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Mouse fibroblasts expressing a yeast proton-pumping ATPase show tumorigenic transformation (R. Perona,
and R. Serrano, Nature (London) 334:438-440, 1988). By expressing site-directed mutations of the yeast
ATPase with different levels of activity, a close correlation has been found between enzyme activity,
tumorigenic transformation, and intracellular pH measured by weak-acid distribution. Fibroblasts expressing

the yeast proton-pumping ATPase showed increased capability to grow at acidic pH and to resist lethal
acidification mediated by reversal of the Na+-H+ antiporter. Measurements with microelectrodes in individual
cells demonstrated electrical hyperpolarization and confirmed the increased pH of cells expressing yeast
ATPase. These results indicate that the yeast enzyme expressed in mouse fibroblasts has electrogenic
proton-pumping activity and that this activity deregulates fibroblast growth. This suggests a connection
between the biophysical phenomena of proton transport, intracellular pH, and membrane potential and the
biochemical regulatory circuits based on protein kinases and transcription factors.

Several lines of evidence indicate that intracellular alka-
linization above a threshold pH value of 7.1 to 7.2 is
necessary for proliferation of animal cells and is mediated in
part by a Na+-H+ exchanger activated by growth factors and
oncogenes (2-5, 9, 18, 27). A more controversial issue is
whether intracellular alkalinization is sufficient to induce
proliferation. This problem has been approached in the past
by using alkaline media and ammonia to manipulate intra-
cellular pH. In some cell types, such as invertebrate eggs,
artificial alkalinization induces proliferation in the absence of
specific mitogens (2, 4, 5). On the other hand, in mammalian
fibroblasts these manipulations fail to induce growth (9).
Some reports describing induced proliferation of fibroblasts
by increased extracellular pH (30) have been criticized on
the basis that precipitation of calcium phosphate occurs
under this condition. Such precipitates, rather than the
elevation of cell pH, may be responsible for the observed
mitogenic effect (5). Therefore, it has been concluded that
increased proton transport and intracellular alkalinization
are necessary (permissive) but not sufficient for the prolifer-
ation of mammalian cells (5, 9, 27).
On the other hand, investigation of human tumors in vivo

with 31P nuclear magnetic resonance indicates that a com-
mon feature of all tumors examined is an elevation of
intracellular pH (12), and there are indications that chronic
abnormalities in local pH may have both a direct and an
indirect role in the etiology of epithelial human cancer (6). In
addition, intracellular pH is increased after transformation of
fibroblasts by mutagens (11).

Since alkaline media and ammonia both have toxic side
effects on animal cells (2, 4, 18), the different results ob-
tained with invertebrate and mammalian cells may reflect
differences in sensitivity to these side effects. Therefore, we
have introduced a more specific approach to manipulation of
intracellular pH which involves expressing the gene of a
yeast proton-pumping ATPase. Mouse fibroblasts express-
ing the yeast proton pump are tumorigenic, but the activity
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of the yeast enzyme in the mouse cells was not demonstrated
(14). This point is addressed here. We utilized site-directed
mutations of yeast ATPase to establish a correlation be-
tween ATPase activity, fibroblast transformation, and intra-
cellular pH. In addition, we demonstrate an alteration of pH
homeostasis in cells expressing the yeast proton pump.

MATERIALS AND METHODS

Cells and growth conditions. NIH 3T3 cells and derived
cell lines were maintained in Dulbecco modified Eagle
medium (DMEM) supplemented with 10% newborn calf
serum (GIBCO Laboratories).

Plasmids and oligonucleotides. The basic expression plas-
mid (pSVhAT5) has already been described (14). It contains
the coding region of wild-type yeast ATPase under the
control of the simian virus 40 (SV40) promoter. The 3.8-
kilobase ClaI fragments (25) of mutant ATPase genes pmal-
213 (Glu-233-->Gln [16]), pmal-219 (Lys-474--*Gln [16]),
pmal-217 (Asp-378--+Glu [16]), pmal-236 (Lys-379-*Gln
[17]), and pmal-245 (deletion of last 18 amino acids [15])
were subcloned into pSVhAT5 by substitution of the wild-
type ClaI fragment. Plasmid pDMT, containing the polyo-
mavirusmiddle-T antigen gene under control of the SV40
promoter, was kindly provided by Lorraine Chalifour (Na-
tional Research Council, Montreal, Canada). Antisense oli-
gonucleotides against the first six codons of the yeast AT-
Pase (GGATGATGTATCAGTCAT) and against the 3'
nontranscribed region of an actin gene (GGCCGTTAAT
CATCTTTCAAC, 413-Act [Leandro Sastre, unpublished
data]) were synthesized with an Applied Biosystems DNA
synthesizer and purified by high-pressure liquid chromatog-
raphy.

Transfection and transformation assays. For the generation
of cell lines expressing different ATPase genes, NIH 3T3
cells (106) were suspended in 0.4 ml of phosphate-buffered
saline (0.14 M NaCl, 3 mM KCl, 10 mM NaPi [pH 7.4])
containing 10 ,ug of the desired expression plasmid and 0.1
,ug of the pSV2neo plasmid (nonlinearized) and subjected to
a single pulse from an electroporation apparatus (Bio-Rad
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Laboratories). The capacitor unit was charged with 500 ,uF
and 300 V. Cells were then diluted with DMEM supple-
mented with serum and plated into dishes (100 mm in
diameter). Two days later, G-418 (1.5 mg/ml) was added into
the medium and individual resistant colonies were isolated
with cylinders. The presence of the ATPase gene was
verified by Southern analysis (data not shown).

In order to quantitate transforming capacity, we per-
formed transfection experiments as described above but
with 6 ,g of the ATPase expression plasmids and 3 ,g of the
pSV2neo plasmid. Transformation was scored by counting
G-418-resistant colonies with transformed phenotypes (high-
ly refractile cells showing dense and disordered growth).
After the percentage of transformation was determined,
mass culture of each plate was performed and 106 cells
suspended in phosphate-buffered saline were injected sub-
cutaneously into several sites of 7-week-old male BALB/c
nulnu mice. Tumor appearance was scored weekly for 3
months.
Measurement of intracellular pH and membrane potential.

Measurement of intracellular pH by the distribution of
3-O-methyl-D-[1-3H]glucose and [7-'4C]benzoic acid (Du
Pont, NEN Research Products) was as described previously
(3). The medium contained 130 mM NaCl, 5 mM KCl, 2 mM
CaCl2, 1 mM MgSO4, and 30 mM HEPES (N-2-hydroxyeth-
ylpiperazine-N'-2-ethanesulfonic acid)-Tris (pH 7.4). Mea-
surements with double-barreled H+-selective microelec-
trodes (31) were carried out under the same conditions. The
H+-selective barrel contained an ETH1907 (Fluka)-based
liquid proton sensor. The reference barrel was filled with 3 M
KCI and used to record membrane potential. Electrical
coupling between ion-selective and reference microelec-
trodes was measured by passing 1-nA square pulses through
the reference barrel. Electrodes with capacitive coupling
above 5% (excluding the capacitance transient) were re-
jected. The bath reference electrode was a low-resistance 3
M KCI microelectrode, and it was used for calibrating
ion-sensitive microelectrodes. The potential of the H+-
selective electrode was monitored with one of the probes of
a WPI F223A electrometer. The potential of the reference
barrel was recorded with a WPI M-707 amplifier and elec-
tronically substracted from the H+-selective potential, giv-
ing a differential signal from which pH could be read
directly. Proton-selective microelectrodes were calibrated in
solutions buffered to different pHs between 6.8 and 8.0,
giving slopes between 52 and 57 mV per pH unit.

Acid suicide technique and thymidine incorporation. Cells
were seeded in 96well dishes (2 x 104 cells per well). After
24 h, culture medium was replaced by LiCl saline solution
(130 mM LiCl, 5 mM KCI, 1 mM MgSO4, 2 mM CaCl2, 5 mM
glucose, 20 mM HEPES-Tris [pH 7.4] [19]) and the cells
were incubated for 2 h. The medium was aspirated and
replaced with choline chloride acid-saline solution [130 mM
choline chloride, 5 mM KCI, 1 mM MgSO4, 2 mM CaCl2, 20
mM 2-(N-morpholino)ethanesulfonic acid-Tris (pH 5.5)
(19)]. At various times, the medium was aspirated and
replaced by DMEM supplemented with 10o newborn calf
serum. After 2 h, [6_3H]thymidine (Amersham Corp.) (10
,uCi/ml) was added, and 24 h later the cells were washed
twice with phosphate-buffered saline and isolated with a cell
harvester, and their radioactivity was determined with a
scintillation counter.
For the determination of growth at different pHs, cells(2 x

104 per well) were grown in 96-well dishes and24 h after
seeding, the medium was replaced with bicarbonate-free
DMEM containing 10%o serum, 10 RxCi of [6-3H]thy-midine

per ml, and 20 mM buffer adjusted to the desiredpH with
HCl {PIPES [piperazine-N-N'-bis(2-ethanesulfonic acid)] for
pH values of 4.0 to 7.0, HEPES for pH values of 7.1 to 7.5,
and HEPPS (N-2-hydroxyethylpiperazine-N'-3-propane sul-
fonic acid) for pH values of 7.6 to 8.2}. After 24 h, the
radioactivity incorporated was determined as described
above.
Measurement of ATP hydrolysis in isolated membranes. All

operations during membrane preparation were carried out at
2 to 4°C. Lyophilized cells (10 to 30 mg of total protein) were
suspended in 5 ml of medium with 20%o glycerol, 10 mM Tris
hydrochloride (pH 7.6), 1 mM EDTA, 1 mM dithiothreitol,
and 0.25 mM phenylmethylsulfonyl fluoride. After homoge-
nization with a glass homogenizer, they were sonicated for
20 s with a B-12 Branson Sonifier with microtip (setting 5, 60
W). After debris was removed by centrifugation for S min at
3,000 rpm (Sorvall SS-34 rotor), a total membrane fraction
was obtained by centrifugation for 1 h at 45,000 rpm (Beck-
man 65 rotor). The pellet was suspended with 0.5 ml of the
homogenization buffer and stored at -70°C.
ATP hydrolysis was measured as described previously

(23), at 37°C and pH 5.7, in the presence of 5 mM azide to
inhibit mitochondrial ATPase, 50 mM nitrate to inhibit
vacuolar ATPases, and 0.5 mM ouabain to inhibit Na,K-
ATPase.

RESULTS

Correlation between yeast H+-ATPase activity, tumorigenic
transformation, and intracellular pH. We wanted to investi-
gate whether the increased pH and tumorigenicity of fibro-
blasts expressing the yeast proton-pumping ATPase (14)
were caused by the catalytic activity of the enzyme or by
some unexpected effect of the yeast protein in the mamma-
lian cell.

Site-directed mutants of the yeast ATPase with different
levels of activity have recently been constructed (15-17).
Expression plasmids with either the mutants or the wild-type
ATPase were introduced into NIH 3T3 cells by cotransfec-
tion with the neomycin-resistance plasmid (pSV2neo) (100:1,
ATPase-neomycin resistance plasmid). Cell lines transfected
with active ATPase genes (PMA1 and pmal-245) showed
disordered growth patterns. This morphological transforma-
tion was more evident in cells transfected with the hyperac-
tive mutant gene pmal-245. This is a deletion of the last 18
amino acids of the ATPase, which constitute an inhibitory
domain mediating the physiological regulation of the enzyme
(15). Some patches of disordered growth were present in cell
lines transfected with the pmal-217 and pmal-236 alleles,
which have lower activities than the wild type (16, 17). The
two inactive mutant genes (pmal-213 and pmal-219 [16])
produced cell lines with normal morphologies.

In order to quantitate the transforming capacities of the
different ATPase genes, we performed cotransfection exper-
iments into NIH 3T3 cells using a 2:1 ratio of ATPase-
expressing plasmid and pSV2neo. After selection with
G-418, we determined the percentage of clones with trans-
formed morphology, and the results are summarized in Table
1. The percentage of densely growing clones increased with
the ATPase activity of the expressed gene. This correlation
was also true for the tumorigenic capacity of the cell lines
once injected into nude mice. Although one of the ATPase
alleles with low activity (pmal-217) showed some capacity
of inducing disordered growth of the cells, the potential to
induce tumors was present only in clones which express an
ATPase with relatively high activity (70% of wild-type
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TABLE 1. Correlation between ATPase activity, tumorigenic
transformation, and intracellular pH of fibroblasts

expressing different mutants of yeast ATPase

Gene expressing Activity Transfor- Tumorigenicity Cell
ATPase (%)a mation (latency period pHd(%)b [wksl)c

None <5 0/6 7.09
PMAJ 100 50 6/6 (4) 7.32
pmal-213 <10 <5 0/4 7.09
pmal-219 <10 <5 0/4 7.10
pmal-217 20 10 0/4
pmal -236 70 31 4/6 (8) 7.19
pmal -245 300 69 6/6 (2) 7.41

a Percentage of ATPase activity with respect to that of wild-type (PMA1)
ATPase when expressed in yeast. In the case of pmal-217, the percentage of
proton-pumping activity is given because this mutation causes partial uncou-
pling (data are from references 15 through 17).

b Percentage of G-418-resistant fibroblast clones (n, 20 to 25) which have
transformed morphology. Each value is the average of two experiments
differing by less than 5%.

Number of nude mice developing tumors/total number of animals and time
required for the appearance of the tumors.

d Cells were washed and incubated in buffer without bicarbonate. Each
value is the average of two determinations differing by less than 0.05 pH units.

activity expressed from allele pmal-236). Both the incidence
(from four of six' animals for allele pmal -236 to all animals
for more active ATPases) and the latency period before
appearance of the tumors (from 8 weeks for allele pmal -236
to 2 weeks for the hyperactive mutant) correlated with the
activity of the ATPase' allele transfected into the cells. By all
criteria, the most active ATPase gene in transformation was
the hyperactive mutant gene pmhal-245. When expressed in
yeast cells and in the absence of a specific mechanism of
activation triggered by glucose fermentation, this mutant
enzyme has about three times more activity than wild-type
ATPase (15). It is likely that the activating system operating
in yeast cells is not present in animal cells and therefore that
the mutant is hyperactive in those cells.
We have investigated whether the capacity of inducing

tu'mors correlates with the proton-pumping activity the AT-
Pase allele expressed by the fibroblasts. Intracellular pH was
measured by the distribution of benzoic acid, and as the
ATPase activity of the gene was increased, a more alkaline
intracellular pH was obtained in the corresponding cell line
(Table 1). These data agree with previous preliminary results
comparing the wild typ'e and an inactive allele (14).

Therefore, a close correlation has been found between
H'-ATPase activity, morphological transformation, tumor-
igenicity, and intracellular pH (Table 1). These results
strongly suggest that the effects of yeast ATPase on fibro-
blasts are due to the proton-pumpi-ng activity of the enzyme.

Altered pH homeostasis of fibroblasts expressing yeast AT-
Pase. A direct demonstration of the activity of yeast ATPase
in fibroblasts was attempted by measuring ATP hydrolysis in
isolated membranes. Under the conditions described in
Materials and Methods, membranes from control fibroblasts
and from fibroblasts ex-pressing yeast ATPase exhibited
rates of ATP hydrolysis (resistant to azide, nitrate, and
ouabain) of 2.5 and 3.5 nmollmin per mg of protein, respec-
tively (aver'ages of three determinations [standard deviation,
0.3]). The inhibition by the ATPase inhibitors vanadate and
erythrosine B (both at 0.1 mM) was 60% in control cells and
75% in cells transfected with yeast ATPase. This inhibition
allows a correction for ATP hydrolysis mediated by nonspe-
cific phosphatases (23, 24). It can be calculated that ATPases
sensitive to the above inhibitors have activities of 1.5 and 2.6
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FIG. 1. pH dependence of DNA synthesis in c'ells expressing

wild-type yeast ATPase (0), inactive ATPase mutant pmal-213 (El),
or middle-T antigen (A). Cells were grown in multiwell dishes,
shifted to bicarbonate-free DMEM supplemented with 10% calf
serum, and adjusted to the indicated pH. [3H]thymidine incorpora-
tion wa's determined after 24 h. DNA synthesis of 100% correspo'nds
to 44,700 to 44,900 cpm for the different cell lines, and each point is
the averag'e of two determinations differing by less than 5%.

nmollmin per mg of protein in control cells and in cells
transfected with yeast ATPase, respectively. This significant
difference may reflect the activity of the yeast enzyme.
However, the lack of fully specific inhibitors for yeast
ATPase (24) prevents definitive conclusions until the en-
zyme is purified from the animal cells.
An indirect demonstration of the activity of the yeast

proton-pumping ATPase was made by analyzing pH homeo-
stasis of the cells. Fibroblasts expressing the yeast ATPase
tolerate acidic media much better than both nontransformed
cells and cells transformed by the polyomavirus middle-T
antigen (Fig. 1). The latter control indicates that transforma-
tion by itself, although it produces serum-independent acti-
vation of proton effiux mediated by the H'-Na+ antiporte'r
(3-5), does not confer tolerance to very acidic media. This is
in agreement with the report that fibroblasts with chemically
induced muitations which result in the hyperactive H+-Na+
antiporter have very low rates of DNA synthesis at pH
values below 6 (11). Cells expressing yeast H+-ATPase
exhibit substantial DNA synthesis at pH values below 5.
This could be explained by the presence in these cells of a
very active proton-extruding activity that is clearly of a
different natu're than the endogenous H+-Na+ antiporter.
The same conclusion was reached by submitting the cells

to the acid suicide test of Pouyssegur et al. (19). In this
experiment, the cells are first loaded with Li and then
incubated in acid medium with choline as monovalent cat-
ion. Under th'ese conditions, the Na+-H+ exchanger catal-
izes the effiux of Li+ in exchange for H+ influx and the cells
become acidified and die. Fibroblasts expressing the yeast
ATPase were less acidified and maintained higher rates of
DNA synthesis than nontransformed cells or cells trans-
formed by the polyomavirus middle-T antigen (Fig. 2). An
important control is presented in Fig. 3, where it is shown
that the difference in acid tolerance between ATPase-ex-
pressing cells and control cells was abolished by an antisense
oligonucleotide against the first six codons of the yeast
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FIG. 2. Cell viability (A) and intracellular pH (B) after intracel-

lular acidification mediated by reversal of the Na+-H+ antiport.
Symbols are as defined in the legend to Fig. 1. Cells were loaded
with LiCl, washed, and incubated for the indicated times in choline
chloride solution at pH 5.5. (A) Cell viability was estimated by
replacing the acid solution with culture medium containing 10o calf
serum and determining the incorporation of [3H]thymidine after 24
h. DNA synthesis of 100%o corresponds to 44,900 to 45,100 cpm for
the different cell lines, and each point is the average of four
determinations (standard deviations, 2 to 5%). (B) Intracellular pH
was determined by the distribution of benzoic acid. Each values is
the average of two determinations differing by less than 0.05 pH
units.

ATPase. Antisense oligonucleotides are very effective in
reducing expression of genes in animal cells, because they
are transported into the cells by a specific uptake system (8).
An antisense oligonucleotide against actin was without effect
on the same cells (data not shown). It must be pointed out
that since the experiments were carried out in the absence of
bicarbonate, known proton transport systems of animal cells
could not extrude protons under these conditions (5). There-
fore, the capacity to maintain a higher rate ofDNA synthesis
under acidifying conditions is probably due to the activity of
the yeast proton-pumping ATPase.
Measurements with microelectrodes. In order to confirm

the increased pH of ATPase-expressing cells by alternative
methods, we have utilized double-barreled microelectrodes
inserted into single cells (31). This also allowed the determi-
nation of the electrical membrane potential. The increased
pH of ATPase-expressing cells was confirmed by the micro-
electrode measurements (Fig. 4). In a typical experiment,
with a medium pH of 7.4, entrance of the microelectrode into
the ATPase-expressing cells resulted in a deflection to pH
7.5, while entrance into control cells resulted in deflection to
the opposite direction (to pH 7.2). Average values for 5 to 6
control cells and cells expressing the wild-type ATPase were
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FIG. 3. Effect of ATPase antisense oligonucleotides on the sen-

sitivity of fibroblasts to intracellular acidification. Symbols are as
defined in the legend to Fig. 1, and experimental conditions were the
same as those for Fig. 2A, except that in the case of the closed
symbols, ATPase antisense oligonucleotide (20 ,uM) was present
during the last 16 h of growth and during the incubations for acid
loading. DNA synthesis of 100%o corresponds to 41,900 to 42,100
cpm for the different cell lines, and each point is the average of four
determinations (standard deviation, 3 to 7%).

7.2 and 7.5, respectively (standard deviation, 0.05 pH units).
Cells expressing the yeast ATPase had a greater average
membrane potential than control cells (40 versus 20 mV)
(Fig. 5). This is in accordance with the electrogenic charac-
ter of yeast ATPase (24).

DISCUSSION

The first conclusion of these experiments is that the degree
of transformation, tumorigenicity, and increased pH of fi-
broblasts expressing site-directed mutations of yeast H+-
ATPase correlates with the activity of the different enzymes.
Therefore, the proton-pumping activity of the yeast enzyme
is responsible for the physiological alterations of the cell

7.4

7.8

A B C
FIG. 4. Measurement of intracellular pH in single cells with

microelectrodes. (A) Cell expressing wild-type yeast; (B) control
cell not expressing yeast ATPase; (C) calibration of the electrode.
Arrows indicate entry (. ) and exit ( t ) of the electrode from the
cells.
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FIG. 5. Measurement of electrical membrane potential in indi-

vidual cells with microelectrodes. (A) Cells expressing wild-type
yeast ATPase; (B) cells expressing the inactive mutant pmal-213.

lines and not any unexpected interactions of the yeast
protein with the animal cells. In addition, the increased
intracellular pH, membrane potential, and tolerance to dif-
ferent acidification protocols of cells expressing yeast AT-
Pase are expected from the electrogenic proton-pumping
activity of the enzyme.
The second conclusion is that increased proton transport

and intracellular alkalinization due to the expression of the
yeast proton pump can increase the growth of mammalian
fibroblasts in the absence of specific mitogens (Fig. 6). This
agrees with previous results obtained by utilizing high exter-
nal pH and ammonia to alkalinize invertebrate eggs (2, 4, 5),
chicken embryo cells (21), and mouse NIH 3T3 fibroblasts
(30). However, before a definitive conclusion can be reached
about the mechanism of this phenomenon, we need to
investigate whether cells expressing yeast ATPase exhibit
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FIG. 6. Growth of ATPase-expressing cell lines in low-serum
medium. Symbols are as defined in the legend to Fig. 1. Cells were

plated in 35-mm wells in DMEM supplemented with 10%o calf serum.
After 6 to 12 h, cells were counted to confirm accurate plating,
medium was removed, and the cells were fed with DMEM contain-
ing 0.5% calf serum. Cells were trypsinized and counted at the days
indicated. Each point is the mean of two experiments differing by
less than 10%.

autocrine growth factor production or increased levels of
growth factor receptors.
A different question, however, is whether the proliferation

induced by either growth factors (22) or oncogenes (3) in
quiescent mammalian cells can be explained by the small
increase in cellular pH usually observed (2, 4, 5). Two lines
of evidence suggest that this is not the case. In the first place,
raising the external pH may increase the intracellular pH to
the same level as that induced by growth factors without
triggering proliferation (9). It must be pointed out, however,
that in these experiments, artificial alkalinization induced
some increase of DNA synthesis in the absence of serum
(10% of the serum-induced value) and that toxic side effects
of the manipulation may complicate the interpretation of the
results (see the introduction). The second line of evidence
has been accumulated more recently and refers to the effect
of bicarbonate. In the presence of physiological levels of
bicarbonate, the operation of a Na+-dependent chloride-
bicarbonate exchanger maintains intracellular pH within the
permissive range for growth (about 7.2) in the absence of
growth factors. However, no proliferation is observed under
these conditions (1, 7, 28).
We must indicate, however, that expression of yeast

H+-ATPase results in a higher capability for proton trans-
port and intracellular alkalinization than is provided by
either the activation of the Na+-H+ exchanger by growth
factors and oncogenes or the operation of the bicarbonate-
dependent system. This is apparent from the results in Fig.
1, which show that ATPase-expressing cells tolerate acidic
media much better than serum-stimulated cells or oncogene-
transformed cells. In addition, Gillies and co-workers (Uni-
versity of Arizona, Tucson) have recently demonstrated that
fibroblasts expressing yeast ATPase have higher intracellu-
lar pH levels (0.2 to 0.3 pH units) than control cells, even in
the presence of serum and bicarbonate (R. J. Gillies, R.
Martinez-Zaguilan, G. Martinez, R. Serrano, and R. Perona,
submitted for publication). Therefore, it seems that the large
increase in proton transport and cell pH produced by ex-
pressing yeast ATPase is mitogenic, while the smaller in-
crease produced by growth factors, oncogenes, and bicar-
bonate is only permissive for the growth response, which
requires some additional effects by specific mitogens.
These results suggest an interaction between the biochem-

ical regulatory circuit of the cell cycle based on receptors,
second messengers, protein kinases, and transcription fac-
tors (10, 13) and biophysical factors such as proton trans-
port, cell pH, and membrane potential (4, 5). It has been
suggested that regulation by intracellular pH may be a
primitive method of control which does not require special
receptor molecules. Metabolic enzymes involved in energy
metabolism, in protein, RNA, and DNA synthesis (2), and in
polymerization reactions involving H+ release or uptake (29)
are very sensitive to changes in pH. It has been speculated
that proton transport evolved very early in primitive cells to
control intracellular pH (20). Since components of the bio-
chemical regulatory circuit are also pH sensitive, intracellu-
lar pH may function as a synergistic messenger, which
provides a metabolic context within and through which the
actions of other effectors are integrated (2). In addition, the
transition of mammalian cells from the quiescent to the
proliferative state is probabilistic (26), and biophysical pa-

rameters such as pH may affect the probability of steps of
this regulatory pathway.

It was important to show by genetic engineering of proton
transport that drastic perturbations in pH homeostasis can
trigger the growth of mammalian cells. Perhaps this response
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is a vestige of the primitive biophysical control circuit,
replaced in cells of higher animals by a more sophisticated,
but still pH-sensitive, biochemical control circuit.
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