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ABSTRACT The rate of DNA synthesis in cultures of
chicken embryo fibroblasts is reduced by deprivation of
serum, high population density, and other "physiological" ef-
fectors, through a reduction in the number of cells in the S-
period of the cell cycle. The same effect can be produced by
drastically reducing the concentration of Mg++ added to the
medium. This effect is erratic, however, and better control of
[Mg++] can be achieved with phosphorylated compounds
which preferentially bind Mg++. Both ATP and ADP, at con-
centrations in the medium < [Mg++], stimulate DNA synthe-
sis in cultures, and at greater concentrations inhibit DNA
synthesis by affecting the proportion of cells in the S-period.
Sodium pyrophosphate, which strongly complexes Mg++,
causes little stimu ation of DNA synthesis at low concentra-
tions, but causes a striking decrease at concentrations ex-
ceeding [Mg++] of the medium. The inhibition can be fully
reversed by adding an excess of Mg++, and the kinetics of in-
crease in DNA synthesis resemble those which follow the res-
toration of serum to serum-deprived cultures. Limitation of
[Mg++] by pyrophosphate also reduces the rates of RNA and
protein synthesis, 2-deoxy-D-glucose uptake, and lactic acid
production to an extent comparable to the reduction caused
by the removal of serum from the medium. A model for the
coordinate control of metabolism, differentiated function,
and growth through the activity of divalent cations is de-
scribed. The compartmentalization of Mg++ within the cell
serves as the key element in this coordinate control by regu-
lating those metabolic pathways in which the rate-limiting
steps are transphosphorylation reactions.

It is well known that the growth rate of normal fibroblasts in
culture depends on such factors as population density, pH,
and serum concentration (1). A variety of other cellular ac-
tivities respond to these effectors in the same way as does
growth rate. These activities include transport and metabo-
lism of hexoses (2, 3), biosynthesis of lipids, nucleic acids,
and proteins (4), and the execution of differentiated func-
tions such as hyaluronic acid (5) and collagen production (J.
Kamine and H. Rubin, unpublished observations). The fi-
broblast appears to respond to environmental conditions as
an integrated unit, accelerating an array of processes in re-
sponse to stimuli and decelerating them in response to inhib-
itors. Except for the initiation of DNA synthesis, which de-
pends on the rates of RNA-and protein synthesis (1, 6), there
is no indication that these processes are directly dependent
on one another (4). It is likely, therefore, that they all re-
spond to some common underlying control mechanism.

Identification of the common control mechanism would
be advanced if the specific controlling reaction in each of
the above processes were established. However, this has only
been accomplished in the case of glycolysis, where all the
substrates and products in the pathway are readily assayed.

Abbreviation: CEF, chick embryo fibroblasts.

Here it has been shown that the enzyme phosphofructoki-
nase is activated in chick embryo fibroblasts following the
administration of growth stimulants (3). This is the rate-lim-
iting step for glycolysis in a variety of animal cells, and at
least eight effectors of enzyme activity have been found.
More recently, it has been reported that in cells which have
undergone the malignant transformation, the enzymes hex-
okinase and pyruvate Kinase, in addition to phosphofructoki-
nase, are activated (7).
The term activation is usually taken to mean an increase

in the rate at which an enzyme functions as a result of some
allosteric change in its configuration (8). The increase in en-
zyme activity is assumed on the basis of an increase in the
ratio of products to substrates of the enzyme reaction. How-
ever, such an increase need not depend on allosteric effec-
tors of the enzyme. It could be brought about by the in-
creased availability of a co-factor for the reaction. Mg++ is
the only co-factor common to the three regulatory steps of
glycolysis, and indeed to all transphosphorylation reactions.
Since these usually involve large decreases in free energy (9),
they are likely to be control points in other metabolic path-
ways. Indeed, this assumption underlies Atkinson's "energy
charge" theory of cellular regulation (10). However, no sig-
nificant alteration in energy charge has been found in cul-
tured cells under different regulatory conditions (3).
Much of the Mg++ in cells is bound to membranes (11)

and only a fraction is free, or bound to adenine nucleotides
(12). Unfortunately, no simple technique is available to de-
termine the distribution of Mg++ among various cell constit-
uents. I approached the question of the role of Mg++ in cell
regulation by limiting its external supply and observing the
effects on cells. Since a simple reduction in external concen-
tration produced erratic effects, it was necessary to use
agents which complex Mg++ preferentially. These agents
produced metabolic effects which are described below.

MATERIALS AND METHODS
Primary cultures of chick embryo fibroblasts (CEF) were
made in plastic petri dishes according to established proce-
dures (13, 14). The secondary cultures of CEF used here
were initiated with 106 cells per 60 mm dish in a medium
consisting of mixture 199, 2% tryptose phosphate broth, and
1% chicken serum, designated 199 (2-0-1). Where not other-
wise indicated, the medium contained approximately 0.8
mM Mg++ and 1.7 mM Ca++.

Procedures for labeling cells with radioactive isotopes,
scintillation counting, autoradiography, protein, and lactic
acid determinations have been described elsewhere (2, 3, 6).
Adenosine diphosphate and triphosphate were obtained
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FIG. 1. Effect of [Mg++] on thymidine (dT) incorporation into
DNA in sparse and crowded cultures. Medium 199 was prepared
with 1.72 mM Ca++ and no added Mg++. This was contaminated
with approximately 0.02 mM Mg++ as measured by atomic absorp-
tion spectrophotometry. Tryptose phosphate broth (0.21 mM
Mg++) and chicken serum (0.38 mM Mg++) were added to v/v con-
centrations of 2% and 1%, respectively. The indicated [Mg++] was
added to the medium of 1-day old and 4-day old cultures contain-
ing about 185 jig and about 800 jsg of protein per culture, respec-
tively. The cells were washed twice with Ca++ and Mg++ deficient
199, and were incubated for 16 hr in complete medium at the indi-
cated [Mg++]. They were then labeled with [3H]dT-for 60 min and
extracted for scintillation counting and protein determinations.

from Calbiochem and sodium pyrophosphate from Mal-
linckrodt. [Mg++] and [Ca++] were determined in a Perkin-
Elmer model 403 atomic absorption spectrophotometer.

RESULTS
The degree of inhibition of DNA synthesis in CEF produced
by lowering [Mg++] in the medium depended on a variety
of parameters such as pH, population density, serum quality,
and concentration and [Ca++]. The results of a representa-
tive experiment with sparse and crowded cultures are shown
in Fig. 1. Reduction in [Mg++] was more inhibitory to sparse
than to crowded cultures. There was a proportional reduc-
tion in the fraction of labeled nuclei when examined autora-
diographically. This effect was accomplished without visible
damage to the cells. Because of the erratic nature of the re-
sponse to [Mg++] (see Fig. 2, where there was virtually no
inhibition of DNA synthesis in low [Mg++]), an agent was
sought which would complex Mg++ in preference to Ca++,
the only other divalent cation present in comparable
amounts, and thereby serve as a Mg++ buffer. Phosphorylat-
ed compounds seemed to be suitable for this role (15).
The addition of up to 1 mM ATP to chick embryo cul-

tures for 16 hr stimulates DNA synthesis if the conventional
concentration of Mg++ (0.8 mM) is present (Fig. 2). Higher
concentrations of ATP inhibit DNA synthesis. When the
Mg++ concentration is very low, no stimulation of DNA syn-
thesis by ATP occurs, and marked inhibition is observed
with .3 mM ATP. Both the stimulation and inhibition of
the incorporation of [3H]thymidine into the DNA of the cul-
ture are proportional to the percent of cells in the S-period
(Fig. 3), which indicates that the length of the S-period re-
mains constant, i.e., the rate of DNA chain elongation is un-
affected.
ADP causes stimulation and inhibition of DNA synthesis

at the same concentration as does ATP (Fig. 4). Both nucleo-
tides cause a marked vacuolization of chick embryo cells,
and the cells are not restored to normal appearance when
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FIG. 2. Effect of [ATP] on DNA. synthesis in low and high
[Mg++]. Five-day old and 1-day old cultures were used in experi-
ments A and B. respectively. Varying concentration of ATP were
added to 199 (2-0-1) containing [Mg++] indicated on the curves.
After 16 hr the cells were processed as in Fig. 1.

the nucleotides are withdrawn. Sodium pyrophosphate,
which is a much firmer complexor of Mg++ than either of
the nucleotides, causes little stimulation, but does cause a
highly reproducible inhibition of DNA synthesis (Fig. 4). Al-
though pyrophosphate forms a precipitate with Ca++, the
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FIG. 3. Comparison of scintillation counting and autoradiogra-
phy in measuring effects on DNA synthesis of treatment with
ATP. The indicated concentrations of ATP were added to fresh
medium 199 (2-0-1) of 2-day old cultures for 16 hr. The cultures
were labeled with [3H]dT; half of them were processed for scintil-
lation counting and half for autoradiography.
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FIG. 4. Comparison of effects of ATP, ADP, and sodium pyro-
phosphate on the rate of DNA synthesis. The indicated concentra-
tions of ATP, ADP or pyrophosphate were added to the medium
199 (2-0-1) of 3-day old cultures for 16 hr, and the cultures were
processed as in Fig. 1. 0, ATP; v, ADP; 0, pyrophosphate.

precipitate does not damage cells. The effectiveness of the
inhibition of DNA synthesis by pyrophosphate is much more
sensitive to [Mg++] than to [Ca++] (Fig. 5). Indeed, the low-
est concentration at which pyrophosphate begins to show its
inhibitory effect is determined by [Mg++] (Fig. 6). Neither
ZN++, Mn++, nor Fe+++ relieve the inhibition caused by
pyrophosphate.

Unlike the adenine nucleotides, pyrophosphate causes no
vacuole formation in cells, although it kills them if present
for as long as two days in concentrations three times higher
than [Mg++]. If it is removed after 16 hr, the cells return to
the control rate of DNA synthesis within 7 hr, and resume
multiplication with no overt manifestation of damage (Fig.
7). Upon adding Mg++, but not Ca directly to the pyro-
phosphate-containing medium after inhibition has occurred
there is a 2-4 hr delay before the rate of DNA synthesis be-
gins to increase. Within 7 hr it equals and at 10.6 hr exceeds
the rate in untreated control cultures (Fig. 8). The relatively
slight increase seen in Ca++-treated control cultures is dis-
cussed below.

Incorporation of uridine and of proline into acid-insoluble
material, the uptake of 2-deoxy-D-glucose, and the produc-
tion of lactic acid are inhibited by pyrophosphate (Table 1).
The effects of pyrophosphate on these parameters are com-
parable to those produced by either the removal of serum,
lowering of pH, or increase in population density (1, 4, 6,
16).

DISCUSSION
A reduction in available Mg++ in the medium of cultured
cells can be brought about by limiting the amount added to
the medium or by specifically complexing it. Reducing the
amount added to the medium of crowded cultures from 0.8
to 0.1 mM has little effect on the growth of cells, but further
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FIG. 5. Relation of [Ca++] and [Mg++] to inhibition of DNA
synthesis by pyrophosphate. "Ca++- and Mg++-free medium" con-
taminated with about 0.01 mM Ca++ and about 0.02 mM Mg++
was combined with 2% tryptose phosphate broth and 1% chicken
serum. Mg++ was added to about 0.82 mM in the presence of
[Ca++] shown in the top three curves. Ca++ was added to about
0.82 mM, and no Mg++ was added in the bottom curve. The cul-
tures were incubated for 16 hr and processed as in Fig. 1.

reduction usually decreases the number of cells in the S-peri-
od at any given time. This method of [Mg++] control has
given erratic results from experiment to experiment and has
therefore led to the use of Mg++-complexing agents. Unlike
the common chelating agents, various phosphorylated com-
pounds are known to bind Mg++ more firmly than Ca++
(15). At high concentrations, all of these have been found to
inhibit DNA synthesis in cultures of chick embryo fibro-
blasts. The most reproducible effects are produced by sodi-
um pyrophosphate, which forms much more stable com-
plexes with Mg++ than do the adenine nucleotides. The
minimal inhibitory concentrations of pyrophosphate are di-
rectly proportional to [Mg++]. While there is a slight effect
of [Ca++], this is probably caused by competition with Mg++
for the pyrophosphate. Other physiologically significant
metals do not affect the inhibition. I conclude, therefore, the
biological effects of pyrophosphate are caused by a reduc-
tion in the Mg++ available to the cell.
The inhibition of DNA synthesis caused by 16 hr of treat-

ment with pyrophosphate is fully reversed by adding Mg++.
There is a lag period of 2-4 hr before an increase in DNA
synthesis becomes detectable, just as there is in the restora-
tion of DNA synthesis by adding serum to serum-deprived
cultures. The inhibition of incorporation of uridine into
RNA and proline into protein, the uptake of 2-deoxy-D-glu-
cose, and the production of lactic acid are coordinately in-
hibited by the pyrophosphate-induced deprivation of Mg++
to about the same extent, relative to the reduction in DNA
synthesis, as they are by serum deprivation and density de-
pendent inhibition (6). Although Zn++ deprivation also in-
hibits the initiation of DNA synthesis and the continuing
synthesis of RNA, it affects neither protein synthesis, the up-
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FIG. 6. Minimal inhibitory [pyrophosphatel in the presence of
varying [Mg++]. Mg++ in concentrations shown on the curves was

added to 199 (2-0-1) containing 0.2 mM Ca++, and varying concen-
trations of pyrophosphate were added for 16 hr. The cultures were

then processed as in Fig. 1.

take of 2-deoxy-D-glucose nor the production of lactic acid
(refs. 6 and 14 and unpublished), and therefore simulates
physiological effectors less faithfully than does Mg++ depri-
vation.

Table 1. Effects of pyrophosphate
on various cell functions

Pyrophosphate-
treated cultures/
untreated cultures

Experiment A
[3H ]Thymidine (cpm/Mg of protein) 0.23
[3H]Uridine (cpm/gug of protein) 0.31
[3H]Proline (cpm/,ug of protein) 0.46
Experiment B
[3H ] Thymidine (cpm/gig of protein) 0.21
2-Deoxy-D-[ 3H]glucose (cpm/,ug

of protein) 0.42
Lactic acid (,umol/mg of protein) 0.49

Experiment A: CEF were treated for 16 hr with 0 or 2.2 mM
pyrophosphate. The appropriate isotope was added to the medium
for 60 min and the cells were extracted for scintillation counting and
protein determinations.
Experiment B: CEF were treated for 16 hr with 0 or 2.2 mM

pyrophosphate. Two cultures were labeled at this time with [3H]-
rliymidine (60 min) or 2-deoxy-D-[3H]glucose (15 min) and the acid-
insoluble and acid-soluble fractions, respectively, were ex-
tracted for scintillation counting. The medium was removed from
the remaining cultures, they were washed free of accumulated lac-
tic acid, and fresh medium of the original composition was added.
After a further 6.5 hr incubation, the medium was removed for
determination of lactic acid content.
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FIG. 7. Reversal of pyrophosphate inhibition of DNA synthe-

sis. Pyrophosphate (2.1 mM) was added to fresh 199 (2-0-1) for 16
hr. Treated and untreated cultures were washed twice and medium
without pyrophosphate was added to both groups. In one half of
the treated cultures, pyrophosphate was added again. At 0, 7, and
24 hr after the change the cultures were processed as in Fig. 1. 0,

No pyrophosphate; A, pyrophosphate, 2.1 mM; A, pyrophosphate
removed after 16 hr (= 0 hr).

The results indicate that Mg++ deprivation inhibits the
same set of intracellular metabolic pathways as does serum

deprivation and density dependent inhibition of growth.
This is in accord with the requirement for Mg++ in trans-
phosphorylation reactions, such as those shown to be the
control points of glycolysis (8, 9), and presumed to be the
control points in nucleic acid and protein synthesis (10). It
has been established that Mg++ is bound by cellular mem-
brane systems (11), and that the amount bound is subject to
fluctuations in pH and other ions (11), and presumably by
alterations in membrane configuration. Although there is an
excess of total Mg over ATP plus ADP in animal cells, only a

fraction of the Mg is available to the adenine nucleotides
(12). I propose that the rates of the control reactions are de-
termined by the concentration of the complexes of adenine
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FIG. 8. Direct addition of Mg++ or Ca++ excess to pyrophos-
phate-containing medium of inhibited cultures. Pyrophosphate,
0.6 mM, was added to 199 (2-0-1) containing 0.2 mM Ca++ and 0.2
mM Mg++. Five-day old cultures were incubated for 16 hr in this
medium, and then either 1.0 mM Ca++, or 1.0 mM Mg++, or noth-
ing was added to the cultures. At various times up to 10.6 hr the
cells- were processed as in Fig. 1. The filled symbols indicate pres-
ence of pyrophosphate. 00, No further additions; ,,, Mg++ (1.0
mM) added; o-n, Ca++ (1.0 mM) added.
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nucleotide and Mg, which have been shown to be the appro-
priate substrates in transphosphorylation reactions (9). Since
the concentration of the adenine nucleotides remains rela-
tively constant in various states of regulation in cultured
cells (1, 3), it is likely that the concentrations of the com-

plexes are determined by the availability of Mg++, which in
turn depends on conditions that affect the competitive bind-
ing between the nucleotides and membranes. For example,
lowering pH would increase protonation of the gamma

phosphate of ATP, which has a pK 6.5 (15), and thereby de-
crease the binding energy of ATP for Mg++ (11), while
there is no effect of pH in the physiological range on the
binding of divalent cations to phospholipid layers (17). Low-
ering pH might therefore be expected to coordinately inhib-
it an array of Mg++-dependent pathways in the cell. Treat-
ment with serum which disrupts ordered membrane struc-
ture (18) could lower binding affinity for divalent cations
(17, 19), including Mg++, and thereby activate nucleotide-
Mg dependent pathways. The availability of Ca++ and Zn++
could be controlled in a similar way and thereby affect spe-

cialized activities such as cell movement and metalloenzyme
function (14). The inhibition of DNA synthesis which fol-
lows the chelation of Ca++ by EGTA [ethyleneglycol bis(,37
aminoethyl ether)-N,N'-tetraacetic acid] (20) may be caused
by the removal of Ca++ bound to membranes and its re-

placement by Mg++ (21), thus lowering [Mg++] available to
adenine nucleotides. Conversely, stimulation of cell growth
by excess Ca++ (ref. 22 and Fig. 8) could be caused by dis-
placing Mg++ from membrane binding sites (11, 21).
The stimulation of DNA synthesis by low concentrations

of ATP or ADP is an unexpected result. The stimulation
does not occur unless the concentration of Mg++ in the me-

dium is approximately equal to or higher than that of the
nucleotides. In the model presented here, the stimulation
might result from increased uptake of Mg when it is com-
bined with a nucleotide, since the charge of both compo-

nents would be reduced.
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