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Abstract 

Transplasma membrane electron transport activity by fetal rat liver cells 
(RLA209-15) infected with a temperature-sensitive strain of SV40 has been 
measured with cells grown at the restrictive temperature (40°C) and permissive 
temperature (33°C). The transformed cells grown at 33°C had only one-half 
the rate of external ferricyanide reduction as the nontransformed cells held at 
40°C. Both the K m and Vma x for ferricyanide reduction were changed in 
the transformed state. The change in Vma x can be based on a decrease of 
NADH in the transformed cells. The change in rate with ferricyanide does not 
depend on change in surface charge. Reduction of external ferricyanide was 
accompanied by release of protons from the cells. The ratio of protons released 
to ferricyanide reduced was higher in the transformed cells than in the non- 
transformed cells. Since the transplasma membrane electron transport has 
been shown to stimulate cell growth under limiting serum, the changes in the 
plasma membrane electron transport and proton release in transformed cells 
may relate to modification of growth control. 

Key Words: Plasma membrane; pyridine nucleotide oxidation; temperature 
sensitive SV40; liver cells; transmembrane electron transport; cell transfor- 
mation; enzyme kinetics. 

Introduction 

A t r a n s p l a s m a  m e m b r a n e  r e d o x  system,  f o u n d  in m a n y  types  o f  cells, has  

been  re l a t ed  to the  c o n t r o l  o f  cell g rowth .  A c t i v a t i o n  o f  t r a n s p l a s m a  

m e m b r a n e  e l ec t ron  t r a n s p o r t  w i th  f e r r i cyan ide  s t imula tes  the g r o w t h  o f  

m e l a n o m a  cells in se rum-def i c i en t  m e d i a  (E l l em and  K a y ,  1983) a n d  

p r o m o t e s  H e L a  cell p r o l i f e r a t i o n  in the  absence  o f  fetal  ca l f  s e rum o r  o t h e r  
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growth factors (Sun et al., 1984a). A series of impermeable oxidants with 
redox potentials down to -125  mV have similar growth promoting effects 
(Sun et al., 1984b). All of these oxidants are reduced by the transplasma 
membrane electron transport system. Oxidants which are not reduced by the 
transmembrane electron transport do not stimulate growth (Sun et al., 
1984b). Growth-promoting hormones, such as insulin, stimulate growth in 
the absence of serum and also stimulate transmembrane redox activities (Sun 
el al., 1984a). Diferric transferrin, which is an essential growth factor for 
many cells, can act as an electron acceptor for the plasma membrane redox 
system (Crane et al., 1985a). 

Redox effects on growth are not unexpected, since animal cells which 
have nonfunctional mitochondria still require oxygen for growth (Scheffer 
et al., 1981). Antineoplastic drugs (Sun and Crane, 1981, 1984a, b, c) which 
inhibit cell growth also inhibit the transplasma membrane redox system. 
There is also some evidence that virus-transformed or tumor cells have lower 
transmembrane redox activities than nontransformed cells. These cells 
include Simian Virus 40 transformed R L A 2 0 9 - 1 5  liver cells (Sun et al., 1983), 
SV40-transformed R P N A 2 0 9 - 1  pineal cells (I. L. Sun, unpublished), 3T3 cells 
(Crane et al., 1985b), Esb ( L S 1 7 8 Y - E S  and E b L S 1 7 8 Y - E )  cells (Cherry 
et al., 1981), and hepatoma McA-RH7777 cells (Crane et al., 1985b). A 
lower NADH ferricyanide reductase activity in purified plasma membrane 
from transformed 3T3 cells has been reported (Sheinin and Onodera, 1972). 
The transmembrane redox activity in transformed cells is also more sensitive 
to inhibition by antitumor drugs (Sun et al., 1983). 

To understand the regulation of transmembrane redox systems in cancer 
cells it is necessary to have a valid control system in which to study the 
normal redox function. Cultured rat fetal liver cells ( R L A 2 0 9 - 1 5 )  that retain 
differentiated hepatic functions have been established by transforming 
normal liver cells with tsA mutant of SV40 that is temperature sensitive in the 
gene required for the maintenance of transformation (Chou and Schlegel- 
Haueter, 1981). The cell line expresses the transformed phenotype at the 
permissive temperature (33°C) but mimics the normal nontransformed 
hepatocytes at the restrictive temperature (40°C). This cell line provides us a 
favorable model for the study of the nature of transmembrane redox modifi- 
cation under reversible conditions of malignant transformation. 

Numerous studies have shown that pyridine nucleotide pools are signifi- 
cantly altered in proliferating tissues in comparison to those of nonproliferat- 
ing tissues (Jedeikin and Weinhouse, 1955; Caiger et al., 1962; Nemeth and 
Dickerman, 1960; Briggs, 1960; Burch and Von Dippe, 1964; Clark et al., 
1966; Ferris and Clark, 1972). We have previously observed a decrease 
in NAD(H) levels of rat liver following administration of a carcinogen 
(2-acetylaminofluorene) (Sun et al., 1985). Furthermore, changes in pyridine 
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nucleotide levels as a function of growth in normal and transformed 3T3 cells 
have been reported (Jacobson and Jacobson, 1976). N A D H  or N A D P H  may 
increase (Schwartz et al., 1974; Warburg, 1977) or decrease (Jedeikin and 
Weinhouse, 1955) as a result of transformation. Although the significance of 
the relationship between NAD(H) levels and cell proliferation is not clear, 
their possible involvement in growth control are of great interest. The 
N A D H  level can also control the Vmax for the transplasma membrane 
dehydrogenase involved in redox stimulation of growth. Therefore the level 
of NAD and NADP and their redox states have been measured as a func- 
tion of growth in RLA209-15 (40°C) cells which exhibit density-dependent 
inhibition of growth and RLA209-15 (33°C) cells which have lost this 
property. 

Experimental 

Growth of Cells and Culture Conditions 

RLA209-15 fetal liver cells were cultured in s-modified minimal essential 
medium (~ MEM, from Irvine Scientific Company, with arginine, sup- 
plemented with 0.4raM ornithine), 100#g/ml streptomycin, and 100u./ml 
penicillin plus 4% fetal bovine serum and gassed with 5% CO2 and 95% air 
as described previously (Chou and Schlegel-Haueter, 1981). After 3 days of 
culture at 33°C, some cells were cultured for 2 more days at 40°C to suppress 
transformation and cause a return to normal phenotype. The rest of cells 
remain at 33°C to maintain the transformed phenotype. Cells were then 
harvested in the same media and washed in sal ts-Tris-EDTA buffer (140 mM 
NaC1, 2.5raM KC1, 0.6raM NazHPO4, 25raM Trizma base, and 0.05raM 
EDTA, pH 7.4) (TD buffer). The pellet was resuspended in the same buffer 
to a final concentration of 0.1 gram wet weight per ml (gww/ml). As controls, 
we used the McA-RH7777 hepatoma and primary rat fetal hepatocyte cells, 
which were cultured at 33°C in the same media. 

Assay of Ferricyanide Reduction by Cells 

The rate of ferricyanide reduction was measured at 37°C with cells 
(1-10rag) suspended in 2.8ml TD buffer with ferricyanide added to 
0.2 0.4raM. Eerricyanide reduction was measured in an Aminco DW2a 
spectrophotometer in the dual-wavelength mode at 420 nm minus 500 nm. 
The cuvette was stirred with a magnetic stirrer. Extinction coefficient for 
ferricyanide is 1 raM-1 cm 1. There was an initial fast rate of ferricyanide 
reduction by cells for 1-2 rain followed by a steady slower rate which con- 
tinues for 10rain or longer (Sun et al., 1983, 1984a, c; Clark et al., 1981). 
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Study of Kinetics of Enzymic Reactions 

The affinity of the surface site for the oxidant, ferricyanide, was deter- 
mined. Reductase activity was assayed with different concentrations of 
ferricyanide and the results plotted in a double reciprocal Lineweave~Burk 
plot to determine Km and Vmax (Dixon and Webb, 1979). 

Assay of Proton Extrusion 

Ferricyanide-induced proton generation was measured in a 2-ml cuvette 
and an Orion 701 pH meter and a Corning combination electrode. Cells were 
suspended in Krebs-Henseleit solution without phosphate or bicarbonate 
(low buffer) or in a sucrose salts solution (10ml KC1, 10raM NaC1, 10mM 
CaC12, 0.1 M sucrose, and 5% TD Tris buffer) to a final concentration of 
0.005 gww/ml. The sample was stirred continuously and bubbled with air to 
remove CO2. After the pH came to an equilibrium, ferricyanide (0.1- 
0.5 raM) was added. The proton release was measured by the change in pH 
from 7.4 to 7.3. The rate was measured after a rapid initial decline following 
ferricyanide addition so it corresponds to the slow rate of ferricyanide 
reduction. Buffer capacity was calibrated with 0.01 N HCL. 

Assay for Pyridine Nucleotide Pool 

The pyridine nucleotide pool was determrined by extraction of NAD or 
NADP or NADPH from cells with perchloric acid and alkali, respectively, 
as described previously (Jacobson and Jacobson, 1976). The extracted 
pyridine nucleotide was then quantitated using a cycling assay involving 
alcohol dehydrogenase and glucose-6-phosphate dehydrogenase (Matsumara 
and Miyachi, 1980). 

Results 

Transplasma Membrane Ferricyanide Reduction by RLA209-15 
Fetal Liver Cells 

RLA209-15 cells, exhibiting a transformed phenotype (33°C), have a 
slower rate of external ferricyanide reduction than their counterparts exhibit- 
ing a nontransformed phenotype (40°C) (Fig. 1). Both transformed and 
nontransformed ceils showed an initial rapid phase of ferricyanide reduction 
which lasts for approximately 2 min and a slow steady-state phase which 
proceeded for 30 min or longer. A similar pattern of ferricyanide reduction 
has been reported with rat liver cells (Clark et al., 1981) and HeLa cells 
(Sun et al., 1984c). The difference in ferricyanide reduction rate between 
transformed and nontransformed RLA209-15 cells held for cells at the log 
phase of growth and in the stationary phase. Cells with transformed phenotype 
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Fig. 1. Spectrophotometer tracings showing ferricyanide reduction by transformed (33°C) and 
nontransformed (40°C) RLA209-15 rat fetal liver cells. Assays in salts Tris EDTA buffer (TD) 
with dual beam measuring changes in absorbance at 420-500 nm are run at 3.7 ° C. 

gave less than one-half the rate found with cells of nontransformed pheno- 
type (Table I). The same relationship is seen in SV40-transformed 3T3 cells 
(L6w, Grebing, Crane, unpublished) in which the rate is only half of that of 
normal 3T3 cells. A similar relation is seen by comparison of normal liver 
cells and hepatoma in which hepatoma cells have a rate of ferricyanide 
reduction 60% less in the slow phase than isolated fetal liver cells (Table I). 
We have shown previously that FSb mouse lymphoma cells have a very low 
rate of ferricyanide reduction (0.01 #mol rain 1 gww-1 ) (Cherry et  al., 1981). 
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Table I. 

Sun et  al. 

Rates of Transplasma Membrane Ferricyanide Reduction by RLA20915 Fetal 
Liver Cells Grown at 33 and 40°C ~ 

Cell type Growth conditions Rate (nmolmin ~ gww 1) 

RLA209-15 40°C (nontransformed phenotype) 320 
RLA209-15 33°C (transformed phenotype) 100 
Rat liver (perfused) Normal 280 
Primary fetal liver Normal 610 
Rat liver McA-Rtt7777 Hepatoma 210 

"Ferricyanide reduction rates are the steady rate after the first 2 min of initial fast rate. Perfused 
rat liver data is based on Clark et al. (1981). All assays run at 37°C. 

Kinetics of Enzymatic Reactions 

Affinity of the surface site for ferricyanide was determined by assay of 

reduct ion with different concentra t ions  of ferricyanide and plot t ing the 

results in a double  reciprocal L ineweave~Burk  plot to determine K~ and  

Vma ~. The K,, for ferricyanide reduct ion in both  the fast and slow phase was 

much higher for cells grown at 33°C then for cells grown at 40°C (Figs 2A, 
2B). Cells with non t rans fo rmed  phenotype had a higher Vmax in both  slow 

phase and  fast phase. 
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Fig. 2A. Lineweaver Burk plot of relation between ferricyanide concentration and the fast and 
slow rate of ferrricyanide reduction by nontransformed (40°C) rat fetal liver cells RLA209-15 
assay in TD buffer. 
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Fig. 2B. Lineweaver Burk plot of relation between ferricyanide concentration and the fast and 
slow rate of ferricyanide reduction by transformed (33°C) rat fetal liver cells RLA209-15 assay 
in TD buffer. 

Effect of  Ionic Strength on Ferricyanide Reduction Rate 

The transformation of cells is known to involve changes in glycolipids 
and glycoproteins at the cell surface which may modify the negative surface 
potential (Hakamori, 1975). Since ferricyanide has a negative charge, the 
change in activity could be based on a change in affinity for the cell surface 
with change in surface charge after transformation. An increase of ionic 
strength in the media will counter the surface charge on the membrane by 
electrostatic screening. If the lower rate of ferricyanide anion reduction by 
the transformed cells is due to an increased negative charge on these cells, 
then higher ionic strength should decrease the difference in activity between 
the transformed and nontransformed cells (Pethig et al., 1984). As shown in 
Table II, the difference in ferricyanide reduction between the two cell types 
was observed at both low and high salt concentrations. Furthermore, the 
activity with both transformed and nontransformed cells was lower in the low 
salt media than in 150 mM sodium chloride, so the surface charge was not the 
primary control on the ferricyanide reduction rate. 
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Pyridine Nucleotide Concentration in RLA209-15 during Growth 

We have de te rmined  the pyr id ine  nucleot ide  concen t ra t ion  in RLA209- 
15 liver cells dur ing  g rowth  bo th  at the permissive t empera tu re  (33°C) and  at  
the nonpermiss ive  t empera tu re  (40°C). In  40°C cultures,  N A D  concen t ra t ion  
decreased after  2 days  growth  and N A D H  concen t ra t ion  increased pro-  
por t iona l ly  (Fig. 3A). In  33°C cultures,  there was a decrease o f  N A D H  
concen t ra t ion  reflected by an increase of  N A D  (Fig. 3B). A c c umula t i on  o f  
the reduced form of  N A D  in the n o n t r a n s f o r m e d  pheno type  was cor re la ted  
to the abundance  of  the oxidized form in the t r ans fo rmed  phenotype .  

To s tudy if  the difference between the two pheno types  was a conse- 
quence of  the in terconvers ion between reduced and  oxidized forms o f  
pyr id ine  nucleot ides,  the pyr id ine  nucleot ide  poo l  was measured  in cells 
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Fig. 3. Changes in diphosphopyridine nucleotide redox state in transformed (33°C) and non- 
transformed (40°C) rat fetal liver cells after the temperature shift. Two sets of cultures were 
plated at 33°C and grown for 2 days. After two days one set was shifted to 40°C while the other 
was maintained at 33°C. Pyridine nucleotide concentrations are shown for the day the change 
was made and three subsequent days. Medium was changed every 24 hr. 
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Table II. Effect of Salt Concentration on the Rate of Ferricyanide Reduction by 
Transformed (33°C) and Nontransformed (40°C) Rat Liver Cells (RLA209-15) a 
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Ferricyanide reduction Ratio 
Assaymedia (nmolmin t gww 1) 400/33 ° 

40 ° 33 ° 

250mM Sucrose 218 98 2.2 
150mM Sodium chloride 236 108 2.2 

"Slow rate after 2 min shown, all with 2.5 mM Tris CI buffer, pH 7.4. Assay at 37°C. 

g r o w i n g  fo r  2 days  a t  40°C  a n d  t h e n  shi f ted  d o w n  to 33°C for  an  a d d i t i o n a l  

2 days .  T h e  c h a n g e  in py r id ine  n u c l e o t i d e  in RLA209-15 cells g r o w n  at  33 and  

40°C  was  revers ib le  as was  the  c h a n g e  in p h e n o t y p e .  W h e n  cells g r o w n  for  

2 days  at  40°C  were  sh i f ted  b a c k  to 33°C, N A D  c o n c e n t r a t i o n  was  inc reased  

and  N A D H  was  dec reased  (Fig.  4A).  In  con t ras t ,  the  N A D P / N A D P H  

c o n c e n t r a t i o n s  s h o w  a para l l e l  r e l a t ion  w i t h o u t  an  a p p a r e n t  i n t e r c h a n g e  
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Fig. 4. Response of pyridine nucleotide pools in RLA209-15 cells to a shift from 40 to 33°C 
and subsequent growth for 4 days. Cultures were plated at 33°C with a small amount of initial 
inoculum, so the cells were maintained in the log phase throughout the experiment. After 2 days 
growth at 33°C, cultures were shifted from 33 to 40°C. After 2 days grown at 40°C, cultures were 
then shifted back to 33°C. Extraction of pyridine nucleotides was performed each day during the 
experiment. 
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Table III. Ferricyanide-Induced Proton Release and the Slow Rate of Ferricyanide 
Reduction by RLA209-15 Cells Grown at 33 and 40°C a 
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Cell temperature 
Rate of proton release 

(nmol H + min 1 gww [) 

Rate of ferricyanide 
reduction H + 

(nmol min i gww 1 ) e 

33°C (transformed 552 36 15.3 
phenotype) 

40°C (nontransformed 588 88 6.68 
phenotype) 

~'The ferricyanide reduction rate in the buffer used for the determination of pH change is lower 
than the rate shown in Table I because of  the lower ionic strength. The rate of  proton release 
shown is the increased proton release when ferricyanide is added to the cells. The rates are 
measured 3 min after adding ferricyanide so they are the slow-phase reaction. 

between oxidized and reduced forms (Fig. 4B). Thus the state of transfor- 
mation was reflected in a change in the NAD/NADH ratio. 

Ferricyanide-Induced Proton Release in RLA209-15 

When ferricyanide was added to the cell suspension in a sucrose salt 
solution, the pH of the suspension medium decreased, showing proton 
release from cells (Fig. 5). If the transplasma membrane electron transport 
activity was also measured in the sucrose salt solution, a higher ratio of 
proton release/electron transport was observed in 33°C cultures than that of 
40°C cultures (Table III). The modification of this ratio may explain the loss 
of control in growth in transformed cells. 

Discussion 

Ferricyanide can act as an artificial electron acceptor for the trans- 
membrane redox system which is present in all cells that have been studied 
(Crane et al., 1985b). The stimulation of cell growth by ferricyanide observed 
by Ellem and Kay (1983) and by this laboratory (Sun et al., 1984a, b, c) 
shows that low levels of ferricyanide support sufficient electron transport to 
stimulate growth in the absence of serum factors. Higher levels of ferri- 
cyanide, however, may increase transmembrane electron transport to a level 
which inhibits growth by causing excess oxidation of reducing agents in the 
cytoplasm. 

The basis for redox stimulation of growth is not known, but the release 
of protons from the cell which accompanies the redox activity may be related 
to the control of cell division. It has been shown in several cell types that an 
increase of cytoplasmic pH (alkalinization) is associated with cell division 
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(Gerson et al., 1982; Moolenaar et al., 1983; Frelin et al., 1983). Ferricyanide 
induced proton release across the HeLa cell membrane which can increase the 
pH of the cytoplasm (H. L6w and F. L. Crane, unpublished). By this action 
the transmembrane reductase would help make cytoplasm more alkaline and 
thus induce mitosis. 

In this study, we have demonstrated that normal and transformed cells 
differ greatly in their ability to effect the reduction of the exogenous oxidant, 
ferricyanide. Both the Km and Vr~ax for ferricyanide are changed. The trans- 
membrane proton movement which accompanies electron transport retains 
more activity in the transformed cells in relation to electron transport rate so 
that the H+/e - ratio increases in transformed cells. 

All plasma membranes which have been prepared show NADH- 
ferricyanide reductase activity (Crane et al., 1979; Goldenberg, 1982), but the 
major problem in the study of transmembrane redox systems is to identify the 
electron donor. NADH appears to be the electron donor in yeast cells and 
carrot cells (Chalmers et al., 1984; Craig and Crane, 1981; Crane et al., 1982), 
but the electron donor remains unknown in perfused liver (Clark et al., 
1982). Erythrocyte plasma membrane can reduce ferricyanide using NADH 
but not NADPH as an electron donor (Grebing et al., 1984). External 
ferricyanide causes a rapid decline in cytoplasmic NADPH and glutathione, 
as well as NADH (Arese et al., 1972) in erythrocytes. 

In our results we show a higher ferricyanide reduction rate and higher 
level of NADH in nontransformed cells (40°C) than in transformed cells 
(330C). It has been demonstrated that the levels of NAD(H) (Jedeikin and 
Weinhouse, 1955; Sun et al., 1985; Jacobson et al., 1980; Rankin et aI., 1980) 
and NADH ferricyanide reductase activity (Sun et al., 1985; Miyake et al., 
1974) are decreased after transformation. It is possible that the decrease in 
NADH in cells grown at 33°C may result in a decrease in Vmax for trans- 
membrane ferricyanide reduction. The change in apparent Km for ferri- 
cyanide at the cell surface suggests a modification of the enzyme itself or some 
closely associated surface feature. Since increased ionic strength increases the 
rate of ferricyanide reduction but does not change the relative activity for 
transformed compared to nontransformed cells, a simple increase in negative 
surface potential on the transformed cells does not account for the activity 
change. 

We have previously shown that the ferricyanide reduction by trans- 
formed cells is more sensitive to inhibition by adriamycin than the ferri- 
cyanide reduction by nontransformed cells (Sun et aI., 1983). The change in 
activity of the enzyme can be an expression of a change in the properties 
of the enzyme proteins or a change in some controlling protein in the 
membrane. The differential inhibition by adriamycin indicates a more basic 
change than change in substrate levels. 
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Results presented here show that the NADP(H) pools run in a similar 
pattern and in a similar range in RLA209-15 grown at 33 and 40°C. Study 
of pyridine nucleotide levels in normal and transformed 3T3 cells also indi- 
cates that NADP(H) levels are much less density dependent in comparison to 
NAD(H) (Jacobson and Jacobson, 1976). NAD(H), therefore, may play a 
more important role in the control of animal cell division. Although the 
mechanisms that regulate the levels of NAD(H) within cells are not well 
understood, the levels appear to be significantly higher in nontransformed 
cells than in transformed cells. The lowering of the NADH pool and the 
increase of the oxidized form, NAD, is a unique pattern found in the 
transformed phenotype. It is possible that such an alteration is necessary for 
the processes involved in density-dependent inhibition of growth and that 
transformed cells contain a defect in the mechanism that normally elevates 
NADH. A high value of the NAD+/NADH ratio has also been reported in 
some tumors (Jedeikin and Weinhouse, 1955). 

The regulation of NAD(H) biosynthesis is potentially complex, since 
several alternative pathways have been described in mammalian cells 
(Jacobson and Jacobson, 1976). Regulation may be achieved by modulation 
of the activity of enzymes, such as nicotinamide phosphoribosyl transferase 
and/or NAD pyrophosphorylase in biosynthetic pathways, or degradative 
enzymes, such as NAD glycohydrolase. Further studies on these factors may 
aid in the elucidation of the mechanisms that regulate NAD(H) biosynthesis 
in transformed and nontransformed cells. The activity of the transplasma 
membrane dehydrogenase may contribute to control of the redox state of the 
pyridine nucleotide pool. The decrease in activity which is observed in 
transformed cells may reflect the decline in NADH within the cell so that the 
NADH concentration becomes rate limiting for the dehydrogenase. 
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