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A role for the lysosomal membrane protein LGP85 in
the biogenesis and maintenance of endosomal and
lysosomal morphology
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Summary

LGP85 (LIMP 11) is a type lll transmembrane glycoprotein overexpression of LGP85 impairs the endocytic membrane
that is located primarily in the limiting membranes of traffic out of these enlarged compartments, which may be
lysosomes and late endosomes. Despite being the abundantcorrelated with or account for the accumulation of
molecule of these compartments, whether LGP85 merely cholesterol observed in these compartments. Interestingly,
resides as one of the constituents of these membranes or co-transfection of LGP85 and the dominant-negative form
plays a role in the regulation of endosome and lysosome of Rab5b (Rab5bS34N) abolished the formation of large
biogenesis remains unclear. To elucidate these questions, wevacuoles, suggesting that the GTP-bound active form of
examined the effects of overexpression of LGP85 on the Rab5b is involved in the enlargement of endosomal/
morphology and membrane traffic of the endosomal/ lysosomal compartments induced by overexpression of
lysosomal system. Here we demonstrate that LGP85. Thus, these findings provide important new
overexpression of LGP85 causes an enlargement of insights into the role of LGP85 in the biogenesis and the
early endosomes and late endosomes/lysosomes. Suchmaintenance of endosomes/lysosomes. We conclude that
a morphological alteration was not observed by LGP85 may participate in reorganizing the endosomal/
overexpression of other lysosomal membrane proteins, lysosomal compartments.

LGP107 (LAMP-1) or LGP96 (LAMP-2), reflecting a

LGP85-specific function. We further demonstrate that Key words: LGP85, Lysosome, Membrane traffic, Rab5

Introduction limiting membrane of lysosomes remain in the limiting

Lysosomes are acidic membrane-bound organelles involved fRémbrane of the MVB. _

degradation of extracellular materials internalized by It has been considered that lysosomal membrane proteins
endocytosis and intracellular materials derived from within?@ve multiple functions, such as sequestration of numerous
cells by autophagy (de Duve, 1983; Kornfeld and Mellman?c'd. hydrolases, maintenance of_an acidic mtralysosomal
1989: Hunziker and Geuze, 1996). The formation of lysosomeVironment, transport of degradation products (amino acids
requires protein transport from the biosynthetic and th(.§nd carbohydrates) from the lysosomal |umen to the

: : : toplasm, and specific interaction and fusion between
endocytic pathway. Proteins destined to be targeted %osomes and other organelles (Fukuda, 1991; Peters and von

lysosomes are delivered to an acidic endosomal compartme&( ura, 1994: Hunziker and Geuze, 1996). The limiting

. . |
either from the trans-Golgi network (TGN) or from the plasmg, o -ane of lysosomes contains a characteristic set of highly
cosylated transmembrane proteins. Based on their amino

membrane via endocytosis. Following delivery to endosome |

cerFain_receptor molecules are segregated from proteins thatiq sequences deduced from cDNA cloning of different
reside in lysosomes and recycle back to the TGN or t0 thgyecies, five major membrane proteins, LAMP-1, LAMP-2,
plasma membrane (van Deurs et al., 1993; Gruenberg ap\\p-3 (also known as LIMP | or CD63), LGP85 (LIMP 1)
Maxfield, 1995; Futter et al., 1996). During this process, &nd lysosomal acid phosphatase, have been identified. Among
subset of membrane proteins targeted to lysosomes f@iem, LAMP-1 and LAMP-2 are the best characterized
degradation is sorted into vesicles that invaginate from th@fsosomal membrane proteins; they contain a large luminal
limiting membrane of endosomes. This process forms domain bearing a number of N-linked oligosaccharide chains,
multivesicular body (MVB), the late endosome, whicha single transmembrane anchor, and a short cytoplasmic
subsequently fuses directly with lysosomes (Futter et al., 199@pmain bearing a tyrosine-based motif, which is necessary and
Bright et al.,, 1997). By contrast, proteins destined for theufficient for their targeting to lysosomes (Williams and
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Fukuda, 1990; Harter and Mellman, 1992; Guarnieri et al., In the present work, we have overexpressed several
1993; Honing and Hunziker, 1995; Gough and FambrougHysosomal membrane proteins in COS cells and analyzed their
1997; Gough et al., 1999). effect on the morphology and membrane traffic of the

LGP85 (LIMP 1), one of the major lysosomal membraneendosomal/lysosomal system. We show that overexpression of
proteins (Barrinocanal et al., 1986; Okazaki et al., 1992), iEGP85 specifically results in large swollen vacuoles, which
characterised by a different structure. Unlike LAMP-1 andchave characteristics of endosomes and lysosomes. We also
LAMP-2, which are type | membrane proteins, LGP85 is a typshow perturbation of membrane traffic out of, and
Il membrane protein that is inserted into the intracellularmccumulation of free-cholesterol in, these enlarged endosomal
membrane by an N-terminal uncleavable signal sequence aadd lysosomal compartments. Together with an inhibitory
a short C-terminal domain (Vega et al., 1991; Fujita et aleffect of the dominant-negative form of Rab5b on the
1991; Fujita et al., 1992). In addition, the signal responsibléormation of large vacuoles induced by overexpression of
for targeting of LGP85 to lysosomes is also different. InsteailGP85, we conclude that LGP85 may be involved in the
of a tyrosine-based motif, a di-leucine-based motif preseriiogenesis of endosomes/lysosomes and in the reorganization
in the C-terminal cytoplasmic domain mediates effectiveof the endosomal/lysosomal compartments, presumably
lysosomal targeting (Ogata and Fukuda, 1994; Sandoval et ahrough the interaction with a machinery regulating vesicular
1994). fusion or fission.

So far, two different pathways for transport of newly
synthesized lysosomal membrane proteins have been proposed
(reviewed by Hunziker and Geuze, 1996). One of them is thiaterials and Methods
direct intracellular route that delivers these proteins from th#aterials
TGN to lysosomes via endosomes. The other is the indireCulture media and fetal calf serum were purchased from Gibco BRL
route in which newly synthesized lysosomal membrandGrand Island, NY). Filipin and lipoprotein-deficient bovine serum
proteins are transported from the TGN to the plasma membrafle’DS) were obtained from Sigma (St Louis, MO). Alexa-594-

and subsequently delivered to lysosomes via the endocyﬁ"@njugated human transferrin (Tfn), epidermal growth factor (EGF),
pathway. In both, direct and indirect intracellular routesblotlnylated, complexed to Texas Red streptavidin, Texas Red-

. L : : conjugated dextramv; 70,000 lysine fixable), and Alexa-488-, Alexa-
traf(fjlpktlng bang. ?.Omtnr? tOf I)t/stosoma_l mgm?rane pr(l)telns Sr 94-, and Cascade Blue-labeled secondary antibodies were purchased
mediated by distinct heterotetrameric adaptor COmMpIeXes. FOlhy, \volecular Probes (Eugen, OR). FUGENE 6 was from Roche

adaptor complexes, AP-1, AP-2, AP-3, and AP-4, and GGARyqlecular Biochemicals (Indianapolis, IN). pcDNA3.1 was obtained
have been described and are thought to function in the transpggm Invitrogen (Groningen, The Netherlands).

of cargo proteins into the endocytic and lysosomal pathways

(reviewed by Kirchhausen, 1999; Robinson and Bonifacino,

2001). Recent studies have pointed to a participation of Ap-/3ntibodies

in sorting of several lysosomal membrane proteins includingrabbit polyclonal antibodies to rat LGP85 were raised against the
LAMPs and LGP85 (LIMP 1) to lysosomes from the TGN or Purified LGP85 from isolated rat liver lysosomal membranes

i ina. i — (Okazaki et al., 1992). Mouse monoclonal antibodies to rat LGP85
(rannéiti(])(:org]:gn?n&ngetbo;fll ty;-%sggfa fen dB%rle#: Ineet b:fedlz%gl.éad LGP96 were kindly provided from Kenji Akasaki (Fukuyama
Dell’Angelica egt al 1959) ! 9 v "University, Japan). Rabbit polyclonal antibodies to rat LGP107 have

; - L L een previously described (Furuno et al., 1989a). Mouse monoclonal
Several lines of evidence in vivo and in vitro have revealedniipodies to human LAMP-2 were obtained from the

that late endosomes and lysosomes undergo multiple cycles gévelopmental Studies Hybridoma Bank maintained by the
fusion and fission (Storrie and Desjardins, 1996; Futter et alyniversity of lowa (lowa City, IA). Mouse monoclonal antibodies
1996; Bright et al., 1997; Mullock et al., 1998; Luzio et al.,to early endosome autoantigen 1 (EEA1) and GM130 were
2000). This implies that late endosomes and lysosomes arefnrchased from Transduction Laboratories (Lexington, KY). Mouse
dynamic equilibrium with each other (Mellman, 1996). Thismonoclonal antibodies to human Tfn receptor (TfnR) were obtained
could explain why all lysosomal membrane proteins reside botfliom Zymed Laboratories (San Francisco, CA). Mouse monoclonal
in late endosomes and lysosomes. In vitro fusion experimenﬁg'nbgcoll(')ensaltgm'i:t')-(ﬁj?eswg I%Eggisgﬁgcsr;)iﬁ%i;rgm g S(Il_an;i) v'\\//lgruesz
have identified several different molecules, such as NSF, SNARE G ™ " e Kobavashi (RIKEN,  Tokyo). Rabbit
and Rab GDI-sensitive GTPase, to be involved in fusion betwe lyclonal antibodies to rat cation-independent mannose 6-
late endosomes and lysosomes (Mullock et al., 1998). Howeveygsphate/insulin-growth factor Il receptor (MPR300) were raised
the precise molecular mechanisms responsible for latgyainst a fusion protein encoding glutathion S-transferase coupled
endosome-lysosome fusion have not yet been establishad.a portion of the cytoplasmic tail (amino acids 2313 to 2409) of
Despite the extensive knowledge regarding intracellular trafficat MPR300 (MacDonald et al., 1988).
of lysosomal membrane proteins, there is still no direct evidence
whether lysosomal membrane proteins are involved i
membrane traffic between late endosomes and lysosomes.
overexpression of lysosomal membrane proteins caus@
O

mo:phk;)_loglcal Cganges 'n.:%te. enf)o?v?lmestﬁndlor Iysosotmes penicillin/streptomycin/ml in humidified 95% air and 5% £&
perturbing membrane equilibrium between these companmenis;oc the cells were plated onto 13 mm coverslips the day before

it could be possible that lysosomal membrane proteingansfection. The full-length rat LGP85 (Fujita et al., 1991), rat
themselves are involved in the membrane traffic between lafesp107 (Himeno et al., 1989), or rat LGP96 (Noguchi et al., 1989)

endosomes and lysosomes — directly or indirectly — asDNA was then inserted into the expression vector pcDNA3.1
components of a machinery regulating docking/fusion or fissior{invitrogen). The human wild-type Rab5b, Rab5bQ79L, and

?II culture and transfection

S-1, HeLa, MDCK, NRK and NIH3T3 cells were cultured in
EM supplemented with 10% FBS, 2 mM glutamine, and 100 units
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Rab5bS34N cDNAs inserted into the pCMV5-Flag vector (Kurosutemperature. Cells were stained (and permeabilized) with 0.05%
and Katada, 2001) were kindly provided from Kota Saito and ToshiaKilipin in PBS for 1 hour, followed by immunostaining for LGP85.
Katada (Tokyo University, Japan). The transfections were carried out
with FUGENES, according to the manufacturer’s instructions. After ]
36 hours the cells were used for immunocytochemical experimentsimmunoelectron microscopy
Cells were cultured on 10 cm plastic dishes and transfected with

) LGP85. Monolayers were fixed in 4% paraformaldehyde in 0.2 M
Immunofluorescence microscopy Hepes, pH 7.4 for 2 hours at room temperature, and then stored in 2%
Cells cultured on coverslips and transfected with LGP85 were rinsegaraformaldehyde in the same buffer. The cells were embedded in
with phosphate-buffered saline (PBS), fixed immediately in 4%10% gelatin, infiltrated with 17% polyvinylpyrrolidone-1.8 M
paraformaldehyde (PFA) in PBS, pH 7.4, for 15 minutes at roonsucrose, and frozen in liquid nitrogen. Thin frozen sections were cut
temperature, and permeabilized with 0.05% saponin in PBS for 1&t —100°C and picked up with sucrose-methyl cellulose. The sections
minutes or methanol for 5 minutes at 0°C (for EEA1 were immunolabelled with rabbit anti-LGP85 mixed with either
immunostaining). To label lysosomes, cells cultured on coverslipmouse anti-LAMP-2 or LBPA, followed by a mixture of goat anti-
were incubated with Texas Red-labeled dextran (1 mg/ml) in seruntabbit-10 nm gold and goat anti-mouse 5 nm gold (British BiCell,
free DMEM with 1 mg/ml BSA for 4 hours at 37°C and then culturedCardiff, UK).
in normal medium for 20 hours. After that, cells were transfected with
LGP85, fixed in 4% PFA in PBS at 12, 24 or 36 hours post-
transfection, and permeabilized with 5@ ml digitonin in PBS. Cells  Resylts
were quenched with 50 mM NEI in PBS for 15 minutes and . .
blocked with 1% bovine serum albumin (BSA) in PBS for 30 minutesEXpreS_SIOn of rat LGP8S in COS cells causes the
The cells were then incubated for 1 hour in the primary antibodjormation of large swollen vacuoles
diluted in blocking solution using the following dilutions of the The cDNA encoding rat LGP85 was inserted into an expression
primary antibodies: anti-LGP85 antibody (1:3000), anti-LAMP-2vector, pcDNA3.1, and was transiently transfected into COS
antibody (1:100), anti-EEA1 antibody (1:100), anti-LBPA antibody cells. Thirty-six hours after transfection, cells were fixed and

(1:100), anti-MPR300 antibody (1:300), anti-GM130 antibodyintracellular localization of LGP85 visualized by indirect
(1:100), and anti-FLAG antibody (1:300). The cells were washed withy, 1y nofluorescence  microscopy. The antibodies raised
blocking solution and incubated for 30 minutes with the secondar

antibodies diluted in blocking solution. Coverslips were then washe %’ﬂsnSt Irlat IL?PBE:[.dKlj not recognlzefel_rggggnous ItL(éP8E,Ehm
three times with blocking solution, rinsed with water, and mounte cells. Interestingly, expression o resufted in the

onto glass slides. Visualization of acidic compartments by 3-(2,42PPearance of numerous large swollen vacuoles throughout the
dinitroanilino)-3-amino-N-methyldipropylamine  (DAMP) ~ was Cytoplasm, all of which were stained with LGP85 antibody

carried out using the acidic granule kit (Oxford Biomedical ResearcHFig. 1A). Moreover, these large swollen vacuoles were also
MI) according to the manufacturer’s instructions. Fluorescence wagasily seen as phase lucent vacuoles by phase contrast
viewed using a fluorescence light microscope (Leica DMRB; Wetzlarmicroscopy (Fig. 1B) which, therefore, makes it easy to
Germany) and a 63oil immersion lens. Photographic images were distinguish transfected cells from untransfected cells. Under
?Cqu'red US'”Qr a COO'GSU)CCD Camerg‘ (M'_CrOMQT?bPr'”C;tO”the conditions used, LGP85 was expressed in more than 80%
nstruments, - Trenton, » processed using IFlab  SONWarGs qa|js and approximately 80% of the positive cells displayed
(Scanalytics, Fairfax, VA), and merged using Adobe Photoshop, oo syollen vacuoles, while the remainder exhibited small

software (Adobe Systems, Mountain View, CA). For some tat fruct | I ith | I |
experiments, the cells were analyzed by confocal laser scanniarg‘mcae structures. In- celis - wi arge swollen vacuolar

microscopy using a Radiance 2100 MP confocal microscope (Bio-Ra?taining, weak staining of the nuclear envelope and the ER
Laboratories, Richmond, CA) with an argon/krypton laser, the Re§0uld be sometimes observed. It seems likely that large swollen
Diode laser, and the Blue Diode laser. vacuoles could be formed only in cells overexpressing LGP85.
The size of the vacuoles varied among individual cells, ranging
. o from 2-10um depending on the time after transfection. The
Tfn, EGF and dextran internalization formation of large swollen vacuoles induced by overexpression
For Tfn internalization, cells cultured on coverslips and transfectegf | GP85 was also observed in HeLa (Fig. 1C,D), MDCK cells
with LGP85 were incubated in serum-free DMEM with 1 mg/ml BSA (=
30 it and o it A 55 abled i (i for (1% L) 82 el as U251, N and NHATS cel cat o
minutes at 37°C. For internalization, cells cultured o " MR . > .
coverslips and transfected with LGP85 were incubated in serum-fnr;}féa.n.SfeCt'on varied in C?” types (F'.g' 1). Since the transfection
DMEM with 1 mg/ml BSA for 12 hours and then with EGF, efficiency was much hlgher than in other cell lines, we used
biotinylated, complexed to Texas Red streptavidin (&8nl) for 1 COS cells in all following experiments.
hour at 4°C. Cells were then shifted to 37°C for 3 hours to allow
internalization. For dextran internalization, cells cultured on
coverslips and transfected with LGP85 were washed with serum-fredppearance of large vacuoles is specific to expression
DMEM with 1 mg/ml BSA and then incubated with Texas Red-of LGP85
|abe|ed deX'[I’an (l mg/ml) fOI’ 30 mlnuteS at 37°C. After a Chase Of We examlned Whether the appearance of Swollen Vacuoles |S
hours, cells were washed with PBS, fixed in 4% PFA in PBS, andqific to expression of LGP85. To this end, either LGP107
permeabilized with 50ug/ml_digitonin in PBS, followed by o1 | AMP-1) or LGP96 (rat LAMP-2) cDNA, both of which
immunostaining for LGP8S, EEAL, or LAMP-2. are well known as late endosome/lysosome markers (Furuno et
al., 1989a; Furuno et al., 1989b), was expressed in COS cells.
Filipin staining We have previously isolated lysosomal membranes from rat
Cells cultured on coverslips and transfected with LGP85 were rinsdiver (Ohsumi et al., 1983). We analyzed them on SDS-PAGE
with PBS, fixed in 4% PFA in PBS, pH 7.4, for 30 minutes at roomand Coomassie blue staining and found that LGP107 and
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COS HelLa MDCK

Fig. 1. Overexpression of
LGP85 in COS cells causes
large swollen vacuoles. Cultured
COS (A,B), HeLa (C,D), or
MDCK (E,F) cells were
transiently transfected with
LGP85 and after 36 hours were
fixed and processed for
immunofluorescence
micrography using anti-LGP85
polyclonal antibody as described
in Materials and Methods.
Upper panels (A,C,E) show the
LGP85 staining and the lower
panels (B,D,F) show the
corresponding phase-contrast
micrographs. Bars, 20m.

LGP96 are the most abundant proteins of the lysosomalas localized as small punctate structures throughout the
membrane. Based on our results, we consider the relatiegtoplasm in untransfected cells. By contrast, expression of
abundance of lysosomal membrane proteins to be tHeGP85 resulted in an alteration of EEAL distribution; most of
following: LGP107=LGP96>LGP85>acid phosphatase>EEAL colocalized with LGP85 on the limiting membrane of
LAMP-3. In contrast to LGP85, large swollen vacuoles werdarge vacuoles (Fig. 3G-l). In this case, however, only a
never observed in cells expressing LGP107 or LGP96 (Fig. 2)ew LGP85-positive large vacuoles that were located
indicating that the formation of large swollen vacuoles igoredominantly near the perinuclear region were stained with
specific to expression of LGP85. Essentially, identical resultEEA1l antibodies. TfnR, an early and recycling endosomes
were obtained using other cell types described above (data noarker, was also observed in a few LGP85-positive large
shown). vacuoles (Fig. 3J-L) as seen with EEAL1 staining. In contrast to
these endosomal and lysosomal markers, MPR300, which
o localizes in the TGN and late endosomes and cycles between
Characterization of large vacuolar compartments these compartments (Griffith et al., 1988; Stoorvogel et al.,
induced by overexpression of LGP85 1991; Kornfeld, 1992), was distributed predominantly in the
To clarify the characteristics of LGP85-induced large swollemperinuclear region and was not seen in the LGP85-induced
vacuoles, we carried out double labeling with several welllarge vacuoles (Fig. 3M-O). Although MPR300 has also
characterized organelle markers. LAMP-2, which localizes ibbeen used as a TGN/late endosome marker, MPR300 never
both late endosomes and lysosomes, was predominantbyerlapped with LBPA nor LAMP-2, even in untransfected
detected on the limiting membrane of LGP85-positive swollertells, suggesting that MPR300 localizes mainly in the TGN
large vacuoles (Fig. 3A-C). However, LAMP-2 staining did notin COS cells. This notion was further supported by the
completely overlap with LGP85; some LGP85-positive largeobservation that treatment of cells with BFA, a drug that is
vacuoles were always negative for LAMP-2. Similar resultknown to cause extensive tubulation of the TGN and early
were obtained with LBPA, a late endosome-specific markeendosomes (Lippincott-Schwartz et al., 1991; Wood and
(Kobayashi et al., 1998). Although LBPA is known to beBrown, 1992), altered perinuclear distribution of MPR300 to
enriched in internal vesicles of the late endosome, LBPAubular staining pattern (data not shown). Similarly, syntaxin
staining was predominantly found as punctate structures i, a TGN marker (Bock et al., 1997) was not localized in large
close proximity to or overlapping with LGP85 within or in the swollen vacuoles induced by overexpression of LGP85 (data
vicinity of the limiting membrane of large vacuoles (Fig. 3D-not shown). GM130, which localizes in cis-Golgi (Nakamura
F). EEAL, a marker for the early endosome (Mu et al., 1995t al., 1995), showed a relatively compact staining pattern
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LGP85 _LGP107 LGP96

Fig. 2. The formation of large
swollen vacuoles is specific to
the overexpression of LGP85.
COS cells were transiently
transfected with LGP85 (A,B),
LGP107 (C,D), or LGP96
(E,F), fixed and stained with
each polyclonal antibody. Cells
were visualized by
immunofluorescence
microscopy. Upper columns
(A,C,E) show the LGP85,
LGP107 and LGP96 staining,
respectively, and the lower
columns (B,D,F) show the
corresponding phase-contrast
micrographs. Bars, 20m.

located on one side of the nucleus and did not localize imost of the cells overexpressing LGP85, and some of them
LGP85-positive large vacuoles (Fig. 3P-R). Taken togethekyere positive for either LAMP-2 or EEA-1 (data not shown),
these results indicate that overexpression of LGP85 resultsereby indicating that lysosomes were not involved in the
in an enlargement of at least two distinct populations ofnitial formation of large vacuoles and overexpression of
endosomal compartments, early endosomes and latg&5P85 did not cause the enlargement of lysosomes. In cells
endosomes/lysosomes. No enlargement of TGN and Goljixed 24 hours after transfection of LGP85, significant amounts
compartment was observed. Therefore, we conclude thaf preloaded Texas Red-dextran were seen in LGP85-negative
overexpression of LGP85 selectively affects endosomamall punctate structures (Fig. 4D-F). A small number of
compartments. LGP85-positive large vacuoles contained Texas Red-dextran,
which was seen within or in the vicinity of the LGP85-positive
large vacuoles. These results suggest that at this time most of

LGP85-induced large vacuoles are not derived from LGP85-induced large vacuoles still have characteristics of late
lysosomes, but eventually fuse with the preexisting endosomes, but not of lysosomes. A significant colocalization
lysosomes between LGP85 and preloaded Texas Red-dextran in large

We next investigated the possible involvement of lysosomes iswollen vacuoles was observed in cells 36 hours after
the formation of large swollen vacuoles by overexpression dfansfection (Fig. 4G-1). Maximum overlap of the two markers
LGP85. In order to observe morphological alteration ofwas observed after 36-48 hours of expression. Taken together,
lysosomes, cells were first incubated with Texas Red-dextrahese results suggest that the large vacuoles induced by
for 4 hours and chased for 20 hours to label lysosomesverexpression of LGP85 may first arise from homotypic
Then LGP85 was transfected and the cells subjected fasion of early and late endosomes, respectively, and the late
immunofluorescence at the indicated times after transfectioendosome-like large vacuoles may gradually fuse with
With this procedure, in untransfected cells Texas Red-dextrdgsosomes.

exhibited a small punctate staining scattered throughout the

cells and in the perinuclear region, most of which colocalized )

with endogenous LAMP-2 (data not shown), suggestin%OSt of LGP85-induced large vacuoles are electron

that Texas Red-dextran-containing vesicles are mainly latgicent

endosomes/lysosomes. Interestingly, there was no significait characterize LGP85-induced large vacuoles in more detail,
overlap of preloaded dextran with LGP85 after 12 hours ofve performed immunoelectron microscopic analysis with
transfection (Fig. 4A-C). However, at this time numerous largseveral antibodies. As shown in Fig. 5A-C, most of LGP85-
vacuoles were already visible by phase-contrast microscopy induced large vacuoles seemed empty, displaying the
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appearance of swollen vacuoles, consistent with phassubset of large swollen vacuoles positive for LGP85, which
contrast microscopy. The limiting membrane of these largés consistent with the results obtained with double-labeling of
vacuoles often appeared as double membrane (Fig. 5A,BGP85 and EEA-1 or TfnR (Fig. 3C).

arrowheads). Membrane whirls

and myelin figures were se
inside these large vacuol
LAMP-2 labeling was observe
mainly on  the limiting
membrane of the vacuoles (F
5C). LBPA labeling wa
predominantly found associat
with the internal membranes, t
some labeling was close
associated with the limitin
membrane (Fig. 5D, arrows).
cells expressing LGP85 at a vi
low level (which does not cau
the formation of large vacuole:
LBPA labeling was detected
internal vesicles of MVB (Fic
5E), similar to results report
previously (Kobayashi et a
1998). These results suggest
an increase of vesicle fusi
and/or decrease of interr
vesicle invagination b
overexpression of LGP85 m
lead to the formation of larg
swollen vacuoles.

A subset of LGP85-induced
large vacuoles is accessible
to endocytosed tracers

To examine whether LGP8
induced large vacuoles are
compartment that is accessi
to endocytic markers, CC
cells expressing LGP85 we
allowed to internalize eith
fluorescence-labeled-Tfn, -EC
or -dextran. Tfn, which is bour
to its receptor on the c¢
surface, is internalized v
clathrin-coated vesicles, and
transferred to early endosom
Receptor-ligand complexes ¢
rapidly recycled back to the c
surface. Tfn was fed for :
minutes to cells transfect
with LGP85 (Fig. 6A-C). Ir
untransfected cells, internaliz
Tfn predominantly distribute
as small punctate structul
in the  perinuclear ar
peripheral regions, presumal
representing the  recyclir
endosome and the sorti
endosome, respectively.

contrast, in cells overexpressi
LGP85, Tfn was found in

LGP85 Marker Merge

Fig. 3. Cytochemical characterization of the LGP85-induced large swollen vacuoles. COS cells were
transiently transfected with LGP85, and 36 hours post-transfection were fixed and double-labeled for
LGP85 (left) and LAMP-2 (B, middle), LBPA (E, middle), EEAL (H, middle), TfnR (K, middle),
MPR300 (N, middle), and GM130 (Q, middle). Cells were visualized by immunofluorescence
microscopy. The right columns show the merged images of LGP85 (red) and each marker (green).
Bars, 20um.
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EGF binds to its receptor on the cell surface, and receptolarge swollen vacuoles, in which they colocalized with EEAL,
ligand complexes are internalized by clathrin-coated vesiclebut not with LAMP-2 (Fig. 8). This is consistent with the
Unlike Tfn, EGF and its receptor are further transported toesults obtained with endocytic markers, such as Tfn, EGF
lysosomes via endosomes and are finally degraded &nd dextran. Thus, the LGP85 in early endosome-like large
lysosomes. Cells transfected with LGP85 were incubated withacuoles may reach the endosomes through the indirect
Texas-Red-labeled EGF for 1 hour at 4°C and chased for up pathway of newly synthesized LGP85 via the cell surface.

3 hours at 37°C. After 3 hours of chase, Texas Red-EGF was
seen on the limiting membrane of a subset of LGP85-positive _
|arge vacuoles (F|g 6D_F) The same Staining pattern Wg_@holesterol accumulatefs In Iarge swollen vacuoles
obtained when Texas-Red dextran was internalized for 3 houtigduced by overexpression of LGP85
in cells overexpressing LGP85 (Fig. 6G-l). These resultSeveral recent studies demonstrated that accumulation of
indicate that only a subset of LGP85-induced vacuoles isholesterol in late endosomes/lysosomes causes a defect of
accessible to endocytic markers. subsequent retrograde and anterograde membrane traffic
(Kobayashi et al., 1999; Neufeld et al., 1999). Therefore, we
. o ) examined the distribution of cellular cholesterol in LGP85-
Membrane traffic out of the early endosome is impaired expressing cells using filipin, a specific antibiotic against free-
by overexpression of LGP85 cholesterol (Blanchette-Mackie et al., 1988). It is known that
To characterize the nature of the LGP85-induced larg&ee-cholesterol predominantly distributes on the cell surface
vacuoles accessible for endocytic markers in more detail, was well as the Golgi (Mukherjee and Maxfield, 2000). Indeed,
examined the distribution of these endocytic markers by doubie untransfected cells filipin staining was detected on the
labeling with EEA1 or LAMP-2. Alexa-594-labeled Tfn was cell surface and in the perinuclear region (Fig. 9C). By
internalized for 30 minutes and the cells were fixed and labelezbntrast, overexpression of LGP85 dramatically altered filipin
with either EEAL (Fig. 7A-D) or LAMP-2 antibodies (Fig. 7M- staining to the large vacuoles in which LGP85 was located
P). In cells expressing LGP85, Alexa-594-
labeled Tfn completely colocalized with EE
(Fig. 7A-D), but not with LAMP-2 (Fig. 7M-P
in large swollen vacuoles. EGF, which
bound to cell surface receptor for 1 hour at
and chased for 3 hours at 37°C, was also
only in EEAl-positive large swollen vacuo
(Fig. 7E-H). In untransfected cells, on the o 12
hand, EGF was observed in LAMP-2-posi
vesicles (Fig. 7Q-T), and never colocalized \
EEAl (Fig. 7E-H). The same results w
obtained with Texas-red dextran (Fig. 71-L
X). Taken together, these results indicate
overexpression of LGP85 causes not onlh
enlargement of both early endosomes and
endosomes/lysosomes but also a defec
membrane traffic from early endosomes to 24h
late endocytic compartment. Additiona
during a subsequent 3 hours chase
withdrawal of Tfn, most of the internalized 1
disappeared from untransfected cells, w
significant amounts of the internalized Tfn w
still retained in the LGP85-positive lar
swollen vacuoles (data not shown). Therefol
is evident that the recycling pathway from
LGP85-induced, enlarged, early endosome
compartment to the cell surface is also impa 36h

The result that both early endosome-
late endosome-like large vacuoles appe
simultaneously leads us to speculate tha
enlarged early endosomes are formed by LC
molecules that are delivered through an ind
route via the cell surface. If this is the c:

LGP85 Dextran Merge

Fig. 4. Overexpression of LGP85 does not cause enlargement of lysosome, but results
. . - in formation and accumulation of the late endosome-lysosome hybrid organelle. To
antibodies against LGP85 added e>_<trace||u label lysosomes, COS cells were incubated with Texa);—Red dext¥an for ?1 hours and
would be taken up and retained in the €  hageq for 20 hours. After that, cells were transiently transfected with LGP85 and
endosome-like large vacuoles induced fixed at 12 (A-C), 24 (D-F), and 36 (G-I) hours after transfection, followed by staining
overexpression of LGP85. As expec for LGP85 (A,D,G, green). Cells were visualized by confocal microscopy. The right
antibodies were internalized only in cells v columns show the merged images of LGP85 (green) and dextran (red). Baws, 20
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indicate that cholesterol found in LGP85-

positive large vacuoles derives from either
the cell surface or de novo synthesis in cells
rather than from extracellular lipoproteins

such as LDL. Therefore, it may be

conceivable that the block of traffic out of

the endosomal/lysosomal compartments in
LGP85-expressing cells causes the
accumulation of cholesterol in these
compartments.

LGP85-induced large vacuoles are
acidic
Lysosomotropic amines, such as iU
and methylamine, have been shown to
cause vacuolation of acidic compartments
(Ohkuma and Poole, 1981; Davis and Lyerla,
1997). The effect of these amines is due to
raising the pH of intra-endosomal/lysosomal
compartments by  accumulation  of
protonated base (Ohkuma and Poole, 1981).
However, the LGP85-induced large vacuoles
were found to be acidic compartments as
judged by staining with DAMP (data not
shown), which is a basic congener of
. dinitropheol and accumulates in acidic
R R o - organelles (Anderson et al, 1984).
R e et 1, Specificity of the DAMP staining was
Pl s anTR oS MR . . demonstrated by showing that when cells
) F'g s.glltrastructurall a”ac'>g'§' °f|'I-GP85' were pretreated with 50 mM NBI before
e oo cps ans,  Inoubaiing wih DAWIP the DAVIP staining
after 36 hours of transfection, were was no longer detected in the LGP.BE?'
processed for immunoelectron microscopy.'ndl‘Icecl large vac!.l_oles nor elsewhere within
Ultra-thin sections were either single- the cells. In addition to the fact that the
labeled with anti-LGP85, followed by anti- vVacuolar size in NkCl-treated cells is much
rabbit IgG-10 nm gold (A,B) or double- smaller than that in LGP85-overexpressing
labeled with anti-LGP85, and anti-LAMP- cells (data not shown), these results imply
2 (C, arrowheads), or anti-LGP85 and anti-that mechanism(s) responsible for the
LBPA (D,E, arrowheads), followed by anti- formation of large vacuolar compartments by

rabbit IgG-10 nm gold and anti-mouse  gyerexpression of LGP85 differ from that by
IgG-5 nm gold. Arrowheads in A show the lysosomotropic amines.

double limiting membrane structure of
LGP85-induced large vacuoles, and a

higher magnification image is shown in B. : . . .
Panel D shows a portion of the limiting Expression of dominant-negative Rab5b

membrane of one large LGP85-containing vacuole, with the lumen of the vacuole impairs the format'on of large vacuoles
occupying the upper half of the panel. Note that some LBPA labeling is seen on internfY Overexpression of LGP85
membranes closely associated with the limiting membrane of the vacuole (D, arrows).Rab GTPases are known to play key roles in
Bars, 200 nm. regulation of membrane traffic in the
endosomal/lysosomal system (Zerial and
McBride, 2001). Recent studies have
(Fig. 9A-D). Neither LGP107 nor LGP96 expression causedmplicated Rab7 and Rab5a in the biogenesis of lysosomes
accumulation of cholesterol in the late endosome/lysosom@ucci et al., 2000; Rosenfeld et al.,, 2001). Especially,
(data not shown). expression of a GTPase-defective Rab5a (Rab5aQ79L) caused
To further examine whether the cholesterol accumulating iappearance of large vacuoles, which contain several lysosomal
LGP85-positive large vacuoles is derived from lipoproteins irmarker proteins including LAMP-1, LAMP-2 and cathepsin D
serum, cells were cultured for 24 hours in lipoprotein-deficien(Rosenfeld et al., 2001). In an attempt to learn more about the
serum (LPDS) and transfected with LGP85 in a mediummechanism(s) by which LGP85 induces the enlargement of
containing LPDS. As shown in Fig. 9E-H, large vacuoles werendosomes/lysosomes, we examined the involvement of Rab5.
formed even in the presence of LPDS. There was no differen€onsistent with results previously reported (Rosenfeld et al.,
in filipin staining compared with normal medium. These result2001), we observed that expression of FLAG-tagged GTPase-
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Endocytic was Ispecific, bec?use such Iarl?e
vacuoles were not seen in cells
LGP85 Marker Merge expressing vector alone or two other
(B) lysosomal membrane proteins, LGP107
(LAMP-1) or LGP96 (LAMP-2). We
further demonstrated that most of these
vacuoles were relatively electron lucent
compartments. In addition to these
morphological alterations, membrane
traffic out of these compartments was
also impaired by overexpression of
LGP85. Since their size increased but
their number decreased with increasing
time of transfection (data not shown),
the formation of large vacuoles induced
by overexpression of LGP85 may result
from (1) an increased fusion of
incoming vesicles and/or homotypic
fusion of endosomes and subsequent
fusion of the lysosome; and (2) a defect
of invagination and/or vesicle budding
from the limiting membrane. It is also
possible that the formation of large
vacuoles is due to increased biogenesis
of the limiting membrane, which could
be induced by LGP85 overexpression.
Similar large vacuoles have been
observed when the invariant chain (i)
was expressed (Romagnoli et al., 1993;
Stang and Bakke, 1997). Although a
transient expression of the li in COS
cells caused mainly the enlargement of
early endosome (Romagnoli et al.,

Tfn

EGF

Dextran

Fig. 6. A subset of LGP85-induced large swollen vacuoles is accessible to transferrin, EGF
dextran added externally. COS cells transfected with LGP85 for 36 hours were incubated . S
Alexa594-transferrin (re)(; in A-C), Texas Red-EGF (red in D-F), or Texas Red-dextran (redmﬂ'n 93), a :_stable expression of 1i in
G-l) as described in Materials and Methods. Cells were then fixed, stained with LGP85 (gr man  fibroblasts  induced the
in A, D and G), and visualized by confocal microscopy. The right columns (C,F.l) show the €nlargement of early endosomes,
merged images of LGP85 (green) and each endocytic marker (red). Bans, 20 ate  endosomes/prelysosomes and
lysosomes (Stang and Bakke, 1997).
These enlarged endosomal vacuoles
defective Rab5b (Rab5bQ79L) in COS cells caused theere accessible for fluid phase markers, but a delay of their
formation of LAMP-1-positive large vacuoles (data notendosome to lysosome transport was observed. The i
shown). Interestingly, co-transfection of FLAG-taggedexpression-induced, early endosome-like vacuoles appear to be
dominant-negative Rab5b (Rab5bS34N) and LGP85 in COfdrmed by the indirect transport route of newly synthesized li
cells impaired the formation of large vacuoles, leading twia the cell surface (Stang and Bakke, 1997). Therefore, most
dispersal of LGP85-positive small vacuoles throughout thef the enlarged vacuoles induced by li were negative for
cytoplasm (Fig. 10C,D). By contrast, wild-type Rab5bLAMP. It is conceivable that the enlarged late endosomes and
(Rab5bWT) did not influence the formation of large vacuolesysosomes observed in cells stably expressing li might be a
induced by overexpression of LGP85 (Fig. 10A,B). Rather, coresult of the maturation of the enlarged early endosomes.
transfection of Rab5bWT and LGP85 exhibited a tendency to By contrast, it seems unlikely that in cells overexpressing
increase the size of and decrease the number of the vacuol€3P85 the enlarged late endosome/lysosome-like vacuole
(Fig. 10A,B), which was significantly enhanced by co-resulted from the maturation of the early endosome-like
transfection with Rab5bQ79L (data not shown). These resultgacuole. Such a conclusion is supported by the following
suggest the participation of a GTP-bound form of Rab5b in theesults: (1) both types of vacuoles appeared simultaneously; (2)
formation of large vacuoles induced by overexpression ofembrane traffic from the early endosome-like vacuoles to the
LGP85. late endosome/lysosome-like vacuole was not detected; (3)
most of the enlarged vacuoles were positive for LAMP-2.
) _ Rather, as antibodies against LGP85 fed extracellularly were
Discussion internalized and colocalized with EEA1-positive, but not with
In the present study, we demonstrated that overexpression IoAMP-2-positive large swollen vacuoles, the early endosome-
LGP85 causes the enlargement of both early endosomal alikie vacuoles observed in COS cells may arise due to excessive
late endosomal/lysosomal compartments. This phenomenaupply of LGP85 from the cell surface to early endosomes,
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Endocytic
LGP85 Marker Marker Merge
. ) .

Tfn

EGF

)

Dextran

Fig. 7.Overexpression of LGP85
causes impairment of membrane
traffic from early endosomes to
late endosomes/lysosomes. COS
cells transfected with LGP85 for
36 hours were incubated with
Alexa594-transferrin (red in C and
O), Texas Red-EGF (red in G and
S), or Texas Red-dextran (red in K
and W) as described in Materials
and Methods. Cells were then
fixed, stained with LGP85 (blue in
left columns) and either EEA1
) (green @n B, F and J) or LAMP-2
(greenin N, R and V), and
visualized by confocal
microscopy. The right columns (D,
H, L, P, T and X) show the merged
images of EEA1 (greenin D, H
and L) or LAMP-2 (greenin P, T
and X) and each endocytic marker
(red). Bars, 2um.

I Tfn

EGF

Dextran

which may be a consequence of missorting from the TGN btghe initial formation of large vacuoles. Our results further
overexpression. It is also possible that increased fusion showed that lysosomes fuse with the preformed enlarged LBPA
LGP85-containing TGN-derived vesicles with pre-existingand LAMP-2-positive vacuoles. These results may reflect that
early endosomes might facilitate the formation of these largeGP85-induced large vacuoles are formed first by homotypic
vacuoles. fusion of late endosomes, and gradually tend to fuse with
Overexpression of LGP85 did not cause an enlargement dfsosomes. Thus, LGP85-induced late endosome/lysosome-
lysosomes that were labeled by preloading dextran befoléke vacuoles seem to resemble the hybrid organelle, which is
transfection of LGP85. Indeed, preloaded dextran did ndransiently formed by direct fusion between the late endosome
colocalize with LGP85-induced, LBPA- and LAMP-2-positive, and the lysosome (Bright et al., 1997).
large vacuoles already formed at 12 hours post-transfection, The late endosome-lysosome hybrid organelle was
indicating that there is no direct involvement of lysosomes irriginally identified in cells treated with the phosphoinositide
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(Pl) 3-kinase inhibitor, wortmannin (Reaves et al., 1996)between swollen endosomes and lysosomes and concomitant
Wortmannin causes enlargement of late endocytic/predecrease of dense core lysosomes (Bright et al., 1997). Thus,
lysosomal compartments, but not of lysosomes containing acithas been suggested that wortmannin causes an accumulation
hydrolases, as well as redistribution of lysosomal membranef late endosome-lysosome hybrid organelles as a result of the
proteins (Igp120 and Igp110) to enlarged late endosomes fromhibition of membrane traffic out of the hybrid organelles (e.g.
lysosomes. However, prolonged treatment of cells withinhibition of reformation of lysosomes). Similarly, we could
wortmannin (5 hours) eventually resulted in direct fusiomot detect reformation of lysosomes in cells overexpressing

Marker LGP85 Ab Merge

(A)

Fig. 8. Anti-LGP85 antibodies are

internalized to early endosome-like large
vacuoles. COS cells transfected with LGP85
for 36 hours were incubated for 1 hour with
rabbit polyclonal antibodies against LGP85 at
4°C and chased for 3 hours at 37°C. Cells
were then fixed, permeabilized, and incubated
with a mouse monoclonal antibody to either
EEAL (A) or LAMP-2 (D). Localization of
internalized and bound antibodies revealed by
Alexa488-conjugated goat anti-rabbit IgG
(green in B and E) and Alexa594-conjugated
goat anti-mouse antibody (red in A and D),
respectively, was visualized by confocal
microscopy. The right columns (C,F) show
the merged images of internalized antibodies
(green in B and E) and EEA1 (red in A) or
LAMP-2 (red in D). Bars, 2(um.

filipin Merge

EEA1

LAMP2

LGP85

(9)

Fig. 9. Accumulation of cholesterol in LGP85-induced large vacuolar compartments. COS cell cultured in DMEM supplemented with 10%
FBS were transiently transfected with LGP85 and fixed after 36 hours after transfection. Cells were immunostained for [2B&85 (B)
cytochemically stained with filipin (C) to detect cholesterol. To examine further whether cholesterol accumulated in thadw@eg83arge
swollen vacuoles is derived from one containing into cellular membranes or into LDL, COS cells cultured in DMEM supplertiebh@d wi
LPDS instead of 10% FBS for 2 days were transiently transfected with LGP85, fixed at 36 hours after transfection, and @GRt ()

and cholesterol (G). The right columns (D,H) show the merged images of LGP85 (red) and cholesterol (blue), and the | ) sinos

the corresponding phase-contrast micrographs. Baggn20



4128 Journal of Cell Science 115 (21)

vesiculation, suggesting a role for PtdIR$3

the regulation of MVB morphogenesis.
Besides the early requirement for PtdIRs®

a regulator of vesicle docking/fusion at the
endosome through the recruitment/activation
of components in the Pl 3-kinase signaling
cascade (Lemmon and Traub, 2000; Odorizzi
et al.,, 2000; Simonsen et al., 2001), the
generation of PtdIns(3,B) from PtdIns® is
also required for the vesicle invagination
and/or cargo selection within the MVBs
(Odorizzi et al., 1998). Indeed, in yeast, the
loss of Fablp, a protein previously identified
in yeast as PtdIng3 5-kinase, which
phosphorylates  PtdinB3 to  produce
PtdIns(3,5)P2, causes an abnormally large
swollen vacuole containing far fewer internal
vesicles (Gary et al., 1998). It has recently
been demonstrated that PIKfyve, a
mammalian ortholog of Fablp (Shisheva et
al., 1999; McEwen et al., 1999), localizes on
MVBs (Shisheva et al., 2001), and transient
expression of a kinase-deficient point mutant

& 5 : e-defici
Fig. 10.The dominant-negative form of Rab5b inhibits the formation of L(3P85-indu0t38f PIIthi)r:Vren (ItFi)”ff);V(:’K VI;) ”mn SOS lce”f'h t
large vacuoles. COS cells were transiently co-transfected with LGP85 and FLAG-tag ggu''s ultiple farge swollen vacuoles tha
wild-type Rab5h or FLAG-tagged Rab5bS34N, and after 36 hours post-transfection figk@inate from late endosomes (lkonomov et

and incubated with a rabbit polyclonal antibody to LGP85 (B,D) and a mouse al., 20(_)1)- PIKfyv1§183lE-induceq vacuole_s
monoclonal antibody to FLAG for labeling of wild-type and mutant Rab5b (A,C). Celishave diameters of 5-1(m, and increase in
were visualized by confocal microscopy. Barsp2@. size and decrease in number with increasing

time post-transfection. Such dominant
phenotypes observed with PIKf#4S31E are

LGP85. We conclude that accumulation of LGP85 in thevery similar to those induced by overexpression of LGP85
endosomal compartment could interfere with vesicle buddingresented in this study, thereby suggesting that a common
without inhibiting the vesicle fusion event, leading to themechanism might be involved. We observed that the LGP85-
enlargement of this compartment. induced large vacuoles were morphologically indistinguishable

The block of traffic out of LGP85-induced large vacuolesfrom those induced by wortmannin treatment (data not shown).
may correlate with the accumulation of cholesterol in thesémmunoelectron microscopy further showed that most, but not
structures. There is considerable evidence to support a role falt, of LGP85-induced large vacuoles have few internal
cholesterol as an important molecule in the context of thenembranous structures. Thus it is possible that overexpression
intracellular membrane traffic: accumulation of cholesterolof LGP85 impaired the formation of MVB. One possibility is
into late endosomes/lysosomes by administrating antibodies that overexpression of LGP85 may cause the formation of large
LBPA (Kobayashi et al., 1999) and by mutating the Niemannswollen vacuoles by decreasing internal vesicle formation from
Pick type C disease gene (Neufeld et al., 1999) leads tbe limiting membrane, possibly by inhibiting the membrane
impairment of membrane traffic out of these compartmentgecruitment of PI3-kinase and/or PIKfyve.
Expression of an ATPase-defective form of human Vps4p, Nevertheless, our results that EEAL is associated with the
which is the mammalian homologue of yeast Vps4p requirechembrane of the LGP85-induced large vacuoles suggests that
for endosomal trafficking (Babst et al., 1998), has also beeRtdins¥ is present in these vacuoles. EEAl binds to
known to cause not only enlargement of multiple endosomandosomal membranes through interaction with Ptélrzsgl
compartments and defects in postendosomal sorting, but als released from the membrane by wortmannin treatment
accumulation of cholesterol in these compartments (BishoSimonsen et al., 1998). Therefore, overexpression of LGP85
and Woodman, 2000), consistent with phenotypes induced biyay not exert the generation of PtdIRS&elf. The efficient
overexpression of LGP85. Authors have pointed out that theecruitment of EEA1 on early endosomes requires the
phenotype observed in the cells expressing mutant humaoncomitant presence of Rab5 and PtdhéGhristoforidis
Vpsdp is strikingly similar to that induced by wortmannin. et al., 1999a). Furthermore, the GTP-bound form of Rab5

In addition to the inhibition of reformation of lysosomes, specifically interacts with class | and Ill Pl 3-kinases
wortmannin has been proposed to induce enlargement of lai€hristoforides et al., 1999b). However, there is evidence that
endosomes and lysosomes by inhibiting exit of proteins sudie presence of excess activated Rab5 on the membrane can
as MPR (Kundra and Kornfeld, 1998) or invagination and/ocompensate the membrane association of EEAL1 for the lack of
pinching off of intraluminal vesicles (Fernandez-Borja et al.Ptdins® in the presence of wortmannin (Simonsen et al.,
1999; Futter et al., 2001). It was indicated that class Il P1998). Recent studies further indicate that the enlarged
3-kinase, the human VPS34, is indeed involved in inwaréndosomes induced by wortmannin are the same endosomes
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induced by Rab5Q79L, and suggest that wortmannin careport of a role for LGP85 in the biogenesis and maintenance
stimulate Rab5 activity by blocking the interaction betweerof endosomes/lysosomes.

Rab5 and p120 Ras GAP, a Rab5 GTPase-activating protein,

rather than inhibiting Pl 3-kinase (Chen and Wang, 2001). We We thank Kurt von Figura for valuable suggestions. We thank Kenji

observed a dot-like staining pattern of EEA1 on the LGPSSA"%SA&"" I%r 3”“"—}?';82 a”tt'b]f’d'esyt -Bf{,'.'?'%e Ktc_Jtl))agashl fOJ li‘“tt"

duced large vecolr memlanes, This g pater K o e fr i e, i i s
reminiscent of that observed in enlarged early endosom :

. . rosako for preparing anti-MPR300 antibodies. This work was
by expression of RabSQ7SL, representing membrangupported in part by grants from the Ministry of Labor, Health and

microdomains, which function as tethering platforms foryeifare of Japan and the Ministry of Education, Science, Sports and
incoming vesicles (McBride et al., 1999). We further found thatuiture of Japan.

expression of the dominant-negative mutant of Rab5b
abolishes the formation of LGP85-induced large vacuoles.
These findings led to the suggestion that enhanced Rab®Qtarences
actlvat!on in the cells Overexpressing L_GP85_ may facilitate th(,Rnderson, R. G. W, Falck, J. R., Goldstein, J. L. and Brown, M. §1984).
formation of large vacuoles through stimulation of endosome- \jsyalization of acidic organelles in intact cells by electron microscopy.
endosome fusion. It is interesting to note that expression of theProc. Natl. Acad. Sci. US&1, 4838-4842.
dominant-negative mutant of Rab5b impaired the formation &am %S’Vendlandl, l;"»-y Estepﬁ, E. J. and !E:r_m S-fEé19\?8)- Thf Vpsap |

; ase regulates membrane association of a Vps protein complex
not only _early endosome_"k.e but also late endosome/ required fro norngwal endosome functi&WBO J 17, 2982P2983. P
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LGP85, because Rab5 is known to participate in homotypicC Biosynthesis, glycosylation, movement through the Golgi system, and
fusion of early endosomes (Gorvel et al., 1991; Bucci et al., transport to lysosomes by ar-linked carbohydrate-independent
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Rab5aQ79L-positive enlarged vacuoles, in which Tfn is |ocalizes to aberrant endosomes and impairs cholesterol traffidWioig.
rapidly internalized (Rosenfeld et al., 2001). Thus, together Biol. Cell 11, 227-239.
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; ; ; ; Butler, J. D., Sokal, J., Comly, M. E., Vanier, M. T., August, J. T., Brady,
role in the biogenesis of lysosomes, which may need R. O. and Pentchev, P. G(1988) Type-C Niemann-Pick disease: low

appropriate membrane traffic from, or maturation of, early gensity lipoprotein uptake is associated with premature cholesterol
endosomes. In contrast to LGP85, expression of Rab5bQ79Laccumulation in the Golgi complex and excessive cholesterol storage in
did not cause accumulation of cholesterol in the enlarged lysosomesProc. Natl. Acad. Sci. US85, 8022-8026.
endosomal compartments (data not shown); therefor&ock J. B., Klumperman, J., Davanger, S. and Scheller, R. H1997).
additional molecule(s) could be involved in the formation of g’éﬂtgx'{'zgfinzc;'lons In trans-Golgi network vesicle traffickiipl. Biol.
LGP85-induced large vacuoles. In fact, evidence that at leagfight, N. A., Reaves, B. J., Mullock, B. M. and Luzio, J. R1997). Dense
20 proteins directly or indirectly interact with the GTP-bound core lysosomes can fuse with late endosomes and are re-formed from the
form of Rab5 (Christoforidis et al., 1999) suggests that the resultgntgyt;rid o’r?gagellel\j. tChell Slci |—1|1qs%027-2g40' s .
H H : uccl, ., Parton, . i atner, 1. . unnenperg, ., =lmons, K.,

machinery downstream of th!s GTPa.lse is extremely compleﬁ. Hoflack, B. and Zerial, M. (1992). The small GTPasge rab5 functions as a

At prgsent we have no direct F."V'dence for the molecular regulatory factor in the early endocytic pathw@gll 70, 715-728.
mechanism that leads to the block in transport and enlargemegiicci, C., Thomsen, P., Nicoziani, P., McCarthy, J. and van Deurs, B.
of endosomal/lysosomal compartments by overexpression 0f(2000). Rab7: a key to lysosome biogenedisl. Biol. Cell 11, 467-480.
LGP85. However, it is likely that the cytoplasmic tail and/orShen, X, and iang, 7 (2001) Reguaton of epderml growth fctor
the transmembrane domain of LGP85 might be involved. So {72t <t phgsphatid);linositol 3 KinasEMBO Rep2, 842-849.
far, there are no proteins that are known to interact with thenyistoforidis, S., McBride, H. M., Burgoyne, R. D. and Zerial, M.
transmembrane domain, while it has been demonstrated that1999a). The Rab5 effector EEAL is a core component of endosome
AP-3 can interact with the cytoplasmic tail of LGP85 (Honing _docking.Nature397, 621-625.

; s ; FrH hristoforidis, S., Miaczynska, M., Ashman, K., Wilm, M., Zhao, L., Yip,
et al., 1998). The identification of binding partners for LGP8&° S. C. Waterfield, M. D.. Backer, J. M. and Zerial. M. (1999b).

by two-hybrid or co-immunoprecipitation studies should help pposphatidylinositol-3-OH kinases are Rab5 effedtat. Cell Biol 1, 249-
to shed light on the molecular mechanism(s) by which LGP85 252.
regulates the biogenesis of lysosomes. Davis, S. G. and Lyerla, T. A(1997). The effect of lysosomotropic amines
We conclude that LGP85 might control the balance betweene?IE‘Ab:g'lgeﬁgouée Cce"Zié?élggtse\5/23/§néﬁﬁ;4g . Gahl W. A and
VeS|CLe 'nvag:cna“gn VerSlIJS vesicle bUddm%_from ;[]hef“mltm_gD Bonifacino, J. S.(1999). Altered ’traffickir)g’ of lysosomal proteins in
membrane of endosomal compartments. Since the formationHermansky-Pudlak syndrome due to mutations in the beta 3A subunit of the
of large vacuoles was dependent on the expression level ofap-3 adaptorMol. Cell 3, 11-21.
LGP8S5, it is possible that overexpression of LGP85 may caugélguve,sc-ﬁﬁ?»)- kysclﬁomhes revglteglﬁ_r- ﬁ E:ocr:semh|137,39l-3%7. .
i H : H H elder, . ner, i oenren, . Icn, . chiessinger, J. an
ﬁndlgipr :Ejsilegfn}i?r?qg#td%lpgamg(iglr}zgﬁ;lghlfgztglgi?]t/c?l?/e%u?nﬁ Hopkins, C. R.(1990). Kinase activity controls the sorting of the epidermal
p, A . ytop growth factor receptor within the multivesicular bo@gll 61, 623-634.
vesicular fission and/or fusion. LGP85 may play a key roléerandez-Borja, M., Wubbolts, R., Calafat, J., Janssen, H., Divecha, N.,
in regulating the late endosomal/lysosomal compartment, Dusseliee, S. and Neefjes, §1999). Multivesicular body morphogenesis
possibly as one of the components of molecular machinery feduires EhOiPhJat'd,\ll’"'”OSh'FO'Y?"k}'(r‘ase i‘\C“V:{t}“”- B'°k/|9r N
necessary for the intercompartmental membrane trafficking'(, o))" <giaiion”and sequencing of a cDNA clone encoding 85kDa
along the endocytic pathway rather than as a constituent of latejajoglycoprotein in rat liver lysosomal membrarischem. Biophys. Res.

endosomes and lysosomes. To our knowledge, this is the firsiCommun17g, 444-452.



4130 Journal of Cell Science 115 (21)

Fujita, H., Takata, K., Kono, A., Tanaka, Y., Takahashi, K. Himeno, M. Kornfeld, S. (1992). Structure and function of the mannose 6-phosphate
and Kato, K. (1992). Isolation and sequencing of a cDNA clone encoding insulin-like growth factor Il receptoré&nnu. Rev. Biocheng1, 307-330.
the 85kDa human lysosomal sialoglycoprotein (hLGP85) in humarKornfeld, S. and Mellman, I. (1989). The biogenesis of lysosomésnu.

metastatic pancreas islet tumor celmchem. Biophys. Res. Commug4, Rev. Cell Bial5, 483-525.

604-611. Kundra, R. and Kornfeld, S. (1998). Wortmannin retards the movement of
Fukuda, M. (1991). Lysosomal membrane glycoproteins. Structure, the mannose 6-phosphate/insulin-like growth factor Il receptor and its ligand

biosynthesis, and intracellular trafficking. Biol. Chem 266, 21327- out of endosomeg. Biol. Chem273 3848-3853.

21330. Kurosu, H. and Katada, T. (2001). Association of phosphatidylinositol 3-
Furuno, K., Ishikawa, T., Akasaki, K., Yano, S., Tanaka, Y., Yamaguchi, kinase composed of plf@atalytic and p85-regulatory subunits with the

Y., Tsuji, H.,, Himeno, M. and Kato, K. (1989a). Morphological small GTPase Rab3. Biochem. (Tokyd)30, 73-78.

localization of a major lysosomal membrane glycoprotein in the endocytite Borgne, R., Alconada, A., Bauer, U. and Hoflack, B(1998). The

membrane systerd. Biochem(Tokyo)106, 708-716. mammalian AP-3 adaptor-like complex mediates the intracellular transport
Furuno, K., Yano, S., Akasaki, K., Tanaka, Y., Yamaguchi, Y., Tsuji, H., of lysosomal membrane glycoproteids Biol. Chem273 29451-29461.

Himeno, M. and Kato, K. (1989b). Biochemical analysis of the movement Lemmon, S. K. and Traub, L. M. (2000). Sorting in the endosomal system

of a major lysosomal membrane glycoprotein in the endocytic membrane in yeast and animal cell€urr. Opin. Cell Biol 12, 457-466.

system.J. Biochem(Toky0)106, 717-722. Lippincott-Schwartz, J., Yuan, L., Tipper, C., Amherdt, M., Orci, L. and
Futter, C. E., Pearse, A., Hewlett, L. J. and Hopkins, C. R(1996). Klausner, R. D.(1991). Brefeldin As effects on endosomes, lysosomes and
Multivesicular endosomes containing internalized EGF-EGF receptor the TGN suggest a general mechanism for regulating organelle structure and
complexes mature and then fuse directly with lysosothe3ell Biol 132, membrane trafficCell 67, 601-616.
1011-1023. Luzio, J., Rous, B. A., Bright, N. A,, Pryor, P. R., Mullock, B. M. and Piper,
Futter, C. E., Collinson, L. M., Backer, J. M. and Hopkins, C. R(2001). R. C. (2000). Lysosome-endosome fusion and lysosome biogede€isl|
Human VPS34 is rewuired for intenal vesicle formation within Sci 113 1515-1524.
multivesicular endosomegd. Cell Biol 155 1251-1263. MacDonald, R. G., Pfeffer, S. R., Coussens, L., Tepper, M. A,

Gary, J. D., Wurmser, A. E., Bonangelino, C. J., Weisman, L. S. and Emr, Brocklebank, C. M., Mole, J. E., Anderson, J. K., Chen, E., Czech, M.
S. D.(1998). Fablp is essential for Ptdins(3)P 5-kinase activity and the P. and Ullrich, A. (1988). A single receptor binds both insulin-like growth

maintenance of vacuolar size and membrane homeostaSisll Biol 143 factor Il and mannose-6-phosphateience239, 1134-1137.

65-79. McBride, H. M., Rybin, V., Murphy, C., Giner, A., Teasdale, R. and Zerial,
Gorvel, J. P., Chavrier, P., Zerial, M. and Gruenberg, J.(1991). Rab5 M. (1999). Oligomeric complexes link Rab5 effectors with NSF and drive

controls early endosome fusion in vit@ell 64, 915-925. membrane fusion via interactions between EEA1 and syntax i@Gel®8,

Gough, N. R. and Fambrough, D. M.(1997). Different steady state 377-386.
subcellular distributions of the three splice variants of lysosome-associatédcEwen, R. K., Dove, S. K., Cooke, F. T., Painter, G. F., Holmes, A. B.,
membrane protein LAMP-2 are determined largely by the COOH-terminal Shisheva, A., Ohya, Y., Parker, P. J. and Michell, R. H(1999).
amino acid residuel. Cell Biol 137, 1161-1169. Complementation analysis in PtdinsP Kinase-deficient yeast mutants
Gough, N. R., Zweifel, M. E., Martinez-Augustin, O., Augilar, R. C., demonstrates that Schizosaccharomyces pombe and murine Fablp
Bonifacino, J. S. and Fambrough, D. M(1999). Utilization of the indirect homologues are phosphatidylinositol 3-phosphate 5-kindsBsol. Chem
lysosome targeting pathway by lysosome-associated membrane proteins274, 33905-33912.
(LAMPs) is influenced largely by the C-terminal residue of their G¥XX Mellman, I. (1996). Endocytosis and molecular sortiAgnu. Rev. Cell Dev.
targeting signals). Cell Sci112, 4257-4269. Biol. 12, 575-625.
Griffith, G., Hoflack, B., Simons, K., Mellman, I. and Kornfeld, S.(1988). Mu, F. T., Callaghan, J. M., Steele-Mortimer, O., Stenmark, H., Parton,
The mannose 6-phosphate receptor and the biogenesis of lysoSmsihes. R. G., Campbell, P. L., McCluskey, J., Yeo, J. P., Tock, E. P. and Toh,

52, 329-341. B. H. (1995). EEA1, an early endosome-associated protein. EEAL is a
Gruenberg, J. and Maxfield, F. R.(1995). Membrane transport in the conserved alpha-helical peripheral membrane protein flanked by cysteine

endocytic pathwayCurr. Opin. Cell Biol 7, 552-563. “fingers” and contains a calmodulin-binding 1Q modf.Biol. Chem270,
Guarnieri, F. G., Arterburn, L. M., Penno, M. B., Cha, Y. and August, J. 13503-13511.

T. (1993). The motif Tyr-X-X-hydrophobic residue mediates lysosomalMukherjee, S. and Maxfield, F. R.(2000). Role of membrane organization

membrane targeting of lysosome-associated membrane prot&irBinl. and membrane domains in endocytic lipid traffickimaffic 1, 203-211.

Chem 268 1941-1946. Mullock, B. M., Bright, N. A., Fearon, C. W., Gray, S. R. and Luzio, J. P.

Harter, C. and Mellman, I. (1992). Transport of the lysosomal membrane (1998). Fusion of lysosomes with late endosomes produces a hybrid
glycoprotein Igp120 (Igp-A) to lysosomes does not require appearance on organelle of intermediate density and is NSF dependeiell Biol 140,
the plasma membrané. Cell Biol 117, 311-325. 591-601.

Himeno, M., Noguchi, Y., Sasaki, H., Tanaka, Y., Furuno, K., Kono, A., Nakamura, N., Raboville, C., Watson, R., Nilsson, T., Hui, P., Slusarewicz,
Sakaki, Y. and Kato, K. (1989). Isolation and sequencing of a cDNA clone  N., Kreis, T. H. and Warren, G. (1995). Characterization of @s-Golgi
encoding 107kDa sialoglycoprotein in rat liver lysosomal membr&iS matrix protein, GM130J. Cell Biol 131, 1715-1726.

Lett. 244, 351-356. Neufeld, E. B., Wastney, M., Patel, S., Suresh, S., Cooney, A. M., Dwyer,

Honing, S. and Hunziker, W.(1995). Cytoplasmic determinants involved in ~ N. K., Roff, C. F, Ohno, K., Morris, J. A., Carstea, E. D. et al(1999).
direct lysosomal sorting, endocytosis, and basolateral targeting of rat Igp120 The Niemann-Pick C1 protein resides in a vesicular compartment linked to
(lamp-1) in MDCK cells.J. Cell Biol 128 321-332. retrograde transport of multiple lysosomal aciydiol. Chem274, 9627-

Honing, S., Sandval, I. V. and von Figura, K(1998). A di-leucine-based 9635.
motif in the cytoplasmic tail of LIMP Il and tyrosinase mediates selectiveNoguchi, Y., Himeno, M., Sasaki, H., Tanaka, Y., Kono, A., Sakaki, Y. and

binding of AP-3.EMBO J 17, 1304-1314. Kato, K. (1989). Isolation and sequencing of a cDNA clone encoding 96kDa
Hunziker, W. and Geuze, H. J(1996). Intracellular trafficking of lysosomal sialoglycoprotein in rat liver lysosomal membrarigschem. Biophys. Res.
membrane protein8ioEssaysl8, 379-389. Commun164, 1113-1120.

lkonomov, O. C., Sbrissa, D. and Shisheva, A2001). Mammalian cell  Odorizzi, G., Babst, M. and Emr, S. D.(1998). Fablp PtdIins(3)P 5-kinase
morphology and endocytic membrane homeostasis require enzymatically function essential for protein sorting in the multivesicular b&iil 95,

active phosphoinositide 5-kinase PIKfydeBiol. Chem276, 26141-26147. 847-858.
Kirchhausen, T. (1999). Adaptors for clathrin-mediated traffidnnu. Rev.  Odorizzi, G., Babst, M. and Emr, S. D.(2000). Phosphoinositide signaling
Cell Dev. Biol 15, 705-732. and the regulation of membrane trafficking in yedsénds Biochem. Sci.

Kobayashi, T., Stang, E., Fang, K. S., de Moerloose, P., Parton, R. G. and 25, 229-235.
Gruenberg, J. (1998). A lipid associated with the antiphospholipid Ogata, S. and Fukuda, M (1994). Lysosomal targeting of Limp || membrane
syndrome regulates endosome structure and fundlistuire392, 193-197. glycoprotein requires a novel Leu-lle motif at a particular position in its
Kobayashi, T., Beuchat, M.-H., Lindsay, M., Frias, S., Palmiter, R. D., cytoplasmic tailJ. Biol. Chem?269 5210-5217.
Sakuraba, H., Parton, R. G. and Gruenberg, J(1999). Late endosomal Ohkuma, S. and Poole, B.(1981). Cytoplasmic vacuolation of mouse
membranes rich in lysobisphosphatidic acid regulate cholesterol transport. peritoneal macrophages and the uptake into lysosomes of weakly basic
Nat. Cell Biol 1, 113-118. substancesl. Cell Biol 90, 656-664.



Role of LGP85 in the biogenesis of endosomes/lysosomes 4131

Ohsumi, Y., Ishikawa, T. and Kato, K.(1983). A rapid and simplified method (2001). Localization and insulin-regulated relocation of phosphoinositide 5-
for the preparation of lysosomal membranes from rat lieBiochem. kinase PIKfyve in 3T3-L1 adipocyted. Biol. Chem276, 11859-11869.
(Toky0)93, 547-556. Simonsen, A., Lippe, R., Christoforidis, S., Gauller, J. M., Brech, A,

Okazaki, I., Himeno, M., Ishikawa, T. and Kato, K.(1992). Purification and Callaghan, J., Toh, B. H., Murphy, C., Zerial, M. and Stenmark, H.
characterization of an 85kDa sialoglycoprotein in rat liver lysosomal (1998). EEA1 links PI(3)k function to Rab5 regulation of endosome fusion.

membranes]. Biochem. (Tokyad)11, 763-769. Nature 394, 494-498.
Peters, C. and von Figura, K(1994). Biosynthesis of lysosomal membranes. Simonsen, A., Wurmser, A. E., Emr, S. D. and Stenmark, H2001). The
FEBS Lett346, 108-114. role of phosphoinositides in membrane transpouur. Opin. Cell Bial 13,

Reaves, B. J., Bright, N. A., Mullock, B. M. and Luzio, J. 1996). The 485-492.
effect of wortmannin on the localisation of lysosomal type | integral Stang, E. and Bakke, O.(1997). MHC class ll-associated invariant chain-
membrane glycoproteins suggests a role for phosphoinositide 3-kinaseinduced enlarged endosomal structures: A morphological skxgy. Cell

activity in regulating membrane traffic late in the endocytic pathwagell Res, 235 79-92.

Sci 109, 749-762. Stoorvogel, W., Strous, G. J., Geuze, H. J., Oorschot, V. and Schwartz, A.
Robinson, M. S. and Bonifacino, J. §2001). Adaptor-related proteir@urr. L. (1991). Late endosomes derive from early endosomes by matu@eion.

Opin. Cell Biol 13, 444-453. 65, 417-427.

Romagnoli, P., Layet, C., Yewdell, J., Bakke, O. and Germain, R. N. Storrie, B. and Desjardins, M.(1996). The biogenesis of lysosomes: is it a
(1993). Relationship between invariant chain expression and major kiss and run, continuous fusion and fission procBgs®ssay48, 895-903.
histocompatibility complex class Il transport into early and late endocytiovan Deurs, B., Holm, P. K., Kayser, L., Sandvig, K. and Hansen, S. H.

compartmentsJ. Exp. Med177, 583-596. (1993). Multivesiclular bodies in Hep-2 cells are maturing endosdfues.
Rosenfeld, J. L., Moore, R. H., Zimmer, K.-P., Alpizar-Foster, E., Dai, W., J. Cell Biol 61, 208-224.

Zarka, M. N. and Knoll, B. J. (2001). Lysosome proteins are redistributed Vega, M. A., Segui-Real, B., Alcalde-Garcia, J., Cales, C., Rodriguez, F.,

during expression of a GTP-hydrolysis-defective ralibeCell Sci 114 Vanderkerckhove, J. and Sandoval, I. (1991). Cloning, sequencing, and

4499-4508. expression of a cDNA encoding rat LIMP 1l, a novel 74-kDa lysosomal
Sandoval, I|. V., Arredondo, J. J., Alcalde, J., Gonzalez-Noriega, membrane protein related to the surface adhesion protein QD8gol.

A., Vandekerckhove, J., Jimenez, M. A. and Rico, M(1994). The Chem 266, 16818-16824.
residues Leu(lléy>lle(Leu, Val, Alaf7% contained in the extended Wiliams, M. A. and Fukuda, M. (1990). Accumulation of membrane
carboxyl cytoplasmic tail, are critical for targeting of the resident glycoproteins in lysosomes requires a tyrosine residue at a particular

lysosomal membrane protein LIMP 1l to lysosomé&sBiol. Chem 269, position in the cytoplasmic tail. Cell Biol 111, 955-966.

6622-6631. Wood, S. A. and Brown, W. J(1992). The morphology, but not the function
Shisheva, A., Sbrissa, D. and lkonomov, 1999). PIKfyve, a mammalian of endosomes and lysosomes is altered by brefeldih-&ell Biol 119

ortholog of yeast Fablp lipid kinase, synthesizes 5-phosphoinositides. Effect 273-285.

of insulin. Mol. Cell. Biol 19, 623-634. Zerial, M. and McBride, H. (2001). Rab proteins as membrane organizers.

Shisheva, A., Rusin, B., lkonomov, O. C., DeMarco, C. and Sbrissa, D. Nat. Rev. Mol. Cell Biol2, 107-117.



