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Zinc as a Second Messenger of Mitogenic Induction 
Effects on Diadenosine Tetraphosphate (Ap~) and DNA Synthesis 
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DNA synthesis and adenosine(S')tetraphosphate(S ')adenosine (Ap.A) levels decrease in 
cells treated with EDTA. The inhibitory effect of EDTA can be reversed with micro molar 
amounts of ZnCI2 • ZnCh in micromolar concentrations also inhibits Ap.A hydrolase and 
stimulates amino acid-dependent Ap.A synthesis, suggesting that Zn2+ is modulating 
intracellular Ap.A pools. Serum addition to GI-arrested cells enhances uptake of Zn, 
whereas serum depletion leads to a fivefold decrease of the rates of zinc uptake. These 
results are discussed by regarding Zn2+ as a putative 'second messenger' of mitogenic 
induction and Ap.A as a possible 'third messenger' and trigger of DNA synthesis. © 1986 

Academic Press, Inc. 

Mitogenic stimulation of quiescent mammalian cells is characterized by pro­
gression through the G 1 period and initiation of DNA synthesis at the G liS phase 
boundary. The primary mitogenic signal triggering these events is the interaction 
between extracellular growth factors (PDGF, EGF, FGF etc.) with their cognate 
membrane receptors_ Receptor binding is followed by patching and internaliza­
tion of clustered mitogen-receptor complexes. After endocytosis the complexes 
are transported by c1athrin-coated vesicles to lysosomes and degraded. No 
recycling of receptors or growth factors is known. The link between these events 
and stimulation of DNA synthesis, which usually occurs 8-12 h after exposure of 
cells to growth factors, is unknown. But it is generally accepted that the initiation 
of DNA replication in the nucleus after entry into S phase is under the control of 
cytoplasmic components [1, 2]. The cytoplasmic factor seems to act as a positive 
regulatory signal, i.e. , as an inducer of replication [3]. 

Previous studies [4] indicated that the component inducing DNA synthesis is 
produced after mitogenic stimulation by the cell itself and that it is accumulated 
gradually during progression through the G 1 phase until a critical threshold 
concentration is reached which determines entry into S phase. A favorite candi­
date for such a signal molecule is adenosine(5')tetraphospho(5')adenosine 
(Ap~). This purine nucleotide has been suggested, on the basis of its high 
metabolic lability and the correlation of its pool sizes with the growth- and cell 
cycle state of eukaryotic cells, to be part of the intracellular signal chain of 
mitogenic induction [5-8]. This hypothesis was strongly supported by the obser-
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vation that the site of its intracellular activity is the DNA replicative machinery. 
Addition of Ap~ to permeabilized G I-arrested baby hamster kidney (BHK) cells 
yielded initiation of DNA replication in the quiescent cells [9, to). Ap~ has been 
demonstrated to bind as a specific ligand to calf thymus DNA polymerase a 
(deoxynucleosidetriphosphate: DNA deoxynucleotidyl transferase) holoenzyme 
(Mr 404(00) and to affinity label a subunit of Mr 57000 [11]. Also the high 
molecular weight (HMW) (660000) and low molecular weight (LMW) (145 (00) 
forms of DNA polymerase a of human HeLa cells were shown to possess highly 
specific, non-covalent, Ap~-binding activity [12]. The dissociation constants 
we~e determined to be 0.27 IlM for the calf thymus enzyme and Ifr221lM for the 
HeLa DNA polymerase a. 

There is accumulating evidence that Ap~ could be involved in the priming 
reaction of mammalian DNA polymerase a holoenzyme. Ap~ was shown by 
Rapaport et al. [13] to act as a primer for DNA synthesis in vitro by DNA 
polymerase a from HeLa cells with poly(dn and by Zamecnik et al. [14] with a 
double-stranded (ds) synthetic polymer as a template. Our recent results demon­
strate that Ap4A primes DNA replication by calf thymus DNA polymerase a in 
vitro with circular single-stranded (ss) M13 phage DNA as a template at concen­
trations of about 0.1 IlM [15]. 

To further substantiate the hypothesis of Ap~ being a putative positive signal 
molecule triggering onset of DNA synthesis, we studied factors influencing both 
intracellular Ap4A levels and the replicative machinery. Here we describe experi­
ments suggesting that Zn2+ plays an important role in the transmission of the 
primary, extracellular mitogenic signal, i.e., growth factor-receptor binding, into 
intracellular events, expansion of Ap~ pools and onset of DNA synthesis. 

MATERIALS AND METHODS 
[3H]Ap.A, (20 Cilmmole) was synthesized as described [9]. ATP, Ap4A, alkaline phosphatase and 

snake venom phosphodiesterase were from Boehringer, Mannheim; 65Zn and [3H]thymidine (30 
Cilmmole) were from Amersham. 

Cell Culture and in vivo Measurement of DNA Synthesis and Zn Uptake 
Baby hamster kidney (BHK) cells were cultured in Dulbecco's modified Eagle medium (DMEM) 

containing 10% newborn calf serum, penicillin (lOO Ulml), and streptomycin (lOO I'8Iml) in IS-cm 
dishes as described [16]. G I-arrested cells were obtained by culturing cells with 0.3 % serum for 48 h. 
For measuring DNA synthesis and Zn uptake 5x 1ij4 BHK cells were plated in 3 In-cm dishes with 2 
ml medium. DNA synthesis was measured by adding [3H]thymidine (tinal concentration, I 1lM) for I 
h. The medium was removed, the cultures washed, and trichloroacetic acid (TCA)-precipitable 
radioactivity determined. Zn uptake was determined by adding 0.1 !1Ci 65Zn to each of two triplicate 
sets of 3 lh-cm dishes. One triplicate set was incubated for 30 min at 37°C, the second set was 
precooled for IS min at O"C and incubated after 65Zn addition for 30 min on ice. After incubation cells 
were quickly washed three times with 2 ml ice-cold saline, scraped off the dishes with I ml 0.5 % 
lHton X-lOO and the radioactivity was determined in a toluene!lliton-based scintillation cocktail. 
Uptake values were calculated by background (O"C values) subtraction. 
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Ap,.A Assay 
For Ap.A determination loB cells were used per assay. After medium removal cultures were 

washed twice with cold saline, then 2 ml 5 % formic acid were added to the cultures and the cells 
scraped off. The suspensions were centrifuged (10 min, IO()()() g), the pellets were washed once with 2 
ml formic acid, the supernatants were combined, O.II1Ci [3H)Ap.A was added as internal standard, 
and the nucleotide extracts were lyophilized. The nucleotide extracts were dissolved in 2 ml 20 mM 
1Hs-formate, pH 8.0, 1 mM MgCI2 , and digested with 1 unit of alkaline phosphatase (purified on 
Sephadex 0-75) at 37°C until no significant ATP moiety was observed with the luciferinfluciferase 
system. The digest was diluted with 20 ml 0.12 M ammonium bicarbonate buffer, pH 8.2, applied on a 
(l5xO.7 cm) Whatman DE52 column after equilibration with the same buffer. The column was washed 
with 50 ml of the equilibration buffer and Ap.A was eluted with 30 ml 0.3 M ammonium bicarbonate. 
After lyophilization, Ap.A was solved in 100 111 H20 and 700 111 sample buffer (0.1 M 1Hs-acetate, pH 
7.75, 2 mM EDTA) and 200 111 luciferinfluciferase (Lumit PM, Lumac A.G.) were added. After 
determination of the ATP background, 5 111 snake venom phosphodiesterase (0.15 units) were added 
and the Ap.A content measured as expressed by ATP generation after phosphodiesterase digestion. 
The amount of Ap.A generated was calculated from an ATP and Ap.A standard curve. The method is 
suitable to determine unlabelled Ap.A content even in cells from quiescent cultures with Ap.A levels 
as low as 0.01 !!M. Ap.A values are given in molar concentrations . Cell volumes were routinely 
measured by flow cytophotometry. 

The assay applied here is not absolutely specific for Ap.A since other adenosine(5/}tetraphos­
pho(5/}nucleosides (Ap.N) can be measured with 50 % yield in comparison to Ap.A as well. 
However, the Ap.A levels determined in randomly growing cultures by the method applied here are 
similar to those determined previously by a more specific method (5). 

Ap,.A Hydrolase Assay 
107 BHK cells were washed twice with saline, scraped otT the dishes and suspended in butTer E (20 

mM 1Hs-HCI, pH 7.5, 1 mM MgClz, 0.1 mM EDTA, 7 mM 2-mercaptoethanol, 1 % Nonidet P40, 
0.7% sodium deoxycholate). After swelling for 10 min at O"C the cells were homogenized and 
centrifuged (15 min, 10()()() rpm} and the supernatant dialysed for 16 h. Fifty 111 samples containing 10 
!1i extract or purified Ap.A hydrolase, 12111 10 !!M Ap.A solution, 1111 [3H)Ap.A (20 Cilmmole), 17111 
buffer E and 10 111 ZnCI2 at various concentrations were incubated for 5 min at 37°C. The reaction was 
stopped by adding 5 111 of concentrated formic acid and the reaction products were analysed by 
chromatography on polyethyleneimine thin-layer plates. For quantification, thin-layer plates were cut 
into pieces and the radioactivity determined. 

Ap,.A-Synthetase Activity Assay 
Cell extracts were prepared as described for Ap.A hydrolase assays. To determine Ap.A synthe­

tase activity 100 111 samples containing 50111 extract, 20 mM llis-HCI, pH 7.8, 12.5 mM MgClz, 1 mM 
ATP, ZnCI2 at various concentrations were incubated for 1 h at 37°C in the presence or absence of a 
mixture of all 20 L-amino acids at I mM final concentration. The reaction was stopped by addition of 5 
!1i concentrated formic acid and the Ap.A synthesized in the reaction mixture determined as 
described above. 

RESULTS 

Effects of EDTA and Zn2+ on DNA Synthesis in BHK Cells 

Addition of EDTA to the tissue culture medium at concentrations significantly 
lower than those of the Mg2+ and Ca2+ ions in the medium (together approx. 2.6 
mM) resulted in more than 95 % inhibition of DNA synthesis (fig. 1). 95 % 
inhibition of eH]thymidine incorporation was observed 13 h after application of 
1 mM EDTA (fig. 2). The inhibitory effect of EDTA on DNA synthesis could be 
fully reversed by addition of Zn2 + to the culture medium in a dose-dependent 
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Fig. 1. Inhibition of DNA synthesis in BHK fibroblasts by increasing concentrations of EDTA (0 ). 
EDTA was added to growing cultures for 16 hand [3H]thymidine incorporation into TCA-precipitable 
material determined by pulse-labelling for 30 min with [3H]thymidine, (A) reversal of the inhibitory 
effect of EDTA on DNA synthesis by addition of increasing amounts of ZnCh in the presence of I 
mM EDTA. ExponentiaUy growing BHK cells were preincubated for 16 h with I mM EDTA, then 
various amounts of ZnCI2 were added for 8 h. 
Fig. 2. Time course of inhibition of DNA synthesis in BHK fibroblasts by EDTA. One mM EDTA 
was added to exponentially growing cultures and DNA synthesis measured by pulse-labelling for 30 
min with [3Hjthymidine as described in the caption to fig . I . 

manner. These observations are consistent with previously reported data con­
cerning the effects of chelating agents and Zn2+ on DNA synthesis in animal 
cells [17]. Fig. 1 demonstrates that addition of 10 J.tM Zn2+ fully restores DNA 
synthesis within 8 h in BHK cells pretreated with 1 mM EDTA for 16 h. Fig. 3 
shows that this effect is specific for Zn2+ ions, FeH

, Mg2+ or Ca2+ ions 
cannot prevent or reverse the inhibitory effect of EDTA. 

Effect of EDTA. and Zn2+ on Ap,.A Levels in BHK Cells 

Since Ap4A levels fluctuate correlated with the growth and cell cycle state of 
BHK cells [6] we addressed the question whether the effects of EDTA and Zn2+ 
on the DNA-synthesizing activity could be mediated by Ap~. Therefore, we 
studied the effects of Zn2+ withdrawal by EDTA and its reversal by exogenous 
Zn2+ on intracellular Ap4A levels. Zn2+ depletion by addition of 1 mM EDTA 
to the culture medium leads to a decrease of the intracellular Ap4A concentration 
of exponentially growing BHK cells from 1.7 to 0.14 J.tM (fig. 4). Addition of 
ZnCh to these cells results in an increase to 1.4 J.tM Ap4A at 10 J.tM ZnCh, and 
1.9 J.tM Ap4A at 50 J.tM ZnCh. Inhibition of DNA synthesis parallels the decrease 
of AP4A levels, and the time of onset of DNA synthesis upon application of Zn2+ 
is correlated with the concentration of cellular Ap4A. These results suggest that 
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Fig. 3. Effects of metal ions on DNA syn­
thesis of BHK fibroblasts inhibited by I 
mM EDTA. 'freatment as described in the 
caption to fig. I. 
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Ap~ is involved in the regulation of DNA synthesis and that its concentration in 
living cells is controlled by Zn2+. 

Ap,.A HydroLase Activity Changes InverseLy to the Ap,.A Concentration 
during CeLL Cycle 

The dramatic fluctuations of Ap4A pools in correlation with growth rate and 
cell cycle state led to the question how those changes are brought about ih 
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Fig. 4. Effects ofEDTA and 
ZnCI2 on intracellular Ap.A 
pools and on DNA synthesis 
in BHK fibroblasts. Expo­
nentially growing cultures 
were treated by I mM EDTA 
± 10 or 50!1M ZnCI2 , respec­
tively, for 16 h and DNA 
synthesis measured as de­
scribed under Material and 
Methods. 
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Fig. 5. Ap.A hydrolase activity (e ) 
and intracellular Ap.A levels (0) at 
various cell cycle phases of BHK fi­
broblasts. Cells were synchronized 
and Ap.A hydrolase activities 
measured as described under Mate­
rial and Methods. Ap.A levels were 
determined by Weinmann-Dorsch et 
al. [6]. 

response to growth and cell cycle-controlling signals and whether Zn2+ is 
involved as a mediator. Intracellular Ap~ concentrations could be controlled by 
influencing the biosynthesis or the degradation of Ap~. Therefore we studied 
whether changes of the activity of the specific enzyme for Ap~ catabolism, i.e., 
of Ap~ hydrolase, correlate with fluctuations of intracellular Ap4A pools at 
different growth and cell cycle states. In the course of these experiments we 
made use of the fact that the specific Ap4A hydrolase activity in cell extracts can 
be inhibited by 100 ~M ZnCh (see below), whereas unspecific phosphodiesterase 
activities cannot. On subtracting the basal level of unspecific phosphodiesterase 
activities, the measurements revealed that the Ap~ hydrolase activity changes 
drastically 30-fold during progression through the cell cycle after mitogenic 
stimulation of Gl-arrested BHK fibroblasts (fig. 5). The activity of Ap~ hydro­
lase fluctuates inversely to the Ap~ level. This suggests that a varying extent of 
Ap~ degradation contributes to the changes of actual Ap~ pool sizes in 
different cell cycle and growth states. 

This contribution of Ap~ hydrolase activity to changes in intracellular AP4A 
pools could be even more important, since an additional enhancing effect by 
varying concentrations of free Zn2+, an inhibitor of Ap~ hydrolase, could 
further modulate the intracellular Ap~ hydrolase activity. Fig. 6 demonstrates 
that Ap4A hydrolase activity is inhibited by Zn2+, with an ID50 at 70 ~M. 

Ap..,4 Synthesis in Extracts of BHK Fibroblasts is Dependent on 
Zn2+ and Free Amino Acids 

Up to now the enzymatic pathway for Ap4A synthesis in living cells is 
unknown. All so far reported data on enzymatic Ap~ synthesis in vitro were 
obtained by using various pro- and eukaryotic aminoacyl-tRNA synthetases, 
some of which can be switched from tRNA charging to Ap~ synthesizing 
enzymes (for review, see [18]). Our attempts to identify specific amino acid-
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Fig. 6. Inhibition of Ap.A hydrolase by ZnCh. Enzyme activities were determined as described 
under Material and Methods. 
Fig. 7. Fluctuation of intracellular Ap.A levels in BHK cells and of Ap.A synthesizing activity in 
BHK cell extracts in vitro during various stages of the cell division cycle. BHK fibroblast cultures 
were synchronized, all extracts prepared and Ap.A synthesis activity determined as described under 
Material and Methods. 

independent Ap~ synthetases in mammalian cell extracts led to negative results. 
Incubation of extensively dialysed cell extracts from BHK cells of various cell 
cycle phases, together with I mM ATP and 12.5 mM MgCh at pH 7.8 and 37°C, 
yielded significant amounts of newly synthesized Ap~, but only when both an 
amino acid mixture and ZnCh was added (data not shown). 

In the presence of 50 I'M Zn2+ and of a 1 mM amino acid mixture a significant 
Ap~ synthesis was observed in subcellular BHK extracts in vitro. The extent of 
the Ap.A,-synthesizing activity observed in vitro was dependent on the cell cycle 
state of the cultured cells used. This cell cycle-dependent fluctuation of Ap~ 
synthesis correlates positively with changes of Ap~ levels in BHK in vivo 
(fig. 7). 

Fig. 8 demonstrates that Ap~ synthesis in cell extracts from mid-G 1 phase 
BHK cells is dependent on Zn2+ in a dose-dependent manner with a maximum of 
stimulation by 100 IlM Zn2+. 

Growth State-Dependent Zinc Uptake in BHK Cells 

The apparent interdependence of the availability of Zn2+ in the tissue culture 
medium, the intracellular Ap~ pool sizes and the DNA synthesizing activity in 
mammalian cells raises the question whether mitogenic stimulation or growth 
arrest are correlated with changes in the rate and extent of Zn2

+ uptake. 
Therefore, we have measured the rate of 6SZn uptake in BHK cells both in 
mitogenically stimulated Gl-arrested cultures and after shift-down in exponen­
tially growing cells. Fig. 9A demonstrates that re-addition of 10% serum to cells 
synchronized in the early G 1 phase by serum deprivation results in an immediate 
increase in the rate of Zn uptake by about 5-fold. On the other hand, serum 
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Fig. 8. Zn2+ dose dependency of Ap~ synthesis activity in BHK fibroblast extracts. Cells were 
synchronized, extracts prepared 8 h after serum addition and assayed for Ap.A synthesis at various 
ZnCh concentrations as described under Materials and Methods. 
Fig. 9. Rate of Zn uptake in BHK fibroblasts under shift-up and shift-down conditions. (A) BHK 
fibroblasts were arrested in early G 1 phase by serum deprival as described under Materials and 
Methods, 10% serum was added at time zero and 65Zn uptake measured by pulse labelling for 60 min 
as described in Methods . (B) Serum was withdrawn from the medium of exponentially growing BHK 
cells at time zero and the medium replenished at 48 h. 

withdrawal causes a 5-fold decrease of uptake rates for 65Zn (fig. 9 B). Thus, the 
intracellular zinc content could be controlled either by mitogenic stimulation or 
by growth arrest. 

DISCUSSION 

Taking together the data on Ap4A that have been accumulated during the last 
6-8 years it is very suggestive that Ap~ acts as a chemical messenger or 
'metabolic symbol' [19] of mitogenic induction similar to cAMP in hormone 
induction. The interaction between growth factors and their cognate receptors in 
cellular membranes could trigger signals which are transmitted into a central 
intracellular response, i.e. 1 OOO-fold expansion of the Ap~ pool. Whether Ap4A 
pools are regulated primarily on the level of biosynthesis, degradation or on a 
combination of both, is still a matter of speculation. Ap4A may interact directly 
with the replicative machinery, presumably after binding to its highly specific 
binding site on DNA polymerase a (Ap~ acceptor protein), acting either as an 
allosteric effector of the polymerase or by being involved in the priming reaction. 
These reactions of Ap4A could then cause the eventual intracellular response of 
mitogenic induction, i.e., onset of DNA replication at the GlIS-phase boundary 
of the cell division cycle. 

Increasing evidence suggests that Zn2+ plays an important role in the trans-
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Fig. 10. Simplifying scheme of putative signal transmission upon mitogenic stimulation. 

mission of the primary, extracellular mitogenic signal, i.e., growth factor-recep­
tor binding, into intracellular events of mitogenic induction (see fig. 10). The 
observation that mitogenic induction leads to increased Zn2+ uptake and that 
Zn2+ is essential for the rising of intracellular Ap~ concentrations and DNA 
replication suggests that Zn2+ is a 'second messenger' of mitogenic induction 
and that Ap4A is a 'third messenger'. This assumption is supported by previously 
published observations indicating that zinc deficiency prevents cell and tumor 
growth [20-30] and/or inhibits DNA replication [31, 32]. 

This work was supported by the Deutsche Forschungsgemeinschaft (SFB \05). 
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