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Summary 

Infection ofAedes albopictus cells with Semliki Forest  virus (SFV) leads 
to po lykaryoe~e  formation below pH 6.2. This syne)~ium formation is 
accompanied by a decrease of the cellular ATP level. Addition of inhibitors of 
oxidative phosphorylation leads to a rapid, total depletion of ATP in infected 
cells at pH 6 and results in an inhibition of polykaryocyte formation. How- 
ever, when cells were exposed for only a few minutes to pH 6 in the presence 
of the inhibitors and then kept at pH 7.2, the ATP level partially recovered to 
values sufficient for syne)¢ium formation. Similar results were obtained 
after ATP depletion induced by 2-deoxyglueose. Thus, it can be concluded 
that  SFV-induced syneytium formation is an ATP-dependent event, 

Introduction 

One of the most dramatic forms of membrane-membrane interaction is 
the fusion of cell membranes (tbr review, see reference 15), a phenomenon 
which occurs naturally both within cells, as required tbr cell division, and 
between cells (e.g., during myogenesis). Cell fusion is also a characteristic 
feature of ee~¢ain tumors (5, 18) and viral infections (3, 6, 16). Membrane 
fusion occurs at the subcellular level during such events as endoeytosis, 
receptor recycling, and delivery of endogenously synthesized proteins to 
appropriate subcellular destinations (1, 4, 17). Despite the biological 
importance of membrane fusion, very little is known about either the precise 
biochemical and biophysical events in fusion or the way in which cells 
control fusion of their membranes. 
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Several  enveloped viruses have been  repor ted  to cause thsion under  

cer ta in  condit ions (12, 14, 19). I t  was r epor ted  tha t  Aedes  albopictus cells, 

infected with Semliki Fo re s t  virus (SFV), an enveloped,  pos i t ive-s t randed 
RNA virus, undergo  cell-cell fusion from within at  mildly acidic pH, leading 

to polykaryoc)¢~es (11). KOB~.ET and  col laborators  r epor ted  t h a t  the  initial 
s tep of  this fusion was  t r iggered  by  a eonformat ionM change  of  a surface 

protein, mos t  p robab ly  a vi rus-coded prote in  (10). The syncySium format ion 

could be inhibit~d by  a wide var ie ty  of  chemicals (e.g., ionophores ,  anesthe- 

tics, prote in-modifying reagents ,  sodium azide), s t rongly  suggest ing the  
involvement  of cellular factors  in the control  of  the fusion event.  

So far, these factors  eontrolling fusion from within are unidentified and it 
is no t  clear how they  are  intereonneeted.  Some metabol ic  react ions  might  be 

a prerequisi te  for fusion and others  m a y  be ac t ivated  or inhibited as a 

eonsequenee of fusion. Based  on the finding tha t  sodium azide and potas- 
sium c y a n i d e - b o t h  po ten t  inhibitors of  oxidative p h o s p h o r y l a t i o n - p r e v e n t  
thsion of SFV-infeeted Aedes  cells, we inves t igated  intraeellular ?~TP levels 

during syneyt ium formation.  In  this repor t ,  we show tha t  po lyka ryoey te  
format ion in SFV-infected  Aedes  cells depends  on the intraeellular ATP 

level. 

Materials and Methods 

Chemicals 

2,4-dinitrophenol and 2-deoxyglueose were purchased from Fluka, Switzerland. All 
other chemicals used were of the highest purity commercially available. 

Cells and Virus 

Aedes albopietus cells (clone C 6/36) (8) wore cultured at 28 ° C in Mitsuhashi-Mara- 
morosch medium (MM-mcdium) supplemented with 20 per cent fetal calf serum containing 
100 Ilg of both streptomycin and penicillin per ml. The cells wero passaged weekly by ] : 10 
dilutions. Semliki Forest virus (SFV) was propagated in Aedes cells. Virus titers were 
determined by a plaque assay according to established methods. All infections were 
carried out with a MOI of 10. 

Fu~ion Assay 

The pH of the medium in SFV infected cells was lowered at 16 hours p.i. from 7 to 6 for 
1 minute or longer (10) as indicated for the different experiments. The poIykaryocyte 
lbrmation was assessed by means of light microscopy 30 minutes after the lowering of the 
pH if not otherwise stated. Fusion was considered to be positive when more than 90 per 
cent of the cells were integrated into the sync)Zvium. 

Determination of ATP Levels 

Aedes albopietus cells were seeded into 24 well dishes (Costar) and grown to con- 
fluency. The monolayers (2 cm 2, 2 × 105 ceils/era ~) were either mock infected or infected 
with SFV. 16 hours p.i. the medium was removed by aspiration; the cells were washed with 
phosphate-buffered saline adapted for Aedes cells (PBS: 0.188 M NaC1, 3.35 m~ KC1, 8 mM 
Na2HP04, adjusted to pH 7.2) and incubated with the different drugs as described in detail 
in the result section. Then the PBS was removed and the cell monolayer solubil~ed in 1 ml 
1 per cent Triton X-t00. The amount of ATP was detmnnined immediately with the luei- 
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ferin-lueiferase system, purchased from Boehringer Mannheim, Federal Republic of 
Germany. Briefly, 100 ~1 of Triton extract were added to 400 ~1 of the reagent solution 
composed of 40 mM Hepes buffer pH 7.75, 4 mM ED~Ik4, 0.36 mM dithiothreitot, 0.3 ms~ 
AMP, 20 rnM MgCI~, 0.7 mM D-lueiferin and 1.6 gg/ml lueiferase from Photinus pyralis. 
The biolumineseenee was measured in a Packard liquid scintillation counter, without the 
coincidence setting. ATP calibration solutions were prepared freshly before measurement 
by diluting a 5 mM stock solution with freshly quartz-distilled water containing 1 per cent 
Triton X-t00, or MM-medium containing 1 per cent Triton X-100. 

Results 

Cellular ATP Concentration During Cell-Cell Fusion 

W h e n  ATP s t anda rd  curves  were  de te rmined  in p re sence  of Tr i ton  X- t00  
and  phosphate~buffered saline (PBS) or  MM-medium t h e y  were  l inear  in the 
range  of  10 -7 to 10 -1° molar  ATP. The  s t anda rd  curves showed a slope of  
2.39 × 1012 + 3.74 × 10 l° counts  per  second (cps), an ord ina te  in te rcept ion  of 
4 . 1 2 × 1 0 3 + 1 . 4 4 × 1 0 3  cps and a corre la t ion  coefficient of  0.999. ATP 
m easu rem en t s  in mock- infec ted  cells a t  pH  7.2 or p H  6 showed a cons tan t  
intracel tular  ATP concen t ra t ion  over  the  t ime per iods  inves t iga ted  (Fig. I). 
The  cellular ATP level was identical  in SFV-infee ted  cells a t  pH 7.2 (Fig. l) 
and  was es t imated  to be in the range  of  1 -3  InN assuming a m e a n  cell dia- 
m e t e r  of  approx imate ly  10 ~m. This value cor responds  to normal  intra- 
cellular ATP concent ra t ions  as descr ibed  for o the r  cell types.  W h e n  Aedes  
celts were  infected with S F V  and the p H  was lowered to 6 at  16 hours  pos t  
infection (p.i.), fusion condit ions were  established,  and the intracel lular  ATP 
level s t a r t ed  to decrease  ove r  60 minutes  reaching  10-15 per  cen t  of  the  
inNal  value (Fig. 1). Concomitant ly ,  the  cells unde rwen t  fusion and the syn- 
eyt ium format ion  was comple ted  af ter  approx imate ly  30 minutes.  This deer- 
ease of intraeel lular  ATP was not  due to a leakage of the p lasma mem- 
b rane  and  diffusion of  ATP into the extra-cel lular  space, since no increase  in 
extraeel lular  ATP could be detected.  ATP added  to MM-medium or PBS con- 
taining 25 mM glucose, also in low concentra t ions ,  is stable over  one hour.  
This is in ag r eemen t  with results  of  KOB~ET and col laborators  which also 
showed t ha t  SFV-induced cell-cell fusion of Aedes  albopietus cells does not  
lead to a leakiness of  the  p lasma m e m b r a n e  (unpublished observat ions) .  In 
contras t ,  mock-infected cells, when  exposed  to MM-medium of pH 6 or PBS 
pH 6 containing 25 mM glucose, showed a constant, cellular ATP level 
(Fig. 1), :identical to tha t  of infected or mock-infected cells a t  pH 7.2. Thus,  it 
can  be concluded t ha t  the format ion  of  po lyka ryocy tes  cor re la tes  with a 
decrease  in intracel lular  ATP. However ,  this does not  prove  tha t  ATP is used  
for fusion per  se. The  decrease  in ATP could be due  to the fact  t ha t  the  
exper imenta l  condit ions p roduce  a large, artificial p ro ton  grad ien t  across 
the  p lasma m e m b r a n e  so tha t  ATP is used  to main ta in  the intraeel lular  pH 
a t  its physiological  value.  Therefore ,  addit ional  exper iments  were  per- 
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Fig. 1. Aedes cells were infected with SFV. 16 hours p.i. the growth medium was replaced 
by PBS pH 6 containing 25 mM glucose and the cellular ATP level was recorded over a 
period ofl  hour (--A--). Alternatively, SFV-infected cells were exposed for 1 minute to PBS 
pH 6 containing 25 mM glucose and then the PBS was replaced by either growth medium 
or PBS/glucose of pH 7.2 (-- (~ -) .  Determination of the ATP concentration in mock-infec- 
ted cells at pH 7.2 or 6 (-[]-)  provided results identical to those of SFV-infected cells 

at pH 7.2 

formed,  where  tJhe ex te rna l  p H  was r e s to red  to its originM value.  SFV- 
infected cells were  exposed  for 1 minute  to p H  6 at  16 hours  p.i.; t hen  the 
pH  6 med ium was rep laced  by  growth  med ium or  PBS,  containing 25 mM 
glucose, of  pH 7.2. These  condit ions also lead to p o l y k a ry o c y t e  format ion  in 
case of  infected Aedes  cells (10). After  a 1 minute  exposure  to  pH 6, the  syn- 
cyt ium format ion  was again accompanied  by  a decrease  of  cellular ATP, 
similar to  the previous  exper iment ,  as depic ted  in Fig. 1. These  resul ts  
suggest  t ha t  consumpt ion  of  ATP during po l y k a ry o c y t e  fo rmat ion  is not  due 
to the  implied pH  grad ien t  across  the  p lasma  membrane .  The  finding t h a t  
the  ATP level also drops  during fusion at  p H  7.2, when  the  s tress  of  an 
app rox ima te ly  l0  t imes  h igher  H + concen t ra t ion  is re leased,  is a good 
indicat ion t ha t  tb rmat ion  of  giant  po lynuc lear  cells is a process  requir ing 
ATP. This in tu rn  would explain the  finding men t ioned  above  t h a t  NaN a 
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inhibited cell-cell fusion. Therefore, we investigated several inhibitors of 
oxidative phosphorylation and used them to correlate the cellular ATP level 
with the syncytium formation. 

Influence of Inhibitors qf Oxidative Phosphorylation 
on Polykaryocyte Formation 

Aedes albopictus cells were infected with SFV. 16 hours after infection, 
the medium was replaced by PBS pH 6, containing 25 mM glucose and either 
1 m~I KCN, 1 m ~  NaN 3 or 10 tx~1 dinitrophenol. Under these conditions, the 
infected cells were rapidly and totally depleted of ATP (Fig. 2) and poly- 
karyocyte formation was prevented. These results further support the 
assumption that  syncytium formation induced by low pH in SFV-infected 
cells requires ATP. Since depletion of cellular ATP by the various drugs 
mentioned above evidently occurs at a much slower rate at physiological pH, 
infected cells were not left at pH 6, but only exposed for 1 to 10 minutes to 
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Fig+ 2.16 hours p.i. the growth medium was exchanged for PBS, pH 6, containing 25 mM 
glucose and either 10 tXM dinitrophenol ( - -+- ) ,  1 m ~  NaN3 ( - - ~ - )  or 1 mM KCN (-[23-), 
respectively. Cellular ATP was determined during 1 hour after the change of the medium. 

Polykaryocyte  formation was abolished by M1 the three drugs 
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Fig. 3. SFV-infected Aedes cells were treated for 1 minute (-El-), 5 minutes (-+-),  or 10 
minutes (-@--) with PBS/glucose, pH 6, containing l0 gM dinitrophenol. Then this 
medium was replaced by PBS/glucose, pH 7.2, containing the inhibitor and thereafter 
cellular ATP was measured. After 30 minutes, the formation of giant polynuelear cells was 
observed in the experiments with a 1 and 5 minutes exposure to low pH, whereas a I0 minu- 

tes exposure to pH 6 in presence of dinitrophenol abolished syncytium formation 

pH 6 in presence of 10 tXM dinitrophenol to achieve a partial ATP depletion. 
Cellular ATP concentrations were recorded at regular intervals after restor- 
ing the pH to 7.2 and polykaryoeyte  formation was examined 30 minutes 
alger the low pH exposure. As demonstra ted in Fig. 3, this t rea tment  leads to 
a rapid depletion of the eellular ATP as expected from the previous experi- 
ments shown in Fig. 2. However,  replacement  of the pH 6 medium after 
1 minute with PBS o f p H  7.2, containing 25 mM glucose and the inhibitor, or 
with MM-medium of pH 7.2 and the inhibitor, resulted in a rapid, partial 
restorat ion of the intraeellular ATP concentrat ion before it s tarted to 
decrease again. In this situation, polykaryoeyte  tbrmation took place. When 
the cells were exposed for 5 minutes to pH 6 in presence of 10 ~M dinitro- 
phenol, the recovery of the cellular ATP occurred to a lesser degree. Never- 
theless, syneytium formation was still observed. Finally, a prolonged 
exposure of 10 minutes or more to the inhibitor and pH 6 led to an almost 
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totM depletion of the cellular ATP level with only ~ slight restoration-less 
than 10 per cen t -and  the absence of polykaryocyte formation. Therefore, 
the results strongly suggest that fusion of SFV-infeeted cells triggered by 
low pH requires ATP and thus can be blocked by depletion of cellular ATP by 
inhibitors of the oxidative phosphorylation. If this assumption is correct, the 
other inhibitors of oxidative phosphorytation should show identical effects 
on intraccllular ATP concentration and polykaryocyte formation under the 
conditions mentioned so far. 

To this end, identical experiments were carried out in presence of 1 mM 
KCN. As depicted in Fig. 4, ~ 1 minute exposure to pH 6 in presence of the 
inhibitor followed by incubation at pH 7.2 resulted in a partial recovery of 
the cellular ATP level. This restoration was mainly expressed as an arrest of 
the decrease of cellular ATP over approximately 15 minutes-a t  40 to 50 per 
cent of the initial value-accompanied by the formation of polykaryocytes. 
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Fig. 4. The exper imenta l  condi t ions  are as descr ibed in Fig. 3, wi th  ( - [ 3 - )  r epresen t ing  the  
in t race l lu lar  ATP concen t ra t ion  as a function of t ime af ter  a 1 minute ,  ( - + - )  a 5 minu tes  
and  ( - 9  - )  a 10 minu tes  exposure  of infected cells to low pH in p resence  of 1 mM KCN. 
Syncy t ium format ion was observed  af ter  the  1 minu te  exposure.  The  5 minu tes  pH 6 trca.t- 
m e n t  induced  par t ia l  po lykaryocy te  formation,  whereas  a 10 minutes  exposure  to low pH 

p reven t ed  cell-cell fusion 
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Fig. 5. The experiment was performed as described in Figs. 3 and 4. (-[3-) ATP concen- 
trations after a 5 minutes, ( - + - )  after a 30 minutes and ( - ~ - )  after a 60 minutes 
exposure time to PBS/glucose, pH 6, containing t mM NAN3. As in Fig. 4, a short exposure 
allowed polykaryocyte formation, whereas with a 30 minutes exposure time only partial 
fusion was observed. The longest exposure time led to a failure of syneytium formation 

Af te r  a 5 minu tes  exposure ,  s y n c y t i u m  fo rma t ion  was  par t i a l ly  inhibited, 

w h e r e a s  a f te r  l0  minu tes  a t  p i t  6 it was  to tMly blocked.  W h e n  1 mM NaN3 
was  u sed  as an  inhibi tor  the  t ime  to dep le te  the  cells was  p ro longed  b y  a 
f ac to r  of  up  to 5 in the  e x p e r i m e n t  shown  in Fig. 5. All exposu re  t imes  allo- 
wed a par t i a l  r e s t o r a t i o n  of  the  cellular ATP  concent ra t ion ,  bu t  syncy t ium 
fo rma t ion  occur red  only a f te r  the  5 minu tes  and  par t ia l ly  a f te r  the  30 minu- 
tes  exposure ,  w h e r e a s  a longer  p H  6 t r e a t m e n t  in p r e s e n c e  of NuNs (60 
minutes)  p r e v e n t e d  p o l y k a r y o c y t e  format ion .  

Influence of 2-Deoxyglucose on IntracelluIar A T P  and 
SFV-induced Polykaryocyte Formation 

2-deoxyg lucose  is k n o w n  to be  a compe t i t i ve  inhibi tor  of  glycolysis  and  
induces  a par t iM deple t ion  of cellular ATP. Thus  Aedes  cells were  infected 
with  S F V  and  16 hours  l a te r  the  g rowth  m e d i u m  was  e x c h a n g e d  for PBS p i t  
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Fig. 6. The growth medium of SFV-infected ceils was replaced at 16 hours p.i. by PBS pH 
7.2 containing 50 mM 2-deoxyglucose, The intracellular ATP concentrat ion was determi- 
ned at regular intervals. After 90 minutes either the pH was lowered to 6 or the PBS/2-  
deoxyglucose was exchanged for MM medium. Lowering the pH to 6 resulted in a strongly 
hampered and delayed, partial  fusion, whereas the addition of MM medium led to a resto- 
ration of the intracellular ATP level. 60 minutes al~er the addition of MM medium the pH 

was lowered to 6 resulting in polykaryoeyte formation within 30 minutes 

7.2 containing 50 mM 2-deoxyglucose. Cellular ATP concentration was mea- 
sured over 90 minutes. As shown in Fig. 6, the cellular ATP level decreased 
to approximately 10 to 20 per cent of the initial value. Lowering the pH to 6 
at this time resulted in a greatly delayed and hampered fusion, as judged by 
light microscopy. However,  if the PBS containing 2-deoxyglueose was 
replaced by MM medium after 90 :minutes, ATP recovered to almost 70 per 
cent of the initial level and a subsequent change to pH 6 after 1 hour led to a 
s~mcytium formation within 30 minutes. 

Discussion 

Syneytium formation of SFV-infected Aedes albopictus cells at  mildly 
acidic pH can be inhibited by a wide variety of chemicals (11). Some of these 
drugs are known to deplete cells of ATP. In this report, we demonstrate that  
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depletion of cellular ATP in SFV-infected cells is accompanied by the failure 
of these cells to form polykaryoc~C6es under conditions which normally do 
lead to cell-cell fusion. The experiments using inhibitors of oxidative phos- 
phorylation dear ly  showed that  blockage of de n o v o  synthesis of ATP in the 
respiratory chain also prevents polykaryoeyte formation triggered at low 
pH. The rapid depletion of eellular ATP of infected cells at pH 6 in presence 
of the inhibitors can be explained by the assumption that  most ATP is used 
to counterbalance the intraeellular pH to its normal level in presence of a 
large artificial pH gradient across the membrane (manuscript in prepa- 
ration). When this pH gradient was abolished after a limited time of expo- 
sure to low pH in presence of the inhibitory drugs, the cellular ATP concen- 
tration recovered to a significant degree depending on the time of exposure 
to pH 6. This partial restoration of the intraeellular ATP level in presence of 
inhibitors of oxidative phosphorylation can be explained by the fact that  
ATP cannot only be generated in the process of oxidative phosphorylation 
but also from other energy-rich compounds by transphosphorylations. It, is 
noteworthy that  these exposure times leading to different depletion levels 
varied with all inhibitors from experiment, to experiment and were most 
probably- dependent  on the age of the culture. Furthermore,  restoration of 
the intracetlular ATP level was only transient  in all experiments. The obser- 
ved decrease after paI¢ial recovery of the ATP concentration can be explain- 
ed by the need for ATP in the process of polykaryocyte formation per se and 
exhaustion of the energy reserves in the cell as mentioned above. 

The experiments with 2-deoxyglueose clearly show that  the ATP concen- 
tration can be restored, which then allowed the syncytium tbrmation again. 
As a rule, the process of cell-cell fusion was never totally abolished, even at 
10 to 20 per cent of the initial ATP level. This ATP concentration corre- 
sponds to the maximal depletion achievable by 2-deoxyglucose. The reason 
why the polykaryoeyte formation was only greatly hampered and delayed 
but not  completely inhibited can be explained by assuming that  the residual 
amount  of ATP synthesized by the oxidative phosphorylation, which itself is 
not blocked under these conditions, was just, sufficient for cell-cell fusion to 
occur. The possibility that  ATP depletion prevents polykaryoeyte formation 
by blocking viral protein synthesis can be ruled out. KOm, ET and collabora- 
tors (11) showed that  addition of eyeloheximide 16 hours after infection does 
not prevent syncytium formation during the next 8 hours, 

In general, conditions which do not lead to an ATP depletion of more 
than approximately 80 per cent will allow SFV-induced polykaryoeyte 
formation. Thus, the experiments strongly support the notion that  SFV- 
induced syncytium formation is an ATP-eonsuming process. This finding is 
further supported by an earlier observation made by OKADA (13). It  WaS 
reported that  Sendai virus-induced polynuclear ceil formation of Ehrlieh's 
ascites tumor cells was inhibited by the addition of dinitrophenol. 
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Obviously, the results reported so far are not the reflection of the dyna- 
mic process of fusion, but of its static endproduct, the polykaryon. Thus, it 
could be argued that it is not the fusion event itself-which requires ATP but 
the reorganization of the cellular membranes and the cytoplasms leading to 
a syneytium. However, we have shown that potassium cyanide inhibits poly- 
karyon formation at a very early stage, namely at the level of membrane- 
membrane fusion (manuscript submitted). Briefly, SFV-infected cells were 
microinjected with the highly fluorescent, non permeable dye Lucifer yellow 
1 minute after exposure to pit  6. Cell-cell fusion at this time could be obser- 
ved by the spreading of the dye through microscopic connections into neigh- 
bouring cells. Concomitant addition of potassium cyanide with the change of 
the pH from 7 to 6 abolished this early process. Thus, these observations 
taken together lead to the conclusion that  SFV-induced cell-ceil fusion is a 
process which requires a specific expenditure of energy. Recent reports 
concerning other thsion phenomena also showed that  these processes were 
energy dependent. A study by HERTEL and coworkers demonstrated the 
involvement of cellular ATP in receptor mediated endocytosis (7). DAVE¥ 
and collaborators showed that endoeytotic fusion events require ATP (2). 
Furthermore, it is well known that  fusion of secretory granules in chromaf- 
fine cells occurs only in presence of Mg-ATP (9). 

Thus, comparing the striking parallelism between the different fusion 
phenomena, it is tempting to speculate that physiological and pathological 
fusions are ATP dependent. Additionally, our experiments lend further 
support to the notion that  biological fusion processes are not only strictly- 
physieochemieal even ts -as  could be deduced from reconstituted systems 
(e.g., liposome fusion)-but  also include complex cellular events. However, 
the individual steps in membrane-membrane fusion requiring ATP and the 
final products of this metabolic process are as yet unknown. 
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