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E ~ e m ~  ATP causes a ~ e ~  ~ c ~ e  ~ the pas~ve ~rmeabili~ of ~ e  ~asma m e m ~ e  for phospho~- 
l a t~  m e ~ i i t e s  ~ d  other s m ~  m ~  ~ c ~ t u r ~  m a m m ~  c ~  We p~v~usly ~ m ~ s ~ a ~ d  that 
in CHO-KI c ~ s  ~ A T P - d e ~ e n t  ~rmeabili~ ~ w ~  ~ d ~  ~ ~ e  w e ~ e  ~ a m ~ o ~ o n d ~  
inhibi~r ~ C N  ~ m~non~ ,  a ~toskeleto~attacking a ~  ~ n ~ t i ~ )  and a c ~ m ~  ~ g ~  
( ~ i f l ~ r ~ i n e ) .  These ~rmeabili~ ~ g e s  ~ e ~  ~ b l e  ~ut long ~ r e ,  for ~ - ~  ~ ~ ATP 
~ t h e r  ~ a m i t ~ n d ~  i ~ r  ~ a n t l y  ~ d ~  ~ e  c ~  ~ a b i ~  ~ ~ e  ~ e ~  ~l~s. ~ e  ~his 
c ~  ~ s  was ~own  ~ be due to the A T P - d e ~ e n t  ~rmeabil i~ change, we co~d ~ a ~  sever~ ~ones 
~ s i s t ~ t  ~ the action ~ the extem~ ATP f[om CHO-KI cells af t~  ~ ~eatment with ATP and 
ro~non~ In ~ I  ce l~  one ~ t ~  ~ a t ~  ~one~ ~ e  or no A T P - d e ~ e n t  ~ r m e a b i l ~  c h ~  was 
obse~ed ~ the presence of ~ther a m ~ h o n ~ i ~  ~ v i n ~ f i ~  or ~ f l ~ r ~ e .  Th~ CHO 
~ d ~ t  ~u ld  ~ s~cif ical~ ~ s i s ~ m  ~ ~ the c~ange ~ m e m b ~  ~ r m ~ b i l ~  induced ~ ~ m ~  A T ~  
~ e  t ~  ~ r m e ~ f l ~  ~ r  ~ e  ~ o ~ e  ~ d  d m ~  ~ e d  ~ the p ~ m  s m ~  w e~  ~ l a r  ~ ~ e  ~ 
• e ease M ~ e  p~em e ~  The~  results suggest that a s ~ f i c  d ~ t  ~ M~ofion ~ ~ e  # ~ m a  m e m ~ e  
~ ~vMved M the A T P M e ~ e n t  ~rmeabiH~ change, h ~ Mso ~ e d  that M g X % ~ e m  ATPase 
a c t i ~  w ~  ~ d  ~ t ~  e ~  ~ d ~ e  M ~ C H O ~ I  ~ d  ~1 c ~  and tMs ~ f i ~  w ~  s ~ w n  m ~ n ~  
M v ~ v ~  M ~ e  ~rmeabiHff ~ange  con~olled by ex~mM ATP. 

The ~ c f i v e  p~meaNriff barrier of ~e  N~ma  
membrane is very impo~ant ~ m ~ n t ~ n g  ~e  
celldar hom~osta~s cf rifing cells. It was ~cenfly 
d e m o n s ~ e d  that the ad~fion of ATP to ~ v ~  
mammalian cells ~ c~mr~ such as 3T6, B16 
mdanoma and HeLa cell~ caused a great ~ e ~ e  
in pas~ve p~mea~ri~,  allowing passage through 
the ~ m a  membrane Cf phosphoryl~ed m~abo- 
rites and ~ns [1-7]. In CHO-K1 cells, an ex~rn~ 
ATP-dependent p ~ m e a b ~  change was ~duced 
when the cells were treated with a mitochondrial 
i n h i ~ r  (KCN or ro~non~ [8], a cytoskeleton- 

attacking agent (vinblastine) [9], and a cMmodurin 
antagoni~ (tfifluoperazine) [10]. The mitochon- 
ddal inhibitor reduced the cellular ATP con- 
centration to achieve the effect of externM ATP, 
whereas vinbla~ine or tfifluoperazine induced a 
permeabihty change without a drastic change in 
the cellular ATP concentration. Although the re- 
sul~ of these ~udies sugge~ed the impo~ant roles 
of the cellular ATP, cytoskd~on and calmodulin 
in the con~ol of the permeability chang~ the 
mechanism by which extem~ ATP regulates 
membrane permeability ~ largdy unknown. To 
obtain fu~her in~ght into the biochemi~ry, regu- 
lation and phy~ological role of the ATP-depen- 
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dent permeability chang~ ~udies on anim~ cell 
mutan~ defective in the ATP response would be 
very useful. We report here the initi~ ~Cafion of 
an ATP<efi~ant variant f o m  CHO-K1 cells and 
parfi~ characmfization of the variant cells. 

MaStiffs ~ d  M ~ h ~ s  

Chemica~ 
2-Deox~l-3H]~ucose (16.2 Ci/mmol) and [~- 

nP]ATP (3000 Ci/mmol) were obt~ned f o m  
Amersham In~rnation~, U.K. Vinblasfine sulfa~ 
was purchased f o m  Shiono~ Co. Ltd., Toky~ 
Japan, and trifluoperafine was ~ndly supplied by 
Yoshitomi Pharm. Industrie~ Osak~ Japan. Nu- 
cleofides and other chemicals were obt~ned from 
S~ma, St. Louis, MO, U.~A. 

Cell cu#ure 
Chinese hamster ovary cell~ done K1 (CHO- 

K1), were obt~ned f o m  Flow Laboratories 
(Rock¼H~ MD, U.~A~ and cultured as de- 
scribed pre~ou~y [8-10] in Ham's F12 medium 
cont~ning 10% fet~ c~f serum, peni~llin (100 
U/ml)  and s~eptomy~n (100 ~g/ml). The calls 
were seeded into 35-mm plastic dishes (Corning) 
at denfifies of (1-3).  105 cells/dish, cultured at 
37°C for 2-3 days and then used for the present 
experiment. 

Measumment of ~e  p ~ s i ~  permeability c~ange 
The pas~ve permeabiliw change was m e~u~d  

as d~cribed p~¼ou~y [7-10] by moN~ring Nth~ 
~e  efflux of aN&sMuMe radioactive m~eriMs 
from monNay~ cells or the hydrNysis of p- 
Nvophen~ p h o s p h ~  CHO calls were hbded  
~ r  3 h at 37°C wi~ deox~3H]glucose ~.25 
#Ci/ml, 1 #M) in Nucos~fee F12 me~um con- 
tNning 10% ~Nyzed cNf ~mm. The hbeled cells 
were washed twice with 0.15 M NaC1 and ~en 
incubated at 37°C for 10-15 min wi~ 1 ml of 
buf~r A contai~ng the m~c~ed  additions. Buffer 
A compiled 0.1 M Tri~HC1 ~ H  8.2 m ~ / ~ 0 5  
M N a C r e 0 5  mM CaC1 z. After ~e  ~cubafiom 
the ~ o a c t i ~  rdeased in~ the me~um was 
m e ~ u ~ d  wi~ a hq~d s~n~hf ion  ( o u n ~  F ~  
smd~ng the hydrMysis of p-N~ophen~ pho~ 
phate, calls ~ea~d in buf~r A ~ H  8.~ as ~N-  
cated w~e ~ r ~  ~cuba~d ~ 37°C ~ r  10 min 

with the same medium in the presence of 5 mM 
p-ni~ophen~ phospha~. The supernatant was 
then removed and mixed with 0.1 ml of 1 M 
NaOH Io determine the p-ni~ophenol formed at 
410 nm. 

Regrow~ of A TPareated ~ells and isolation of 
A TP-resistant c~n~ 

(1-1.5). 106 CHO-K1 cells ~ 35-mm dishes 
were incuba~d at 37°C in buffer A (pH 8.~ 
contai~ng 0.1-0.5 mM ATP and a mimchondri~ 
i n ~ m r  (KCN or ~o~nonO for lhe ~ c ~ e d  
period. A f ~  the ~cubatio~ the me~um was 
~moved ca~fuHy and replaced wi~ 2 ml of F12 
me ,u rn  c o n t ~ n g  10% ~rum. The cd tu~s  w~e 
incubated at 37°C f~r 2 h in a CO:-atmosphere 
and then the me~um was changed ag~n for F12 
medium c o n t ~ n g  ~rum to ~move ~f idu~ drugs 
in the cdtures. The cells were further cultured at 
37°C for 24 h and then the number of ~ab~  cells 
in each ~sh was de~rmined after trypfinizafion 
and ~ypan ~ue-staining of the cells. For isohtion 
of ATP-~fi~ant calls, ~e  ~w ~ab~  cells th~ 
~m~ned on a dish a~er ~e~ment with 0.5 mM 
ATP and 3 #M ro~none in buf~r A (pH 8.2) for 
60 min as described above w~e funh~  c~ tu~d  to 
a confluent sta~, and then t~s ge~ment was 
repeated. Then the ¼ab~ cells were ~plated on 
100 mm dishes at ~e  denfiff of 300 cells/&sh 
and c~tured for 1 week to obt~n c~om~.  Rda- 
fivdy ~rge c ~ o ~  w~e randomly ~ e d  and 
the ATP-dependent permeabiliu change ~ each 
c~ony was de~rmined. In about 70% of the iso- 
lated clones the ATP-~nfifi¼ff was decreased, 
the others showing norm~ ~nf i t i~f f  to ATP. One 
of the clones showing a reduced response to ATP 
(No. 9) was redoned further and an ATP-~fis~nt 
done, 9.1, was ~ e d .  

Measummem of ~llular A TP 
~ e l l d ~  ATP was extracted f o m  mono- 

layer cells with ~ c ~ d  0A M perchloric a~d after 
the ~ c ~ e d  ~ e ~ m e ~  of the calls, and the ATP 
concen~ation was determined enzymatically wi~ 
~ r i n q u ~ r ~  u~ng a Packed Tfi-C~b 
liq~d scin~Nficn s p ~ o m ~  [11]. 

Growth inhibition by vinblastine and ~ifluoperazine 
CHO-K1 or 9.1 cells were plated at the denfi~ 



of 1.5 • 105 cells/dish and then incubated for 24 h. 
Various concentrations of the indicated drugs were 
then added to dupficate cultures and the cultures 
were further incubated for 2 days. The calls were 
then ~yp~n~ed, and the ~ab~  cells were counted 
after staining with trypan blue. 

Measurement of 2-deoxy[ 3H]glucose uptake 
Cells cultured in 35-mm dishes were washed 

witE phosphat~buffered saline and then in- 
cubated with 2-deox~H]glucose (0.25 ~Ci/ml, 
10 #M) in 1 ml of Other ~ucose-ffee F12 medium 
or buffer A (pH 8.2) at 37°C for 15 min. The 
uptake was finear for up to 30 min. After the 
incubation, the cells were washed twice with ~e- 
cold phosphate-buffered saline and then the incor- 
pora~d radioactivity was extracted with 1 ml of 
5% cold trichloroacefic add and counted as de- 
scribed [8]. Protons were determined by the 

o method of Lowry et ~. [12] with bofine serum 
~bumin as a standard. 

E c m ~  TP~e a ~  
~ t o - A T ~  actifi~ was ~ ~ d  as de- 

scribed [13] ~ t h  a ~ n o r  mo~fication; intact calls 
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were incubated ~ mon~ay~  cuhures with 0.5-1.0 
mM [ ~ A T P  (2.5 ~Ci/ml) ~ buff~ A (pH 8.2 
or 7.~ for 5-15 min at 37°C, followed by de- 
t ~ m i n ~ n  of fiberated 3 ~  after extraction with 
a tw~pha~ ~paration sy~em, i sobu~n~/ben-  
zene (1:1, v / ~ ,  wi~ 1.25% ammo~um m~yb- 
date and 0.15 M H~SO 4. R a & o a ~ i ~  in the 
upp~ ~ y ~  was counted with ACS II (Amersham). 
A conU~ experiment with a ~sh wi~out cells was 
~ways run in pall~d for correction for the nonen- 
zymatic breakdown of added [~  ~ ~ A T E  

Res~ 
Iso&~on of external A TP-res~tant cells 

It was prefiou~y reported that the ATPAn- 
duced permeability change in CHO-K1 cells is 
reversible and that the permeabilized cells can 
grow when the membranes are se~ed through 
incubation with F12 medium cont~ning serum 
[9,10]. This rever~bifity of the permeabilization in 
CHO-K1 cells was further investigated as to 
wh~her or not longer incubation of the calls un- 
der the conditions for the permeability change 
affects the ~abi~ty of the calls. CHO-K1 cells 
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~ g .  1. E f f~ t  of exogenous ATP on the ~ a b i l i ~  of ceils. (a) Mon~aye r  c ~ m r e s  of CHO cells were ~eated as ~ c ~ e d  ~ b ~ r  A 
~ H  8 .~  m 37°C  ~ r  various ~cuba t ion  times. Then ~ e  m e ~ u m  was r e ~ a ~ d  w i ~  ~esh  F12 m e d ~ m  con ta i~ng  10% s e ~ m  and ~ e  
cells were ~ c u b ~ e d  at 37 °C ~ r  2 ~ A~er  ~ e  ~cuba t iom the m e d ~ m  was r e f a c e d  ag~n  and the c~ tures  were ~ h e r  ~ c u b ~ e d  at 
3 7 ° C  ~ r  24 ~ Then, the number  of f i a ~ e  cells ~ each ~ s h  was determined. (b) ~ m i h r  experimen~ were pe r~ rmed  with an 
~ a t e d  ATP~ef i~an t  d o n ~  ~1. Buf~r  A ~one  (©);  ~5  mM  ATP (a); 0.5 m M  A T P +  1 mM KCN (~); 1 m M  KCN (~). 
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TABLE I 

GROWTH INHIBITION AND PASSIVE PERMEABILITY 
CHANGE INDUCED BY EXOGENOUS ATP IN CHO-K1 
CELLS 

CHO-K1 cd~ were ~ea~d as ~ o ~ d  at 37°C for 30 m~. 
The calls were ~en incubated wi~ F12 me,  urn contMmng 
10% ~ m  M 37°C ~r  2 k and ~en He medium w~ ~ e d  
by ~ h  me&urn. The c d ~ s  were further incuba~d at 37°C 
~r 24 h and then He numb~ of ~abM cells ~ each ~ w~ 
determined. The cell numb~ (%) was cMc~Med on the baMs of 
He numb~ ~ u m ~ e d  cells O.75.106) per disk ~ a ~ p ~ e  
expefimenL He pasMve permeaM~ chan~ in CHO cells 
w~ch had b~n labeMd wi~ deox~3H]gluco~ w~ determined 
a~er incubation of ~e calls as ind~ated at 37°C ~r  10 min. 
The t~M ~ d ~ f i f i ~  wit~n the deox~3H]#uc~e-labded 
calls w~ 28 500 cpm/~sk 

T~mmem Cdl numb~ E~ux 
(~) (~) 

Buffer A (pH 8.2) 90.3 15.3 
+0.5 mM ATP 88.0 18.8 

+ 3 ~M rotenone 2.2 87.5 
+ 1 mM KCN 3.6 93.5 

+ 20 mM glucose 89.1 22.8 
+2 mM Mg z+ 78.3 16.8 

Buffer A (pH 7.2) 98.8 18.3 
+ 0.5 mM ATP+ 1 mM KCN 88.0 32.1 

were treated with ATP and  K C N  in buffer A (pH 

8.2) at 37°C  for the indicated period and  then the 
number  of f iable  cells was d e ~ r m i n e d  a~er  the 

~ e a ~ d  calls had been fu~her  cul tured with F12 

medium contMning 10% serum for 24 h (Fig. 1). 
As reported, the ¼abifity of the calls ~ e a ~ d  with 

ATP  and K C N  for up to 10 min, at which time 
the permeabifi ty change for phosphorylated m ~  
tabolites is c o m p l ~ e  [8,9], was l a rgdy  unchanged.  
HoweveL longer exposure to the agen~  greatly 
reduced the number  of f iable  cells, the number  
b ~ n g  less than 5% of that in the case of untreated 

cells when the ~ea tmen t  was cont inued  for more 
than 30 min  (Fig. la) .  This decrease in cell Oab~-  
ity cn  A T P - ~ e a t m e n t  was shown to be m ~ n l y  due 
to a permeabil i ty change caused by ATP, ~nce  
both phenomena  were well c o s t a r d  with each 
other (Fig. l a  and Table ~ :  f i ~ f l ~  these changes 
o n ~  occurred in the presence of ATP and KCN,  
and  ATP  or the drug Mone did not  induce them; 
secondlL Mmilar resul~  were obtMned with 
another  mitochondriM inhibitor,  rotenone,  i n ~ e a d  
of KCN;  th i rd l~  addi t ion of excess #ucose  or 2 

m M  Mg 2+ to the reaction mix tur~  w ~ c h  ~ b i t  

the p e r m e a b ~  change, Mso decreased ~ e  ATP-  
induced call ~ d f f ;  and lastly, these reactions 
were pH-dependenL and A T P q n d u c e d  call t o ~  

i ~  and a pe r me a b i l i ~  change were not  observed 
at pH 7.2. 

~ n c e  it was noticed dur ing the course of ~ese  

experiments that a ~ w  cells ~ m M n e d  ¼aMe a~er  

the Uemment  with ATP and a mitochondriM ~ -  

~ b i ~ L  these ~abM cells were fu~her  cultured 

and  the same ~ e ~ m e n t  was ~ p e m e &  as d e ~ r i b e d  

under  MMeriMs and  M~hods .  Then  ~verM t o n e s  

were randomly  ~ a ~ d  from the ¼able cells. Most 

of the t o n e d  cells were found to show decreased 
~ns i t i v i f f  ~ the A T P - ~ d u c e d  cell t o f id f f ,  and 

the r e s ~  for one of the ~ M e d  d o n e ~  9.1, are 
shown ~ Fig. lb .  

Pass&e permeabili~ change by external A TP m 
CHO-K1 and ~ 1 cells 

The ex~rnM ATP-dependen t  pasfive permea- 
bil i ty change was d e ~ r m i n e d  in both CHO-K1 
and 9.1 cells. A great increase in the efflux of 

radioactive mate r i~s  from CHO-K1 calls ~ b d e d  
with deox~  3H]glucose was observed when the ce~s 

were incubated with A TP  in the presence of ~ the r  

K C N  cr ¼nblas t ine  (Fig. 2~ ,  as r epo r~d  pre¼- 

o u s ~  [8,9]. In  9.1 c d ~ ,  howeve~ the ATP-depen-  

TABLE II 

HYDROLY~S OF p-NITROPHENYL PHOSPHATE BY 
CHO-K1 AND %1 CELLS TREATED WITH ATP 

Monolayer cultur~ of CHO cells or 9.1 cells w~e i;cuba~d in 
1 ml of buf~r A ~H 8.~ c o m ~ n g  He ind~ated ad~fions at 
37°C for 8 min. Then, 5 mM p-~ophen~ phospha~ was 
added to the me,  urn d~ecdy and He ~cubation was con- 
tinued at 37°C for another 10 rain. The supemMam was 
~moved ~r me~u~mem of He p-~op~en~ produced. 

Treatment Hydrolysis ~ ~ u ~  
phen~ phospha~ 
(nm~/mg p w ~  

CHO-K1 9.1 

Buffer A (pH 8.2) 17.6 15.2 
+0.5 mM ATP 15.2 18.1 

+ 1 mM KCN 116.3 27.2 
+0.2 mM vinblasfine 113.6 24.3 

+ 1 mM KCN 15.1 15.2 
+0.2 mM vinblasfine 12.2 12.6 
+0.1% Tween 80 101.1 109.1 
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Fi~ Z Efflux of deox~3H]~ucos~bded  m~efiMs from CHO-K1 ce~s and 9.1 cells treated with exogenous AT~ CHO-K1 cells (a) 
or 9.1 cells (b) w~ch had been hbded  with deox~aH]#ucose (0.25 ~Ci/ml, 1 ~M) were incuba~d at 37°C ~ buffer A (pH 8.9 
contMn~g the folMwing addit~ns: none (©~ &5 mM ATP (&); 0.5 mM ATP+ 1 mM KCN (O); 1 mM KCN (~); 0.5 mM ATP+ff2 
mM finMasfine (~); 0.2 mM ~nblastine (~). These ad~fions were made M the start of the ~cubafion. A~er the ~d~med ~cubafion 
tim~ the ra~oacfifi~ rdeased into the me,urn w~  determined. The totM ra~oa~ivities wit~n the CHO cells or 9.1 cells were 
52~00 cpm/~sh  and 44,400 cpm/disk respecfivd~ 
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FiD 3. Effect of tfifluoperazine on the ATP-dependent permea~h~ change. CHO ceils (~ or 9.1 cells (b) were hbded  with 
deox~3H]~ucose as described in FiD 2 and then the cel~ were incubated ~ buf~r A (pH 8.9 cont~mng various concentrations of 
tfifluoperazine (TFP) wiM (O) or wiMout (©) &5 mM ATE ARer ~cubafion ~ 37°C for 10 mi~ Me rad~actifi~ released into Me 
med~m w~ measured and ~flux (~) was c f l c ~ e d  on the bails of the tot~ ra~oacfifi~ witch Me cel~ (CHO, 51900 cpm/~sh;  
9.1, 48700 cpm/&sh). 
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TABLE IIl 

EFFECTS OF MITOCHONDRIAL INHIBITORS ON THE 
CELLULAR ATP CONCENTRATION 

CHO-K1 calls or 9.1 calls were ~e~ed as indicated at 37°C 
for 10 min, and ~e celldar ATP was ex~acted and de- 
~rmmed. 

T ~ m e ~  Cell~ar ATP (nm~/106 cells), (%) 

CHO-K1 9.1 

U n ~ d  ~00 ~30 
Buf~r A ~H 8.2) 3~0 (10~ 3~0 (10~ 

+1 mMKCN 0 . 1 4 ( 5 )  ~ 3 1 ( 8 )  
+ 3 ~ M ~ n o n e  0.21( ~ 0.29( 8) 

+ 10 mM ~uc~e 1.72 ( ~ 1.60 (44) 

dent  permeabi l i ty  change was suppressed  and  fit- 
t ~  change in the efflux was observed with Other  
K C N  or  f inb las t ine  ( F i ~  2b). This decrease in the 
s en f i t i~ ty  to e x t e t n ~  A T P  of  9.1 cells was further  
conf i rmed when the pe rmeab i l i ty  change with 

K C N  or f inb las f ine  was de te rmined  as to the 
ent ry  and hydrolys is  of  a d d e d  p - n i ~ o p h e n y l  phos-  
p h a ~  (Table  II). Indeed,  when bo th  types of  cells 
were pe rmeab ihzed  with a n o n q o n i c  de~rgen t ,  
Tween 80, in a c o n ~ o l  exper iment ,  no difference 
in the hydrolyf i s  of p - n i ~ o p h e n y l  phospha te  by  

these cells was found.  
More  recenf l~  we d e m o n ~ r a t e d  that  A T P  and 

a c ~ m o d u f i n  an tagon i~ ,  t r i f luoperazine,  caused a 
syne r~s t i c  increase  in the m e m b r a n e  pe rmeab i l i ty  
of  C H O - K 1  cells, and  a higher  concen~a t i on  of  
t r i f luoperazine  ~ o n e  caused an increase in the 
efflux of rad ioac t ive  c d l u l a r  metabol i tes  [1~.  
These resu l~  were r e p r o d u o b ~ ,  as shown in Fig. 
3a. In an A T P - r e f i ~ a n t  done ,  9.1, the syne r~s t i c  
effect of A T P  and t r i f luoperazine  on the induct ion  
of a pe rmeabi l i ty  change was not  seen but  a 
pe rmeab ih ty  change due to a higher  concen~af ion  
of the drug ~ o n e  was observed (Fig. 3b). These 
results indicate  that  the ~o l a t ed  9.1 cells are de-  
fective in the response to e x ~ r n a l  ATP.  

S e n ~ # ~  of CHO-K1 and ~ 1 cells to mRochondrial 
mhibRors, vinblastine and ~ifluoperazme 

To de termine  whether  9.1 cells are s p e d f i c ~ l y  
defective in the response to e x ~ r n ~  ATP,  the 
sensmvme" s "  "" to m i t o c h o n d f i ~  inhibi tors ,  ~ n b l a s -  
t ine and t r i f luoperazine,  whose presence is re- 
qui red  for an A T P  response in C H O - K 1  calls 

[8-10],  of C H O - K 1  and 9.1 cells were compared .  
Mi tochondf iM i n h i b i t o r ,  K C N  and r o ~ n o n ~  

~mi l a r ly  reduced  the c d l u l a r  A T P  concent ra t ions  
of  these calls, and  the reduced A T P  concent ra t ions  
were res tored by  10 m M  ~ucose ,  which ind ica ted  
the ~mi la r  sen~fi¼fies  to these i n h i b i t o ~  of these 
calls (Table  III) .  The  s en~ t io f i e s  to f inb las t ine  
and  t f i f luoperazine of  these cells were Mso shown 
to be ~milar ,  as j udged  from the effects of these 
drugs  on call growth ( T a b ~  IV). It was Mso no ted  
that  lhe permeabih t ies  of  9.1 cells for these drugs 
seemed to be unchanged,  ~nce  d r u g - r e l i a n c e  in 
an imN calls is o ~ e n  due to reduced permeabi f i ty  

for the drugs [15]. 

Uptake of 2-deoxyglucose by CHO-K1 and ~ 1 cells 
Since the ~o l a t e d  C H O  d o n ~  9.1, was ~hown 

to be defective in the A T P  response,  it was of  
interest  to de te rmine  if this var iant  is a l tered as to 
the membrane  pe rmeab i l i ty  for na tura l  n u t r i e n ~  
needed  for cell growth.  In C H O - K 1  cells, the rates 
of  the up take  of  2-deoxyglucose as an analogue  of  
glucose in glucose-free F12 med ium and in buffer  
A (pH 8.2) were 5 . 4 . 1 0  - ~  and 4 . 3 . 1 0  - ~  t o o l / r a g  
p ro te in  per  rain, r e s p e c f i v d ~  Similar  values for 
the up take  were observed in 9.1 cells, 5 . 5 -10  - ~  
and  4 . 8 . 1 0  - t t  m o l / m g  pro te in  per  min in glu- 

cose-free F12 med ium and in buffer  A (pH 8.2), 

TABLE IV 

EFFECTS OF VINBLASTINE AND TRIFLUOPERAZINE 
(TFP) ON GROWTH OF CHO-K1 AND 9.1 CELLS 

CHO-K1 and 9.1 cells were ~ e d  inn 35 mm ~shes at 
13-105 cells p~ ~sh ~ F12 medium wi~ 10% ~rum. A ~  24 
h incubation, ~e drugs at ~e ~&ca~d concen~ations were 
added to ~e c d ~ s  and ~e Mcubafion was continued for a 
further 2 dayg The numb~ of fiab~ cells in each ~sh was 
determined and ~e msul~ ~e e x p ~ d  ~ cell numb~ (%) on 
• e ba~s of ~at ~ the case of untreated c~m~g 

Dru~ C ~  numb~ (%) 

CHO-K1 9.1 

None 100 
VinMasfine 0~1 #M 86.0 

~05 ~M 13.9 
0.1 ~M 2.5 

TFP 10 #M 56.2 
25 ~M ~4 
50 ~M 1.0 

100 
~ 
21.1 
3~ 

74.5 
2.8 
1.5 



respectivd~ These ~ s ~ B  taken tog~her suggest 
that the membrane permeabilities in 9.1 cells for 
nutfienB and severM drugs are not M~re& 

Ecto-A TPase a c t i ~  of CHO-K1 and ~ 1 ~ells 
The resuks presented here suon~y  suggest that 

the ATP~ef i~ant  property of 9.1 cells is a spedfic 
defect or M~rafion at the cell surface which inter- 
acts with e x ~ r n ~  ATP. Posfib~ targ~ molecules 
are ATP~equiring ectoenzymes such as ATPases 
or p ro ton  kinases, whose exi~ence at the cell 
surface has been reposed  in various types of 
mammafian cells ~ 3 j 6 - 2 0 ] .  Howeve~ lhe resul~ 
of recent ~udies on ATP-induced permeabifiza- 
fion are a g~ n~  the invoNement of an ectoprot~n 
kinase-dependent membrane phosphorylafion 
[10,21]. Therefor~ we investigated as to wh~her  
or not e~o-ATPase acti~ty partidpates in the 
permeabifity change in CHO-K1 cells and ~so 
whether or not change in the ATPase acti~ty 
acquires the ATP-resistant phenotyp~ When in- 
tact CHO,-K1 cells were incubated with [y- 
~P]ATP in buffer A (pH 8.2), ATP-hydrolyfing 
activity was observed only in the presence of 
Mg 2÷ (Table V). This acti~ty was insenfifive to 
ouabin~ and Mg 2+ could not be replaced by 
Ca z+. These resul~ indicate the presence of 
MgZ+-dependent ATPase acti¼ty on the cell 
surface of the CHOoK1 cells. However, this 
ATPase activity cannot be involved in the con~ol 
of the ATP-dependent pe?meabifity chang~ fince 

TABLE V 

ECTO-ATPase ACTIVITY OF CHO-K1 AND 9.1 CELLS 

Mcnday~ cd~res cf cells were ~cubated wi~ [ ~ A T P  (2.5 
~Ci/ml, 1 mM) and ~e ~ d ~ e d  additions in 1 ml of buf~r 
A (pH 82 or 7.~ at 37°C for 15 rain. A~er incubation, ~e 
fiberated ~ w~ ex~acted and measu~d as described under 
M~eriMs and M~hods. 

Ad~tio~ HydrdyMs of ATP (nm~/106 cell~ 

CHO-K1 9.1 

Buffer A (pH 8.2) 0.12 0.10 
+5 mM MgC12 17.3 18.9 
+5 mM CaC12 &10 0.10 
+ 5 mM MgCl 2 
÷ 1 raM ouab~n 1~7 16.6 

Buffer A (pH 7.2) 0.10 0.10 
+5 mM MgC12 16.5 15~ 
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it was ob~rved without Mg z+ and was suppressed 
by more than 1 mM Mg 2+ (Re~. 9, 22 and Table 
I). An e~o-ATPase a c t i ~  showing ~mi~r  c h a r  
a~efistics was Mso found ~ 9.1 calls, and the 
spedfic ac t i~ff  cf  the ATPase was found to ~ -  
m ~ n  unchanged as that ~ the case of CHO-K1 
cells was. T h e e  ~ s ~  tog~her sugg~t that the 
ATPase a c f i ~  found on the cell sur~ce of CHO- 
K1 cells ~ not directly invdved ~ the p~meab~- 
ity change ~duced by ex~rn~  A T ~  nor ~ an 
ATP-re~stant phenotype of 9.1 cells. 

D h c u s ~ o n  

In the present study, we observed that the 
permeabifization of CHO-K1 cells on ~eatment 
wilh ex~rnM ATP and a mitochondfiM inhibitor 
was revertible, as reposed pre~ou~y [10], but 
long exposure to these agents reduced the reverfi- 
bifity, Lading to a remarkab~ decrease in the 
number of f i ab~  cells. This ATPdnduced call 
t o ~ d t y  was shown to be due to the permeability 
change induced by exmrnM ATP. Then, by repeat- 
ing this procedure, an ATP~efi~ant .var ianL 9.1, 

acSHo-K~° lCell t ~ e ~ ! t ~ n ~ s  s ~ e ° n ~ S ~  little p e r m e i S  a - ° l a ~ d  from 

bility change by e x ~ r n ~  ATP was observed in lhe 
presence of Other a mitochondfi~ inhibitor or 
¼nbhsf in~ whose modes of action on cellular 
function are different [2. Furthermore, the ATP- 
dependent permeability change was ~so  not seen 
in 9.1 cells when trifluopera~ne was used as 
another drug for i n d u in g  the permeabifity change 
[10], Mthough a permeability change with tfifluo- 
pera~ne Mone at ~ higher concentration was ob- 
served ~milafly in both parent and the variant 
cells. In addition, membrane permeabi~ties for 
2-deoxy~ucose and the drugs used for the pe~ 
meability changes in 9.1 cells were not ~ r e d  at 
all. These resul~ s~on~y  suggest that the ~olated 
d o n ~  9.1, is a spedfic membrane variant defective 
in a membrane permeabihty change induced by 
external ATP. Although genetic an~y~s  of this 
cell has not been undertaken yet, the phenotype 
was very stable during seri~ passages for more 
than 2 month~ Furthermore, subdones of 9.1 cells 
were to all be defective in the response to ex ~ rn ~  
ATP. These facts indicate the stable phenotype of 
this new membrane variant and exclude other 
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posfibihfies such as desenfit~afion by the ATP- 
~eatment. 

Ex~rnM ATP-dependent permeability changes 
observed in severM ~ansformed calls including 
CHO-K1 cells have ~milar charac~fistics: tem- 
perature and pH dependendes, high spe~fioty for 
added ATP, reverMbihty and no requirement for 
divMent ions hke Ca z+ or Mg 2+. From this e~- 
dence we and other authors have assumed the 
involvement of an ATP-requifing enzymatic rea~ 
lion on the cell surface [2,~%22]. HoweveL the 
resul~ of the present and prefious ~udies on the 
ATP effect have shown that at Mast two kinds of 
well charac~fized enzyme actififies on the call 
surface, those of Mg 2 %ATPase and protein kinase 
~ 1 6 - 2 0 ] ,  are not involved in the ATP-con~olled 
membrane permeabihty, although the p~rtidpa- 
lion of other ectoenzymes remMns to be investi- 
gated. W~sman et M. [23] recently rMsed the 
posMbifity that ex~rnM ATP activates channd 
formation which Mlows the flee movement of 
Na + and K +, followed by an increase in the 
permeabifity for nudeotides which pass through 
the same or dif~rent channds. The reverMbihty of 
the ATPdnduced permeabil~ation de~rmined in 
the present Mudy may depend on the nature of the 
created channd~ Although we know tittle about 
the ATP-activa~d aqueous channds in mam- 
malian cells, this ATP~eM~ant varianL 9.1, will 
be very useful for studying the nature and func- 
tion of such ATP-interacting components in the 
plasma membrane a~odated with lhe permeabil- 
ity chang~ This as well as biochemicM charac~ri- 
zation of 9.1 wa~ant further expefimentM work in 
our Mboratory. 

ExternM ATP w~s Mso iepo~ed to modulate 
various call surfac~dependent properties such as 
cell volume [2~, ionic fluxes [25-27], morphology 
[2~2~, and histamine rdease ~%3~, as well as 
cell aggregation [31] and firus infection [3~ in 
various types of cells. In spi~ of all these ~udies 
concerning the influence cf ex~InM ATP on the 
call surface of mammahan cell~ the mechanisms 
and the physiolo~cM roles of the ATP are Mrgdy 
unknown. In the present stud~ severM membran~ 
assodated bi~o~cM properties, such as call 
growtk morphology, adheMveness and the r~ 
sponse to cyclic AMP of 9.1 calls were determined 
(data not shown). HoweveL none of these biolo~. 

c~ properties were ~ &  sugg~fing that these 
prop~fi~ are independent of the ATP-~duced 
membrane permeabiliff change. 

It is ~so of ~ s t  to determine wh~her the 
ATP-dependent p e r m e a b ~  change is crific~ 
with ~spe~ to m ~ n a n t  Vandormatio~ fince 
this permea~hff change has been found ~ sever~ 
~ansformed calls in cdtum [1-8]. By means of the 
ATP ~eatment, some drugs co~d be selectively 
~corporamd into lhe ~ansformed cells [6]. We are 
~so in the process of ~ a t i n g  other mu~n~ 
de,clive in the ATP-~sponse ~om ATP~enfifive 
~ansformed cells by a fimihr procedure to that 
described here. 

Further hiochemic~ and genetic ~ u ~  on 
these mutan~ will pro~de useful ~formafion on 
the mgdafion cf pasfive permea~h~ in mam- 
malian cells. 
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