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Abstract. The activities of six aminoacyl-tRNA synthetase
species were determined using enzyme preparations par-
tially purified from the brains of control and methylmer-
cury (MeHg)-treated rats. The activities of Asp-, Leu- and
Tyr-tRNA synthetases were significantly reduced in the
brains of MeHg-intoxicated rats, whereas those of Lys-
and Met-tRNA synthetases remained unchanged. In con-
trast, the activity of His-tRNA synthetase was significantly
increased in the symptomatic phase of MeHg intoxication.
The activities of these six aminoacyl-tRNA synthetases in
the control brains were affected to different extents on the
direct addition of MeHg to the assay system in vitro. No
positive correlation was observed between the in vivo and
in vitro effects of MeHg on the enzyme activities. These re-
sults indicate that the aminoacylation of tRNA is one of
the actions of MeHg, which leads to inhibition of protein
synthesis, and it is suggested that the syntheses of cellular
proteins may be modified in different ways by MeHg, de-
pending on their amino acid compositions.
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Introduction

The alteration in the protein synthetic activity in the ner-
vous tissues of MeHg-treated animals before the appear-
ance of overt signs of methylmercury poisoning supported
the notion that impairment of protein synthesis in nervous
tissues is closely related to the neurotoxicity of this agent
(for reviews, see Omata and Sugano 1985; Miura and Imu-
ra 1987). Changes in intracellular structures associated
with protein synthesis were also observed in nervous tis-
sues during the development of methylmercury intoxica-
tion in animals (Jacobs et al. 1977; Yip and Chang 1981).
Although the quantitative aspect of methylmercury action
on protein synthesis (Omata et al. 1980; 1982) and the
modification of protein species (Kawamata et al. 1987)
were demonstrated in nervous tissues of rats, it is not
known which step(s) of the protein synthetic pathway or
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reactions are affected by methylmercury. Furthermore,
little information is available as to whether the impairment
of nerve functions caused by methylmercury is due to per-
turbation of the synthesis of critical protein species.
Cheung and Verity (1985) showed that methylmercury af-
fected the protein synthetic activity through a decrease in
the activity of phenylalanyl-tRNA synthetase in the brains
of infant rats. The present investigation was undertaken to
assess the effects of MeHg on the activities of six amino-
acyl-tRNA synthetase species in the brains of adult rats as
the first step for clarification of the site(s) and mode of ac-
tion of methylmercury on the protein synthetic pathway
and the protein species.

Materials and methods

Animal treatment. Female Wistar rats weighing 200-230 g
were used throughout the experiment. The rats received
daily subcutaneous injections of methylmercury chloride
(10 mg/kg) for 7 consecutive days. The development of
MeHg intoxication in the animals was similar to that de-
scribed previously (Omata et al. 1978; 1982) and they were
killed on day 14 or 15, at which time typical crossing of the
hind limbs when held by the tail, and body weight loss
were seen. Control rats were treated similarly, with injec-
tions of the vehicle (10 mM NaHCO;-Na,CO;, pH 9.2)
alone, and were killed 7 days after the last injection.

Preparation of the pH 5 enzyme fraction. The pH 5 fraction
from rat brain was prepared essentially according to the
method of Cheung and Verity (1985), with modifications
including the addition of PMSF to the homogenizing me-
dium, centrifugation of the post-mitochondrial superna-
tant in a Hitachi RPS-65T swinging bucket rotor at
127000 g for 90 min and centrifugation of the solubilized
pH 5 fraction at 1000 g for 60 s. The final preparation was
used immediately or stored at —70°C until use within
1 week, although no appreciable change in the enzyme ac-
tivity was found after storage at —70° C for 30 days.

Preparation of tRNA from the liver. Unfractionated transfer
RNA was prepared from rat liver according to Nishimura
(1971), except that the preparation was initiated with the
post-nuclear supernatant of the homogenate mixed with
potassium polyvinylsulfate (3 pg/ml). The tRNA fraction
was stored at —70° C until use.



Assay of aminoacyl-tRNA synthetase activity. In prelimi-
nary experiments to determine the optimal conditions for
the determination of aminoacyl-tRNA synthetase activi-
ties, each synthetase activity was measured with various
amounts of amino acids and the enzyme fraction
(5-70 pg), together with rat liver tRNA (0-8.5 pg) for
5-30 min. It was found that the reaction was linear for
about 20 min with 400 uM amino acids and the following
enzyme fraction/tRNA amounts for the respective amino-
acyl-tRNA synthetases: 20 ug/7.0 pg for Asp; 20 ug/
2.5 ug for Leu, Tyr, Lys and Met; 10 ug/2.5 pg for His.
The incubation mixture (50 ul), prepared in an Eppendorf
centrifuge tube (1.5ml), contained 10 mM Tris-acetate
(pH 7.4), 10 mM Mg-acetate, 100 mM KCIl, 5 mM ATP,
2.5-7.0 ug rat liver tRNA, 0.2 uCi of a *H-labelled amino
acid and the respective cold amino acid to make the final
concentration 400 uM, and the pHS enzyme fraction
(10-20 ug protein). The reaction, initiated by adding the
pH 5 enzyme fraction, was carried out at 37° C for 10 min,
after which the mixture was cooled on ice. The following
procedures were performed according to Bollum (1968)
with slight modifications. Two aliquots (15 ul, each) were
taken from a cooled reaction mixture and then pipetted on
to cellulose filter papers (Toyo, No. 2, 15 x 15 mm), which
were dropped into cold 5% trichloroacetic acid. Each filter
paper was then washed three times with 10% trichloroacet-
ic acid, once with ethanol:ether (1:1, v/v) and once with
ether, followed by standing at 70° C for 30 min. For wash-
ing in the Tyr-, Met-, His- and Asp-tRNA synthetase as-
says, the trichloroacetic acid solution contained
10-100 mM of the respective cold amino acids to reduce
nonspecific absorption of the labelled amino acids. The
dried filter paper was placed in a glass vial and the radio-
activity was determined after the addition of 10 ml scin-
tillation fluid (0.4% diphenyloxazole in toluene). When the
effect of MeHg in vitro was being determined, 812 reac-
tion tubes, for an aminoacyl-tRNA synthetase assay, con-
taining the control pH 5 enzyme fraction and various
amounts of MeHg chloride were processed as described
above, and then the ICs, value for each enzyme was calcu-
lated from the inhibition curve. All media, glassware, and
pipettes were autoclaved before use. Protein was deter-
mined by the method of Lowry et al. (1951) with bovine
serum albumin as a standard.

Statistical analysis. The two-tailed Student’s #-test was used
to estimate the statistical significance of the difference be-
tween the means; p <0.05 was regarded as significant.

Results and discussion

Yield of the pH 5 enzyme fraction in control and
MeHg-treated rats

Table 1 shows the yields of the pH 5 enzyme fractions and
protein concentrations of the cytosol fraction obtained
from the brains of control and MeHg-treated rats. No
significant difference in the yield of the pH 5 enzyme frac-
tion was observed between control and MeHg-treated rats
on the basis of tissue weight. Moreover, the two groups of
rats did not show any appreciable differences in the pro-
tein concentrations of the cytosol fractions, from which
the pH 5 enzyme fractions were prepared. These results in-
dicate that the protein amounts of cytosol proteins and the
pH 5 enzyme did not changed as a whole in the brains of
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Table 1. Yields of the cytosol protein and pH 5 enzyme fractions
from the brains of control and MeHg-treated rats

Cytosol
(mg protein/ml)

Treatment
(no. of rats)

pH 5 enzyme
(mg protein/g tissue)

Control (6)
MeHg-treated (6)

5.72+0.52
5.86+0.51

3.54+0.23
3.49x0.15

The cytosol and pHS5 fractions were prepared as described under
Materials and methods. Each value represents the mean + SD for
six animals

Table 2. Effect of MeHg in vivo on aminoacyl-tRNA synthetase
activities in the brains of rats

Amino pH 5 enzyme activities MeHg/Control
acids %

Control MeHg-treated
Asp 9.16+1.142 5.66+0.97 62*
Leu 19.65+3.36 15.53+0.77 79%*
Tyr 20.14+0.89 18.05£0.53 89**
Lys 45.13+5.94 49.97 +7.03 110
Met 50.17+7.54 4527+3.29 90
His 20.32+2.35 29.95+3.89 148*

2 Each value (fmol aminoacylated/ug protein/10 min) represents
the mean + SD for six rats
*p <0.001 **p <0.05 ***p<0.01

Table 3. Inhibition of aminoacyl-tRNA synthetase activities by
MeHg in vitro

Amino acids I1C 57
(MeHg/protein)
Asp 98
Leu 23
Tyr 90
Lys 97
Met 24
His 138

a ICs, denotes the ratio (nmol MeHg/mg protein of pH 5 frac-
tion) in the assay system at which the enzyme activity was reduced
to 50% of the control level

MeHg-treated rats, although changes in the protein com-
positions of these fractions have not been seen.

Changes in aminoacyl iRNA synthetase activities in the
brain of MeHg-treated rats

The activities of six aminoacyl tRNA synthetase species
are shown in Table 2. The control activities ranged from
9.16 (fmol/pug/10 min) for Asp to 50.17 for Met. Signifi-
cant decreases in the activities were observed for Asp, Leu
and Tyr. In contrast, His tRNA synthetase activity exhibit-
ed a significant, about 50%, increase. The enzyme activi-
ties for Lys and Met remained unchanged on MeHg treat-
ment. The requirement of sulfhydryl groups is known for
several aminoacyl-tRNA synthetase species (Mehler and
Chakraburtty 1971; Murayama et al. 1975; Som and Har-
desty 1975). In order to determine whether or not the effects
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of MeHg observed in vivo (Table 2) are due to the direct
action of MeHg accumulated in the tissue, we examined
the effect of MeHg added directly to the reaction mixtures
on the synthetase activities in control rats. The results
shown in Table 3 indicate that the effect of MeHg in vitro
varied from enzyme to enzyme, the I1Cs, values ranging
from 24 nmol/mg protein for Met to 138 nmol/mg protein
for His. We expressed the effect of MeHg in vitro as nmol
Hg/mg protein of the pH 5 fraction at 1Cs, instead of the
absolute concentration (uM) of MeHg in the reaction mix-
ture according to the previous consideration on compari-
son of the in vivo effects of MeHg on enzyme activities
with those in vitro (Omata and Sugano 1986), since (1) we
used crude enzyme preparations and (2) the amount of the
pH 5 enzyme fraction added to the reaction mixture for
the optimal assay differed for the six amino acids, being in
the range of 7-20 pug protein/assay. From the results in
Tables 2 and 3, it is presumed that the effect of MeHg in
vivo cannot be a direct one. Firstly, no appreciable corre-
lation between the effect of MeHg in vivo and that in vitro
was observed; the Met- and Leu-tRNA synthetases were
very sensitive in vitro but only the Leu-tRNA synthetase
was inhibited in vivo, and the Asp- and Lys-tRNA synthe-
tases showed similar sensitivities to MeHg in vitro but the
Asp-tRNA synthetase alone was inhibited in vivo on treat-
ment with MeHg. Secondly, the ICs, values in Table 3 are
much higher than the level of accumulation of mercury
(1-1.5 nmol Hg/mg protein) found in the brains of rats
with a dosing schedule identical to the present one (Omata
et al. 1978; 1986).

The present results indicate that the aminoacylation of
tRNA is modified on MeHg treatment in vivo for the four
amino acids examined and it is suggested that this step
could be one of the targets of the MeHg action in the pro-
tein synthetic machinery in brain cells. Since the activities
of six enzyme species were affected differently by MeHg
treatment in vivo, it seems reasonable to assume that the
syntheses of individual protein species may be modified
differently depending on their amino acid compositions.
Cheung and Verity (1985) demonstrated that Phe-tRNA
synthetase activity was inhibited to 78% of the control level
at about 1 day after a single injection (10 mg/kg) of MeHg
into young rats (10-20 days after birth), whereas no effect
was observed on the elongation of peptide chains and the
formation of the initiation complex was rather stimulated
by MeHg. The present study demonstrated that the step of
aminoacylation was also significantly affected in adult rats
during the symptomatic phase of MeHg poisoning. Several
kinds of complexes of different aminoacyl-tRNA synthe-
tases and membrane-bound synthetases are known in eu-
karyotic cells (Dang and Dang 1986). It is possible that
changes in the synthetase activities caused by MeHg de-
tected in the present experiments are due to alterations in
the synthetic pathways for the enzyme proteins and/or as-
sociation or dissociation of the enzyme complexes, as well
as changes in the intracellular distribution of these en-
zymes caused by MeHg. Experiments are in progress to ex-
amine the mode of action of MeHg on apparent changes
in the activities of aminoacyl-tRNA synthetases in the rat
brain.

References

Bollum FJ (1968) Filter disk techniques for assaying radioactive
macromolecules. In: Grossman L, Moldave K (eds) Methods
in enzymology, Vol. 12 Part B. Academic Press, New York,
pp 169-173

Cheung M, Verity MA (1985) Experimental methylmercury neu-
rotoxicity: locus of mercurial inhibition of brain protein syn-
thesis in vivo and in vitro. J Neurochem 44: 1799-1808

Dang CV, Dang CV (1986) Multienzyme complex of aminoacyl-
tRNA synthetase: an essence of being eukaryotic. Biochem J
239: 249-255

Jacobs JM, Carmichael N, Cavanagh JB (1977) Ultrastructural
changes in the nervous system of rabbits poisoned with me-
thylmercury. Toxicol Appl Pharmacol 39: 249-261

Kawamata O, Kasama H, Omata S, Sugano H (1987) Decrease in
protein phosphorylation in central and peripheral nervous tis-
sues of methylmercury-treated rat. Arch Toxicol 59: 346-352

Lowry OH, Rosebrough NJ, Farr AL, Randall RJ (1951) Protein
measurement with the Folin phenol reagent. J Biol Chem 193:
265-275

Mehler AH, Chakraburtty K (1971) Some questions about the
structure and activity of aminoacyl-tRNA synthetase. Adv
Enzymol 35: 443-501

Miura K, Imura N (1987) Mechanism of methylmercury cytotox-
icity. CRC Crit Rev Toxicol 18: 215-243

Murayama A, Raffin JP, Remy P, Ebel JP (1975) Yeast phenylala-
nyl-tRNA synthetase: properties of the sulfhydryl groups;
evidence for SH requirement in tRNA acylation. FEBS Lett
53:15-22

Nishimura S (1971) Fractionation of tRNA by DEAE-Sephadex
A-50 column chromatography. In: Cantoni GL, Davies DR
(eds) Procedures in Nucleic Acid Research, Vol. 2. Harper
and Row, pp 5452-5564

Omata S, Sugano H (1985) Methylmercury: effects on protein
synthesis in nervous tissue. In: Blum K, Manzo L (eds) Neu-
rotoxicology. Marcel Dekker Inc., New York, pp 369-383

Omata S, Sugano H (1986) Biochemical studies on methylmercury
poisoning in nervous tissues. In: Tsubaki T, Takahashi H
(eds) Recent advances in minamata disease studies. Kodansha
Ltd, Tokyo, pp 150169

Omata S, Sakimura K, Tsubaki H, Sugano S (1978) In vivo effect
of methylmercury on protein synthesis in brain and liver of
the rat. Toxicol App! Pharmacol 44: 367-378

Omata S, Horigome T, Momose Y, Kambayashi M, Mochizuki M,
Sugano H (1980) Effect of methylmercury chloride on the
in vivo rate of protein synthesis in the brain of the rat: exami-
nation with the injection of a large quantitiy of '*C-valine.
Toxicol Appl Pharmacol 56: 207215

Omata S, Momose Y, Ueki H, Sugano H (1982) In vivo effect of
methylmercury on protein synthesis in peripheral nervous tis-
sues of the rat. Arch Toxicol 49: 203-214

Omata S, Kasama H, Hasegawa H, Hasegawa K, Ozaki K, Suga-
no H (1986) Species difference between rat and hamster in tis-
sue accumulation of mercury after administration of methyl-
mercury. Arch Toxicol 59: 249-254

Som K, Hardesty B (1975) Isolation and partial characterization
of an aminoacyl-tRNA synthetase complex from rabbit reti-
culocytes. Arch Biochem Biophys 166: 507-517

Yip RK, chang LW (1981) Vulnerability of dorsal root neurons
and fibers toward methylmercury toxicity; a morphological
evaluation. Environ Res 26: 1152-1167

Received May 24, 1988/ Accepted September 26, 1988



