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Review Article
Biogenesis and Function of Late Endosomes and Lysosomes
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Lysosomes are membrane bound organelles that mainly serve as sites for degradation in the cell. Studies in a variety o
model systems have provided insights about organization and functions of late endosomes and lysosomes. Moleculat
players involved in biogenesis, regulation and maintenance of lysosomes seem to be conserved across different mode
systems from yeast to mammals, signifying fundamental roles these organelles play in all eukaryotic cells. The role of
lysosomes in controlling the duration of cell signaling and thus sculpting a morphogenetic gradient is critical in the
developmental plan of a metazoan. In this review, we synthesize studies on organization, composition, and mechanism of
biogenesis of late endosomes and lysosomes to provide insights into their function in higher metazoa and yeast.
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Introduction A) Mammalian cells B) Yeast

Eukaryotic cells are characterized by the presence of
numerous functionally distinct membrane-enclosed
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organelles that serve as the terminal destination for manyystem Rabs @Ram pesip

endocytic, autophagic and secretory materials targeted / l
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extracellular fluid or cell surface receptors via diverse N Patha) e

cell surface invaginations, generating an endosomal Rab@ Golgi Golgi

membrane system (Conner and Schmid 2003, Gruenberg, J Vacuole

2001, Gruenberg and Maxfield 1995, Guha et al. 2003,  Lysosome ‘

Mellman et al. 1986, Mukherjee et al. 1997, Sharma

et al. 2002). It plays an important role in uptake of Figure 1: In mammalian cells, cell surface membrane proteins
nutrients, scavenging of extracellular material, and solutes are endocytosed via multiple pathways and delivere
internalization of receptor bound ligands such as growthto Rab5 positive early endosomes. Many macromolecules a
factors, hormones, lipoproteins and antibodies (Mellmanrapidly recycled back to the plasma membrane from sorting earl
et al. 1986, Mukherjee et al. 1997). Following endosomes either directly or via the endocytic recycling

. o . ompartment. In contrast, other membrane proteins that includ
internalization macromolecules are located in membrane®™P ’ N P -lud
feceptors targeted for down regulation, ligands and the remaining

bound vesicles referred to as endosomes. solutes are trafficked to Rab7 positive late endosomes an

lysosomes. Late endosomes are multi-vesicular (MVE) or mult
Subcompartments of the endosomal system lamellar (MLE) compartments capable of fusion with vesicles ir

The endosomal system may be thought to consist ofhe biosynthetic pathway frotransGolgi network (TGN). Newly
membrane compartments, categorized as ‘early’ or ‘late’synthesized lysosomal enzymes bound to mannose-6-phospt
based on the kinetics with which endocytosed materiareceptors (M6PRs) are delivered from TGN to endosomes and th
oo routed towards lysosomes, whereas M6PRs are recycled back
accesses .these compartments, specific endos_o_m_al p_roteJr@;N, a process regulated by Rab9. In yeast, Rab5 homologt
composition and extent of endosomal acidification vps21p localizes to early endosomes that receive endocytos
(Fig. 1). The early endosomal system comprises aargo immediately post internalization. The pre-vacuolar
heterogeneous population of dynamic and acidicendosome (PVE) is multi-vesicular and is accessed by bot
endosomes, distributed towards the cell periphery. Thes@ndocytosed cargo as well as biosynthetic cargo from TGN. PV
are compartments accessed by macromolecule ses with the vacuole delivering its contents to the vacuole. Carg

. diatelv after i lizati . d . icl estined for the vacuole from TGN is delivered via two distinc
immediately after internalization via endocytic vesicles pathways in yeast. Carboxypeptidase Y (CPY) is delivered to PV

directly derived from the cell surface. They are capabléprior to vacuole unlike alkaline phosphatase (ALP) that is directly
of fusion with each other. They also serve as the mairelivered to the vacuole.
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sites for sorting of endocytosed material and membranendosome to late endosome membrane trafficking whil
towards lysosomal degradation or recycling to the cellRab9 function has been implicated in vesiculai
surface (Mukherjee et al. 1997). trafficking between the late endosome and TGN (Barber

The late endo-lysosomal system comprises of two€t al. 2002, Chavrier et al. 1990). In yeast, molecula
types of endosomal compartments acidic pre-lysosomeBlayers such as Vps21p, yeast homologue of Rab
or late endosomes, and lysosomes. The acidic pretegulate the early endosomal system that is not
lysosome and late endosomes receive cargo directly frorfilaborate as observed in higher metazoa. Analogous
the early endosomal sysem and acts as anothdrab7 function in late endosomal system in highe
waystation for molecules enroute to lysosomes. This igNetazoa, the yeast homologue of Rab7, Ypt7p has be
also a dynamic system of membrane organelles of diverséhown to be involved in vacuolar membrane trafficking
morphology [Fig. 1 (Griffiths et al. 1988, Ohkuma and For a discussion on the early endosomal system s
Poole 1978, Schmid et al. 1988)]. These membranether reviews (Mills et al. 1999, Pfeffer, 2003). In this
compartments are devoid of recycling receptors such aseview, studies on the organization, composition
the transferrin receptor (Luzio et al. 2000). Late mechanism of formation of late endosomes an
endosomes are found mostly near microtubule-lysosomes, and their function in higher metazoa and yee
organizing centers in the cell and appear multi-vesiculamwill be discussed.
or multi-lamellar (Kobayashi et al. 1998). They fuse with
lysosomes in addition to being capable of fusion with
vesicles derived fronfransGolgi network (TGN) via

the biosynthetic pathway (Luzio et al. 2000, Mullins and L-ate endosomes are large (0.2-1um in diameter) spheric
Bonifacino 2001). juxtanuclear compartments (van Deurs et al. 1993), rath

) ) ) unlike early endosomes which are tubular vesicula
Experimental observations drawn from a variety of gyctures of variable size and morphology (Gruenber
model systems includin§accharomycedrosophila  2001). These have been categorized based ¢

Mus musculubave provided insights about organization, morphology at the electron microscopic (EM) level as
composition and function of late endosomes andmuyiti-vesicular or multi-lamellar compartments
lysosomes. Studies in yeast have identified the vacuolgkobayashi et al. 1998, Murk et al. 2002).

to be equivalent of lysosome that receives endocytic ) )

cargo as well as biosynthetic cargo from the GolgiMulti-vesicular late endosomes
(Fig. 1). Late endosomal system in yeast is constitutedMulti-vesicular late endosomes (MVBs) are
by pre-vacuolar multi-vesicular endosome (PVE) andcharacterized by a variable number of internal vesicle
vacuole (Fig. 1). Genetic screens in yeast have isolate80-70 nm in size within the limiting endosomal
numerous candidate molecules that set up the endosomaiembrane as observed using EM in diverse cell type

and vacuolar system (Banta et al. 1988, Robinson et alAnderson et al. 1984, Piper and Luzio 2001, Sriran

Organization, composition and biogenesis of ta-
endosomal system

1988). et al. 2003). They have been described as pre-lysoson
_ _ acidic compartments involved in delivery of endocytic
The Rab protein paradigm and autophagic material to lysosomes for destructior

Molecular p|ayers responsib|e for regu|ati0n and Biochemical fractionation of late endosomes from

maintenance of all membrane compartments includingMammalian cells followed by analysis of lipid compo-
late endo-lysosomal system are conserved from yeast t8ition indicates that MVBs are rich in triglycerides,
mammals, highlighting the importance and evolutionary cholesterol esters and an unusual phospholipic
relatedness of this system of organelles in all eukaryotidySOPisphosphatidic acid [LBPA, (Kobayashi et al.

cells. The Rab proteins are key players. These aréggs)]' In addition to phosphatidylcholine and

: . hosphatidyl ethanolamine that accounts for 68 % c
prenylated monomeric, gmgll moleculgr weight G.Tpasesghospholipids, LBPA and phosphatidyl inositol are the
of the Ras superfamily involved in regulation of

i Te ! i 0, 0,
membrane trafficking in all eukaryotes (Zerial and major phospholipids present in MVB [14 % and 8 %

McBride, 2001). A number of different Rab proteins are respectively, (Kobayashi et al. 1998)].

involved and specifically associated with the different ~ MVBs are thought to be formed from early sorting
elements of the endosomal system [Fig. 1 (Chavrieendosomes that have sorted away macromolecul
et al. 1990, Christoforidis et al. 1999)]. Cytosolic Rab5 intended to be recycled such as the transferrin receptt
associates specifically with early endosomal membrane$ DL receptor, and most membrane components (Geuz
and regulates early endosomal homotypic fusion.1998, Mayor etal. 1993) (Gruenberg and Maxfield 1995
Compared to Rab5 positive early endosomes, latdRaiborg et al. 2003). Mechanisms for their formation
endosomes associate with Rab7 and Rab9 (Chavrie?ti“ remain controversion (see section 5.1). Multi-
et al. 1990). Rab7 function has been implicated in earlyvesicular morphology of endosomes is a result of th
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inward budding of sorting endosomal membranesheavily enriched in internal vesicles of MVBs comparec
forming intra-endosomal vesicles that contain cytosolto the limiting endosomal membrane (Kobayashi et al
in their lumen (Fig. 2). This seems to be a tightly 1998). LBPA regulates sorting of proteins such a:
regulated two-step process (Fig. 2). In the first stepmannose-6-phosphate receptor (M6PR) in MVB anc
endosomal phosphatidylinositol 3-phosphate (P13P)their recycling back to TGN from MVB (Kobayashi
recruits cytosolic proteins that assemble bilayeredet al. 1998). M6PR is a multi-functional receptor for
clathrin coats on early endosomes. Subsequently, in &ysosomal enzymes bearing mannose-6-phospha
second step the endosomal membrane buds inwards atodification. Newly synthesized lysosomal enzymes
sites adjacent to bilayered clathrin coats. The mechanismauch as cathepsin D that acquire a mannose-6-phosph
by which inward budding of endosomal membranesmaodification in TGN are delivered via the biosynthetic
occur is poorly understood. PI3P has been observed opathway to endosomes by M6PR. Post endosom:
limiting endosomal membrane as well as some lumenatelivery, M6PR is trafficked back to TGN to get reutilized
vesicles of MVB (Gillooly et al. 2000). Reducing (Ghosh et al. 2003). Endocytosis of LBPA antibody intc
endosomal PI3P levels in Mel JuSo or epithelial cells,late endosomes prevents recycling of M6PR from MVE
Hep-2 using PI3-Kinase inhibitor Wortmannin prevents back to TGN and effectively mis-localizes M6PR from
formation of MVBs (Fernandez-Borja et al. 1999, Futter TGN to late endosomes in BHK cells (Kobayashi et al
et al. 2001) suggesting a crucial role for PI3Ps in1998). Thus LBPA seems to be functionally essentiz
multivesicularization. for recycling of cargo back from MVB to TGN.

LBPA, predicted to be an inverted cone shaped lipid MVBs formed from early endosomes are highly
that induces membrane curvature (Gruenberg, 2001dynamic in structure and composition. During multi-
Matsuo et al. 2004), also regulates endosomal multivesicularization of early endosomes, endosomes mo
vesicularization. It has been observed that LBPA isfrom the cell periphery towards the pericentriolar regior

on microtubules (Pastan and Willingham, 1981) usin

o tor dynein, a minus-end-directed cytoplasmic motor

@/'(I)I o Y EGFR (Bomsel et al. 1990, Harada et al. 1998, Wubbolts et a
N & Sos 1999). Incubation of Hep2 cells with Horse-radish

‘ O@ Do peroxidase (HRP) for 2.5-30 min results in delivery of
@@ Complex endocytosed HRP to MVBs (van Deurs et al. 1993). Th

= ;:IZ o+ cont number of lumenal vesicles in MVBs increases with time

1 P|3|Z early MVBs have few internal vesicles and contain

transferrin receptor while late MVBs contain numerous

internal vesicles and are devoid of transferrin receptc
(van Deurs et al. 1993). In addition to acquiring endocyti
cargo, MVBs also fuse with Golgi derived vesicles
carrying biosynthetic cargo (Mullins and Bonifacino,
2001, Piper and Luzio 2001).

MVBs are involved in cellular cholesterol
homeostasis (Kobayashi et al. 1999, Mobius et al. 2003
Excess cholesterol accumulation in MVBs affects late
Figure 2: Schematic depicts the two steps likely to be involved ingngosome membrane trafficking of sphingolipids as see

the formation of MVB from early sorting endosomes. PI3P . . . -
synthesized on endosomes recruits bilayered clathrin coats vizin cells from Niemann-Pick type C1 patients [NPC 1,

cytosolic proteins such as Hrs (Step ). These bilayered clathrin(Puri et al. 2003)]. Cholesterol recruits annexin-Il,
coats are likely to play a role in sequestration of ubigitinated cholesterol binding protein to MVBs. Annexin Il has been

signaling receptors. Subsequently, LBPA is involved in inward shown to be involved in MVB formation (Mayran et al.
budding of endosomes resulting in multi-vesicularization (Step2003) Thus, PI3P, LBPA and cholesterol play a structur:

I1). Multi-vesicularization results in sorting of endocytosed I " le in MVB in hiah ¢
signaling receptors into the intralumenal vesicles. Endocy’[osedaS well as sorling role In in higher metazoa.

growth factor receptors such as EGFR remain signaling competent In yeast strains, EM studies have not revealed lat

in endosomal compartments. They recruit (_jownstream S'gne_"endosomal MVBs either due to technical problems
transducers such as Sos and other cytosolic effectors for this

purpose. Hrs recruits and sorts mono-ubiquitinated receptor Viaassouated with preservation of late endosoma
multiple protein complexes (ESCRTS) into lumenal vesicles of MVEEOMpartment or presence of very robust lipases involve
resulting in abrogation of signaling, as the receptor bound cytosolicin degradation of lumenal lipid vesicles. However, in
signal transduction machinery remains no longer signal mutants of yeast that show reduced vacuolar hydrolas

transductlon competent. The lumenal vesicles of the MVB andactivity (vmad), lumenal vesicles in vacuoles have beer
their contents are subsequently degraded.

Cytoplasm
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observed suggesting a multi-vesicular intermediate priolysosome associated membrane protein 1 (LAMP1) an
to vacuole formation (Morano and Klionsky, 1994). LAMP2 are associated with the limiting membrane of
In contrast to mammalian cells, LBPA has not yet MVB where they constitute more than 50 % of total

been isolated in yeast despite the proposal of gneémbrane proteins (Marsh et al. 1987).

fundamental role for LBPA in recycling membrane Trafficking betveen Golgand MVB
proteins from late endosomes to TGN in higher metazoe} . _
n mammalian cells, membrane trafficking routes of

(Piper and Luzio, 2001). PI3P has been found in intra- ransmembrane proteins from TGN to endosomes ha

endosomal vesicles of vacuoles and synthesis o . .
hosphatidyl-3,5-bis-phosphate from PI3P on endosom een described. Many membrane proteins and lumen
P ’ ahydrolases in the TGN destined for MVBs are sortec

membrane by PI3-Kinase Fablp has been shown to be . . . )
. . : T and enriched into vesicles by three independent adaptc
essential for multi-vesicularization of pre-vacuolar . : o
endosomes (PVE) and sorting of membrane proteinCoat protein complexes. GGAs (Golgi-localizing,
. . amma-adaptin ear homology domain, ARF-binding) ar
carboxypeptidase S into PVE (Katzmann et al. 2002g P 9y g)ar

) 'ATP ribosylation factor (ARF) dependent coats involved
Odorizzi et al. 1998a, Wurmser and Emr 1998). in sorting ?)/f membrane |(orotei)ns stJch as vacuolar ATPas
MVBs are rich in highly glycosylated membrane M6PR and luminal proteins such as cathepsins int
proteins that are delivered via the endocytic pathway otesicles at TGN. AP-1 adaptor complex composed ¢
biosynthetic pathway (Mullins and Bonifacino, 2001, large subunitg-adaptin,81-adaptin and small subunits
Piper and Luzio 2001). These membrane proteins ar@l-adaptin,cl-adaptin defines another pathway of
differentially distributed between lumenal vesicles and trafficking between the Golgi and MVB (Reusch et al.
limiting endosomal membrane as indicated in table 12002). The third pathway of membrane trafficking
(Katzmann et al. 2002, Storrie 1988). The vacuolar protorbetween Golgi and endolysosomes is dependent on A
pump (V-type H-ATPase) and glycoproteins such as 3 adaptor complex. AP-3 adaptor complex is similar tc
AP-1 adaptor complex in its composition except for the

Table 1: large dadaptin subunit that differs from APydadaptin
subunit. AP-3-adaptor protein complex recognize:

Limiting membrane Lumenal vesicles . . . L .
sorting signals that are either an acidic residue upstrea
Plasma membrane . ; . . . .
Yeast Transmembm@ne recetors of di-leucine or a tyrosine present in cytoplasmic domait
V-ATPase Yeast of membrane proteins such as LAMP-1 and LIMP-2 anc
Dipeptidyl aminopeptidase B~ St€2p recruits clathrin (Dell’Angelica et al. 1999, Faundez
Alkaline phosphatase Ste3p . .
vam3p Mammalian et al. 1998). AP3 has been shown to be involved il
Fthip EGFR endosomal sequestration and targetting of LAMP-1 an
’Ii":,\f/l“';“i‘"a” ﬁ;__HzFé LAMP-2 to lysosomes from tubular sorting endosome:
LAMP-2 B-AR (Peden et al. 2004). AP-3 has been shown to hay
HLA-DM CXCR4 clathrin-independent function as well (Robinson 2004)

Plasma membrane

Transmemb@ne proteins The molecular players that regulate fusion of Golgi
Yeast derived vesicles with MVBs in mammalian cells are yet
Fur4p unknown. In fact, controversy reins in terms of whethe
'h;l’gllﬁplp delivery of proteins from the TGN to the endolysosome
Gaplp takes place via the early endosomal system or to the g
Izzfép endosome lysosome directly, or if there are multiple
Steeg points of intersection between these two membran
systems (Pfeffer 2003).
Mammalian
E-Cadherin Biogenesis of MVBlessons fromaast mutants
nEArLag 1 Genetic studies investigating yeast vacuole biogenes
SB gi have provided insights about molecules that are likel
CD 82 to regulate these processes (Stack et al. 1995). It h
Biosynthetic been observed that many proteins involved in vacuolz
\T(;zrs‘tsmembﬁ”e proteins sorting and biogenesis in yeast have orthologues in high
Cpslp eukaryotes such &rosophilaand mammals where they
Phm5p are likely to regulate biogenesis of late endosomes ar
onasp lysosomes (Mullins and Bonifacino 2001). Genetic
LAP screens scoring for mutations in the delivery of a CPY

CI-M6PR invertase fusion protein that is normally delivered tc
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vacuole have isolatedacuolar protein sortingvps) PVE. PI3 Kinase Vps34p synthesizes PI3P on endosom
mutants that collectively define 40 complementation that recruits Vaclp, a multivalent adaptor protein to th
groups (Banta et al. 1988, Robinson et al. 1988). Vpsompartment. Vaclp is involved in docking and fusior
gene products constitute components of a moleculapf Golgi-derived vesicles with pre-vacuolar endosome
apparatus responsible for recognition, packaging andPVE) by integrating both phosphoinositide (Vps34p)
vesicular transport of proteins to yeast vacuole. Based@nd GTPase (Vps21p) signals essential for Vps45y
on vacuole morphology in mutants, Vps genes arePepl2p function (Peterson et al. 1999). Vps45p is Sec:!
classified as class A-F. These genes regulate specific step®mologue that binds soluble-ethylmaleimide-
in vacuolar membrane trafficking as shown in figure 3. sensitive factoattachment protein receptors (SNARES)
In addition to these genes, there are a host of adaptor-l';Igl2p and Pep12p on endosomal membrgnes (N'Cho
o e et al. 1998). Interaction between Secl family of protein
and coat-proteins identified in these and other assays
that act to direct and regulate membrane traffic to an
from the yeast vacolar system. Membrane proteins suc
as carboxypeptidase S (CPS) or Vps10p and lumenal Class E Vps mutants accumulate a novel organell
carboxypeptidase Y (CPY) are sorted at TGN by GGA distinct from the vacuole that is likely to represent ar
AP-3 directs the vacuolar membrane proteins alkaline€*@ggerated PVE similar to that identified in wild-type
phosphatase (ALP) and Vam3p directly to the vacuole€llS using biochemical techniques (Vida et al. 1993)
via a pathway different from AP-1 dependent pathway The PVE shows differential localization of membrane
and GGA regulated CPY pathway (Odorizzi et al. Protéins in lumenal vesicles and limiting endosoma
1998b). AP-3 dependent sorting of membrane proteind"€mbrane (Table 2). 17 class E Vps proteins implicate
to the vacuole is clathrin-independent (Vowels and Paynell Sorting of proteins into MVB have been listed

1998) but is likely to be coat-protein Vps4lp dependent(Table 3), functional loss of any one leads to malforme:
(Rehling et al. 1999). late endosomes referred as class E compartment.

nd SNAREs is a prerequisite for endosomal membrar
usion.

Class D mutants have normal to enlarged vacuolesSorting of proteins in MVBs
and are defective in delivery of vacuolar ATPase and CPYrnhe functional significance and identity of the
to vacuoles. Class D Vps proteins are likely to play aendolysosomal system, and consequently MVBs i
role in delivery of Golgi derived biosynthetic cargo to defined by a unique set of proteins that reside withi

Class E
Vps27p Vps36p
Vps22p Vps23p Class C
Vps2p Vps24p Vam3p Vpsiip
Vps20p Vps32p Vam7p Vpsi8p
Vps28p Vpsdp Vtilp  Vpsi6p

Ypt7p Vps33p
Vps4ip Vps39p

\ /
—¥ Class C
Vam3p Vpsiip

Vtitp ALP
Tigep Class D g"t\rf] Pathway x::n;p xgzlgg
Pep12p Vaclp athway Ypt7p  Vps33p
Mvpip  Vps8p Vps41p Vps39p
Vpsip Vps9p
Vps10p Vps4d5p GGA

Vps11p Vps34p AP-1 AP-3 Golgi
VPSTOD VpSTOP iy
\ Clathrin Y

Figure 3: athways of membrane trafficking between TGN and vacuole in yeast

Alkaline phosphatase (ALP) containing vesicles directly fuse with vacuole while carboxypeptidase Y (CPY) is deliveretLimgore-ve
endosome prior to vacuole. The molecular players that regulate vesicle budding, transport and fusion with target membranes i
pathways have been listed. Class D (green), class E (blue) and class C (red) Vps proteins have been indicated
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this organelle (Table 2). Therefore, the accurate anctytosolic regulators of MVB sorting such as Vps27p anc
efficient delivery of these proteiris as well asntothe  Vps23p in yeast (Bilodeau et al. 2002, Shih et al. 200z
MVB is of fundamental importance in establishing and or their homolgues Hepatocyte growth factor-regulate:
maintaining late endosomal structure and function.tyrosine kinase substrate (Hrs) and Tsg101 in mammalic
Plasma membrane proteins and fluid are internalized viaells (Aguilar et al. 2003, Lloyd et al. 2002, Raiborg et
endocytic pathway and delivered to late endosomesg|, 2001, Raiborg et al. 2003).

Biosynthetic cargo containing vesicles from Golgi deliver

cargo to MVBs. Some of the membrane proteins that Hrs binds enriched regions of P3P on the I|m|.t|ng
. .~ membrane of endosomes via its FYVE domain (Raibor
are delivered to MVB are subsequently sorted into

lumenal vesicles while others are retained on the Iimitingelt atl:] ,2021)' Thifctir;teir.nllnustofg!rs ilontgiﬁha ftunctl.onle
membrane or recycled back to Golgi (Piper and Luzio,Ca rin box motitthat Interacts directly wi etermina

2001). Membrane proteins that are sequestered imgeta-propeller doma|'n of clathrin heavy chmrwt;

lumenal vesicles of MVB have different fates. Cell Tt bilayered clathrin coats on endosomes (Raibor
surface receptors such as epidermal growth factoft &l 2001, Sachse et al. 2002). Bilayered clathrin co
receptor (EGFR) are degraded, proteins such as CDe®N endosomes is thought to enrich ubiquitinatec
CD81 and CDS82 remain stable in lumenal vesiclestransmembrane proteins destined for lumenal vesicle

while M6PR is recycled back to TGN (Piper and Luzio of the MVB via their interaction with Hrs (Raiborg et al.
2001). 2001, Sachse et al. 2002). The mechanism involved |

Recent studies have shown that mono-ubi uitinationthe inward budding of the endosomal membrane is poorl
9 understood. A candidate cytosolic protein ALIX

can serve as a signal for sorting of transmembran(?unctions as a negative regulator of multi

proteins into the Iumenql vesicles of MVB (Hicke 2001, vesicularization. ALIX binds endosomal LBPA rendering
Marchese and Benovic 2001, Rocca et al. 2001). . . o .
Recombinant fusion of a recveling receptor such as|tunava|IabIefor its role in inward budding of endosomal
ycling p
transferrin receptor with ubiquitin results in its lysosomal membrane (Matsuo et al. 2004).
targeting (Raiborg et al. 2003, Urbanowski and Piper A similar paradigm of sorting membrane proteins
2001). Ubiquitin, a conserved 76 amino-acid (aa)into the vacuole lumen exists in yeast. Vps27p ani
polypeptide is linked covalently to protein substratesVps23p sort endocytosedfactor receptor, biosynthetic
through the activity of a cascade of enzymes (KatzmanrCPS and ubiquitin fusion reporter construct into the
et al. 2002). Ubiquitin ligases such as Tull in yeast,vacuole lumen (Bilodeau et al. 2002, Shih et al. 2002]
Neuralizedin Drosophilaor Xenopus, Mind-bomb in  Although genetic evidence in yeast suggests\fpaR7
zebrafish and cbl in mammalian cells are involved inacts upstream o¥ps23 (Katzmann et al. 2003je
ubiquitinating Golgi or cell surface proteins resulting in functional relationship between these proteins is unclee
their targeting into MVB (Deblandre et al. 2001, Itoh et Vps27p and Vps23p are amongst 17 class E Vps protei
al. 2003, Lai et al. 2001, Pavlopoulos et al. 2001, Reggior{Table 3) involved in sorting of MVB proteins that have
and Pelham 2002). The ubiquitin tag on the protein isbeen identified; functional loss of any one leads tc
recognized by ubiquitin-interacting motif (UIM) or malformed late endosomes referred as class
ubiquitin E2 variant (UEV) domain present in putative compartment (Piper and Luzio, 2001). Vps27p deliver:

Table 2: Table 3:

Membrane proteins Lumenal proteins Class E Vps proteins Protein complex

Acetyltransferase Acid phosphatase Vps23p ESCRT-I
Acid phosphatase Arylsulfatase B Vps28p ESCRT-I
B-Glucosidase Cathepsin B-I Vps37p ESCRT-I
LAMP-1 Cathepsin B-ll
. ESCRT-II
LAMP-2 (MAC-3) Cathepsin D Vps22p EoCRTI
; Vps25p
Lgp 80 Cathepsin L ESCRTII
; Vps36p
Lgp 100 a-Galactosidase
Lgp 120 B-Galactosidase Vps2p ESCRT-III
LIMP-2 a-Glucosidase Vps20p ESCRT-III
LIMP-3 B-Glucuronidase Vps24p ESCRT-III
CV-24 antigen B-Hexosamindase A Vps32p/Snf7p ESCRT—III
Carboxypeptidase S B-Hexosamindase B Vps27p W!th Hselp
Phospholipase A Hselp With Vps27p
Carboxypeptidase Y Vps4p Oligomer
Carboxypeptidase S .
ProteinggepA S'dzﬁ% Not known
Proteinase B psoUp
Vps31p

a-Mannosidase

Vps44p
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the ubiquitinated membrane protein to ESCRT-I Multi-lamellar late endosomes

(endosomal sorting complex required for transport-l), & a6 endosomes also exhibit multi-lamellar morphology
protein complex that includes Vps23p, Vps28p andag gpserved using EM (Kobayashi et al. 1998). Multi
Vps37p (Katzmann etal. 2003). ESCRT-I, ESCRT-Il and|gmellar late endosomes (MLE) are characterized b
ESCRT-Il are class E protein complexes that areywhorl of membranes within the limiting endosomal
involved sequentially in protein sorting into MVB  membrane that may in many instances include lumen.
[Table 3, Fig. 2, (Raiborg et al. 2003)]. ESCRT- | yesicles (Reaves et al. 2000). Similar to MVBs, the
functions upstream of ESCRT-II on the endosomaljymenal membranes of MLE are enriched for LBPA
membrane and relays the membrane protein (Babstkobayashi et al. 1998). Experiments done or
et al. 2002) to ESCRT-II, a 155 KDa complex localized mammalian cells an®rosophila suggest that MLEs
transiently to the membrane which recruits ESCRT-III. could form from MVBs in the endocytic itinerary. It has
ESCRT-lll is composed of two functional sub-complexes been observed that BSA-gold is endocytosed into MVB
and is stabilized on the membrane by myristoylation ofprior to MLE when human B lymphocytes are incubatec
Vps20p (Babst et al. 2002) . The membrane proximalwith BSA-gold for 10 min followed by incubation in
sub-complex Snf7p-Vps20p is required for the peripheralabsence of the probe (Mobius et al. 2003Pdvsophila
association of Vps2p-Vps24p sub-complex. The R7 photoreceptor cells, HRP tagged bride of sevenles
peripheral Vps2p-Vps24p protein complex recruits a de-a ligand for sevenless receptor is endocytosed into MVE
ubiquitylating enzyme Doa4p and an AAA type ATPase and subsequently localizes to MLE (Sunio et al. 1999;
Vps4p. De-ubiquitylation of the membrane protein The mechanism involved in formation of MLEs from
precedes its localization into the lumenal vesicles ofMVBs is poorly understood. It has been observed the
MVB. Vps4p is involved in catalyzing dissociation of cholesterol is efficiently removed from MVBs while
all ESCRT complexes from the endosomal membraneenriching for lysosomal proteins such as LAMP during
prior to delivery of the ubiquitinated receptor into the MLE formation (Mobius et al. 2003).

lumenal vesicles (Babst et al. 1998). MLEs seem to be induced during autophagy (Harir

Proteins of mammalian ESCRT are beginning to be€t &l. 2000) and are capable of fusion with autophagc
identified (Babst et al. 2000, Stuchell et al. 2004, vonSomes (Lucocq and Walker 1997). In antigen presentir
Schwedler et al. 2003). In MDCK cells, a dominant Cells such as macrophages, MLEs have been shown
negative form of mammalian homologue of yeast Vps4conta|n pgptlde—MHC complexes essential for antigel
disrupts EGFR degradation and results in accumulatiofPrésentation (Geuze 1998). Inyeast, MLEs are observe
of aberrant class E such as compartments (Fuijita et aP"y In class E mutants that affect vacuole biogenes

2003) suggesting a conserved role for ESCRT protein&?iecler et al. 1996). As yet, fundamental m.olecula|
in sorting membrane proteins into MVB in higher differences between MLEs and MVBs remain to be

metazoa. established; their distinctness appears to rest upon

subtle morphological difference.
Although mono-ubiquitination has been shown to

be an important sorting determinant for targeting proteins-yS0SOmes: organizéon, composition and
into MVBs, non-ubiquitinated transmembrane proteins Piogenesis

are also sorted into MVBs. In yeast, reduction in levelsLysosomes represent the next stage in the biogenesis
of unconjugated ubiquitin does not affect targeting ofthe endolysosomal system; cargo internalized from th
membrane protein Sna3p into MVB (Reggiori and cell surface appears in this set of organelles right afte
Pelham 2001). The protein machinery involved in traversing late endosomes. Lysosomes are extreme
recognition and sorting of non-ubiquitinated proteins isdynamic organelles undergoing large-scale
very poorly understood. An interesting candidate proteinmorphological transformations that show tubular
is cytosolic GASP (G-protein-coupled receptor- (Racoosin and Swanson 1993, Sriram et al. 2003
associated sorting protein) that binds to non-ubiquitinatedspherical and electron dense (Bright et al. 1997) or mult
0-opioid receptors and targets them into MVBs (Whistler lamellar morphology (Sunio et al. 1999) depending ot
et al. 2002) . the cell type they have been visualized in (or procedure
used to fix cells). Their morphology and dynamics
depend on the structural role of actin filaments anc
Questions regarding mechanism of formation of lumenalmicrotubules. Lysosomes display a combination o
vesicles of MVB, their fission from the limiting microtubule dependent rapid long-range directiona
membrane, re-fusion with limiting membrane and movements and actin dependent short randor
possible role of lipids in sorting of non-ubiquitinated movements and pauses (Cordonnier et al. 2001). |
proteins remain unaddressed. addition, microtubules are required for maintenance c

Unanswered issues in MVB biognesis
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lysosome distribution in its juxtanuclear position and hetero-oligomeric protein complexes that localize tc
facilitate delivery of ligands to the degradative vacuolar membran®&ps18&mutant at the non-permissive
compartment. Actin filaments and myosin I-alpha temperature is defective in processing of both CPY an
contribute to the movement of lysosomes in cooperatiolPALP into their mature forms and degradation of
with microtubules and their associated molecular motorsendocytosed Ste6p transporter. It accumulates MVB:
(Cordonnier et al. 2001, Durrbach et al. 1996). vesicle transport intermediates and auto-phagosomes
phenotype rescued by over-expression of Vps16p
SNARE Vam3p (Rieder and Emr, 1997). Vps33p ATPas
Lysosomal membrane is rich in glycoproteins andpelongs to Secl family of SNARE interacting proteins
distinguished from late endosomes by the absence ofGerhardt et al. 1998). Vps1ip binds to the COOH
M6PR (Mullins and Bonifacino 2001, Piper and Luzio terminal of Vps39p of Vps41p-Vps39p protein complex
2001). These glycoproteins are thought to form athus organizing HOPShémotypic fusion and vacuole
glycocalyx matrix in the lysosome thus protecting theprotein§orting) complex (Ungermann et al. 2000,
lysosomal membrane from lumenal proteases and lipasegvurmser et al. 2000). Vps39p-Vps41p complex function:
The integral membrane proteins and lumenal enzymesgs a downstream effector as well as nucleotide exchan
found in lysosomes and lysosome-like yeast vacuole havéactor of active, GTP-bound form of Ypt7, a Rab GTPast
been listed in table 2. In addition to glycoproteins suchrequired for tethering transport vesicles to vacuole (Pric
as NPC 1 that regulates cholesterol levels in lysosomest al. 2000, Wurmser et al. 2000). A possible mechanisi
(Neufeld et al. 1999), lysosomal membrane is rich inpy which membrane fusion is brought about by class
transporters for amino acids (Schneider et al. 1984), fatty/ps proteins as part of HOPS protein complex is
acids (Rome et al. 1983), carbohydrates (Cohn andchematically represented in Figure 4. Vps41p-Vps39
Ehrenreich, 1969, Maguire et al. 1983, Renlund et al.protein complex is required not only for CPY pathway
1986) and nutrients [such as cobalamin (Vitamjy),B  to vacuole via PVE but also in ALP pathway [(Stepp
(Rosenblatt et al. 1985)] that are generated as producist al. 1997), Fig 3], ALP containing vesicles from TGN
of degradation. bypass PVE and fuse directly with vacuole (Fig 3).

The lumen s rich in lipofuscins, cysteine (Cathepsin  Class C Vps genes might also function at an earlie
B, L, S and H) and aspartate (Cathepsin D, E) proteasestep in the formation of PVE in Golgi-vacuole membrane
lipases and acid hydrolases. Lipofusins are polymeriarafficking as shown by their genetic interaction with
substances composed of cross-linked protein residueslass D Vps genes. Vpsllp binds Vaclp in vitro an
that are not degraded in lysosomes (Brunk and TermarVps18p binds Vaclp in a two-hybrid assay suggesting
2002). Cathepsins, important constituents of lysosomaprobable role for class C Vps complex in early stages ¢
lytic system are delivered to late endosomes via M6PRdocking of TGN derived transport vesicles with PVE
in non functional pro-form that undergoes processing in[Fig 3, (Peterson and Emr, 2001)]. The role of Sec],
acidic lysosomes to result in mature functional enzyme homologue Vps33p in the biogenesis of PVE remains t
Some soluble lumenal proteins such as mature humahe demonstrated.
lysosomal acid phosphatase are synthesized as integral |, stark contrast to the studies in yeast, experimen
membrane protein precursors (Pohimann et al. 1988¢,¢ usingdrosophilaseem to suggest that homologues
Waheed et al. 1988) and targeted to lysosomes whergs class C Vps proteins differentially regulate distinct
they are proteolytically cleaved into mature enzymes.steps in lysosomal membrane trafficking in higher
Most of soluble lysosomal proteins have a half-life of metazoa (Sriram et al. 2008)osophilaeye color genes
24 h (Mort and Buttle, 1997). deep-orange(dor), carnation (car) andlight (It) are
homologues of yeast Vpsl&ps33and Vps4l
respectively (Sevrioukov et al. 1999, Shestopal et a
1997, Warner et al. 1998) that interact with each othe
Once again studies in yeast have yielded informationgeneﬁcany (Lindsley and Zimm 1992). It has beer
regarding this step in membrane trafficking in the endo-gemonstrateih vitro that Dor and Car can form a multi-
lysosomal system. The fusion of the late endosomeyrotein complex (Sevrioukov et al. 1999). However,
equivalent, the pre-vacuolar endosome (PVE) with yeasimmuno-fluorescence microscopy has revealed the
lysosome equivalent, the vacuole, requires class C Vpgyhile Dor and Car associate with Rab7 positive, Hr:
proteins Vps18p, Vpsllp, Vpsl6p, Vps33p, anotherpositive MVBs (Sriram et al. 2003), Car regulates Dot
protein complex containing Vps41p and Vps39p, GTPas&unction on MVBs. The MVBs undergo a morphological
Ypt7p and SNAREs- Vtilp, Vam7p, Vam3p [Fig 4, transformation to form smaller Rab7 positive pre-
(Nakamura et al. 1997, Rieder and Emr 1997)]. Class Qysosomal compartments that are Hrs negative (Sriral
Vps proteins are coiled-coil containing proteins that formet al. 2003). These pre-lysosomal compartment

Composition of lysosomes

Biogenesis of lysosomemembane trafficking from
MVBs to lysosomes/vacuole
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subsequently fuse with tubular lysosomes (Sriram et al. These data suggest that while many molecula
2003). Unlike its yeast homologue that localizes toplayers involved in biogenesis of lysosomes are
vacuole, Dor is not present on pre-lysosomal andconserved across different model systems the role ¢
lysosomal compartments. Car on the other hand labelghese molecules in higher metazoa as compared to ye:
Rab7 positive, Hrs and Dor negative pre-lysosomaljs Jikely to be system-specific, since many of the step
compartments and regulates their fusion with lysosomesgnyolved in lysosomal membrane trafficking are
(Sriram et al. 2003). differentially organized.

A clone of cells irDrosophilacompound eye lacking
Dor shows increased steady state levels of Bride oSNARE-mediated membrane fusion in the endo-
sevenless, a sevenless receptor ligand suggesting a defédysosomal system
in endosomal degradation of ligand-receptor comple .
(Sevrioukov et alg 1999). Hemo%:ytes frcojtrl)rlmutantp XThe SNARE hypothesis
larvae show defect in degradation of endogenousOne of the main insights into understanding factors the
scavenger receptors. This defect in degradation ofyjovern membrane fusion inevitable in communicating
endocytosed receptors is caused by lack of fusion obetween distinct membrane compartments inside th
Golgi derived vesicles rich in proteases with MVBs. Thus cell has been the discovery of the rules behind SNARI
Dor regulates fusion of Golgi derived vesicles with MVB pairing (McNew et al. 2000). The SNARE (soluble
(Sriram et al. 2003). The SNAREs regulating theseethylmaleimide-sensitive factattachment protein
membrane fusion steps are beginning to be describegbceptor) family of proteins constitutes the basic protei
(see section 4). machinery required for all intracellular membrane fusior

In animal cells, mammalian homologues of yeastevents (Chen and Scheller 2001). They are anchored
Ypt7p, class C Vps proteins and SNAREs likely to be the membrane by a C-terminal transmembrane doma
involved in lysosome biogenesis have been identifiedor by acyl-derivatization and contain conserved hepta
(Bucci et al. 2000, Caplan et al. 2001, Kim et al. 2001,repeat sequences in their membrane proximal regior
Mullock et al. 2000, Nakamura et al. 2000, Poupon etthat form coiled-coil structures (Chen and Schellel
al. 2003). Expression of dominant negative Rab72001). SNARE complexes exist ais form (SNAREs
mutants, GFP-Rab7T22N and GFP-Rab7N125I causeanchored to the same membrane interacting laterall
dispersal of LAMP-1, cathepsin D positive lysosomesor in trans form (SNAREs anchored on the opposed
without affecting M6PR (late endosomal marker) membranes of docked organelles interactingrans).
localization. This also results in lysosomes becomingThey form large 20S complex with the aid of a
inaccessible to endocytosed low-density lipoprotein.molecular chaparone, the AAA type ATPase NSF
Thus Rab7 is involved in delivery of endocytosed cargo(N-ethylmaleimide-sensitive fusion protein; yeast

from late endosomes to lysosomes in addition t0sec18p) and SNAPs (soluble NSF attachment protein
maintenance of perinuclear lysosomes in the cell (Buccyeast Sec17p).

et al. 2000).
) SNAREs are classified as R-SNAREs and Q-

Mammalian class C Vps proteins localize 10 g\ARES that contain arginine and glutamine respectivel
LAMP-1, Lgp positive compartments and associate W'thas a highly conserved residue (Fasshauer et al. 199

mVps39p and syntaxm-? (Va’.“?’p S NARE homplog_ue) They are also categorized as members of syntaxin, VAM
as revealed by immuno-precipitation and gel filtration (vesicle-associated membrane protein) or SNAP-2

studies (Kim et al. 2001, Poupon et al. 2003). siRNA- i . . o
induced decrease in cellular mVps18p results in dispersa(125kDa synaptosome-associated protein) families. The

o . Intrinsic physio-chemical properties in combination with
of Lgp positive compartments away from their . . )
juxtanuclear location in the cell (Poupon et al. 2003).upstr§am targeting and tethering factors such as R
Increasing levels of mVps39p-GFP in this backgroundpmtem?ahd _Re_‘b effectors are thought to encode aspe
results in perinuclear clustering of Lgp positive of specificity in intracellular membrane transport (Chen

compartments arguing for mVps39p function either and Scheller 2001).

downstream or parallel to mVps18p function. IncreasinggNARES in endolysosomal memdne traffic
cellular levels of mVps18p-GFP or mVps39p-GFP | . ) .
results in lysosome clustering in juxtanuclear region Biochemical analyses of yeast homotypic vacuolar fusio

(Bucci et al. 2000, Caplan et al. 2001, Poupon et a/have provided a tentative functional sequence of tetherir
2003). Unfortunately, the lack of discrimination between @nd targeting proteins involved in SNARE mediatec
late endosomes and lysosomes in these studies has I¢@cuolar membrane fusion (Wickner 2002). Based o

questions about compartment specificity of mVps39p andhese data, vacuolar membrane fusion event can |
mVps18p unanswered. dissected into three steps (Fig. 4).
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Figure 4: Schematic showing steps suggested to be involved in class C Vps protein complex regulated SNARE mediated membra
between pre-vacuolar endosome (PVE) and vacuole or cargo vesicles and vacuole. During priming, Sec18p ATPase hydrolyses
releases Secl7p off cis-SNARE complex on both the membranes. Vps33p (class C Vps protein) interacts with Vam3p driving the
towards docking. Vps1lp of class C Vps protein complex interacts with Vps39p-Vps41p. Vps39p-Vps41lp interaction with clas:
protein complex constitutes HOPS complex that functions as Ypt7p guanine nucleotide exchange factor as well as an Y.pIip effe
Ypt7p effector complex is involved in tethering the two membranes. Docking resuttafi®&NARE pairing that involves interaction
between SNAREs on opposing membranes and release of class C Vps protein complex from Vam3p. Vam3p, Vtilp amnangam?7|
SNARE interaction caugeansinteraction of Y subunits of opposing membranes prior to membrane fusion and mixing of lume
contents between PVE or cargo vesicle and vacuole.

1) Priming is ATP-driven modification of the association ~ Priming involves hydrolysis of ATP by Sec18p
status of SNARESs, Rabs and effector complexes. resulting in Secl7p release from interaction with

2) Docking is initiated by Rab and its effectors leading SNAREs on both fusion membranes. This results i
to trans-SNARE pairing. disassembly of theisSNARE complex on both fusion

3) Membrane fusion is initiated by calcium flux membranes that can be guided mforoductive fusion
resulting in fusion of membrane bilayers and mixing event only if docking occurs rapidly. Priming requires
of lumenal contents. phosphatidylinositol 4,5 bisphosphate [P1(4,5]Mayer
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et al. 1996)], ergosterol (Kato and Wickner 2001) andendosomes in a cell free system [(Antonin et al. 2002
LMA1, a co-chaperone that is initially bound to Sec18p Antonin et al. 2000)]. At the same time the same Q
but subsequently associates with SNARE Vam3p (XuSNAREs can combine with an alternative R-SNARE,
etal. 1997, Xu et al. 1998). Itis also observed that HOPSiamely, VAMP7, for heterotypic fusion between late
complex activates Ypt7p (Wurmser et al. 2000) andendosomes and lysosomes using antibody inhibitio
remains bound as Ypt7p effector (Seals et al. 2000). Classxperiments in rat liver cell free system (Pryor et al
C Vps complex maintains Vam3p (SNARE) in an 2004), suggesting that the regulation of Q-SNARE
unpaired state (Wurmser et al. 2000), a step critical fopartners can dictate homo- versus hetero-typic fusion |
guiding the reaction into a productive fusion event. Thisthe endolysosomal system. Experiments using SiRN;
interaction is likely to be between Seclp homologueor antibody microinjections targeting specific candidate
Vps33p and Vam3p. PI3P (Cheever et al. 2001) andnolecules followed by visualizing membrane trafficking
activated Ypt7p (Ungermann et al. 2000) are requiredn live cells is likely to provide further insights into

for maintenance of SNARE Vam7p (SNAP-25 regulatory mechanisms of molecular players in lysosom
homologue) on the vacuole. The mechanism of loadingoiogenesis.

and maintenance of HOPS on vacuolar membran

remains poorly understood. eI'r afficking paradigms and organelle identity in late

. endo-lysosomal biogenesis
Docking refers to the sequence of events that occurs

upon contact between the vacuoles, establishing theiEarly to late endosome &ffic

stable interactiorthus committing them to subsequent Membrane trafficking between early endosomes to lat
fusion. Ypt7p and HOPS complex trigger two docking endosomes has been explained chiefly by two mai
events that are activation of Rholp and Cdc42p (Eitzenrafficking paradigms. These are “maturation model” anc
et al. 2001, Muller et al. 2001) and formation of trans- “stable compartment model or vesicle shuttle model’
SNARE pairs (Ungermann et al. 1998). During this [(Gruenberg and Maxfield, 1995)] are depicted in
process, class C Vps protein complex releases Vam3Fig. 5. In the maturation model, early endosomes forr
resulting in trans-SNARE complexes containing Vtilp, de novoby coalescence of vesicles from the plasm:
Vam3p, and Vam7p. Extent of vacuole acidification membrane; the composition of early endosomes the
(Ungermann et al. 1999) and membrane PI(4(8)Ryer changes due to removal of recycling cargo and additio
et al. 2000) influences docking. Docking results in releaseof TGN- derived vesicles, till they eventualijature’

of calcium from the vacuole (Peters and Mayer 1998)into late endosomes and then lysosomes. The vesicl
which activates calmodulin to bind tg,the integral ~ shuttle model postulates that early endosomes, la
domain of vacuolar HATPase. This triggers @#ans endosomes and lysosomes are stable compartments
complex formation between \tomplexes on opposed the cell. Transport proceeds from early endosome
vacuoles (Peters et al. 2001) that also contains Vam3ghrough endosomal carrier vesicles (ECV) to preexistin,
Protein phosphatase 1 releases LMA1 from the vacuoletate endosomes with characteristics of MVBs or directly
prior to membrane fusion and contents mixing (Conradtto lysosomes.

et al. 1994, Peters et al. 1999, Xu et al. 1998). Each model makes different predictions about the

nature of trafficking of proteins that are responsible fo
Sendosome sorting and transport. The tight regulation c
membrane trafficking requires that specific tethering an
Syntaxin-7 (Q-SNARE) regulates late endosomal andiargeting factors are present on each endosom
lysosomal membrane fusion; microinjection into cells compartment membrane to enable the docking of specif
of anti-syntaxin-7antibodies or bacteriallgxpressed  transport vesicles. According to maturation model, thes
syntaxin-7 lacking the transmembrane domain inhibitstethering and targeting factors must first be inactivate
fusion of late endosomes with lysosomes and lysosomegngd then either removed by recycling or degraded i
with lysosomes without any effect on eaglydosomal  |ysosomes during the maturation process. In contras
fusion (Ward et al. 2000). Interestingly, the SNARE the stable compartment model predicts that these factc
complex that provides specificity for heterotypic fusions may remain as resident components of the stabl
between late endosomes and lysosomes (Pryor et abndosomal membrane.

2004)has been shown to be different from the SNARE ) ) ]

complex mediating homotypic fusions between late EXPefmental &idence suppaing the two models of
endosomes [(Antonin et al. 2002, Antonin et al, 2000)]. Mémbane taffic in the endgisosomal system

The trans-SNARE complex consisting of Q-SNAREs Experiments done on HepG2 cells looking at endocytos|
syntaxin 7, Vtilb and syntaxin 8 and the R-SNARE, of '?- or HRP-labeled asialoorosomucoid receptol
VAMPS, are responsible for homotypic fusion of late (ASOR) or transferrin receptor (TfR) by Stoorvogel anc

SNARE pairing regulates homotypic vesus
heterotypic fusion of late endosomes and lysosome
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co-workers suggested that late endosomes are derivefdrmation, macropinosomes acquired, and then los
from early endosomes by maturation (Stoorvogel et alspecific membrane markers for organelles in the
1991). It was observed that Tf-HRP was internalized intoendocytic pathway.

endosomes that showed a gradual decrease in TfR levels Experiments with primary hemocyte cultures from

post formation and a concomitant increlase in M6PRprosophilalarvae, using fluorescently labeled dextran
contents. The entire endocytic pathway'tFASOR Fl-Dex) and maleilated bovine serum albumin (FI-

(a protein that was delivered to late endosomes an BSA) by Sriram et.al. (2003) demonstrated tha
lysosomes) remained accessible to newly endocytosefgjivery of ligands from multi-vesicular Rab7 positive
Tf-HRP until a compartment with a density near to that o qosomes to prelysosomal compartments occurred |
of lysosomes was reached. Endocytosed Ti-HRP wWagnatyration process (Sriram et al. 2003). Priman

also localized in M6PR containing endosomes. It WaShemocyte cultures from wild-type larvae were incubatec

also observed that MEPR also labeled early endosomeg;th F|-pex, followed after a variable chase, by FI-mBSA
indicating the absence of two separate stable pools 0fn4 the amount of Fl-Dex in FI-mBSA containing
endosomes, early and late. These data are consistent Wigh, yosomes measured. As the chase period w:

maturation model of membrane trafficking. lengthened, an increasing fraction of endosome

Experiments done on CHO cells using fluorescently containing Fl-Dex from the initial incubation had no
labeled LDL by Dunn KW and Maxfield FR (1992) also detectable FI-mBSA from the second incubation
demonstrated that delivery of ligands from early Interestingly, those endosomes that contained both prob
endosomes to late endosomes occurred by maturatioshowed no decrease in amount of FI-Dex per endosom
process (Dunn and Maxfield, 1992). In this study, CHO These data were consistent with a maturation mechanis
cells were incubated with diO-LDL, followed after a in which MVBs retain and accumulate lysosomally
variable chase, by dil-LDL and the amount of diO in dil directed ligands until they lose ability to fuse with newly
containing endosomes measured. As the chase periodbrmed MVBs and mature into prelysosomal
was lengthened, an increasing fraction of endosomegsompartments.
containing diO-LDL from the initial incubation had no

detectgble dil-LDL from the Second' incubation. come from experiments carried out in BHK cells where
Interestingly, those endosomes that contained both prObeﬁutative endocytic carrier vesicles between early

showed no decrease in amount of diO-LDL perg,q,somes and late endosomes were identifie

endosome. These data are consistent with a maturatio(bruenberg et al. 1989). In these experiments, th

?Cicl;]aur};st: :n (\;vzlﬁwglleadrilryecetgg?isz:]de r(;tt";}'::Sioagdtransmembrane glycoprotein VSVG of vesicular
u s ysos y 9 su S€Sstomatitis virus was internalized for different times anc

its ability to fuse with newly formed endocytic vesicles immuno-stained using antibodies generated against t

and matures mtoglate gndosome. At the same time thgytoplasmlc domain of the VSVG protein. EM
early endosome is continuously recycling membrane : o . .
7 ._visualization showed that post their appearance in ear
components to the cell surface, providing an explanation .
- ; e endosomes, the molecules targeted for degradation we

for the efficient recycling of non-specific membrane

components from early endosomes (Dunn and Maxﬁeldobserved in distinct spherical vesicles (0.5 pum) that wel

1992, Mayor et al. 1993). This recycling activity is likely negative for acid phosphatase, markers for lat

. Fndosomes and lysosomes. Microtubule depolymer
to gradually come to an end after maturation (Stoorvogel _ .. - . S
et al. 1991) zation resulted in internalized molecules remaining ir

spherical vesicles and without being delivered to aci
Experiments on mouse macrophages by Racoosiphosphatase positive compartments. Interestingly, po
EL and Swanson JA (1993) showed that macropinosomegicrotubule depolymerization, the spherical compart
matured by progressive acquisition and loss ofments were not accessible to early endosomal elemer
characteristic endocytic vesicle markers (Racoosin an%uggesting that they were transport intermediate
Swanson, 1993). Macropinosomes were labeled for Jyesicle-shuttle model) from early endosoreesroute

min with fluid phase probe, fluorescein dextran, chasedq acid phosphatase positive late endosomes ar
for various times and change in their antigenic profile jysosomes.

monitored. It was observed that some newly formed _ ) _
macropinosomes were positive for TfR, but few were A potential esolution of the stable vs mattican model
Rab7 or Lgp-A positive. After a chase of 2-4 min, >60% CONtro\ersy

of macropinosomes stained for Rab7 and Lgp-A andLike a lot of biological processes, adherence to either
were negative for TfR. After 9-12 min chase, most the two models cannot provide an explanation for all th
macropinosomes were Lgp-A positive while only a few disparate observations of the transformation of earl
were Rab7 positive. These results indicated that afteendosomal identity, and the presence of ‘carrier vesicle:

Arguments in favour of a stable compartment mode
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simultaneously. However, a model that combines aspecteate endosomes might mature to eventually becom
of the two modes of transport provides an interestinglysosomes or vesicular intermediates could be derive
explanation ofll the seemingly disparate observations. from late endosomes to deliver contents to lysosome
Consider that early endosomes do mature graduallyThere are other suggested mechanisms by whic
retaining lysosomally destined cargo and recycling themembrane trafficking between late endosomes an
remaining. This could lead to the generation of thelysosomes could happen. They are the “kiss and rur
putative ‘carrier vesicles’ of the stable compartment model (Storrie and Desjardins 1996) or by formation o
fame. These vesicles in turn undergo a second round diybrid organelle [Fig. 5, (Bright et al. 1997)]. According
transformation (maturation) to become a compartmento “kiss and run” model, late endosomes and lysosome
capable of fusion with a stable end state — the lysosomaxhibit a variable, intrinsic ability to transiently fuse with
system. each other. These transient connections result i
establishment of size-selective exchange of materia
between late endosomes and lysosomes. Experimel
done on RAW 264.7 cell line (Duclos et al. 2003) or
Although these studies have alluded above addressed thgurine bone marrow derived macrophages (Berthiaum
process of late endosome formation from earlyet al. 1995) showed that dextrarisvarious sizes, co-

endosomes, they did not shed light on mechanisms ojhternalized in macrophages were raps#igregated into

membrane trafficking from late endosomes to lysosomesdistinct populations of endosomes. It was hypothesize

Late endosome toysosome tffic: need br more
trafficking models?
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Figure 5: Models of membrane trafficking involved in lysosome biogenesis

A) Maturation model suggests that early endosomes (EE) are fatenadvoby fusion of vesicles formed via multiple pathways of
endocytosis from the plasma membrane. Early endosomes mature to late endosomes (LE) and then to lysosomes (L) through th
of TGN-derived cargo vesicles (CV) and removal of macromolecules in recycling vesicles (RV) destined for other compartm
plasma membrane. B) Vesicle shuttle model suggests that EE, LE and lysosomes are distinct pre-existing stable compa
Macromolecules delivered to EE targeted for late endosomal delivery are transported in endosomal carrier vesicles that have
vesicular morphology to LE or directly to lysosomes. C) In the kiss and run model, maintenance and biogenesis of lysosomes
through LE-lysosome contact (kiss) with an accompanying transfer of contents and dissociation (run). D) In a variatiandbfikiss
model, LE and lysosomes undergo heterotypic fusions resulting in a hybrid organelle. Lysosomes are recovered from hylaric orge
step that involves condensation of contents into lysosomes and removal of endosomal macromolecules via degradation or rec
hybrid organelle
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that this size-selectieansfer reflected the occurrence system. For the proper functioning of of the endo-
of fusion eventbetween endosomes containing the smalllysosomal system, acidification of the lumen of this
and large tracers wigndosomes devoid of tracer. organelle is critical (Mellman et al. 1986). Vacuolar

An extension of the “kiss and run” hypothesis is the Proton pumps (V-type HATPase) located in limiting

formation of hybrid organelle where some kisses betweergndosomal membranes regulate the extent of acidif
late endosomes and lysosomes result in fusion. Hybridation of late endosomes and lysosomes (Harikumar ai
organelles serve as compartments where degradation &f€€Ves 1983, Ohkuma etal. 1982, Schneider 1983). Th
endocytosed material would take place and from whichUS€ €nergy derived from ATP hydrolysis to power the
lysosomes could be reformed. Experiments on culturedr@nslocation of protons (Forgac 1999). Endosoma
HEp-2 cells by Futter et al. (1996) showed that late@cdification is partially regulated by reversible
endocytic degradative compartments (MVBs) accessibléliSsociation and reassembly of V-type-ATPase

to epidermal growth factor receptor directly fused with COMPlex and reversible disulphide bond formatior
M6PR-negative lysosomes (Futter et al. 1996). Thebetween its d|ffer¢r.1t.sut.)un|f[s (Forgac 1999). The exter
authors pre-labeled these lysosomes using 15 min pulsg €ndosomal acidification in cells has been measure
of HRP followed by a 4 h chase. Activation of the USIN9 lipophilic vyeak baseg or selective labeling o
lysosomal HRP by diaminobenzidine angDHprior to compartments“wnh endocytic tracers (Mgllman et al
epidermal growth factor (EGF) uptake prevented fusion1986)- Lipophilic weak bases such as acridine orange «
of lysosomes with MVBs, but not maturation of the latter 9-2Mino acridine are membrane-permeant whe
or docking of the MVBs with lysosomes. These uncharged at neutral pH and relatively membrane

experiments suggested direct fusion between MVBs an .

dmpermeable once protonated. Thus, when allowed t
lysosomes. Experiments done in rat liver cell-free systemequilibrate with either intact cells or isolated organelles
by Mullock BM et al. (1998) using late endosomes

they accumulate within membrane vesicles that hav
loaded with avidin-asialofetuin and lysosomes loaded@cidic internal pH. The transmembrane pH gradient an

with 223-labeled biotinylated polymeric IgA showed that {0t&l compartment volume decide the degree o
the immuno-precipitable product of content mixing accumulation of the probe (Glickman et al. 1983, Russel
between late endosomes and lysosomes was present intg84: Stone et al. 1983, Van Dyke et al. 1985). A
membrane-bound organelle whose density Wascompartment volume also -deC|des the e.xtent 0
intermediate between that of late endosome and lysosonfaccumulation of these probes in organelles, this meth
(Mullock et al. 1998). This organelle was termed a lated0€S Not provide an accurate pH measurement.

endosome-lysosome hybrid organelle and contained pH probes introduced into endosomes or lysosome
markers of both lysosomes (cathepsin L) and lateby endocytosis have been used to measure the extent
endosomes (endocytosed avidin-labeled asialofetuinpompartment acidification with greater accuracy. For thi
cation independent M6PR). The hybrid organelle had apurpose, fluorescein isothiocyanate-labeled dextran,
mean diameter (0.96 mm) larger than those of either ramacromolecular marker of fluid-phase endocytosis ha
liver lysosomes (0.38 mm) or lagadosomes (0.34 mm) been used. Fluorescence intensity and excitatio
and was less electron-dense than lysosomes (Mullock egpectrum of fluorescein are titratable functions of ph
al. 1998). (Ohkuma and Poole, 1978). Hence, standard curves c
be constructed relating fluorescence intensity an
compartment pH (Dunn et al. 1994). Using suck
measurements, pH in late endosomal lumen has be
measured to be 5.2-5.8 (Yamashiro and Maxfield 1987
and lysosomal lumen has been measured as 4.6-t
Function of endo-lysosomes (Geisow et al. 1981, Ohkuma and Poole 1978, Tyck

The endolysosomal system plays a crucial role in ceIIuIaret al. 1983).
homeostasis, being major sites for degradation of lipids Low pH in late endosomal compartments
and membrane proteins (Katzmann et al. 2002).(Yamashiro and Maxfield 1987) facilitates the activity
Mutations resulting in defective function of lysosmal Of lysosomal hydrolases, most of which have pH optim:
hydro|ases results in many diseases. in the range of 4.5-5.5 (Mellman et al. 1986) It favours
o ) hydrolytic partly because acid-denaturation of many
Role of the acidiled ervironment of endgfsosomal  gypstrates makes them more susceptible to enzyma
system degradation in lysosomes. The proton gradient drive
As mentioned above, multiple, highly dynamic acidic coupled transport of lysosomal degradation products ot
organelles such as late endosomes and lysosomes wiflf the lysosome as seen in transport of cysteine (Piso
distinct morphologies constitute the late endosomalet al. 1985).

Once again it appears that vivo imaging in the
context of different molecular players, and their specific
perturbation is necessary to provide insights into the
complex process of endolysosomal biogenesis.
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Acidification of the endosomal compartment may (Massague, 1992) that are degraded in lysosome
also facilitate traffic through the endolysosomal system.(Kavsak et al. 2000). E3 ubiquitin ligase Smurf is
Disruption of late endosomal pH using lysosomotropicinvolved in ubiquitination of both TGB-receptor and
drugs results in endosomal accumulation of manyits effector Smad. Hrs binds ubiquitinated Smad an
integral membrane proteins such as asialoglycoproteirtargets it into MVB (Miura et al. 2000). Consistent with
receptor (Strous et al. 1985, Tycko et al. 1983), lowthis hypothesisDrosophilaSmurf mutant animals have
density lipoprotein receptor [LDLR, (Basu et al. 1981)] an expanded Dpp (TGBEhomologue) gradient and fail
and M6PR (Gonzalez-Noriega et al. 1980, Reaves antio down-regulate Dpp signaling resulting in
Banting 1994, Tietze et al. 1982) as well as a defect irdevelopmental defects (Podos et al. 2001).

delivery of endocytosed HRP to lysosomes (van Weert  \oichis another single-pass transmembrane prote

et al. 1995). The reason .for the_se Qefgcts is not clear. W5t mediates many developmental signaling even
could result from a massive redistribution of membra”eincluding lateral inhibition and boundary specification

in the cell and change in endo-lysosomal structure(ye and Fortini, 2000). Its ligands Delta and Serrate ar
because of the lysomotrophic drugs used or by thgransmembrane proteins resulting in juxtracrine
alteration in pH-induced conformational change in sjgnaling. Ligand binding results in cleavage at a distinc
structures of receptors/integral membrane proteins insite of the extracellular domain of the receptor. This
endosomes somehow preventing their entry in tocleavage is followed by cleavage in the intracellula
lysosome directed pathways (Mellman et al. 1986).  domain of Notch that translocates to the nucleus. Notc
level in the cell is regulated by ubiquitin ligase
o _ ~ Suppressor of deltex [Su (dx), (Cornell et al. 1999)] in
Late endosomal system is involved in modulating prosophila. Cell surface levels of Delta are regulated
duration of cell signaling; lysosomal delivery of signaling by its ubiquitin ligase Neuralized that promotes its
cell surface receptors has been proposed to be a negatiygternalization and degradation (Lai et al. 2001).
feed back mechanism for down-regulating receptoryytivesicularization of endosomes thus regulate:

signaling (Seaman et al. 1996). On ligand binding, duration of receptor signaling in the cell, often by
activated EGFR (receptor tyrosine kinase; RTK) iSreceptor specific mechanisms.

endocytosed and sorted into lumenal vesicles of MVB

destined for degradation while inactive EGFR remainsEStablishment of morphogen gradients

on the limiting endosomal membrane (Felder et al. 1990The endolysomal system plays a crucial role in settin:
Futter et al. 1996, Hopkins et al. 1990). In endosomesup morphogen gradients during development ir
EGFR continues to recruit via its cytoplasmic domain, Drosophila Morphogens are secreted molecules that a
adaptor proteins that transduce the signal thus remainingh a concentration dependent manner to specify cell fate
signaling competent (Oksvold et al. 20@H), anegative  in a homogenous population of cells. Endosoma
regulator of receptor tyrosine kinase signaling in membrane trafficking has been demonstrated to b
DrosophilaandC. elegangPai et al. 2000, Yoon et al. involved in setting up the concentration gradient anc
1995) relocates from the cytosol to endosomes followingrange of the morphogen not only by regulating the
EGFR internalization (Levkowitz et al. 1998, Meisner morphogens but also their down stream signaling factor
et al. 1997) and ubiquitinates EGFR. Ubiquitinated It has been demonstrated that a balance betwe
EGFR is sorted into MVBs and effectively sequestereddegradation and recycling of rapidly endocytosed ligan
away from cytosolic downstream signal transducingbound to Thickvein, the receptor for the T@Ramily
proteins as shown in figure 2. Tsg101 (human homologuéigand, Decapentaplegic (Dpp) creates a Dpp gradiet
of yeast class ps23 mutant fibroblasts are defective in the wing disc (Entchev et al. 2000). Over-expressiol
for sorting of endocytosed activated EGFR into lumenalof dominant active Rab7, that promotes early endoson
vesicles of MVB. Hence the activated receptor is recycledo late endosome trafficking, results in reduced cellula
and remains signaling competent causing a tumourogeniDpp and reduced domain of target Spalt expressio
phenotype (Babst et al. 200rs (Drosophila  consistent with decreased Dpp range (Entchev et &
homologue of yeadtps2j mutant larvae show defects 2000). Thus late endosomes sculpt the range of Df
in endosome membrane invagination and MVB gradient.

formation.hrs mutant animals fail to degrade active EGF Wingless glycoprotein is a morphogen that function:

and Torso RTKS} Ieadlng to enhanced signaling anqn a variety of developmental processes (Entchev an
altered embryonic patterning (Lloyd et al. 2002). Gonzalez-Gaitan, 2002, Lawrence et al. 2002). Secrets

Transforming growth factop (TGF{) receptors  wingless binds Frizzled receptor as well as extracellule
constitute a novel superfamily of single-pass matrix glycosaminoglycans. Wingless-HRP labels
transmembrane serine/threonikiease receptors MVBs and MLEs in developing embryos indicating the

Control of duration and extent of signalling
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intracellular site of Wingless degradation (Dubois et al. (Liljiedahl et al. 1996, Sanderson et al. 1994, van Har
2001). It has been observed that zygotic mutardse- et al. 1997). In mature dendritic cells, the lumena
orange(Drosophilahomologue of class C gehps18, vesicles of the multivesicular MIICs fuse with the
defective in late endosomal trafficking show increasedlimiting membrane. This is accompanied by a dramati
levels of Wingless in cells, enhancing the Wingless over-morphological transformation of the MIIC resulting in
expression phenotype (Dubois et al. 2001). Thus,its extensive tubulation followed by vesiculation
developing tissues seem to use late endosomal membraii€leijmeer et al. 2001). MHC Il molecules are delivered
trafficking to modulate morphogen gradients in time andto the cell surface from MIICs by these tubules anc
space. intermediate vesicles (Kleijmeer et al. 2001). Thes
intermediate vesicles that deliver MHC Il molecules tc
cell surface have been described as ClIVs (Turley et &
2000). The endocytic pathway provides peptides derive
Multi-vesicular late endosomes/lysosomes fuse with thefrom the degradation of antigens while the biosyntheti
plasma membrane in many cell types resulting inpathway provides newly synthesized MHC class |I
secretion of small membrane vesicles referred asnolecules . Peptides generated in the cytoplasm deriv
exosomes. Exosomes play a role in clearance ofrom endogenous and cytosolic protein sources, also ga
transferrin receptor, CD55, CD59 and integrijfs, in  access to MHC class Il molecules in multivesicular lat
reticulocytes (Denzer et al. 2000, Rabesandratana et abndosomes (Dani et al. 2004, Gueguen and Long 199
1998, Rieu et al. 2000). Cells of the hematopoietic systenMukherjee et al. 2001). This may be important in the
use MVBs to store and release their secretory productgeneration of self-tolerance in the context of CDA4
(Stinchcombe and Griffiths, 1999). Activated platelets positive cells. However, the mechanism of transport fron
secrete exosomes by fusion of adhesive glycoproteinshe cytosol into the lumen of the late-endosome o
containing alpha granules and MVBs with the plasmalysosome is as yet unexplored.

membrane (Heijnen et al. 1999). Antigen presenting cells

have been shown to secrete exosomes that carry pepti(lj%oIe of lysosome related organelles

loaded major histocompatability complex (MHC) In addition to the functions mentioned above, cell type
molecules that stimulates T cell proliferation as discussegpecific lysosomes-like organelles perform specialize
below (Fevrier and Raposo, 2004, Stoorvogel et al. 2002functions. Lysosome related organelles are usually ce
Thery et al. 2002). type specific and more often than not, contain matur

Lysosomes are involved in plasma membrane repai}umenal acid hydrolases and LAMP-1 on the limiting

in fibroblasts. Damage to plasma membrane results if"€MPrane. They also contain cell type specific
Ca* regulated fusion of lysosomes at the site of injury:; components essential for their specialized function. The

a process regulated by lysosomal synaptotagmin VIImclude melanosomes, lytic granules, platelet-dens

Role of efflux/recyding from the endolysosmal
system

isoform (Andrews, 2000, Reddy et al. 2001). granuleg, MHC 1 compartments, basophil gran.ult_es
azurophil granules and pigment granules. The specialize
Antigen presentation functions of some of these lysosome related organelle

Loading of peptides onto MHC class Il molecules for is detailed below. Their function is severely affected by

presentation of antigens to the immune system also takB'@ny human genetic lysosomal disorders furthe
place in the endo-lysosomal system, and this is importantPPOrting a similarity between the cell type specific
in providing antigens from both endogenous petides and®'9anelles and lysosomes.

peptides derived from exogenous molecules to educate Melanosomes generated within melanocytes are tf
and sensitize the immune system (Janeway et al. 1996%ite of synthesis and storage of a group of relate
This process takes place in professional antigerpigments known as melanins. In mammals, thes
processing cells or APCs in the acidic lumen of lysosomepigments determine the skin and hair color. In additiot
like organelle called MIIC (Neefjes 1999). MIIC is a to lysosomal proteins they contain specific glycoprotein:
pleiomorphic compartment present mainly in involved in melanin biosythesis namely tyrosinase
professional APCs such as macrophages and dendritityrosinase related protein 1 and 2 (Jackson 1988, Korn
cells that expresses surface MHC class Il-peptideand Pawelek 1982, Tsukamoto et al. 1992) and are
complexes and enables activation of CBdlper T-cells.  major source of protection from UV radiation.

In immature dendritic cells, 80% of MHC Il molecules Drosophilapigment granules are membrane bounc
are localized in the luminal vesicles of multivesicular compartments that contain two pigments, browr
MIICs. The limiting membrane of MIICs is enriched for 5 mmochromes and red drosopterins in pigment cells ¢
HLA-DM, chaperone-like protein that regulates the {he compound eye. These pigment granules giv
association of peptides with MHC class Il molecules pygsgphila compound eye its intense red color. A
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genetically amenable higher metazoan system that caim eye color mutants of granule group genes coul
be used to study membrane trafficking steps from whichutilize this resource of putative molecular players
parallels in mammalian context can be drawn isinvolved in protein delivery to lysosomes for providing
Drosophila Biogenesis of pigment granules in insights into molecular regulation of lysosomal
Drosophilacompound eye is thought to be analogousmembrane trafficking pathways.

to formation of lysosomes (Dell’Angelica et al. 2000). Lytic granules aid in targeted secretion of

Genetic analysis suggests that biogenesis of pigmen ,cromolecules by cytotoxic T lymphocytes and natura

granules requires molecular components that plajjer cells used to destroy tumour or virus-infected cells
important role in protein delivery from TGN to lysosomes They are electron dense, endocytically accessibl

(Spritz, 1999). Thus, mutations affecting lysosome o anejies that accumulate pore-forming perforin an
blogene§|s could alter eye color in Drosophilenis granzymes (Clark and Griffiths, 2003). Their fusion with
connection betweerosophilaeye color and lysosomal - jjasma membrane and release of contents is broug
protein delivery was first established by identification 41,4t by kinesin dependent movement alon

of Drosophila garnetgene as the d-subunit of AP-3 e ot bules to the point of membrane contact with the
complex (V. Lloyd, GenBank DMU31351). More than 546t a process triggered by increase in cytosoli

85 mutations affectin@rosophilaeye color have been . cium level (Griffiths and Argon, 1995, Lyubchenko
isolated (Lindsley and Zimm 1992). Many of these 4 4. 2001).

genes code for enzymes necessary in the two distinct .

pigment synthesis pathways (such asrmilion, . Platelet deqse granules in blood pIateIetg play a
cinnabaj) and ABC transporters likely to be involved IMpPortant role in hemostasis and thrombosis. The;
in transfer of precursors of pigments across membrane€°Ntain a dense core of serotonin, calcium, ATP, ADI

(white, scarlet browr). Rest of the genes constitute nd Pyrophosphate making them electron dense ar

‘granule group’ of eye color genes, mutants of which include specific F pump and serotonin t_ransporter in_
reduce both the chemically distinct pigments arguingthe membrane (Dean et al. 1984). Elevation of cytosoli

against their role directly in pigment synthesis (Lloyd calcium levels results in secret.ion of dense grangles,
et al. 1998). The gene products are ubiquitously preserf"C€Ss essential for the formation of the hemostatic plu
and strong alleles cause sterility or lethality while weak (YOShioka et al. 2001).

alleles generate the characteristic eye color phenotypes.ysosomes in disease

‘granule group’ of eye color genes genetically interact
with each other showing a variety of phenotypes not
observed in the individual mutations including poor
viability, sterility or synthetic lethalitydeep-orange

Lysosomes are a major site of intracellular cataboli
processes. Many lysosomal storage disorders result for
defects in specific catabolic enzymes that caus
incomplete degradation of macromolecules. This lead

and carnation carnation and light, deep-orangeand . . ) .
. . . . . to accumulation of metabolic intermediates in lysosome
purploid show synthetic lethal interactions (Lindsley ~° : L
(Gieselmann, 1995). In some of the sphingolipidosi

and Zimm 1992, Lucchesi 1968). The recent molecular .
) L class of lysosomal storage diseases such as Sandh
identification of 7 granule group genes (Table 4) has

. . . . disease, Fabry disease, Mucolipidosis or sphingolipi
revealed a close relationship to genes involved in vacuolar

trafficking in yeast and lysosomal trafficking in other activator protein deficiencies, accumulation of the

. . . Primary catabolic intermediate alters trafficking of
organisms. Cellular assays studying lysosome biogenesis , . e . .
sphingolipids, cholesterol and acid mucopolysaccharide

(Pagano et al. 2000).

Table 4:
Drosophia ammalian  Yeast Erction of - Dlsegs_es resulting from defects in lysosome
mutant orthologue  orthologue  Yeast orthologue biogenesis include Hermansky-Pudlak syndrome (HPS
Eye color Coat color that defines a group of autosomal recessive disorde
garnet mocha AlpS g-subunit of AP-3. characterized by defects in lysosome-related organelle
ALP pathway One of these, HPS type 2 results from a molecular lesic
ruby pearl Alp6 33 subunit of AP-3. ) " yp ) >
ALP pathway in B3A subunit of AP-3 adaptor protein complex. It is
carmine Ap-3 Apm3 Aﬁf; Sp‘;?ﬁcv';y"f AP-3. characterized by pigmentation defects caused due
orange Ap-& Aps3 o3 subunit of AP-3. defective melanosome biogenesis, immunodeficienc
_ ALP pathway and bleeding diathesis (Huizing et al. 2000) resulting
light mVps4l Vesal - Fomaton of A%3 from defective platelet dense granules. The mutatio
deep-orange mVps18 Vps18 vacuolar protein results in mislocalization of lysosomal proteins to the
_ trafficking _ plasma membrane (Aridor and Hannan 2000
carnation Buff Vps33 vacuolar protein

trafficking Dell’Angelica et al. 1999, Huizing et al. 2000).
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Chediak-Higashi syndrome is characterized by endosomal membranes. The proteins required for hum:s
pigmentation defect and immunodeficiency. LysosomeMVB biogenesis seems to participate in the release
and lysosome related organelle function is affected dueHlV and probably many other viruses (Garrus et al. 200!
to molecular lesion in LYST protein. The cellular Pornillos et al. 2003, von Schwedler et al. 2003).
function of LYST is not understood although domains
of LYST show homology to proteins involved in
intracellular trafficking (Aridor and Hannan 2000, Biochemical and genetic analyses of membran
Barbosa et al. 1996). trafficking to vacuole/lysosomes have resulted in
identification of a slue of molecular players that are likely
to be involved in setting up and regulating the endo
Itis characterized by pigment dilution of the hair (silvery%ysosomal system in yeast anq hlgher metazog. h

catalogue of molecular players is likely to expand in the

hair), owing to the accumulation of pigment in )
melanocytes and reduced T-cell cytotoxicity caused bynear future. At the level (.)f the whole orgamsm,- role o
defects in cytolytic granule exocytosis (Menasche et al.end'o-lysosomal system in development anq qllsease
2000). Majority of GS patients studied have a defect inpegmnmg to be apprec!ated. Mgnjbrqne rafficking ste
theRAB27Agene (Menasche et al. 2000). In the absencénVOIVed in lysosome biogenesis in higher metazoa thz
large number of these molecular players regulate reme

of Rab27a, melanosomes are unable to reach actin iﬁ

the cell periphery, resulting in their net accumulation in ggﬁltz(:(l:.g?tsr?:slzIr?w%llgiafaormleableorg?:?;]si 'Eé’:’;gf:;[
the perinuclear region (Bahadoran et al. 2001). In play 9 )

cytotoxic T lymphocytes, cytolytic granules appear to system would help in mapping the membrane trafficking

retain the ability to polarize towards the target cell butsteps involved in Iysos_ome b|og§ne§|§ that thes
are unable to fuse with the plasma membrane and kilfnOIeCUIeS reguIaFe. .In Fhls context., Its s important .t(
target cells, suggesting that Rab27a regulates a late stagﬁ]gﬂeCt thf’ﬂ basu_: |ns.|ghts _obtalned from classic
of granule release (Stinchcombe et al. 2001). istochemical studies still prov-lde. ap.ower.ful framewor.k
to understand membrane trafficking in animal cells. It i
Danon disease is a neurological disease that alsgyso tribute to Alex Novikoff and co-workers (writing in
affects the heart and muscle caused by loss of LAMP-2g4rly and late 70's), that many models of secretor:
Loss of LAMP-2 results in likely loss of fusion between |ysosomal pathway were generated by studying th
autophagic compartments and lysosomes and leads {@calization of histochemical markers of various
development of a lysosomal glycogen storage diseasgrganelles using high resolution offered by EM. In sit
as well (Nishino et al. 2000). visualization will also allow understanding of the role
Niemann-Pick C (NPC1) is required for cholesterol of intracellular membrane trafficking in shaping tissue
transport from late endosomes and lysosomes to othepatterning during development. Mechanistic insights
cellular membranes. Mutations in NPC1 cause lysosomalrom such studies might further aid in understanding th
lipid accumulation causing enlargement of liver and process of animal development and disease.
spleen and progressive neurological degeneration. NPCI!Qeferences
is a putative cholesterol transporter involved in vesicularl Anderson RG, JR Falck, JL Goldstein and MS Brown (1984
trafficking of lipids from MVBSs to Golgi (Liscum, 2000). Visualization of acidic organelles in intact cells by electron

Budding of virus particles from cells infected with microscopyProc Natl Acad Sci US81: 4838-42
Human immunodeficiency virus-1 (HIV-1) uses the 2. Andrews NW (2000) Rggulated secretion of conventiona
cellular MVB machinery. Topologically, the budding of lysosomegTrends Cell Bioll0: 316-21 _
an invagination into MVB and budding out of the plasma 3. Aridor M and LA Hannan (2000) Traffic jam: a compendium
membrane to release the virus particle seem equivalent of human diseases that affect intracellular transport process

_ > Particle quivalent. - 1 ffic 1 836-51

The HIV-1 coat protein Gag is ubiquitylated and this Babst M. G Odorizzi, EJ Estepa and SD Emr (2000)
u_b|qunylf';1t|on correlates with the efficient budding of Mammalian tumor susceptibility gene 101 (TSG101) and the
viral particles (Ott et al. 2000, Schubert et al. 2000, Strack  yeast homologue, Vps23p, both function in late endosoms
et al. 2000). It is likely that this ubiquitylation recruits trafficking Traffic 1: 248-58
cellular class E Vps proteins that are MVB associated5. Babst M, B Wendland, EJ Estepa and SD Emr (1998) Th
Virion assembly has been reported to occur in late ~ Vps4p AAA ATPase regulates membrane association of -
endosomes (Pelchen-Matthews et al. 2003). Human Vps protein complex required for normal endosome functior
homologues of class E Vps proteins such as Tsg101 have CmPo JL7:2982-93 _
been found in HIV-1 particles. Dominant-negative 6. Banta LM, JS Robinson, DJ Klionsky and SD Emr (1988)
mutants of human class E proteins have been shown to Organelle assembly in yeast: characterization of yeast mutan

] defective in vacuolar biogenesis and protein sodir@gell
arrest HIV-1 budding from the plasma membrane and  Bjol 107: 1369-83

Conclusion

Griscelli syndrome (GS) is a rare autosomal
recessive disorder affecting lysosome related organelle



Biogenesis and function of lysosomes

37

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Barbero P, L Bittova and SR Pfeffer (2002) Visualization of 26.
Rah9-mediated vesicle transport from endosomes to the trans-

Golgi in living cellsJ Cell Biol156:511-8

Barbosa MD, QA Nguyen, VT Tchernev, JA Ashley, JC
Detter, SM Blaydes, SJ Brandt, D Chotai, C Hodgman, RC

Solari, M Lovett, and SF Kingsmore (1996) Identification of 27.
the homologous beige and Chediak-Higashi syndrome genes

Nature382: 262-5

Basu SK, JL Goldstein, RG Anderson, and MS Brown (1981)
Monensin interrupts the recycling of low density lipoprotein
receptors in human fibroblasts C24: 493-502

Berthiaume EP, C Medina, and JA Swanson (1995) Molecular

size-fractionation during endocytosis in macrophagésl|
Biol 129: 989-98

29
Bilodeau PS, JL Urbanowski, SC Winistorfer and RC Piper

(2002) The Vps27p Hselp complex binds ubiquitin and
mediates endosomal protein sortat Cell Biol4: 534-9

Bomsel M, R Parton, SA Kuznetsov, TA Schroer and J
Gruenberg (1990) Microtubule- and motor-dependent fusion

in vitro between apical and basolateral endocytic vesiclesg;

from MDCK cellsCell 62: 719-31
Bright NA, BJ Reaves, BM Mullock, and JP Luzio (1997)

Dense core lysosomes can fuse with late endosomes and are
re-formed from the resultant hybrid organelle€ell Sci 32.

110(Pt 17): 2027-40
Brunk UT and A Terman (2002) Lipofuscin: mechanisms of

age-related accumulation and influence on cell funétiea 33,

Radic Biol Med33: 611-9
Bucci C, P Thomsen, P Nicoziani, J McCarthy and B van

Deurs (2000) Rab7: a key to lysosome biogerdsisBiol 34.

Cell 11:467-80
Caplan S, LM Hartnell, RC Aguilar, N Naslavsky, and

JS Bonifacino (2001) Human Vam6p promotes lysosome 35,

clustering and fusiom vivoJ Cell Biol154: 109-22
Chavrier P, RG Parton, HP Hauri, K Simons and M Zerial

(1990) Localization of low molecular weight GTP binding 36.

proteins to exocytic and endocytic compartmedédl 62:
317-29

Cheever ML, TK Sato, T de Beer, TG Kutateladze, SD Emr37.

and M Overduin (2001) Phox domain interaction with
PtdIns(3)P targets the Vam7 t-SNARE to vacuole membranes

Nat Cell Biol3: 613-8 38.

Chen YA and RH Scheller (2001) SNARE-mediated
membrane fusiohat Rev Mol Cell BioR: 98-106

Christoforidis S, HM McBride, RD Burgoyne and M Zerial 39.

(1999) The Rab5 effector EEAL is a core component of
endosome dockinyature397: 621-5

Clark R and GM Giriffiths (2003) Lytic granules, secretory

lysosomes and diseaSeirr Opin Immunoll5: 516-21 40.

Cohn ZA and BA Ehrenreich (1969) The uptake, storage,
and intracellular hydrolysis of carbohydrates by macrophages

J Exp Medl29:201-25 41.

Conner SD, and SL Schmid (2003) Regulated portals of entry
into the cellNature422: 37-44

Conradt B, A Haas and W Wickner (1994) Determination of

four biochemically distinct, sequential stages during vacuole 42-

inheritance in vitral Cell Biol126: 99-110

Cordonnier MN, D Dauzonne, D Louvard and E Coudrier
(2001) Actin filaments and myosin | alpha cooperate with
microtubules for the movement of lysosonhdal Biol Cell

12: 4013-29

Cornell M, DA Evans, R Mann, M Fostier, M Flasza,
M Monthatong, S Artavanis-Tsakonas and M Baron (1999)
The Drosophila melanogaster Suppressor of deltex gene,
regulator of the Notch receptor signaling pathway, is an E:
class ubiquitin ligas&eneticsl52: 567-76

Dani A, A Chaudhry, P Mukherjee, D Rajagopal, S Bhatia,
A George, V Bal, S Rath and S Mayor (2004) The pathway
for MHCII-mediated presentation of endogenous proteins
involves peptide transport to the endo-lysosomal
compartmend Cell Scil17:4219-30

Dean, GE, H Fishkes, PJ Nelson and G Rudnick (1984) Th
hydrogen ion-pumping adenosine triphosphatase of platele
dense granule membrane Differences from F1FO- an
phosphoenzyme-type ATPasEBiol Chen259: 9569-74

Dell’Angelica, EC, C Mullins, S Caplan and JS Bonifacino

(2000) Lysosome-related organelisseb J14: 1265-78
30.

Dell’Angelica, EC, V Shotelersuk, RC Aguilar, WA Gahl and
JS Bonifacino (1999) Altered trafficking of lysosomal
proteins in Hermansky-Pudlak syndrome due to mutation:
in the beta 3A subunit of the AP-3 adaptwl Cell 3: 11-21

Denzer K, MJ Kleijmeer, HF Heijnen, W Stoorvogel and HJ
Geuze (2000) Exosome: from internal vesicle of the
multivesicular body to intercellular signaling devit€ell
Scill3 Pt 19:3365-74

Dubois L, M Lecourtois, C Alexandre, E Hirst and JP Vincent
(2001) Regulated endocytic routing modulates wingless
signaling inDrosophilaembryosCell 105: 613-24

Duclos S, R Corsini and M Desjardins (2003) Remodeling
of endosomes during lysosome biogenesis involves ‘kiss an
run’ fusion events regulated by rab®ell Scil16:907-18

Dunn KW and FR Maxfield (1992) Delivery of ligands from
sorting endosomes to late endosomes occurs by maturatic
of sorting endosomekCell Biol117: 301-10

Dunn KW, S Mayor, JN Myers and FR Maxfield (1994)
Applications of ratio fluorescence microscopy in the study
of cell physiology Faseb J8: 573-82

Durrbach A, D Louvard and E Coudrier (1996) Actin
filaments facilitate two steps of endocytosiLell Sci
109(Pt 2):457-65

Eitzen G, N Thorngren and W Wickner (2001) Rholp anc
Cdc42p act after Ypt7p to regulate vacuole docEntho J

20: 5650-6

Entchev EV, A Schwabedissen and M Gonzalez-Gaital
(2000) Gradient formation of the TGF-beta homolog Dpp
Cell 103:981-91

Fasshauer D, RB Sutton, AT Brunger and R Jahn (199¢
Conserved structural features of the synaptic fusion comple
SNARE proteins reclassified as Q- and R-SNAREx: Natl
Acad Sci USA5:15781-6

Faundez V, JT Horng and RB Kelly (1998) A function for
the AP3 coat complex in synaptic vesicle formation from
endosome€ell 93: 423-32

Felder S, K Miller, G Moehren, A Ullrich, J Schlessinger
and CR Hopkins (1990) Kinase activity controls the sorting
of the epidermal growth factor receptor within the
multivesicular bodyCell 61: 623-34

Fernandez-Borja M, R Wubbolts, J Calafat, H Janssen, |
Divecha, S Dusseljee and J Neefjes (1999) Multivesicula
body morphogenesis requires phosphatidyl-inositol 3-kinas
activity Curr Biol 9: 55-8

Forgac M (1999) Structure and properties of the vacuols
(H+)-ATPases] Biol Chenm274: 12951-4



38

V Sriram, KS Krishnan and S mayor

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Futter CE, LM Collinson, JM Backer and CR Hopkins (2001) 62.

Human VPS34 is required for internal vesicle formation
within multivesicular endosomekCell Biol 155: 1251-64

Futter CE, A Pearse, LJ Hewlett and CR Hopkins (1996)63.

Multivesicular endosomes containing internalized EGF-EGF

receptor complexes mature and then fuse directly withgg.

lysosomes) Cell Biol132: 1011-23
Garrus JE, UK von Schwedler, OW Pornillos, SG Morham,

KH Zavitz, HE Wang, DA Wettstein, KM Stray, M Cote, RL g5

Rich, DG Myszka and WI Sundquist (2001) Tsg101 and the
vacuolar protein sorting pathway are essential for HIV-1
buddingCell 107: 55-65

Geisow MJ, P D'Arcy Hart and MR Young (1981) Temporal

changes of lysosome and phagosome pH duringgg

phagolysosome formation in macrophages: studies by
fluorescence spectroscofyCell Biol89: 645-52

Gerhardt B, TJ Kordas, CM Thompson, P Patel and T Vida
(1998) The vesicle transport protein Vps33p is an ATP-
binding protein that localizes to the cytosol in an energy-
dependent manndrBiol Chen273: 15818-29

MHC class Il functioningmmunol Todayl9: 282-7

Ghosh P, NM Dahms and S Kornfeld (2003) Mannose 6-
phosphate receptors: new twists in the ikdé Rev Mol Cell
Biol 4: 202-12

Gieselmann V (1995) Lysosomal storage diseBmhim
Biophys Actal270: 103-36

Gillooly DJ, IC Morrow, M Lindsay, R Gould, NJ Bryant,
JM Gaullier, RG Parton and H Stenmark (2000) Localization
of phosphatidylinositol 3-phosphate in yeast and mammalian
cellsEmbo J19: 4577-88

Glickman J, K Croen, S Kelly and Q Al-Awqgati (1983) Golgi

membranes contain an electrogenic H+ pump in parallel to a2

chloride conductancé Cell Biol97: 1303-8

Gonzalez-Noriega A, JH Grubb, V Talkad and WS Sly (1980)
Chloroquine inhibits lysosomal enzyme pinocytosis and

enhances lysosomal enzyme secretion by impairing receptor’ 3.

recyclingJ Cell Biol85: 839-52

Greco V, M Hannus and S Eaton (2001) Argosomes: a
potential vehicle for the spread of morphogens through

epitheliaCell 106: 633-45 74.

Griffiths G, B Hoflack, K Simons, | Mellman and S Kornfeld

(1988) The mannose 6-phosphate receptor and the biogenesis

of lysosome<Cell 52: 329-41

Gruenberg J (2001) The endocytic pathway: a mosaic of/>-

domainsNat Rev Mol Cell Biol 2721-30

Gruenberg J, G Griffiths and KE Howell (1989)
Characterization of the early endosome and putative endocytic
carrier vesicles in vivo and with an assay of vesicle fuision
vitro J Cell Biol108: 1301-16

Gruenberg J and FR Maxfield (1995) Membrane transport
in the endocytic pathwa@urr Opin Cell Biol7: 552-63
Gueguen M and EO Long (1996) Presentation of a cytosolic
antigen by major histocompatibility complex class Il
molecules requires a long-lived form of the antiBerc Natl
Acad Sci USA3: 14692-7

GuhaA,V Sriram, KS Krishnan and S Mayor (2003) Shibire 79.

mutations reveal distinct dynamin-independent and -
dependent endocytic pathways in primary cultures of
Drosophilahemocyted Cell Scil16: 3373-86

69.

70.

Harada A, Y Takei, Y Kanai, Y Tanaka, S Nonaka and N
Hirokawa (1998) Golgi vesiculation and lysosome dispersior
in cells lacking cytoplasmic dyneihCell Biol141: 51-9
Harikumar P and JP Reeves (1983) The lysosomal protc
pump is electrogenid Biol Chen258: 10403-10

Hariri M, G Millane, MP Guimond, G Guay, JW Dennis and
IR Nabi (2000) Biogenesis of multilamellar bodies via
autophagyMol Biol Cell 11: 255-68

Heijnen HF, AE Schiel, R Fijnheer, HJ Geuze and JJ Sixm
(1999) Activated platelets release two types of membran
vesicles: microvesicles by surface shedding and exosome
derived from exocytosis of multivesicular bodies and alpha:
granulesBlood94: 3791-9

Hopkins CR, A Gibson, M Shipman and K Miller (1990)
Movement of internalized ligand-receptor complexes along
a continuous endosomal reticuliNature346: 335-9

Huizing M, Y Anikster and WA Gahl (2000) Hermansky-
Pudlak syndrome and related disorders of organelle formatio
Traffic 1: 823-35

Geuze HJ (1998) The role of endosomes and lysosomes ir(138' Jackson 1) (1988) A cDNA encoding tyrosinase-relatec

protein maps to the brown locus in mot&ec Natl Acad
Sci USA85: 4392-6

Kato M and W Wickner (2001) Ergosterol is required for the
Sec18/ATP-dependent priming step of homotypic vacuole
fusionEmbo J20: 4035-40

Katzmann DJ, G Odorizzi and SD Emr (2002) Recepto
downregulation and multivesicular-body sortigt Rev Mol
Cell Biol 3: 893-905

Katzmann DJ, CJ Stefan, M Babst and SD Emr (2003) Vps2
recruits ESCRT machinery to endosomes during MVB sorting
J Cell Biol 162: 413-23

Kavsak P, RK Rasmussen, CG Causing, S Bonni, H Zht
GH Thomsen and JL Wrana (2000) Smad7 binds to Smurf
to form an E3 ubiquitin ligase that targets the TGF bete
receptor for degradatioviol Cell 6: 1365-75

Kim BY, H Kramer, A Yamamoto, E Kominami, S Kohsaka
and C Akazawa (2001) Molecular characterization of
mammalian homologues of class C Vps proteins that interac
with syntaxin-7J Biol Chen76: 29393-402

Kobayashi T, MH Beuchat, M Lindsay, S Frias, RD Palmiter
H Sakuraba, RG Parton and J Gruenberg (1999) Lat
endosomal membranes rich in lysobisphosphatidic aci
regulate cholesterol transpdtat Cell Bioll: 113-8

Kobayashi T, E Stang, KS Fang, P de Moerloose, RG Partc
and J Gruenberg (1998) A lipid associated with the
antiphospho-lipid syndrome regulates endosome structur
and functiorNature392: 193-7

Korner A and J Pawelek (1982) Mammalian tyrosinase
catalyzes three reactions in the biosynthesis of melani
Science?17:1163-5

Kramer H (2002) Sorting out signals in fly endosomefic
3:87-91

Lai EC, GA Deblandre, C Kintner and GM Rubin (2001)
Drosophilaneuralized is a ubiquitin ligase that promotes the
internalization and degradation of ddav Celll: 783-94
Levkowitz G, H Waterman, E Zamir, Z Kam, S Oved, WY
Langdon, L Beguinot, B Geiger and Y Yarden (1998) c-Cbl/
Sli-1 regulates endocytic sorting and ubiquitination of the
epidermal growth factor recept@enes Dew2: 3663-74



Biogenesis and function of lysosomes

39

80. Liljedahl M, T Kuwana, WP Fung-Leung, MR Jackson, PA 98. Miura S, T Takeshita, H Asao, Y Kimura, K Murata, Y Sasaki,

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

Peterson and L Karlsson (1996) HLA-DO is a lysosomal
resident which requires association with HLA-DM for
efficient intracellular transpo&Embo J15: 4817-24

Lindsley DL and GG Zimm (1992) The Genome of
Drosophila melanogaster Academic Press, Inc

Liscum L (2000) Niemann-Pick type C mutations cause lipid
traffic jam Traffic 1: 218-25

Lloyd TE, R Atkinson, MN Wu, Y Zhou, G Pennetta and HJ
Bellen (2002) Hrs regulates endosome membrane

JI Hanai, H Beppu, T Tsukazaki, JL Wrana, K Miyazono
and K Sugamura (2000) Hgs (Hrs), a FYVE domain protein
is involved in Smad signaling through cooperation with
SARA Mol Cell Biol 20: 9346-55

Mobius W, E van Donselaar, Y Ohno-lwashita, Y Shimada
HF Heijnen, JW Slot and HJ Geuze (2003) Recycling
compartments and the internal vesicles of multivesiculal
bodies harbor most of the cholesterol found in the endocyti
pathwayTraffic 4: 222-31

invagination and tyrosine kinase receptor signaling in 100. Morano KA and DJ Klionsky (1994) Differential effects of

DrosophilaCell 108: 261-9

Lloyd V, M Ramaswami and H Kramer (1998) Not just pretty
eyes: Drosophila eye-colour mutations and lysosomal
delivery Trends Cell BioB: 257-9

Lucchesi JC (1968) Synthetic lethality and semi-lethality
among functionally related mutants &frosophila
melanogasteGeneticsh9: 37-44

Lucocq J and D Walker (1997) Evidence for fusion between

multilamellar endosomes and autophagosomes in HelLa cells

Eur J Cell Biol72: 307-13

Luzio JP, BA Rous, NA Bright, PR Pryor, BM Mullock and
RC Piper (2000) Lysosome-endosome fusion and lysosom
biogenesigd Cell Scil13: 1515-24

Maguire GA, K Docherty and CN Hales (1983) Sugar

compartment deacidification on the targeting of membrane
and soluble proteins to the vacuole in yeh&ell Sci107
(Pt 10): 2813-24

101. Mort JS and DJ Buttle (1997) CathepsimnBJ Biochem

Cell Biol 29: 715-20

102. Mukherjee P, A Dani, S Bhatia, N Singh, AY Rudensky, A

George, V Bal, S Mayor and S Rath (2001) Efficient
presentation of both cytosolic and endogenous
transmembrane protein antigens on MHC class Il is depende
on cytoplasmic proteolysisimmunoll67: 2632-41

103.Mukherjee S, RN Ghosh and FR Maxfield (1997)

Endocytosihysiol Rew’7: 759-803

€104. Muller O, DIl Johnson and A Mayer (2001) Cdc42p functions

at the docking stage of yeast vacuole membrane f&so
J 20: 5657-65

transport in rat liver lysosomes Direct demonstration by using105 Mullins C and JS Bonifacino (2001) The molecular

labelled sugarBiochem 212:211-8

machinery for lysosome biogenesis Bioes28/s333-43

Marsh M, S Schmid, H Kern, E Harms, P Male, | Mellman 146 \yliock BM, NA Bright, CW Fearon, SR Gray and JP Luzio

and A Helenius (1987) Rapid analytical and preparative
isolation of functional endosomes by free flow electrophoresis
J Cell Biol 104: 875-86

Massague J (1992) Receptors for the TGF-beta faDeilly
69: 1067-70

Matsuo H, J Chevallier, N Mayran, | Le Blanc, C Ferguson,
J Faure, NS Blanc, S Matile, J Dubochet, R Sadoul, RG
Parton, F Vilbois and J Gruenberg (2004) Role of LBPA and

(1998) Fusion of lysosomes with late endosomes produces
hybrid organelle of intermediate density and is NSF
dependend Cell Biol140:591-601

107. Mullock BM, CW Smith, G Ihrke, NA Bright, M Lindsay, EJ

Parkinson, DA Brooks, RG Parton, DE James, JP Luzio an
RC Piper (2000) Syntaxin 7 is localized to late endosome
compartments, associates with Vamp 8, and Is required fc
late endosome-lysosome fusibtol Biol Cell 11: 3137-53

Alix in multivesicular |ip030me formation and endosome 108. Murk JL’ Wstoorvogell MJ K|eijmeer and HJ Geuze (2002)

organizatiorScience303 531-4
Mayer A, D Scheglmann, S Dove, A Glatz, W Wickner and

The plasticity of multivesicular bodies and the regulation of
antigen presentatioBemin Cell Dev Bidl3: 303-11

A Haas (2000) Phosphatidylinositol 4,5-bisphosphate 109. Nakamura N, A Hirata, Y Ohsumi and Y Wada (1997) Vam2

regulates two steps of homotypic vacuole fusitml Biol
Cell 11: 807-17

Mayer A, W Wickner and A Haas (1996) Sec18p (NSF)-

driven release of Sec17p (alpha-SNAP) can precede docking
110. Nakamura N, A Yamamoto, Y Wada and M Futai (2000)

and fusion of yeast vacuol€ll 85: 83-94
Mayor S, JF Presley and FR Maxfield (1993) Sorting of

membrane components from endosomes and subsequent

Vps4lp and Vam6/Vps39p are components of a proteir
complex on the vacuolar membranes and involved in th
vacuolar assembly in the yeast Saccharomyces ceredisiae
Biol Chem272:11344-9

Syntaxin 7 mediates endocytic trafficking to late endosome
J Biol ChenR75: 6523-9

recycling to the cell surface occurs by a bulk flow prodess 111. Neefjes J (1999) CIIV, MIIC and other compartments for

Cell Biol 121: 1257-69

MHC class Il loadindgzur J ImmunoR9: 1421-5

Mayran N, RG Parton and J Gruenberg (2003) Annexin 11112, Neufeld EB, M Wastney, S Patel, S Suresh, AM Cooney, Nt

regulates multivesicular endosome biogenesis in the
degradation pathway of animal ceismbo J22: 3242-53

Meisner H, A Daga, J Buxton, B Fernandez, A Chawla, U
Banerjee and MP Czech (1997) Interactions of Drosophila
Cbl with epidermal growth factor receptors and role of Cblin
R7 photoreceptor cell developmémal Cell Biol17:2217-25

Dwyer, CF Roff, K Ohno, JA Morris, ED Carstea, JP
Incardona, JF Strauss 3rd, MT Vanier, MC Patterson, RC
Brady, PG Pentchev and EJ Blanchette-Mackie (1999) Th
Niemann-Pick C1 protein resides in a vesicular compartmer
linked to retrograde transport of multiple lysosomal cargo
Biol Chem274:9627-35

Mellman I, R Fuchs and A Helenius (1986) Acidification of 113. Nichols BJ, JC Holthuis and HR Pelham (1998) The Secl

the endocytic and exocytic pathwaysnu Rev BiocheBb:
663-700

homologue Vps45p binds to the syntaxin TIdg2wy J Cell
Biol 77: 263-8



40 V Sriram, KS Krishnan and S mayor

114. Nishino I, J Fu, K Tanji, T Yamada, S Shimojo, T Koori, M 132. Podos SD, KK Hanson, YC Wang and EL Ferguson (2001
Mora, JE Riggs, SJ Oh, Y Koga, CM Sue, A Yamamoto, N The DSmurf ubiquitin-protein ligase restricts BMP signaling
Murakami, S Shanske, E Byrne, E Bonilla, | Nonaka, S spatially and temporally during Drosophila embryogenesis
DiMauro and M Hirano (2000) Primary LAMP-2 deficiency Dev Celll: 567-78
causes X_-Iinked vacuolar cardiomyapathy and myopathy133_ Pohlmann R, C Krentler, B Schmidt, W Schroder, G
(Danc')n @sease) Natus96: 906-10 Lorkowski, J Culley, G Mersmann, C Geier, A Waheed, S

115. Odorizzi G, M Babst and SD Emr (1998a) Fablp Ptdins(3)P Gottschalk and et al (1988) Human lysosomal acid
5-kinase function essential for protein sorting in the
multivesicular bodyCell 95: 847-58

116. Odoizzi G, CR Cowles and SD Emr (1998b) The AP-3
complex: a coat of many coloufsends Cell BioB: 282-8

117. Ohkuma S, Y Moriyama and T Takano (1982) Identification (2003) HIV Gag mimics the Tsgl01-recruiting activity of
and characterization of a proton pump on lysosomes by

T - the human Hrs proteih Cell Biol162: 425-34
fluorescein-isothiocyanate-dextran fluoresceRecec Natl ] ]
Acad Sci USA9: 2758-62 135. PouponV, A Stewart, SR Gray, RC Piper and JP Luzio (200¢

118.0hkuma S and B Poole (1978) Fluorescence probe The Role of mVps18p in Clustering, Fusion, and Intracellular
measurement of the intralysosomal pH in living cells and the ~ Localization of Late Endocytic Organelletol Biol Cell 14:

phosphatase: cloning, expression and chromosome
assignmenEmbo J7: 2343-50

134. Pornillos O, DS Higginson, KM Stray, RD Fisher, JE Garrus
M Payne, GP He, HE Wang, SG Morham and WI Sundquis

perturbation of pH by various ageRi®c Natl Acad Sci USA 4015-27
75:3327-31 136. Price A, D Seals, W Wickner and C Ungermann (2000) Th
119. Okswld MP, E Skarpen, L Wierod, RE Paulsen and HS docking stage of yeast vacuole fusion requires the transfer

Huitfeldt (2001) Re-localization of activated EGF receptor proteins from a cis-SNARE complex to a Rab/Ypt profein
and its signal transducers to multivesicular compartments Cell Biol 148:1231-8

downstream of early endosomes in response to EGR 137. Puri V, JR Jefferson, RD Singh, CL Wheatley, DL Marks

Cell Biol 80: 285-94 and RE Pagano (2003) Sphingolipid storage induce:
120.0tt DE , LV Coren, EN Chertova, TD Gagliardi and U accumulation of intracellular cholesterol by stimulating

S_chubert (2000) Ubiquitination of HIV-1 and MuLV Gag SREBP-1 cleavagé Biol Chen278: 20961-70

Virology 278: 111_2% . 138. Rabesandratana H, JP Toutant, H Reggio and M Vidal (199
121. Pagano RE, V_P_un, M_Domlr_lguez and I.DL Mark_s (2000) Decay-accelerating factor (CD55) and membrane inhibitol

Membrane traffic in sphingolipid storage diseabesfic 1: of reactive lysis (CD59) are released within exosomes durin

807._15 ) In vitro maturation of reticulocyteBlood91: 2573-80
122. Pai LM, G Barcelo and T Schupbach (2000) D-cbl, a negative . )
regulator of the Egfr pathway, is required for dorsoventral +39-Racoosin EL and JA Swanson (1993) Macropinosome

patterning in Drosophila oogene€isll 103: 51-61 maturation and fusion with tubular lysosomes in macrophage

123. Pastan IH and MC Willingham (1981) Journey to the center J Cell Biol121:1011-20
of the cell: role of the receptosorBeience214: 504-9 140. Raiborg C, KG Bache, A Mehlum, E Stang and H Stenmar
124. Pelben-Matthews A, B Kramer and M Marsh (2003) (2001) Hrs recruits clathrin to early endosor&esbo J20:
Infectious HIV-1 assembles in late endosomes in primary 5008-21
macrophage§ Cell Biol162: 443-55 141. Raiborg C, TE Rusten and H Stenmark (2003) Protein sortin
125. Peters C, PD Andrews, MJ Stark, S Cesaro-Tadic, A Glatz, into multivesicular endosomé&surr Opin Cell Biol 15446-55
A Podtelejnikov, M Mann and A Mayer (1999) Control of 142 Reaves B and G Banting (1994) Vacuolar ATPase inactivatio
the terminal step of intracellular membrane fusion by protein blocks recycling to the trans-Golgi network from the plasma
phosphatase $cience285: 1084-7 membraneEBS Let345: 61-6

126. Peters C, MJ Bayer, S Buhler, JS Andersen, M Mann and A 43 reaves BJ, PE Row, NA Bright, JP Luzio and HW Davidsor
Mayer (2901) Trans_-complex formation by pereollpld (2000) Loss of cation-independent mannose 6-phosphat
channels in the terminal phase of membrane fuNiature receptor expression promotes the accumulation o

409:581-8 o lysobisphosphatidic acid in multilamellar bodie€ell Sci
127. Peters C and A Mayer (1998) Ca2+/calmodulin signals the 113(Pt 22):4099-108

completion of docking and triggers a late step of vacuole
P 9 99 P 144. Reddy A, EVCaler and NW Andrews (2001) Plasma

fusionNature396: 575-80 membrane repair is mediated by Ca(2+)-regulated exocytos
128. Reterson MR, CG Burd and SD Emr (1999) Vaclp of lysosome<Cell 106: 157-69

coordinates Rab and phosphatidylinositol 3-kinase signaling

in Vps45p-dependent vesicle docking/fusion at the endosomel45- Rehling P, T Darsow, DJ Katzmann and SD Emr (1999
Curr Biol 9: 159-62 Formation of AP-3 transport intermediates requires Vps41

129. Peterson MR and SD Emr (2001) The class C Vps complex  functionNat Cell Biol1: 346-53 =
functions at multiple stages of the vacuolar transport pathwayl46. Renlund M, PT Kovanen, KO Raivio, P Aula, CG Gahmberg

Traffic 2: 476-86 and C Ehnholm (1986) Studies on the defect underlying th
130. Piper RC and JP Luzio (2001) Late endosomes: sorting and  lysosomal storage of sialic acid in Salla disease Lysosom:
partitioning in multivesicular bodieraffic 2: 612-21 accumulation of sialic acid formed from N-acetyl-

131. Pisoni RL, JG Thoene and HN Christensen (1985) Detection ~ Mannosamine or derived from. low density lipoprotein in
and characterization of carrier-mediated cationic amino acid ~ cultured mutant fibroblasts J Clin Invést: 568-74
transport in lysosomes of normal and cystinotic human 147. Reusch U, O Bernhard, U Koszinowski and P Schu (2002
fibroblasts Role in therapeutic cystine removaBiol Chem AP-1A and AP-3A lysosomal sorting functiofsaffic 3:
260:4791-8 752-61



Biogenesis and function of lysosomes 41

148. Rieder SE, LM Banta, K Kohrer, JM McCaffery and SD Emr 165. Shih SC, DJ Katzmann, JD Schnell, M Sutanto, SD Emr an

(1996) Multilamellar endosome-like compartment L Hicke (2002) Epsins and Vps27p/Hrs contain ubiquitin-
accumulates in the yeast vps28 vacuolar protein sorting  binding domains that function in receptor endocytdtas
mutantMol Biol Cell 7: 985-99 Cell Biol 4: 389-93

149. Rieder SE and SD Emr (1997) A novel RING finger protein 166. Spritz RA (1999) Multi-organellar disorders of pigmentation:
complex essential for a late step in protein transport to the  intracellular traffic jams in mammals, flies and yeErsinds
yeast vacuol®ol Biol Cell 8: 2307-27 Genetl5: 337-40

150. Rieu S, C Geminard, H Rabesandratana, J Sainte-Marie an#67- Sriram V, KS Krishnan and S Mayor (2003) deep-orange an
M Vidal (2000) Exosomes released during reticulocyte carnation dgflne distinct stagesm]ate endosomal biogenes
maturation bind to fibronectin via integrin alpha4befa in Drosophila melanogastarCell Biol 161: 593-607
J Biochen?67:583-90 168. Stack JH, DB DeWald, K Takegawa and SD Emr (1995

. : Vesicle-mediated protein transport: regulatory interactions
151. Robinson JS, DJ Klionsky, LM Banta and SD Emr (1988) . )
Protein sorting in Saccharomyces cerevisiae: isolation of E_etween the ¥p|sf15 pro:e_m klnr?se tan:jhthe Vps|34_Ptd|nst‘
mutants defective in the delivery and processing of multiple clgﬁséeioﬁszegr-] ;Igzlf)3r4pro ein sorting to the vacuole in ykas
vacuolar hydrolaseslol Cell Biol 8: 4936-48 '

) . o 169. Stepp JD, K Huang and SK Lemmon (1997) The yeas
152. Rome LH, DF Hill, KJ Bame and LR Crain (1983) Utilization

" : adaptor protein complex, AP-3, is essential for the efficien
of exogenously added acetyl coenzyme A by intact isolated  ggjivery of alkaline phosphatase by the alternate pathway t

lysosomes) Biol Cher258: 3006-11 the vacuole Cell Biol 139: 1761-74
153. Rosenblatt DS, A Hosack, NV Matiaszuk, BA Cooper and R 170, Stone DK, XS Xie and E Racker (1983) An ATP-driven proton
Laframboise (1985) Defect in vitamin B12 release from pump in clathrin-coated vesiclésBiol Chem258: 4059-62
lysosomes: newly described inborn error of vitamin B12 1,7 Stoorvogel W, GJ Strous, HJ Geuze, V Oorschot and Al
metabolismBcience?28: 1319-21 Schwartz (1991) Late endosomes derive from early
154. Russell JT (1984) Delta pH, H+ diffusion potentials, and endosomes by maturati@ell 65: 417-27
Mg2+ ATPase in neurosecretory vesicles isolated from bovine172. Storrie B (1988) Assembly of lysosomes: perspectives fror
neurohypophyse3 Biol Chen259: 9496-507 comparative molecular cell biologyt Rev Cytol111:
155. Sanderson F, MJ Kleijmeer, A Kelly, D Verwoerd, A Tulp, JJ 53-105
Neefjes, HJ Geuze and J Trowsdale (1994) Accumulation of173.Storrie B and M Desjardins (1996) The biogenesis of
HLA-DM, a regulator of antigen presentation, in MHC class lysosomes: is it a kiss and run, continuous fusion and fissio
Il compartmentScience266: 1566-9 processBioessayd8: 895-903

156. Schmid SL, R Fuchs, P Male and | Mellman (1988) Two 174. Strack B, A Calistri, MA Accola, G Palu and HG Gottlinger
distinct subpopulations of endosomes involved in membrane ~ (2000) A role for ubiquitin ligase recruitment in retrovirus
recycling and transport to lysoson@sll 52: 73-83 releaseProc Natl Acad SAUSA 97: 13063-8

157.Schneider DL (1983) ATP-dependent acidification of 175. Strous GJ, A Du Maine, JE Zijderhand-Bleekemolen, ‘.]V\
membrane vesicles isolated from purified rat liver lysosomes Slot, and AL Schwartz (1985) Effect of lysosomotropic

Acidification activity requires phosphafeBiol Chem258 amines on the se_cretory pathway and on the recycling of tr
1833-8 asialoglycoprotein receptor in human hepatoma cells J Ce

Biol 101:531-9
158. Schneider JA, AJ Jonas, ML Smith and AA Greene (1984)176. Stuchell MD, JE Garrus, B Muller, KM Stray, S Ghaffarian,

Lysosomal transport of cystine and other small molecules R McKinnon, HG Krausslich, SG Morham and W1 Sundquist
Biochem Soc Trar2: 908-10 (2004) The human endosomal complex required for transpo

159. Schubert U, DE Ott, EN Chertova, R Welker, U Tessmer, | (ESCRT-I) and its role in HIV-1 buddingBiol Chem
MF Princiotta, JR Bgnnin_k_, HQ Krausslic_h and JW Yewde_ll 177. Sunio A, AB Metcalf and H Kramer (1999) Genetic dissectior
(2000) Proteasome inhibition interferes with gag polyprotein of endocytic trafficking in Drosophila using a horseradish
processing, release and maturation of HIV-1 and HPvez peroxidase-bride of sevenless chimera: hook is required fc
Natl Acad Sci USA7:13057-62 normal maturation of multivesicular endosomes Mol Biol Cell

160. Seals DF, G Eitzen, N Margolis, WT Wickner and A Price 10: 847-59
(2000) A Ypt/Rab effector complex containing the Sec1 178. Tietze C, P Schlesinger and P Stahl (1982) Mannose-spec_ﬁ
homolog Vps33p is required for homotypic vacuole fusion endocytosis receptor of alveolar macrophages: demonstratic
Proc Natl Acad Sci USB7: 9402-7 of two functionally distinct intracellular pools of receptor
161.Seaman MN, CG Burd and SD Emr (1996) Receptor and their roles in receptor recyclidgCell Biol92: 417-24
signalling and the regulation of endocytic membrane transport179- Tsukamoto K, 1J Jackson, K Urabe, PM Montague and V
Curr Opin Cell Biol8: 549-56 Hearing (1992) A second tyrosinase-related protein, TRP-2
162. Sevrioukov EA, JP He, N Moghrabi, A Sunio and H Kramer is a melanogenic enzyme termed DOPAchrome tautomera:s
: ’ ! ’ ) Embo J11: 519-26
(1999) A role for the deep orange and carnation eye color K ith and field i
genesinlysosomal delivery in Drosoplial Cell4: 479-86 180. Tycko B, CH Iith and FR Maxfield (1983) Rapi

) ) acidification of endocytic vesicles containing
163. Sharma P, S Sabharanjak and S Mayor (2002) Endocytosis of asialoglycoprotein in cells of a human hepatomaJiell

lipid rafts: an identity crisiSemin Cell Dev Bidl3: 205-14 Biol 97: 1762-76

164. Shestopal SA, IV Makunin, ES Belyaeva, M Ashburner and g7 yngemann C, BJ Nichols, HR Pelham and W Wickner
IF Zhimulev (1997) Molecular characterization of the deep (1998) A vacuolar v-t-SNARE complex, the predominant
orange (dor) gene of Drosophila melanogadterGen Genet form in vivo and on isolated vacuoles, is disassembled an

253:642-8 activated for docking and fusi@hCell Biol 140: 61-9



42 V Sriram, KS Krishnan and S mayor

182. Ungermann C, A Price and W Wickner (2000) A new role 192. Ward DM, J Pevsner, MA Scullion, M Vaughn and J Kaplar

for a SNARE protein as a regulator of the Ypt7/Rab- (2000) Syntaxin 7 and VAMP-7 are soluble N-

dependent stage of dockifyoc Natl Acad ScUSA 97: ethylmaleimide-sensitive factor attachment protein receptor

8889-91 required for late endosome-lysosome and homotypic
183. Ungermann C, GF von Mollard, ON Jensen, N Margolis,  lysosome fusion in alveolar macrophadsi Biol Cell 11:

TH Stevens and W Wickner (1999) Three v-SNAREs and 2327-33

two t-SNARES, present in a pentameric cis-SNARE complex 193. Waner TS, DA Sinclair, KA Fitzpatrick, M Singh, RH

on isolated vacuoles, are essential for homotypic fugion Devlin, and BM Honda (1998) The light gene of Drosophila

Cell Biol 145:1435-42 melanogaster encodes a homologue of VPS41, a yeast ge
184. van Deurs B’ PK H0|m’ L Kayser, K Sandvig and SH Hansen involved in Cellular-pl’otein trafﬁckin@enomdl: 236-43

(1993) Multivesicular bodies in HEp-2 cells are maturing 194. Widner W (2002) Yeast vacuoles and membrane fusior

endosomegur J Cell Biol61: 208-24 pathwaysEmbo J21: 1241-7

185. Van Dyke RW, CA Hornick, J Belcher, BF Scharschmidt and 195. Wulbolts R, M Fernandez-Borja, | Jordens, E Reits, S
RJ Havel (1985) Identification and characterization of ATP- Dusseljee, C Echeverri, RB Vallee and J Neefies (1999
dependent proton transport by rat liver multivesicular bodies Opposing motor activities of dynein and kinesin determine
J Biol Chen?260: 11021-6 retention and transport of MHC class ll-containing

186. van Ham SM, EP Tjin, BF Lillemeier, U Gruneberg, KE van compartments Cell Scil12( Pt 6):785-95
Meijgaarden, L Pastoors’ D Verwoerd, A Tu|p’ B Canasy D 196. Wurmser AE and SD Emr (1998) PhOSphOinOSitide Signalin!
Rahman, TH Ottenhoff, DJ Pappin, J Trowsdale and J Neefies ~ and turnover: Ptdins(3)P, a regulator of membrane traffic, i

(1997) HLA-DO is a negative modulator of HLA-DM- transported to the vacuole and degraded by a process tf
mediated MHC class Il peptide loadiGgrr Biol 7: 950-7 requires lumenal vacuolar hydrolase activitigabo J17:
4930-42

187. van Weert AW, KW Dunn, HJ Gueze, FR Maxfield and W
Stoorvogel (1995) Transport from late endosomes to 197- Wurmser AE, TK Sato and SD Emr (2000) New componen
lysosomes, but not sorting of integral membrane proteins in ~ Of the vacuolar class C-Vps complex couples nucleotide
endosomes, depends on the vacuolar proton gudefl Biol exchange on the Ypt7 GTPase to SNARE-dependent dockir
130:821-34 and fusionJ Cell Biol151: 551-62

188. ida TA, G Huyer and SD Emr (1993) Yeast vacuolar 198- Xu Z, A Mayer E Miller and W Wickner (1997) A
proenzymes are sorted in the late Golgi complex and heterodimer of thioredoxin and 1(B)2 cooperates with Sec18j
transported to the vacuole via a prevacuolar endosome-like ~ (NSF) to promote yeast vacuole inheritance J Cell B3l
compartmend Cell Biol121: 1245-56 299-306

189. von Schwedler UK. M Stuchell. B Muller. DM Ward. HY 199. Xu Z, K Sato and W Wickner (1998) LMAL binds to vacuoles

Chung, E Morita, HE Wang, T Davis, GP He, DM Cimbora, at Sec18p (NSF), transfers upon ATP hydrolysis to a t-SNARE

A Scott, HG Krausslich, J Kaplan, SG Morham and WI (Vam3p) complex, and is released during fusiell 93:
Sundquist (2003) The protein network of HIV budd®el 1125'34_ ] o
114:701-13 200. Yamashiro DJ and FR Maxfield (1987) Acidification of

190. Vowels JJand GS Payne (1998) A dileucine-like sorting signal morphologically distinct endosomes in mutant and wild-type

directstransportinto an AP-3-dependent, clathrin-independent Chinese hamster ovary cell<Cell Biol105: 2723-33 :
pathway to the yeast vacudienbo J17: 2482-93 201. Yoon CH, J Lee, GD Jongeward and PW Sternberg (199!

191. Waheed A, S Gottschalk, A Hille, C Krentler, R Pohlmann, g'n;:?rgzs?; tﬂg%aiqﬁgﬁ;torm?;_\éﬂggl gfgil_cé%?;igzm
T Braulke, H Hauser, H Geuze and K von Figura (1988) - ©1eg P g )

. . 269:1102-5
Human lysosomal acid phosphatase is transported as a ial q id b . b
transmembrane protein to lysosomes in transfected babyzoz' Zerial M and H McBride (2001) Rab proteins as membran

hamster kidney cellEmbo J7: 2351-8 organizerdNat Rev Mol Cell BioR: 107-17



