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Abstract. A monoclonal antibody (OSW2) was pre- 
pared by using human osteosarcoma cells. OSW2 was 
found to be directed toward the 116 (also called 100)- 
kD protein that uniquely associates to the vacuolar- 
type proton pump. The antibody specifically localized 
acidic membrane compartments that could be visual- 
ized with acridine orange in many types of human 
cells. It also reacted with the surface and was internal- 
ized along the endosomal pathway. Monitoring the en- 
dosome pH by using FITC-dextran and acridine or- 
ange suggested that the antibody interfered with low 
pH. Cell-free experiments indicated that the ATP- 
dependent acidification was inhibited in endosomes as- 

sociated with OSW2. In contrast, the antibody gave 
little effect on the ATPase activity of the solubilized 
H ÷ pump. The internalization of OSW2 reduced infec- 
tivity of certain enveloped viruses (influenza, SFV, 
VSV) by 50 to 80%. Inhibition of viral fusion was 
directly demonstrated by monitoring the fate of 
octadecylrhodamine-labeled influenza virus fluores- 
cence. These results indicate that the 116 (100)-kD 
protein is necessary for the control of pH. The anti- 
body represents a novel probe for understanding the 
role of the endosomal compartments in cellular physi- 
ology. 

t~DocYrosls is used by eukaryotic cells to internalize 
and to process various macromolecular ligands (Gold- 
stein et al., 1985). It also provides an entry pathway 

for a variety of animal viruses (Marsh and Helenius, 1989). 
Typically, viruses with a low pH-induced membrane fusion 
activity, such as members of the orthomyxo-, alpha-, and 
rhabdo-virus families, uncoat in endosomes (Matlin et al., 
1982a,b; Kielian et al., 1986). During their transfer from the 
cell periphery to the perinuclear region, they receive in- 
creasing acidification and the compartments change mor- 
phologically (Gruenberg and Howell, 1989; Dunn and 
Maxfield, 1992; Mellman et al., 1986). A variety of lyso- 
somotropic reagents alter the processing of internalized li- 
gands and inhibit certain viral infections by equilibrating the 
pH to that of the culture medium. 

Endosomes (Galloway et al., 1983; Yamashiro et al., 
1983), as well as coated vesicles (Stone et al., 1983) and 
lysosomes (Harikumar and Reeves, 1983, Moriyama and 
Nelson, 1989), have an ATP-driven proton pump that is pri- 
marily responsible for acidification. This class of vacuolar 
(V)~-type proton pumps consists of eight to nine different 
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subunits and distributes in many types of acidic compart- 
ments in various species (for comprehensive review see Har- 
vey and Nelson, 1992; Forgac, 1989). Recent studies using 
bovine clathrin-coated vesicles have identified peripheral 
and integral domains; the former consists of subunits with 
molecular masses of 73, 58, 40, 34, and 33-kD, while the lat- 
ter with 116 (or 100)-, 38-, 19-, 17-kD subunits (Adachi et 
al., 1990). Functionally, the 73 (or 70)- and 58-kD polypep- 
tides are involved in nucleotide binding and hydrolysis (Xie 
and Stone, 1988; Bowman et al., 1988; Arai et al., 1987; 
Puopolo et al., 1991; Puopolo et al., 1992), while 40- and 
33-kD subunits are in an efficient ATP hydrolytic sector (Xie 
and Stone, 1988; Hirsch et al., 1988). The smallest subunit, 
17 kD, represents the proton channel (Sun et al., 1987; Man- 
del et al., 1988). The overall architecture is supposed to ex- 
hibit a similarity with mitochondrial FtFoH+-ATPase by 
sharing homologous overall structure (Arai et al., 1988; 
Adachi et al., 1990) and the sequences in certain subunits 
possess similarities to the ATPase and archaebacteria 
A-ATPase (Bowman et al., 1988; Manolson et al., 1988; 
Puopolo et al., 1991; Siidhof et al., 1989; Mandel et al., 
1988). In contrast, the largest subunit, ll6(ll0)-kD is 
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unique to the V-type proton pump having minimum homol- 
ogy with known sequences (Perin et al., 1991). Disruption 
of the gene encoding the corresponding subunit in yeast Sac- 
charomyces cerevisiae, VPH1, resulted in loss of assembly of 
the pump in vacuoles (Manolson et al., 1992). The role of 
this polypeptide in the translocation of proton and in the en- 
dosomal pathway in higher eukaryotes is, however, not clear 
yet. 

In the present report, we describe the effect of a mAb that 
binds cell surface and endosomal compartments. This anti- 
body was found to react with the 116 (100)-kD subunit in the 
V-type proton pump and internalized along the endosomal 
pathway. This internalization gave no cytotoxic effect but in- 
terfered with the ATP-dependent acidification in endosomes. 
In support of this effect, the antibody reduced the infectivity 
of certain types of viruses that uncoat by low pH-triggered 
fusion. The results suggest involvement of the 116 (100)-kD 
subunit in the control of endosome functions. 

Materials and Methods 

Antibodies 
A rnAb OSW2 (IgG2b) was prepared by a standard hybridoma method using 
freshly excised human osteosarcoma cells (Hosoi et al., 1982). The anti- 
body was purified from ascites with a protein A-Sepharose column and Fab 
fragment was prepared by papain digestion according to a standard proce- 
dure (Harlow and Lane, 1988). The antibody was labeled either with 
TRITC (Research Organics, Inc., Cleveland, OH) or biotin-N-hydroxysuc- 
cinimide ester (Boehringer Mannheim GmbH, Mannheim, Germany) ac- 
cording to the standard procedures (Harlow and Lane, 1989). OST7 is as 
described (Hosoi et al., 1982). A rabbit antiserum (V759) against a syn- 
thetic polypeptide of COOH terminus of the ll6-kD subunit of V-proton 
pump in rat-coated vesicles/synaptic vesicles (Perin et al., 1991) was kindly 
provided by Dr. T. Siidhof (Howard Hughes Medical Institute, Dallas, TX). 
The following mAbs directed against components of influenza virus 
A/PR8/34 and Sendal virus were kindly provided by Drs. W. Gerhard and 
J. Yewdell (The Wistar Institute, Philadelphia, PA): Y8-10C2 (IgG2a), 
recognizing the acid-induced conformation of the hemagglutinin (HA) 
(Yewdell et al., 1983), H16L10 (anti-NP), 3C6 (anti-Sendai virus HN). A 
rabbit anti-influenza serum was the same as described (B~ichi et al., 1985). 
Labeled goat secondary antibodies against mouse and rabbit IgG (FITC, 
TRITC, or peroxidase) were obtained from Cappel (West Chester, PA) or 
Nordic Immunology (Tilburg, The Netherlands). 

C e ~  
MRC-5, KB, HEp-2, A549, HT-1080, NRK, 3YI, Ratec, Rat-2, L, Swiss 
3T3, and Vero cells were grown as monolayers at 37°C in Ham F12 (A549) 
or DME (others) supplemented with 15 or 10% FBS. 

Viruses 

Egg-grown influenza A virus (A/PR8/34, PR8 virus) and Sendal virus were 
the same as described (B[ichi et al., 1973, 1985). For fluorescence labeling, 
purified PR8 virus was dialyzed over night at 4°C with 140 mM NaC1 (pH 
7.2) and reacted for 20 h at 40C with FITC (Sigma Chem. Co., St. Louis, 
MO) at 10 #g/2.3 mg viral proteins in 50 mM Na carbonate, 140 mM NaCI 
(pH 9.5). The mixture was then centrifuged at 100,000 g at 4°C for 1.5 h. 
The pellet was resuspended in Dulbecco's PBS (DPBS) and centrifuged at 
2,000 g for 5 rain. This labeling did not change the hemagglutination titer 
nor the hemolytic activity at pH 5.5 as measured by using human erythro- 
cyte. A fraction of purified PR8 virus was also labeled with octadecylrhoda- 
mine (Rls) with a method similar to that described for the labeling of X31 
influenza virus (Stegmann et al., 1987). Briefly, to 300/~1 (330/~g protein) 
of virus suspension, 1 /~1 of 2 mM Rls (Molecular Probes, Eugene, OR) 
in ethanol was rapidly injected. It was incubated for 2 h at (rt) room temper- 
ature in the dark. The suspension was passed through a Sephadex G-75 
column (0.8 × 15 cm). Labeled virus was obtained in the supernatant after 
a centrifugation at 7,000 g for 5 min. Respiratory syncytial (RS) virus and 
Polio virus were grown in Vero cells. VSV (Indiana serotype) was passaged 

in HEp-2 cells. Semliki Forest and Adeno virus type 3 were grown in 
MRC-5 cells. 

Western Blotting 
KB or L cells grown at confluency were washed with PBS and scraped. They 
were solubilized in a sample buffer (63 mM Tris-HCl, 10% glycerol, 2% 
SDS, 5% 2-mercaptoethanol, pH 6.8) without heating at 100°C. After elec- 
trophoresis in 10% polyacrylamide gel (Laemmli, 1970), polypeptides 
were electroblotted on PVDF membrane (Millipore, Bedford, MA) by 
using a transfer buffer (50 mM Tris, 380 mM glycine, 20% methanol; Tow- 
bin et al., 1979) containing 0.037% SDS. The sheet was then blocked with 
5% BSA in TBS (20 mM Tris-HCl, 150 mM NaCI, pH 8.2) and made 
reacted with antibodies at a dilution of 1:1,000. Bound IgG was detected 
with gold particles coupled with goat-anti-mouse or rabbit IgGs (Amer- 
sham, Intl., Buckinghamshire, UK) in conjunction with silver enhance- 
ment. Immunoprecipitate was obtained from KB cells and further analyzed 
by Western blotting. 

Immunofluorescence 
In most experiments, coverslip cultures of cells were fixed for 10 rain at 
room temperature with freshly prepared 3% paraformaldehyde (PFA) in 
PBS. Fixed cells were washed once with DPBS and excess aldehyde was 
quenched for 5 rain at rt with 100 mM glycine in DPBS. Cells were perme- 
abilized for 1 rain at rt with 0.5% Triton X-100 in DPBS. They were in- 
cubated for 2 h at rt or overnight at 4°C with appropriate dilutions of anti- 
bodies. After washing with DPBS, the cells were incubated with secondary 
antibodies labeled with FITC or TRITC for 1 h at rt. For the detection of 
surface bound antibodies, live cells were precooled on ice for 10 min, and 
then incubated for 30 min with antibodies in culture medium (DME) con- 
taming 2% FBS. Cells were then washed and fixed overnight at 40C with 
3 % PFA-PBS containing 4 % sucrose and incubated with secondary antibod- 
ies. For double immunnfluorescence for the internalized antibody and the 
residual antigen, cells were incubated firstly with nonlabeled OSW2 in 
DME-10% FBS at 37°C. After fixation and permeabilization, cells were 
stained for the antibody with FITC-labeled goat anti-mouse IgG as de- 
scribed above. The residual binding sites of the secondary antibody were 
blocked by incubation with normal mouse serum for 1 h. The cells were 
then incubated with biotinylated OSW2 (10 #g/ml in 2% BSA-PBS) for 1 h 
and it was detected with streptavidin-sulforhodamine 101 (XTRITC- 
streptavidin; Boehringer GmbH; 10/~g/mi in 2% BSA-PBS) by incubation 
at rt for 15 min. The specimens were mounted using Mowiol containing 2 % 
1,4-diazobicyclo [2.2.2] octane (Fluka Chemic, Buchs, Switzerland) and 
observed in a Reichert Polivar epifluorescence microscope or with a confo- 
cal laser scanning microscopy (CLSM) system (MRC-500 or MRC-600, 
Bio-Rad, Hertsfordshire, UK) mounted on an Axioplan fluorescence micro- 
scope (Zeiss, Germany). For comparison of double fluorescence patterns, 
individual confocal images were merged by the software of the CLSM using 
green color for FITC, and red for TRITC or XTRITC, respectively. 

Estimation of Endosomal Acidity 
TRITC-dextran (TD) was synthesized by a reaction for 2 h at rt of aminodex- 
tran (40,000 tool wt; Molecular Probes) with TRITC in 50 mM Na Borate 
(pH 9.0) at an input amine to TRITC ratio of 1:5. The product was purified 
by a chromatography with a Sepbadex G-50 column and by dialysis against 
DPBS. FITC-dextran (FD 20; Sigma Chem. Co.) was purified as described 
(Preston et al., 1987). For quantitative fluorescence measurements, the cov- 
erslip cultures were incubated for 30 min at 32°C in the presence or the 
absence of OSW2 (100 #g/ml) with a mixture of FD (5 mg/mi) and TD (250 
/~g/ml) diluted in EBSS containing 5 mM Na-Hepes, 0.035% NaHCO3, 
and 0.5 % BSA. After a chase of 10 rain, cells were mounted for microscopy 
in EBSS at pH 7.2 or 6.5, with or without 50 mM NI-~C1 and examined 
within 30 min with the CLSM or a ACAS 570 cytometric system (Meridian 
Instruments, Okemos, MI). For labeling acidic compartments with acridine 
orange, cells were washed carefully with DPBS and first incubated for 2 rain 
in the dark with EBSS containing 10 mM Na Hepes, 0.2% BSA, 0.035% 
NaHCO3, and 20 /~M acridine orange (Molecular Probes) as described 
(Matteoni and Kreis, 1987). In some cases, the observed cells were fixed 
and permeabilized for indirect immunofluorescence with OSW2 as de- 
scribed above. 

Cell-free Assay of Endosome Acidification 
Cell-free endosome acidification was assayed after Fuchs et al. (1989). 
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Briefly, after homogenization of KB cells that had internalized FITC- 
labeled transferrin in the presence or absence of 100/~g/rnl OSW2 for 30 
min in TEA buffer (0.25 M sucrose, 10 mM triethanolamine, 10 mM Na 
acetate, 1 mM Na EDTA, pH 7.2, containing 100/~M (p-amidinophenyl)- 
methanesulfonyl fluoride hydrochloride (APMSF), 10/~g/ml pepstatin A, 
and 10 ~g/ml leupeptin), enriched endosome fraction was obtained at 1 
M/0.86 M sucrose interphase. The fraction was treated with 100 /zM 
NaVO4 and incubated in KC1 buffer (150 mM KCI, 10 mM tetrarnethyl- 
amine Hepes, pH 7.4, 5 mM MgSO4) at 37°C. Low pH-dependent 
quenching of FITC fluorescence was initiated by adding an aliquot of ATP 
stock to a final concentration of 2.5 raM. Fluorescence was measured in 
a Hitachi 850 fluorescence spectrophotometer. 

Preparation of Enriched H+-ATPase Fraction from 
Solubilized Endosomes 
H+-ATPase was isolated from the enriched endosomal fraction by using a 
HiLoad Chromatography System (Pharmacia-LKB, Uppsala, Sweden) af- 
ter the manner applied for the isolation from plant tonoplast (Parry et al., 
1989). The enriched endosome fraction obtained in a similar manner as de- 
scribed above from KB cells on 15 x 500 cm 2 plastic trays (Sumitomo 
Bakelite, Tokyo, Japan) was pelleted by centrifugation at 150,000 g at 4"C 
for 90 min. The membrane was solubilized in a solubilization buffer (1.2 
M glycerol, 4% Triton X-100, 1 mM EDTA, 4 mM MgSO4, 5 mM dithio- 
threitol, 5 mM Tris-Mes, pH 8.0, containing 100 ttM APMSE 10/~g/rni 
pepstatin A, and 10 #g/ml leupeptin) by gentle stirring at 0°C for 30 min. 
After centrifugation at 150,000 g for 90 min, the supernatant was applied 
at 6 ml/h to Sephacryl S300HR (60 x 16) equilibrated with buffer A (10% 
[vol/vol] glycerol, 0.3% Triton X-100, 0.05 mg/ml type IV-S phosphatidyl- 
choline (Sigma Chem. Co.), 5 mM dithiothreitol, 5 mM Tris-Mes, pH 8.0). 
The fractions at void volume exhibiting most of the ATPase activity were 
diluted with 1 vol of buffer B (0.1% polyoxyethylene (10-tridecyl ether 
(Ct2Es), 20% (vol/vol) glycerol, 5 mM Tris-HCl, 1 mM EDTA, 4 mM 
MgSO4, 2 mM dithiothreitol, 0.05 mg/ml type IV-S phosphatidylcholine, 
pH 6.0) and applied through a Superloop to a Q-Sephamse HR column (16 
× 10) equilibrated with the same buffer. The protein was eluted by increas- 
ing ionic strength with KC1 in buffer B as described (Parry et al., 1989). 
ATPase activity was eluted in 2 ml exclusively at slightly above 0.2 M KC1, 
which was identical to the case with the tonoplast. ATPase activity was as- 
sayed in the presence of antibodies as in the literature (Parry et al., 1989). 
The polypeptides were analyzed by 5-20% SDS-PAGE and detected by sil- 
ver staining (Silver stain kit; Wako Pure Chemicals, Osaka, Japan). 

Co-localization of FITC-labeled Influenza Virus 
and TRITC-OSW2 
FITC-labeled influenza PR8 virus (10 /~g/ml) and TRITC-OSW2 (300 
ttg/ml) was co-incubated for 15 min at 370C with MRC-5 cells. Cells were 
then treated for 5 min at 37°C with neuraminidase (Sigma Chem. Co.; type 
V, 10 mU in 50/~1EBSS-BSA). In some cases, cells were pre-cooled at 0°C 
for 15 min before incubation for 20 rnin at 0°C with FITC virus and TRITC- 
OSW2. Cells were then washed with DPBS either at rt or 0°C, and then 
mounted for microscopy with EBSS-BSA for immediate observation at the 
dual channel mode of the CLSM. 

Monitoring Fluorescence from Rls-labeled Virus 
in Cells 
A549 or MRC-5 cells grown on coverslips were incubated for 5 min at 37°C 
with 50 /~1 (3 #g/ml) of Rls-labeled PR8 virus in DME containing 1% 
BSA with or without OSW2. Cells were then washed and fixed for 5 min 
at rt with 3% PFA-PBS containing 4% sucrose, or further chased in the 
same medium without virus. As a positive control for the inhibition of viral 
uncoating, cells were preincubated for 15 min at 37°C with 20 mM methyl- 
amine or 50 mM NHgC1 in the medium and then incubated with the same 
medium containing Rts-PRS. 

Immunoelectron Microscopy 
MRC-5 and HEp-2 cells were fixed for 20 min at rt with 3 % PFA and 0.3 % 
glutaraldehyde in PBS containing 4% sucrose, scraped, and further fixed 
overnight at 4°C in the same solution, The cells were dehydrated with etha- 
nol and embedded in Lowicryl K4M (Carlemalm et al., 1982). Ultrathin 
sections mounted on formvar-coated gold grids were incubated for 18 h at 
4°C with diluted OSW2 ascites fluid (1:500) in 3% BSA-PBS containing 

0.1% Triton X-100. After jet washing with PBS, the grids were incubated 
for 3 h at rt with rabbit anti-mouse IgG Fe. The grids were jet washed again 
and incubated for 18 h with goat anti-rabbit IgG coupled to colloidal gold 
(15 nm; Janssen) in 1% BSA-PBS. After jet wash with PBS, the specimen 
was sequentially treated for 10 sec with PBS containing 0.1% glutaraldehyde 
and with H20. The sections were finally stained with uranyl acetate and 
lead citrate. 

Assays of Virus Infections 
Cells grown in 24-well plates or in petri dishes were incubated for 1 h at 
37°C in the presence or absence of OSW2 with virus. The cells were then 
washed with EBSS and incubated for up to 5 d at 37°C in DME containing 
2% FBS. Infections were detected by one of the following methods: cyto- 
hemadsorption with chicken erythrocytes at 0°C in DPBS, immunofluores- 
cence detection of cytopathic effect, plaque assay or ELISA. For ELISA, 
the cells in a 96-well plate were fixed for 30 min at rt with 3 % PFA and 
0.5 % glutaraldehyde and the viral antigens were detected with an anti-PR8 
rabbit serum by the peroxidase-anti peroxidase method using tetramethyl- 
benzidine as a substrate. 

Results 

Characterization of OSW2 Antigen 
Among mAbs directed against human osteosarcoma cells, 
OSW2 bound to a polypeptide band with a molecular mass 
at slightly below 116 kD on the Western blot of KB cell ly- 
sates (Fig. 1, lanes b and c). In contrast, very weak reaction 
was detected in the L-cell lysate (not shown). The intensity 
of the polypeptide band was greatly reduced on the blot when 
cells were solubilized by heating at 100°C regardless of the 
subsequent treatment with 5 M urea. When SDS was omitted 
from the electroblotting solution, the transfer of the polypep- 
tides was greatly reduced. These results prompted us to test 
the possibility whether the polypeptide was the 116 (100)-kD 
subunit of vacuolar (V-type) proton pump (Stone et al., 
1989). Rabbit antiserum against the sequence in the COOH- 
terminal region of the 116 (100)-kD subunit in rat brain 
V-type proton pump (V759) displayed a band which coin- 
cided with that of OSW2 antigen (Fig. 1, lane d). To confirm 
further the identity between OSW2 antigen and the 116- 
kD subunit, KB cells lysate was immunoprecipitated with 
OSW2 antibody and the precipitate was analyzed on a West- 
ern blot. The antiserum V759 displayed bands at corre- 
sponding position on the blot (Fig. 1, lane e). Our prelimi- 
nary results indicated that antisera raised against a 20-amino 
acid sequence near the NH2 terminus (Phe37-Arg 56) also de- 
tected the polypeptide at 116 kD (result not shown). These 
results indicate that OSW2 is directed toward the ll6-kD 
subunit of V-type proton pump. Besides the 116 kD and the 
cross-reaction of secondary anti-rabbit IgG to mouse IgG, 
V759 detected a smaller polypeptide at around 70 kD (Fig. 
1, lane e). The intensity of the band varied among experi- 
ments. Particularly, the intensity increased when frozen- 
stored SDS-solubilized sample was analyzed. This likely 
reflects high lability of the subunit to proteolysis which has 
been reported in previous studies (Forgac, 1989; Stone et 
al., 1989; Kane et al., 1992). 

Localization of OSW2 Antigen 
Immunofluorescence with OSW2 localized vesicular clusters 
of various sizes around nucleus and minute dots in the pe- 
ripheral cytoplasm in MRC-5 cells (Fig. 2 b). Similar results 
were obtained in other human cells (KB, A549, HT-1080, and 
HEp-2). The immunofluorescence pattern was similar to that 
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Figure 1. Western blot of 
OSW2-antigen. Whole KB 
cell lysate (a-d), and OSW2- 
immunoprecipitate from KB 
cells (e) were Western blotted 
on PVDF membrane after 
electrophoresis in 10% gel. 
They were analyzed for whole 
proteins with AuroDye forte 
(a), for the antigen of OSW2 
(b and c) and with antiserum 
against the COOH-terminal 
sequence of the rat coated 
vesicles/synaptic vesicles 116- 

kD subunit (d and e), respectively. Bound antibodies were detected 
with goat secondary antibodies conjugated with 10 nm gold, in con- 
junction with silver enhancement. The small arrows in lane b indi- 
cate positions of minor bands. OSW2 and the antiserum localized 
bands at the identical position (c and d). The antiserum detected 
the identical band in the OSW2-immunoprecipitate (e), indicating 
the antigen of OSW2 is the 116-kD subunit of V-type proton pump. 
The fuzzy band at ca. 50 kD was found to be cross-reaction of gold- 
anti-rabbit IgG to mouse IgG in the blot. 

of acidic compartments which are detectable in living cells 
with 20 #M acridine orange (Fig. 2 A). In contrast, fluores- 
cence in rat cells (NRK, 3Y1, Rat-2, Ratec, and R22) and 
mouse cells (primary fibroblasts, peritoneal macrophages, 
and L cells) was not evident (not shown). The distribution 
of the antigen for OSW2 was also examined by immunoelec- 
tron microscopy on thin sections of Lowicryl-embedded 
MRC-5 and HEp-2 cells. Immunogold reactions resulted in 
an association with lysosome-like multivesicular structures 
(Fig. 3). Interestingly, antibody OSW2 was also detectable 
on the surface of cells incubated at 0°C, where it amounted 
to 8 % of that on fixed-permeabilized culture as determined 
by using HRP-secondary antibody. 

Internalization of  OSW2 

Since OSW'2 bound to the cell surface, we asked whether the 

antibody was internalized into endosomes. The internaliza- 
tion of OSW2 was mainly examined in MRC-5 cells by im- 
munofluorescence. Specific binding to the surface could be 
readily detected after incubation for 30 rain at 4°C of living 
cells with OSW2 (50 gg/ml) (Fig. 4 a). After a pulse of 5 
min followed by chase in antibody-free medium at 37°C, the 
antibody was detected in small peripheral vesicles (Fig. 4 b). 
Between 30-60 rain, an increasing number of fluorescent 
spots distributed over the whole cytoplasm (Fig. 4 c). After 
3 h, some of them had an increased size and accumulated in 
the perinuclear region (Fig. 4 d). Internalization of Fab frag- 
ment of OSW2 resulted in a similar pattern of fluorescence 
during the first hour, whereas at later time-points, the 
fluorescence became weaker, suggesting proteolytic degra- 
dation (data not shown). Other human cells (HEp-2, A549, 
and HT-1080) internalized OSW2 in a similar fashion, 
whereas rat cells never produced a detectable fluorescence 
with OSW2, nor did mouse antibody from nonlmmune se- 
rum (100 #g/ml) in MRC-5 cells under this condition. 

In contrast to the vesicular patterns of the antibody de- 
tected in fixed and permeabilized cells, the compartments 
localized in living cells by an incubation for 15 min at 37°C 
with 300 gg/ml TRITC-OSW2 represented a mixture of vesi- 
cles and tubules (Fig. 4 e). The tubular pattern was also seen 
in cells after an incubation under the same condition with a 
fluid phase marker TRITC-dextran (5 mg/ml) (Fig. 4 f ) .  The 
tubules were not seen when cells were fixed with 3% 
PFA-PBS. 

To trace the internalization pathway of OSW2, cells con- 
tinuously incubated with an excess amount of nonlabeled 
OSW2 (100 #g/ml) at 37°C were examined by double im- 
munofluorescence using the biotinylated antibody (Fig. 5). 
While biotinylated OSW2 in conjunction with XTRITC- 
streptavidin localized the antigen in nontreated cells simi- 
larly to conventional immunofluorescence (Fig. 5a, compare 
to Fig. 2 B), its fluorescence gradually decreased by endo- 
cytic internalization of the nonlabeled antibody. At 30 rain, 
FITC-immunofluorescence for the internalized OSW2 local- 
ized compartments distributing in the cellular extensions and 

Figure 2. l.x~calization of OSW2 antigen in MRC-5 cells. Conventional fluorescence microscopy of living ceils after staining of acidic vesi- 
cles with acridine orange (A) followed by fixation and indirect immunofluorescence of the same cell with OSW2 (B) reveals an identical 
pattern of distribution of the two fluorescences. Bar, 20 #m. 
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Figure 3. Immunoelectron mi- 
croscopic localization of OSW2 
antigen in HEp-2 cells. Ultra- 
thin sections were reacted with 
OSW2 followed by rabbit 
anti-mouse IgG Fc and goat 
anti-rabbit IgG-gold particles 
(15 nrn) which are predomi- 
nantly reacting with multivesic- 
ular structures near the nucleus 
(N). Bar, 200 nm. 

one side near the nucleus without XTRITC-immunofluores- 
cence (Fig. 5 b). The residual antigen was localized in a clus- 
ter at one side of the nucleus and in peripheral region. In 1 h, 
more FITC-fluorescence localized perinuclear compart- 
ments which also exhibited XTRITC-fluorescence, giving 
yellowish color in the merged image (Fig. 5 c). On the other 
side of the nucleus, the compartments remained associated 
purely by XTRITC-immunofluorescence but they decreased 
in number. In 3 h, the compartments with FITC-fluorescence 
further increased in number, while XTRITC-immunofluo- 
rescence was greatly reduced (Fig. 5 d). The compartments 
with both the fluorescences, giving yellowish color also be- 
came very few. The double immunofluorescence pattern did 
not change further by the prolonged incubation (not illus- 
trated). These results indicate that internalized OSW2 pro- 
gressively distributed in most of the endocytic compartments 
that are associated with the antigen. However, the results also 
indicate the presence of the compartments that persistently 
free from the binding of the internalized OSW2. These 
results suggest either that the antibody is degraded before 
reaching there or that, on entering into lysosomes, the anti- 
body is degraded and/or turns into a nonfixable dissociated 
form. 

No cytopathic effect was detected by observation with 
phase contrast optics after the incubation of cells with OSW2 
under the pulse-chase condition or a continuous incubation 

for 3 d at 100 #g/ml OSW2. The growth curve of KB cells 
was identical to that in the absence of the antibody (not 
shown). 

O S W 2  Inter fered with Endosomal  Acidi f icat ion 

The effect of the internalization of OSW2 on the endosomal 
pH was examined in a confocal microscope using a combina- 
tion of FD and TD (Fig. 6). In contrast to the quenched 
fluorescence of FD (5 mg/ml) in cells without OSW2 (Fig. 
5 c), the intensity of fluorescence in some tubular compart- 
ments was significantly higher in the presence of the anti- 
body (Fig. 6 a). The endocytic activity as measured with 
horse radish peroxidase was the same as the control culture 
at this temperature (not shown). The intensity of TRITC- 
fluorescence was also very similar. These results rule out the 
possible dependence of the fluorescence intensity per unit 
amount on the concentration of fluorophore (see Wells et al., 
1990). Although a very high detection sensitivity which has 
been demonstrated to be necessary for accurate determina- 
tion of small targets (Zen et al., 1992) was not attained in 
the present research, the ratio of FD-fluorescence to that of 
TD in whole cells was readily analyzed by a 16-bit (4,096) 
gray scale of the Acas cytometric system. It was also noted 
that 50 mM NILCI used for equilibration of pH induced a 
vesiculation of the tubular endosomes into small and moving 
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Figure 4. Binding of OSW2 (50/zg/ml) to the surface of MRC-5 cells is detectable by indirect immunofluorescence after an incubation 
for 30 min at 4°C followed by fixation and subsequent reaction with anti-mouse IgG-TRITC (a). Endocytosis of OSW2 is shown by CLSM 
after an incubation for 5 min at 37°C and a chase in antibody-free medium for 5 min (b), 25 min (c), and 3 h (d). Internalized mAb was 
detected after fixing and permeabilizing the cells by a reaction with anti-mouse IgG-TRITC. When TRITC-OSW2 (300 #g/ml) was added 
at 37°C for 15 min and the ceils were observed without fixation, the antibody was internalized in tubular compartments (e). Cells incubated 
with TD (5 mg/ml) under the same condition also showed tubular compartments (f) .  Bars, 10/~m. 

structures (see Fig. 10), thereby making fine estimation of 
fluorescence in each structure difficult. The integrated FD 
normalized by TD-fluorescences in the presence of OSW2 
amounted to 62 % of that measured in cells incubated at pH 

6.5 in the presence of 50 mM NtLC1, while that in the ab- 
sence of  OSW2 amounted to 29%. The estimated pH was 5.2 
for control, while in the presence of  OSW2, it was 5.8. 

In contrast to the effect on the earl ier  compartments,  acri- 
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Figure 5. Internalization of OSW2 by its continuous presence during incubation and the distribution of the residual antigen as detected 
by biotinylated OSW2 after fixation. Cells were incubated for 0 (a), 30 min (b), 1 h (c), and 3 h (d), respectively, with nonlabeled OSW2 
(100/~g/ml) at 37°C. After fixation, the antibody was localized by FITC-anti-mouse IgG (green). Residual antigen was detected by bi- 
otinylated OSW2 in conjunction with XTRITC-streptavidin (red) after blocking the binding sites of FITC-antibody by a mouse serum. 
Internalized OSW2 gradually distributed in the endosomal compartments with concomitant reduction of the free antigen. In 1 h, compart- 
ments with both the substantial immunofluorescence can be depicted by yellowish color which typically clustered near the nucleus (c). 
In 3 h, XTRITC-immunofluorescence was restricted to the compartments in a limited region (d). Bar, 20 #m. 

dine orange detected a cluster of acidic vesicular compart- 
ments in the perinuclear region even after an incubation for 
3 h with the antibody (50 #g/ml) at 37°C (Fig. 6 e). Weaker 
fluorescence was observed in some compartments but the 
major parts were similarly fluorescent. These results suggest 
that OSW2 gives more limited effect on the lysosomal pH. 
Complete abolition of staining was only achieved by equili- 
bration of the vesicular pH with that of the medium (pH 7.2) 
by agents such as 50 mM NILC1. These results made con- 
trast to the action of a specific inhibitor of V-type proton 
pump, bafilomycin A1 (Yoshimori et al., 1991), where the 
average pH was elevated to a similar degree. 

OSW2 Interfered with ATP-dependent Acidification 
of Endosomes in a Cell-free System but not with the 
ATPase Activity 

To address the effect of internalized OSW2 on proton translo- 
cation more directly, acidification of endosomal lumen was 
assayed in a cell-free system (Fig. 7). Enriched endosomal 
fraction isolated from KB cells that had been incubated with 
FITC-transferrin (Trf) rapidly quenched its fluorescence 
upon incubation with 2.5 mM ATE The degree and kinetics 
were in good agreement with the literature (Fuchs et al., 
1989). The acidification was not influenced by the pretreat- 
merit with 100/~M NaVO,. It was, however, inhibited by the 
presence of 100 #M ZnC12, which has an inhibitory effect 

on the C1- channel (see Hille, 1992) (results not shown). 
When cells were coincubated with 100 #g/ml OSW2, the 
FITC-fluorescence and the density of the endosomes after 
the homogenization were virtually the same. However, inter- 
nalization of OSW2 inhibited the generation of low pH, indi- 
cating that the luminal association of OSW2 inhibited ATP- 
dependent acidification. 

Zhang et al. (1992) have shown that the sole presence of 
the integral domain of the proton pump in coated vesicle or 
in reconstituted lipid vesicles does not show specific proton 
conductance. We tested if binding of OSW2 turned off the 
proton movement. For this purpose, the enriched endosomal 
fraction was preincubated with 50 mM NILCI at 0°C and 
the pH inside was lowered by dilution. This procedure 
decreases pH which is released by NIL + to penetrate 
through the membrane in the neutral form NH3. When the 
endosomes were diluted in 10 vol of KC1 buffer, FITC- 
fluorescence was rapidly quenched. The fluorescence slowly 
returned to the original level in 15 min through the redistri- 
bution of proton. When endosomes that had internalized 
OSW2 were treated, the recovery, particularly the early 
phase, was rather accelerated with a factor of 1.5 (Fig. 7 b). 

To test the possibility that the binding of OSW2 directly 
inhibits the ATPase activity, we isolated the pump assembly 
from the enriched endosomal fraction by a combination of 
gel-filtration and ion-exchange chromatography. In Q-Seph- 
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Figure 6. Effect of OSW2 on 
endosomal acidification after 
an incubation for 30 min at 
32°C ofA549 cells with FD (5 
mg/ml) and TD (0.25 mg/ml) 
in the presence (a and b) and 
absence (c and d) of OSW2 
(100 #g/ml). FITC fluores- 
cence (a and c) in endosomes 
localized by co-internalized 
TD (b and d) was stronger in 
the presence of OSW2. How- 
ever, OSW2 did not abolish 
the staining with acridine or- 
ange in MRC-5 cells even 3 h 
after the internalization (com- 
pare e to f) .  g and h show cor- 
responding DIC images. Bars: 
(b and d) 10 #m; (e) 20 #m. 

arose column, the ATPase activity of enriched endosome 
fraction from KB cells was eluted exclusively at the same salt 
concentration as in the isolation of plant tonoplast V-ATPase 
(Parry et al., 1989) (result not shown). The specific activity 
was 3.7-7.0/xmol/mg/min. The pattern of SDS-PAGE showed 
the typical V-type proton pump although some contaminat- 
ing bands were visible (Fig. 8 a). Among these, one at 
slightly above 70 kD increased upon storage at 0°C with con- 

comitant decrease of the 116-kD subunit, suggesting proteo- 
lytic degradation. The ATPase and OSW2 (20-100 t~g) were 
preincubated at room temperature for 30 min and the reac- 
tion was initiated by adding ATP to 3 mM. The presence of 
the antibody reduced the activity only by up to 13% (Fig. 
8 b), which is at the similar level as a control unrelated anti- 
body. These results indicate that binding of OSW2 to the 116 
(100)-kD subunit in the pump does not interfere with the 
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Figure 7. (a) OSW2 interfered with ATP-dependent acidification of 
endosomes in vitro. Enriched endosome fraction was prepared 
from KB cells incubated with FITC-Trf in the presence and the ab- 
sence of 100 ttg/ml OSW2. The fluorescence of control vesicles was 
quenched by addition of ATP, while the quenching was reduced in 
the presence of the antibody. (b) The endosome fractions were 
equilibrated with 50 mM NI-LCI for 10 min and injected in 10 vol 
of NI-hCl-free KCl-buffer. In the absence of OSW2 (o), fluores- 
cence was rapidly quenched by release of proton from NH4 ÷ and 
slowly returned to the original level. In contrast, the recovery was 
slightly accelerated by the presence of OSW2. 

ATP hydrolysis. The antibody precipitated the 116 (100)-kD 
subunit from the isolated pump, while the recovery of other 
subunits varied among experiments (result not shown). 
Whether the antibody-binding dissociated other subunits or 
they were simply lost during the wash of the immunoprecipi- 
tate was not clear. 

Effect o f  OSW2 on Influenza Virus Infection 

There is considerable evidence that low pH of the endocytic 
compartments triggers fusion of certain viruses with host 
cell membranes (Marsh and Helenius, 1989). We asked if 
OSW2's interference with the acidic environments in endo- 
somes could inhibit the infection of influenza virus. The 
effect of internalization of antibody OSW2 on the infection 
of influenza virus PR8 (1 HAU/0.12 ttg protein) was exam- 
ined by incubating for 1 h at 37°C with 1-2 x 10' MRC-5 
cells. The cells were then washed and incubated in fresh 
medium containing 2% FBS. By ELISA, OSW2 IgG (10 
/~g/ml) inhibited by 50-80% at 18 h postinfection (p.i.) (Fig. 
9). Though to a reduced extent, Fab fragment of OSW2 (10 
/~g/ml) was also inhibitory. The inhibition was also seen as 

Figure 8. (a) A SDS-PAGE pattern of H+-ATPase isolated from 
enriched endosome fraction. The polypeptides were detected by sil- 
ver staining. Arrow heads indicate the positions of molecular 
weight standards. Values with arrows indicate estimated molecular 
masses of some bands. (b) The ATPase fraction was incubated with 
OSW2 or OST7 (a mAb directed toward the alkaline phosphatase) 
for 30 min, then assayed for ATPase activity. The antibodies gave 
little effect on the activity. 

assessed by cytohemadsorption at 18 h or immunofluores- 
cence using anti NP antibody at 4 h. By end-point titration 
of cytohemadsorption, coincubation of cells with virus and 
antibody OSW2 and addition of antibody alone for 1 h prior 
to the infection of cells with the virus resulted in the same 
degree of inhibition. When antibody was previously made 
bound to the cell surface at 0°C, the inhibition was still seen 
but reduced by a factor of 2. In contrast, when added 1 h af- 
ter the inoculation, OSW2 failed to inhibit the infection. No 
reduction of the infection was observed in rat or mouse cells 
to which binding of the antibody was not significant. These 
results suggest that reduction of the infectivity is mediated 
by interference with the early step of the entry pathway 
through specific antibody binding to endosomes. 

OSW2 (100 #g/ml) did not influence the hemagglutination 
titer of the virus nor the hemolytic activity at pH 5.5 (not 
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Figure 9. Inhibition of infection by influenza virus PR8 by OSW2 
antibody. MRC-5 cells in a 96-well plate (1 x 104 cells/well) were 
incubated for 1 h at 37°C with OSW2 (10 itg/ml) and with serial 
dilutions of virus. Cells were fixed 18-h p.i. and virus antigen was 
determined with an ELISA assay using rabbit anti-PR8 serum in 
conjunction with peroxidase-anti-peroxidase method. 

shown). The amount of fluorescently labeled virus bound on 
the confluent culture at 0°C after 30 min, and after subse- 
quent incubation at 37°C for 30 min was within experimental 
errors (1.05 + 0.08 and 1.02 + 0.06, compared to the con- 
trois, respectively). No evident change in the surface-bind- 
ing pattern was detected by fluorescence microscopy of cells 
incubated for 30 min at 4°C (not shown). 

Co-internalization of virus particles and OSW2 into cells 
was monitored by double fluorescence experiments. After 
incubation for 15 min at 37°C with a mixture of FITC- 
labeled PR8 and TRITC-OSW2, cells were observed in 
CLSM without fixation. The punctate FITC-fluorescence 
contrasted to the tubular pattern of TRITC-fluorescence 
(Fig. 10, a and b). Addition of 50 mM NtLC1 to the incu- 
bation medium resulted in a vesiculation of the compart- 
ments containing OSW2 (Fig. 10, c and d). Comparison by 
merging the two patterns of fluorescence using the software 
indicated the colocalization of the major part of the virus and 
the antibody-associated compartments. When the virus and 
the antibody were adsorbed to the cell surface by a coincuba- 
tion for 15 min at 0°C and observed in 5 rain at 20°C; the 
fluorescence of virus and antibodies was almost exclusively 
colocalized (Fig. 10, e and f ) .  

Fusion of the viral and endosome membranes was studied 
by labeling virus with a self-quenching concentration of a 
fluorescent membrane probe octadecylrhodamine (R18). We 
used confocal imaging of single fixed cells rather than mea- 
suring a suspension of living cells in a spectrofluorometer 
(Stegmann et al., 1987; Nussbauman and Loyter, 1987). 
This was because the release of bound virus due to the viral 
neuraminidase during the incubation at 37°C could not be 
neglected and also because significant delay in the endosome 
transport was assumed in a suspension culture of normally 
attached ceils. A549 cells were incubated at 37°C with the 
labeled virus (3 ttg/ml) in the presence or absence of OSW2 
and fixed at various time points. After 10 min, the fluores- 
cence of cell-associated virus and of free virus (adsorbed to 
the cover slip) remained unchanged in the presence and ab- 

sence of OSW2 (not shown). After 30 min, bright and poly- 
morphic fluorescent spots appeared in the cells incubated in 
the absence of OSW2 (Fig. 11 a). The relative intensity of 
this fluorescence was determined by the image processing 
software of the CLSM. The dequenched fluorescence of the 
large spots comprised 20-100% of the 8-bit (256 values) in- 
tensity histogram, while the spots with quenched fluores- 
cence (10 min of incubation) had <10% of the maximal 
value. The presence of OSW2 inhibited the dequenching of 
the fluorescence (Fig. 11 b) to the same degree as did a prein- 
cubation for 15 min with 50 mM NILC1 (Fig. 11 d) or with 
20 mM methylamine. The inhibition of dequenching by these 
amines was less efficient than by OSW2 when cells were not 
preincubated with them before the addition of RiB-labeled 
virus (Fig. 11 c). These results confirmed the failure of fu- 
sion in cells internalized OSW2. This could be also demon- 
strable by the lack of acid-induced conformation of hemag- 
glutinin glycoprotein by using a specific antibody Y8-10C2 
(results not shown). 

Effect of OSW2 on the Infection of Various Viruses 
After characterizing the effect of OSW2 on the infection with 
influenza virus PR8, a variety of other virus types were stud- 
ied. Viruses and the antibody (100 #g/ml) were incubated for 
1 h at 37°C with cells and the progress of infection was exam- 
ined (Table I). As further examples of enveloped viruses with 
an endosome route of entry, VSV and SFV were examined. 
In plaque assays of VSV-infection in HEp-2 cells, OSW2 re- 
duced the number of plaques to 20 % of the controls. SFV 
infection (2-10 x 104 tissue culture infectious dose (TCID) 
for 104 MRC-5 cells) was scored 10-h p.i. by a titration of 
the infectivity in the culture supernatant on Swiss 3T3 cells. 
In cultures treated with OSW2, the highest dilution capable 
to induce a cytopathic effect was reduced by 80 %. 

As examples of viruses with pH-independent fusion activ- 
ity, the infection of cells with Sendal virus and RS virus was 
examined. OSW2 had no detectable inhibitory effect on in- 
fections of MRC-5 cells with Sendal virus, as examined by 
end-point titration of cytohemadsorption (18-h p.i.) and im- 
munofluorescence with anti-HN antibody (12-h p.i.). The 
extent of infection at various multiplicity of infection was not 
changed by OSW2. Infections of HEp-2 cells with RS virus 
were scored microscopically by detection of the formation of 
syncytia and of cells expressing F protein which was visual- 
ized by immunoperoxidase methods. At 18 p.i., the number 
of infected cells was the same in presence or absence of 
OSW2. 

OSW2 was also tested in conjunction with infections by the 
nonenveloped viruses Polio and Adeno (type 3). These 
viruses developed a cytopathic effect in MRC-5 cells within 
24-h p.i. regardless of the presence of OSW2. Adenovirus in- 
fection examined at 48-h p.i. by plaque assays using A549 
cells showed 25% reduction as a result of pre- or co- 
incubation with OSW2. No reduction of the infectivity was 
observed in the infection of A549 cells by polio virus. 

Discussion 

A monoclonal antibody OSW2 was found to bind to the 
largest subunit of the V-type proton pump, 116 (100)-kD 
(Fig. 1). The subunit uniquely associates to the pump and 
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Figure 10. Colocalization of influenza virus and OSW2. Cells were coincubated at 37°C for 15 min with FITC-PR8 virus (10 #g/ml) 
and TRITC-OSW2 (300 #g/m1) followed by 5-rain chase in a fresh medium containing neuraminidase. Many of the virions (a) were localized 
in limited regions of the tubular compartments (b). Some particles were localized in places without TRITC-fluorescence. In cells mounted 
in medium containing 50 mM NH4C1, tubular endosomes were fragmented and the virus was largely colocalized with them (c and d). 
When the virus and the antibody was added to the cells at 0°C for 20 min and immediately observed at room temperature, the virus and 
the antibody were almost exclusively colocalized (e and f). Bar, 10 #m. 
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Figure 11. Comparison of the inhibition of dequenching of R~8-1abeled PR8 virus by OSW2 and by NI-I4CI. Cells were incubated for 10 
min at 37°C with the virus (3 #g/ml) and in presence or absence of OSW2 (50 #g/ml) or NH4CI (50 raM) followed by chase for 20 rain. 
Viruses in untreated cells reveal extensive dequenching of fluorescence as a result of fusion in the endosomes (a), but, in the presence 
of OSW2, little dequenching is detectable (b). In the presence of NI-L~C1, viruses internalized into cells show reduced but significant de- 
quenched fluorescence (c), whereas pretreatment of cells with NI-hCI followed by incubation with virus in the presence of NI~CI again 
resulted in quenched fluorescence (d). Bar, 20 #m. 

distributes not only in mammalian acidic compartments but 
also in plants and in yeast with a mass ranging 95 to 100 kD 
(Parry et al., 1989; Kane et al., 1989). The predicted sec- 
ondary structure of the 116 (100)-kD from the cDNA se- 
quence in rat clathrin-coated vesicles/synaptic vesicles indi- 
cates a bipartite structure with a hydrophilic amino terminus 
and a carboxyl-terminal region containing eight hydrophobic 
domains (Perin et al., 1991). Unlike other subunits, the lack 

of a similar polypeptide in other classes of ATPases (i.e., 
F~Fo-ATPase and A-ATPase) and some specific reasons in- 
cluding high susceptibility to proteolysis (Forgac, 1989) and 
lability to form an aggregate during solubilization for PAGE 
(Stone et al., 1989) have hampered its biochemical charac- 
terization. Although genetic studies of yeast have suggested 
its role in the assembly of peripheral subunits (Kane et al., 
1992; Manolson et al., 1992), the mode of involvement of 

Table L Effect o f  OSW2 on the Infection of  Viruses 

Virus per 104 Inhibition by 
Virus Host cell cells* OSW2¢ 

Influenza (PR8) MRC-5, A49, HEP-2 0.06-4 HAU 50-80% 
(ELISA, CHA)§ 

0% (CHA) 
80% (plaque) 
80% (TCID) 
0% (CHA) 
0 % (IPO) II 

Influenza (PR8) Rat-2, R22, Ratec 0.05-2 HAU 
VSV MRC-5, HEp-2 (0.5-70) × 10. PFU 
SFV MRC-5 64-2 x 104 TCID 
Sendai MRC-5 0.16-2.5 HAU 
RS HEp-2 1/(2,500-125) 

dilution of stock 
Adeno type3 MRC-5, A549 2-6 x 10. PFU <25% (plaque) 
Polio MRC-5, A549 6 x 102-104 PFU 0% (TCID) 

* Infection was monitored by various methods described in Materials and Methods using indicated amount of virus. 
~t Inhibition was calculated by indicated methods as follows: (value without OSW2 - value with OSW2)/(value without OSW2). 
§ End-point titration of cytohemadsorption. 
I~ Immunoperoxidase. 
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the subunit in the ATP-dependent proton translocation and 
the endosome functions were not yet elucidated. In the pres- 
ent study, the effects of OSW2 inhibiting quenching of FITC- 
fluorescence in endosomes both in vivo (Fig. 6) and in vitro 
(Fig. 7) indicate that the 116 (100)-kD subunit is indispens- 
able for the endosomal acidic environment. 

The V-type pump consists of peripheral (Vi) and integral 
(Vo) domains (Zhang et al., 1992; Puopolo and Forgac, 
1990). The membrane-spanning domain consists of one each 
copy of 116 (100)-, 38-, 19-, and six copies of 17-kD subunits 
(Zhang et al., 1992). In yeast, the 95-kD subunit is targeted 
to the vacuole independently of the peripheral subunits as 
long as the proton pore, 17-kD, is present (Kane et al., 
1992). This targeting to vacuoles appears to be similar to 
other proteins, which, in contrast to mammalian cells, 
represents the default pathway (Roberts et al., 1992). When 
OSW2 was applied to human cells, it bound to the cell sur- 
face and was transported along the common endocytic route 
(Figs. 4 and 5). When Fab fragment of the antibody was ap- 
plied, it was similarly transported but readily lost its antige- 
nicity at the time point of lysosomal delivery. The binding 
did not interfere with the internalization of fluid markers, nor 
of influenza virus. These results strongly suggest that bind- 
ing of OSW2 does not interfere with the endocytic trafficking 
of the subunit from the cell surface nor the movement of the 
membrane compartments. Inhibition of the acidification in 
OSW2-associated endosomes in a cell-free system (Fig. 7 a) 
strongly suggests that the antibody-binding interferes with 
the function of the 116 (100) kD in endosomes but not the 
association of the 116 (100)-kD subunit in the compartments 
per se. 

In yeast, the corresponding subunit of the 116 (100) kD 
has been shown to be in close contact with some peripherally 
associating catalytic subunits since epitope sites of the 
former are blocked by the latter (Kane et al., 1992). This in- 
teraction appears to be crucial for the assembly of peripheral 
subunits since disruption of the gene encoding the largest 
subunit mislocalizes ATP-binding subunits (69 and 60 kD) 
(Manolson et al., 1992). Taking the homology of the ar- 
chitecture to that of mitochondrial FtFo-ATPase, these 
results also suggest involvement of the interaction in cou- 
pling of ATP hydrolytic energy to proton translocation. It is 
likely that binding of OSW2 to the 116 (100)-kD subunit ei- 
ther interfered with the association of other subunit(s) or un- 
coupled the catalytic reaction to the translocation of proton. 
Because OSW2 did not inhibit ATPase activity of the solubi- 
lized pump, the 116 (100)-kD subunit is unlikely to be 
directly involved in the hydrolysis by the already assembled 
o n e .  

Studies on the pump isolated from coated vesicles have in- 
dicated that neither the sole presence of the integral domain 
reconstituted in lipid vesicles nor the one lacking the periph- 
eral domain in the original vesicles show specific proton 
conductance (Zhang et al., 1992). In contrast, isolated 17- 
kD subunit itself has been reported to form a channel (Sun 
et al., 1987). In the present study, the permeability of proton 
in endosomes which were pretreated with OSW2 was rather 
higher (Fig. 7 b). The results strongly suggest that observed 
decrease in acidification could also be due to an increase in 
passive proton conductance. Although the suggestion that 
gating of the 17-kD proton pore is controlled by other 
subunits (Zhang et al., 1992) remains to be addressed, it is 

notable that the electrogenic nature of proton translocation 
requires co-transport of anions such as C1- or CO3-, or 
counter-transport of cations through channels. This property 
stresses that the movement of proton can be not only directly 
controlled by the gating of the pore for the ion but also in- 
directly by the mechanism for other ions (Forgac, 1989; 
Fuchs et al., 1989; see also HiUe, 1992). Moreover, the pri- 
mary structure of the ll6-kD subunits appears to have a 
sufficient property of forming a channel (Perin et al., 1991). 
Including these points, we are currently addressing the effect 
of OSW2 on the ionic control in cells. 

The specific nature of inhibition of the proton pumping by 
OSW2 contrasts to the effect of weak bases on the endosomal 
property. Weak bases diffuse nonspecifically into cells in 
their uncharged forms. In acidic compartments, they become 
protonated and are unable to diffuse out (Poole and Okuma, 
1981). They, however, appear to have no property to close 
the existing ion-permeation mechanisms for other ions but 
can imbalance the fluxes. Thus, many kinds of amines induce 
vacuolization of late endosomes and lysosomes by the influx 
of water through translocation of proton (Okuma and Poole, 
1981). This would also be the basis of the vesiculation of 
early endosomes by NI-LC1 (Fig. 10). These kinds of effects 
were not seen by the presence of OSW2, indicating that the 
antibody does not induce severe imbalancing of the water 
flux that leads to the structural disintegration. Moreover, in 
contrast to the inhibition of low pH in early compartments, 
pH in the later compartments was less influenced (Fig. 6). 
This property also contrasts to the effect of amines by 
which the magnitude of the elevation of pH is larger in more 
acidic compartments. By continuous incubation, OSW2 prop- 
agated in most of the compartments that are associated with 
the antigen, but at the same time, some in the perinuclear 
cluster remained free of its binding (Fig. 5). If assembly of 
the pump occurs during the transport with the endosomes, 
the effect on pH would be larger in early compaxiJ~aents. 
Along the further transport, the antibody reaching to the 
later compartments may be reduced by degradation. Even if 
it remained intact, as the pH in the close vicinity of the 
endosomal lumen can be lower than the average values, the 
antibody would likely less efficiently bind to the antigen on 
entering the already acidic late endosomal/lysosomal com- 
partments. The result that cells incubated in the continuous 
presence of the antibody received no sizable effect on the cel- 
lular viability and growth suggests minor importance of early 
endosomal low pH for the cell survival. 

Inhibition of the early endosomal compartments achieving 
low pH by OSW2 significantly reduced infections by all the 
enveloped viruses tested that possess fusion proteins activat- 
able in low pH (influenza, SFV, VSV). The quenched Rls- 
fluorescence of internalized PR8 virus (Fig. 11) indicates a 
failure of uncoating by fusion. Reduced interference with the 
viral infection by the surface-bound antibody alone suggests 
that the binding to the internal reservoir of the compartments 
by fluid-phase endocytosis contributes in inhibiting acidi- 
fication. The result that OSW2 did not compete with the ad- 
sorption of virus particles to cells rules out that the inhibition 
is based on events prior to uncoating. Experiments on the se- 
quence of addition of the antibody further ruled out other 
mechanisms such as inhibition of transport of newly synthe- 
sized protein. Interference of infections by possible mod- 
ification of endosome structure by cross-linking of the pro- 
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tein is unlikely the primary mechanism, since Fab fragment, 
albeit to a reduced extent, was also effective. The inhibition 
with 50-80% could be reasonably explained by the esti- 
mated average endosomal pH of 5.8 in antibody-treated cells 
(Fig. 6), which, although elevated from pH 5.2 in control 
cells, was around the threshold of the fusion dependence on 
pH (5.4-5.6 for PR8 virus, Sato et al., 1983; YewdeU et al., 
1983; 6.0 for VSV, Marlin et al., 1982b; 6.0-6.2 for SFV, 
Kielian et al., 1986). The magnitude of interference was, 
however, significantly larger than a brief treatment with 
weak bases as it was more efficient in preventing viral fusion 
in endosomes (Fig. 11). These results provide another type 
of evidence for the early proposal stressing the primary im- 
portance of endosomal acidity in the viral infection. This 
point was, however, not fully proven by experiments employ- 
ing amines or ionophores where side effects on cellular me- 
tabolism and on ER-Golgi were not fully ruled out (see 
Marsh and Helenius, 1989). 

The present results indicate that the interference with the 
endosomal acidification by OSW2 provides a novel method 
for studying the endosomal proton pump. The luminal bind- 
ing of OSW2 did not influence the peripheral to centripetal 
transfer (Figs. 4 and 5). Because the modification is specific 
to V-type pump and limited to the endosomal compartments, 
OSW2 looks more suitable for studying the role of the proton 
permeability in the endocytic processes than weak bases or 
ionophores. In yeast, mutational studies have indicated that 
the cells devoid of the pump activity become sensitive not 
only to high pH but also to the calcium concentration in the 
medium (Hirata et al., 1990; Noumi et al., 1991). Although 
binding of OSW2 is not cytotoxic, the role of the proton 
pump in the ionic control in conjunction with other ion- 
permeation mechanisms would deserve further study. As the 
endosome system can provide a sampling mechanism of the 
cellular environments (Anderson, 1991), application of 
OSW2-binding to V-type proton-pump would provide an in- 
sight to cell regulation mechanism using endosomes. 
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