Biochemical Pharmacology. Vol. 37, No. 21, pp. 4075-4080, 1988.
Printed in Great Britain.

ZINC STIMULATION OF BONE PROTEIN SYNTHESIS IN
TISSUE CULTURE

ACTIVATION OF AMINOACYL-tRNA SYNTHETASE

MaASAYOSHI YAMAGUCHI,* HIDETOSHI OISHI and YASUNOBU SUKETA

Department of Environmental Biochemistry and Toxicology, Shizuoka College of Pharmacy,
Shizuoka-city 422, Japan

(Received 4 January 1988; accepted 19 April 1988)

Abstract—The present investigation was undertaken to clarify the effect of zinc on bone protein synthesis
in tissue culture. Calvaria were removed from 3-week-old male rats and cultured for periods up to 96 hr
in Dulbecco’s Modified Eagle Medium (high glucose, 4500 mg/dl) supplemented with antibiotics and
bovine serum albumin. The calvaria were incubated at 37° in 5% CO,/95% air in the medium containing
107%-10"* M zinc. Zinc content in bone cells was increased when the culture was treated with 1075 and
10~* M zinc for 48 hr. When calvaria cultured in the presence of 10~* M zinc were pulsed with [“Cluridine,
the incorporation of [**Cluridine into the bone RNA was not increased significantly. In the pulse with
[*H]leucine, the presence of 1075 to 107*M zinc in the medium caused a significant increase in the
incorporation of [*H]leucine into the acid-insoluble residues of bone tissue. This increase was blocked
completely by treatment with 10-7 M cycloheximide, an inhibitor of protein synthesis. When [*H]leucine
was added into the reaction mixture containing the 5500 g supernatant fraction of the homogenate
prepared from calvaria cultured in the presence of 10™*M zinc, the in vitro protein synthesis was
increased about 2-fold. The activity of [*H]leucyl-tRNA synthetase in the 105,000 g supernatant fraction
(cytosol) of the bone homogenate was increased about 2-fold by the culture with 107*M zinc. The
presence of 10~* M dipicolinate, a specific chelator of zinc, in the culture medium negated the effect of
zinc on [*H]leucyl-tRNA synthetase activity. The addition of 1077 to 10"*M zinc into the reaction
mixture containing enzyme extracts obtained from uncultured rat calvaria caused a 2-fold increase of
[*H]leucyl-tRNA synthetase activity. These results clearly indicate that zinc induces the stimulation of
protein synthesis at the translational level in bone cells. The present study further supports the view
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that zinc increases protein synthesis in bone cells and that the metal induces bone formation.

Zinc has been demonstrated to have a wide variety
of roles in the mammalian system, and this metal is
essential for growth in humans and many animals
{1]. Bone growth retardation is a common finding in
various conditions associated with zinc deficiency
[2,3]. In recent years, it has been reported that
zinc, of many essential trace metals, can effectively
stimulate bone growth and bone mineralization in
weanling rats [4-7]. These investigations suggest a
physiologic role for zinc in the regulation of bone
metabolism in weanling rats. The cellular mechanism
of zinc action on bone metabolism, however, remains
to be elucidated.

More recently, it has been demonstrated that zinc
has a stimulatory effect on bone formation in tissue
culture using the calvaria from weanling rats, and it
has been suggested that bone protein synthesis is a
necessary component of this response [8]. However,
direct evidence of zinc action to stimulate bone pro-
tein synthesis has not been shown thus far. The
present study was undertaken, therefore, to clarify
the action of zinc on bone protein synthesis in tissue
culture of calvaria from weanling rats. It was found
that zinc stimulated bone protein synthesis in vitro.

* Send correspondence to: Dr. Masayoshi Yamaguchi,
Department of Environmental Biochemistry and Toxi-
cology, Shizuoka College of Pharmacy, 2-2-1, Oshika,
Shizuoka-city 422, Japan.

MATERIALS AND METHODS

Chemicals. Dulbecco’s Modified Eagle Medium
(high glucose) and a penicillin—streptomycin solution
(5000 units/ml penicillin; 5000 ug/ml streptomycin)
were obtained from Gibco Laboratories (Grand
Island, NY). Bovine serum albumin (Fraction V),
cycloheximide and transfer ribonucleic acid (tRNA;
50 units/mg from bovine liver) were obtained from
the Sigma Chemical Co. (St. Louis, MO). L-[4,5-
SH]Leucine (60.0 uCi/mmol) and [2-**Cluridine
(55.9 uCi/mmol) were obtained from New England
Nuclear (Boston, MA). Zinc sulfate and all other
chemicals were reagent grade from Wako Pure
Chemical Industries, Ltd. (Osaka, Japan). All water
used was glass distilled.

Animals. Weanling male Wistar rats weighing 60—
65 g (3-weeks-old) were obtained from the Nippon
Bio Supply Center Co., Tokyo. The animals were
fed commercial laboratory chow (solid) containing
1.1% calcium, 1.1% phosphorus and 0.012% zinc
and were given distilled water freely until used.

Bone culture. Calvaria from 3-week-old male rats
were removed aseptically and cut along the sagittal
suture into left and right halves. One-half of each
calvarium served as a control for its paired, treated
half. Each half-calvarium (17-23 mg wet weight) was
cultured in a 35-mm dish in 2.0 ml of medium con-
sisting of Dulbecco’s Modified Eagle Medium (high

4075



4076

glucose) supplemented with 0.25% bovine serum
albumin (Fraction V) plus antibiotics, with either
zinc (107%-10"*M) or vehicle (zinc content was
none). Cultures were maintained at 37° in a water-
saturated atmosphere containing 5% CO, and 95%
air for 96 hr. The respective media, containing either
zinc or vehicle, were changed at 48 hr, and cultures
were maintained for an additional 48 hr. In the sep-
arate experiments, the respective media contained
cycloheximide or dipicolinate.

Bone zinc uptake. Calvaria were cultured in the
medium containing zinc for 48 or 96 hr at 37°, After
culture, the bone was removed and washed with ice-
cold 0.25 M sucrose solution, blotted, and weighed.
The bone tissues were minced in 2.0ml of 0.1N
NaOH solution and shaken for 24 hr at 4° [9]. The
bone tissues (matrix) remaining after alkaline
extraction were separated by centrifugation at 600 g
for 5 min, and the supernatant fractions (cellular
components) were kept. Zinc content in the bone
matrix and the cellular component was determined
by atomic absorption spectrophotometry after diges-
tion with nitric acid. Bone zinc content was expressed
as micrograms of zinc per gram wet bone tissue. Zinc
content in the complete control medium was none.

Bone RNA synthesis. The effect on newly syn-
thesized bone RNA was determined by studying the
incorporation of [*Cluridine [10]. Labeled uridine
was added to the culture of the time period indicated
in the figures to a final concentration of 0.25 uCi/ml
medium. At 2hr after the pulse, the bones were
removed and washed with ice-cold 5% trichloro-
acetic acid (TCA), acetone and ether, and then
rinsed in ice-cold 0.25 M sucrose. The bones were
dried and weighed. The dried bone residues were
dissolved in 1.0 ml of 0.2 N NaOH for determination
of the amount of [*CJuridine incorporated into
bone RNA. The radioactivity was counted with a
scintillation spectrometer. Data are expressed as
disintegrations per minute per milligram dry weight
of acid-insoluble residues.

Bone protein synthesis. The effect on newly
synthesized bone total protein was determined by
studying the incorporation of [*H]leucine [11]. The
calvaria were pulsed with [*H]leucine (5.0 4Ci/ml
medium) at the culture period indicated in the
legends to the figures, and cultured for 2 hr. At the
end of the culture, the calvaria were removed and
washed with ice-cold 0.25M sucrose. The calvaria
were extracted with ice-cold 5% TCA, acetone and
ether, and then rinsed in ice-cold 0.25 M sucrose.
The bones were dried and weighed. For deter-
mination of the amount of [*H]leucine incorporated
into bone total protein, the dried bone residues were
dissolved in 1.0ml of 0.2 N NaOH and an aliquot
was removed and placed in a vial for measurement
of the disintegrations per minute by scintillation
counting. Data are expressed as disintegrations per
minute per milligram dry weight of acid-insoluble
residues.

In separate experiments, in vitro protein synthesis
was measured by using bone homogenate fraction.
The bone tissues cultured were homogenized in
1.0 m! of ice-cold 0.25 M sucrose solution and centri-
fuged at 5500 g for 10 min, and the supernatant frac-
tion was pooled. The incubation mixture to assay in
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vitro protein synthesis contained, in a total of 1.0 ml,
25 mM Tris—chloride (pH 7.5), 5 mM MgCl,, 5 mM
KCl, 2.5mM potassium ATP, 1 mM [°H]leucine
(0.5 uCi/ml) and the 5500 g supernatant fraction (70—
85 ug protein, ml) [12]. After incubation at 37° for
30 min, the reaction was stopped by addition of 10%
TCA (1.0ml), and an aliquot was withdrawn and
applied to a Millipore filter disk (2.5 cm diameter);
the latter was washed with an excess of cold aqueous
5% TCA. After three changes of 5% TCA solution,
the disks were washed with an excess of cold ethanol-
ether (1:1, v/v), and finally with cold ether. The
disks were counted for radioactivity. Protein syn-
thesis is expressed as disintegrations per minute per
milligram of protein. Protein concentration was
determined by the method of Lowry er al. [13].

Bone aminoacyl-tRNA synthetase. Cultured cal-
varia were homogenized in 1.0 ml of ice-cold 0.25 M
sucrose solution. The homogenate was centrifuged
at 105,000 g for 60 min, and the supernatant fraction
was pooled to assay aminoacyl-tRNA synthetase
activity. The enzyme activity was measured as
described by Hoskinson and Khorana [12]. The incu-
bation mixture contained, in a total of 1.0 ml, 25 mM
Tris—chloride (pH 7.5), 5mM MgCl,, 5mM KClI,
2.5mM potassium ATP, 1.0 Ay units of tRNA,
1.0mM [*H]leucine (0.5 uCi) and the 105,000g
supernatant solution (60-80 ug protein). After incu-
bation at 37° for 10 min, an aliquot was withdrawn
and applied to a Millipore filter paper disk (2.5 cm
diameter); the latter was washed with an excess of
cold aqueous 5% TCA. After the washing, the disks
were washed with an excess of cold ethanol-ether
(1:1, v/v), and finally with cold ether. The disks were
dried and counted for radioactivity with a scintillator.
[*H]Leucil-tRNA synthetase activity is expressed as
disintegration per minute per milligram of protein.

Statistical analyses. Data are expressed as the
mean + SEM. Statistical differences were analyzed
using Student’s z-test. P values of less than 0.05
were considered to indicate statistically significant
differences.

RESULTS

Distribution of zinc in bone tissue. The uptake of
zinc by rat calvaria cultured in medium containing
10~*M zinc for 96 hr is shown in Fig. 1A. Alkaline
extraction of bone tissue indicated the presence of
zinc in the cellular components; zinc content in the
cellular component of control calvaria was about
15% of that in the bone tissue. At 24 hr of culture
with 10~* M zinc, zinc content in the bone cellular
components increased about 4-fold. This increase
was enhanced slightly by the 96-hr culture. When
calvaria were cultured for 48 hr with increasing
concentrations of medium zinc (107%-10"*M), a
significant increase in the bone cellular zinc content
was seen at concentrations greater than 10~ M zinc
(Fig. 1B). Zinc content in the bone matrix was
remarkable in comparison with that in the bone
cellular components. Meanwhile, medium zinc con-
centration was decreased by culture; when calvaria
were cultured in medium containing 10~° and 10~*M
zinc for 48 hr, the medium zinc concentration was
7.89x 1075M and 7.52 X 107°M respectively.
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Fig. 1. Distribution of zinc taken up by rat calvaria in vitro.
(A) Calvaria were cultured for 96 hr in medium containing
10-*M zinc. Zinc concentrations in calvaria cultured for
0, 48 and 96 hr in the absence of zinc were 117.5 = 5.5,
113.0 = 6.0 and 118.1 = 7.2 (ug/g wet bone) respectively.
(B) Calvaria were cultured for 48 hr in medium containing
107°M to 107*M zinc. The bone zinc concentration at § hr
of culture was 113.0 + 6.0 ug/g wet bone. Each bar is the
mean of five calvaria per group. The vertical lines represent
the SEM. Key: (*) P < 0.01, compared with control group;
(O) bone matrix: and (M) bone cellular component.

There was no zinc in the control medium. Also,
calvaria did not release zinc into the medium with
the 48-hr culture.

Effect of zinc on bone RNA synthesis. The effect
of zinc on the incorporation of [*Cluridine into the
acid-insoluble residues of rat calvaria is shown in
Fig. 2. When the calvaria were cultured for 24-96 hr
in the presence of 10™*M zinc and, at each time
point of the culture, pulsed with [*Cluridine, the
acid-insoluble residues of bone were not enhanced
significantly by the presence of 107*M zinc. In
addition, the bones cultured for 48 hr were pulsed
with [**Cluridine, and 30 or 60 min later the bones
were removed from the medium (Fig. 3).
[**C]Uridine incorporation was not increased sig-
nificantly by the presence of 107*M zinc. These
results indicate that zinc did not stimulate RNA
synthesis significantly in cultured bone.
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Fig. 2. Effect of zinc on the incorporation of [*Cluridine
into the acid-insoluble residues of rat calvaria in virro.
Calvaria were cultured for 96 hr in the presence of 107*M
zinc. At each time point of culture, the bones were pulsed
with [*Cluridine (0.25 uCi/ml medium), and 2 hr later the
bones were removed from the medium. Each bar represents
the mean of five calvaria. The vertical lines give the SEM.
Data were not significant. Key: ((J) control; and (M) 10~* M
zinc.
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Fig. 3. Effect of zinc on the time course of the incorporation
of [*Cluridine into the acid-insoluble residues of rat cal-
varia in vitro. Calvaria were cultured for 48 hr in the pres-
ence of 107*M zinc, and then pulsed with [“Cluridine
(0.25 u€Ci/ml medium); 30, 60 and 120 min later the bones
were removed from the medium, Each point represents the
mean of five calvaria. The vertical lines give the SEM. Data
were not significant. Key: (O) control; and (@) 107 M zinc.
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Fig. 4, Effect of zinc on the incorporation of [*H]leucine
into the acid-insoluble residues of rat calvaria in vitro.
Calvaria were cultured for 96 hr in the presence of 107*M
zinc. At each time point of culture, the bones were pulsed
with [PH]leucine (5.0 4Ci/ml medium), and 2 hr later the
bones were removed from the medium. Each bar represents
the mean of five calvaria. Vertical lines give the SEM. Key:
(*) P < 0.01, compared with the control group; (OJ) control;
and (W) 107*M zinc.
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Fig. 5. Effect of increasing concentrations of zinc on the
incorporation of [*H]leucine into the acid-insoluble resi-
dues of rat calvaria in vitro. Calvaria were cultured for 48
and 96 hr in the presence of 107%-10"*M zinc. The bones
were pulsed with [*H]leucine (5.0 uCi/ml medium), and
2 hr later the bones were removed from the medium. Each
point represents the mean of five calvaria. Vertical lines
give the SEM. Key: (*) P<0.05, and (**) P<0.01,
compared with the control group.
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Effect of zinc on bone protein synthesis. The effect
of zinc on the incorporation of [°H]leucine into the
acid-insoluble residues of rat calvaria is shown in
Fig. 4. Calvaria were incubated for up to 96 hr in the
presence of 107* M zinc. When the bones were pulsed
with [*H]leucine (5.0 uCi/ml medium) at 3 and 24 hr
of the culture, the incorporation of [°H]leucine into
the acid-insoluble residues of bones was not
enhanced significantly by the presence of zinc. At
48, 72 and 96 hr of culture, [*H]leucine incorporation
was increased significantly by the presence of zinc.

The effect of increasing concentrations of zinc
(107%-10"*M) on the incorporation of [*H]leucine
into the acid-insoluble residues of bone is shown in
Fig. 5. The bones were incubated for 48 and 96 hr
in the presence of zinc and, at each time point of
the culture, the bones were pulsed with [*H]leucine
(5.0 uCi/ml medium). In the presence of 107°M
zinc, the incorporation of [*H]leucine into the acid-
insoluble residues was not enhanced significantly.
The presence of 107> M and 10™*M zinc produced a
significant increase of [*H]leucine incorporation.

The effect of cycloheximide, an inhibitor of protein
synthesis, on zinc-stimulated [*H]leucine incor-
poration into the acid-insoluble residues of bone is
shown in Fig. 6. Calvaria were incubated for 48 hr
in the presence of either 107*M zinc or 1077 M
cycloheximide plus 10™*M zinc. The increase of
[PH]leucine incorporation into the acid-insoluble
residues of bone caused by the presence of 10°*M
zinc was blocked completely by the presence of
1077 M cycloheximide. In the absence of zinc, the
inhibitor had an appreciable effect on [*H]leucine
incorporation into the acid-insoluble residues of
bone.

The radioactivity of [*H]leucine in the acid (10%
TCA)-insoluble residues of culture medium was not
significantly different between the control group and
the 107*M zinc-treated group (data not shown).
This indicates that the release of newly synthesized
protein from the cultured bone to the medium was
not prevented by the presence of zinc.
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Fig. 6. Effect of cycloheximide on zinc-stimulated
[*H]leucine incorporation into the acid-insoluble residues
of rat calvaria in vitro. Calvaria were cultured for 48 hr
in medium containing either: vehicle alone; 10~*M zinc;
100"M cycloheximide; or 107*M zinc plus 107’M
cycloheximide. The bones were pulsed with [*H]leucine
(5.0uCi/mi medium), and 2hr later the bones were
removed from the medium. Each bar represents the mean
of five calvaria. The vertical lines give the SEM. Key: (*)
P <0.05, and (**) P <0.01, compared with the control

group; (OJ) control; and (M) 107*M zinc.
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Fig. 7. Effect of zinc on in vitro protein synthesis in rat
calvaria. Calvaria were cultured for 96 hr in medium
containing either vehicle or 107* M zinc. The bone tissue
homogenate was prepared from the cultured calvaria.
[*H]Leucine was added to the incubation mixture con-
taining the 5500g supernatant fraction of the bone
homogenate. Each bar is the mean of five calvaria per
group. The vertical lines represent the SEM. Key: (*)
P < 0.01, compared with control group; (O) control; and
(M) zinc.

The effect of zinc on in vitro protein synthesis is
shown in Fig. 7. Cultured calvaria were homo-
genized, the homogenate was centrifuged at 5500 g,
and the supernatant (cytosol and microsomal
fraction) was used to assay protein synthesis. When
[’H]leucine was added into the assay mixture con-
taining the 5500 g supernatant fraction of the homo-
genate of calvaria cultured in the presence of 10™*M
zinc for 24 hr, the incorporation of [*H]leucine into
the TCA-insoluble fraction increased about 2-fold in
comparison with the value obtained from the control
bone tissue. Such an increase was also seen by using
the bone tissues cultured for 48-96 hr. Thus, zinc
taken by bone cells stimulated protein synthesis.

Effect of zinc on aminoacyl-tRNA synthetase
activity in bone. The effect of zinc on [*H]leucyl-
tRNA synthetase activity in bone tissue is shown in
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Fig. 8. Effect of zinc on [*H]leucyl-tRNA synthetase activity
in rat calvaria in vitro. Calvaria were cultured for 96 hr
in medium containing either vehicle or 107*M zinc. The
105,000 g supernatant fraction (cytosol) was prepared from
the bone homogenate. [PH]Leucine was added to the incu-
bation mixture containing the cytosol. Each bar is the mean
of five calvaria per group. The vertical lines represent the
SEM. The bone enzyme activity at Ohr of culture was
62.0 + 13.0 (dpm/min/mg protein). Key: (*) P <0.01,
compared with control group; (O) control; and (M) zinc.
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Fig. 9. Effect of dipicolinate, a chelator of zinc, on
[*H]leucyl-tRNA synthetase activity in rat calvaria in vitro.
Calvaria were cultured for 48 hr in medium containing:
vehicle alone; 10~* M zinc; 104 M dipicolinate; or 107*M
zinc plus 10~* M dipicolinate. Each bar is the mean of five
calvaria per group. The vertical lines represent the SEM.
Key: (*) P<0.01, and (**) P <0.05, compared with
control group; (O) control; and (M) zinc.

Fig. 8. Calvaria were cultured in the presence of
107*M zinc for 96 hr. The 105,000g supernatant
fraction (cytosol) was obtained from the homogenate
of cultured calvaria. [PH]Leucyl-tRNA synthetase
activity in the cytosol was increased about 2-fold by
the bone tissue cultured for 24-hr, although the 12-
hr culture did not have a significant effect. The
increase in the enzyme activity was also seen in the
case of the 96-hr culture.

The effect of dipicolinate, a chelator of zinc, on
[PH]leucyl-tRNA synthetase activity in calvaria is
shown in Fig. 9. Calvaria were cultured in the pres-
ence of 10~* M dipicolinate for 48 hr. In the absence
of 10~*M zinc, the culture with 10~* M dipicolinate
caused a remarkable decrease of [*H]leucyl-tRNA
synthetase activity in calvaria. In the presence of
10~* M dipicolinate, the effect of 10~ M zinc on the
enzyme activity was negligible. Thus, leucyl-tRNA
synthetase might be a zinc-containing enzyme.
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Fig. 10. Effect of zinc addition on [*H]leucyl-tRNA syn-
thetase activity of enzyme extracts from rat calvaria. Zinc
chloride solution was added to the incubation mixture
containing the cytosol to final concentrations of 107% to
103 M zinc. The cytosol was prepared from the homo-
genate of normal rat calvaria. The enzyme control value
was 62.0 + 13.0 (dpm/min/mg protein). Each point is the
mean of five calvaria. Vertical lines represent the SEM.
Key: (*) P <0.05, and (**) P <0.01, compared with no
addition values.
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The effect of the addition of zinc on leucyl-tRNA
synthetase activity in enzyme extracts obtained from
uncultured rat calvaria was examined; the result is
shown in Fig. 10. Zinc was added in the range of
10~8to 1073 M as a final concentration in the reaction
mixture. [’H]Leucyl-tRNA synthetase activity was
not altered in the presence of 1078 M zinc. At zinc
concentrations of 1077 and 107°M, the enzyme
activity increased markedly; the maximal effect was
seen at 10~ M zinc and the activity increased about
2-fold. With zinc concentrations greater than 107> M,
the enzyme activity was clearly reduced; zinc had an
inhibitory effect on the enzyme. Thus, a physio-
logical level of zinc in bone cells could activate leucyl-
tRNA synthetase.

DISCUSSION

In recent years, it has been demonstrated that
zinc, an essential trace metal, induces stimulation of
bone growth and bone mineralization in weanling
rats [4-7]. More recently, it has been found that zinc
can stimulate bone mineralization in tissue culture
in vitro, and that bone protein synthesis may be a
necessary component of this response; the metal
produces increases of calcium content, alkaline phos-
phatase activity and collagen content in tissue culture
of the calvaria obtained from weanling rats [8].

In the present study, the presence of zinc in the
culture medium produced a significant increase in
the incorporation of [*H]leucine by acid-insoluble
residues of rat calvaria after a pulse of labeled leucine
was added to the culture medium. The increase did
not result from the inhibition of the release of
[*H]leucine-labeled proteins from the bone tissue
into the culture medium caused by the presence of
zinc. The presence of cycloheximide, an inhibitor of
protein, in the culture medium completely blocked
the stimulatory effect of zinc on the incorporation of
[*H]leucine into the acid-insoluble residues of bone.
These results suggest that zinc stimulates a synthesis
of proteins in cultured bone. On the other hand,
the incorporation of [*Cluridine, a precursor in the
synthesis of RNA, into the acid-insoluble residues
of calvaria increased linearly as a function of time
(min) after the pulse of labeled uridine. This
increase, however, was not enhanced significantly by
the presence of 107*M zinc in the culture medium.
This indicates that zinc did not stimulate the synthesis
of RNA in the bone cells, although it is known that
RNA polymerase is a zinc-containing enzyme [14].
However, since zinc can increase bone mRNA syn-
thesis, which is only a small percentage of total RNA
synthesis, one cannot exclude the possibility that
zinc-stimulated protein synthesis in bone cells is
partly based on the enhancement of mRNA
synthesis.

Zinc could stimulate in vitro protein synthesis in
bone cells. When [*H]leucine was added to the
reaction mixture containing the 5500 g supernatant
fraction (cytosol and microsomes) of the homogenate
prepared from calvaria cultured in the presence of
10™*M zinc, in vitro protein synthesis increased
about 2-fold. Such an increase in protein synthesis
was also seen in the 24-hr culture. Zinc uptake by
bone cells clearly occurred in the 24-hr culture in
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the presence of 10™*M zinc. These results further
support the view that the cellular zinc in the bone
tissue directly stimulates protein synthesis.

The first steps in the biosynthesis of proteins
involve the enzymatic activation of the amino acids
with adenosine triphosphate followed by the transfer
of the amino acids to amino acid-specific ribonucleic
acids (RNA) [15]. Aminoacyl-tRNA synthetase is
an enzyme which synthesizes aminoacyl-tRNA {12].
Leucyl-tRNA synthetase activity in the cytosol frac-
tion of calvaria was increased about 2-fold by 24 hr
culture in the presence of 10™* M zinc. This increase
was prevented completely by the presence of 1074 M
dipicolinate, a specific chelator of zinc {16]. These
results clearly indicate that zinc acts during the first
steps in the biosynthesis of proteins. Furthermore,
addition of zinc ion (1077 and 107°M) into the
enzyme reaction mixture containing the cytosolic
enzyme extract prepared from uncultured calvaria
produced a remarkable elevation of leucyl-tRNA
synthetase activity. With concentrations of zinc
greater than 1073M, the enzyme activity was not
enhanced. Thus, the activation of leucyl-tRNA syn-
thetase by zinc was revealed in a narrow range of
concentration of the metal. This suggests a physio-
logic role of cellular zinc in the stimulation of protein
synthesis in bone cells. The present finding, that
zinc can directly activate leucyl-tRNA synthetase,
suggests that the enzyme is a zinc-containing protein.
Thus far, it has not been reported that leucyl-tRNA
synthetase is activated by zinc. Zinc may be an
essential factor in protein synthesis.

In a previous investigation [8], it was demonstrated
that zinc increases alkaline phosphatase activity in
cultured rat calvaria, while acid phosphatase and S-
N-acetylglucosaminidase activities are not elevated.
Also, zinc increases collagen content in cultured rat
calvaria [8]. Those increases were blocked com-
pletely by treatment with cycloheximide, an inhibitor
of protein synthesis [8]. Presently, we do not know
whether zinc stimulates the induction of other pro-
teins besides alkaline phosphatase and collagen,
which are involved in bone formation. This,
however, may be possible.

It is known that bone growth retardation is a
common finding in various conditions associated with
zinc deficiency [2, 3]. There is an appreciable amount
of zinc in bone cells. Zinc deficiency may cause the
decrease of zinc content in bone cells. Presumably,
this induces the retardation of the development of
bone growth and bone formation, because zinc plays
a physiologic role as an activator of protein synthesis
in bone cells.

10.

11.

12.

13.

14.

15.

16.

M. YAMAGUCHI et al.

REFERENCES

. Burch RE, Hahn HKJ and Sullivan JF, Newer aspects

of the roles of zinc, manganese, and copper in human
nutrition. Clin Chim 21: 501-520, 1975.

. Hurley LS, Gowan J and Milhaud G, Calcium metab-

olism in manganese-deficent and zinc-deficient rats.
Proc Soc Exp Biol Med 130: 856-860, 1969.

. Oner G, Bhaumick B and Bala RM, Effect of zinc

deficiency on serum somatomedin levels and skeletal
growth in young rats. Endocrinology 114: 1860-1863,
1984.

. Yamaguchi M, Mochizuki A and Okada S, Stimulatory

effect of zinc on bone growth in weanling rats. J Phar-
macobiodyn 5: 619-626, 1982.

. Yamaguchi M and Yamaguchi R, Action of zinc on

bone metabolism in rats: Increases in alkaline
phosphatase activity and DNA content. Biochem
Pharmacol 35; 773-777, 1986.

. Yamaguchi M, Inamoto K and Suketa Y, Effect of

essential trace metals on bone metabolism in weanling
rats: Comparison with zinc and other metals’ actions.
Res Exp Med 186: 337-342, 1986.

. Yamaguchi M and Inamoto K, Differential effects of

calcium-regulating hormones on bone metabolism in
weanling rats orally administered zinc sulfate. Metab-
olism 35: 1044-1047, 1986.

- Yamaguchi M, Oishi H and Suketa Y, Stimulatory

effect of zinc on bone formation in tissue culture.
Biochem Pharmacol 36: 4007-4012, 1987.

. Flanagan B and Nichols G Jr, Metabolic studies of bone

in vitro. IV. Collagen biosynthesis by surviving bone
fragments in vitro. J Biol Chem 237: 3786-3692, 1962.
Kawashima K and Izawa M, Stimulation of RNA
synthesis in nucleoli by inorganic phosphate in vitro.
Biochem Biophys Res Commun 104: 1167-1174, 1982.
Canalis E, Effect of sodium vanadate on deoxy-
ribonucleic acid and protein synthesis in cultured rat
calvaria. Endocrinology 116: 855-862, 1985.
Hoskinson RM and Khorana HG, Studies on
polynucleotides, XLI. Purification of phenylalanine-
specific transfer ribonucleic acid from yeast by coun-
tercurrent distribution. J Biol Chem 240; 2129-2134,
1965.

Lowry OH, Rosebrough NJ, Farr AL and Randall RJ,
Protein measurement with the Folin phenol reagent. J
Biol Chem 193: 265-273, 1951.

Parisi AF and Vallee BL, Zinc metalloenzyme:
Characteristics and significance in biology and
medicine. Am J Clin Nutr 22: 1222-1230, 1969.

Pain VN, Initiation of protein synthesis in mammalian
cells. Biochem J 235: 625-637, 1986.

Rognstad R, Inhibition of glycogen synthesis in rat
hepatocytes by medium Zn®*. Biochem Biophys Res
Commun 122: 726-733, 1984.



