQSI and GYQSF displayed high
affinities with m3A chain whereas GYQSM
and GYQSV had a lower and no affinity, respectively.
Assuming that GYXX� signals ending in I and L
interact more strongly with m3A than the signals
ending in F, M and V according to m3As preferences,
higher levels of WT-LAMP-1 ending in I and I382L
(identical to the signal sequence of LAMP-2c) in
late endosomes and lysosomes could be correlated
to higher affinities with AP-3, supporting importance
of AP-3 involved in a sorting machinery at the early
endosomal stage in determining an amount of
LAMP-1 delivered to late endosomes/lysosomes.

Together with observations elsewhere (9, 52�55),
our previous studies (25, 26) indicate bi-directional
flow of lysosomal membrane proteins between late
endosomes and lysosomes. There have been several
models for the mechanism of trafficking from late
endosomes to lysosomes [reviewed in (3)]. A fusion
model currently appears preferential in the relationship
between these two endocytic organelles (54, 55). Late
endosomes fuse with lysosomes, resulting in formation
of hybrid organelles in which endocytic materials are
degraded. Thereafter, lysosomes re-form from the
hybrid organelles with retrieval and/or recycling of
some membrane proteins. According to this model,
after NS-LAMP-1 is included into the hybrid organ-
elles from late endosomes, a significant fraction of
NS-LAMP-1 together with pre-existing LAMP-1 is
transferred to re-forming lysosomes. I382 would

determine a ratio of antegrade to retrograde
LAMP-1 trafficking at the retrieval step.

Traub et al. (56) have shown that clathrin-coated
vesicles containing AP-2 assemble on dense lysosomes.
The vesicles with AP-2 appear to mediate retrograde
transport out of lysosomes. AP-2 reportedly favours
GYXXL but disfavours GYXXI. In fact, GYQTI
does not bind to m2-chain in vitro (34). Hence,
I382L but not WT is possibly included into the
AP-2-containing vesicles for backward traffic from
lysosomes, leaving a higher amount of WT in lyso-
somes than that of I382L.
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