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Summary

The vacuolar H*-ATPase (V-ATPase) is a multi-subunit ~ trafficking of vacuolar proton pumps in this pathway,
enzyme that plays important roles in eukaryotic cells. In Which appeared to be entirely independent from the
Dictyostelium, it is found primarily in membranes of the ~ contractile vacuole membrane system. In cells whose
contractile vacuole complex, where it energizes fluid €ndosomes were pre-labeled with TRITC-dextran and then
accumulation by this osmoregulatory organelle and also in fed yeast particles, VatM-GFP was delivered to newly
membranes of endolysosomes, where it serves to acidify the formed yeast phagosomes with the same time course as
endosomal lumen. In the present study, a fusion was TRITC-dextran, consistent with transfer via a direct fusion
created betweenvatM, the gene encoding the 100 kDa of endosomes with phagosomes. Several minutes were
transmembrane subunit of the V-ATPase, and the gene required before the intensity of the VatM-GFP Iabel_lng of
encoding Green Fluorescent Protein (GFP). When Neéw phagosomes reached the level observed in older
expressed inDictyosteliumcells, this fusion protein, VatM- ~ Phagosomes, suggesting that this fusion process was
GFP, was correctly targeted to contractile vacuole and Progressive and continuous. VatM-GFP was retrieved from
endolysosomal membranes and was competent to direct the phagosome membrane prior to exocytosis of the
assembly of the V-ATPase enzyme complex. Protease indigestible remnants of the yeast particle. These data
treatment of isolated endosomes indicated that the GFP Suggest that vacuolar proton pumps are recycled by fusion
moiety, located on the C-terminus of VatM, was exposed to Of advanced with newly formed endosomes.

the cytoplasmic side of the endosomal membrane rather

than to the lumenal side. VatM-GFP labeling of the Movies available on-line

contractile vacuole complex revealed clearly the dynamics

of this pleiomorphic vesiculotubular organelle. VatM-GFP  Key words:Dictyostelium V-ATPase, Contractile vacuole,

labeling of endosomes allowed direct visualization of the Endosome, Phagosome, GFP

Introduction and \W. V1 is a peripheral complex of at least eight subunits that

All eukaryotic cells contain a highly conserved multi-subunitiS responsible for ATP hydrolysis.oVs an integral membrane
enzyme, the vacuolarHATPase or V-ATPase, which uses the complex of at least five subunits that carries protons across the
energy from ATP hydrolysis to transport protons acrosgnembrane. Mutational analysis of Vphlp,Sa cerevisiae
biological membranes (reviewed by Nelson and Harvey, 1999soform of the large (=100 kDa) transmembrane subunit of the
Wieczorek et al., 1999; Forgac, 2000). The protons may servé complex, has shown that this protein is important in V-
to acidify an intracellular compartment or an extracellularATPase assembly and proton translocation (Leng et al., 1996;
space, or the proton gradient may energize the transport béng et al., 1998). The role of the 100 kDa subunit in proton
other ions or macromolecules. The action of the multi-subuniranslocation has led to the suggestion that it is functionally
V-ATPase complex is regulated at several levels. Distincsimilar to the 30 kDa ‘a’ subunit of the evolutionarily related
isoforms of the enzyme may be localized to differentF-ATPase, in spite of the difference in primary structure (Leng
compartments within a single cell (Manolson et al., 1992¢et al., 1996). The F-ATPase or ATP synthase of bacteria,
Manolson et al., 1994) or to different cell types in amitochondria and chloroplasts is a rotary motor (Cross and
multicellular organism (Nishi and Forgac, 2000; Mattsson ebuncan, 1996; Junge et al., 1996; Noji et al., 1997), with
al., 2000; Oka et al., 2001). The distribution and/or activity ofntersubunit rotation leading to energy transduction. In the V-
the enzyme may also be altered in response to environmen#alPase, which is thought to operate in a similar manner, Vphlp
or developmental cues (Sumner et al.,, 1995; Kane, 199provides a link between theg\and Wi sectors and thus may
Wieczorek et al., 1999). serve as a stator for the rotary motor (Landolt-Marticorena et
The V-ATPase consists of two functional subcomplexas, Val., 1999; Landolt-Marticorena et al., 2000).
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The predicted amino acid sequence of Vphlp (and itpumps to phagosomes. This marker has revealed that the
homologues in many organisms) contains multiple potentigbrincipal route of delivery of the V-ATPase to phagosomes
membrane-spanning domains; estimates range from six @ as a component of the membrane of pre-existing acidic
seven (Manolson et al., 1992; Nelson and Harvey, 1999) to nilndosomal vesicles.

(Leng et al., 1999). The hydrophilic N-terminal domain of

Vphlp has been shown to face the cytosolic side of the

membrane (Jackson and Stevens, 1997; Landolt-Marticorenilaterials and Methods

1999), but the orientation of the C-terminal domain is notCells and growth conditions

known with certainty. Random mutagenesis of Vphlprhe cells used in this study webéctyostelium discoideurwild-type’
identified certain amino acids between residues 800 and 8%#ains AX2 and AX3, and VatMpr, a conditional VatM mutant (Liu et
(... LXWVxxxxxFxxxxG...) that, when mutated, led to a al., 2002)Dictyosteliumcells were cultivated at 21°C in HL5 (Clarke
substantial decrease in the assembly of the V-ATPase complest;al., 1980). Cells were also grown in association WKittbsiella
mutations of the F and G residues also appeared to affedgrogenegither on SM agar plates (Loomis, 1975) or in a suspension
targeting of this subunit (Leng et al., 1998). All of theseof bacteria harvested from such plates in phosphate buffer (17 mM
residues lay beyond the last presumptive transmembraarigg'i';KsHde(rjévti’:igl‘;";t’rz';’i'r']| %_?% f‘; Ejanin:IE))(?C\i/vpr'?;llgonuesrlyR(eRgaé?‘llsﬁhI%l-’
domain of f{he protein, ”e"?‘f 'ghe C-terminus. The finding th ermany) was cultivated in YPD (Rose et al., 1990) :alt 30°C. ,
the C-terminus of Vphlp is important for enzyme assembly

suggested that the C-terminus extended into the cytoplasm,

where it could associate with tha $ector (Leng et al., 1998). Preparation and expression of a VatM-GFP fusion protein

However, a subsequent study from the same laboratowy GFP gene containing the S65T mutation was recovered by PCR
employing cysteine scanning mutagenesis and labeling kyom the plasmid pRSET using DeepVent polymerase (New England
sulfhydryl reagents of differing membrane permeabilities lediolabs). The forward primer was-ECCTGCAG(GGTGCARAT-

to the opposite conclusion, namely, that the C-terminus dPAGTAAAGGAGAAGAACTT-3', which added aPst site
Vphl probably resides in the vacuole lumen (Leng et a|_(underllned) and five tandgm (gly ala') codons to then8l of theGFP
1999). In the latter model, (lumenal) amino acids 800-814 Wer§e“e3 the reverse primer was'-TCTAGAGTTATTGCTCA-

. i : CGGTGG-3 (pPRSET Reverse, Invitrogen). The PCR product was
postulated to regulate protein conformation in cytoplasmic a Ut with BamHl (which cut at a site in the pRSET polylinker

well as lumenal .dom?'”s of th_e pr_oteln (Le_ng et_al., _1999)' immediately adjacent to thé &nd of the GFP gene) and cloned into
The eukaryotic microorganisrictyostelium discoideum g, escript-Sk cut with EcoRV andBanHI. The resulting plasmid,
appears to contain a single isoform of the V-ATPase 100 kDgsk-/(GA)s-GFP, was cut witfPst andSal, and the large fragment
subunit (VatM), as determined by PCR-based assays (Liu ar@dntaining theGFP gene plus the vector was isolated. The plasmid
Clarke, 1996) and indicated by the largely completed sequeng®M1 (Liu and Clarke, 1996) was used as a template to generate the

of the Dictyosteliumgenome. VatM is 40% identical to Vppl, VatM coding sequence by PCR, again using DeepVent polymerase.
the rat clathrin-coated vesicle/synaptic vesicle 116 kDa VIhe primers were’sSCCGAGCTCATGAGCTTTTTAAGACCATCC-
ATPase subunit and is 37% identical to Vphlgoterevisiae 3 (forward) and SCCCTGCAGTTCATC TTCAGAAAGAATAC-3

In Dictyostelium VatM has been localized to the membrane§reverse)’ which addeflad and Pstl restriction sites at the' and 3

: nds of thevatM gene, respectively. The PCR product was cloned into
of two compartments, the contractile vacuole complex (Fok e%Bluescript-sk at itsEcaRV site, and the resulting plasmid was cut

al., 1993), an osmoregulatory organelle in which the‘, proto ith Pst and Sal, releasing the VatM coding sequence. This was
pumps energize water movement from the cytosol into thggarted into PSK(GA)s-GFP cut with the same two enzymes (as
vacuole complex (Heuser et al., 1993), and the endolysosomgscribed above), yielding an in-frame fusion of the VatM coding
system (Adessi et al., 1995), in which the proton pumps sengquence with that for (gly aaEFP, the GFP being positioned at the
to acidify the lumen of endosomes. These compartments a@terminus of the fusion protein. (The C-terminus of VatM normally
physically distinct (Gabriel et al., 1999), although mutationsends ...SEDDE?*; the fusion junction is ... SEDEQQ(GA)) The
have been identified that affect both organelles (O’Hallorafestriction fragment encoding VatM-GFP was excised Bkt and
and Anderson, 1992; Ruscetti et al., 1994: Bush et al., 19964Pa and cloned into th®ictyosteliumexpression vector pDXA-3H
suggesting that a membrane trafficking relationship existgvanstein et al., 1995) cut with the same two enzymes, yielding

; ; ; ; DXA/VatM-GFP.
between them. There is a substantial difference in th@ AX3-ORF* cells (Manstein et al., 1995) growing in HL5 were

abundance_ of proton pumps in the me_mbranes of these t\’Hglrvested at a density ok10° cells/ml, pelleted by centrifugation
organelles; the pump density in contractile vacuole membrangsq suspended in electroporation buffer (8.75 mM M, 1.25

is greater by a factor of about ten (Rodriguez-Paris et al., 1998 NaHPQs, 2 mM sucrose) atxiL07 cells/ml. One ml of cells
Clarke and Heuser, 1997). was mixed with 2Qug of the pDXA/VatM-GFP plasmid. The cells

We have created a fusion of VatM to green fluorescentere electroporated using a BioRad Gene Pulser at 1.6 kV/cm. Cells
protein (GFP) in order to monitor the activity of the contractilewere then transferred to 10 cm tissue culture plates and left
vacuole complex and the trafficking of the V-ATPase in theovernight in HL5. The next day G418 was added to a final
endocytic pathway of livindictyosteliumcells. The fusion concentration of fug/ml. The cells were diluted ;O-fold and plate_d
protein, VatM-GFP, is correctly targeted to contractile vacuold” 96-well tissue culture plates for clonal selection. Transformation
and endosomal membranes. This fluorescent V-ATPaﬁAvatMpr cells was carried out as above except thai@@REP

bunit h bled {0 Vi lize the distributi f i anstein et al., 1995) was co-transfected with pDXA/VatM-GFP.
subunithas enabled us 10 visualize the distribution of protophpep contains the Ddp2 ORF sequence necessary for pDXA

pumps in the contractile vacuole system during thepjication in strains other than AX3-ORFwhich carries this
interconversion of vacuolar and tubular elements as thisequence on the chromosome.) Transformants were screened by
organelle takes up and expels fluid. VatM-GFP has alsepifluorescence microscopy to identify clones with bright GFP
permitted real-time visualization of the trafficking of proton labeling of intracellular membranes.
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Fig. 1. Effect of VatM-GFP expression on the distribution of VatA in bacterially grown VatMpr cells. VatMpr and VatMpr/VatM-GFPegells w
grown for two days oK. aerogenesthen fixed and stained with the N4 monoclonal antibody, which recognizes the A subunit of the V-ATPase,
followed by Cy3-labeled anti-mouse antibodies. A and B show VatMpr cells (A, Cy3; B, phase contrast), and C to E show ¥dtpi?Va

cells (C, Cy3; D, phase contrast; E, GFP). VatA is diffusely distributed in VatMpr cells (A), but, as seen in C, colo¢hladMWE) on

contractile vacuole membranes in VatMpr/VatM-GFP cells. In cells with poor expression of VatM-GFP, VatA remains diffudés (aivthee

lower left in C and E). Bar, 10m.

Indirect immunofluorescence methods dynamics of the contractile vacuole complex in living cells (Fig. 3)

D. discoideuntells (VatMpr and VatMpr/VatM-GFP) were grown in Were obtained using a BioRad Radiance 2000-AGR3 confocal
suspension in association wikh aerogenedor two or three days Microscope equipped with a Zeiss ¥00.4 N.A. planapochromat
before being examined. Samples were taken from low-densit@bjective lens.

exponentially growing cultures and washed free of bacteria by three

cycles of centrifugation in 17 mM Na/KR®uffer (pH 6.4). After I
agar-overlay, the cells were fixed in the same buffer containing 2dgurification of TRITC-dextran-loaded endosomes from
formaldehyde (5 minutes, room temperature), followed by 1% /ctygste(/um cells . ) )
formaldehyde in methanol (5 minutes, @5 The cells were stained D. discoideumcells expressing VatM-GFP were cultivated in
with N4 hybridoma culture supernatant (diluted 1:20), which labelg@ssociation with. aerogenesn SM agar plates and harvested prior
the V-ATPase A subunit (Fok et al., 1993), followed by Cy3-t0 clearln_g of the bact_erlal Iawn._T_he cells were suspended18f 5
conjugated donkey anti-mouse IgG (1:500, Jackson ImmunoReseargflls/ml in- AX2 medium containing 0.2 mg/ml TRITC-Dextran

Laboratories). A detailed description of the staining methods may béigma, 70,00(Mr) and incubated on a rotary shaker at 22°C for 6
found in Clarke et al. (Clarke et al., 1987). hours. The cells were harvested by sedimentation, washed once in

cold phosphate buffer and once in cold homogenization buffer (50

) o mM Tris-HCI, pH 7.6, 25 mM KCI, 5 mM Mg@G] 100 mM sucrose),
Fluorescence microscopy of living cells then suspended in 1.5 ml of the same buffer. The cell suspension was
Cells from axenic culture were plated on a glass coverskp ¢bn) placed in a syringe and forced twice through a stack of two
within a plastic ring 40 mm in diameter. After the cells had settlegpolycarbonate filters (Nucleopore, n pore size). The cell lysate
and attached, the axenic medium was replaced with 17 mMas centrifuged at 506 for 10 minutes at 4°C to remove unbroken
Na/KPQy buffer (pH 6.0) or with fresh nutrient medium diluted 3- cells. The supernatant was loaded on a Percoll gradient (2.5 ml each
to 10-fold in this buffer, as indicated. For labeling of the endosomabf 70%, 65% and 60% Percoll in homogenization buffer) and spun
compartment, cells were incubated in dilute axenic mediunfor 1 hour at 80,00@. A faintly visible band was recovered from the
containing 2 mg/ml tetramethylrhodamine isothiocyanate (TRITC)-middle of the gradient. Epifluorescence microscopy confirmed that
dextran (Sigma,M; 70,000) for 30 to 90 minutes. In some TRITC-dextran-containing vesicles were present in this fraction.
experiments, cells were observed in this medium; in others, it was
replaced with phosphate buffer prior to observation of the cells. For
monitoring phagocytosis, a suspension of living yeast cells irResults

phosphate buffer was added to tietyosteliumcells. Just prior to Construction and biological activity of VatM-GFP
observation, th®ictyosteliumcells were compressed under a thin

layer of agarose prepared as described by Yumura et al. (Yumura®t construct was prepared as described in Materials and
al., 1984). In some experiments, the agarose layer had first bebgthods that expressed the complete sequence of VatM fused
soaked in Neutral Red (2\BV in phosphate buffer) in order to label at its C-terminus to a flexible linker followed by GFP
acidic compartments. containing the S65T mutation. Wild-typggictyosteliumcells

For all endocytosis and phagocytosis experiments, a Zeiss LSM 4Hhd the mutant VatMpr were transformed with this construct.
microscope equipped with a 200.3 N.A. Plan Neofluar objective \/atMpr is a strain in which the chromosonvaitM promoter
was used to collect simultaneous phase contrast and confoqghs heen replaced by thet6 promoter, resulting in reduced
fluorescence images of the cells. For excitation of S65T-GFP, the 4%?5(pressi0n of/atM when cells are grown on bacteria (Liu et
band of an argon-ion laser was used together with a 515-565 nm filt i 2002). In both cell types, VatM-GFP was correctly targeted

for emission. For simultaneous recording of GFP and Neutral Red b f th tractil | I d th
TRITC-dextran, the 488 nm laser band was used together with the 5 @ membranes o € contractiie vacuole complex an €

nm band of a He-Ne laser, and emission was split by the use ofepdolysosomal system, as shown in subsequent sections of this
510-525 nm filter for GFP and a 570 nm high pass filter fof€pOrt.

the fluorescence of other dyes. Simultaneous fluorescence andVatMpr cells were used to assess the biological activity of
interference reflection microscopy (IRM) images showing theVatM-GFP. These cells contain approximately normal levels of
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VatM (and vacuolar proton pumps) when they are growt
axenically, but when they are cultured on bacteria, the level (
VatM drops to about one-third of normal. This deficiency has
several phenotypic consequences, including slow growth of tt
cells on bacteria and redistribution of VatA, the periphera
catalytic subunit of the V-ATPase, from membranes to thi
cytoplasm (Liu et al., 2002). We examined whether VatM-GFF
expressed in VatMpr cells could correct these defects. Bacterial
grown VatMpr and VatMpr/VatM-GFP cells were fixed and
stained to visualize the distribution of VatA. Expression of VatM-
GFP proved to be sufficient to correct the mislocalization of Vat/
(Fig. 1). In VatMpr/VatM-GFP cells, antibodies to VatA labeled
contractile vacuole membranes (Fig. 1C), as they do in norm
cells, colocalizing with VatM-GFP (Fig. 1E). This was in contrasi
to the diffuse cytoplasmic staining by anti-VatA observed in
VatMpr cells not expressing VatM-GFP (Fig. 1A). These result
demonstrate that VatM-GFP is correctly targeted to contractil
vacuole membranes and that it is competent to direct asseml
of the V-ATPase enzyme complex.
Nonetheless, VatM-GFP proved to be less effective tha
wild-type VatM in complementing certain other phenotypic
defects of VatMpr cells. VatMpr/VatM-GFP cells continued
to grow slowly on bacteria and were unable to complets
development, defects characteristic of VatMpr cells (data nc
shown). Possibly, the presence of the GFP moiety on the ( E F
terminus of VatM interferes to some degree with proton

translocation, a key function of this subunit. Fig. 2. Orientation of GFP on the C-terminus of VatM. Cells
expressing VatM-GFP were fed TRITC-dextran, and endosomes

were isolated on a Percoll gradient. Endosomes, identified by
Orientation of C-terminal GEP on VatM TRITC-dextran fluorescence (A), were rimmed with green

. . . . .., .. fluorescence (B) from VatM-GFP in the endosomal membranes;
To examine the orientation of the C-terminus of VatM with itSc shos the two images overlaid. Following brief treatment with

attached GFP moiety, we isolated endosomes from cells thafoteinase K, TRITC-dextran was still present in the endosomes (D),

had been fed TRITC-dextran, a fluorescent, membraneithough the green fluorescence (E) had disappeared from endosomal

impermeant fluid phase marker (see Materials and Methodsembranes; F shows the two images overlaid.

for details). Cells were broken by the gentle technique of

forcing them through fum filters, and the cell lysate was

fractionated on a Percoll gradient. Fractions were examined e attachment of the GFP moiety, the C-terminus of VatM

epifluorescence microscopy using a rhodamine filter set, andere erroneously retained in the cytoplasm rather than being

the peak fraction of vesicles loaded with TRITC-dextran waslelivered to its proper location in the vacuole lumen, one would

identified (Fig. 2A). The membranes surrounding thes@xpect the improper location of these key residues to block the

vesicles were brightly labeled when viewed with the GFP filtefunction of the C-terminal domain in enzyme targeting and

set (Fig. 2B), confirming the presence of VatM-GFP inassembly. However, VatM-GFP is quite functional in these

endolysosomal membranes. respects, as described above. Thus, our results lend support to
Proteinase K (final concentration 106/ml) was added to a model in which the C-terminus of the 100 kDa V-ATPase

an aliquot of this vesicle fraction. After an incubation periodsubunit resides in the cytoplasm.

of 7 minutes on ice, the vesicles were viewed by

epifluorescence microscopy. The vesicles retained their ) .

TRITC-dextran fluorescence, indicating that the endosomat@beling of the contractile vacuole complex and

membranes had not been perforated (Fig. 2D). However, tfdosomal membranes with VatM-GFP

GFP signal in the membranes of these vesicles had completéiyliving Dictyosteliumcells, the distribution of the fluorescent

disappeared (Fig. 2E). The only remaining GFP fluorescencignal from VatM-GFP corresponded to that expected for

was in the membranes of a few tiny vesicles without redracuolar proton pumps on the basis of other methods of

endosomal content, possibly fragments of membrane that hathalysis (see Discussion). VatM-GFP strongly labeled

become resealed inside out during isolation. These resuligembranes of the contractile vacuole complex (both the

suggest that GFP, and thus the C-terminus of VatM, is expos&édcuolar and tubular elements) and, less strongly, endosomal

on the cytoplasmic rather than the lumenal side of thenembranes.

endosomal membrane. VatM-GFP provides an excellent marker for visualizing the
VatM contains the same sequence of amino acids near its @ynamics of the contractile vacuole system. Fig. 3 and Movie

terminus (...LXWVxxxxxFxxxxG...) that were demonstrated 1 (available at jcs.biologists.org/supplemental) show the

by random mutagenesis to be important for association of tfermation and discharge of multiple contractile vacuoles in an

V1 and W domains in Vphlp (Leng et al., 1998). If, owing to AX3/VatM-GFP cell. Using a confocal microscope, the cell

A
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‘E BN

Fig. 3. Dynamics of the contractile vacuole system revealed by VatM-GFP and interference reflection microscopy. An AX3 cell expressing
VatM-GFP was viewed simultaneously by fluorescence microscopy (A-C) and IRM (D-F). These images correspond to frames@4 (A,D), 3
(B,E) and 51 (C,F) from Movie 1. Images were captured at 1 second intervals, and so these images span a total of 3Gseca@ui®ldhin

the upper right portion of the cell emptied during this time interval and were replaced by a tracery of tubules. The anankb¢lael same
position in each frame. Two other vacuoles (upper left) fused during this same interval and later emptied (see Movie 1).

Fig. 4. Labeling of contractile vacuole and endosomal membranes with VatMEigHposteliumcells expressing VatM-GFP were observed
following a 70 minute incubation in one-third strength nutrient medium containing TRITC-dextran (2 mg/ml). Three sign@&conced:r
green (VatM-GFP), red (TRITC-dextran), and blue (phase contrast). All three channels are shown in A and B, whereas Gaimanmtige
as B minus the red channel. A is a focal plane near the substratum showing the contractile vacuole complex, and B acdl®larea f
higher in the cell, showing several endosomes and also some elements of the contractile vacuole complex including skesnahictaoe
phase lucent. The arrows mark endosomes whose periphery is not labeled with VatM-GFP (presumptive late endosomas). Bar, 10

was viewed simultaneously by fluorescence and interferend®98). A focal plane near the substratum (Fig. 4A) displayed
reflection microscopy (IRM). A time series was recorded for dhe contractile vacuole complex, whereas focal planes higher in
single focal plane near the substratum, since this is the regidme cell (e.g., Fig. 4B) were greatly enriched in endosomes filled
of the cell where the contractile vacuole complex is primarilywith the red fluorescent fluid phase marker. The periphery of
situated. The IRM and fluorescence views are shown separatehost of the endosomes was labeled with VatM-GFP, which is
for a portion of the cell in Fig. 3, so that the conversion obest seen after subtraction of the red channel (Fig. 4C).
individual vacuoles to a network of tubules after emptying cafdowever, this cell, and others for which an hour or more had
be seen more clearly. The IRM and fluorescence views amdapsed since first exposure to TRITC-dextran, also contained
overlaid in Movie 1. The highly dynamic and pleiomorphic some endosomes not labeled with VatM-GFP (arrowheads). We
nature of the contractile vacuole complex is evident, witlpresume these are late endosomes, from which vacuolar proton
continuous interconversion of vacuolar and tubular elements @gumps have already been retrieved. Typically, the red
the system as fluid is accumulated and expelled. fluorescence from such endosomes appeared more intense,
VatM-GFP also labels membranes of endolysosomes. Thedicating that the TRITC-dextran has become concentrated, as
cell shown in Fig. 4 was incubated in nutrient mediumdescribed previously (Maniak, 2001).
containing TRITC-dextran for 70 minutes prior to observation.
TRITC dextran is taken up by macropinocytosis, and, over this _
time interval, becomes distributed among vesicles at all stag&&tM-GFP in phagosomes
of the endolysosomal pathway (Hacker et al., 1997; Jenne et dbictyosteliumcells are avid phagocytes that consume not only



2898 Journal of Cell Science 115 (14)

Fig. 5. Clustering of acidic endosomal vesicles labeled with VatM-GFP at the membrane of new phagosomes, followed by the appearance of
VatM-GFP in the phagosome membrane. Cells expressing VatM-GFP were fed yeast particles in the presence of Neutral REBQA) or TR
dextran (B-D). The TRITC-dextran was present for at least 30 minutes before addition of the yeast. (A) Neutral Red-pgoEswinve=d

with VatM-GFP clustered next to a phagosome (2 minutes after uptake of the yeast particle). The yeast particle is mavkeitevathnaond.

(B-D) A large cell containing several yeast particles taking up a new yeast particle (marked with a white diamond); (Bhphagogwane

closing around the new yeast particle; (C) clustering of TRITC-dextran-positive, VatM-GFP-rimmed vesicles at the memlerares of th
phagosome (70 seconds later); (D) similar intensity of VatM-GFP label in membranes of new and old phagosomes (4 mimitd&after u

Bars, 10um.

bacteria, their natural prey, but also larger particles such aetected within the phagosome. Both Neutral Red and TRITC-
yeast cells, which are especially well suited for visualizatiordextran can sometimes be visualized as discrete patches under
by light microscopy. When cells expressing VatM-GFP are fethe phagosome membrane, presumably representing recent
yeast particles, the appearance of GFP fluorescence in thiges of vesicle fusion. Fig. 6A shows a cell labeled with
phagosome membrane provides a marker for the delivery dfeutral Red, and Fig. 6B shows a cell labeled with TRITC-
vacuolar proton pumps to that membrane. Using this assay, wextran; the latter cell had been washed free of TRITC-dextran
have monitored the delivery of proton pumps to phagosomebgfore yeast particles were added. When the red channel is
their presence during the digestion of yeast particles and theemoved from the second image (Fig. 6C), it can be seen that
disappearance from phagosome membranes prior to expulsitre green VatM-GFP rim is continuous around the outer side
of the indigestible remnants of the particle. of the mound of red marker, confirming that local fusion had
VatM-GFP is delivered to the membrane of newly formedoccurred between the phagosome membrane and a vesicle
phagosomes in the membranes of small vesicles. These snfdled with TRITC-dextran. Neutral Red labeled presumptive
vesicles begin clustering at the phagosome membrane abdusion sites along the phagosome membrane in a similar
1 to 2 minutes after uptake of the yeast particle. If themanner (Fig. 6A), indicating that the fusing vesicles were
Dictyosteliumcells are bathed in medium containing Neutralacidic. Thus, vacuolar proton pumps are delivered to
Red, a vital dye that passes through cell membranes aptiagosomes by pre-existing, acidic, endosomal vesicles, and
becomes trapped in acidic compartments, these small vesicli® content of these vesicles is released into the phagosome.
have red lumens, indicating that they are acidic (Fig. 5A). If, Within the phagosome, endosomal fluid-phase markers
instead, thd®ictyosteliumcells are pre-incubated with TRITC- accumulate predominantly at the necks of budded yeast cells,
dextran, a membrane-impermeant fluid phase marker thhecause the acute curvature at a bud neck precludes a snug
enters cells by endocytosis, the content of the small GFRit of the phagosome membrane at this point, as previously
rimmed vesicles is also red, demonstrating that they amescribed (Schneider et al., 2000). The yeast strain used here
endosomal vesicles (Fig. 5C). Within three or four minutes ofs partially impaired in cytokinesis, so most yeast particles
particle uptake, TRITC-dextran from these endosomes can lieve one or more buds. Localization of the marker in the

Fig. 6. Delivery of endosomal content to the phagosol
(A) A cell fed yeast in the presence of Neutral Red.
Within the cell are three phagosomes containing yea:
particles, all with Neutral Red accumulation at the bu
neck. The upper phagosome also has mounds of Ne
Red-positive material at sites along its membrane. (T
are also two free yeast particles just above the cell; tt
are not stained.) (B,C) A cell whose endosomes were
labeled with TRITC-dextran prior to addition of yeast
particles. Mounds of TRITC-dextran are present alony
the phagosome membrane (B). Subtraction of the red channel shows that VatM-GFP is continuous around the outside of tH{€)e mounds
suggesting that they are sites of fusion between endosomal vesicles and the phagosome membragm®. Bar, 10
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Fig. 7. Time course of VatM-GFP delivery to a new phagosome. This cell already contained several yeast particles in a multi-particle
phagosome whose membrane was strongly labeled with VatM-GFP. The cell had been pre-labeled with TRITC-dextran, most sfalgzich wa
localized in this large phagosomal compartment. The paucity of free endosomes correlated with slow delivery of VatM-GER to the
phagosome. (A) Uptake of the new yeast particle; (B) 3 minutes and 15 seconds after uptake; (C) 6 minutes and 20 saptaids after

(D) 9 minutes after uptake. In C and D, TRITC-dextran is visible at the bud neck of the new phagosome and also at a phbetwesh

the new phagosome and the pre-existing phagosomal compartment, suggesting that fusion has occurnech. BEines@ frames are taken

from Movie 2.)

lumen of the phagosome is easier to detect in such cells thaptake of the new yeast particle. Starting in that interval, VatM-

in unbudded yeast, where the marker spreads out in @FP appeared and grew steadily brighter in the membrane of
uniform thin layer under the phagosome membrane (ndhe new phagosome, reaching an intensity close to that of the
shown). pre-existing phagosomes by about 9 minutes after uptake (Fig.

The rapidity with which the fluorescence signal from VatM-7D). About 6 minutes after uptake, TRITC-dextran could be
GFP in the membrane of a new phagosome reaches an intengibyserved not only at the yeast bud neck but also at the point of
similar to that present in ‘older’ phagosomal membranes seengsntact between the new phagosome and the pre-existing
to depend on the availability of appropriate endosomes. If thehagosomal compartment, indicating that membrane fusion
endosome pool is large, as in the cell shown in Fig. 5B-Ihad taken place (arrow in Movie 2; Fig. 7C,D). We conclude
[and the upper cell shown in Movie 2 (available atthat the delivery of proton pumps to phagosomes occurs
jcs.biologists.org/supplemental)], then this occurs over @redominantly through fusion of pre-existing endosomes and
period of 3 or 4 minutes after clustering of the vesicles. If th@hagosomes with the new phagosome and that this takes place
pool is small, then substantially more time is required. Twawithin a few minutes of uptake of a yeast particle.
cells in the process of phagocytosing yeast particles are shownAs is evident in Fig. 6A, Neutral Red does not stain living
in Movie 2; the second (lower) cell is also shown in Fig. 7yeast cells. Thus, a landmark in the phagocytic pathway is the
These cells were preincubated in medium containing TRITCpoint at which a phagocytosed yeast particle becomes
dextran in order to label their endosomal compartments priggermeabilized, allowing Neutral Red to stain its cytoplasm.
to the addition of yeast. When we began this recording, th€ytoplasmic staining implies that lysosomal enzymes have
upper cell was ingesting its first yeast particle; this celbeen at work on the yeast particle. Fig. 8 shows an example of
contained an abundance of VatM-GFP-labeled endosomalyeast particle that has reached this stage of digestion. The
vesicles that clustered rapidly at the membrane of the netwo images were recorded 30 seconds apart. Note that VatM-
phagosome (Movie 2). Expression of VatM-GFP, which varies
in the cell population, was not high in this cell, so the
endosomes were more brightly labeled with TRITC-dextrar
than with VatM-GFP. TRITC dextran accumulation at the necl
of the budded yeast particle was evident at 3 minutes, ar
several red patches were visible on the phagosome membre
at 3 to 4 minutes after particle uptake. However, VatM-GFF
labeling of the phagosome membrane was hazy in this weak
expressing cell.

The second cell, just below, was expressing a high level «
VatM-GFP. It phagocytosed a yeast particle about two minute
after the first cell had done so (Fig. 7A). This second cel
already contained several phagosomes whose membranes w
strongly labeled with VatM-GFP, and the budded yeas
particles within those phagosomes had bright red collars ¢
TRITC-dextran at the bud necks. In fact, virtually all of the
TRITC-dextran and VatM-GFP available in the endosomaly, . yeast cytoplasm. Neutral Red is excluded from living yeast

compartmgnts of this cell appgared to have been provided Articles but floods and stains the cytoplasm of phagocytosed yeast
these earlier phagosomes, which had merged to form a mulfia icies when digestion has progressed sufficiently. This transition
particle compartment. Close inspection of this video sequenggkes place suddenly. VatM-GFP is still present in the phagosome
suggests that fusion between the new phagosome and the pf@mbrane at this time. The image in B was recorded 30 seconds
existing compartment occurred between 5 and 6 minutes aftefter the image in A. Bar, J0m.

ig. 8. Digestion of a yeast particle indicated by Neutral Red staining
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allowing TRITC-dextran accumulation at the bud neck to be
visualized. One of the budded yeast particles resided in a
phagosome whose membrane was devoid of VatM-GFP,
whereas the other phagosome containing a budded yeast
particle still had a GFP rim. The yeast particle from the
unlabeled phagosome was expelled from the cell during the
course of observation (Fig. 10C-D and Movie 3; available on-
line at www.biologists.org/supplemental). The rapidity of
expulsion (between one frame and the next, 5 seconds apart)
is in contrast to uptake, which is more leisurely, extending over
about 15 seconds (Movie 2).

Fig. 9.Late phagosomes without membrane labeling by VatM-GFP. )

The membrane of the multi-particle phagosome in the upper part of Discussion

this cell is labeled with VatM-GFP. TRITC-dextran has accumulated \/atM-GFP as a marker for vacuolar proton pump
between yeast particles in this phagosome as well as at the bud dynamics in Dictyostelium

necks. Below this large compartment are three phagosomes withou . . .
VatM-GFP in their membranes (arrowheads); the presence of We selected VatM, the 100 kDa subunit of Dietyostelium

TRITC-dextran indicates that these are late phagosomes. The imag¥acuolar proton pump, as our marker for localization and
in B is the same as that in A, but without the blue (phase contrast) trafficking of the vacuolar proton pump. Our studies (Liu et al.,
channel. Bar, 1Qm. 2002) and studies of homologous subunits in other organisms
have shown that the 100 kDa V-ATPase subunit functions in
the targeting and assembly of the enzyme complex, as well as
GFP was still present in the phagosome membrane at the tirme proton translocation itself (reviewed by Forgac, 2000).
when the yeast cytoplasm became accessible to Neutral Redsing standard molecular genetic techniques, we expressed in
Dictyosteliuma fusion of VatM with GFP and monitored the
behavior of the fusion protein in living cells by confocal
Late phagosomes and retrieval of VatM-GFP microscopy.
We found that VatM-GFP disappears from the phagosome We found that VatM-GFP was correctly targeted to the same
membrane before the cell exocytoses the indigestible remnaréctyosteliummembranes in which wild-type VatM is found,
of a yeast patrticle. In cell populations that had been incubatethmely, membranes of the contractile vacuole complex and the
with yeast particles for more than two hours, there were mamgndolysosomal system. Furthermore, VatM-GFP appeared to
unlabeled phagosomes. If the cells had been preincubated wiie competent to direct assembly of the enzyme. That is,
TRITC-dextran, the yeast particles within the VatM-GFP-expression of VatM-GFP in a mutant cell line deficient in wild-
deficient phagosomes had a collar of TRITC-dextran encirclingype VatM (Liu et al., 2002) resulted in redistribution of VatA,
the bud neck (Fig. 9, arrows), indicating that these phagosom#®e catalytic subunit of the i1V sector, from a diffuse
were not newly formed, but had previously fused withcytoplasmic distribution in the mutant cells to a normal
endosomal vesicles and acquired TRITC-dextran and hendecation on contractile vacuole membranes in VatM-GFP-
also VatM-GFP. (The cell shown in Fig. 9 also contained a&xpressing cells. These results indicate that VatM-GFP is
large multi-particle phagosome whose membrane was brighthargeted to the proper endomembranes, where it serves as the
labeled with VatM-GFP; this phagosome presumabljocus for enzyme assembly.
represents an earlier stage in the pathway.) The distribution of VatM-GFP within théictyostelium
It is also possible to capture the actual expulsion event, icontractile vacuole complex was consistent with that of
which a cell exocytoses the remains of a digested yeast particlacuolar proton pumps observed by other methods. Both
Fig. 10 shows a cell that contained three phagosomes, eaelectron microscopy of freeze-dried cells and immunostaining
with a yeast particle. Two of the yeast particles had budsf fixed cells with anti-V-ATPase antibodies have shown that

Fig. 10.Exocytosis of a digested yeast particle. (A-D) A cell containing two phagosomes with VatM-GFP-labeled membranes andha third wit
an unlabeled membrane (arrowheads). (A) A focal plane showing all three phagosomes; (B) a focal plane showing that tud thed neck

yeast particle in the unlabeled phagosome has a TRITC-dextran collar and is therefore a late phagosome; (C,D) two fradsespauteco
showing expulsion of the yeast particle from the unlabeled phagosome. Barn, {Dhese frames are taken from Movie 3.)
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vacuolar proton pumps are distributed throughout alhave employed imaging methods that allow the behavior of
membranes of the contractile vacuole system (Heuser et ahdividual cells to be tracked. This approach provides
1993; Clarke and Heuser, 1997). Likewise, as we show hermformation that the population measurements described above
VatM-GFP brightly labeled all elements of the contractilecannot. Microscopic observations of living cells make apparent
vacuole system, both vacuolar and tubular, throughout thethe great heterogeneity of cell behavior, for example, with
cycles of filling and discharge. These data also confirmed thagspect to the elapsed time between exposure of a cell
a reversible interconversion of tubular and cisternal elemenfsopulation to a suspension of particles and the uptake of a
of the system occurs as fluid is accumulated and expelled, particle by any given cell. For population measurements
previously inferred from observations of living cells by (biochemical, enzymatic, or spectroscopic), this heterogeneity
interference reflection microscopy and styryl dye stainindhas the effect of broadening the time interval during which a
(Heuser et al., 1993) and by the use of dajumin-GFP as a lalggVen step in a pathway appears to occur and of blurring any
for contractile vacuole membranes (Gabriel et al., 1999). lboundaries between steps. Thus, when dealing with
mitotic cells, where the contractile vacuole system fragmentasynchronous behaviors, observation of individual cells
into many small vacuoles (Zhu and Clarke, 1992; Gabriel girovides a much better definition of the temporal relationship
al., 1999), these vacuoles continue to be brightly labeled withetween events.
VatM-GFP and remain fully active in fluid accumulation (J.H. Using VatM-GFP as our marker for trafficking of vacuolar
and M.C., unpublished). Thus, VatM-GFP in the contractilegoroton pumps, we have found that this enzyme is brought to
vacuole system of living cells behaves as expected for a Wiew phagosomes by acidic endosomal vesicles that cluster at
ATPase marker. the phagosome membrane, beginning 1 to 2 minutes after the
uptake of a yeast particle. Judging from the intensity of the
) o GFP signal, the concentration of proton pumps in the
Population measurements of the trafficking of vacuolar membrane of the new phagosome increases over the next
proton pumps and the evolution of endosomal pH few minutes. If a cell contains many VatM-GFP-positive
The presence of vacuolar proton pumps in membranes ehdosomal vesicles, the fluorescence in the membrane of the
endosomes and phagosomes froBictyostelium and new phagosome reaches a level similar to that of pre-existing
mammalian cells and their probable role in acidification ofphagosomes by about 4 minutes after particle uptake. Proton
these organelles were first recognized by observing the effeqisimps can also be acquired through fusion with existing
of inhibitors and antibodies (Yamashiro et al., 1983; Padh githagosomes.
al., 1989; Sato and Toyama, 1994). Immunostaining revealed These data indicate that Dictyosteliumthe proton pumps
a rapid enrichment of V-ATPase subunits in phagosomare recycled in the endosomal pathway and that most of the
membranes during the first 10 minutes or so after particlpumps delivered to a new endosome are derived from
uptake (Pitt et al., 1992b; Temesvari et al., 1994; Nolta et alendosomes that had already progressed to a later stage of the
1994; Rebazek et al., 1997). More sophisticated analyticgathway. Of course, the proton pumps must initially be fed into
methods such as microsequencing (Adessi et al.,, 1995) atite pathway through Golgi-derived vesicles or tubular
peptide mass fingerprinting (Garin et al., 2001) verified thextensions of the Golgi apparatus, but the contribution of de
presence of V-ATPase subunits in endosomal membranes. hiovo synthesized pumps seems to be minor relative to recycled
Dictyostelium, which neutralizes late endosomes and therones, and it could not be detected by our methods.
exocytoses the indigestible remnants of endocytosed or Although the same isoform of VatM populates membranes
phagocytosed material (reviewed by Maniak, 1999), the levalf endosomes and of the contractile vacuole complex, we saw
of V-ATPase subunits was found to drop in membranes of lateo evidence for a direct transfer of proton pumps from
endosomes (Nolta et al., 1994). contractile vacuole membranes to phagosomes. Occasionally
The kinetics of pH evolution along the endosomal pathway iyeast-containing phagosomes and elements of the contractile
Dictyostelium were defined by Satre and co-workers, whovacuole system abutted each other in a cell, but this seemed to
employed bot#1P-NMR (Brenot et al., 1992) and fluorescencebe a random and transient situation. In addition, VatM-GFP
spectroscopy (Aubry et al., 1993) to analyze fluid phaséabeling of the contractile vacuole complex remained very
endocytosis. Mathematical modeling of the transit of FITC-right even in cells that had taken up several yeast particles, as
dextran in cells incubated in nutrient medium (Aubry et al.js evident in Movie 3 and also in Fig. 7C and D, which shows
1997) indicated that endosomes are acidified rapidly, reachingaacontractile vacuole discharge.
minimal pH value of ~5.1 about 15 minutes after uptake. During A mixture of FITC and TRITC dextrans has been used to
the next 40 minutes, the pH rises, stabilizing at ~pH 6.3. Aftemonitor pH changes during endosomal transdictyostelium
a total of about 60 minutes, pseudo-first order efflux occurgJenne et al., 1998; Maniak, 1999). Since FITC fluorescence
Taken together, these studiesDottyosteliumcell populations is quenched at low pH, whereas TRITC fluorescence is
demonstrated that a temporal correlation exists between higisensitive to pH, the differential pH sensitivity of the two
levels of V-ATPase subunits in endosomal membranes amatobes results in color changes from yellow-orange
acidification of endosomal contents, and between reduced levékxtracellular and newly ingested) to red (acidified) to yellow-
of the V-ATPase and subsequent reneutralization. orange (neutralized) as the dextran mixture proceeds along the
endosomal pathway. This technique is suitable not only for
. . . ] spectroscopic measurements but also for the visualization of
Single-cell observations of pH evolution and protein pH changes in individual cells by confocal microscopy.
trafficking in Dictyostelium Consistent with our results, Maniak was able to detect the rapid
The present study and other recent studies discussed belagidification of a macropinosome 50 to 60 seconds after uptake
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(Maniak, 2001). He also detected, at an indeterminate timeells fed large polystyrene or latex beads, even after 300
after uptake, the neutralization of a phagosome over a perigdinutes of chase (Rezabek et al., 1997). Such observations
of 2 minutes, followed by its exocytosis 16 minutes latersuggest thatDictyostelium amoebae may utilize different
(Maniak, 1999). trafficking pathways depending on the chemistry of the
Since most aspects of macropinosome uptake are similar pvagocytosed particle, as has been reported for macrophages
phagocytosis, including the changes in membrane compositig@h and Swanson, 1996).
(reviewed by Cardelli, 2001) and the clustering of vesicles at
the endosomal membrane during the first few minutes after o _
uptake (Schneider et al., 2000), we expect that the delivery bfter stages of phagosome processing in Dictyostelium
proton pumps to macropinosomes and phagosomes proceddw transit time of phagocytosed particles is longer than for
in a similar manner, namely, by fusion with pre-existing acidicendocytosed fluid. We have observed neutralization of yeast-
endosomes. However, fusion of a single acidic endosomepntaining phagosomes ~75 minutes after uptake (data not
contributing both proton pumps and acidic solutes, may bshown), and Cardelli's group has reported neutralization of
sufficient to produce a large impact on the pH of a newbacteria-containing phagosomes ~60 minutes after uptake
macropinosome, whereas fusion of multiple endosomes mgRupper et al., 2001b; Rupper and Cardelli, 2001). The
be needed to produce a comparable effect on a largeocessing of yeast and bacteria is therefore likely to be similar
phagosome. Further studies in individual cells will be needednd delayed relative to the neutralization of macropinosomes,
to determine the relationship between endosome volume, thehich begins about 45 minutes after fluid uptake (Aubry et al.,
time course of acidification, and the time required for protori993; Maniak et al., 2001). Rupper et al. reported that, late
pump density to reach maximal levels in an endosomah the pathway, neutralized phagosomes fuse to form
membrane. multi-particle compartments, which they termed ‘spacious’
Fusions of cytoskeletal and signal-transduction proteins witphagosomes (Rupper et al., 2001b). We too have observed
GFP have allowed several steps in phagosome formation antllti-particle phagosomes, but, as shown in Movie 2 and Fig.
maturation to be visualized in livin@ictyosteliumcells 7, these can be formed by very early fusion events and may
(reviewed by Maniak, 1999; Rupper and Cardelli, 2001)even be instrumental in the delivery of proton pumps to new
Particles such as yeast, bacteria and latex beads are takenpbipgosomes. In our study, multi-particle phagosomes (Figs 7
in individual phagosomes through an actin- and G-proteinand 9) were VatM-GFP-positive and not ‘spacious’ but had
dependent process (Peracino et al., 1997). Actin and actin- membrane that fit snugly about the yeast particles.
binding proteins dissociate from the new phagosome withifrurthermore, late phagosomes, identified by the presence of
about one minute of internalization (Maniak et al., 1995TRITC-dextran and the lack of proton pumps, typically
Hacker et al., 1997; Rupper et al., 2001a). Rab7, which magontained single yeast particles (Figs 9 and 10).
regulate homotypic fusion events between early endosomesWe have occasionally observed phagosomes that contained
(Laurent et al., 1998), labels the membrane of new phagosomadarge volume of fluid around the yeast particle, but these
within 60 seconds of internalization, as monitored using avere very rare. In one case, a VatM-GFP-labeled phagosome
GFP-Rab7 fusion protein (Rupper et al., 2001a). Golvesin, with a single yeast particle expanded from a snug fit to a
membrane protein, is delivered to the membrane of newoomy, fluid-filed compartment in less than 10 seconds,
endosomes within 4-5 minutes of uptake. Like VatM-GFP, it isuggesting that the change occurred through fusion with a
brought by vesicles that cluster at the endosomal membraterge endosome (data not shown). In another case, a roomy
(Schneider et al., 2000). Lysosomal enzymes that contaimulti-particle phagosome containing three yeast particles was
N-acetylglucosamine-1-phosphate residues (e.g., cysteirm®nverted to a tight fit and then became separated into three
proteinases) are delivered to phagosomes within 3 minutes eésicles each with a single yeast particle, two of which were
ingestion, as determined by antibody staining of fixed cellsonsecutively exocytosed (A. Benjak and G.G., unpublished).
(Souza et al., 1997). Hence, the timing of the delivery of Ralbhus, in our studies, roomy phagosomes were not confined to
7, golvesin, and this class of lysosomal enzymes is similar t@ particular stage of the endocytic pathway, and their rarity
what we have observed for VatM-GFP. A clear implication issuggested that they represented an infrequent or highly
that several of these proteins may be delivered as componetrtansient state.
of the same vesicle. Our data indicate that exocytosis of the indigestible
In analyzing trafficking behavior, the nature of theremnants of a yeast particle occurs after retrieval of proton
phagocytosed particle must also be considered, as demonstrapesnps from the phagosome membrane. We anticipate that the
previously (Souza et al., 1997). These workers found that iretrieval of proton pumps will prove to be linked to the rise in
cells fed bacteria, two classes of lysosomal enzymes wetemenal pH that occurs in late endosomes and phagosomes,
delivered to phagosomes with different time courses. The firgtithough this has not been explicitly demonstrated. As noted
class (those modified with N-acetylglucosamine-1-phosphatabove, Maniak reported exocytosis of a yeast particle 16
residues) was found in endosomes after about 3 minutesiinutes after the phagosome had been neutralized (Maniak,
whereas the second (those modified with mannose-6-phospha®99), while Rupper et al. reported that spacious phagosomes
residues; e.gg-mannosidase arfétglucosidase) was found in still persisted more than an hour after neutralization had been
endosomes after about 15 minutes. Importantly, this temporabserved (Rupper et al., 2001b). Hence, experimental
separation between the delivery of the two classes of lysosomadnditions may have a profound impact on this aspect of cell
enzymes was not observed for phagosomes containing latbehavior. In future studies, it will be important to monitor
beads (Souza et al., 1997; Rupper et al., 2001a). Similarly, tlsgmultaneously the retrieval of VatM-GFP and the timing of
V-ATPase was not retrieved from phagosome membranes otutralization and exocytosis.
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Relationship to endosome-phagosome interactions in variants. These methods should make it possible to monitor the
mammalian cells delivery and retrieval of vacuolar proton pumps in direct

There are many common features between the endocytomparison with the delivery of lysosomal enzymes, thereby
pathways inDictyosteliumand in mammalian cells, but in providing new insights into the mechanisms of endo-lysosomal
some respects our data differ from those reported farafficking.

mammalian cells. A common theme is the interactions between
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