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Infection of chick-embryo fibroblasts and other ceils by 
c e r t a i n  animal  v i ruses  results in al terations in the 
intracellular concentrat ions of Na + and K +. Dramatic 
a l t e r a t i o n s  in m o n o v a l e n t - c a t i o n  c o n c e n t r a t i o n s  of 
l y t i c - v i r u s - i n f e c t e d  ceils may favor the synthesis of 
vi ra l  p ro te ins  over  ce l lu l a r  proteins. More subtle 
al terat ions in re t rovirus- t ransformed cells may result in 
the expression of many morphological and biochemical 
changes associated with the transformed phenotype. 

E l u c i d a t i o n  of the mechanisms by which viruses influence cell- 
s p e c i f i e d  m a c r o m o l e c u l a r  syn thes i s  is one of the most intensely 
pursued goals of molecular biology. Lytic viruses which induce the 
d e a t h  of the host  cell generally do so by subordination of host- 
s p e c i f i e d  m a c r o m o l e c u l a r  synthesis. Lytic viruses may have two 
e f fec t s  on protein synthesis in the infected cell (192) which may not 
occur simultaneously. One e f fec t  is a reduction in the overall rate of 
protein synthesis, which may be nonselective. Virus- and cell-specified 
proteins are synthesized at a reduced rate in the infected cell. A 
second e f f ec t  is a select ive inhibition of cellular protein synthesis and 
a switchover from cell- to virus-specified protein synthesis. Both the 
de c l i ne  in the  overall rate of protein synthesis and the select ive 
inh ib i t ion  of host-specified protein synthesis appear to involve the 
initiation step of protein synthesis. Host mRNAs are not degraded in 
the lyt ic-virus- infected cell and are functional in in vitro protein- 
s y n t h e s i z i n g  systems (2-5) .  Host and viral mRNAs must have a 
distinguishing fea ture  to account for the select ive translation of viral 
mRNA in the infected cell. Discrimination between host and virus 
mRNA translation may involve an al terat ion in a component(s)  of the 
initiation complex. 

Transforming viruses, such as retroviruses, generally do not inhibit 
host macromolecular  synthesis, but they induce the expression of a 
new s e t  of p h e n o t y p i c  c h a r a c t e r i s t i c s  t e r m e d  t r a n s f o r m a t i o n  
parameters .  Retroviruses contain genes, oncogenes, which are believed 
to encode proteins responsible for phenotypically altering the trans- 
formed cell (6).  The mechanism by which these proteins induce cell 
t ransformation is unknown. Results summarized here suggest that both 
l y t i c  and t r a n s f o r m i n g  vi ruses  may employ  a common strategy,  
a l terat ion of the intracellular Na + and K + concentrat ions,  to a f fec t  
cellular gene expression. 
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M e t h o d s  

M e t h o d s  for  m e a s u r e m e n t  of c e l l -  and vi rus-specif ied macro-  
m o l e c u l a r  syn thes i s9  d e t e r m i n a t i o n  of i n t r a c e l l u l a r  Na + and K + 
c o n c e n t r a t i o n s 9  and d e t e r m i n a t i o n  of hos t  p o l y s o m e  prof i les  in 
ch i ck -embryo  f ibroblasts  and BHK ceils have been descr ibed previously 
( 7 - 9 ) .  In te r fe ron  assays and assays of the levels  of antiviral  prote ins  
have also been descr ibed (g) .  The evaluat ion of re t rov i rus - induced  
t r ans fo rma t ion  pa rame te r s  was pe r fo rmed  as deta i led  in Garry  et  al. 
(IO). 

R e s u l t s  and D i s c u s s i o n  

Effect of altered Na + media on cell- and virus-specified protein 
synthesis 

The in t race l lu la r  concen t r a t i on  of Na + is low and the in t race l lu la r  
c o n c e n t r a t i o n  of K + is high re la t ive  to the concen t ra t ions  in the 
ex t race l lu la r  medium ( i f ) .  K o c h  and col leagues (12) demons t r a t ed  
t h a t  i n c u b a t i o n  of uninfec ted  ceils in medium containing e leva ted  
concen t ra t ions  of Na + (among o ther  t r e a t m e n t s )  inhibits the ini t ia t ion 

�9 of prote in  synthesis.  Init iat ion of t rans la t ion of cel lular  proteins  is 
a l so  i n h i b i t e d  by i n c u b a t i n g  ce l l s  in media  containing decreased  
c o n c e n t r a t i o n s  of Na + (798). Ini t iat ion of t rans la t ion  of cel lular  
mRNAs is inhibited because  incubat ion in high-Na § medium results  in 
an increase  in in t race l lu la r  Na + and incubat ion in low-Na + medium 
r e s u l t s  in a d e c r e a s e  in in t race l lu lar  K + (7) .  P ro te in  synthesis  
speci f ied  by a va r i e ty  of d i f f e ren t  viruses is much more  res is tant  than 
c e l l - s p e c i f i e d  p r o t e i n  synthesis  to the ini t ia t ion block induced by 
a l t e r ed  Na + medium (7 -15 ) .  Virus-specif ied mRNAs are t r ans la ted  
m o r e  e f f i c i e n t l y  t han  c e l l u l a r  m RN A s  ac ros s  a wider range of 
monova len t -ca t ion  concen t ra t ion  in vi t ro.  Na + is increased and the 
c o n c e n t r a t i o n  of K + d e c r e a s e d  by t r e a t m e n t  with ouabain9 which 
inhibits the membrane -as soc ia t ed  (Na+/K+)ATPase  (9) .  Consequently9 
o u a b a i n  t r e a t m e n t  i nh ib i t s  c e l l u l a r  prote in  synthesis,  but is less 
inhibi tory  t o  prote in  synthesis  specif ied by ce r t a in  viruses (9916). 

Not all cell mRNAs are inhibited equally by ly t ic  virus in fec t ion  
( T a b l e  1) .  Nuss and Koch (17) showed that  compared  to o ther  
cel lu lar  proteins  the synthesis  of IgG in mye loma ceils was much more  
r e s i s t a n t  to  t he  s e l e c t i v e  inh ib i t i on  of cel lular  prote in  synthesis 
induced by vesicular  s tomat i t i s  virus (VSV) infec t ion .  In te r fe ron  and 
c e r t a i n  hea t -shock  proteins  are induced during ly t ic  virus infec t ions  
(891g; Garry9 Niesel9 and Bose~ submi t t ed ) .  An exce l len t  co r re la t ion  
e x i s t s  b e t w e e n  the abil i ty of a cel lular  prote in  to be synthes ized 
du r ing  l y t i c  v i rus  infec t ion  and in cells with a l t e red  in t race l lu la r  
concen t ra t ions  of Na + and K +. The synthesis  of IgG is much more  
res i s tan t  to hyper tonic  medium than the synthesis  of most cel lular  
prote ins  (19) .  Fibroblast  in t e r fe ron  synthesi% but not synthesis  of the 
in t e r fe ron- induced  antiviral  protein% is as res is tant  as the synthesis  of 
v i r u s - s p e c i f i e d  prote ins  to a l te red  Na + media (8) and to ouabain 
(20921). The synthesis of hea t -shock proteins  is also res is tant  to 
a l t e r e d  Na § m e d i a  (22;  G a r r y  9 Niesel9 and Bose9 s u b m i t t e d ) .  
Di f fe ren t i a l  sensi t iv i ty  of the t rans la t ion  of ce r t a in  lens proteins may 
play an impor tan t  role in the fo rmat ion  of c a t a r a c t s  (23) .  
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Table i. Synthesis of cellular proteins under conditions 
which alter intracellular Na + and K + 

Numbers in parentheses are reference citations. 

Lytic virus Altered Na+ 
Protein infection medium Ouabain 

IgG resistant (17) 

Interferon resistant (8) 

Antiviral 
protein 

Heat-shock 
proteins 

High-mol.-wt. 
6-crystalin not tested 

Low-mol.-wt. 
~-crystalin not tested 

resistant (19) 

resistant (8) 

not tested 

resistant (20,21) 

sensitive (8) sensitive (8) sensitive (20,21) 

resistant (22;*) resistant (22;*) not tested 

not tested 

not tested 

resistant (23) 

sensitive (23) 

*Garry et al., submitted. 

Effect of lytic viruses on intracellular Na + and K + concentrations 

In cells ly t ica l ly  in fec ted  with Sindbis virus (SB),  an alphavirus,  or 
VSV, a rhabdovirus,  the in t race l lu la r  Na + concen t r a t i on  increases  ( f rom 
20 mM to over  60 mM) while the in t race l lu la r  concen t ra t ion  of K + 
d e c r e a s e s  ( f r o m  150 mM to und e r  60 mM) ( T a b l e  2) ( 7 , g ) .  
Al te ra t ions  of in t racel lu lar  ion concen t ra t ions  also develop in cells 
i n fec t ed  by encepha lomyocard i t i s  virus (EMC) ,  a picornavirus (Tab le  
2) (24) .  The changes in in t race l lu lar  ion concen t ra t ions  found in 
these  ly t i c -v i rus - in fec ted  cells are of suf f ic ien t  magni tude  to inhibit 
the  t rans la t ion  of most host mRNAs. Transla t ion of v i rus-speci f ied  
mRNAs is una f f ec t ed  or even s t imula ted  by these  changes.  In SB- and 
VSV-infected cells the a l t e ra t ion  in in t race l lu la r  ion concen t ra t ion ,  the 
reduct ion  in the overall  ra te  of prote in  synthesis,  and the se lec t ive  
inhibition of host prote in  synthesis occur  s imultaneously.  In EMC- 
i n f e c t e d  c e l l s  an a l t e ra t ion  in in t race l lu la r  ion concen t r a t i on  also 
occurs  s imul taneously  with the overal l  reduct ion  in the  r a t e  of prote in  
s y n t h e s i s .  The  s e l e c t i v e  i n h i b i t i o n  of host prote in  synthesis in 
EMC- in fec t ed  cells, however ,  occurs  l a te r  in in fec t ion  at a t ime  when 
viral mRNAs accumula te .  Manipulating the concen t r a t i on  of salts in 
the  medium, which presumably res to res  the in t race l lu la r  concen t r a t i on  
of Na + to the levels found in uninfec ted  cells, reverses  the se l ec t ive  
i n h i b i t i o n  of  c e l l - spec i f i ed  prote in  synthesis  in EMC- in fec ted  cells 
(25) .  These  results suggest  tha t  the reduct ion in overall  r a t e  of 
prote in  synthesis  observed in cells i n fec t ed  with SB, VSV, and EMC 
may be the resul t  of the a l t e ra t ion  in the  in t race l lu la r  ion concen-  
t ra t ions .  Al te ra t ions  in the in t race l lu lar  ion concen t ra t ions  may also 
be required to se lec t ive ly  inhibit hos t - spec i f ied  prote in  synthesis.  This 
e f f e c t  requires  the accumula t ion  of viral mRNAs which may c o m p e t e  
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Table 2. Effects of lytic RNA-virus infections on 
intracellular Na + and K + levels and protein synthesis 

Numbers in parentheses are reference citations. 

Virus/cell 

Alteration in Decline in Selective 
intracellular overall rate inhibition of 
Na + and/or K + of protein host protein 

levels synthesis synthesis 

Sindbis virus/ 
CE cells (9) 2 h 

Vesicular stomatitis 
virus/CE cells (8) 3 h 

Encephalomyocarditis 
virus/L cells (24) 3 h 

2h 2h 

3h 3h 

3h 4h 

with the host mRNAs for a protein synthesis factor  that is sensitive 
to  the  a l t e red  ionic environment.  Alterations in the intracellular 
concentrat ions of Na + and K + have also been documented in cells 
infected with SV40 (26), adenovirus (5),  and, at a late stage of 
i n f e c t i o n ,  with pol iovi rus  (27; A. Schaefer,  R. Zibirre, P. Kabus, 
3. Kuhne, and G. Koch, personal communication, and ref. 2g), but may 
not occur during infections by other viruses (29).  

Effect of Sindbis virus infection on monovalent cation transport 

Carrasco (30) proposed that an increase in the permeabili ty of 
lyr ic-virus-infected cells to Na + results in an increase in intracellular 
Na + and a s e l e c t i v e  t e r m i n a t i o n  of host p ro t e in  syn thes i s .  
Intracellular concentrat ions of Na + and K + are maintained by a number 
of a c t i v e  and pass ive  i o n - t r a n s p o r t  sys tems  (11,31). We have 
examined ion transport and permeabili ty in cells infected by Sindbis 
virus (Ulug and Bose, in preparat ion) .  Sindbis virus infection results 
in a 40% inhib i t ion  of the membrane-associated (Na+/K+)ATPase 
( sod ium pump) a c t i v i t y  as determined by ouabain-sensitive influx 
experiments utilizing the K + t racer  86Rb. The furosemide-sensit ive 
Na+/K+/CI - cotransport  system (31) is not inhibited during Sindbis 
v i rus  i n f e c t i o n .  F u r t h e r  e v i d e n c e  t ha t  the  (Na+/K+)ATPase is 
inh ib i t ed  is p rov ided  by a para l l e l  d e c r e a s e  in the  binding of 
[3H]ouabain to SB-infected cells. Likewise, there is a substantial 
d e c r e a s e  in the  ( N a + / K + ) A T P a s e  a c t i v i t y  of p lasma membrane 
f r a c t i o n s  ob ta ined  from SB-infected ceils. Moreover, we find no 
evidence for increased permeabili ty or leakage of monovalent ions. 
The  changes in (Na+/K+)ATPase act ivi ty are temporally correlated 
with the select ive inhibition of cellular protein synthesis. Thus, while 
the intracellular concentrat ion of Na + increases (and the concentrat ion 
of K + decreases) during Sindbis virus infection these changes are due 
to  an inhib i t ion  o f  the  (Na+/K+)ATPase act ivi ty and not to an 
increase in nonspecific membrane permeabili ty.  
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Na + and K + retrovirus transformation 

One of the earliest events after st imulat ion of lymphocytes by 
mitogens is the act ivat ion of the sodium pump (32). Nerve growth 
factor also activates the sodium pump (S. Varon, personal communica- 
t ion) ,  and increased fluxes of monovalent ions are an early event in 

rowth st imulat ion induced in cultured cells by the addition of serum 
3,34). Transformation by retroviruses also results in alterations in 

the g rowth  proper t ies  of animal cells. Chick-embryo (CE) cells 
transformed by the Bryan (B) and Schmidt-Ruppin (SR) strains of 
Rous sarcoma vi rus (RSV) exhibi t  strain-specif ic changes in their 
int racel lu lar  Na + and K + concentrations (10,35,36). The magnitudes of 
these changes are less or the directions are di f ferent from the changes 
in ion concentrations in ly t ic-v i rus- infected cells. Lowering the Na + 
concentrat ion of the medium in which normal chick-cel l  cultures are 
incubated  causes them to enlarge, vacuolate, and appear morpho- 
logical ly similar to cells transformed by B-RSV ( I 0 ) .  Raising the Na + 
concen t ra t i on  of the medium causes cel ls  to become round or 
spindle-shaped and to appear morphologically similar to cells trans- 
formed by SR-RSV. Uninfected chick-cel l  cultures incubated in either 
l ow-  or h igh-Na + medium also express many other  phenotypic  
characterist ics of transformed cells. They lose contact inhibi t ion of 
growth and movement, grow to higher saturation densities, synthesize 
reduced amounts of f ibronectin, exhibit  increased lect in agglut inabi l i ty,  
transport increased amounts of hexoses, have reduced levels of succinic 
dehydrogenase a c t i v i t y ,  produce increased amounts of lactate and 
pyruvate, and can be serial ly passaged in Culture s igni f icant ly  longer 
than normal chick fibroblasts. Chick cells incubated in altered Na 
media do not exh ib i t  al l  t ransformation parameters expressed by 
R S V - t r a n s f o r m e d  ceils .  The ceils did not grow in sof t  agar  or in 
l o w - s e r u m  m e d i u m .  These  resul ts  iden t i fy  a possible  new t r ans -  
f o r m a t i o n  p a r a m e t e r ,  a l t e r a t i o n  of the in t race l lu la r  Na + and K + 
c o n c e n t r a t i o n s ,  and suggest  tha t  many,  but not all, t r a n s f o r m a t i o n  
p a r a m e t e r s  m a y  be c o n s e q u e n c e s  of  t h e  a l t e r e d  i n t r a c e l l u l a r  
c o n c e n t r a t i o n s  of monova len t  ca t ions .  

The a l t e ra t ions  in in t race l lu la r  Na + and K + induced by RSV are  
d e p e n d e n t  on a func t iona l  t r ans fo rming  gene: src.  The src gene 
p roduc t ,  pp60 s rc ,  possesses  a pro te in  kinase ac t i v i t y  with the  unusual 
s p e c i f i c i t y  fo r  t y r o s y l  r e s i d u e s  (6 ) .  The mechan i sm ut i l ized by 
pp60 src to a l t e r  in t race l lu la r  ion c o n c e n t r a t i o n s  is unknown. Severa l  
i on - t r anspo r t  sys t ems ,  such as the  ( N a + / K + ) A T P a s e ,  a re  known to be 
r egu la ted  by phosphoryla t ion  (5 ) .  In addit ion,  Bane r j ee  and coworkers  
(37)  r epor t ed  tha t  the  level  of [3H]ouaba in-b ind ing  s i tes  dec reases  in 
cel ls  t r a n s f o r m e d  by SR-RSV. Bader  et al. (36) r epor t ed  t ha t  cei ls  
i n f e c t e d  by B-RSV h a v e  the  s a m e  number  of [3H]ouaba in -b ind ing  
s i t e s / m g  pro te in  as cont ro l  ceils .  Since B - R S V - t r a n s f o r m e d  CE cel ls  
a re  larger  and conta in  more  pro te in  than un t r ans fo rmed  cells  (38) ,  the  
number  of [3H]ouaba in-b ind ing  s i tes  per cell is higher in the B-RSV- 
t r a n s f o r m e d  CE cells .  
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