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Downregulation of the nuclear-encoded subunits of the
complexes lll and IV disrupts their respective complexes
but not complex | in procyclic Trypanosoma brucei
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Summary

The function, stability and mutual interactions of
selected nuclear-encoded subunits of respiratory
complexes lll and IV were studied in the Trypanosoma
brucei procyclics using RNA interference (RNAi). The
growth rates and oxygen consumption of clonal cell
lines of knock-downs for apocytochrome ¢, (apoc;)
and the Rieske Fe-S protein (Rieske) of complex lil,
and cytochrome c oxidase subunit 6 (cox6) of com-
plex IV were markedly decreased after RNAi induc-
tion. Western analysis of mitochondrial lysates using
specific antibodies confirmed complete elimination of
the targeted proteins 4-6 days after induction. The
Rieske protein was reduced in the apoc, knock-down
and vice versa, indicating a mutual interdependence
of these components of complex Illl. However, another
subunit of complex IV remained at the wild-type
level in the cox6 knock-down. As revealed by two-
dimensional blue native/SDS-PAGE electrophoresis,
silencing of a single subunit resulted in the disruption
of the respective complex, while the other complex
remained unaffected. Membrane potential was repro-
ducibly decreased in the knock-downs and the activ-
ities of complex Il and/or 1V, but not complex I, were
drastically reduced, as measured by activity assays
and histochemical staining. Using specific inhibitors,
we have shown that in procyclics with depleted
subunits of the respiratory complexes the flow of
electrons was partially re-directed to the alternative
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oxidase. The apparent absence in T. brucei procyclics
of a supercomplex composed of complexes | and lll
may represent an ancestral state of the respiratory
chain.

Introduction

Trypanosomes and related parasitic flagellates belong to
the most unusual eukaryotes. Most transcripts of their
mitochondrial DNA undergo extensive editing of the uri-
dine insertion/deletion type (Stuart et al., 2005). With the
exception of one ribosomal protein, all identified mito-
chondrial protein-coding genes of Trypanosoma brucei
encode subunits of respiratory complexes (Alfonzo et al.,
1997). During life cycle that involves a vertebrate host and
a tse-tse fly vector, the mitochondrion of T. brucei under-
goes dramatic changes. The bloodstream stage of verte-
brate hosts possesses a functionally downregulated
mitochondrion that lacks cyanide-sensitive oxygen uptake
(Bienen et al., 1993) and sustains its membrane potential
by ATPase (F,F{-ATP synthase) (Nolan and Voorheis,
1992) which also allows Ca?* transport. The mitochon-
drion contains trypanosome alternative oxidase (TAO), an
enzyme related to alternative oxidases of plants and fungi
(Clarkson et al., 1989; Chaudhuri et al., 1998) that is in
the bloodform linked via the ubiquinone/ubiquinol pool
with  glycerol-3-phosphate dehydrogenase (Clarkson
et al,, 1989; Hannaert et al., 2003).

The procyclic stage of the insect host is characterized
by the presence of a metabolically fully active mitochon-
drion, equipped with branched electron-transport chain
that uses oxygen as final electron acceptor (Njogu et al.,
1980). The inner membrane of the procyclics contains
both TAO and a classical cytochrome-mediated respira-
tory chain, which is composed of four complexes,
ubiquinone/ubiquinol pool and cytochrome ¢ (Opperdoes,
1985). As the procyclic stage possesses cytochrome ¢
oxidase, the metabolic function of the repressed TAO may
rest in protecting the mitochondrion from reactive oxygen
production (Fang and Beattie, 2003), one of the functions
earlier attributed to TAO-like oxidase in plant mitochondria
(Maxwell et al., 1999).

Complex | (NADH dehydrogenase) is the only respira-
tory complex the presence of which in procyclic T. brucei
remains to be unambiguously proven. The effect of rela-



tively high concentrations of rotenone, an inhibitor of com-
plex |, on procyclics in vivo was interpreted either as a
proof of specific inhibition of this complex (Beattie and
Howton, 1996; Tielens and Van Hellemond, 1998; Fang
et al., 2001) or as a non-specific blockade of other activ-
ities (Hernandez and Turrens, 1998; Christmas and Tur-
rens, 2000). Although a functional complex | remains to
be purified and characterized, biochemical evidence pro-
vided recently (Gonzales-Halphen and Maslov, 2004) and
the presence of putative homologues of mitochondrial
and nuclear-encoded subunits in the trypanosomatid
genomes support its existence in procyclics.

Complex Il (succinate dehydrogenase) is the only elec-
tron-transport complex exclusively encoded by the nuclear
genome (Lemire and Oyedotun, 2002). In the model try-
panosomatids Crithidia fasciculata and Leishmania taren-
tolae, complex lll (cytochrome c reductase) is composed
of 10 and 11 subunits, respectively, thus achieving a level
of complexity standard for this complex (Priest and
Hajduk, 1992; Horvath etal, 2000a). Mitochondrial-
encoded apocytochrome b, and nuclear-encoded apocy-
tochrome ¢, (apoc;) and Rieske Fe-S protein (Rieske) are
similar to homologues in other eukaryotes. The specific
activity of complex Il of L. tarentolae is well in the range
of its activities in other eukaryotes (Horvath et al., 2000a).
Complex IV (cytochrome c oxidase) contains 10-11
nuclear-encoded and three mitochondrial-encoded sub-
units in the above-mentioned trypanosomatids (Speijer
et al., 1996a; Horvath et al., 2000b). Only one nuclear-
encoded subunit (subunit 8) has a similarity with a protein
outside the Kinetoplastida, namely with mammalian sub-
unit IV and Neurospora crassa subunit V (Speijer et al.,
1996b). The largest imported subunit (trCOIV) has no
homology with known genes (Maslov etal, 2002).
Despite the apparently unique protein composition, trypa-
nosomatid complexes Il and IV feature standard spectral
and enzymatic characteristics.

With the exception of complex |, kinetoplastid respira-
tory complexes have been to some extent characterized
in respect to their structure and enzymatic activities. How-
ever, very little is known about the stability and turnover
of these complexes, their mutual interactions or the func-
tion of individual subunits. In bacteria, yeast, plants and
mammals, the imported subunits have a role in regulation,
stabilization, insulation or assembly (Scheffler, 1999).
Knockouts for most subunits fail to assemble their respec-
tive complex, and usually also influence the activity and/
or stability of the other complexes (Acin-Perez et al., 2004;
Schéagger et al., 2004; Stroh et al., 2004; Dudkina et al.,
2005).

Here we present an analysis of T. brucei phenotypes
following the downregulation of nuclear-encoded subunits
of complex Il (apoc; and Rieske) and a subunit of com-
plex IV (cytochrome c oxidase subunit 6; cox6) by RNA
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interference (RNAIi). We show that all three subunits are
not only essential for a proper function of their respective
complexes, but are also indispensable for their assembly/
stability. In addition, in the absence of complex Il or IV,
complex | remains fully active with electron flow being
partially redirected to TAO.

Results

RNA interference causes selective depletion of
target proteins

RNA interference cell lines have been prepared to knock-
down nuclear-encoded subunits of respiratory complexes,
in particular apocy and Rieske of the cytochrome c¢ reduc-
tase (complex Ill), and subunit 6 of the cytochrome ¢
oxidase (complex IV). Upon induction with tetracycline
(tet+) which triggered degradation of the target mRNA,
proliferation of all three representative clonal cell lines was
markedly inhibited. Growth slowed down after 4 days,
whereas the growth of tet— cells remained unaffected, as
compared with the parental cells (Fig. 1). In all knock-
downs, RNAI induction resulted in a massive transcription
of double-stranded RNA (dsRNA) (Fig. 1; insets). The
Rieske, apoc, and cox6 mRNAs were virtually completely
degraded 24 h after the addition of tet, and remained
absent throughout the experiment (Figs 1 and 3).

Depletion of target proteins was verified by Western
analysis using specific antibodies (Fig.2). All proteins
interfered against were very stable and remained present
for several generations after the depletion of respective
transcripts (data not shown). It took about 6 days of RNAI
induction for the Rieske, apoc; and cox6 proteins to
become almost undetectable in their respective knock-
downs (Fig. 2).

Cox6 is a bona fide subunit of complex IV

Because of the high degree of similarity of the T. brucei
Rieske and apoc; genes and those of other eukaryotes
(Priest and Hajduk, 1992; 1995; data not shown), both
proteins are likely components of complex Ill. However,
despite extensive analysis of its stage-specific regulation
(Matthews and Gull, 1998; Timms et al., 2002), cox6 was
never rigorously proven to be a bona fide subunit of com-
plex IV in T. brucei. Therefore, we raised polyclonal anti-
bodies against the purified cox6 polypeptide (Fig. 4A),
which in the T. brucei lysates specifically recognizes a
single band of 20 kDa (Fig. 2). No polypeptide of expected
size was recognized in Phytomonas serpens (Fig.2),
which is in agreement with the postulated absence of
complexes Il and IV in this flagellate (Nawathean and
Maslov, 2000). Immunoreactivity in two-dimensional (2D)
blue native/Tricine-SDS-PAGE gels of the anti-cox6 antis-



118 A. Horvdth et al.

A apoc,
11

10 1

log (cells/ml)

1 2 3 4 5 6 7 8 9 10

time (days)
B Rieske
11
-+
10
€ 9
£
8
= 8
D
S
7
6 T T T T T T T T T
1 2 3 4 5 6 7 8 9 10
time (days)
C cox6
12
-+
11
— L]
E 10 1 -
2
g o
5
S 4 |
7
6 T T T T T T
1 2 3 4 5 6 7 8 9 10

time (days)

Fig. 1. Effect of apoc;, Rieske and cox6 RNAI on cell growth. Growth
inhibition following induction of apoc; dsRNA (A), Rieske protein
dsRNA (B) and cox6 dsRNA (C). Cell numbers were measured using
Beckman Z2 Coulter®. The numbers of tet— (diamonds) and tet+ cells
(squares) are indicated. The y-axis is labelled by a log scale and
represents the product of measured cell densities and the total dilu-
tion. Insets show Northern analysis of mRNA levels from non-induced
(-) cells and those expressing dsRNA 48 h after induction (+). The
cox6, Rieske and apoc; mRNAs were 0.75 kb, 2.35 kb and 2.0 kb
long respectively.

era with a protein that is a component of cytochrome ¢
oxidase confirmed the identity of this subunit (Fig. 4B).

Complex Ill subunits are mutually dependent

To test whether the elimination of one subunit influenced
stability of the other subunits, Northern blots of the non-

induced and induced cells were screened with probes
against all three downregulated subunits. Only targeted
mRNA was eliminated in each knock-down, while the level
of MRNAs for the other analysed subunits remained unaf-
fected (Fig. 3). However, anticipated ablation of the apoc,
protein in respective RNAI cells was accompanied by the
loss of the Rieske protein. A similar situation was
observed in Rieske-silenced cells, in which a decrease of
‘the other’ complex Il subunit occurred (Fig. 2). As only
the targeted mRNA is eliminated, the decrease of the non-
targeted component must be caused by destabilization of
the protein. Interestingly, when the cox6 knock-down was
assayed for the presence of another subunit of complex
IV, namely subunit trCOIV (Maslov et al., 2002), we did
not see the same phenomenon as with complex Il sub-
units, i.e. the mutual dependence of individual subunits.
In the absence of the cox6 protein, trCOIV remained at
the wild-type level. Both on the RNA and on the protein
levels, cox6 is unaffected in knock-downs for complex Il
subunits and vice versa (Figs 2 and 3).

Mitochondria were purified following a protocol previ-
ously described for L. tarentolae (Horvath et al., 2000b),
which has been adjusted for the lower number of the T.
brucei procyclics. In protein complexes solubilized from
pelleted mitochondria with mild detergents and separated
by 2D blue native/Tricine-SDS-PAGE electrophoresis, res-
piratory complexes Il and IV were identified on the basis
of previous work (Speijer et al., 1996a,b; Horvath et al.,
2000b; Maslov et al., 2002). Using this gel system, we
have further analysed the composition of respiratory com-
plexes in the knock-downs. While mitochondria of tet—
cells contained both complex Il and complex 1V, interfer-
ence against the apoc; and Rieske mRNA caused the
disappearance of complex Il at day 4, leaving complex IV
intact (Fig. 5A and B). Similarly, the elimination of cox6
protein was sufficient to cause the disruption of complex
IV. In the cox6 RNAi knock-downs, complex Ill retained
its wild-type composition as expected (Fig. 5C).

Along with the respiratory subunits, we have also fol-
lowed the dynamics of the alternative oxidase. While the
levels of TAO varied in individual experiments to a larger
extent than the levels of other analysed proteins, a clear
pattern emerged. TAO was increased even before RNAI
induction and, when compared with the parental strain,
the amount of protein reproducibly more than doubled in
all induced knock-downs (Fig.2). This increase was
accompanied by the appearance of a high-molecular-
weight band (Fig. 2), which is thought to be unproperly
solubilized dimeric form (Chaudhuri et al., 2005).

Cytochrome c oxidase and reductase activities are altered

The disappearance of either complex Il or complex IV in
the Rieske, apoc; and cox6 knock-downs visualized in 2D
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Fig. 2. Effects of apoc;, Rieske and cox6 RNAI

on protein levels. Protein levels of hsp60, TAO,
bmb trCOIV, Rieske, apoc; and cox6 (listed accord-

ing to the declining molecular weight) were
analysed by Western blot analysis in extracts
from P, serpens, T. brucei parental strain and
non-induced and induced cell lines. Each lane
was loaded with protein from ~107 cells and
blots were immunostained using various spe-
cific polyclonal antisera as described in Exper-
imental procedures. o-hsp60 was used as a
loading control.
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gels (Fig. 5) was confirmed by the measurement of their
specific activities. We have followed the cytochrome ¢
reductase and oxidase activities of purified mitochondrial
lysates incubated in the reductase/oxidase buffer with the
change of absorbance being measured at 550 nm during
60/600 s intervals (see Experimental procedures). The
activities in different mitochondrial lysates of the T. brucei
parental cells fluctuate between 400-1100 mU mg™" and
0.8-3.9 mU mg™" for cytochrome ¢ reductase and oxidase
respectively. The levels obtained for apoc; and Rieske
RNAi cells 4 days after induction showed a drastic
decrease of cytochrome c reductase activity (Table 1).
The same activity, however, was either not affected or
slightly increased in the induced cox6 knock-downs when
compared with the tet— cells, which clearly showed that
the absence of even an essential subunit of complex IV
had no influence on complex Il (Table 1). Eventually, the
reductase activity decreased in these cells (data not
shown), which can be attributed to the secondary effects
of cytochrome ¢ oxidase deficiency.

As shown in Table 1, cytochrome ¢ oxidase activity fol-
lows a more complex pattern in the analysed cell lines.
As expected, in the cox6 RNAI cells, the oxidase activity
became undetectable already after 4 days of induction,
and remained so for a prolonged period of time (data not
shown). Unexpectedly, in the apoc, and Rieske RNAI
cells, in most experiments the oxidase activity dropped in
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the non-induced cells, whereas in the induced cells it
always rebounced close to the wild-type level.

In an attempt to confirm this result by a different
approach, we have introduced to the field of trypanosome
research an assay used previously in human cells (Jung
et al., 2000). Direct histochemical detection of the cyto-
chrome c oxidase activity in the gel after blue native elec-
trophoresis fully confirmed the activity measurements in
solution. There was no detectable signal in the induced
cox6 kinetoplast lysates, and varying decrease of this
activity was observed in the non-induced apoc; and
Rieske RNAi cells (Fig. 6). In perfect agreement with the
measurements in solution, upon RNAI induction of both
cell lines, the oxidase activity was restored to a level
comparable with the parental strain (Fig. 6).

Complex | is not impaired in the knock-downs

In bacteria and human cultured cells mutations in the
complex Il subunit caused the decrease of activity and/
or stability of complex I. To investigate possible associa-
tion between these complexes in T. brucei, we have mea-
sured the activity of complex | in all three knock-downs.
In different mitochondrial lysates of the parental strain the
activities ranged from 180 to 420 uU mg™'. The NADH
dehydrogenase activity obtained for apoc;, Rieske and
cox6 RNAi cells 6 days after induction showed no
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Fig. 3. Effects of apoc,, Rieske and cox6 RNAi on mRNA levels.
A. Parental strain (T. b.), apoc;, cox6 and Rieske mRNA levels were
analysed by Northern blot analysis in extracts from the T. brucei
parental strain, non-induced cells and cells isolated 1, 3 and 5 days
after apoc; RNAI induction. The positions of the targeted mRNA and
the dsRNA synthesized following induction are indicated with open
and closed arrowhead respectively.

B. Rieske, apoc; and cox6 mRNA levels were analysed by Northern
blot analysis in extracts from the T. brucei parental strain, non-induced
cells and in extracts isolated 1, 3 and 5 days after Rieske RNAi
induction.

C. Cox6 and Rieske mRNA levels were analysed by Northern blot
analysis in extracts from the T. brucei parental strain, non-induced
cells and in extracts isolated 1, 3 and 5 days after cox6 RNAI
induction.

decrease (Table 1). Results obtained by spectrophotom-
etry have been compared with histochemical detection of
NADH dehydrogenase activity in the blue native gel. We
were able to detect equally strong specific signal in the
non-induced and induced cells (Fig. 6).

Dependence on terminal oxidases shifts and
membrane potential decreases

As the T. brucei procyclics rely partially on oxidative phos-
phorylation for their ATP production (Coustou et al., 2003;
Besteiro etal, 2005), we wondered about the effect
incurred on oxygen uptake in these knock-downs. Oxygen
consumption was monitored in both non-induced cells and
cells after 6 days of induction. The application of selective
inhibitors of two modes of oxygen consumption enabled
us to distinguish between the electron flow through the
terminal oxidases, namely complex IV and TAO. Parental
cells showed an oxygen uptake rate of (3.57 £ 1.48) x
107" umol cell”™" min™.

After the addition of KCN, which selectively inhibits the
activity of complex IV, oxygen uptake decreased in the
non-induced cells by about half (44-55% in different
knock-downs). Subsequent inhibition of TAO by the addi-
tion of SHAM left the non-induced cells with only a resid-
ual consumption of oxygen that ranged from 14% to 18%
of the wild-type consumption (Fig. 7A). In contrast, the
addition of KCN to the tet+ cells showed less dramatic
decrease of oxygen uptake. In all three interfered cell
lines, KCN decreased oxygen consumption by about 13—
18% only, further validating the anticipated increased
dependence of the Rieske-, apoc;- and cox6-depleted
cells on the KCN-insensitive TAO (Fig. 7A). Additional
support for a shift in electron flow from respiratory chain
complexes to TAO in the procyclics came from experi-
ments in which cells were treated with specific inhibitors
in a switched order. An early addition of SHAM indeed
caused significantly stronger decrease of oxygen con-
sumption in the induced cells compared with the non-
induced (Fig. 7B). Subsequent challenge of the induced
cultures with KCN had a less severe effect than the same
treatment incurred on the non-induced cells (Fig. 7B). In
all induced cell lines, the percentage of SHAM-sensitive
oxygen consumption markedly increased (Fig. 7C).

As mitochondrial membrane potential depends on the
proper function of respiratory complexes and is indispens-
able for the import of mitochondrial proteins, we expected
its impairment in the interfered cells. Previously,
rhodamine 123 was evaluated as a membrane potential-
specific dye suitable for the measurements in T. brucei
procyclics (Divo et al., 1993). The initial observation by
light microscopy of decreased uptake of mitotracker red
(Molecular Probes) by the tet+ cells (data not shown) was
followed by the measurement of the import into the

© 2005 Blackwell Publishing Ltd, Molecular Microbiology, 58, 116—130
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Fig. 4. Expression of cox6 protein in E. coli and its association with complex IV.

A. Expression of cox6 protein in E. coli. The polypeptides in the non-induced bacterial lysate (lane 1), the induced lysate (lane 2) and purified
recombinant protein (lane 3) are shown. Lane M represents the marker (ICN); band sizes are given on the left.

B. Preferential association of cox6 with complex IV. Respiratory complexes of the parental strain were resolved in one-dimensional (I.D) and two-
dimensional (I1.D) 6% blue native (3% stacking)/10% Tricine SDS-PAGE gels (left). Parallel gels were blotted and probed with the anti-cox6
antiserum (right). Localization of the cox6 protein within complex IV is indicated in first and second dimension by arrowheads. Positions of the
respiratory complexes are indicated under the panels. Lane M represents the marker (ICN) for first dimension; band sizes are given on the right.

organelle of tetramethylrhodamine ethyl ester (TMRE), a
compound related to rhodamine 123. Indeed, RNAI
directed against any of the studied subunits of the
respiratory complexes caused a decrease of membrane
potential, quantified by the uptake of TMRE using flow
cytometry (Fig. 8). A shift of the peak and a wider distri-
bution of obtained values for the measured cells testify to
the impairment of membrane potential maintenance.

Discussion
We have used the RNAI technology to gain insight into

© 2005 Blackwell Publishing Ltd, Molecular Microbiology, 58, 116—1
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the function of the respiratory complexes in procyclic T.
brucei. Thus far, several studies have shown that this
stage generates ATP via standard oxidative phosphoryla-
tion, with complex IV transfering electrons to oxygen (Tie-
lens and Van Hellemond, 1998). This source of ATP,
however, does not seem to be essential (Bochud-
Allemann and Schneider, 2002; Hannaert et al., 2003;
Van Weelden et al., 2003), especially in the presence of
glucose (Besteiro et al., 2005; Lamour et al., 2005). In line
with this view, the elimination of key subunits of respiratory
complexes reported here proved not to be lethal in the
glucose-containing SDM-79 medium, although the growth
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Fig. 5. Two-dimensional (2D) gel analysis of mitochondrial membrane proteins of apoc;, Rieske and cox6 RNAI cells. The first dimension was
performed in 6% (apoc; and Rieske) or 3—10% gradient (cox6) blue native (BN) gels. The second dimension was performed in 10% Tricine SDS-
PAGE gels and the gel was stained with Coomassie blue. Positions of the respiratory complexes Il and IV are indicated in the gel. The start (S)
and the migration front (F) on the first dimension are indicated in the gel. Mitochondrial lysates from the non-induced apoc; (A), Rieske (B) and
cox6 (C) knock-downs (left) and cells 4 days after RNAi induction (right) are shown.

rate of the knock-downs was markedly reduced and even- of one complex Il subunit leads to the degradation of the
tually the cells ceased dividing. Western analysis of cells interacting subunit. The apoc; knock-down is in fact a
depleted for one of these subunits with a panel of anti- double knock-down for apoc; and Rieske, and in parallel
bodies against other subunits revealed that the absence to the downregulation of Rieske, apoc; is ablated. As the
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Table 1. Functional assays for complex I, complex Ill and complex IV activities.

Cytochrome c reductase
activity (mU mg™)

Cytochrome c oxidase
activity (mU mg™)

RNAI NADH dehydrogenase
strain Induction activity (uU mg™)
Parental 217 +£34
apoc; Non-induced 312 +33

Induced 344 £ 80
Rieske Non-induced 285 £ 42

Induced 290 +85
cox6 non-induced 285+ 45

Induced 312+ 45

928 + 169 2.85+1.55
572 +190 0.45+0.25
147 17 1+£0.29
596 +228 0.3 £0.092
112+29 1.1+£0.37
959 +211 0.57+0.14
736 £205 0

All activities were measured in mitochondrial lysates prepared from at least three independent RNAI induction experiments as described in
Experimental procedures. One unit (U) of activity catalyses the reduction/oxidation of 1 umol of cytochrome ¢ per min (complexes Il and 1V) and
oxidation of 1 nmol of NADH per min (complex I). Specific activity is calculated as U per mg of mitochondrial proteins. The calculations have
been performed according to Horvath et al. (2000a). Medium values and SD are shown.

transcripts of the non-interfered genes are present, the
other subunit must be degraded in the absence of the
targeted protein. Therefore, apoc;, Rieske and cox6 seem
to be essential for the assembly of their respective com-
plexes in procyclics. Furthermore, subunits that cannot be
incorporated into the de novo assembled complex Il are
quickly degraded. We can only speculate about the pecu-
liar stability of the trCOIV protein in the cox6 knock-downs.
This subunit may be stored in a manner different from that
of apoc; and Rieske. Alternatively, as a component of
complex IV without a structural function, disassembly of
the complex may not be a signal for the degradation
of trCOIV.

Given the importance of apoc, and Rieske for the func-
tion of complex lll in other eukaryotes (Scheffler, 1999;
Schneider et al., 2004), their essentiality for the assembly
of the complex is not surprising. Cox6, shown here for the
first time to be a bona fide subunit of T. brucei complex
IV, is also critical for the existence of this complex. How-
ever, it is only a small nuclear-encoded subunit that has
no similarity to the cytochrome ¢ oxidase subunits of other
eukaryotes. With the available data, however, we cannot
rule out the less likely explanation that the import into the
mitochondrion of components of a non-functional complex
is blocked.

In the absence of complex lll, complex IV is not only
properly assembled, but remains functional and the same
applies vice versa. This result indicates a lack of cross-
talk between both complexes which are functionally
interconnected and indispensable for the cytochrome-
mediated electron transfer to oxygen. The lack of depen-
dence between the interfered complexes and complex | is
even more surprising. In bacteria, mouse and human
cells, mutations in the subunits of complex Ill exert a
profound influence on the stability and/or activity of com-
plex | (Acin-Perez etal., 2004; Schagger etal.,, 2004;
Stroh et al., 2004). As this is not the case in procyclic T.
brucei, we propose that the apparent absence of a super-
complex in this model protist represents an ancestral
state. We have for the first time directly measured the

© 2005 Blackwell Publishing Ltd, Molecular Microbiology, 58, 116—130

activity of complex | without the interfering activity of
alternative NADH dehydrogenase. Our data thus provide
additional compelling evidence for the existence of com-
plex | in studied trypanosomatids. lts rather small size
(~650 kDa) seems to correlate with the paucity of identi-
fiable homologues of the nuclear-encoded subunits of
complex | in the completed T. brucei genome (our unpub-
lished results) and may reflect its possible ancestral state.

Unlike the bloodstream stage that respires solely via the
SHAM-sensitive TAO, the insect stage contains both a
cyanide-sensitive cytochrome-bearing electron-transport
chain and TAO (Opperdoes, 1985; Schneider, 2001).
Moreover, as dyskinetoplastic mutants cannot be
obtained for procyclics (Schnaufer et al., 2002), the respi-
ratory chain seems to be essential for this stage (Bochud-
Allemann and Schneider, 2002). Further support for such
an assumption came from experiments in which pro-
longed incubation with KCN and SHAM killed the procy-
clics (Coustou et al., 2003; Van Weelden et al., 2003). As
TAO is 100 times less abundant in this stage than in the
bloodform (Chaudhuri et al., 1998), and the stage-specific
upregulation of Rieske and apoc; is just the opposite
(Priest and Hajduk, 1994), procyclics were generally
thought to rely on complex IV as their terminal oxidase
(Schneider, 2001; Hannaert et al., 2003).

So far, the flexibility of procyclics in regard to the way
electrons flow in their mitochondrion was tested only using
selective inhibitors of individual complexes, which may
have side-effects on the cell. The data presented here
show that these cells can survive with a non-functional
cytochrome pathway by switching to TAO. The decreasing
amount of the newly assembled complexes IIl and IV, as
a consequence of subunits eliminated via RNAI, enables
such a gradual switch. In trypanosomatids, it has to be a
particularly gradual process, as experiments with in
organello translation revealed that the mitochondrion con-
tains an ample supply of nuclear-encoded subunits (Hor-
véath et al., 2002). Recently, engineered overexpression of
TAO in procyclics triggered a phenotype similar to that
described in this study, i.e. the rate of respiration and the
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Fig. 6. Histochemical staining of complexes | and IV.
A and C. Blue native gels photographed immediately after the run.

B. Same gel as in (A) after histochemical staining for the NADH dehydrogenase activity.

D. Same gel as in (C) after histochemical staining for cytochrome c oxidase activity.

Electrophoresis was performed in 4-15% blue native gradient gel. Mitochondrial lysates from P. serpens and T. brucei parental strain, non-induced
cells and cells after 6 days of induction are shown. The position of molecular weight markers is indicated (Ferritin, Sigma).

SHAM-sensitive respiratory pathway capacity was
increased at the expense of the cytochrome-mediated
pathway (Walker et al., 2005).

As a computer model predicted considerable overca-
pacity of TAO in T. brucei (Helfert et al., 2001), we propose
that already at its wild-type level, TAO has a capacity to
handle an increasing number of electrons redirected from
the downregulated cytochrome-mediated electron-trans-
port chain. Eventually the higher performance and hence
turnover of TAO enforces its increased import. Due to its
sensitivity to SHAM (Fernandez-Becerra et al., 1997), P

serpens is expected to contain TAO. We therefore explain
the lack of signal obtained with the anti-TAO antisera in
the Phytomonas lysate as a reflection of the evolutionary
distance between the homologues rather than the
absence of TAO in these flagellates.

Functional analysis provides convincing evidence that
complexes Il and IV are not essential for T. brucei procy-
clics. Hence, it is presumably complex | and/or ATPase
that are indispensable, as the failure to edit and subse-
quently translate mRNAs of mitochondrial-encoded respi-
ratory subunits is imminently lethal for the procyclics
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Fig. 7. Effect of apoc;, Rieske and cox6 RNAI on respiration.

A and B. Non-induced cells (black line) and apoc;, Rieske and cox6 cells 6 days after RNAi induction (grey line) were incubated in SDM-79
medium at 27°C and oxygen consumption was monitored with an oxygen electrode. KCN was added at 0.1 mM concentration before (A) or after
(B) the addition of SHAM (at 0.03 mM). The tracings of a representative experiment show the decrease of oxygen concentration as it is consumed
by the procyclics. Numbers next to the lines indicate percentage of (residual) oxygen consumption with respiration of non-induced and induced
cells in the absence of both drugs set at 100%.

C. Percentage of SHAM-sensitive respiration following subsequent additions of KCN and SHAM (solid bars) and SHAM and KCN in switched
order (hatched bars) to the parental strain, non-induced (—) and induced (+) knock-down cell lines (apoc;, Rieske and cox6). In each sample,
oxygen consumption in the presence of both drugs (see A and B) was subtracted from oxygen consumption of the same untreated cells and the
difference was taken as a reference value for percentage calculations. The mean and the SD values of four experiments are shown.
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Fig. 8. Effect of apoc;, Rieske and cox6 RNAi on mitochondrial mem-
brane potential. Mitochondrial membrane potential was measured in
non-induced cells (thick black line) and apoc;, Rieske and cox6 cells
6 days of RNAI induction (thin grey line) that were, after incubation
with 0.4% TMRE, analysed using flow cytometry. The fluorescence
distribution was plotted as frequency histogram. (A) apoc;, (B) Rieske
and (C) cox6 knock-downs.

(Aphasizhev etal., 2002; O’'Hearn et al., 2003; Wang
et al., 2003; Nebohacova et al., 2004).

In the apoc1, Rieske and cox6 knock-downs, complex
I and residual complexes Ill and IV may be able to sustain
mitochondrial membrane potential at a level sufficient for

protein import. Alternatively, one can envisage that in
these modified procyclics, ATPase generates the trans-
membrane proton gradient from ATP hydrolysis, a function
normally confined to the bloodstream stages (Nolan and
Voorheis, 1992). Although oxidative phosphorylation may
not be a major source of ATP for the insect forms (Cous-
tou et al., 2003; Besteiro et al., 2005), its absence has
dramatic effects. Cells with collapsed complex Il or IV
grow poorly, and have decreased membrane potential and
low oxygen consumption. Interestingly, the elimination of
terminal uridylyl transferase in procyclics also caused a
decrease in oxygen uptake similar to that occurring in our
cell lines, and resulted in the disappearance of respiratory
complexes Il and IV (Nebohagova et al., 2004). While
novel for protozoans, upregulation of TAO as a conse-
quence of a non-functional cytochrome pathway is not
unprecedented, as it has previously been described in
plants and fungi (Dufour et al., 2000; Funes et al., 2004).
The ability to survive in the presence of potent inhibitors
of cytochrome complexes, such as cyanides, nitric oxide
and sulphide (McDonald and Vanlerberghe, 2004), may
be a novel adaptation of T. brucei and represents another
facet of an enormous flexibility of these ancient parasites.

Experimental procedures

Construction of vectors, transfection, cloning, RNAi
induction and growth

A 496-nucleotide (nt)-long insert spanning 13 nt of the 5
untranslated region, the entire cox6 gene and 11 nt of the 3’
untranslated region, was polymerase chain reaction (PCR)-
amplified using oligonucleotides cox6-F1 (5-CTCGAGC
GAGAAAGTAATCATGCC-3) and cox6-R1 (5-AAGCTTC
ACTAACTACTCATCATATAC-3’) (added Xhol and Hindlll
restriction sites are underlined; start and stop codons are in
bold). The amplified fragment was cloned into pCR2.1 TOPOR
(Invitrogene) and subcloned into pZJM (Wang et al., 2000),
resulting in the construct for the cox6 knock-down. The 5’ part
of the Rieske gene spanning nt 11-457 (the A of the AUG
initiation codon being no. 1) was PCR-amplified using oligo-
nucleotides Rieske-F (5-ACATATGCCGCAGGTCCTGCATA
TCAGC-3’) and Rieske-R (5-CAAGCTTCACGGCATACCG
CACCATAAG-3’) (added Hindlll and Ndel restriction sites are
underlined), cloned into pGEM-T® (Promega) and subcloned
via the same restriction sites into pZJM, creating the Rieske
RNAI construct. Finally, the 5" half of the apoc; gene span-
ning nt 3—444 was obtained by PCR amplification with oligo-
nucleotides apoci-F (5-ACTCGAGGCAGGTAAGAAAGCT
CACCCC-3’) and apoci-R (5"-ATCTAGACCATCAACTCAC
CGTTGCCCC-3’) (added Xbal and Xhol restriction sites are
underlined). The amplicon was cloned into pGEM-T?, and
subcloned via the same restriction sites into pZJM, resulting
in the apoc; RNAI construct.

Cultivation, electroporation and cloning of the procyclic T.
brucei parental (29-13) strain were performed as described
elsewhere (Vondruskovéa et al.,, 2005). Synthesis of dsRNA
was induced by the addition of 1 ug mi™ tet. Growth curves
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of parental cells and clonal cell lines were obtained using the
Beckman Z2 Coulter® over a period of 11 days after the
induction of RNA..

Northern blot analysis

Total RNA was isolated using Trizol (Sigma) according to the
manufacturer. Ten micrograms of RNA per lane were loaded
on a 1% formaldehyde agarose gel and transferred to a
membrane overnight by capillary transfer. After UV cross-
linking, the membranes were pre-hybridized in NaPi solution
(0.5M Na,HPO, and NaH,PO,, pH7.2; 7% SDS; 1 mM
EDTA) at 55°C. Hybridization with probes labelled by random
priming (HexalLabel™ kit, MBI Fermentas) with [0 *2-P]-dATP
(ICN) was carried out overnight in the same solution at 55°C.
A wash in 2x SSC +0.1% SDS at room temperature for
15 min was followed by a wash in 0.2x SSC + 0.1% SDS for
20 min at 55°C. The radioactive signal was quantified using
the phosphoimager Storm 860 (MD).

Expression of cox6, preparation of antibodies and
Western blot analysis

The entire coding region of cox6 gene (477 nt) was PCR-
amplified using oligonucleotides cox6-F2 (5-CACCTC
GAGCCCTTTGTCGATCACAAT-3’) and cox6-R2  (5'-
CCCAAGCTTCACTAACTACTCATCATATAC-3') (added Xhol
and Hindlll restriction sites are underlined), cloned into
pRSET-A (Invitrogen), equipped with an N-terminal His-tag
and transfected into Escherichia coli BL21(DE3)pLys cells
(Novagen). Overexpression, purification and antibody prepa-
ration followed a protocol described elsewhere (Maslov et al.,
2002). Cell lysates of the T. brucei parental strain, non-
induced and induced clonal cell lines and P, serpens were
loaded on a 13% SDS-PAGE gel (5 x 10° cells per lane),
blotted and probed with the anti-cox6 antiserum (1:500). The
monoclonal mouse antibody against the L. tarentolae Rieske
protein was used at 1:500 dilution (provided by L. Simpson).
The polyclonal rabbit antisera against the T. brucei apoc;
(provided by S.L. Hajduk), heat-shock protein 60 (hsp60)
(provided by P.A.M. Michels), TAO (provided by G.C. Hill),
cox6 and L. tarentolae trCOIV were used at 1:500, 1:20 000,
1:100, 1:500 and 1:500 dilutions respectively. Secondary
anti-rabbit and anti-mouse immunoglobulin G antibodies
(1:2000) (Sevapharma) coupled to horseradish peroxidase
were visualized using the ECL kit (Amersham Biosciences)

Isolation of mitochondria

The protocol for isolation of kinetoplast-mitochondrial vesi-
cles by hypotonic lysis (Horvath etal.,, 2000b) has been
adjusted for the low amount of cells as follows. A pellet of 2—
3x10% cells was resuspended in 1.5ml of NET buffer
(0.15 M NaCl; 0.1 M EDTA; 10 mM Tris-HCI, pH 8.0), spun in
microcentrifuge (12 000 r.p.m. per 10 min, 4°C) and resus-
pended in 1.5 ml of DTE buffer (1 mM Tris-HCI, pH 7.9; 1 mM
EDTA) and the lysate was pushed through a 25G needle. The
sheared lysate was supplemented with 180 ul of 60%
sucrose and spun as described above. The resulting pellet
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was resuspended in 500 ul of STM buffer (20 mM Tris-HCI,
pH 7.9; 2 mM MgCl,; 0.25 mM EDTA) and DNase solution
[10 mM Tris-HCI, pH 7.4; 10 mM CaCl,; 50% (w/v) glycerol;
2mg mi™” DNase I] was added to a final concentration of
10 ug ml™". After incubation for 30 min at 4°C, the reaction
was stopped by the addition of 500 ul of STE buffer (20 mM
Tris-HCI, pH 7.9; 2 mM EDTA; 0.25 mM sucrose). Pelleted
mitochondrial vesicles were washed twice in the same buffer,
and stored at —70°C.

Two-dimensional gel electrophoresis

Analysis of respiratory complexes of purified mitochondria
was performed by 2D blue native/Tricine-SDS-PAGE gels.
Mitochondria isolated from 2—3 x 108 cells were resuspended
in 20 ul of ACA solution (0.75 M aminocaproic acid; 50 mM
Bis-Tris), and the addition of 5 ul of 10% dodecylmaltoside
was followed by a 1 h incubation at 4°C. The lysate was spun
in a microcentrifuge (12 000 r.p.m. per 10 min, 4°C), and
1.5 ul of CB solution [0.5 M aminocaproic acid; 5% (w/v)
Coomassie Brilliand Blue G-250] was added to the superna-
tant. The mixture was incubated for 10 min at 4°C and loaded
on a 3-10% gradient or 6% blue native gel followed by res-
olution in a 10% Tricine-SDS-PAGE gel. Transfer of resolved
proteins by semi-dry blotting and staining was performed as
described previously (Maslov et al., 2002).

NADH dehydrogenase, cytochrome c reductase and
oxidase activity assays

NADH dehydrogenase (complex ) activity was measured in
a 1 ml cuvette containing NDH buffer (50 mM potassium
phosphate buffer, pH 7.5; 1 mM EDTA; 0.2 mM KCN), 2 ul of
mitochodrial lysate and 5 pl of 20 mM NADH. After addition
of 10 pl of mixture of 2 mM coenzyme Q, and 5 mM ferricy-
anide the change in absorbance at 340 nm was measured
every 10 s for 3 min.

Cytochrome c¢ reductase (complex Ill) activity was mea-
sured in a 1 ml cuvette containing QCR buffer [40 mM sodium
phosphate buffer, pH 7.4; 0.5 mM EDTA; 20 mM sodium mal-
onate; 50 uM horse heart cytochrome c¢ (Sigma); 0.005%
dodecylmaltoside]. After the parallel addition of 2 ul of mito-
chondrial lysate and 2 ul of 2,3-dimethoxy-5-methyl-6-decyl-
1,4-benzoquinol [decylubiquinone (Sigma) was, before use,
reduced as described; Trumpower and Edwards, 1979], the
solution was quickly mixed with a pipette, and the change in
absorbance at 550 nm was measured every 5 s over a period
of 60 s. KCN was added to a final concentration of 200 uM
as an inhibitor of interfering oxidase activity.

Cytochrome c oxidase (complex 1V) activity was measured
in a 1 ml cuvette containing COX buffer (40 mM sodium phos-
phate buffer, pH 7.4; 0.5 mM EDTA; 20 uM horse heart cyto-
chrome ¢; 30uM sodium ascorbate; 0.005% dodecyl
maltoside) to which 20 pl of mitochondrial lysate was added.
The change in absorbance at 550 nm was measured every
20 s for 10 min. Antimycin A (Sigma) at final concentration
300 ng ml~" was used to selectively inhibit interfering reduc-
tase activity.

Protein concentrations were determined by Bradford. For
complex |, a unit of activity was defined as an amount of
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enzyme that catalyses the oxidation of 1 nmol of NADH per
minute, assuming an extinction coefficient of 6.2 mM~' cm™
(Gonzales-Halphen and Maslov, 2004). For complexes Ill and
IV, a unit of activity was defined as the amount of enzyme
that catalyses the reduction or oxidation of 1 umol of cyto-
chrome ¢ per minute, assuming an extinction coefficient of
21.1 mM~ cm™ (Horvath et al., 2000b).

Histochemical staining of complexes | and IV

For the staining of complex |, 60 ug of mitochondrial lysate
prepared as described above was loaded per lane and anal-
ysed on a 4-15% gradient blue native PAGE gel. Immediately
after the run, the gel was stained in the reaction buffer (0.1 M
Tris-HCI, pH 7.4; 0.14 mM NADH; 1 mg mi™' nitrotetrazolium
blue chloride) by slow agitation overnight. Complex IV was
resolved under the same conditions and after the run, the gel
was stained in the reaction buffer (50 mM phosphate buffer,
pH 7.4; 1 mg ml~' 3,3'diaminobenzidine; 24 U mI™" catalase;
1 mg mlI™" cytochrome ¢; 75 mg ml™' sucrose) by slow agita-
tion for 3 h. After staining, the enzymatic activities of com-
plexes | and IV appear as a specific colourful precipitate
(violet for complex |, brown for complex IV). The gels were
subsequently fixed in a mixture of 30% methanol and 10%
acetic acid (Jung et al., 2000).

Measurement of oxygen consumption and
membrane potential

Logarithmically growing cells were harvested, washed and
resuspended in 1 ml of SDM-79 medium at a concentration
of 3x 107 cells mI™'. Oxygen consumption at 27°C was
determined with a Clark-type polarographic electrode (1302
Microcathode Oxygen Electrode, model 782; Strathkelvin
Instruments). Cyanide (KCN) and salicylhydroxamic acid
(SHAM) were added in 4 min intervals to final concentrations
of 0.1 mM and 0.03 mM respectively.

Tetramethylrhodamine ethyl ester (Molecular Probes)
uptake was used as a measure of the mitochondrial mem-
brane potential. Cells (1 x 10°) were incubated in 1 ml of
SDM-79 medium with 0.4% TMRE for 20 min at 27°C. After
staining, the cells were pelleted by centrifugation at
2500 r.p.m. per 5 min, resuspended in dye-free medium and
immediately used for flow cytometry analysis, performed on
an Epics XL flow cytometer (Coulter). Twenty thousands
events were measured in each experiment. The data were
analysed using WinMDI software.
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