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The Existence of Two Routes for Incorporation of Amino Acids
into Protein of Isolated Rat-Liver Mitochondria
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It has been demonstrated (Roodyn, Reis & Work,
1961; Roodyn, Suttie & Work, 1962) that isolated,
washed, rat-liver mitochondria can incorporate
amino acids into protein. Amino acid incorpora-
tion into mitochondrial protein is dependent on
the maintenance of oxidative phosphorylation and,
under optimum conditions (Roodyn et al. 1961),
the rate of incorporation was linear for about 1 hr.
Incorporation could, however, be maintained for
longer periods if the medium were changed at
regular intervals.
None of the many changes of incubation condi-

tions which were tried led to any increase in the
initial rate of synthesis; it seemed worth while,
therefore, to try to extend the period of synthesis
beyond the 3 hr. already achieved, in the hope of
demonstrating net synthesis of protein. It was
possible to extend the period of incorporation by
frequent changes of medium; unfortunately, there
was a progressive change in the characteristics of
the incorporation system, so that it was no longer
dependent on oxidative phosphorylation. This
secondary process of amino acid incorporation was
completely resistant to various inhibitors that had
prevented incorporation in the primary, phos-
phorylation-dependent, system. Evidence is now
presented which strongly suggests that the second-
ary, non-phosphorylative, incorporation is due to
transpeptidation.

METHODS

Isolation of mitochondria. Mitochondria were isolated
from rat liver as described by Roodyn et al. (1961). They
were washed with four changes of sucrose-EDTA-nicotin-
amide as described previously, and the pellet from the
fourth wash was suspended either in 0-25M-sucrose or in the
sucrose-EDTA-nicotinamide mixture of Roodyn et al.
(1961).

Incubation conditions. For experiments on the phos-
phorylation-dependent incorporation, the incubation con-
ditions were those given by Roodyn et al. (1961) with
'medium B' [0.1M-sucrose, 004M-KCI, 8 mM-MgSO4,
1-3 mx-EDTA (disodium salt), 0*02M-nicotinamide, 0O1M-
potassium succinate, 0 016M-potassium phosphate, 4 mm-
AMP, 0-5 mi-NAD, 50 ug. ofsynthetic amino acid mixture/
ml.; pH adjusted to 7-7-2 with KOH]. In the experiments
where non-phosphorylative incorporation was examined,
the mitochondria were incubated in a medium containing
only sucrose (0-12m) and tris-HCl buffer, pH 7-5 (0-05M
with respect to tris). In all experiments penicillin G (100-
150 units/ml.) was present.

Bacterial contamination. After incubation a sample of
the mitochondrial suspension was centrifuged at 8000g for
10 min. to sediment both bacteria and mitochondria. The
pellet was resuspended in fresh 0-25m-sucrose and samples
were plated on blood-agar. Colony counts were made after
24 hr. at 370.

Treatment of radioactive proteins
All proteins were washed and extracted by the standard

method of Simkin & Work (1957) before radioactivities
were determined.
Removal of non-peptide bound amino acid. As a check
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AMINO ACID INCORPORATION INTO MITOCHONDRIA
that all the radioactivity was held in peptide linkage,
washed proteins were treated further with performic acid,
ninhydrin or thioglycollic acid. For the performic acid
treatment, 10mg. of protein was dissolved in 1 ml. of
formic acid, and 0-2 ml. of hydrogen peroxide (30%, w/v)
was added. After 30 min. at room temperature the solution
was diluted with water and protein was precipitated with
5% (w/v) trichloroacetio acid. For ninhydrin treatment,
10 mg. of protein was suspended in 2 ml. of 0'2m-sodium
citrate buffer, pH 5, and heated at 1000 with a mixture of
0 4 ml. of ninhydrin-methylCellosolve and 1 ml. of KCN-
methylCellosolve (Yemm & Cocking, 1955). Protein was
recovered by precipitation with 5% (w/v) trichloroacetic
acid. For thioglycollic acid treatment, 10 mg. of protein
was mixed with 0-2 ml. of thioglycollic acid and 0.8 ml. of
water. After 1 hr. at room temperature, 0 7 ml. of 5N-
NaOH was added and the protein was precipitated with
excess of 5% (w/v) trichloroacetic acid.

Distribu*ion of radioactivity between N-terminal amino
acids, basic amino acids and non-basic amino acids. To
assess whether incorporated radioactive amino acids were
uniformly distributed throughout radioactive protein, the
following technique was used. A sample (5 mg.) of the
fully washed radioactive protein was allowed to react with
01 ml. of fluorodinitrobenzene at room temperature by
shaking with 2 ml. of ethanol, 1 ml. of water and 0.1 g. of
NaHCO8. After 3 hr. the mixture was diluted with 5%
(w/v) trichloroacetic acid, and the precipitate was washed
with acetone and ether and dried. The dried protein was
hydrolysed at 1050 with 6n,HCI (16 ml.) and the N-
terminal dinitrophenyl-amino acids were extracted into
ether. Basic dinitrophenyl-amino acids were then ex-
tracted into butan-l-ol and amino acids left in the aqueous
phase were adsorbed on Zeo-Karb 225 (HI form) and
eluted with ammonia. The various fractions collected were
plated on aluminium planchets and radioactivity was
determined at infinite thinness.
Removal of C-terminal amino aci. A method based on

the procedure of Waley & Watson (1951) was used to
remove C-terminal residues selectively. A sample (4 mg.)
of washed radioactive protein was mixed with 1.5 ml. of

Table 1. Effect of preincubation on the energy

dependence of amino acid incorporation into protein
of isolated rat-liver mitochondria

In Expt. 1, mitochondria were preincubated in medium B
(see text) for periods of 45 min. The incorporation period
was 60 min. with 0-33,uc of 14C-labelled Chlorella-protein
hydrolysate added per ml. In Expt. 2, the same medium
was used, but the preincubations were for 60 min. and
0-2 ,ua of [14C]valine was added per ml. for the 60 min. in-
corporation periods.

Radioactivity (,umc/g.)

No. of pre-
incubations

Fresh
1
2
3
4
5

Expt. 1 Expt. 2

No No
Succinate succinate Succinate succinate

134 3 38 3
25 7.5

105 36 20 15
31 25
44 37

190 125

acetic anhydride and 0-2 ml. of formic acid. Ammonium
thiocyanate (4 mg.) was added and the solution heated at
50° for 5 hr. Solvent was removed in vacuo over KOH and
the residue suspended in 5% (w/v) trichloroacetio acid. The
precipitated protein was dissolved in 1 ml. ofn-NaOH and
heated at 500 for 5 min. Excess of 5% (w/v) trichloro-
acetic acid was added and the precipitated protein washed
once with 5% (w/v) trichloroacetic acid, twice with acetone
and once with ether. The dried powder was dissolved in
formic acid and plated on aluminium planchets for assay of
radioactivity.

Radioactive chemicals and counting methods. All experi-
ments were carried out either with L-["4C]valine (1 mc/
17-9 mg.) or with a hydrolysate of (Chlorella protein
(1 mc/5B6 mg.), both uniformly labelled with 14C. The
protein hydrolysate was purified by the method of Simkin
(1958). Radioactive materials were obtained from The
Radiochemical Centre, Amersham, Bucks.

All assays of radioactivity were performed with a thin-
window Geiger tube which was standardized with a poly-
(methyl methacrylate) disk of specific activity 1 ,uc/g.

RESULTS

When washed rat-liver mitochondria were incu-
bated with either [14C]valine or 14C-labelled
ChloreUa-protein hydrolysate in medium B of
Roodyn et al. (1961), incorporation was almost
complete in 90 min. But when a similar mito-
chondrial preparation was incubated in this
medium for 1 hr. and the mitochondria were then
sedimented at 8000g, resuspended in fresh medium
and reincubated, the process could be repeated for
up to 5 hr. without any significant diminution in
the capacity to incorporate radioactive amino acid
into protein. However, the incorporation of
amino acids into preincubated mitoohondria was
no longer entirely dependent on oxidative phos-
phorylation. The progressive change in the
character of the incorporation system is clearly
shown in Table 1 and applies equally with either,
a single amino acid or a complete Chlorella-protein
hydrolysate as the radioactive tracer.

Requirements for incorporation of amino acids
into preincubated mitochondria. None of the co-
factors present in the normal incubation medium
was essential for the non-phosphorylative in-
corporation. Thus, when mitochondria were pre-
incubated in several changes of buffered sucrose
(Table 2), there was a development of the capacity
for non-phosphorylative incorporation which in
some experiments increased 6-7-fold during the
course of four preincubations. However, when the
medium was not changed at regular intervals there
was no significant development of non-phosphoryl-
ative incorporation even after 5 hr. at 30°.

Possible effects of bacterial contamination. In any
system where the incubation time is several hours
the possibility of protein synthesis by contaminat-
ing bacteria must be considered. However, the
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non-phosphorylative incc
by peni¢illin, chloramphe
mycin or puromycin (Ta
antibiotics strongly indi(
not involved. As an addit
taken from the mitochonz
first cycle of incubation
also after four to six per
sample was assayed fox
scribed in the Methods se
there is no relationship
bacteria and the final ri
chondrial protein. These
extreme variation in rn
different experiments
system. It was not possi
tion in activity with any 4
medium. The choice of

Table 2. Effect of preim
of amino acid incorporal
mitochondria

Mitochondria were prein
45 min. in medium B (see te
was 60 min. with 0-33 uc of
hydrolysate added per ml.

System
Control
Succinate omitted
Chloramphenicol
(10g./ml.) added

Succinate omitted;
chloramphenicol
(10 ug./ml.) added

Vancomycin + ristomycin
(10lOg./ml. each) added

Succinate omitted; vanco-
mycin + ristomycin
(IO0ug./ml. each) added

)rporation was unaffected sucrose as a preincubation medium did not con-
anicol, vancomycin, risto- sistently affect the results.
,ble 2): this resistance to Mechanism of non-phosphorylative incorporation.
cated that bacteria were In testing the effect of various inhibitors, it was
tional check, samples were noticed that hydroxylamine in low concentrations
drial preparation after the (10 mM) almost completely inhibited non-phos-
and sedimentation and phorylative incorporation. This observation was

iods of incubation. Each consistent with the idea that the process might be
r viable bacteria as de- due to transpeptidation, in which hydroxylamine
3ction. Table 3 shows that could compete effectively with amino acids. To
between the number of confirm this idea it was necessary to show, first,
adioactivity of the mito. that the amino acids were in true peptide linkage,
iresults also indicate the and, secondly, that labelled peptide chains were
adioactivity observed in more heavily labelled at or near the carboxyl end
with the preincubated than elsewhere. Performic acid, thioglycollic acid
ble to correlate the varia- and ninhydrin, used as described (see Methods
f the changes made in the section), had negligible effects in releasing radio-
medium B or buffered activity. In this respect the labelling has the

character of true peptide linkage. Protein labelled
with 14C-labelled Chlorella-protein hydrolysate by

cubation on characteritics the non-phosphorylative process was allowed to
tion into isolated rat-liver react with fluorodinitrobenzene and then hydro-

lysed (see Methods section). The distribution of
cubated for five periods of radioactivity in the hydrolysate (Table 4) showed
xt). The incorporation period that the radioactive amino acids were not N-
.4C-labelled Chlorella-protein terminal, and that after hydrolysis much of the

radioactivity could be recovered as compounds
Radioactivty (mc/g.) behaving as amino acids on Zeo-Karb 225.

Fresh Preincubated The effectiveness of hydroxylamine as an in-
mitochondria 5 times hibitor and the absence of N-terminal labelling

248 965 suggested that the process under investigation
41 815 might be one that would lead to preferential in-
115 782 corporation of the radioactive tracer into (-

40 812 terminal positions of the mitochondrial protein.
As a check on this possibility, radioactive mito-
chondrial protein prepared by the non-phosphoryl-

- 995 ative reaction was compared with mitochondrial

932 protein labelled either in the intact animal or in
vitro by the succinate-dependent phosphorylative
process described by Roodyn et al. (1961). All

Table 3. Relationship between bacterial contamination and amino acid incorporation

Mitochondria were preincubated in medium B (see text) or buffered sucrose (see text) at 30' for periods of
45 or 60 min. The incorporation period was 60 min. in all cases. [14C]Valine was added at a concentration of 0-2 /c/
ml., and the 14C-labelled Chlorella-protein-hydrolysate concentration was 0.33 ,uc/ml. in medium B and 05 ,ic/ml.
in buffered sucrose. -, No bacterial counts made.

Expt.

1
2
3
4
5
6
7
8
9

Medium
B
B
B
B
B
Buffered sucrose
Buffered sucrose
Buffered sucrose
Buffered sucrose

Label used
Chlorella
Chlorella
Valine
Valine
Valine
ChloreUa
Chlorella
Chlorella
ChlroreUa

No. of pre-
incubations

5
5
4
6
5
4
4
4
4

Colonies/ml.

First
preincubation

1 x 104
5 x 104

1 x 10'

4 x 10'
3 x 104

Final
incubation
5 x 104
1 x 10'
7 x 104
2 x 104
2 x 10'

4 x 10'
5 x 104
1 x 104
3 x 104

Radio-
activity
(tmc/g.)
190
965

9
83
14

134
25
58
35
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AMINO ACID INCORPORATION INTO MITOCHONDRIA

Table 4. Distribution of radioactivity
in hydrolysed protein

Mitochondrial protein (5 mg.), isolated from a buffered-

sucrose incubation with 14C-labelled Chlorella-protein
hydrolysate, was hydrolysed and treated as described in the
text. . *.

Fraction
N-Terminal amino acids
Non-N-terminal amino acids
Basic amino acid derivatives
(mono DNP-)
Water wash of resin
Ammonia eluate from resin
Humin

Radioactivity
(total counts/min.)

2
150
25

35 145
85
<5

Table 5. Effect of chemical removal of the C-terminal
amino acid

The three types of mitochondrial proteins were treated
under identical conditions as described in the text, and the
results expressed as the percentage of the untreated
specific radioactivity; the values given are means±s.E.M.,
with the numbers of determinations in parentheses. The
energy-dependent system in vitro was that described by
Roodyn et al. (1961). Paronn fran f

System
Mitochondrial protein labelled in vivo
Energy-dependent system labelled in vitro
Non-energy-dependent system labelled
in vitro

-rer;een-uage OI[
untreated
specific
activity

108±2 (5)
95±2 (3)
72+4 (6)*

* Mitochondria preincubated with four changes of
buffered sucrose and labelled with 14C-labelled Chlorella-
protein hydrolysate as in Table 3.

three types of protein were degraded by the iso-
thiocyanate method (cf. Greenstein & Winitz,
1961) which selectively removes at least some of the
C-terminal amino acids from peptide chains. The
results of a series of such experiments (Table 5)
show that mitochondria labelled in vivo, or in
vitro by the succinate-dependent reaction of
Roodyn et al. (1961), contained negligible quanti-
ties of the added tracer (14C-labelled Chlorella-
protein hydrolysate) in the C-terminal position,
whereas nearly 30 % of the radioactivity of material
formed during the non-phosphorylative reaction
was lost in this partial removal of the C-terminal
amino acids.

DISCUSSION

The results of the present investigation indicate
that in mitochondria two distinct types of amino
acid incorporation can take place in vitro. The
succinate-dependent amino acid incorporation
described by Roodyn et al. (1961) has all the
characteristics of true protein synthesis and leads
to the formation of a radioactive insoluble 'struc-
tural' lipoprotein (D. B. Roodyn, personal com-

25

munication). Preparations of liver mitochondria
do, however, contain catheptic enzymes. In a fresh
preparation these enzymes are in a latent form and
are probably contained in particles other than
mitochondria, the so-called lysosomes (de Duve &
Berthet, 1954; de Duve, Pressman, Gianetto,
Wattiaux & Appelmans, 1955). The process of
periodic transfer of mitochondria to fresh medium
apparently tends to preserve their capacity for
oxidative phosphorylation (Roodyn & Suttie,
1961), but at the same time it also leads to a gradual
release of enzymes capable of catalysing exchange
between preformed protein and amino acids present
in the medium.

There is much evidence in the literature for the
formation of protein-like substances ('plastein') on
incubation of amino acids with proteolytic en-
zymes (Haurowitz, 1950). It is also well established
(Zioudrou, Fujii & Fruton, 1958) that transpeptid-
ation can occur between glycyltyrosine amide and
insulin or between tyrosine amide and mitochon-
drial protein, but it has not hitherto been realized
that similar transpeptidations may take place
between protein and free amino acids. The reaction
could account for the labelling observed, and pre-
sumably takes the form:

Protein CO NH CHR CO R'+HN2 X
Protein*CONH*X +NH2*CHR*CO R'

If this is the process occurring in the mitochondrial
system, it is understandable that hydroxylamine
should be an extremely effective inhibitor since the
effective concentration of NH2X provided by
hydroxylamine would be very much higher than
could be provided by amino acids with their pre-
dominantly zwitterion structure.
The present investigations must be taken as a

warning that amino acid incorporation by itself is
not an adequate criterion of protein synthesis.
However, only a negligible proportion of the in-
corporation observed in vitro in fresh mitochondria
(Roodyn et al. 1961) is due to this type of reaction.

SUMMARY

1. When isolated, washed, rat-liver mitochondria
are preincubated at 300 with successive changes of
medium, labelled amino acids are incorporated into
protein in a manner which is not dependent on
oxidative phosphorylation.

2. This system is not affected by puromycin or
chloramphenicol, but is strongly inhibited by
hydroxylamine.

3. Evidence is presented to indicate that the
labelling is concentrated at the C-terminal groups of
the mitochondrial proteins, and it is suggested that
a transpeptidation catalysed by slowly-activated
catheptic enzymes is responsible for the labelling.

Bioch. 1962, 84
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discussions during the course of the work, and to Miss A.
Pearson for technical assistance. The author held a
Post-Doctoral Fellowship from the National Science
Foundation during the course of this work.
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Unsaponifiable Constituents of Blowfly Larvae
(Calliphora erythrocephala)

BY D. L. LAIDMAN* AND R. A. MORTON
Department of Biochemistry, University of Liverpool

(Received 24 January 1962)

The initial object of the present work was to find
out whether ubiquinone (coenzyme Q) occurred in
the insect world, and, if it did, to identify the
particular isoprenologue. The larval form of the
blowfly was chosen as an easily-accessible raw
material obtainable from firms who sell the
'gentles' as bait to anglers. To attain the initial
goal it was necessary to prepare the total unsaponi-
fiable fraction and to carry out a separation of the
various constituents. In so doing the scope of the
investigation was widened.

MATERIALS AND METHODS

Blowfly larvae. These were bought from the 'gentles'
farm of Ellis Ashurst Ltd., Conisburgh, Yorks. They
arrived packed in sawdust and shavings and were too
active to be easily picked out. The container and its con-
tents were therefore cooled to - 300 for about 1 hr. so that
the dead larvae and sawdust could be more readily
separated.

Saponification. The larvae (free from sawdust) were
homogenized in a mechanical blender. Aq. KOH [60%
(w/v); 0 5 ml./g. of tissue] and methanolic pyrogallol
(0-3%; 1 ml./g. of tissue) were mixed and then added to the
homogenate. The mixture was heated under reflux for 1 hr.
on a water bath (Mervyn & Morton, 1959; Mervyn, 1957).

After being cooled, the solution was diluted with water
(2 vol.) and extracted five times with diethyl ether (freshly
redistilled from reduced iron). The combined extracts were

washed until free from alkali and dried (over Na2SO4), and
the ether was removed under nitrogen. The unsaponifiable
matter, and fractions derived from it, were stored in the
dark at - 20° as far as possible.

Alumina. Grade 0 alumina (P. Spence and Co., Widnes,
Lancs.) was acid-washed, heated to 400° and partially
deactivated to Brockmann Grade 3 by addition of water to
a slurry made with light petroleum (b.p. 40-60').

Ad8orption chromatography. The unsaponifiable material
was chromatographed first on alumina and some fractions
were re-chromatographed on magnesia (Laidman, Morton,
Paterson & Pennock, 1960). Details are shown in Table 1.

Spectro8copy. All the fractions were examined in cyclo-
hexane in the visible and ultraviolet regions (in a Unicam
SP. 500 instrument), and infrared spectra of some fractions
were measured (in the Infracord spectrophotometer of
Perkin-Elmer) either as films or in potassium bromide
disks.

Reversed-phase chromatography on paper. The system
petroleum jelly-treated paper (stationary phase)-2-5%
(v/v) water in dimethylformamide (mobile phase) (Linn
et al. 1959) was used, and pure specimens of ubiquinones
were used for calibration purposes. The method was made
semiquantitative by extracting separated isoprenologues
from sections of paper after development, followed by
ultraviolet spectrophotometry on the extracts.

Determination of ubiquinone. Provided that the ab-
sorption curve showed the absence of significant irrelevant
absorption the molar concentration could be determined
directly by measuring the intensity of absorption at
272 m,u in cyclohexane. When there was too much irrele-
vant absorption for this procedure to be valid, the quinone
was reduced by KBH4, and the change in E at 272 mp was
measured (Crane, Lester, Widmer & Hatefi, 1959).

* Holder of an Agricultural Research Council Student-
ship.


