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The de novo synthesis of cytochrome c oxidase sub-
units I, II (COI and COII), and apocytochrome b (Cyb)
was investigated in kinetoplast-mitochondria of Leish-
mania. The organelles were isolated after breaking
whole cells with nitrogen cavitation. Individual COI,
COII, and Cyb polypeptides were identified by fraction-
ation of the kinetoplast membranes, labeled with
[35S]methionine and cysteine, using two-dimensional (9
versus 14% and 20 versus 11%) denaturing gel electro-
phoresis. The reaction did not require exogenous energy
sources or amino acids. On the contrary, the presence of
amino acids other than methionine somewhat inhibited
the labeling reaction probably by competing with the
uptake of labeled amino acids. The synthesis reaction
was insensitive to 100 �g/ml chloramphenicol, gentamy-
cin, paromomycin, lincomycin, hygromycin, and tetra-
cycline, as well as cycloheximide. The process showed a
linear increase in the amount of synthesized polypep-
tides during the first 2 h of incubation, followed by a
slower accumulation of products for up to 4 h. The de
novo synthesized polypeptides were stable for several
additional hours. Their assembly into respiratory com-
plexes, investigated using two-dimensional Blue Nat-
ive/N-[2-hydroxy-1,1-bis(hydroxymethyl)ethyl]glycine-
SDS gels, began early during the incubation and
continued throughout the course of the synthesis. This
work represents the first unequivocal identification of
the polypeptide synthesis in kinetoplasts.

The kinetoplast-mitochondrial genetic system of trypano-
somes has revealed features that clearly distinguish it from
animal, fungal, or plant mitochondria. The maxicircle compo-
nent of kinetoplast DNA networks contains cryptic genes
whose expression depends on post-transcriptional mRNA edit-
ing by uridylate insertions and deletions (1–3). This process is
mediated by guide RNAs encoded in the kinetoplast DNA mi-
nicircles, which account for the bulk of DNA in these mitochon-
dria. After the discoveries of RNA editing in 1986 (4) and guide

RNAs in 1990 (5), there has been a steady progress toward
elucidating the mechanism of this process, which has now been
demonstrated to involve several enzymes and protein factors
(6–10).

At the same time very little is known about other aspects of
kinetoplast gene expression, especially at the level of transla-
tion. The very existence of a functional translation system
remained unproven for almost 3 decades (summarized in Ref.
11). This question is important because kinetoplast translation
must utilize templates modified or created by editing, and it is
interesting to investigate interactions of these two systems.
Early works demonstrated that cycloheximide at low concen-
trations effectively inhibited cytosolic translation in Crithidia
luciliae and Trypanosoma brucei in vivo. A small fraction of the
total cell protein synthesis was resistant to cycloheximide and
at the same time insensitive to D-chloramphenicol and other
inhibitors at concentrations that inhibit mitochondrial trans-
lation in other organisms (12, 13). However, high concentra-
tions (�1 mg/ml) of chloramphenicol substantially inhibited
total cell protein synthesis in T. brucei (13), whereas in C.
luciliae the inhibition was close to 50% (14). Unexpectedly, no
inhibition was observed in a closely related organism, Crithidia
fasciculata (15). Consistent with the idea that some permeabil-
ity barriers might be responsible for the apparent lack of chlor-
amphenicol-sensitive translation in whole cells, the analysis of
translation in the isolated mitochondrial fractions of T. brucei
and Crithidia oncopelti showed that protein synthesis is indeed
sensitive to lower concentrations of mitochondrial inhibitors
(13, 16). A recent analysis of amino acid incorporation by dig-
itonin-treated cells or the isolated kinetoplast-mitochondria of
T. brucei (17, 18) apparently confirmed the existence of chlor-
amphenicol-sensitive and cycloheximide-resistant kinetoplast
translation system. In contrast, this idea was not supported by
the results obtained in C. fasciculata, which showed that
leucine incorporation by digitonin-treated kinetoplast-mito-
chondria was insensitive to 250 �g/ml chloramphenicol (19).
The insensitivity to a broad range of chloramphenicol concen-
tration in this organism was recently shown again, although no
attempts to increase the permeabilization were made (20). Al-
though incomplete inhibition in principle can be caused by
impermeable barriers, the observed discrepancies can also be
attributed to the presence of variable levels of bacterial con-
tamination in kinetoplast preparations, as well as the presence
of prokaryotic endosymbionts in some species.

Because of this controversy, a differential sensitivity of
polypeptide synthesis to antibiotics, which in other systems
served as a reliable criterion to distinguish cytosolic transla-
tion from mitochondrial, cannot be used as an evidence for
translation in kinetoplasts. The problem can be solved, how-
ever, by demonstrating the de novo synthesis of individual
polypeptides with known kinetoplast origin. We have recently
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identified two such polypeptides, cytochrome c oxidase subunit
I (COI)1 and apocytochrome b (Cyb), which were found in
enzymatically active respiratory complexes IV and III, respec-
tively, from Leishmania tarentolae (21–23). The N-terminal
sequences of these polypeptides matched the sequences of the
corresponding mRNAs, which in the case of Cyb is modified by
RNA editing, indicating that they are translated in the kineto-
plasts. In this work we have identified the de novo synthesized
COI, COII, and Cyb polypeptides in isolated kinetoplasts and
demonstrated that they assemble into the corresponding res-
piratory complexes. This work for the first time clearly demon-
strates the existence of protein synthesis in kinetoplasts and
describes some unusual properties of this process.

EXPERIMENTAL PROCEDURES

Isolation of Kinetoplast-Mitochondria—Cells of L. tarentolae, strain
UC, were cultivated in brain heart infusion medium supplemented with
10 �g/ml hemin and grown to a density 0.8–1.2 � 108 cells/ml as
described earlier (24). The kinetoplast-mitochondrial fraction was iso-
lated after cell rupture by nitrogen cavitation according to the proce-
dure described previously with some modifications (25). The procedure
was performed at 0–4 °C. Cells obtained from a 6-liter culture were
pelleted by centrifugation at 6,000 � g for 10 min and washed with 20
mM sodium phosphate buffer, pH 7.9, containing 20 mM glucose and 150
mM NaCl. Washed cell were resuspended in 20 mM Tris-HCl, pH 7.5,
600 mM sorbitol, 2 mM EDTA (SoTE buffer) at 4 � 109 cells/ml in a
beaker. The suspension was placed inside a Parr 4635 cell disruption
chamber and compressed nitrogen was applied at the 65 bar pressure
for 60 min. Following the quick release of gas pressure, the cell lysate
was centrifuged at 16,000 � g for 10 min. The pellet was resuspended
in the original volume of SoTE and MgCl2 was adjusted to 6 mM. DNase
I was added to 50 �g/ml, and the suspension was sheared by forcing
through a 26-gauge needle and incubated for 30 min. EDTA was added
to 6 mM. The unbroken cells and other large debris were removed by
centrifugation at 500 � g for 10 min. The pellet was resuspended and
centrifugation repeated. Kinetoplasts were recovered from the com-
bined supernatants by centrifugation at 16,000 � g for 10 min. The
pellet was resuspended in 30 ml of 60% Percoll made with 10 mM

Tris-HCl, pH 7.9, 250 mM sucrose, 0.1 mM EDTA, and the suspension
was layered underneath six 20–35% Percoll gradients. The gradients
were centrifuged at 150,000 � g for 60 min in a Beckman SW 28 rotor.
The kinetoplast band formed in the lower part of the gradient. The
organelles were retrieved from the gradients and diluted with excess
SoTE buffer. Percoll was removed by two rounds of centrifugation at
16,000 � g for 10 min. The final pellet was resuspended in SoTE at a
protein concentration of 20 mg/ml, and kinetoplasts were frozen in
liquid nitrogen and stored at �80 °C.

Measurements of Transmembrane Potential—The analysis was done
using a Hitachi F-2000 fluorescence spectrophotometer at room tem-
perature using the fluorescent dye 3,3�-dipropylthiadicarbocyanine io-
dide (DiSC3(5)) (Molecular Probes) at 622-nm excitation wavelength,
670-nm emission wavelength, and 0.5-s response time in 2-ml samples
as described previously (25). The dye uptake was measured using
10–20 �l of the kinetoplast suspension (200–400 �g of protein). The dye
release resulting from membrane depolarization was monitored after
addition of valinomycin to a final concentration of 2.5 �M.

Polypeptide Synthesis in Whole Cells and Cell Lysates—Cells (106)
were pelleted by centrifugation, washed with SoTE, resuspended in 100
�l of this buffer, and incubated with 100 �Ci of EasyTag�
EXPRE35S35S protein labeling mix (PerkinElmer Life Sciences, �1000
Ci/mmol) at 28 °C for 60 min. Prior to the electrophoresis, labeled cells
were extracted with 0.05% Triton X-100 diluted in 50 mM sodium
phosphate, pH 7.4, on ice for 30 min and centrifuged at 16,000 � g for
20 min. For translation in cell lysates, we used the preparations ob-
tained during the isotonic isolation of kinetoplasts (described above)
directly after cell breakage by cavitation. Conditions of the labeling
reaction for lysates were similar to the conditions for whole cells.

In Organello Translation—A translation mixture was prepared sim-
ilar to the method described by Nabholz et al. (17) and contained 600
mM sorbitol, 40 mM Tris-HCl, pH 7.4, 5 mM KH2PO4, 20 mM MgSO4, 50

mM KCl, 2.5 mg/ml bovine serum albumin, 4 mM ATP, 0.5 mM GTP, 5
mM NADH, 5 mM succinate, 12 mM creatine phosphate, and 0.1 mM

amounts of each amino acid except methionine and cysteine.
The reaction was set according to Refs. 17 and 26 with the following

modifications. Kinetoplasts (100–200 �g of protein) were briefly pel-
leted in a bench-top centrifuge, resuspended in 10 �l of SoTE, and
combined with 100 �l of 1.2-fold concentrated translation buffer. After
addition of creatine phosphokinase (Sigma) to 0.18 mg/ml and an ap-
propriate antibiotic solution (see below), kinetoplasts were pre-incu-
bated at 28 °C in 14-ml Falcon capped plastic tubes for 10 min with
agitation at 100 rpm followed by the addition of 100 �Ci (�8–9 �l) of
EasyTag� EXPRE35S35S protein labeling mix or L-[35S]methionine
(PerkinElmer Life Sciences, �1000 Ci/mmol). Most reactions included
cycloheximide at 50 �g/ml added at the preincubation step. Incubation
continued for the specified periods of time followed by chilling on ice,
and kinetoplasts were recovered by a 5-min centrifugation at 2,000 � g.
The pellet was resuspended in 200 �l of SoTE containing 0.1 mM

phenylmethylsulfonyl fluoride and centrifuged again. This was followed
by resuspension of the pellet in 50 �l of buffer containing 50 mM sodium
phosphate, pH 7.4, and 0.05% Triton X-100, incubation on ice for 30
min, and centrifugation at 16,000 � g for 20 min. Before loading on the
electrophoretic gel, the last pellet, resuspended in 50 �l of the Triton
buffer, was mixed with an equal volume of denaturing buffer containing
125 mM Tris-HCl, pH 6.8, 2% SDS, 2% �-mercaptoethanol, 30% glycerol,
and 0.01% bromphenol blue, and incubated at 37 °C for 30 min.

Stock solutions of the antibiotics were prepared at 50 mg/ml in water
(emetine, gentamycin, hygromycin, lincomycin, paromomycin, puromy-
cin, tetracycline) or methanol (chloramphenicol, cycloheximide). Anti-
biotics were purchased from Fluka and Sigma.

Isolation of Yeast Mitochondria and Translation in Organello—This
was done using the strain S. cerevisiae S288C according to published
methods (26, 27) with minor modifications.

Electrophoretic, Autoradiographic, and Immunochemical Proce-
dures—After translation, the kinetoplast pellets were resuspended in
50 �l of 50 mM sodium phosphate buffer, pH 7.4, containing 0.05%
Triton X-100. After a 30-min incubation at 0 °C, the insoluble material
was recovered by a 20-min centrifugation at 16,000 � g in an Eppendorf
microcentrifuge. The samples were analyzed by single dimension Tris-
glycine-SDS gels (28), two-dimensional Tris-glycine-SDS gels (29), and
BN/Tricine-SDS-polyacrylamide gels (BN gels) (30) as described previ-
ously (23). After electrophoresis, the gels were fixed for 40 min in 10%
acetic acid, 50% methanol and stained with Coomassie Blue R250
(Sigma). For autoradiography, stained gels were subjected to four 10-
min washes in water followed by 40-min incubation in 1 M salicylate
solution and dried with vacuum.

Western blot analysis was performed after semidry electroblotting.
The source of anti-COI serum and its immunoaffinity purification were
described previously (23). The blots were treated with SuperSignal
enhanced chemiluminescence system (Pierce). The procedures utilized
for N-terminal amino acid sequencing have also been described earlier
(23).

RESULTS

Isolation of Intact Kinetoplast-Mitochondria—Because qual-
ity of the kinetoplasts was crucial for efficient in organello
translation, we compared several isolation procedures. We
used the level of electrochemical transmembrane potential in
freshly isolated organelles and its maintenance after freezing-
thawing as the criteria for intact kinetoplasts. Isolation by the
traditional method of hypotonic cell lysis followed by purifica-
tion in Renografin gradients (24) yielded organelles lacking a
potential (data not shown). When kinetoplast were isolated
isotonically by nitrogen cavitation (25) followed by Renografin
gradient centrifugation, a measurable potential was present
(data not shown); however, it was almost completely lost after
one round of freezing-thawing. The use of Percoll gradients
resulted in organelles with a higher potential (Fig. 1A), which
was stably maintained after incubation of the organelles on ice
for at least 3 h. A measurable fraction of the potential was
observed after one cycle of freezing-thawing (Fig. 1B). Similar
results were obtained after purification of kinetoplasts in Ny-
codenz gradients (25); however, contamination of the kineto-
plasts with unbroken cells and cell debris, as seen in light
microscope, was significantly higher, whereas the yield was

1 The abbreviations used are: CO, cytochrome c oxidase; Tricine,
N-[2-hydroxy-1,1-bis(hydroxymethyl)ethyl]glycine; BN, Blue Native;
ND, NADH dehydrogenase; Cyb, apocytochrome b; SoTE, Tris-HCl,
sorbitol, EDTA.
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lower. The Percoll procedure was adopted for the subsequent
work. It should also be mentioned that the highest potential
was observed in kinetoplasts purified by several rounds of low
speed differential centrifugation instead of gradients (data not
shown). The potential was well maintained after freezing-
thawing; however, contamination levels in such preparations
were unacceptably high.

Translation in Whole Cells and Cell Lysates—After intact
cells were incubated in SoTE buffer in the presence of radioac-
tive methionine and cysteine, they were lysed and the labeled
polypeptides were resolved by electrophoresis in denaturing
gels. A specific pattern of bands representing the de novo syn-
thesized polypeptides was observed (Fig. 2, lane 1). A nearly
identical pattern was seen when the protein synthesis was
performed using cell lysates (Fig. 2, lane 2). Cycloheximide and
emetine at 50 �g/ml significantly inhibited isotope incorpora-
tion. After an exposure time equivalent to that shown in Fig. 2
(lanes 1 and 2), no bands were detected on the autoradiogram
(data not shown). The observed labeling, therefore, was attrib-
uted to cytosolic translation, and the corresponding pattern of
labeled bands is hereafter referred to as the whole cell or
cytosolic pattern. Although the inhibition by cycloheximide was
very efficient, it was not complete, and a longer exposure re-
vealed a residual, cycloheximide-resistant incorporation pat-
tern (Fig. 2, lanes 3 and 4). This pattern of bands could be
traced to a specific subset of minor bands seen in the whole cell
pattern. The “residual” pattern accounts for no more than 4% of
the total incorporation as judged by the PhosphorImager anal-
ysis of a gel similar to that presented in Fig. 2. Cycloheximide
at 1 mg/ml only slightly reduced the incorporation to a level of
�2.5%. The residual translation was also resistant to chloram-
phenicol at high concentrations (data not shown). Although it
could be expected that the cycloheximide-resistant pattern rep-
resented kinetoplast translation, further analysis indicated
that this was not the case.

Translation in Isolated Kinetoplasts: De Novo Synthesis of
COI and Cyb—In the original experiments we used the com-
plete translation mixture as described under “Experimental
Procedures.” In the course of this work, we found that, surpris-
ingly, the presence of the remaining amino acids and the ATP
regeneration system did not stimulate protein synthesis, and
that this process can occur in SoTE buffer alone. This property
is further addressed in the next section.

When isotonically isolated, gradient-purified organelles were

incubated in SoTE buffer with 35S-labeled amino acids without
or with cycloheximide, the observed incorporation pattern
largely resembled translation in unfractionated lysates or re-
sidual translation, respectively (data not shown). The presence
of contaminating cytoplasmic membranes was not unexpected
because a relatively low, �3-fold, enrichment of kinetoplasts
is achieved by this method (31); however, it had become clear
that the residual incorporation could obscure kinetoplast
translation.

An additional complication was caused by the hydrophobic
nature of kinetoplast-encoded polypeptides, such as COI and
Cyb. We observed earlier that each of these molecules formed a
series of aggregation products that were seen in single dimen-
sion SDS gels as broad, diffuse bands (22, 23). If these proper-

FIG. 2. Translation in whole cells and cell lysates. Addition of
cycloheximide (CHX) is indicated above the lanes. Lanes 1 and 3, whole
cells; lanes 2 and 4, cell lysate.

FIG. 1. Fluorescence measurements of electrochemical transmembrane potential in kinetoplasts of L. tarentolae isolated by
intracellular nitrogen cavitation and Percoll density gradient centrifugation. A, freshly isolated organelles; B, organelles after freezing
and thawing. Fluorescence (vertical axis) is shown in arbitrary units.
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ties are shared by other kinetoplast-encoded polypeptides,
which are also predicted to be hydrophobic, then an overlap-
ping set of bands from the translation products will be repre-
sented by a smear.

These factors made single dimension gel electrophoresis un-
suitable for the analysis of kinetoplast translation. We, there-
fore, had to look for an alternative procedure, which would
allow us to separate the kinetoplast pattern and identify its
individual components. We have previously shown that COI
and Cyb polypeptides migrate in the form of well separated
spots positioned off the main diagonal in 9 versus 14% two-
dimensional polyacrylamide-SDS gels. Now, when we applied
this gel system to the analysis of the products generated by in
organello labeling in the presence of cycloheximide, we ob-
served a labeled diagonal and a series of off-diagonal spots (Fig.
3A). By correlating the positions of these spots with the known
positions of COI and Cyb spots, identified in the Coomassie-
stained gel (Fig. 3A, inset image), we could easily identify the
observed de novo synthesis products representing these
polypeptides. We observed both the monomeric form of COI
(spot c) and its aggregated forms (spots b and a and other high
molecular weight spots) that we have identified previously (23).
The monomeric form of Cyb was also present in its character-
istic gel position (22), although its labeling was significantly
lower level than that of COI. This difference contrasts sharply
with the nearly equal ratio of the corresponding Coomassie-
stained bands (Fig. 3A, inset). Although intensity varied in
different experiments, the labeling of the COI spots was always
higher than Cyb.

In the COI molecule there are twice as many predicted me-
thionine residues (28 residues) as in Cyb (12 residues), whereas
the cysteine content is nearly equal (19 and 20 residues, re-
spectively). The labeling pattern in Fig. 3A was produced using
E. coli 35S-labeled hydrolysate in which [35S]methionine and
[35S]cysteine accounted for 73 and 22% of the radioactivity,
respectively. The intensity of COI was also greater than Cyb
when labeling was done using methionine alone (Fig. 3B).
Although the methionine content certainly contributes to the

observed labeling difference, it is not a sufficient explanation.
Therefore, other factors must be responsible.

It is noticeable that the COI aggregates (spots b, a, and
others) were labeled less intensively with [35S]Met than with
the labeled mixture. This result is consistent with our previous
observation that the spot b likely includes a heterodimer of COI
and COIII. The COIII polypeptide contains 24 Cys residues and
5 Met residues.

Properties of the Polypeptide Synthesis in Organello—The
influence of the components included in translation mixtures,
such as amino acids and an ATP regeneration system, was
investigated by the experiments presented in Fig. 4. Compar-
ison of the labeling intensity in a complete system (Fig. 4A) to
incubation in SoTE alone (Fig. 4D) showed that there was no
stimulation of [35S]Met and Cys incorporation by these addi-
tional components. Gel resolution, however, declined when a
complete medium was used. Addition of the remaining 18
amino acids at 0.1 mM concentrations to the SoTE buffer me-
dium slightly reduced the incorporation (Fig. 4C), whereas
their omission from the complete medium slightly increased it
(Fig. 4B). These results indicate that the reaction utilizes the
endogenous pool of amino acids, whereas the exogenously
added components may slightly compete with the uptake of the
isotope.

The observed situation contrasted sharply with translation
in the isolated yeast mitochondria, in which no incorporation
was observed in SoTE with or without amino acids in a one h
incubation (Fig. 4E). Translation medium without the 18
amino acids produced a smeared pattern that is probably the
result of incomplete synthesis of polypeptides, which were
hence misfolded and aggregated. On the other hand, very effi-
cient polypeptide synthesis was observed after the reintroduc-
tion of the missing components. The overall efficiency of yeast
mitochondrial synthesis, as judged by the comparison of band
intensities, was at least an order of magnitude greater than in
kinetoplasts.

The observed synthesis of kinetoplast Cyb and COI was not
affected by chloramphenicol, hygromycin, paromomycin, linco-

FIG. 3. Analysis of translation products in isolated kinetoplasts using 9% versus 14% two dimensional SDS gels. A, autoradiograph
of the gel after kinetoplast labeling with EXPRE35S35S protein labeling mix; B, kinetoplasts labeled with L-[35S]methionine; the lane at the left side
of the panel represents the same material separated only by the second dimension gel. In both cases, the inset panel shows a corresponding gel
stained with Coomassie. Positions of Cyb, monomeric COI (c), and aggregated COI (a and b) are indicated.
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mycin, tetracycline, and gentamycin at 100 �g/ml (Fig. 5A).
Interestingly, puromycin strongly inhibited synthesis of Cyb,
and synthesis of COI was also noticeably affected. Yeast trans-
lation, as expected, was completely inhibited by chloramphen-
icol and puromycin and was noticeably sensitive to other anti-
biotics (Fig. 5B).

A number of labeled polypeptides are always found in the

main diagonal of the kinetoplast two-dimensional gels. We
cannot exclude the possibility that some of these proteins cor-
respond to unidentified kinetoplast-encoded translation prod-
ucts. However, taking into account the existence of cyclohex-
imide-resistant residual translation, it is more likely that the
diagonal represents translation products from contaminating
cytoplasmic ribosomes. Contaminating cytosolic rRNA was de-

FIG. 5. Effect of translation inhibitors on the polypeptide synthesis in isolated kinetoplasts. A, autoradiographs of 9 versus 14% gels
after labeling in the presence of 100 �g/ml paromomycin (PAR), chloramphenicol (CAP), lincomycin (LIN), puromycin (PUR), hygromycin (HYG),
and tetracycline (TET). 10� puromycin corresponds to 1 mg/ml. All reactions also contained 100 �g/ml cycloheximide. Black arrows show
monomeric COI, and open arrows show monomeric Cyb. In this set of gels, the COI and Cyb polypeptides migrated closer to the main diagonal than
in most other presented gels. The additional off-diagonal spots seen above the COI and Cyb spots are caused by in-gel aggregation of these
polypeptides after the first dimension electrophoresis. B, effect of inhibitors on translation in yeast mitochondria; autoradiograph of a 14%
Tris-glycine-SDS gel.

FIG. 4. Effect of exogenous substrates on translation in isolated kinetoplasts. A, autoradiograph of a 9 versus 14% gel of the translation
products synthesized in the presence of a complete mixture, as described under “Experimental Procedures.” B, translation in the identical mixture
omitting the amino acids. C, translation in the sorbitol-Tris buffer with amino acids. D, translation in the sorbitol-Tris buffer without amino acids.
Inset panels show the corresponding gels stained with Coomassie. E, polypeptide synthesis in isolated yeast mitochondria under conditions
analogous to panels A–D. Labeled products are indicated; CM, complete mixture; aa, 18 additional amino acids.
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tectable in the RNA extracted from the kinetoplast prepara-
tions used in these experiments, although it was much less
abundant than the kinetoplast 12 and 9 S rRNAs (data not
shown). The intensity of the diagonal generally correlated with
the level of contamination by unbroken cells and cell debris, as
judged by light microscopy. The reasons why a fraction of
cytoplasmic ribosomes was insensitive to cycloheximide remain
unclear.

Time Course of the Synthesis—Freshly isolated kinetoplasts
were incubated in SoTE with isotope for the specified periods of
time. Chloramphenicol at 100 �g/ml was included to prevent
bacterial growth during long incubations. Control experiments
conducted with and without the antibiotic did not show any
significant difference in the initial rate of the reaction (data not
shown). The aliquots were withdrawn and chilled on ice. The
organelles were pelleted by brief centrifugation, washed with
SoTE, and lysed with the electrophoretic sample dye. The over-
all handling time from sample withdrawal to lysis did not
exceed 5 min. The samples were analyzed by the two-dimen-

sional gel electrophoresis. After fluorography of the gels, the
radioactive spots were excised, and the amount of radioactivity
was determined by scintillation counting.

These experiments were performed several times; each time
a new preparation of kinetoplasts was used. Some variations in
kinetics of labeling were observed, which can be attributed to
the differences in physiological conditions of the kinetoplasts,
in particular to their intactness after isolation. Results of one
experiment are shown in Fig. 6. The amount of newly synthe-
sized COI and Cyb polypeptides accumulated linearly for more
than 2 h, followed by a gradually decreasing rate during the
overnight incubation (Fig. 6, A and B). In other experiments
the plateau was reached after 4 h, and the products were stably
maintained for at least 12 h (data not shown). As no evidence
for the product degradation could be seen, the rate of accumu-
lation represented the rate of synthesis. The amount of radio-
activity associated with the monomeric COI spot was always
15–20 times higher than with Cyb (Fig. 6B). Relative rates of
synthesis (Fig. 6C) were calculated on the basis of four inde-

FIG. 6. Time course of the polypeptide synthesis. A, kinetoplasts were labeled for the various periods of time as indicated. The spots of
monomeric COI (black arrows) and Cyb (open arrows) were excised and radioactivity determined by scintillation counting. Insets show the
corresponding stained gels. B, the rates of incorporation of the isotope in COI and Cyb. C, relative rates of incorporation determined on the basis
of several labeling experiments. Vertical bars show the standard deviation.
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pendent data sets with COI and two data sets with Cyb. An
apparent decrease of Cyb synthesis at 2 h is most likely the
result of experimental error. Nevertheless, the relative rate for
Cyb appears to be somewhat slower than for COI. Whether
these differences reflect the fact that RNA editing is required
for maturation of the Cyb mRNA is unknown. Addition of
excess cold methionine completely stopped the incorporation,
and the labeled pattern and intensities remained unchanged
during an additional incubation for several hours (data not
shown).

Identification and de Novo Synthesis of COII—To identify
smaller size translation products, we utilized a 20 versus 11%
two-dimensional gel (Fig. 7A). High molecular weight compo-
nents did not resolve well in these gels, and therefore COI was
seen as a single spot. Cyb was represented by a faster migrat-
ing spot. An additional weaker radioactive spot was seen off the
main diagonal. With the purpose of its identification, we ana-
lyzed purified cytochrome c oxidase, which was isolated by a
procedure described recently (21). The gel was stained with
SYPRO-RED, a fluorescent dye with a higher efficiency of
staining for hydrophobic polypeptides than Coomassie (Fig.
7B). The COI spot stained very well with this dye. In addition,
there were also several brightly stained spots near the main
diagonal that are the nuclear-encoded subunits of the enzyme
(subunit 2 is usually lost from the preparations obtained by
DEAE chromatography) (21), as well as contaminating
polypeptides. Several low intensity spots were observed off the
diagonal. The N-terminal amino acid sequence of the spot po-
sitioned near the nuclear-encoded subunit 5 was MAFIL(S/
A)FXXI. This is nearly identical to the expected sequence of
COII (MAFILAFWMI). The staining intensity of the COII spot
was substantially lower than COI. Because these subunits are
stoichiometric in the holoenzyme, the observed difference in
their abundance must be the result of a preferential loss of
COII by aggregation.

The position of COII in this gel approximately corresponds to
the position of the additional spot in Fig. 7A, thus making it
very likely to be the same polypeptide. The loss of COII by
aggregation can also explain, at least in part, the lower labeling
intensity of COII compared with COI. Although the weakly
labeled spot could also represent other polypeptides, the BN gel
analysis of translation products described below supports the
conclusion that it is subunit II of cytochrome c oxidase.

The monomeric COIII, which in Leishmania is larger than
COII, has not yet been identified. It is possible that this highly

hydrophobic polypeptide aggregates completely or that the gel
used does not separate this polypeptide from the diagonal.

Assembly of the de Novo Synthesis Products into the Respi-
ratory Complexes—The stability of newly synthesized polypep-
tides may be associated with their incorporation into respira-
tory complexes. When a dodecyl maltoside extract of
kinetoplasts that had been incubated with the isotope for 12 h
was analyzed in a two-dimensional BN/Tricine-SDS gel, we
observed respiratory complexes with a characteristic subunit
composition, similar to what we observed earlier (Fig. 8A) (23,
32). The use of 3.5–13% gradient polyacrylamide gels notice-
ably improved the resolution of ATPase complexes compared
with the 6% gels we have used in our previous works. A fluo-
rography of the same gel revealed a series of intensive radio-
active bands, some of which were comigrating with respiratory
complexes IV and III (Fig. 8B). The intensive bands seen in
complex IV (black arrows) did not match with any nuclear
encoded subunits, suggesting that these bands represent COI.
Probing the blot of a similar gel with the anti-COI serum (20)
confirmed that these bands represent monomeric and multim-
eric forms of COI (Fig. 8C). A number of the faster migrating
bands with less labeling intensity and also associated with this
complex possibly represent COII, COIII, or aggregates thereof.
Specific sera to verify this identification are not yet available,
but according to the results described above, a low abundance
COII band must be localized to this region.

A single, relatively intensive band comigrated with complex
III (Fig. 8B, open arrow). This polypeptide represents mono-
meric Cyb, whereas the few products labeled with lower inten-
sity above this band likely represented the Cyb aggregates that
we observed earlier (22). Because hydrophobic polypeptides in
general, and the kinetoplast polypeptides in particular, mi-
grate anomalously in SDS gels, it was impossible to confirm
these identifications by estimating the polypeptides’ molecular
masses. However, this interpretation of the BN gel data is
consistent with the polypeptides’ relative labeling intensities
described above.

A number of labeled polypeptides migrate at the front of the
native dimension including an intensively labeled band with a
size close to monomeric COI (Fig. 8B). It is possible that some
of these polypeptides represent a free pool of kinetoplast trans-
lation products; however, the anti-COI serum failed to recog-
nize a cognate polypeptide in this region (Fig. 8C), indicating
that its free pool must be much lower in abundance than the
amount which is found within the assembled complexes. This

FIG. 7. Identification of COII. A, analysis of the kinetoplast labeling products in a 20 versus 11% two dimensional gel. B, separation of
cytochrome c oxidase subunits in a similar gel. The gel was stained with SYPRO-RED. Arabic letters designate several largest nuclear encoded
subunits. Mitochondrial encoded subunits COI and COII are as indicated.
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also suggests that the newly synthesized subunits are rapidly
incorporated into complexes. The labeled material in the front
region may contain a low amount of nascent kinetoplast
polypeptides, but these labeled polypeptides are probably
largely the result of the contaminating cytosolic translation.
Therefore, the polypeptides in the front of BN gels are the same
as the polypeptides in the diagonal of denaturing two-dimen-
sional gels.

The kinetics of complex assembly was investigated by label-
ing kinetoplasts for various periods of time up to 4 h, followed
by a two-dimensional gel analysis (Fig. 8D). Incorporation of
the labeled polypeptides into complexes was already seen after
labeling for 30 min. The amount of the incorporated material
increased steadily during the incubation, and the pattern of
labeled bands remained the same as in Fig. 8B. The 30-min
labeling pattern and its intensity did not change after a 3.5-h
chase with the excess of cold methionine and other amino acids.
Thus, it appears that the observed kinetics of complex assem-
bly (Fig. 8D) is similar to the kinetics of product accumulation
(Fig. 8A), confirming the conclusion that the entire amount of
the newly synthesized polypeptides is rapidly incorporated into
respiratory complexes.

DISCUSSION

In this work we have investigated de novo polypeptide syn-
thesis in isolated kinetoplasts of Leishmania tarentolae. Al-
though it has been known for decades that isolated mitochon-
dria from a number of organisms are capable of faithful
translation of the endogenous messengers (33, 34), the progress
toward investigating the process of translation in kinetoplasts
has been very slow. In fungi, mammals, and plants, a differen-
tial sensitivity of the mitochondrial and cytosolic translation
systems to cycloheximide and chloramphenicol provided a re-
liable criterion to distinguish one system from another (35, 36).
We found that, in Leishmania, although the bulk of the total
cell synthesis was highly sensitive to cycloheximide, a so-called
residual incorporation had taken place even at high concentra-
tions of the antibiotic. This process, however, could not be

attributed to kinetoplast translation mainly because the iden-
tified authentic kinetoplast polypeptides, COI and Cyb, were
clearly derived from a different translation pattern. Residual
synthesis was also insensitive to emetine at 100 �g/ml, as well
as chloramphenicol (data not shown).

By the identification of newly synthesized COI and Cyb
polypeptides, we were able for the first time to provide clear
evidence for the existence of authentic kinetoplast translation
in organello and investigate some of its properties. The hydro-
phobicity of these polypeptides, a property usually detrimental
for analytical procedures, was utilized for their visualization in
denaturing two-dimensional gels off the main diagonal. We
could demonstrate that the kinetoplast protein synthesis is
resistant to the usual inhibitors of mitochondrial translation.
This is at odds with a number of earlier works, in which
kinetoplast translation was found to be sensitive to chloram-
phenicol (16–18), but consistent with the others, which indi-
cated that it is resistant to this antibiotic (12, 15, 19, 20). It
should be mentioned, however, that in none of the previous
cases were individual polypeptides investigated, so it is very
difficult to ascertain that the authentic kinetoplast process was
considered in each case.

A possible explanation for the insensitivity of kinetoplast
translation to various inhibitors lies in the unusual structure of
the kinetoplast ribosomes. The ribosomal large (12 S) and small
(9 S) RNAs are the smallest among their counterparts. Several
structural domains are entirely missing, and other domains are
reduced in these molecules (37–39). Their remaining se-
quences, including the region of 12 S rRNA that represents the
peptidyl transferase center and that is highly conserved in
most other organisms, are significantly diverged. The part of
the peptidyl transferase region, implicated in chloramphenicol
binding that inhibits translation, is partially missing whereas
the remainder is highly diverged. Kinetoplast translation had
been predicted earlier to be resistant to this antibiotic (39), and
our results confirm this.

An unexpected and distinguishing property of the in or-

FIG. 8. Assembly of the synthesized polypeptides into respiratory complexes. A, analysis of the complexes extracted with dodecyl
maltoside in a two-dimensional BN/Tricine-SDS gel (staining with Coomassie). Kinetoplasts were labeled for 12 h prior to isolation of the
complexes. S, start of the native dimension; IF, interface of the stacking 3% gel and resolving 3.5–13% gradient gel; F, mobility front of the native
dimension. The complexes are: V, complex V (ATPase); IV, complex IV (cytochrome c oxidase); III, complex III (cytochrome bc1). B, autoradiograph
of the same gel. Black arrows show COI, and open arrow shows Cyb. C, results of the probing of the blot of a similar gel with an anti-COI serum.
D, time course of the assembly. Kinetoplasts were labeled for the specified periods and time and analyzed in BN two-dimensional gels similar to
A. In the last panel, kinetoplasts were labeled for 30 min followed by chase for 210 min.
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ganello kinetoplast translation is the absence of requirements
for exogenous amino acids and additional sources of energy. On
the contrary, addition of other amino acids to the translation
medium resulted in a slightly decreased incorporation of the
labeled methionine. We can explain these results by proposing
that most amino acids enter kinetoplasts through a common
port and thus compete with the methionine. On the other hand,
there is possibly an endogenous pool sufficient for the reaction
to proceed over the time. Kinetoplasts also show significantly
lower intensity of labeling than yeast mitochondria. This may
be caused by a slower rate of importation resulting from a
smaller surface to volume ratio in kinetoplasts, as well as a
dilution of the imported labeled methionine with the endoge-
nous pool of amino acids in these relatively large organelles. In
addition, the kinetoplast translation machinery may be intrin-
sically slow, as suggested by a linear accumulation of the la-
beled products over the period of 2–3 h, whereas in yeast and
HeLa mitochondria this process usually continues for 30–60
min (40, 41).

The identifiable synthesized products were found to be ex-
tremely stable, with little if any degradation after a 15-h incu-
bation. Although little is known about the mechanisms of pro-
tein turnover in the kinetoplast, our data show that the
stability is associated with rapid incorporation of the synthe-
sized translation products into respiratory complexes. This in-
dicates that there is either an efficient mechanism to exchange
individual subunits within the complex or, more likely, that a
pool of the imported nuclear-encoded subunits is sufficiently
large to entirely absorb the newly synthesized kinetoplast sub-
units during the assembly process.

The amount of radioactivity associated with COI is 15–20
times higher than with Cyb. As mentioned above, this differ-
ence cannot be attributed solely to different methionine con-
tent. A preferential loss of Cyb caused by aggregation is also
unlikely, because both polypeptides can be visualized by Coo-
massie staining with nearly equal, although low, intensity (Fig.
3A, inset panel) (22, 23). Relative rates of labeling are also
similar (Fig. 6). Assuming that both polypeptides are equally
stable, these results indicate that a higher amount of COI is
synthesized in isolated organelles. A primer extension analysis
of relative amounts of these mRNAs in the steady state popu-
lation indicated that the level of COI mRNA is similar to edited
Cyb mRNA, and that the level of unedited Cyb mRNA is lower.2

So, the reason for a higher amount of synthesized COI in
isolated organelles remains unclear. It also needs to be inves-
tigated whether production of these polypeptides is more bal-
anced in vivo.

The nature of additional labeled products observed in BN
gels remains unknown. One kinetoplast-encoded polypeptide
(MURF 4) was previously identified as ATPase subunit 6 (A6)
(42). Although some radioactivity was observed in the regions
of complex V in Fig. 8B and similar experiments, a trailing of
the intensive COI bands in the, native dimension may obscure
weakly labeled A6 bands. Because another trypanosomatid,
Phytomonas serpens, lacks cytochrome c oxidase, this species
can be used in future to identify A6 (32, 43).

The labeled spots in BN gels migrating with the mobility
front may represent products translated on contaminating cy-
tosolic membranes. It is not clear yet whether any of these
bands represent subunits of NADH dehydrogenase. Seven such

subunits are encoded in kinetoplast DNA (ND1, ND3, ND4,
ND5, ND7, ND8, and ND9) (44). However, there is no high
molecular weight complex that could be a candidate for being
complex I. It is possible that this complex is very fragile in
Leishmania and falls apart during solubilization of membranes
generating multiple subcomplexes or that it is down-regulated
under culture conditions in this organism. This problem re-
quires further investigation.
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9. Rusché, L. N., Huang, C. E., Piller, K. J., Hemann, M., Wirtz, E., and Sollner-

Webb, B. (2001) Mol. Cell. Biol. 21, 979–989
10. Schnaufer, A., Panigrahi, A. K., Panicucci, B., Igo, R. P., Jr., Salavati, R., and

Stuart, K. (2001) Science 291, 2159–2162
11. Breek, C. K., Speijer, D., Dekker, H., Muijsers, A. O., and Benne, R. (1997)

Biol. Chem. Hoppe Seyler 378, 837–841
12. Kleisen, C. M., and Borst, P. (1975) Biochim. Biophys. Acta 390, 78–81
13. Spithill, T., Shimer, S., and Hill, G. (1981) Mol. Biochem. Parasitol. 2, 235–256
14. Laub-Kuperszteijn, R., and Thirion, J. (1974) Biochim. Biophys. Acta 340,

314–322
15. Dixon, H. (1974) J. Protozool. 21, 450
16. Zaitseva, G. N., Kolesnikov, A. A., and Shirshov, A. T. (1977) Mol. Cell.

Biochem. 14, 47–54
17. Nabholz, C. E., Speijer, D., and Schneider, A. (1999) Parasitol. Res. 85,

779–782
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