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Zinc has been shown to be required for the passage of cells through the mid-G1 phase of the cell cycle and for
differentiation of myoblasts. However, it has been suggested that zinc has other roles during the cell cycle. The
experiments reported here indicate that readily available zinc is not required for DNA synthesis per se but is
needed for a process contemporaneous with the S phase and required for subsequent progress of the cells through
G2 and mitosis. The G1 and S/G2 requirements for zinc showed virtually identical sensitivities to zinc
deprivation. Each of the above requirements for zinc coincides with the induction of specific cyclin mRNAs, and
the concentrations of these mRNAs have now been shown to decrease in the absence of adequate zinc. This is the
first study to indicate a possible common factor underlying the requirement for available zinc during both cell
replication and differentiation. (J. Nutr. Biochem. 10:279–290, 1999)© Elsevier Science Inc. 1999. All rights
reserved.
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Introduction

Zinc is essential for growth and development of many
organisms, ranging fromEuglenato humans1,2 and numer-
ous investigations have indicated impaired entry of cells
into the S phase in the absence of adequate zinc.3–5 The
decreased rates of DNA synthesis in zinc deficient animals
and cell cultures have led to the concept that DNA synthesis
is a zinc dependent process; however, there appears to be
little evidence that DNA synthesisper seis sensitive to lack
of zinc. Instead, the experimental data point to a zinc
dependent step during the mid-G1 phase that, if not satis-
fied, blocks subsequent progress through to the S phase.6

Therefore, some investigators doubt the requirement for
readily available zinc during the actual synthesis of DNA.

The situation with regard to zinc sensitive steps during
G2 and mitosis is equally unclear. Pioneering work by
Falchuk et al.1 indicated that whenEuglenawere allowed to
grow in low zinc medium until lack of zinc inhibited
growth, the cells mainly arrested in the G2 phase. However,

lack of zinc produced widespread metabolic changes in
Euglena7 that have not been observed with higher organ-
isms, and the possibility of a zinc dependent process in G2
does not appear to be have been investigated in higher
eukaryotes. The present study of a mammalian cell line has
shown that zinc is required to permit passage through the
G2/M phase of the cell cycle but not for replication of DNA.

Myoblasts can be induced to differentiate in cell culture
by transfer of the cells to medium restricting cell growth.
Because lack of zinc restricts cell growth, it might have
been expected that restricting zinc availability would initiate
myoblast differentiation. However, previous studies have
indicated that zinc is required for induction of myoblast
differentiation,8 a process initiated during mid-G1.9–11 Be-
cause the zinc requirement for entry into the S phase also is
located in mid-G1,6 it appeared possible that these usually
mutually exclusive processes shared an early zinc depen-
dent event essential for both. Comparison of the timing of
the zinc requirements and the induction of cyclins, which
are cell cycle specific proteins, indicated a close temporal
similarity. In addition, although most events involved in
myoblast differentiation are the antitheses of those leading
to cell replication, elevation of cyclin D3 mRNA concen-
tration occurs both during the mid-G1 phase in cells
traversing the replication cycle and during the initiation of
myoblast differentiation.12,13 Therefore the impact of zinc
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Figure 1 Flow cytometric analysis of 3T3 cells after release from synchronization at the G1/S boundary. The cells were subjected for 70 hours to
medium containing only 0.1% fetal calf serum (FCS) and then transferred for an additional 20 hours to medium containing 12% FCS but supplemented
with 0.5 mM hydroxyurea. (a) Cells were harvested without release from hydroxyurea; (b), (c), and (d) cells were harvested 4, 8, or 12 hours,
respectively, after release into medium containing 12% FCS but no hydroxyurea. (e) and (f) Cells were harvested 8 or 12 hours, respectively, after
release into medium containing 12% FCS, no hydroxyurea but with diethylenetriaminepentaacetic acid (DTPA)/Fe added. The fainter curves illustrate
the Gaussian distributions used to assess the proportions of the cells in G1 and G2. These peaks are labelled in graphs (c) and (d); the S phase lies
between them.
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deprivation on cyclin mRNA expression also was investi-
gated.

Materials and methods

Cell culture

Mouse 3T3 cells were cultured in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with penicillin (50 units/mL),
streptomycin (50 units/mL), and 12% (v/v) fetal calf serum (FCS;
Life Technologies, Paisley, UK). The cells were maintained in
petri dishes at 37°C in an atmosphere containing air:CO2 (9:1).
Quiescent cells were prepared by transferring the cultures to
medium containing FCS at only 0.1% for 68 to 72 hours. To
synchronize cells at the G1/S boundary, quiescent cells were
transferred to 12% FCS medium containing 0.5 mM hydroxyurea
for 20 hours. In each case, the synchronized cells were re-

incubated in standard 12% FCS medium during investigation of
their zinc requirements.

The effects of zinc deprivation were investigated after restrict-
ing zinc availability by addition of the metal chelator diethylene-
triaminepentaacetic acid (DTPA; 600mM). Previous experiments
had indicated that although Fe21 was unable to replace Zn21 in
reversing the effects of DTPA, supplementation of the DTPA with
Zn21 and Fe21 resulted in higher thymidine kinase activities than
addition of Zn21 alone, thus indicating a secondary requirement
for iron.6 Therefore, in most experiments, FeSO4 (200mM) was in
addition to the DTPA (DTPA/Fe). In general, one of the DTPA-
treated groups received no further supplementation (2Zn) whereas
another received 400mM ZnSO4 (1Zn). Although it was not
possible to estimate the free Zn21 concentrations present under
these conditions, it should be remembered that the basic medium
contained the competing ions Ca21 and Mg21 at two and three
times the molar concentration of DTPA, respectively. In addition,

Figure 2 Relative alterations in fluorescence of
Mag-fura-2 upon addition of (a) Ca21, (b) Mg21, or (c)
Zn21. (d) The changes in fluorescence induced by
adding 400 mM Zn21 to diethylenetriaminepentaace-
tic acid (DTPA)/Fe-treated 3T3 cells loaded with Mag-
fura-2. Fluorescences were estimated at excitation
and emission wavelengths of: 1, 320 and 515 nm; 2,
315 and 460 nm; 3, 370 and 505 nm.

Figure 3 Visualization of cyclin mRNAs and 18S
ribosomal RNA on Northern blots of total RNA from
3T3 cells progressing through G1. The images were
obtained and quantified using the Instantimager de-
scribed in Materials and methods. The RNA was
prepared from: lane 1, quiescent control cells; lanes
2, 5, and 8, control cells 4, 8, and 12 hours, respec-
tively, after release from quiescence; lanes 3, 6, and
9, same as lanes 2, 5, and 8 but with diethylenetri-
aminepentaacetic acid (DTPA)/Fe added to the me-
dium at time zero; lanes 4, 7, and 10, same as lanes 2,
5, and 8 but with DTPA/Fe and 400 mM Zn21 added
to the medium at time zero.

Zinc, cyclins, and the cell cycle: Chesters and Petrie

J. Nutr. Biochem., 1999, vol. 10, May 281



much of the Fe21 probably would have been oxidized to its
trivalent form and become bound to transferrin.

In later experiments, another chelator [diamsar (1,8 diamino-
3,6,10,13,16,19 hexa-azabicyclo-6,6,6 eicosane, 600mM)] was
used in place of DTPA to restrict divalent cation availability.

Flow cytometry

Cells (approximately 63 104) for cell cycle analysis were grown
in six-well plates and then the medium was removed from each
well and stored individually. The cells were rinsed with phosphate
buffered saline (PBS), each aliquot being added to its correspond-
ing medium. The cells were released from the dishes by trypsiniza-
tion and resuspended in their own stored medium/PBS, thus
retaining any cells that had become detached from the substrate.
The cells were collected by brief centrifugation at 300 g and then
resuspended in 25mL citrate buffer [40 mM sodium citrate, pH
7.6, 250 mM sucrose, 5% v/v dimethylsulphoxide (DMSO)]
containing 2.53 105 chicken erythrocytes per milliliter, which
acted as a calibration control for the flow cytometer. The cells then
were supplemented with 120mL 30 mg/mL trypsin in buffer A [0.5
mM Tris-HCl, 3.4 mM trisodium citrate, 1.5 mM spermine, 0.1%
(v/v) Nonidet P40, pH 7.6] and incubated for 10 minutes at room
temperature to release the nuclei. Further tryptic digestion was
inhibited and RNA contamination minimized by addition of 100
mL 0.5 mg/mL trypsin inhibitor (Sigma Chemical Co, T9253, St.
Louis, MO USA), 0.1 mg/mL RNAase A in buffer A and
incubation at 37°C for 10 minutes. The preparations then were
stored on ice until required (generally overnight). One hundred
microliters 0.4 mg/mL propidium iodide, 1.15 mg/mL spermine in
buffer A was added to the samples 10 to 15 minutes before their
analysis by flow cytometry in an EPICS Profile II instrument
(Coulter Electronics Ltd, Luton UK).

The data were smoothed by combining the counts from
successive sets of five channels and these values were then
analyzed by fitting Gaussian curves to the peaks of cells in the G1
and G2 phases (Figure 1). Cells lying between these two curves
were taken to have been in the S phase.

Assessment of intracellular zinc concentration

Mag-fura-2 (Molecular Probes, Eugene, Oregon USA) is a fluo-
rescent chelator that exhibits a characteristic spectrum when
associated with any of a range of metal ions including Zn21. The
compound was supplied as its acetoxymethyl ester, which is
readily taken up by cells and then hydrolyzed intracellularly to
liberate the free chelator. The latter is membrane impermeable,
which allows the cells to be washed free of nonabsorbed probe
while retaining that which has been taken up by the cells.14

The 3T3 cells were loaded with Mag-fura-2 essentially as
recommended by the supplier. Mag-fura-2 acetoxymethyl ester
was dissolved in anhydrous DMSO, and 4mL of a 5 mM solution
was dispersed in 1 mL of buffer B (140 mM NaCl, 20 mM Hepes,
5 mM KCl, 1 mM MgSO4, 1.8 mM CaCl2, 10 mM glucose, pH
7.4, 0.2% polyethylene glycol 4000). The cells were washed with
PBS, trypsinized, and collected by centrifugation at 200 g. They
then were loaded with Mag-fura-2 by suspension in 750mL buffer
B, addition of 250mL of the suspension of the Mag-fura-2 in
buffer B, and incubation at 37°C for 1 hour. The cells were washed
twice with buffer B to remove excess nonabsorbed Mag-fura-2,
and their fluorescence was investigated in a Perkin-Elmer Lumi-
nescence spectrophotometer fitted with a cell housing thermo-
stated to 37°C. Because of the sensitivity of Mag-fura-2 to light, all
operations involving the compound were carried out under reduced
lighting intensity. All fluorescence spectra obtained with the cells
were corrected for the minor fluorescence or light scattering

Figure 4 Influence of diethylenetriaminepentaacetic acid (DTPA)/Fe
on the passage of 3T3 cells through the S and G2/M phases of the cell
cycle. Quiescent cells were synchronized at the G1/S boundary by
exposure to 0.5 mM hydroxyurea for 20 hours and then transferred to
standard Dulbecco’s modified Eagle’s medium (DMEM) containing
12% FCS with or without DTPA (600 mM) and Fe (200 mM). Zinc-
supplemented cultures received 400 mM ZnSO4 immediately after the
DTPA/Fe. The cells were harvested at the times indicated and the
values for the proportions of the cells in each of the phases of the cell
cycle are means and SEM for three replicates. The significances of the
differences between means were determined by analysis of variance. At
each time point, significance of the difference from the control value is
indicated by: 1P , 0.05; 2P , 0.01; 3P , 0.001.
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obtained with duplicate samples treated identically apart from
omission of Mag-fura-2.

Free Mag-fura-2 for spectral studies was obtained by alkaline
hydrolysis of its ester, and its fluorescence in buffer B either alone
or in combination with a range of divalent cations was determined
over a range of excitation and emission wavelengths. Addition of
any of the redox ions Cu21, Fe21, or Mn21 resulted in a
progressive decrease in Mag-fura-2 fluorescence across all wave-
lengths with increasing ion concentration. In contrast, addition of

Ca21, Mg21, or Zn21 produced characteristic changes in the
pattern of fluorescence. From pairs of wavelengths ranging from
300–340 nm for excitation and from 450–520 nm for emission,
three combinations of excitation and emission wavelengths were
chosen as giving best differentiation of the metal ion induced
changes: for Ca21 and Mg21 excitation at 320 nm and emission at
515 nm; Zn21 315 nm and 460 nm; and free Mag-fura-2 370 nm
and 505 nm.Figure 2a–c show the patterns of change of
fluorescence at these wavelengths when saturating concentrations

Figure 5 Time course of the response of the fluo-
rescence of 3T3 cells loaded with Mag-fura-2 to the
addition of diethylenetriaminepentaacetic acid
(DTPA)/Fe and subsequent additions of Zn21. The
fluorescence of the cells was measured with an exci-
tation wavelength of 315 nm and emission wave-
length of 460 nm to give maximum sensitivity to
changes in intracellular zinc. All values were corrected
for the corresponding minor alterations in fluores-
cence in a parallel sample of cells that had not been
loaded with Mag-fura-2.

Table 1 Timing of the requirement for zinc during passage of 3T3 cells through the S and G2 phases of the cell cycle

Harvest
Period of adequate zinc

Distribution within the cell cycle (%)
G1 S G2/M

0–4 h 4–8 h 8–12 h Mean SEM Mean SEM Mean SEM

Time zero 82.4 1.6 13.3 1.5 4.3 0.1

12 h 63.0 1.3 17.3 0.4 19.7 0.2

12 h 42.6 0.5c 17.8 1.2 39.6 0.9c

12 h 57.8 0.2b,f 16.1 1.5 26.1 1.2b,f

12 h 49.9 0.6c,f 22.4 2.1a,d 27.8 3.2c,f

12 h 46.4 0.7c,d 17.9 1.8 35.7 1.0c

12 h 58.4 0.2a,f 18.7 1.1 22.8 0.7f

12 h 59.8 2.6f 16.3 0.4 23.9 1.5a,f

12 h 60.1 0.7f 15.6 1.5 24.3 1.6a,f

Cells were synchronized at the G1/S boundary by incubation for 20 hours in the presence of medium containing 0.5 mM hydroxyurea. The cells were
then released into fresh medium without hydroxyurea and periods of low zinc availability (open bars) were induced by addition of DTPA/Fe. When
appropriate, the effects of DTPA/Fe were reversed by subsequent addition of 400 mM ZnSO4.
*With this group, the zinc-supplemented medium was replaced after 8 hours with fresh medium containing DTPA/Fe. Values are means and SEM for
three replicates. The significance of differences are indicated as follows:
Significantly different from 0–12 h zinc adequate: aP , 0.05; bP , 0.01; cP , 0.001; significantly different from 0–12 h zinc deficient: dP , 0.05;
eP , 0.01; fP , 0.001.
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of individual divalent cations were added to 100 nM Mag-fura-2,
600 mM DTPA in buffer B from which the Ca21 and Mg21 had
been omitted. The corresponding changes induced by addition of

Zn21 to cells loaded with Mag-fura-2 in buffer B and then treated
with DTPA/Fe are illustrated inFigure 2d. Clearly, the changes
induced by adding Zn21 to the DTPA/Fe-treated cells were very
similar to those obtained with Zn21 in the absence of cells.

Cyclin mRNA

Quiescent and hydroxyurea-treated 3T3 cells for mRNA isolation
were grown in 90-mm petri dishes as described above and mRNA
was isolated by the method of Chomczynski and Sacchi15 as
described previously.8 To examine effects on G1 cyclins, quies-
cent cells were transferred to 12% FCS medium for 0, 4, 8, or 12
hours prior to harvest. mRNA for estimation of G2 cyclins was
harvested from hydroxyurea-treated cells after release into fresh
12% FCS medium for either 0 or 8 hours. Fused C2C12 myoblasts
were obtained as described by Petrie et al.8

mRNA concentrations were determined by Northern blotting
using cDNA probes as previously described.8 Radioactivity from
the probes was detected and quantified with a high-resolution,
microchannel array detector (Instantimager, Canberra Packard,
Bracknell, UK). The cyclin cDNA probes were obtained by
reverse transcription polymerase chain reaction (RTPCR) using
specific primers based on the known mouse sequences for cyclin
D3,16 cyclin E,17 and cyclin B.18 The identity of these probes was
confirmed by sequencing in both directions and the probes were
labelled by unidirectional PCR in the presence of32P-dCTP.
mRNA concentrations for the cyclins were normalized for possible
loading and transfer effects during Northern blotting by expressing
the values relative to those for the corresponding 18S ribosomal
RNA. Examples of the images obtained are shown inFigure 3.

Statistical analysis

The results are presented as means and their standard errors with
the statistical significance of the differences between means
determined by analysis of variance.

Results

S phase

When cells were subjected to 0.5 mM hydroxyurea for 20
hours following release from quiescence, most arrested at
the end of G1 or the start of S phase (Figure 1). After
release into fresh 12% medium for 4 hours, a majority were
in the S phase, whereas by 8 hours they had passed into G2,
and by 12 hours most of the cells had returned to G1.
However, if the cells were released from hydroxyurea into
a medium containing DTPA/Fe, the cells still appeared to
complete the S phase normally but many became trapped in
G2 (Figure 4). The addition of Zn21 to the cells along with
the DTPA/Fe abolished the effect of the chelator.

The ability of the cells to complete the S phase after
release from hydroxyurea into DTPA/Fe-containing me-
dium suggests that DNA synthesis per se was not sensitive
to lack of zinc. Therefore, we investigated an alternative
explanation that there was a slow change in the availability
of zinc within the cells with the addition of DTPA/Fe to the
medium. Cells loaded with Mag-fura-2 were transferred to
a fluorimeter and treated with DTPA/Fe. Their fluorescence
at the zinc specific excitation (315 nm) and emission (460
nm) wavelengths was determined immediately and at vari-
ous time intervals after subsequent addition of Zn21. The
change in fluorescence was characteristic of Zn21 binding

Figure 6 Impact of diethylenetriaminepentaacetic acid (DTPA)/Fe
and various divalent cations on the cell cycle distribution of 3T3 cells 12
hours after release from synchronization with hydroxyurea. Cultures
released from synchronization with hydroxyurea received DTPA/Fe as
indicated either with or without an additional 400 mM of the divalent
cation listed. Values are means and SEM for three replicates and the
significances of the differences between means were determined by
analysis of variance. Significance of difference from control cells: 1P ,
0.05; 2P , 0.01; 3P , 0.001. Significance of difference from cells
given DTPA/Fe alone: aP , 0.05; bP , 0.01; cP , 0.001.
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to Mag-fura-2 (Figure 2) and occurred within minutes of
addition of the ion (Figure 5).

G2/M phases

Because the cells appeared to be able to synthesize DNA
normally and accumulate in G2 after 8 hours even in the
presence of DTPA/Fe, it seemed likely that the zinc depen-
dent event that prevented them from dividing in the absence
of adequate zinc had occurred between 8 and 12 hours.
However, when the cells were subjected to restricted peri-
ods of zinc deprivation between 0 and 12 hours after release
from hydroxyurea, it became apparent that lack of zinc
between 8 and 12 hours did not restrict their passage
through mitosis (Table 1). Instead, exit from G2/M was
dependent on adequate zinc for at least 4 hours during the 0-
to 8-hour period.

Metal specificity

Previous studies have suggested that the ability to reverse
the effects of DTPA/Fe on cell replication and differentia-
tion is specific to zinc,5,6,19 and the present experiments
confirmed the ability of zinc to reverse these effects in cells

previously synchronized at the G1/S boundary (Figure 6).
However, when the metal specificity of the G2 block was
investigated, Cu21 and Mn21, but not Ca21, Fe21, or Mg21,
were also able to reverse the block. The affinities of Cu21

and trivalent Mn31 for DTPA are several orders of magni-
tude greater than that of Zn21. In the presence of a chelator
and under aerobic conditions, the divalent Mn21 that was
added probably oxidized to its much more strongly bound
trivalent form, and thus the ability of Cu21 and Mn31 to
activate the system could have resulted from displacement
of endogenous Zn21 from the chelator. Consistent with this
was the observation that at molar concentrations of the
divalent ions significantly below that of the DTPA, the
chelator’s effects were reversed by Zn21 but not by the
other ions (results not shown). Unfortunately, this did not
provide definitive evidence for the primary importance of
zinc because when added at subsaturating concentrations,
the other ions’ stronger binding to DTPA might not have
reached a free concentration necessary to activate passage
through mitosis.

To address further the question of the specificity of the
zinc response, the effects of another chelator (diamsar),
were investigated. Diamsar has a cage-like structure that

Figure 7 Impact of diamsar and various divalent
cations on the cell cycle distribution of 3T3 cells 12
hours after release from synchronization with hy-
droxyurea. Cultures released from synchronization
with hydroxyurea received diamsar as indicated either
with or without a divalent cation as listed. Values are
means and SEM for three replicates. The signifi-
cances of the differences between means were de-
termined by analysis of variance. Significance of dif-
ference from control cells: 1P , 0.05; 2P , 0.01;
3P , 0.001. Significance of difference from cells
given diamsar alone: aP , 0.05; bP , 0.01; cP ,
0.001.
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surrounds the metal ion and forms relatively specific com-
plexes with Zn21 and Cu2120. The fluorescence spectrum of
Mag-fura-2 alters characteristically when it binds Cu21,
Fe21, Mn21, or Zn21 and this was used as an indicator of
the availability of free metal ions in the presence of diamsar.
These experiments confirmed that diamsar bound Zn21 and

Cu21 strongly but had a much lower affinity for Fe21 and
Mn21. In the presence of 600mM diamsar and Ca21 and
Mg21 at concentrations similar to those found in the culture
medium, approximately 400mM Cu21 or Zn21 had to be
added to provide adequate free ions to half saturate 0.5 nM
Mag-fura-2. In contrast, less than 50mM Fe21 or Mn21 was

Figure 8 Impact of diethylenetriaminepentaacetic
acid (DTPA)/Fe and various divalent cations on the
cell cycle distribution of 3T3 cells during passage
through G1 20 hours after release from quiescence.
Cells were synchronized by incubation in Dulbecco’s
modified Eagle’s medium (DMEM) containing only
0.1% fetal calf serum (FCS) for 70 hours prior to
release into DMEM containing 12% FCS. Where ap-
propriate DTPA/Fe with or without the indicated diva-
lent cation was added at the time of release from
quiescence. Values are means and SEM for three
replicates and the significances of the differences
between means were determined by analysis of vari-
ance. Significance of difference from control cells:
1P , 0.05; 2P , 0.01; 3P , 0.001. Significance of
difference from cells given DTPA/Fe alone: aP ,
0.05; bP , 0.01; cP , 0.001.
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sufficient to produce the same effect on the Mag-fura-2.
Therefore, addition of diamsar was unlikely to influence
Fe21 availability significantly and this chelator was gener-
ally added without additional supplemental Fe21.

When hydroxyurea-treated cells were released into me-
dium containing diamsar, many of the cells completed the S
phase but accumulated in G2/M as expected (Figure 7).
Addition of Mn21 at concentrations shown to provide
available Mn21 did not reverse the effect of diamsar, which
suggests that its effects in DTPA-treated cultures were
caused by displacement of Zn21 from the DTPA. Adding
Zn21 or Cu21 at concentrations previously shown with
Mag-fura-2 to be just sufficient enough to provide available
Zn21 or Cu21 reversed the effects of the chelator. However,
when Cu21 and Zn21 were added to the diamsar-treated
cultures at a concentration equimolar with the chelator,
further Zn21 stimulated the passage of the cells through
mitosis whereas it was inhibited by extra Cu21 (Figure 7).

G1 phase

When 3T3 cells were subjected to flow cytometry 18, 20,
and 22 hours after release from quiescence, the number of
cells remaining in the G1 phase reached a minimum after
approximately 20 hours and this time was used in subse-
quent investigations to assess the divalent cation require-
ments for passage through G1. As expected, the addition of
DTPA/Fe prevented the cells from leaving G1 and when
divalent cations were added at concentrations insufficient to
saturate the DTPA, only Zn21 was able to reverse its effects
(Figure 8). However, when the total concentration of
divalent cation added was equimolar with the DTPA, Cu21,
Fe21, Mn21, and Zn21, each resulted in a significant
activation. When diamsar was substituted for DTPA/Fe in a
parallel experiment, there was a similar decrease in the
proportion of cells entering the S and G2 phases, but Fe21

and Mn21 no longer reversed the effects of the chelator
(results not shown).

Relative zinc requirements of G1 and G2

The impact of zinc availability on the loss of cells from G1
20 hours after release from quiescence and from G2 12
hours after release from hydroxyurea synchronization is
shown inFigure 9. From this it is clear that these two zinc
dependent steps were equally sensitive to zinc deprivation.

Cyclin mRNA

Lack of zinc markedly inhibited the increase in both cyclins
D3 (Figure 10) and E (Figure 11) mRNA following release
of the 3T3 cells from quiescence. In each case, zinc
supplementation reversed the inhibition by DTPA/Fe. A
similar effect was observed with cyclin B mRNA, where
zinc supplementation actually resulted in higher cyclin B
mRNA concentrations than in the control cultures (Figure
12). With myoblasts, fusion resulted in the previously
observed increase in mRNA for cyclin D3 in control
cultures (Figure 13). In fused cultures lacking adequate
zinc, cyclin D3 mRNA concentration actually fell below
that observed in unfused myoblasts but zinc supplementa-
tion largely reversed the effect of DTPA.

Figure 9 Zinc sensitivity of the exit of 3T3 cells from G1 20 hours after
release from quiescence and of the exit from G2 of cells previously
synchronized with hydroxyurea. In each case the cells were released
into medium containing diethylenetriaminepentaacetic acid (DTPA) (600
mM)/Fe21 (200 mM) with graded additions of Zn21. »––» G1 (%); f––f
G2 (%).

Figure 10 Influence of zinc availability on cyclin D3
mRNA:18S rRNA ratios at various times after release
of 3T3 cells from quiescence. Where appropriate
diethylenetriaminepentaacetic acid (DTPA)/Fe with or
without 400 mM ZnSO4 was added at the time of
release from quiescence. Values are means and SEM
for 12 replicates and the significances of the differ-
ences between means were determined by analysis
of variance. Significance of difference from control
cells at each time point: 1P , 0.05; 2P , 0.01; 3P ,
0.001.

Zinc, cyclins, and the cell cycle: Chesters and Petrie

J. Nutr. Biochem., 1999, vol. 10, May 287



Discussion

Previous studies with 3T3 cells indicated that zinc was
required around the mid-G1 phase to allow normal entry
into the S phase.6 The present experiments strongly suggest
that once the cells have passed the G1 decision point, there
is no further requirement for readily available zinc to permit
replication of DNA. This conclusion is based on the ability
of cells released from hydroxyurea block at the start of the
S phase to complete the S phase even in the presence of
DTPA/Fe. An alternative explanation would be that under
these conditions, the lowering of intracellular zinc concen-
tration by external application of this membrane-imperme-
able chelator occurs only slowly. This seems unlikely in
view of the rapid response of the fluorescence of Mag-
fura-2 loaded cells to the addition of Zn21 in the presence of
DTPA/Fe (Figure 5). Although this technique is potentially
subject to the criticism that the Mag-fura-2 could have
remained bound to the outside of the cells, the same
technique has been validated for measurement of intracel-
lular magnesium concentrations21 and inspection of Mag-
fura-2 loaded cells by fluorescent microscopy gave no
indication of preferential peripheral location of the dye.

This should not be taken to suggest that zinc is not a
necessary component of one or more elements of the DNA
replication complex because many proteins will be able to
retain their essential zinc and metabolic function even when
the extracellular availability of zinc is sharply reduced.
Indeed, dietary deficiency of zinc can prevent totally the
growth of young rats although they nevertheless retain near
normal tissue zinc concentrations.22

The present evidence of an inability of cells to divide in
the absence of zinc even when they appeared to have
completed replication of their DNA points to a second
requirement for zinc. The evidence available for the timing
of this requirement suggests that zinc is necessary for an
event that occurs contemporaneously with DNA synthesis
or early in the G2 phase.

Thus far, the metabolic changes have been attributed to a
deficit of available zinc. The data obtained with DTPA are
open to various interpretations because of DTPA’s lack of
specificity as a chelator of divalent cations. The inability of

additional Ca21 and Mg21 to reverse the effects of DTPA
on the G2/M to G1 transition was to be expected because
both were already present in the medium in molar excess
over the chelator and they have substantially lower affinity
for DTPA than Zn21. It seems probable that in the presence
of DTPA and an aerobic medium, iron and manganese
would have been converted to their trivalent forms, which
have a higher affinity for DTPA than for Zn21. When
diamsar was used to restrict availability of the divalent
cations, neither Fe21 nor Mn21 was able to replace Zn21.
Thus, their reversal of the inhibition in G2/M by DTPA
probably was associated with the displacement of endoge-
nous Zn21 from the chelator.

However, the chelator studies introduced the possibility
of copper as an alternative activator. The enhancement of
the G2/M to G1 transition in the presence of diamsar, which
occurred at the higher Zn21 concentration in contrast to an
impairment of the transition at the higher Cu21 concentra-
tion, suggested that Zn21 is the biologically active ion

Figure 11 Influence of zinc availability on cyclin E
mRNA:18S rRNA ratios at various times after release
of 3T3 cells from quiescence. Where appropriate
diethylenetriaminepentaacetic acid (DTPA)/Fe with or
without 400 mM ZnSO4 was added at the time of
release from quiescence. Values are means and SEM
for 12 replicates and the significances of the differ-
ences between means were determined by analysis
of variance. Significance of difference from control
cells at each time point: 1P , 0.05; 2P , 0.01; 3P ,
0.001.

Figure 12 Ratios of cyclin B mRNA:18S rRNA in 3T3 cells 8 hours
after release from initial synchronization at the G1-S boundary by
exposure to hydroxyurea. Where appropriate, diethylenetriaminepenta-
acetic acid (DTPA)/Fe with or without 400 mM ZnSO4 was added at the
time of release. Values are means and SEM for eight replicates and the
significances of the differences between means were determined by
analysis of variance. Significance of difference from time zero control
cells: 1P , 0.05; 2P , 0.01; 3P , 0.001. Significance of difference
from 8-hour control cells: aP , 0.05; bP , 0.01; cP , 0.001.
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(Figure 7). Previous studies with C2C12 cells indicated that
Zn21 but not Cu21 could reverse the inhibition of myoblast
differentiation by DTPA.8 Further, because with both
DTPA and diamsar the affinity for Cu21 is significantly
greater than that for Zn21, it is possible that Cu21 could
function by displacing trace amounts of Zn21 from the
chelator, but it is highly unlikely that the reverse could
apply. Thus, it is improbable that the effects of Zn21 could
have resulted from its liberation of Cu21 from the chelators.
The concentrations of zinc that are present in tissues are also
several-fold greater than those of copper whereas the
tendency for copper to be more firmly bound than zinc is a
general one. Assuming that the metal ion requirements
during both G1 and G2 are transient, it appears more likely
that zinc, not copper, would be available to fulfill these
requirements. In agreement with this, the physiologic ef-
fects of dietary deficiency of zinc in animals are consistent
with those seen here whereas those associated with dietary
copper deficiency are not.23,24 Therefore, all the evidence
points to zinc as the metal required to activate passage
through G1 and G2in vivo.

The sensitivities to lack of zinc of the G1 and the G2/M
requirements were indistinguishable and the timing of the
G1 requirement corresponds with that of the zinc require-
ment for initiation of myoblast differentiation. Each of these
processes is associated with induction of specific cyclin
proteins that are essential regulators of cell cycle progres-
sion. Therefore, the effects of lack of zinc on cyclin mRNA
concentrations were investigated. In each case, addition of
DTPA lowered the concentration of cyclin mRNA and this
effect was reversible by zinc supplementation. Further
studies will be needed to clarify the role of zinc in cyclin

expression, but these results provide the first evidence for a
possible common role for zinc in its multiple effects on cell
replication and differentiation.

Acknowledgments

The authors wish to express their gratitude to Mr. J. Ashby,
University of Aberdeen Medical School, for his extensive
help with flow cytometry, to Mr. N. Youngson for technical
assistance, and to Professor Sargeson and Dr. Osvath,
Australian National University, Canberra, for supplying
diamsar. The financial support for the project from the
Scottish Office of Agriculture, Environment and Fisheries
Department is also gratefully acknowledged.

References
1 Falchuk, K.H., Fawcett, D.W., and Vallee, B.L. (1975). Role of Zn

in cell division of Euglena gracilis. J. Cell Sci.17, 57–78
2 Chesters, J.K. (1992). Trace element gene interactions.Nutr. Rev.

50, 217–223
3 Williams, R.B. and Chesters, J.K. (1970). The effects of early Zn

deficiency on DNA synthesis and protein synthesis in the rat.Br. J.
Nutr. 24, 1053–1059

4 Chesters, J.K., Petrie, L., and Travis, A.J. (1990). A requirement for
Zn for the induction of thymidine kinase but not ornithine decarbox-
ylase in 3T3 cells stimulated from quiescence.Biochem. J.272,
525–527

5 Watanabe, K., Hasegawa, K., Ohtake, H., Tohyama, C., and Koga,
M. (1993). Inhibition of DNA synthesis by EDTA and its cancella-
tion by Zn in primary cultures of adult rat hepatocytes.Biomed. Res.
14, 99–110

6 Chesters, J.K., Petrie, L., and Vint, H. (1989). Specificity and timing
of the Zn requirement for DNA synthesis by 3T3 cells.Exp. Cell Res.
184,499–508

7 Vallee, B.L. and Falchuk, K.H. (1981). Zinc and gene expression.
Phil. Trans. Roy. Soc. B.294,185–197

8 Petrie, L., Buskin, J.N., and Chesters, J.K. (1996). Zinc and the
initiation of myoblast differentiation.Nutritional Biochemistry7,
670–676

9 Gu, W., Schneider, J.W., Condorelli, G., Kaushal, S., Mahdavi, V.,
and Nadal-Ginard, B. (1993). Interaction of myogenic factors and the
retinoblastoma protein mediates muscle cell commitment and differ-
entiation.Cell 72, 309–324

10 Pevareli, F.A., Ramqvist, T., Saffrich, R., Pepperkok, R., Barone,
M.V., and Philipson, L. (1994). Regulation of G1 progression
by yE2A and Id helix-loop-helix proteins.EMBO J. 13, 4291–
4301

11 Lassar, A.B., Skapek, S.X., and Novitch, B. (1994). Regulatory
mechanisms that coordinate skeletal muscle differentiation and
withdrawal from the cell cycle.Curr. Opinion Cell Biol. 6,
788 –794

12 Kiess, M., Gill, R.M., and Hamel, P.A. (1995). Expression of the
positive regulator of cell cycle progression, cyclin D3, is induced
during differentiation of myoblasts into quiescent myotubes.Onco-
gene10, 159–166

13 Gao, C.Y. and Zelenka, P.S. (1997). Cyclins, cyclin-dependent
kinases and differentiation.BioEssays19, 307–315

14 Simons, T.J.B. (1993). Measurement of free Zn21 ion concentration
with the fluorescent probe mag-fura-2 (furaptra).J. Biochem. Bio-
phys. Meth.27, 25–37

15 Chomczynski, P. and Sacchi, N. (1987). Single-step method of RNA
isolation by acid guanidinium thiocyanate-phenol-chloroform ex-
traction.Anal. Biochem.162,156–159

16 Wang, Z.Y., Sicinski, P., Weinberg, R.A., Zhang, Y., and Ravid, K.
(1996). Characterization of the mouse cyclin D3 gene, exon/intron
organization and promoter activity.Genomics35, 156–163

Figure 13 Influence of fusion and zinc availability on cyclin D3 mRNA:
18S rRNA ratios in C2C12 myoblasts. RNA was isolated from growing
C2C12 myoblasts or from cultures that had been induced to fuse to
form myotubes by exposure for 4 days to Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 2% horse serum. Where appro-
priate diethylenetriaminepentaacetic acid (DTPA) with or without 400
mM ZnSO4 was added at the time the cells were transferred to the
medium containing 2% horse serum. Values are means and SEM for
four replicates and the significances of the differences between means
were determined by analysis of variance. Significance of difference from
unfused control cells: 1P , 0.05; 2P , 0.01; 3P , 0.001. Signifi-
cance of difference from fused control cells: aP , 0.05; bP , 0.01;
cP , 0.001.

Zinc, cyclins, and the cell cycle: Chesters and Petrie

J. Nutr. Biochem., 1999, vol. 10, May 289



17 Damjanov, I., Shan, J., Wang, R.F., Damjanov, A., and DeLoia, J.A.
(1994). Molecular cloning and characterization of murine cyclin E.
Biochim. Biophys. Res. Commun.201,994–1000

18 Paterno, G. and Downs, K. (1992). Sequence of a cDNA encoding
mouse cyclin B protein.Gene108,315–316

19 Chesters, J.K. (1972). The role of Zn ions in the transformation of
lymphocytes by phytohaemagglutinin.Biochem. J.130,133–139

20 Engelhart, L.M., Harrowfield, J.M., Sargeson, A.M., and White,
A.H. (1992). Synthesis and structure of (1,8 diamino-3,6,10,13,16,19
hexa-azabicyclo-6,6,6 eicosane)nickel (II) tetrachloride monohy-
drate.Aust. J. Chem.46, 127–133

21 Raju, B., Murphy, E., Levy, L.A., Hall, R.D., and London, R.E.
(1989). A fluorescent indicator for measuring cytosolic free magne-
sium.Am. J. Physiol.25, C540–C548

22 Williams, R.B. and Mills, C.F. (1970). The experimental production
of zinc deficiency in the rat.Br. J. Nutr.24, 989–1003

23 Chesters, J.K. (1997). Zinc. InHandbook of Nutritionally Essential
Mineral Elements(B.L. O’Dell and R.A. Sunde, eds.), pp. 185–230,
Marcel Dekker Inc., New York, NY, USA

24 Harris, E.D. (1997). Copper. InHandbook of Nutritionally Essential
Mineral Elements(B.L. O’Dell and R.A. Sunde, eds.), pp. 231–273,
Marcel Dekker Inc., New York, NY, USA

Research Communications

290 J. Nutr. Biochem., 1999, vol. 10, May


