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Abstract

After de novo synthesis of lysosome-associated membrane proteins (LAMPs), they are sorted in the trans-Golgi network (TGN)
for delivery to lysosomes. Opposing views prevail on whether LAMPs are targeted to lysosomes directly, or indirectly via
prelysosomal stages of the endocytic pathway, in particular early endosomes. Conflicting evidence is based on kinetic
measurements with too limited quantitative data for sufficient temporal and organellar resolution. Using cells of the mouse
macrophage cell line, P338D, this study presents detailed kinetic data that describe the extent of, and time course for, the
appearance of newly-synthesized LAMP-1 in organelles of the endocytic pathway, which had been loaded selectively with
horse-radish peroxidase (HRP) by appropriate periods of endocytosis. After a 5-min pulse of metabolic labelling, LAMP-1 was
trapped in the respective organelles by HRP-catalyzed crosslinking with membrane-permeable diaminobenzidine (DAB).
These kinetic observations provide sufficient quantitative evidence that in P338D; cells the bulk of newly-synthesized
endogenous LAMP-1 first appeared in early endosomes, before it was delivered to late endosomes and lysosomes about

25 min later.
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Introduction

Lysosomes are single-membrane-bound organelles
that are the main site of degradation in the endocytic
pathway of eukaryotic cells. The crucial role that
lysosomes play in cellular metabolism is evident
from the many diseases associated with lysosomal
malfunctioning (Harms 1989). The lysosomal mem-
brane is enriched in a group of highly glycosylated
trans-membrane proteins (LAMPs, LIMPs or LGPs),
the role of which has not been clearly determined and
continues to be investigated (reviewed in Eskelinen
et al. 2003). In addition to functioning in lysosomes,
LAMPs may also function at the cell surface and in
early endosomes. In human peripheral blood mono-
nuclear cells LAMP-1 and LAMP-2 are activation-
dependent cell-surface glycoproteins that mediate cell
adhesion to the vascular endothelium (Kannan et al.
1996). LAMP-2 and LAMP-3 may be indicators of
platelet activation (Kannan et al. 1995). LAMPs are
required for the maturation of phagosomes: LAMP-1-
and LAMP-2-deficient phagosomes are positive for

early endosomal markers Rab5b and phosphatidyli-
nostol 3-phosphate, fail to accumulate the late endo-
somal marker Rab7 and do not fuse with lysosomes
(Huynh et al. 2007). LAMPs are the most abundant
glycoproteins in the lysosomal membrane (~50%)
(Marsh et al. 1987; Granger et al. 1990; Fukuda
1991; Andrejewski et al. 1999), predominantly local-
ized to lysosomes (Chen et al. 1985a, 1985b;
Lewis et al. 1985; D’Souza and August 1986;
Barriocanal et al. 1986; Mane et al. 1989) and have
thus been identified as a marker for lysosomes.

The molecular processes that underly lysosomal
biogenesis remain poorly defined (reviewed in
Mullins and Bonifacino 2001). In particular, knowl-
edge about the route for delivery of LAMPs, from the
TGN to lysosomes as their final destination, has
remained uncertain. Three main pathways have
been investigated: (i) An intracellular route directly
to lysosomes, (ii) an intracellular route via early endo-
somes, or (iii) a route along the secretory pathway
to the cell surface, followed by delivery along the
endocytic pathway. Low concentratons of LAMPs
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on the plasma membrane and endosomes (Chen et al.
1985b; Lewis et al. 1985; Mane et al. 1989) suggest
that the endocytic pathway may be involved. In fact,
LAMP has been observed trafficking through the
plasma membrane, along the endocytic pathway
and cycling between the plasma membrane and
lysosomes at steady state (Lippincott-Schwartz and
Fambrough 1986, 1987; Akasaki et al. 1993; Groux-
Degroote et al. 2008). However, it is not clear whether
newly-synthesized LAMPs reach the endocytic orga-
nelles en route from the TGN to lysosomes or by
recycling from lysosomes. Most studies have implied
that newly-synthesized LAMPs are delivered to lyso-
somes along an intracellular route, and if at all, only a
minor fraction first passes through the cell surface
(D’Souza and August 1986; Green et al. 1987; Harter
and Mellman 1992; Carlsson and Fukuda 1992;
Akasaki et al. 1995, 1996; Obermuller et al. 2002;
Rous et al. 2002; Cook et al. 2004). Only three studies
have suggested that a substantial fraction of LAMP is
delivered to lysosomes via the plasma membrane
(Nabi et al. 1991; Mathews et al. 1992; Janvier and
Bonifacino 2005). These results may appear contra-
dictory, but can be explained by the rapid endocyto-
sis-related, dynamic equilibrium between the plasma
membrane and early endosomes (Burgert and Thilo
1983; Lippincott-Schwartz and Fambrough 1986). As
has been indicated by Janvier and Bonifacino (2005),
the newly-synthesized LAMPs observed to accumu-
late on the cell surface as a result of AP-2 depletion
may have come from early endosomes. Hunziker
and Geuze (1996) suggest the same about newly-
synthesized endogenous LLAMP-2 encountered by
antibody added from the basolateral surface at
37°C (Nabi et al. 1991). Appearance of LAMP on
the cell surface may depend on the efficiency of
sorting mechanisms in the plasma membrane/early
endosome compartment (Harter and Mellman 1992,
Honing and Hunziker 1995) and may thus not be an
accurate measure of the relative importance of the site
along the delivery path of newly-synthesized LAMP.
It is thus generally thought that LAMPs are trans-
ported from the TGN to endosomes/lysosomes
mainly via an intracellular route without appearing
on the cell surface (Eskelinen et al. 2003; Luzio et al.
2003). Considering the intracellular route, it is not
clear whether LAMPs are delivered indirectly via early
endosomes, late endosomes or directly to lysosomes.
Two studies have indicated that newly-synthesized
LAMP is delivered to lysosomes via multiple path-
ways, a major portion of LAMP-1 being delivered
via late endosomes (Akasaki et al. 1995) and a major
portion of LAMP-2 being delivered via early endo-
somes (Akasaki et al. 1996). Another study has
suggested that LAMP-1 is delivered mainly via early

endosomes (Cook et al. 2004). Evidence against
trafficking via early endosomes comes from Rous
et al. (2002). Disruption of trafficking between early
endosomes and lysosomes by chloroquine treatment
does not prevent localization of a major fraction of
CD63 (LAMP-3) on lysosomes (Rous et al. 2002).
This suggests that newly-synthesized LAMP mainly
bypasses early endosomes. Although evidence for
delivery via early endosomes has been mounting,
the results have thus remained contradictory, mainly
due to technical limitations.

The requirement of long pulses of synthetic
labelling to observe adequate amounts of newly-
synthesized lysosomal membrane proteins allowed
for only limited kinetic resolution of how labelled
proteins move transiently through different compart-
ments (Akasaki et al. 1995, 1996). The shapes of the
time courses for the entry of newly-synthesized
LAMPs into compartments have been compared
and interpreted as determining their pathways. An
increase of LAMPs in a specific compartment has
been interpreted to imply entry into the respective
compartment from the TGN. However, that does not
indicate the order or pathway of events. In some
studies (Green et al. 1987; Akasaki et al. 1995,
1996), half-times, t;,,, have been compared as a
measure for the rate at which LAMP is delivered
into a specific compartment. However, by itself, t;/,
is not a measure for the rate at which constituents flow
into a compartment. This rate is expressed as the flux,
f [molecules per time], and is related to t;,, as f oo m/
112, With m [number of molecules] representing the
pool-size of constituents in this compartment at
steady state. Therefore, the same flux would suffice
to fill a smaller compartment more rapidly (shorter
11/2) than a larger one. Another approach to observe
the trafficking of labelled proteins through cellular
compartments is based on subcellular fractionation
on Percoll density-gradients. This method has been
considered as being of limiting resolving power, in
particular with respect to the isolation of early endo-
somes (Haylett and Thilo 1986; Green et al. 1987;
Carlsson and Fukuda 1992; Stoorvogel 1998). In an
effort to circumvent the technical limitation presented
by long labelling pulses and subcellular fractionation,
a LAMP chimera has been designed that could be
labelled to a high specific activity during a post-
translational modification step in the trans-Golgi/
TGN (Cook et al. 2004). After its exit from the
TGN, this chimera can then be captured by a
fluid-phase endocytic marker as soon as it entered
an endocytic compartment that harboured the
marker. Due to its degradation in lysosomes, how-
ever, its kinetics of entry into early endosomes can not
be compared directly with those of its entry into



lysosomes or into the endocytic pathway as a whole.
To determine delivery via late endosomes, subcellular
fractionation has been used, although, as shown by
the authors themselves, with the resulting limited
resolution for separation of early and late endosomes.
Within these limitations, the observations show that
LAMP-1 is delivered to lysosomes via transit through
early endosomes.

In the present study, the required kinetic resolution
to quantitatively characterize the pathway of newly-
synthesized endogenous LAMP-1 was obtained by
using sufficiently short periods (5 min) of pulse-
labelling with >*>S-methionine of high specific-activity
after methionine starvation. The resulting small
amounts of newly-synthesized >°S-LAMP-1 were
measured by scintillation counting of solubilized gel
pieces containing the LAMP-1 band. This technique
was 300-fold more sensitive than Imager densitome-
try. In order to measure the rate at which a pulse of
newly-synthesized LLAMP-1 entered the respective
endocytic organelles, HRP-DAB crosslinking was
used. Endocytic organelles were loaded selectively
with HRP by appropriate regimes of endocytic
uptake, and LAMP-1 was trapped by HRP-catalysed
crosslinking with membrane-permeable DAB
(Courtoy et al. 1984). The choice of kinetic para-
meters was based on predictions by mathematical
modelling as shown in Figure 1. The quantitative
and qualitative differences between the predictions
for the two different pathways (Figure 1A vs. 1B; cf.
curve n; in A with n, in B) suggested that even limited
quantitative resolution would enable a clear distinc-
tion between the two pathways. While previous
studies have shown passage of LLAMP-1 through
the early endosome/plasma membrane compartment,
these were not sufficiently quantitative. Our kinetic
observations confirm unambiguously that the bulk of
newly-synthesized endogenous LAMP-1 delivered to
lysosomes via the endocytic pathway first transits early
endosomes.

Methods
Materials

The rat hybridoma cell line was obtained from
the Developmental Studies Hybridoma Bank,
Department of Biology, University of Iowa; the
mouse macrophage cell line, P388D,, from the Insti-
tute of Genetics, University of Cologne, Germany;
Dulbecco’s Minimum Essential Medium (DMEM)
RPMI-1640 (developed by Moore et al. in 1966 at
the Roswell Park Memorial Institute) and bovine
foetal-calf serum from Highveld Biological, South
Africa; NCTC-135 medium (developed by the Tissue
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Figure 1. Modelling the pathways for lysosomal delivery of newly-
synthesized LAMP-1. Newly-synthesized (labelled) LAMP-1
(LAMP-1%*) enters a steady-state pool of existing LAMP-1 (pool
size n;) at a rate S. From n, it equilibrates by membrane traffic to a
second pool, n,. The curves indicate the time course for the
respective accumulation of LAMP-1* in pools n; and n, as well
as in the combined endocytic pathway (EP = n; + n,). In panel A,
input is via early endosomes (n; = eEn), followed by exchange with
n, as representing lysosomes (n, = Ly). In panel B, input occurs
directly into lysosomes, with n; = Ly and n, = ¢En. The simulation
is based on the assumption that at steady state the bulk of
LAMP-1 resides in lysosomes (here taken as 90%). (The curves
are an approximation because the input function S has been treated
as a first-order process, S = S;otar [l-e’h"], as indicated by the curves
for (n; + n,). This approximation allows for algebraic integration of
the underlying differential equations. The more realistic input by
sigmoidal characteristics cannot be integrated algebraically. The
approximation resulted in the absence of a lag phase at early times as
observed experimentally in this study, Figure 8).

Culture Section, Laboratory of Biology, National
Cancer Institute (NCI), Bethesda, MD; cat. no.
N-3262) and opi media supplement (oxaloacetate,
pyruvate, and bovine insulin; cat. no. O-5003) from
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Sigma-Aldrich, USA; Ultrafree-15 centrifugal filter
devices from Millipore, USA; methionine-free mini-
mum essential medium (MEM) or methionine-
free RPMI 1460 and trans-label *’S-L-Methionine
(Specific-Activity = 1175 uCi/mmole) (cat. no.
51006) from MP Biomedicals, USA; horseradish-
peroxidase from Seravac Biotech, South Africa;
3’3 DAB from Sigma-Aldrich, USA; Complete
Protease Inhibitor Cocktail Tablets from Roche
Pharmaceuticals, Switzerland; ImmunoPure Immo-
bilized Protein-G (cat. no. 20398/9) beads from
Pierce, USA; Precision Plus protein standards (cat.
no. 161-0374) from Biorad, California; KPL Lumi-
GLO (cat. no. 54-61-02) from KPL, USA; Aquasafe
500 Plus liquid scintillation cocktail from Zinsser
Analytic, Germany; poly-allomer centrifuge tubes
from Beckman Coulter, USA; rabbit polyclonal
anti-mouse EEA1 antibody (cat. no. ab14453-50)
from Abcam, UK; rabbit polyclonal anti-human
Rab5b IgG (cat. no. SC-598) from Santa Cruz
Biotechnology, USA; peroxidase-linked polyclonal
anti-rabbit secondary antibody (cat. no. NIF824)
and nitrocellulose (NC) membrane from GE
Healthcare Biosciences, UK.

Cell culture

The hybridoma cell line, ID4B, was cultured in
DMEM supplemented with 10% (v/v) NCTC-135,
20% (v/v) heat-inactivated (56°C, 0.5 h) foetal-
bovine serum and opi (1vial/l medium), as specified
by the suppliers (Hybridoma Bank, University of
Iowa) for the production of the monoclonal antibody,
ID4B, against mouse LAMP-1 (Immunogen: NIH/
3T3 mouse embryo fibroblast tissue culture cell
membranes). Antibody-Tissue-Culture Medium
(ab-TCM) was harvested from a confluent monolayer
and dying cells as described in Harlow and Lane
(1988). The mouse macrophage cell line, P388D,,
was cultured from a confluent monolayer into
suspension in RPMI 1640 medium and cells were
harvested as described previously (Haylett and Thilo
1986).

Preparation of antibody

Harvested ab-TCM was prepared for storage
as described in Harlow and Lane (1988). When
ab-TCM was thawed for use, it was centrifuged
at 1250 g for 15 min to remove any precipitable
protein (Harlow and Lane 1988). ab-TCM was
concentrated by filtration through an Ultrafree-15
centrifugal filter device at 1250 g. (~15 h to concen-
trate 1395 ml to 62 ml, i.e., 22.5-fold concentrated
ab-TCM).

Preparation of organelles
Non-crosslinked lysosomes

Harvested P388D, cells were pooled into 10 ml HeS-
BSA (10 mM Hepes, 140 mM NaCl, 1 mg/ml BSA,
pH 7.4), washed once with 10 ml HeS-BSA and once
with 10 ml homogenization buffer [(HB: 27 ml
dH,O + 73 ml HB27 (342 mM Sucrose, 2.74 mM
EDTA, 13.7 mM Hepes)]. Cells were re-suspended
in HB that contained 1 mM PMSF, 0.1 mM leupep-
tin at 20-40-10° cells/ml. Cells were cracked in a cell
cracker with 12 passes. The cracked cells were trans-
ferred to a 10 ml tube and centrifuged at 1000 g for
15 min. If the separation between the pellet and
supernatant was not clear, the pellet was re-suspended
in 2 ml HB, PMSF, leupeptin. The re-suspended
pellet and supernatant were centrifuged again at
1000 g for 15 min. The post-nuclear supernatants
(PNS) were pooled. The PNS (1.7 ml) was carefully
layered on top of 10 ml 27% Percoll in HB (27 ml
Percoll + 73 ml HB27), resting on a 0.5 ml sucrose
cushion at the bottom of a poly-allomer tube and
centrifuged in an ultra-centrifuge at 35,000 g for 1.5 h
at 4°C in a SW40Ti swing-out rotor. Two bands were
visible on the resultant gradient. Based on organellar
markers, lysosomes were present in the lower band
and early endosomes and plasma membrane in the
upper band (Haylett and Thilo 1986). Fractions
(0.5 ml) were collected from the bottom of the gra-
dient using a fraction collector. Lysosomal fractions
were pooled and stored at —20°C (or at —70°C for
longer periods). To remove the Percoll, lysosomes
(about 1 ml) were resuspended in HB, 1 mM PMSF,
0.1 mM leupeptin (final volume = 11.5 ml), trans-
ferred to poly-allomer tubes and centrifuged at
100,000 g, for 1 h at 4°C in an SW40Ti swing-
out rotor. The supernatant was removed with a
Pasteur pipette and discarded. A little supernatant
was left to collect the lysosomes which easily slid off
the Percoll pellet. To remove the remaining Percoll,
lysosomes were centrifuged once or twice for 20 min
at 100,000 g (30 psi) in an airfuge at 4°C. Lysosomal
membranes were solubilized in lysis buffer (10 mM
Tris (pH 7.5), 5 mM EDTA, 150 mM NacCl, 0.5%
NP-40, 1 mM PMSF, 0.1 mM leupeptin or 25-fold
diluted Complete Protease Inhibitors Cocktail)
(D’Souza and August 1986) and stored at 4°C if
used the next day or at —20°C until use.

Crosshinked early endosomes and lysosomes

P388D, cells were harvested and washed twice with
10 ml RPMI/Hepes/BSA. The cell suspension was
split into two equal aliquots that were re-suspended at



5.10° cells/ml RPMI/Hepes/BSA. Mannan (1 mg/ml)
was added to both batches. Mannan blocks the bind-
ing of HRP to mannose receptors and thus ensures
that HRP is internalized as a fluid-phase marker
(Stahl et al. 1980; Lang and de Chastellier 1985).
Cells were warmed for 10 min at 37°C and then HRP
(1 mg/ml) was added. One batch of cells was allowed
to internalise HRP for 5 min (to prepare early
endosomes), the other batch for 30 min (to prepare
lysosomes). HRP internalization was stopped by add-
ing 50 ml cold HeSBSA and cooling on ice. Cells were
pelleted (200 g for 4 min). The cells with HRP-
filled early endosomes were washed twice with
10 ml cold HeSBSA and kept aside on ice for further
processing. The cells that contained the 30 min
HRP pulse were washed three times with cold
10 ml RPMI/Hepes/BSA and re-suspended at 5-10°
cellss'ml RPMI/Hepes/BSA. HRP was chased into
lysosomes by incubating the cells for 70 min at
37°C followed by cooling on ice. The cells were
washed twice with 10 ml cold HeSBSA. Both sets
of cells, irrespective of prior HRP uptake, were then
processed for HRP—DAB crosslinking. The cells
were washed once with 10 ml HB and re-suspended
at 40-10° cells/ml cold HB that contained Complete
Protease Inhibitors (1 tablet/ml of dH,O, diluted
25-fold). Each set of cells was cracked separately in
a cell cracker with 12 passes. The homogenates were
centrifuged at 800 g for 5 min and 2—3 ml of each
supernatant were centrifuged on a 27% Percoll column
as above. Crosslinked early endosomes or lysosomes
were collected as a brown band in the upper or lower
part, respectively, of the gradient. (White bands were
collected in the case of non-crosslinked organelles.)
The fractions were stored at 4°C and were washed the
next day in a final volume of about 12.5 ml HB to
remove the Percoll (100,000 g for 2 h at 4°C). The
crosslinked material was collected and concentrated by
low-speed centrifugation (8,000 g for 30 min at 4°C).
Membranes were solubilized in 10 mM Tris/HCL pH
7.4, 0.9% NaCl (TBS), 1% Triton-X 100, 25-fold
diluted Complete Protease Inhibitors Cocktail.
Detergent-resistant material was pelleted at 8,000 g
for 30 min and the supernatant collected. The pro-
tein concentration was determined using the bicin-
choninic acid (BCA) assay, as per manufacturer’s
instructions.

Metabolic labelling of cells
Continuous labelling experiments

Cells were washed once with MEM and incubated at
37°C for 2 h in MEM containing >’S-methionine
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at 1.16:107 M (trans-label >°S-L-Methionine,
specific-activity = 1175 uCi/mmole), 10-10° cells/ml.
The labelling process was stopped by cooling on ice.

Pulse-chase experiments

Cells were washed twice with 4°C methionine-
free RPMI 1640 and starved in this medium at
10-10° cells/ml for 30 min at 37°C. >>S-Methionine
was then added to the warm medium at 107 to 10° M
(specific-activity = 1175 Ci/mmole) and the cells were
metabolically labelled at 37°C for 5 min. The labelling
was stopped by cooling in ice-water. Cells were pel-
leted by centrifugation at 200 g for 4 min at 4°C and
washed three times with 10 ml cold RPMI/Hepes/
BSA. The pelleted cells were re-suspended in 1 ml
cold RPMI/Hepes/BSA and diluted in pre-warmed
medium to 5-10° cells/ml at time zero, followed by
incubation for the specified chase periods. The chase
was stopped by collecting samples of 1 ml (5-10° cells)
and cooling by dilution in 10 volumes of ice-cold
HeS-BSA. During the labelling process HRP was
either localized to the endocytic pathway, lysosomes
or early endosomes.

Localization of HRP in endosomes to trap proteins

Endocytosis of HRP was in medium with 1 mg/ml
HRP and 1 mg/ml mannan, unless otherwise stated.
Mannan was always added at least 5 min prior to the
addition of HRP. To load the endocytic pathway,
HRP was present for 70 min prior to and during
the 30-min starvation of the cells and throughout
all subsequent incubations. Early endosomes were
loaded with HRP during the last 5 min of the chase
periods. To load lysosomes, HRP was endocytosed
for 30 min and then chased for 40 min prior to the
30-min starvation period. The rest of the experiment
was performed in the absence of HRP.

HRP—DAB crosshnking

Metabolically labelled and HRP-containing cells were
subjected to HRP—DAB crosslinking (Courtoy et al.
1984; Ajioka and Kaplan 1987). Cells (~5-10° cells)
were washed twice with cold HeS-BSA (10 ml) and
once with 10 ml HeS, during which the cells were
transferred to a clean tube. Cells were re-suspended in
2 ml HeS and split into two 1 ml aliquots. One aliquot
(~2-10° cells) was treated with DAB and hydrogen
peroxide (H,0,) as follows: DAB was prepared fresh
at 3 mg/ml in HeS. The DAB suspension was mixed
in a sonicator bath for 5 min and filtered through a
0.4 um Millipore filter. The filtered DAB was added
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at 180 ul/ml of cell suspension. The cells were gently
mixed and incubated in the dark on ice for 30 min
with occasional mixing. Cells were then rapidly
warmed to room temperature using a 37°C water
bath. H,O, (0.3%) was added to a final concentra-
tion of 0.03%. Cells were incubated in the dark
for 20 min at room temperature with occasional
mixing. The crosslinking process was stopped by
adding four volumes of cold HeS-BSA. Cells were
washed three times with 10 ml cold HeS-BSA. The
aliquots for non-crosslinked controls were treated
exactly the same, but without DAB and H,O, being
present.

Cell lysis
Continuous labelling experiments

The cells were washed three times with 10 ml cold
HeS-BSA. On the third wash the cells were trans-
ferred to a clean tube. The labelled cells were then
incubated on ice for 30 min in lysis buffer at a final
concentration of ~40-10° cells/ml, with occasional
mixing on a vortex. The lysate was freeze-thawed
three times, using liquid N, for snap freezing and a
37°C water bath for rapid thawing (D’Souza and
August 1986). Detergent-resistant material was
removed by centrifugation in a microfuge, twice at
8,000 g for 15 min at 4°C. The detergent-soluble
material was retained for immunoprecipitation.

Pulse-chase experiments

After HRP-DAB crosslinking, cells were pelleted
at 200 g for 4 min, re-suspended in ~1 ml HeS-
BSA and transferred to Eppendorf tubes (1.5 ml).
Cells (<2.5-10%) were again pelleted at 200 g for
4 min and re-suspended in 200 pl lysis buffer. The
lysate was agitated overnight at 4°C. Detergent-
resistant material was removed by centrifugation, twice
at 8,000 g for 30 min at 4°C. The detergent-soluble
material was retained for immunoprecipitation.

Immunoprecipitation

Antibody (10 ul of 10-fold concentrated ID4B-
TCM) was added to 160-180 ul of the detergent-
soluble fraction of the Ilysate. The antibody-
lysate mixture was incubated overnight at 4°C on
a vortex shaker. Precipitable material was then
removed by centrifugation at 8,000 g for 15 min at
4°C. The soluble protein suspension was then incu-
bated with 50 pl protein-G beads for 2 h at 4°C on a
vortex shaker. The immuno-complexed beads were

washed three times with cold lysis buffer, transferred
to a clean tube during the 4th wash, washed again
twice with cold lysis buffer and once with distilled
H,0. Subsequently, antigen-antibody complexes
were eluted with 0.1 M GIly/HCI, pH 2.6 at room
temperature. Beads were incubated with 55 ul of
buffer for 5 min on a vortex shaker at room temper-
ature, pelleted and the eluent (40 ul) was collected.
The elution was repeated with 20 pl elution buffer
that was pooled with the first eluent. The pH of the
eluent was increased to 7.0 with 3.6 pl of 2 M Tris
at pH 8.0.

SDS-PAGE and product analyses of samples from
crosslinking experiments

Three-fold-concentrated, reducing-sodium dodecyl
sulphate (SDS)-sample buffer (31.8 ul) was added
to the total eluent of 60 ul. Samples were incubated at
95°C for 5 min. High molecular-weight (MW) mar-
kers or precision-plus dual-colour MW markers
(2.5 W per sample) were added to aid in the
cutting-out of the LAMP-1 bands. The eluents
were then chromatographed by SDS-PAGE on
mini-gels (7%) until the dye front was run off the
gel for 40 min. The gel was silver-stained (as adapted
from Meril et al. 1984) and the LAMP-1 bands were
excised from the gel using the MW markers as refer-
ence points. The gel pieces (1.5 mm thick, ~1 cm
wide, ~1-2 cm long) were solubilized in 2 ml 30%
H,0, at 60°C overnight. Aquasafe 500 Plus liquid
scintillation cocktail (18 ml) was added to the solu-
bilized gel pieces and samples were counted in a
Packard Liquid Scintillation Analyzer.

Western blot

BioRad’s Miniprotein II or III cell system was used to
resolve the proteins by SDS-PAGE and to transfer the
proteins to a NC membrane (Burnette 1981) using
transfer buffer, 20 mM Tris, 150 mM Gly, 20%
methanol (100 V for 1 h, 4°C). Immediately following
transfer, the NC membrane was blocked in 5% fat-
free milk powder, TBS-T (10 mM Tris/HCL pH 7.4,
0.9% NaCl, 0.1% Tween 20) overnight at 4°C and
washed with TBS-T as specified in Amersham’s
package insert. The blot was then incubated in pri-
mary antibody in TBS-T, 0.5% fat-free milk powder
for 1 h at room temperature and the washing process
was repeated. The primary antibody was detected
with peroxidase-linked secondary antibody in TBS-
T, 0.5% fat-free milk powder and the washing process
was repeated. The blot was developed with KPL
luminoGLO.



Results

Opumizing experimental conditions for the quantitative
assessment of LAMP-1 in endocytic organelles by
HRP-catalyzed crosslinking with DAB

The measurements in this study depended on
quantitating the amount of newly-synthesized,
33S-methionine-labelled LAMP-1 (*’S-LAMP-1) in
endocytic organelles where it was trapped by HRP-
mediated crosslinking with DAB. Because crosslink-
ing rendered LAMP-1 detergent-insoluble, the
fraction of trapped [crosslinked] >°S-LAMP-1 was
determined by measuring the complementary amount
of *>S-LAMP-1 in the soluble fraction and expressing
this as a fraction of the total >*>S-LAMP-1 as in non-
crosslinked duplicate samples. Accordingly, this ratio
depended on two quantitative measurements of sol-
uble LAMP-1 as captured by immunoprecipitation.
Due to the semi-quantitative nature of this method,
conditions were optimized as stringently as was pos-
sible in order to ensure reproducible measurements.
Because the aim was to provide kinetic information of
sufficient resolution and extent, data from indepen-
dent experiments had to be pooled in order to obtain
the required number of data points for each time
course. It was therefore essential that the results
were quantitatively reproducible within and between
experiments. In order to obtain a high kinetic reso-
lution, cells were starved for 30 min in serum- and
methionine-free media so that only a short period
(5 min) of metabolic labelling with >>S-methionine
would result in sufficient signal.

The amounts of soluble *>S-LAMP-1 were deter-
mined as illustrated in Figure 2. Immunoprecipitated
LAMP-1 was separated by SDS-PAGE and detected
by auto-radiography. Although quantification could
be performed directly through digital analysis of the
LAMP-1 band on the auto-radiographs, experimental
conditions with only a 5-min labelling period yielded
amounts of >>S-LAMP-1 that would have required
long exposure times to generate a sufficient signal.
A more efficient way of quantification consisted of
cutting out the LAMP-1 band directly, without auto-
radiography, and solubilizing the protein for measure-
ment by scintillation counting. In the absence of an
auto-radiographic band as guidance, the position on
the gel of >>S-LAMP-1 to be cut out was determined
by reference markers as indicated in Figure 2.
A linear relationship between quantification by the
two methods indicated that scintillation counting was
a valid way of measuring the amount of soluble
33S-LAMP-1 and was 300-fold more sensitive than
Imager densitometry.

In order to determine the concentration range of
LAMP-1 over which a linear dose-response for its
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detection could be observed, fixed amounts of
protein-G beads and anti-LAMP-1 antibodies
(ID4B) were used to precipitate LAMP-1 from
increasingly higher concentrations of this antigen,
Figure 3. According to the indicated curve for
Michaelis-Menton Kkinetics, the response could be
considered linear up to an antigen concentration
of approximately 10 units/ml (the concentration of
LAMP-1 when 107 cells were lysed in 1 ml lysis
buffer). Therefore, the pulse-chase experiments
were designed so as to keep the concentrations of
LAMP-1 below this level.

The established conditions for the quantification of
LAMP-1 could now be used to determine the con-
ditions for its effective DAB-crosslinking as catalyzed
by HRP in endocytic organelles. First, it was deter-
mined how the period of HRP internalization related
to the efficiency of LAMP-1 crosslinking when it was
present in the entire endocytic pathway. After label-
ling LAMP-1 with >°S-methionine for 1 h, followed
by a chase to maturation and steady-state distribution
for 1 h in the presence of unlabelled methionine,
HRP was entered into the endocytic pathway by
continuous uptake of HRP at 3 mg/ml, followed by
DAB-crosslinking and measuring the fraction of
*S-LAMP-1 that remained soluble. As shown in
Figure 4, the complementary fraction of crosslinked
LAMP-1 reached a maximum after HRP internaliza-
tion for about 100 min. From this we concluded that
in pulse-chase experiments where LAMP-1 was to be
crosslinked in the entire endocytic pathway, HRP had
to be internalized for at least 100 min before the 5-min
pulse of *>S-LAMP-1 was chased to steady state in
the continued presence of HRP. To ensure that the
same pool of lysosomal LAMP-1 was reached in
pulse-chase experiments where LAMP-1 was to be
crosslinked only in lysosomes, an HRP pulse had to
be internalized and chased for at least the same total
length of time, i.e., 100 min. It has been shown in
P388D; cells that endocytic content markers (HRP or
labelled dextran) start to enter lysosomes at about
5 min after uptake and requires a chase of at least
60 min to allow for delivery and proper distribution
within lysosomes (Thilo et al. 1995). Therefore, a
30-min pulse of HRP could be chased for at least
70 min, allowing for a total period of 100 min
before the 5-min pulse of *>S-LAMP-1 was chased
to steady state.

The next step was to determine whether a 30-min
pulse of HRP was sufficient to crosslink LAMP-1
selectively in lysosomes and that possible degradation
did not cause HRP depletion in lysosomes. For this, a
30-min pulse of increasing HRP concentrations was
chased for a period of about 2.5 h. (The total duration
of a crosslinking experiment was ~3 h). As shown
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Figure 2. Quantification of immunoprecipitated >>S-LAMP-1 using Instant Imager scanning software versus liquid scintillation counting. (A)
P388D; cells were metabolically labelled with >*S-methionine at 10”7 M (specific-activity = 1175 Ci/mmol) for 2 h. Soluble >*S-LAMP-1 was
immunoprecipitated from 200 pl soluble cell extract (10-107° cells) with 10 ul ID4B-containing, 50-fold concentrated TCM and the indicated
protein-G bead volumes. Eluents were subjected to SDS-PAGE, followed by autoradiography for 64 h. The immunoprecipitated >°S-
LAMP-1 was quantified by digital analysis using Instant Imager software. The radio-activity profile of lane 5 was aligned to the lane by eye (box
atright). (B) LAMP-1 bands were excised relative to MW markers, as indicated, dissolved in 2 ml 30% H,O, overnight at 60°C and quantified
by scintillation counting in a scintillation counter. The counts obtained from the scintillation counter correlated linearly (slope of 268) with the

counts obtained from the Instant Imager detection method.

in Figure 5, the fraction of LAMP-1 crosslinked in
lysosomes remained constant (40%) and independent
of HRP concentration below 3 mg/ml, but for
unknown reasons seemed to decrease and become
less reproducible at higher concentrations. Accord-
ingly, an HRP concentration less than 3 mg/ml (i.e.,
1 mg/ml) was chosen for crosslinking in lysosomes.

It has been shown kinetically that the average mat-
uration time of early endosomes in P388D, cells is
about 3 min and that endocytic content markers
(HRP or labelled dextran) only start to enter lyso-
somes from about 5 min after uptake (Haylett and
Thilo 1986; Thilo et al. 1995). A 5-min HRP pulse
was thus chosen to load early endosomes. To confirm
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Figure 3. Optimization of the cell-concentration range to be used
for the quantitative immunoprecipitation of LAMP-1. 3>S-LAMP-1
was immunoprecipitated from a detergent-soluble fraction of cell
lysate (160 pl) at increasing concentrations (1 unit of LAMP-1 was
as obtained from 10° cells), with ID4B (2 ul of 50-fold concentrated
TCM) and protein-G beads (50 pl). Error bars (where larger than
symbol) indicate variation between duplicate samples from the
same experiment. Different symbols refer to independent experi-
ments. The curve shows Michaelis-Menton kinetics with a
K., = 10.63 units/ml.

qualitatively that a 5-min pulse of HRP uptake con-
sisted essentially of early endosomes, the crosslinked
organelles were isolated and tested for the early-
endosome markers, Rab5b (Bucci et al. 1995) and
EEA1 (Mu et al. 1995). The intensity of staining was
compared with non-crosslinked early endosomes and
crosslinked lysosomes (30 min HRP pulse, chased for
70 min) (Figure 6). After crosslinking in whole-cells,
cells were fractionated and centrifuged on a 27%
Percoll density-gradient to separate early endosomes
(eEn; top of gradient), from a high-density fraction
of lysosomes (Ly; bottom of gradient), as had been
determined previously with organellar markers
(Haylett and Thilo 1986). Crosslinked organelles
were separated from HRP-free membranes on the
basis of their increased density by low-speed centri-
fugation. Crosslinked organelles that resulted from a
5-min HRP-pulse stained positive for both early
endosomal markers (Figure 6, bands iii and v). The
extent of staining of Rab5b was similar to that
observed for non-crosslinked early endosomes
(Figure 6, band i). Some limited staining for Rab5b
and EEA1 was also observed for crosslinked lyso-
somes (Figure 6, bands iv and vi) and limited
Rab5b was also observed in non-crosslinked lyso-
somes (Figure 6, band ii). This could be due to
contamination of the lysosomal fraction on the 27%
Percoll gradient with early endosomes, although no
plasma membrane has previously been detected in the
high-density lysosomal fraction (Haylett and Thilo
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Figure 4. Maximal crosslinking of LAMP-1 in the endocytic
pathway. P388D,; cells were starved in serum-free and
methionine-free medium for 30 min and metabolically labelled
with 3°S-methionine for 1 h, followed by a chase to maturation
for 1 h in the presence of unlabelled methionine. Subsequently,
HRP (3 mg/ml) was endocytosed for the indicated times, when
samples were taken and cooled on ice. Samples were split into two
fractions, one of which was treated for HRP-DAB crosslinking. The
other fraction served as a measure for total >°S-LAMP-1. In both
fractions, the soluble (non-crosslinked) *>S-LAMP-1 was quanti-
fied by scintillation counting of the appropriate band after SDS-
PAGE of the immunoprecipitated soluble LAMP-1. The degree of
35S-LLAMP-1 crosslinking was obtained by expressing the comple-
mentary LAMP-1 that remained soluble as a fraction of the total
35S-LLAMP-1 in each sample. A curve was fitted manually. Close to
maximum levels were reached after 100 min with a maximum
crosslinking of 76% after about 150 min.
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Figure 5. The effect of HRP concentration in a 30-min pulse on the
crosslinking of LAMP-1 in lysosomes. P388D, cells were starved
for 15 min in serum-free and methionine-free medium. >>S-methi-
onine was added, the cell suspension split into 5 aliquots and cells
were metabolically labelled at 37°C for 1.5 h. HRP was internalized
at the indicated concentrations during the last 30 min of the
labelling period. The internalized HRP was chased to lysosomes
for a further 2.5 h (total duration of a crosslinking experiment
was ~3 h). Aliquots were split into two fractions, one of which was
treated for HRP-DAB crosslinking. Samples were analysed for the
degree of crosslinking, as described in Figure 4. Symbols refer to
duplicate immunoprecipitations of individual samples within the
same experiment.



236 R. Ebralim & L. Thilo

C: crosslinked

23 23

Total protein loaded (ug)

Figure 6. Characterization of crosslinked early endosomes by EEA1 and Rab5b. Early endosomes (eEn; 5 min HRP pulse) or lysosomes (Ly;
30 min HRP pulse, 70 min chase) were filled with HRP, crosslinked and collected as brown bands from the low-density or high-
density fractions of a 27% Percoll gradient, respectively, as was previously determined with organellar markers (Haylett and Thilo 1986).
Crosslinked organelles were then separated from non-crosslinked membranes through precipitation by low-speed centrifugation. Peripheral
proteins were solubilized, subjected to SDS-PAGE and Western blotting. Rab5b was separated on a 13% gel and identified with primary rabbit
polyclonal anti-human Rab5b antibody (2 pg/ml). EEA1 was separated on a 7% gel and identified with rabbit polyclonal primary antibody
against mouse EEA1 (2 ug/ml). Detection was via a peroxidase-labelled anti-rabbit secondary antibody. Early endosomes were positive for
EEA1 and Rab5b. Section A: Non-crosslinked, soluble, HRP-free membranes as from top (eEn and PM) or bottom (Ly) fractions of the
Percoll density-gradient. Sections (B) and (C): Crosslinked organelles only, with HRP-free organelles removed. Crosslinked organelles that
resulted from a 5-min HRP-pulse stained positive for both early endosomal markers (bands iii and v).

1986). A protein similar to Rab5b has been detected
in lysosomes in low abundance (Bagshaw et al. 2005).

Because the amount of LAMP-1 served as the time
reference for studying the kinetics for its delivery into
organelles of the endocytic pathway, it was important
to ensure that its rate of synthesis remained constant
throughout experiments. Figure 7 shows the kinetics
of how newly-synthesized >°S-LAMP-1 was pro-
cessed into immunoprecipitable antigen as observed
at full length on SDS-PAGE. After a 5-min pulse of
33S-methionine labelling, LAMP-1 was processed
into mature immunoprecipitable >*>S-LAMP-1 with
a half-time of approximately 14 min, resulting in
full immunoprecipitability within 50-60 min. What
do these kinetics imply? Because the experimental
conditions were chosen such that the methionine
concentration did not present a rate-limiting factor,
it could be assumed that the rate of protein synthesis,
including LAMP-1, remained constant from imme-
diately after the pulse-labelling period when excess
unlabelled methionine had been added. Therefore,
the gradual decrease in the rate at which full-length
33S-LAMP-1 became immunoprecipitable with time
was not due to a decrease in the rate of overall
LAMP-1 synthesis. It was also not due to a gradual
dilution of the *’S-methionine concentration when it
was replaced by excess unlabelled methionine, as
judged by a rapid termination in the incorporation
of ’S-methionine into total protein (by acid pre-
cipitation) after 5 min (data not shown). Because
33S-LLAMP-1 was observed with immunoprecipitation
and SDS-PAGE, it would only be detected once it

had become immunoprecipitable and had attained its
full molecular size. Therefore, the first-order decrease
in the rate at which *>S-LAMP-1 became immuno-
precipitable suggested that immature >>S-LAMP-1 in
the Golgi became diluted with subsequently synthe-
sized, unlabelled LAMP-1 while it was processed into
immunoprecipitable, full-length protein on a random,
rather than on a first-come-first-serve, basis.

Kinetics for the entry of newly-synthesized LAMP-1 into
organelles of the endocytic pathway

The conditions as established above were applied
to investigate the time course for the presence of
newly-synthesized LAMP-1 in specific compartments
of the endocytic pathway, namely, the entire endo-
cytic pathway, early endosomes, and lysosomes, as
experimentally defined by the time regime of
endocytosed HRP. The kinetics with which newly-
synthesized LAMP-1 entered the endocytic pathway
in general served as a reference for the specific entry
into either early endosomes or directly into lysosomes.
The data in Figure 8A showed that the entry of
3>S-LLAMP-1 into the endocytic pathway followed a
sigmoidal time course which commenced almost
immediately after the 5-min labelling pulse. The
appearance of LAMP-1 in lysosomes occurred with
a lag of about 25 min and reached a steady state after
about 60—70 min when about 39% of *>S-LAMP-1
localized in lysosomes (Figure 8B). A comparison
with the entry of *>S-LAMP-1 into the endocytic
pathway showed that it entered lysosomes with a
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Figure 7. Biosynthetic processing of immunoprecipitable >°S-
LAMP-1. P388D; cells were starved in methionine-free medium
for 30 min at 37°C. At time zero, >°S-methionine was added at 10~
M (specific activity = 1175 Ci/mmole) and cells were labelled for
5 min. 2°>S-LAMP-1 was then chased for the indicated time,
immunoprecipitated, processed via SDS-PAGE and quantitated
by scintillation counting. The data were obtained by combining
the values for total newly-synthesized soluble immunoprecipitable
3S-LAMP-1 as from all non-crosslinked fractions of the kinetic
experiments to follow. Since all experiments did not extend across
the entire time-course, data from individual experiments were
normalized to a best-fit steady state that started at approximately
60 min and averaged around 1000 dpm. The average from the
different experiments is shown. Vertical error bars indicate variation
(SEM) among the data obtained in the time intervals indicated
by the horizontal bars. The first-order curve, fitted to the data
with the background as a free parameter, indicated a half-time of
14 min for the processing of LAMP-1 into immunoprecipitable
full-length protein.

clearly pronounced lag (Figure 8A vs. 8B). This sug-
gested that the bulk of *°S-LAMP-1 entered the
endocytic pathway via an endocytic organelle other
than lysosomes. The time course for entry of
LAMP-1 into early endosomes was as in Figure 8C.
*>S-LLAMP-1 appeared in early endosomes immedi-
ately after the 5-min labelling pulse, concurrently and
to the same initial extent as its appearance in the
endocytic pathway as a whole. This implied that the
bulk of >>S-LAMP-1 entered the endocytic pathway
via this compartment. Its transient presence in early
endosomes showed that these organelles represented a
station en route to lysosomes. Because technical con-
straints limited the number of data points within a
single experiment to 9, the data as indicated represent
a composite of six independent experiments. Exper-
imental variations did not interfere with the general
pattern. The conclusions about the movement of
LAMP-1 were not dependent on any particular time
point(s), but were based on the general trend and
shape of the kinetic curves in comparison to predicted
time courses as in Figure 1.
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Discussion and conclusion

The kinetic observations in P388D; cells agree with
the set of modelled curves that depict LAMP-1
delivery via early endosomes (cf. Figure 8
with Figure 1A, disregarding the difference at early
time points due to the idealized exponential input of
newly synthesized LAMP-1 instead of the observed
sigmoid kinetics). The bulk of *>S-LAMP-1 entered
the endocytic pathway via early endosomes with sub-
sequent delivery to lysosomes. It can be expected
that this delivery proceeds via the late endosomes
as an intermediate stage. Because HRP could not
be loaded exclusively into late endosomes, it was
not possible to measure specific crosslinking of
LAMP-1 in this compartment. Therefore, the pres-
ence of >>S-LAMP-1 in late endosomes was cal-
culated as the difference between the amount of
LAMP-1 in the total endocytic pathway and the
combined amounts in early endosomes and lyso-
somes. When the curves in Figure 8 were combined
in this way, the kinetics of delivery to late endosomes
could be calculated as in Figure 9. Kinetic resolution
between late endosomes and lysosomes was not
possible, but the steady-state values clearly indica-
ted that late endosomes constituted a significant
(HRP-containing) reservoir in the endocytic pathway.

The values at early times (<25 min) clearly showed
that the full complement of newly synthesized
LAMP-1 in the endocytic pathway could initially be
ascribed to its presence in early endosomes (no lag
and difference of abundance between endocytic path-
way and early endosomes). Only after about 25 min
did LAMP-1 start to appear in late endosomes and
lysosomes. This allows the conclusion that the path-
way via early endosomes is the only major pathway
during the initial stages of entry into the endocytic
pathway. The values at later times indicated the
relative amounts of LAMP-1 in the respective orga-
nelles at steady state. The maximum crosslinking in
the endocytic pathway of 67% (Figure 8A) was
slightly less than the 76% observed for a very long
labelling pulse with *’S-methionine (Figure 4) and
could be considered to be within the experimental
variation resulting from the two different labelling
conditions (5 vs. 60 min, respectively). This still
left the complementary fraction of about 30% of total
soluble, non-crosslinked LAMP-1 unaccounted for.
Although some of this might be due to LAMP-1 in the
biosynthetic pathway at steady state, the major con-
tribution probably resulted from less than 100%
crosslinking efficiency in HRP-containing organelles,
as suggested by only 77% crosslinking efficiency for
the luminal lysosomal enzyme, hexose aminidase
(data not shown). A minor fraction of non-crosslinked
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LAMP-1 could also be attributed to the plasma mem-
brane, with 2% of LAMP-1 occurring on the cell
surface of chicken fibroblasts (Lippincott-Schwartz
and Fambrough 1986) and of HL60 cells (Carlsson
and Fukuda 1992). When considering only
LAMP-1 in the endocytic pathway (67% normalized
to 100%), we could conclude that at steady state 58%
resided in lysosomes, 10% in early endosomes and

32% in late endosomes (right ordinates of Figures 8
and 9). It is important to point out that our data and
conclusions have been based on the P388D, cell line
and will most likely apply to other macrophage-
like cells as well, but may not be valid for all cell types.

Under steady-state conditions, as in our experi-
ments, it could be expected that the rate at which
LAMP-1 enters into the endocytic pathway was
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constant. The initial 10- to 15-min lag (Figure 8A)
could be ascribed to processing of *’S-LAMP-1
through the endoplasmic reticulum and Golgi. The
observation that the 5-min pulse of *>S-LAMP-1 was
processed within 50-60 min into mature immuno-
precipitable *>S-LAMP-1 (Figure 7), and that by
that time almost the full endocytic contingent of
3>S-LAMP-1 had entered the endocytic pathway
(Figure 8A), suggested that entry into the endocytic
pathway is a rapid process. This is in accordance with
previous observations that for most proteins the
rate-limiting step in their trafficking from the site of
synthesis to their final destination is their exit from the
ER, with subsequent steps being rapid (Lodish et al.
1983).

Our experiments have not measured the fraction of
newly-synthesized LAMP-1 that trafficks through the
plasma membrane. The membrane of early endo-
somes is in rapid dynamic equilibrium with the
plasma membrane and is turned over within less
than 3 min by internalization and recycling of plasma
membrane (Burgert and Thilo 1983; Lippincott-
Schwartz and Fambrough 1986). Due to this rapid
turnover, it is experimentally difficult to resolve the
plasma membrane and early endosomes Kkinetically,
and not possible by the approach of the present study.
The extent of movement through either plasma mem-
brane or early endosomes may thus not necessarily
differentiate between delivery from the TGN along
the secretory pathway to the plasma membrane in
rapid exchange with early endosomes, or along an
intracellular pathway directly to early endosomes
(Hunziker and Geuze 1996; Janvier and Bonifacino
2005).

Several studies have demonstrated the involvement
of adaptor proteins, AP-1, AP-2 and AP-3, in sorting
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steps for LAMP delivery to lysosomes. Evidence
for the involvement of AP-2 and AP-3 supports pas-
sage of LAMP through the plasma membrane/early
endosome compartment. The cytosolic domain of
LAMP-1 binds AP-2, an adaptor localized to the
cell surface (Honing et al. 1996). AP-2 depletion
results in a three- to five-fold higher increase in
cell-surface expression of LAMPs than do the deple-
tion of any of the other adaptor proteins. This results
in a 40-60% reduction in targeting of LAMP to
lysosomes (Janvier and Bonifacino 2005). This sug-
gests that a substantial fraction of newly synthesized
LAMP trafficks via the cell surface. However, the
authors have indicated that the increased proportion
of LAMP on the cell surface could be due to new
arrival from the TGN either via the secretory pathway
or early endosomes. Depletion of AP-3, in Hel.a,
NRK cells and mouse fibroblasts, causes transient
misrouting of LAMP-1 to the plasma membrane with-
out affecting its overall steady-state distribution (Le
Borgne et al. 1998). AP-3 deficiency in Hermansky-
Pudlak syndrome patients’ fibroblasts results in
increased steady-state surface expression of LAMPs,
but not of non-lysosomal proteins (Dell’Angelica et al.
1999). Also, depletion of AP-3 increases LAMP traf-
ficking through the cell surface and causes a less
than two-fold increase of LAMP-1 at the cell-surface
(Janvier and Bonifacino 2005). These observations
implicate AP-3 in LAMP sorting to lysosomes. Evi-
dence that AP-3 mediates LAMP trafficking mainly via
endosomes has been mounting (Dell’Angelica et al.
1997, 1998; Peden et al. 2004; Theos et al. 2005,
Baust et al. 2008). The fact that LAMP-1 has been
localized to AP-1 clathrin-coated vesicles (CCVs) on
the trans region of the Golgi complex (Honing et al.
1996) has suggested that LAMPs are delivered to the

Figure 8. Delivery of newly-synthesized >>S-LAMP-1 into endocytic organelles. (A) The entire endocytic pathway. The endocytic pathway of
P388D; cells was filled with HRP (70 min). In the continued presence of HRP, cells were starved in serum-free and methionine-free medium
(30 min) and then metabolically labelled with >*S-methionine for 5 min at time zero. In total, HRP was endocytosed for 100 min before
metabolic labelling was performed. This was followed by further incubation in the presence of unlabelled methionine and HRP for the
indicated times, when samples were taken and cooled on ice. One half of each sample was treated for HRP-mediated DAB crosslinking. The
other half served to measure total immunoprecipitable >>S-LAMP-1. In both aliquots, soluble >>S-LAMP-1 was quantified by scintillation
counting of the appropriate band after SDS-PAGE of immunoprecipitated LAMP-1. Delivery of >>S-LAMP-1 into the endocytic pathway was
expressed as the amount of crosslinked *>S-LLAMP-1, as a fraction of the total >>S-LAMP-1. The average from six independent experiments is
shown. Vertical error bars indicate variation (SEM) among the data obtained from different experiments as grouped in the time intervals
indicated by the horizontal bars. The curve was fitted manually. 67% of >>S-LAMP-1 was crosslinked at steady state. As indicated by the
ordinate at the right, this value was normalized to represent a steady state of 100% LAMP-1 in the endocytic pathway. (B) Lysosomes. An
HRP-uptake pulse (30 min) was chased into lysosomes for 70 min. This was equivalent to a total time for HRP delivery of 100 min before
metabolic labelling. Cells were starved in serum-free and methionine-free medium during the last 30 min of the HRP-chase and then labelled
with 2>S-methionine for 5 min. This was followed by further incubation in the presence of unlabelled methionine, but absence of HRP for the
indicated times. Samples were processed and data analysed as in (A). The fraction of total >>S-LAMP-1 crosslinked in lysosomes at steady state
was ~39%. The ordinate at the right indicates the fraction of crosslinked LAMP-1 as a percentage of maximal crosslinking in the endocytic
pathway (i.e., 58%). (C) Early endosomes. Cells were starved and metabolically labelled as in (A). HRP was only added during the last 5 min of
each time point. Samples were processed and data were analysed as described in (A). The fraction of crosslinked >>S-LAMP-1 reached a
maximum of about 25% after 30 min and then levelled off to a steady state of ~ 6.8% that was equivalent to 10% of endocytic pathway LAMP-1,
as indicated by the ordinate at the right. The data are compatible with a transient presence of LAMP-1 in early endosomes.
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Figure 9. Comparison of the entry of >>S-LAMP-1 into individual
compartments. The curves obtained for the experiments where
33S-LLAMP-1 was crosslinked in the endocytic pathway (EP), lyso-
somes (LYS) and early endosomes (early EN) were used to calcu-
late the curve for >>S-LAMP-1 entry into the late endosomes (late
EN) by subtracting the sum of the early endosomal and lysosomal
curves from that of the endocytic pathway. At steady state, the
fraction of total >*>S-LAMP-1 crosslinked in late endosomes was
21%. The ordinate at the right indicates the fraction of crosslinked
LAMP-1 as a percentage of maximal crosslinking in the endocytic
pathway, i.e., 32%. The congruence between the curves for early
EN and the EP at early times (<25 min) indicated that all LAMP
entered via early EN.

plasma membrane/early endosome compartment from
the TGN via an intracellular route since CCVs do not
transport their cargo along the secretory route to the
plasma membrane (Urbe et al. 1997). Nevertheless,
observations both for and against the possible involve-
ment of AP-1 in LAMP trafficking indicate that it may
only play a minor or a secondary role (Ohno et al.
1995; Honing et al. 1996; Karlsson and Carlsson
1998; Meyer et al. 2000; Janvier and Bonifacino
2005; Chapuy et al. 2008). Immunofluorescence in
mammalian cells has also localized AP-3 to peri-
nuclear buds or vesicles of the TGN (Simpson et al.
1996, 1997; Dell’Angelica et al. 1997, 1998). While
this was observed to a lesser extent by Peden et al
(2004), in vitro experiments have also shown that the
incorporation of LAMP-1 into Golgi/TGN-derived
vesicles is AP-3 dependent (Chapuy et al. 2008).
Thus the issue whether AP-3 is involved in LAMP
trafficking at the TGN remains controversial
(Dell’Angelica, 2009). The fact that depletion of
AP-1 or AP-3 does not result in accumulation of
LAMP in either the TGN or early endosomes (Janvier
and Bonifacino 2005) suggests that an alternative
mechanism/adaptor may also function in LAMP
trafficking at the TGN or early endosomes.

The involvement of AP-3 in LAMP sorting in early
endosomes may serve to explain the noticeable obser-
vation of the present study that newly-synthesized

LAMP-1 started to appear in late endosomes and
lysosomes only after a lag of about 25 min, rather
than after 5 min, concurrent to the delivery of endo-
cytic contents (e.g., HRP or fluorescently tagged
dextran) to lysosomes (Thilo et al. 1995). One expla-
nation for the delayed forwarding of newly-
synthesized LAMP-1 from early endosomes could
be that in contrast to endocytic contents in vesicular
aspects of early endosomes, they become part of the
tubular sorting endosomes and have to undergo a
sorting step prior to lysosomal delivery. In this regard
it is of interest that LAMPs co-localise with AP-3 to a
novel tubular sorting endosome, where AP-3 has been
implicated in sorting LAMPs from recycling mem-
brane proteins destined for the plasma membrane or
the TGN (Peden et al. 2004). The accumulation of
tyrosinase, destined for melanosomes (lysosome-
related organelles), in endosomes of AP-3-deficient
melanocytes suggests that AP-3 sort proteins directly
from endosomes (Theos et al. 2005). Knockdown of
PI-3P and PI-3 kinase IIIC3 alters AP-3 binding onto
peripheral structures and increases LAMP-1 accessi-
bility to the cell surface (Baust et al. 2008). This
evidence strongly points to a role of AP-3 in sorting
of lysosomal membrane proteins in early sorting
endosomes. The present observation of a lag in lyso-
somal delivery of LAMP can have mechanistic impli-
cations. Random processing of a molecular pulse will
result in first-order kinetics, to be observed by a slow,
but immediate appearance of the pulse. The obser-
vation of a lag under the present pulse-chase condi-
tions implies that the sorting process occurs on the
basis of ‘first-come-first-sorted’ events. Since such a
non-random process cannot be expected to happen at
the level of individual protein interactions, it strongly
suggests that sorting involves segregation into larger
structures with subsequent zero-order processing.
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