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1. Introduction 

The factors responsible for polypeptide chain 
elongation are specific for ribosomes of either the 

70 S or the 80 S type [l--4]. Two different sets of 
elongation factors, one specific for 70 S ribosomes 
and one for 80 S ribosomes, are present in eukaryotic 
organisms: in Ne~rosporu crussu [ 51, in yeast [6, 71 
and in Prototheca zopfii [8]. Furthermore, evidence 
has been accumulated that mitochondria perform 
autonomous protein synthesis [9] and that the mite- 
chondrial protein synthesizing system has different 
structural and functional properties from the cyto- 
plasmic one [lo- 121, including the size of riboso- 
mes which at least in Neuropora [ 1 l] and yeast [ 131 
appear to be of the 70 S type. The elongation factors 
extracted from isolated N. crassa [5] and Succharo- 
myces cerevisiae [7] mitochondria are active only on 
70 S ribosomes. In addition, bacterial initiation and 
elongation factors, specific for 70 S ribosomes, 
catalyze some of the reactions for protein synthesis 
on mitochondrial(70 S) but not on cytoplasmic 
(80 S) ribosomes [5, 141. 

These results indicate that eukaryotic cells contain 
two specific and independent protein synthesizing 
systems, one of which is responsible for protein syn- 
thesis in mitochondria. 

Since the mitochondrial apparatus of yeast is gene- 
tically controlled by nuclear and mitochondrial DNA 
[9, 151, we have attempted to answer the following 
questions: a) Is the genetic information for mito- 
chondrial elongation factors located on the nuclear 
or on the mitochondrial DNA. b) Is the mRNA that 
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carries the information for such factors translated on 
mitochondrial(70 S) or cytoplasmic (80 S) ribo- 
somes. 

The data reported in the present paper suggest 
that in yeast the genetic information for polypeptide 
chain elongation factors is encoded in the nuclear 
DNA and that such information is translated on the 
cytoplasmic ribosomes. 

2. Materials and methods 

The following diploid strains of S. cerevisiae, 
kindly supplied by Dr. G. Morpurgo, were used: 
parental strain DM (p’) and derived cytoplasmic 
‘petites’ strains 32 and DM 1 (P :) [ 161 . The density 
of mitochondrial DNA of these strains was 1.686, 
1.678, 1.671, respectively [ 161. The C + G content 
of the mitochondrial DNA of strain DM 1 was 3.8% 

[171. 
Cells were grown at 28” for at least seven gene- 

rations in one liter flasks on a rotary bath in 300 
ml of the medium described by Clark-Walker and 
Linnane [ 181, containing 1% glucose, and harvested 
during the exponential phase of growth. When pre- 
sent, chloramphenicol (CAP) was added at the be- 
ginning of the fermentation at a concentration of 
4 mg/ml. Cells were collected by centrifugation, 
washed twice with distilled water and used imme- 
diately or stored frozen at - 70”. 

Yeast ribosomes and polymerizing enzymes were 
prepared as already described [ 191 except that cells 
were disrupted by ultrasonic treatment (3 min at 

209 



Volume 14, number 4 FEBS LETTERS May 1971 

0”) 1.5 A, in an M.S.E. sonicator). Chromatography 
on Sephadex G-200 was employed to separate elon- 
gation factors specific for 70 S and 80 S ribosomes 
from the preparations of polymerizing enzymes of 
strains DM and DMI [6]. 30 mg of protein were 
applied to a 2.8 X 38 cm column. 250 ml of the buf- 
fer described by Perani et al. [6] were passed through 
the column and protein synthesizing activity on 
Escherichia coli and yeast ribosomes was assayed on 
each 5 ml fraction. Two peaks of activity, one speci- 
fic for E. coli ribosomes only and the other for yeast 
ribosomes were evident. The fractions correspond- 
ing to each peak were pooled and precipitated with 
ammonium sulfate (560 g/l) and the precipitate re- 
suspended and used as source of elongation factors. 
E. coli ribosomes and polymerizing enzymes were 
prepared according to the procedure of Lucas-Lenard 
and Lipmann [20]. Poly U directed polyphenylala- 
nine synthesis from E. coli “C-phenylalanyl-tRNA 
was measured as described elsewhere [3], except that 
the final volume of the reaction mixture was 0.1 ml. 
“C-Phenylalanyl-tRNA was prepared according to 
Kaji, Kaki and Novelli [ 211. Protein and ribosome 
concentration was determined as already described 
[ 191. Cytochrome oxidase activity was measured in 

the 2400 g supematant of the cell-free extract accord- 
ing to the method of Wharton and Tzagoloff [22]. 

The effect of CAP on the incorporation of 14C- 
amino acids into mitochondrial proteins was perform- 
ed as follows: strain DM was grown at 28” for three 
generations up to 10’ cells/ml in two flasks, one con- 
taining minimal medium [23] , the other minimal 
medium plus CAP (4 mg/ml). The cells from the two 
cultures were collected by centrifugation and resus- 
pended at the same concentration in fresh medium 
with or without CAP. 10 ml aliquots were transferred 
to 100 ml flasks and supplemented with cyclohexi- 
mide (CHE) (0.1 mg/ml). A control experiment 

without CHE was performed on cells grown in the 
absence of CAP. After incubation for three minutes, 
2 PCi of a mixture of 14C-amino acids (Amersham, 
specific activity 52 mCi/maton carbon) were added 
and the flasks incubated for another 25 min. At this 
time, 0.5 ml of a mixture of twenty “C-amino acids 
(5 X 10d4 M each) were added to the three experi- 
ments. The cells were immediately chilled, collected 
by centrifugation and washed twice with a buffer 
containing sucrose [24] . The cells, resuspended in 
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10 ml of the same buffer were broken in an Aminco 
French Press at a pressure of 7000 psi. The mito- 
chondrial pellet was prepared according to the method 
of Gregory, Palakis and Wartley [24] and the radio- 
activity insoluble in hot trichloroacetic acid deter- 
mined by conventional techniques [25] (counting 
efficiency 50%). 

3. Results and discussion 

The presence in yeast polymerizing enzymes of 
elongation factors specific for 80 Sand 70 S ribo- 
somes was ascertained by assaying poly U directed 
polyphenylalanine synthesis on E. coli (70 S) or 
S. cerevisiue (80 S) ribosomes. 

Yeast polymerizing enzymes, whether prepared 
from the parental strain DM or the two ‘petite’ strains 
32 and DMI , catalyze peptide chain elongation on 
both types of ribosome (table l)*. Fig. 1A shows 
that the activity on E. coli ribosomes of increasing 

concentration of these enzymes is of the same order 
for the three strains. Therefore it must be concluded 
that polymerizing enzymes from these strains of yeast 

are endowed with activity on both types of ribosome. 
The demonstration that such activity is due to the 
presence of two sets of ribosome specific elongation 
factors was obtained by the fractionation on a Sepha- 
dex G-200 column of yeast polymerizing enzymes as 
described in materials and methods. Table 2 shows 
that from the wild type strain DM and the ‘petite’ 
strain DM, two enzyme fractions may be separated, 
one (A) active on 70 S ribosomes only and the other 
(B) on 80 S ribosomes only. 

Assuming that a) the factors specific for 70 S ribo- 
somes are those responsible for protein synthesis by 
mitochondria and b) the mitochondrial DNA of the 
‘petite’ strain DM, does not carry the genetic infor- 
mation for active protein [ 15, 171, the most obvious 
explanation for the presence in these cells of factors 
specific for 70 S ribosomes is that the nuclear DNA 
carries the genetic information for such enzymes. 

A further question that may be asked is whether 
these factors are translated by the cytoplasmic or 

* The activity on 70 S ribosomes in these strains is at va- 

riance with the results obtained with another strain of yeast 

[ 191 It now appears that in the latter strain the activity 

of the transfer factor T specific for 70 S ribosomes was 

possibly lost during preparation of the extracts. 
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Fig. 1. Synthesis of polyphenylalanine by E. coli ribosomes in the presence of increasing concentrations of polymerizing enzymes 
prepared from yeast. Assay conditions as reported under materials and methods and table 1. The concentration of yeast poly- 
merizing enzymes was varied as shown. A) Polymerizing enzymes prepared from the following strains: DM (wild type), o---o; 
DMi (petite), -; 32 (petite),-. B) Polymerizing enzymes prepared from the following strains: DM, o---o; DM 1, 
a--a; DM grown in the presence of CAP, -; DMt grown in the presence of CAP, -. In control experiments, in the 
presence of 100 pg of yeast ribosomes, the following amounts (in pmoles) of 14C-phenylalanine were incorporated: 11.20 (DM), 

8.97 (DM t), 8.00 (DM + CAP) and 8.12 (DMt + CAP). 

Polyphenylalanine 
pared from strains 

Table 1 Table 2 

synthesis by polymerizing enzymes pre- 
DM, DM 1 and 32 on 70 S and 80 S ribo- 

somes. 

Ribosome specificity of separated yeast elongation factors. 

Ribosomes Polymerizing “C-Phenylalanine 
enzymes incorporated 
from strain (pmoles/assay) 

Fraction A Fraction B 

E. coli DM (wild type) 1.5 < 0.05 
DM I (petite) 2.8 < 0.05 

S. cerevisiae DM (wild type) < 0.05 5.9 
DMt (petite) < 0.05 4.1 

Preparation of the fractions and experimental conditions are 
reported under materials and methods. Fraction A corres- 
ponds to the ammonium sulfate precipitate of column frac- 
tions from no. 29 to 36 and fraction B from no. 20 to 24. In 
each assay 30 pg of protein from fraction A or B were used. 

Ribosomes Polymerizing 
enzymes 
from strain 

14C-Phenylalanine 
incorporated 
(pmoles/assay) 

E. coli DM 4.51 
(70 S) DMr 6.72 

32 6.47 

S. cerevisiae 
(80 S) 

DM 13.6 
DMt 11.09 
32 12.20 

Assay conditions as reported under materials and methods. 
Each assay contained 100 peg of E. coli or S. cerevisiae ribo- 
somes, 240 pg of polymerizing enzymes and 40 pmoles of 
14C-phenylalanyl-tRNA. 
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Table 3 
Cytochrome oxidase activity and polyphenylalanine synthesis 
on E. coli ribosomes by cell-free extracts prepared from yeast 

cells grown in the presence or the absence of CAP. 

Strain CAP Activity (%) 

Cytochrome “C-Phenylalanine 
oxidase incorporated 

DM (wild type) - 100 100 
+ 0 96 

DMt (petite) - 0 146 
+ 0 147 

Cytochrome oxidase activity and polyphenylalanine synthesis 
were measured as reported under materials and methods. 100% 
of cytochrome oxidase activity corresponds to the oxidation 
of 11.3 nmoles of reduced cytochrome c/min/mg of protein. 
100% of 14C-phenylalanine incorporated (in the presence of 
300 pg of polymerizing enzymes) corresponds to 7.23 pmoles 
of 14C-phenylalanine incorporated per assay. 

Table 4 
In vivo incorporation of 14C-amino acids into the mitochon- 

drial fraction. 

Exp. 
no. 

Conditions 14C-amino acids 
incorporated 
(cpm/mg of 
mit. prot.) 

% of 
control 

1 Control 171,965 100 
2 + CHE 8,519 4.96 
3 + CHE, CAP 184 0.11 

Experimental conditions are reported under materials and 
methods. Wild type strain (DM) was grown in the presence 
(exp. no. 3) or in the absence (exps. 1 and 2) of CAP. CHE 
was added where indicated, followed by a pulse of 14C-amino 
acids, and the radioactivity incorporated in the mitochondrial 
fraction determined. 

the mitochondrial protein synthesizing system. Schatz 

and Saltzgraber [26] have found that defective mito- 

chondria from yeast cytoplasmic ‘petites’ do not sup 

port protein synthesis. Such findings may indicate 
that the 70 S specific elongation factors present in 
cytoplasmic ‘petite? (fig. 1A and tables 1 and 2) are 
translated on cytoplasmic ribosomes. 

The results reported in fig. 1 B support such a 
contention. Polymerizing activity on E. coli ribo- 
somes is present in experiments employing enzymes 
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prepared from the wild type and a ‘petite’ strain 
grown in the presence of CAP, an antibiotic known 
to inhibit mitochondrial but not cytoplasmic protein 
synthesis [27-291. Therefore, CAP does not seem to 
inhibit the synthesis of the elongation factors speci- 
fic for 70 S ribosomes. 

The activity of CAP in our experimental conditions 
was ascertained in the experiments shown in tables 3 
and 4. Table 3 compares cytochrome oxidase activity 
and polymerizing activity on 70 S ribosomes in ex- 
tracts prepared from the wild type and a ‘petite’ 
grown in the presence or in the absence of the anti- 
biotic. While cytochrome oxidase activity is not de- 
tectable in the cell-free extracts prepared from the 
‘petite’ strain or from the parental strain grown in 
the presence of CAP, both strains grown under either 
conditions display polymerizing activity on 70 S ri- 
bosomes. 

In the experiment reported in table 4 mitochondria 
were isolated from cells of the wild type strain after 
a pulse of 14C-amino acids in the presence of CHE, 
known to inhibit cytoplasmic protein synthesis [30, 
311, or of CHE plus CAP. In the presence of CHE, 
the labeling of mitochondrial proteins by the cyto- 
plasmic protein synthesizing system is completely 
inhibited and it is possible to measure the labeling 
dependent on the mitochondrial protein synthesizing 
system. The data show that the mitochondrial sedi- 
ment is not labeled when the cells were exposed to 
both CAP and CHE. 

In conclusion, the reported data indicate that in 
S. cerevisiae the genetic information for the mito- 
chondrial elongation factors is coded by the nuclear 
DNA. Furthermore, such information appears to be 
translated by the cytoplasmic protein synthesizing 
system. In agreement with the latter results Davey, 
Yu and Linnane [32] have found that mitochondria 
prepared from yeast cells grown in the presence of 
CAP have an active protein synthesizing system. In 
addition Ktintzel has demonstrated that also the 
ribosomal proteins of Neurospora mitochondria are 
synthesized on the cytoplasmic ribosomes [33] _ 
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