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ABSTRACT

Mitochondria isolated from Saccharomyces cerevisiae and puri-
fied in Urografin or sucrose gradient contain tRNA methylating
activity with specificities different from those of the cyto-
plasm, The main reaction product, using E.coli tRNA as methyl
group acceptor, is N2-N2-dimethylguanine. The corresponding mi-
tochondrial methylase is coded by nuclear DNA. A DNA methylating
activity is also associated with yeast mitochondria.
INTRODUCTION

Mitochondria isolated from yeast as well as from other organ-
ism have been shown to contain their own machinery for the syn-
thesis of nucleic acids. and protein (1-3). There is also con-
vincing evidence that several constituents of this machinery
differ in their structures and properties from those of the cy-
toplasm, e.g. DNA polymerase (4), RNA polymerase (5), ribosomes
(6), peptide chain elongation factors (7,8), tPNA nucleotidyl-
transferase (9) and at least some aminoacyl-tRNA synthetases
(10-12). Mitochondria also contain unique species of tRNA (13-
18), some of which have been shown to hybridize specifically
with mitochondrial DNA (13,14).

Only a few reports concerning the methylation of mitochondrial
tRNA have appeared so far. In hamster mitochondria, the degree
of tRNA methylation has been estimated by labelling in vivo to
be less than half of that in cytoplasmic tRNA (19,20). In agree-
ment with these results, Klagsbrhn (21) has found that in Fela
cell mitochondria there is much less methylating activity than
in the cytoplasm and that they have different specificities.

In this paper, we present evidence that in yeast there is a
difference between the tRNA methylating capacities of the mito-
chondria and the cytoplasm. We also show that yeast mitochondria
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methylating activity is coded in the nuclear DNA and probably
identical with the cytoplasmic enzyme.

MATERIAL AND METHODS

Strains and growth conditions

Saccharomyces cerevisiae, strains D84 and D38, were grown as

previously described (22). Strain D38 is a derivative of D84
lacking an active (mgG)methylase and thus producing a tRNA de-
void of m%G but with full complement of other methylated nucleo-
sides (23).

Escherichia coli, strains B and K12 58-161 (known as W6), were

grown as described earlier (24). Strain W6 is met and PCrel,

and it produces a generally submethylated tRNA during methionine
starvation (25).
Chemicals

DNase I, RNase A from bovine pancréas, bovine albumin frac-
tion V and protective Lacquer Spray were obtained from Sigma
Chemical Co. Urografin was bought from Schering AG, Berlin, and
spleen phosphodiesterase from Worthington Riochemical Corp.
Sheets No 6064 without fluorescence indicator used for thin layer
chromatography were.purchased from Eastman Kodak Co. S-adenosyl-
-L-(methyl-1uC)-methionine(Su mC/mmole) and L-arginine(U) (336
mC/mmole) were bought from the Radiochemical Centre, Amersham.
Racterial proteinase fixed to agarose was a most generous gift
from Dr. D. Gabel, Uppsala University, Sweden.
Preparation of mitochondria

Yeast mitochondria were isolated according to Guarnieri et al.
(26) and further purified by centrifugation in a Urografin gra-
dient (4) or in sucrose gradient from 0.98 to 1.66 M sucrose in
0.02 M Tris-HCl, pH 7.5, with 1 mM EDTA. The yield was approxi-
mately 0.4 mg of mitochondrial protein per 1 g of yeast (wet
weight). This is within the range of vafiation, 0.25-2.5 mg,
reported from different laboratories (27,28).

The integrity of mitochondria was routinely tested by mea-
suring the ATPase activity (29). Only preparations with ATPase
activities within the range of common literature values were
used. The preparation was also examined under the electron micro-
scope with magnification of 18,000x. No visible degradation and
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no contaminating material could be observed. We thank Dr. B.
Gerolhadfon, the Agricultural College, Sweden, for his kind
help at the electron microscope work.

The amounts of mitochondria are expressed as profein values,
determined with the Lowry method.
Prepafation of mitochondrial extract

The purified mitochondria were suspended in 0.05 M Tris-HC1,
pPH 8.0 and sonicated in a sonicator MSE, Kistnerlab, at 20 KHz
for 1 min eight times with cooling.

Preparation of cytoplasmic tRNA methylases

An extract from yeast D84, containing the cytoplasmic tRNA
methylases was prepared according to Phillips and Kjellin-Stréby
(23).

Preparation of cytoplasmic aminoacyl-tRNA synthetases

Aminoacyl-tRNA synthetases were prepared similarly to Svensson
et al. (30).
Preparation of tRNA

Transfer RNA from yeast and E.coli was prepared as previously
described (31), but with omission of the methyl cellulose ex-
traction.

RNA from yeast D38 mitochondria was prepared according to
Leon and Mahler (32), but mitochondria were treated with spleen
- phosphodiesterase for 45 min. After phenol extraction and etha-
nol precipitation, the RNA pellet was dissolved in 0.05 M tri-
ethylamine, pH 5.5, and chromatographed on a Sephadex G-200 col-
umn (1.8 x 90 cm) which had been previously calibrated with pu-
rified rRNA and tRNA from F.coli B. The fractions corresponding
to the tRNA peak were collected and incubated for 1 h at 37° at
pH 9.0 to hydrolyse off bound amino acids. The solution was
freeze-dried and the tRNA further purified on a column of
Sephadex G-100 (Stahl and Accoceberry, - personal communication).
The recovered tRNA was dissolved in water. The ratio A260/A280
was 1.85. The yield was 2.3 pg of tRNA per mg of mitochondrial
protein.

Assay for methylase activity

The reaction mixture contained, in a total volume of 0.2 ml,
0.1 M Tris-HCl, pH 8.0, 0.1 mM dithiothreitol, 0.1 mM EDTA, 10
mM MgSOu, 20 mM NHu Cl, 3.6 nmoles of1uC-1abe11ed S-adenosyl-
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methionine and different amounts of tRNA and prdtein. Unless
otherwise stated, the mitochondrial extracts were preincubated
with 20 pg of DNase per 0.1 ml at 37° for 30 min.

Incubation of the reaction mixture was for 90 min at 37° with
mitochondrial enzymes and for 90 min at 30° with cytoplasmic
methylases. The reaction was stopped and measurements performed
as already described (30).

Assay for amino acid acceptance

The reaction mixture contained, in a volume of 0.1 ml, 0.1 M
Tris-HCl, pH 7.5, 10 mM MgSOu, 1 mM dithiothreitol, 2 mM ATP,
2 mM CTP, 0.3 nmoles of T4c-1abelled arginine and different
amounts of tPNA and protein. Tncubation was for 20 min at 300,
which was sufficient for complete charging. The aminoacylated
tRNA was precipitated, washed and measured as previously de-
scribed (30).
Characterigation of methylation products

Methylated tRNA was hydrolysed by acid, and the products were
analysed by two-dimensional chromatography on paper or thin-
-layer cellulose sheets as already described (33,3u4).

The thin-layer spots were sprayed with protective lacquer,
cut out and measured in a liquid scintillation counter (35).

RESULTS
Fndogenous methylating activity of mitochondria

In our initial experiments we observed that incubation of
both intact yeast D84 mitochondria and mitochondrial extracts
with 1“C—labelled S-adenosylmethionine resulted in incorporation
of significantly high amounts of radiocactivity into acid preci-
pitable material. Preincubation of a mitochondrial extract with
DNase decreased the level of methyl group incorporation by 70-
-80 % (Fig. 1). This indicates that most of the self-methylating
activity of mitochondria is due to DNA'methylation.

Since mitochondria might be contaminated with nuclear DNA,
we have compared preparations of different purity in DNase-sen-
sitive methylation. We found no difference between unpurified,
sucrose-gradient and Urografin-gradient purified mitochondria.
The DNase-sensitive methyl group incorporation in mitochondrial
extracts may therefore reflect a retarded, homologous methylation
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of mitochondrial DNA. Under this assumption, the level of in-
corporation can be estimated to be 1 methyl group per 100 nucleo-
tides. The full methyl group complement-of yeast mitochondrial
DNA therefore seems to be much higher than that reported for
mouse fibroblast mitochondrial DNA (36). Preincubation of mito-
chondrial extracts with RNase (10 ug per 0.06 mg of mitochondrial
protein) for 30 min at 37° had no significant effect on the level
of endogenous methylation, while a postincubation with 0.5 mg of
subtilisin for 2 h at 37° decreased the level by 12 %. From these
results it can be inferred that some protein but no RNA is being
methylated .in the mitochondrial extracts.
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Fig. 1 DNA and tRNA methylating activity of yeast mitochondria.
The reaction mixtures were preincubated for 30 min at
37° with 20 ug of DNase or 10 ug of RNase as indicated.
The amount of mitochondrial protein varied between 0.02-
-0.06 mg. The incorporation values are calculated per mg
of protein. ’
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To diminish the apparent blank values when measuring tRNA
methylase activity of mitochondrial extracts, preincubation of
the samples with DNase was routinely performed.

Mitochondrial tRNA-methylase activity

DNase-treated mitochondrial extracts from S. cerevisiae D84
catalyze incorporation of methyl groups into submethylated tRNA
from methionine-starved E.coli W6. Fig. 1 shows that the reac-
tion is completely dependent on exogenously supplied tRNA and
that it proceeds at a linear rate for at least 4 h at 37°. The
reaction rate, however, varies greatly between extracts.

~Yeast tRNA from strain D38, lacking mge, was found to be a
much better, .although more specific, substrate for the mitochon-
drial methylase. While in an experiment submethylated tRNA from
E.coli W6 accepted 0.002 nmoles of methyl groups per min per mg
of protein, tRNA from yeast D38 accepted 0.006.

The tRNA-methylating activity associated with the mitochon-
drial preparation might be due to contamination with cytoplasmic
enzymes. We examined this possibility by treating intact mito-
chondria from strain D84 for different times at 37° with an
agarose-bound proteinase. The mitochondria were reisolated, and
the remaining methylase activity was measured against submethyl-
ated tRNA from E.coli W6. About 50 % of the tRNA methylase ac-
tivity was lost within 15 min of incubation with proteinése,
while more than 40 % remained even after prelonged treatment up
to 45 min. The result indicates that part of the tRNA methylase
activity associated with our mitochondrial fraction may be cyto-
plasmic contamination and that part of the activity emanates
from within the mitochondria. Another possible interpretation
is that the loss of activity during proteinase treatment is due
to partial damage to the mitochondrial membrane.

Pattern of tRNA methylation

To characterize the mitochondrial tRNA methylase activity

further, the mitochondrial extract and a cytoplasmic methylase
preparation were compared in their abilities to methylate tRNA
from different sources. The maximum methyl group incorporation
obtained with enzyme in ‘excess, limiting amounts of tRNA and
prolonged incubation times is shown in Table I. It is evident

that the mitochondrial methylase preparation is inferior to the
cytoplasmic enzymes. The reason for this is obscure at present.
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Table I. Extent of methylation of tRNA by yeast cytoplasmic and
mitochondrial extracts. Incubations were done with standard mix-
tures for up to 8 h. Maximum methyl group incorporation obhtained
_is expressed in nmoles per 100 0.D. units of tRNA. 1 mg of tRNA
corresponds to 24 0.D. units at 260 nm and 1 cm pathway.

Enzyme extract from
tRNA source D84 mito- | D84 cyto-| D38 mito-
chondria plasm chondria
E.coli W6, methionine-starved] 9 470
S. cer. D38 cytoplasm 108 200 0.0
S. cer. D38 mitochondria - 24 -
S. cer. D84 cytoplasm 0.5 0.6 -
S. cer. D84 mitochondria 0.6 - -

The pattern of methylated products was also analyzed. Table
II shows that the yeast D84 mitochondrial extract preferentially
methylates guanine in tRNA from both E.coli B and methionine-
-starved E.coli W6. The main products are n2G and mgG. Rfince the
maximum methyl group incorporation in this case was not obtained
(Table I), most of the sz found probably represents the inter-
mediate product in the sequence

G —» m2G —>m3G
at the site of m%G synthesis in tRNA. The greatest part of the
mitochondrial tRNA-methylating activity would therefore be tRNA
(m%G) methylase. This is in sharp contrast to the distribution
of tRNA-methylating activities in the cytoplasm (37).

The presence of tRNA (mgG) methylase within the mitochondria
in yeast D84 would mean that a preparation of mitochondrial tRNA
from that strain is already saturated with m%G under normal con-
ditions. Table I shows that this is indeed so, sigce an extract
from D84 mitochondria, containing active tRNA (m%C) methylase,
cannot methylate D84 mitochondrial tRNA further in vitro. This
finding also supports the view that at least part of the methy-
lating activity associated with the mitochondria belongs to the
interior. '
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Origin of mitochondrial tRNA (mgG) methylase
The access to the yeast mutant D38, which lacks an active
tRNA (sz) methylase and, consequently, m 20 in its tRNA, gave us

the means to test the origin of the mltochondrlal tRNA (m C)
methylase of strain D84. If this enzyme were coded by mltochon-
drial DNA, a mitochondrial extract from strain D38 should con-
tain the enzyme, while a cytoplasmic extract does not. We have,
however, not been able to demonstrate any tFNA (mgc) methylase
activity in extracts from D38 mitochondria, neither with D38
cytoplasmic tRNA (Table I) nor with methionine-starved F.coli
W6 tRNA (Table II). We therefore conclude that the tRNA (sz)
methylase in D84 mitochondria may be coded by the same gene as
the cytoplasmic enzyme on the nuclear DNA. The mutation in this
gene in strain D38 thus results in loss of this enzyme in both
cytoplasm and mitochondria.

If the mitochondria of strain D38 really lack tRNA (mgc)
methylase, then tRNA from D38 mitochondria should lack m%ﬂ and
consequently serve as methyl group acceptor when incubated with
an active tRNA (m%G) methylase. To test this assumption, we pre-
pared tRNA from yeast D38 mitochondria.

The tRNA was first tested for acceptance activity with argi-
nine to ascertain its biological integrity. In the presence of
both ATP and, obligatory, CTP, the tRNA accepted 2.3 nmoles of
argihine per mg of tRNA, which is in good agreement with pub-
lished data (18).

The D38 mitochondrial tPNA was then incubated with an enzyme
extract from D84 cytoplasm. Table I shows that the tRNA accepted
a substantial amount of methyl groups, although the level of
incofporation was much lower than that of the corresponding
cytoplasmic tRNA. Product analysis revealed that most of the
incorporated methyl groups concerned mgG (Table T7). These re-
sults show that yeast mitochondrial tRNA can be methylated by
tRNA (m G) methylase and in normal yeast strains also is methy-
lated.

DISCUSSION

The results presented in this paper are interpreted in terms
of tRNA methylases present and functional within the mitochon-
dria of yeast. The arguménts in favour of this view are:

715



Nucleic Acids Research

1. The tRNA methylase activity associated with our mitochondrial
fraction could not be completely digested away by proteinase.
However, it is a possibility that the remaining activity was cy-
toplasmic contamination strongly attached to the outside of mi-
tochondria and resistent to proteinase degradation. On the other
hand, it is equally possible that the loss of activity after
proteinase treatment only mirrors a partial damage to the mito-
chondrial membrane, permitting the methylase to leak out and be-
come degraded.
2. Klagsbrun (21) has reported that in Hela cells a tRNA (mzA)
methylase is uniquely associated with the mitochondria. Although
this result is based on marginal data from the experiment with
already fully methylated E.coli tRNA, and without pertinent con-
trols, it lends some support to the view that mitochondria really
possess tRNA methylases.
3. Mitochondrial tRNA is methylated to some extent. Our work
shows that yeast mitochondrial tRNA contains mgG. Work by Dubin
(19,20) shows that also in hamster mitochondria tRNA is methyl-
ated. Since many different tRNA species have been shown to be
specific for either mitochondria or cytoplasm,.tRNA seems to be
unable to pass the mitochondrial membrane in any direction. If
this turns out to be generally true, the presence of methylated
tRNA in mitochondria thus presupposes the existence of inside
tRNA methylases. ) .
4. We have shown that the tRNA (mgG) methylase associated with
yeast mitochondria is probably coded by nuclear DNA. This inter-
pretation is not quite conclusive, since there is a slight possi-
bility that the strain D38 might carry a mutation in both the gene
for éytoplasmic tRNA (mgG) methylase and a hypothetical gene on
mitochondrial DNA for the mitochondrial enzyme. However, if we
assume a nuclear gene for the mitochondrial methylase, it may
still be a gene distinct from the gene coding for the cytoplas-
mic methylase. This, in our view, is not very probable, and we
have assumed as a working hypothesis that there is only one gene
on the nuclear DNA for both cytoplasmic and mitochondrial tRNA
(mgG) methylase.

The question of how a nuclear gene product finds its way to
the mitochondrion is very intriguing. There is a possibility
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that mRNA unlike protein, rRNA and tRNA, can traverse the mito-
chondrial membrane and be specificly translated, if necessary,

by the mitochondrial ribosome system.
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