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Introduction

The monophyletic origin of mitochondria from within 
α-proteobacteria notwithstanding, mitochondrial genomes dif-
fer dramatically among eukaryotic groups in terms of size, cop-
ies per cell, structural organization, and coding capacity.1 One 
of the most extreme cases is represented by trypanosomatids. 
These parasitic protozoa belong to the class Kinetoplastea typi-
fied by the presence of a “kinetoplast,” a nucleoprotein structure 
located in the mitochondrion adjacent to the flagellar basal body. 
The kinetoplast DNA (kDNA) is composed of catenated max-
icircles and minicircles encoding ribosomal and mRNAs, and 
guide RNAs (gRNAs), respectively. Polycistronic precursors 
are transcribed from maxicircles and then processed into rRNA 
and pre-mRNAs. In Trypanosoma brucei and related organisms, 
12 pre-mRNAs (“pre-edited mRNAs”) undergo U-insertion/
deletion RNA editing to acquire open reading frames suitable 
for productive translation (reviewed in refs. 2–4). The editing 
required varies from a few insertions at the 5′ end (“5′ edited 
mRNAs”) to massive incorporation of hundreds of U-residues 
(“pan-editing”). The remaining six transcripts contain encoded 

translatable reading frames and are referred to as “unedited” 
mRNAs. In line with the general pattern observed in mitochon-
drial systems, T. brucei imports most elements of mitochondrial 
transcription, RNA processing and translation processes from 
the cytoplasm except for the 9S small subunit (SSU) and 12S 
large subunit (LSU) rRNAs and a single ribosomal protein S12 
(RPS12). No tRNAs are encoded in the kDNA and these mol-
ecules are imported as well.5

The RPS12 mRNA represents a typical case of pan-editing 
with 132 uridylates added and 28 uridylates deleted by this pro-
cess in T. brucei. The cleavage, U-insertion/deletion and liga-
tion editing reactions are catalyzed by the RNA editing core 
complex (RECC),6,7while the cascade of editing reactions is 
directed by gRNAs.8,9 These 50–60 nucleotide (nt) molecules 
are 3′ uridylated by RNA editing TUTase 1 (RET1)10,11 and 
stabilized via association with the gRNA binding complex 
(GRBC).12 RNA editing also generates mRNAs encoding sub-
units of respiratory complexes, such as COII and COIII of cyto-
chro me c oxidase (COI is encoded by the unedited mRNA) 
and subunit Cyb of the cytochrome bc

1
, which are critical for 

the actively respiring insect (procyclic) developmental stage of 
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Mitochondrial ribosomes of Trypanosoma brucei are composed of 9S and 12S rRNAs, which are encoded by the kineto-
plast genome, and more than 150 proteins encoded in the nucleus and imported from the cytoplasm. However, a single 
ribosomal protein RPS12 is encoded by the kinetoplast DNA (kDNA) in all trypanosomatid species examined. As typical 
for these organisms, the gene itself is cryptic and its transcript undergoes an extensive U-insertion/deletion editing. An 
evolutionary trend to reduce or eliminate RNA editing could be traced with other cryptogenes, but the invariably pan-
edited RPS12 cryptogene is apparently spared. Here we inquired whether editing of RPS12 mRNA is essential for mito-
chondrial translation. By RNAi-mediated knockdowns of RNA editing complexes and inducible knock-in of a key editing 
enzyme in procyclic parasites, we could reversibly downregulate production of edited RPS12 mRNA and, by inference, 
synthesis of this protein. While inhibition of editing decreased edited mRNA levels, the translation of edited (Cyb) and 
unedited (COI) mRNAs was blocked. Furthermore, the population of SSU-related 45S complexes declined upon inactiva-
tion of editing and so did the amount of mRNA-bound ribosomes. In bloodstream parasites, which lack active electron 
transport chain but still require translation of ATP synthase subunit 6 mRNA (A6), both edited RPS12 and A6 mRNAs were 
detected in translation complexes. Collectively, our results indicate that a single ribosomal protein gene retained by the 
kinetoplast mitochondrion serves as a possible functional link between editing and translation processes and provide 
the rationale for the evolutionary conservation of RPS12 pan-editing.
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the parasite.13 Interestingly, RNA editing also continues in the 
oxidative phosphorylation-deficient mitochondrion of blood-
stream form (BF) parasites and is essential for their viability.14 
In the bloodstream form, ATP is produced via substrate level 
phosphorylation and is hydrolyzed by the F

1
F

0
 ATP synthase to 

generate mitochondrial trans-membrane potential, thus main-
taining the organelle.15,16 Therefore, editing and translation of 
the mitochondrial mRNA encoding subunit 6 (A6) of the F

1
F

0
 

ATPase complex is expected to occur, and that, in turn, calls for 
the functional RPS12 mRNA. In bacterial ribosomes, the S12 
protein plays an indispensable role in formation of the decod-
ing center and is anticipated to perform a similar function in 
mitochondrial ribosomes.17

Recently, we demonstrated that editing is necessary, but 
not sufficient for mitochondrial protein synthesis: a discrete 
post-editing 3′ processing event is required to enable mRNA 
binding to the ribosome. Specifically, KPAP1 poly(A) poly-
merase and RET1 TUTase add 200–300 nt-long A/U-tails to 
mRNAs in a reaction that also requires two additional RNA 
binding factors.18 As expected, long A/U-tails were detected in 
most mitochondrial transcripts in the procyclic form while in 
bloodstream parasites only A6 and RPS12 mRNAs possessed 
such structures.18,19 Furthermore, RPS12 mRNA is produc-
tively edited in all species examined20-22 and knockdown of 
RET1 TUTase blocked translation of both edited and uned-
ited mRNAs.23 These observations have indicated that RPS12, 
a single mitochondrially encoded ribosomal protein, is essential 
throughout the lifecycle of trypanosomes. The evolutionary 
trend to replace pan-edited cryptogenes with their less-edited 
counterparts24 seems to exclude the RPS12 cryptogene25,26 rais-
ing the prospect that functionality of RPS12 mRNA editing 
extends beyond the mere production of RPS12 protein. We 
hypothesized that the pan-editing status of the RPS12 mRNA 
serves as a functional link between editing and global mito-
chondrial translation, such that environmental or developmen-
tal impact on the editing system would modulate translation 
of edited and unedited mRNAs. The fact that mitochondrial 
translation creates a component of its own machinery sug-
gests a positive feedback mechanism (production of RPS12 
further facilitates its own production). Therefore, a varia-
tion of the RPS12 mRNA editing and the coupled process of 
3′ adenylation/uridylation might impact the entire system of  
mitochondrial translation. We further hypothesize that this 
mechanism of regulation is not attainable unless the mRNA is 
pan-edited.

In order to ascertain the existence of editing—translation 
connection we analyzed the effects of eliminating various RNA 
editing complexes and an essential editing enzyme on edited 
and unedited mRNAs and rRNA levels, integrity of mito-
chondrial ribosomes, and translation of edited and unedited 
mRNAs. Here, we demonstrate that inhibition of editing elim-
inated mRNA-associated ribosomal fraction, and selectively 
affected the pool of free small subunits, while exerting minor 
effect on the overall rRNA abundance. Notably, translation of 
both unedited cytochrome c oxidase subunit I mRNA (COI) 
and edited apocytochrome b mRNA (Cyb) was abolished in 
every RNA editing-deficient genetic background tested. We 
also found that RPS12 and A6 mRNA are associated with 
ribosomes in procyclic and bloodstream developmental stages 
indicating that both products are produced throughout the 
lifecycle of trypanosomes. Conversely, mRNAs encoding pro-
teins unnecessary in bloodstream form are either undectable 
(edited Cyb) or abundantly present, but nearly excluded from 
ribosome-bound fraction (unedited COI).

Figure  1. Inhibition of RNA editing by dual RNAi knockdowns of criti-
cal subunits in the RNA editing core (MP18 and MP24) and guide RNA 
binding (GRBC1 and GRBC2) complexes, and RNAi-based knock-in of 
catalytically inactive RET2 TUTase. Change in relative abundance for 
mitochondrial mRNAs and rRNAs was determined by real-time RT-PCR 
analysis; thick line at “1” reflects no change in relative abundance upon 
RNAi induction; bars above or below represent an increase or decrease, 
respectively. RNA levels were normalized to β-tubulin mRNA. Error bars 
represent the standard deviation from at least three replicates. P, pre-
edited mRNA; E, edited mRNA; n/d, not determined.
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Results

RNAi knockdowns of different editing complexes induce 
similar changes in steady-state mRNA levels

Approximately 25 proteins have been reported as essential 
for U-insertion/deletion editing and cell viability (reviewed 
in refs. 2, 3, and 27). Editing enzymes, RNA binding, and 
structural proteins are distributed among several complexes 
of varying stability that are engaged in higher-order interac-
tions with polyadenylation and translational machineries. To 
address a possible functional relationship between RNA editing 

and translation processes, as presented by RPS12 mRNA being 
the product of the former and the source of a critical protein 
component for the latter, we chose to inactivate core compo-
nents of two best-characterized editing complexes. Inducible 
RNAi cassette simultaneously targeting structural proteins 
MP18 (KREPA628,29) and MP24 (KREPA430,31) was introduced 
into procyclic T. brucei strain 29–1332 to inactivate the RNA 
editing core complex (RECC33), which performs elementary 
reactions of mRNA cleavage, U-insertion and deletion, and 
ligation. Likewise, subunits of the guide RNA binding complex 
(GRBC1 and GRBC212,34) responsible for gRNA binding and 

Figure 2. MRNA editing and polyadenylation states in genetic backgrounds lacking RNA editing. (A) Expression of dual RNAi cassettes targeting sub-
units of the RNA editing core complex (MP18 and MP24, left panels) or guide RNA biding complex (GRBC1 and GRBC2, right panels) was induced by 
addition of tetracycline and cells were collected for RNA purification at 24 h intervals. Total RNA was separated on 1.7% agarose /formaldehyde gel and 
subjected to hybridization with DNA probe for unedited COI mRNA. [dT], RNA was treated with RNase H in the presence of 18-mer [dT] to remove poly(A) 
tails. ST and LT, mRNA forms terminating with short (A) or long (A/U) tails, respectively. (B) Pre-edited and edited forms of RPS12 mRNA were analyzed 
in RET2-CODA WT and RET2-CODA D97A genetic backgrounds. RNAi targeting the endogenous RET2 mRNA and expression of RNAi-resistant variants 
of the same were induced with tetracycline for indicated periods of time. Total RNA was separated on 5% polyacrylamide/8M urea gels and transferred 
onto membrane. Cytosolic 5.8S rRNAs served as loading control (C). Same RNA samples as in (B) were separated on 1.7% agarose/formaldehyde and 
probed for moderately edited Cyb, pan-edited A6 and unedited COI mRNAs. In addition, mitochondrial rRNAs (9S and 12S) were visualized on the same 
membrane.
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stabilization were depleted by RNAi. In addition to dual knock-
downs intended to destabilize entire complexes, we employed 
the iCODA RNAi-based knock-in system to replace the endog-
enous RET2 protein with ectopically expressed catalytically 
active (WT) and inactive (D97A) variants of the same.35-37 
RET2 TUTase is the only enzyme of its kind present in the 
core editing complex and is essential for parasite’s viability.11 To 
compare the effects of RECC and GRBC downregulation, and 
a single amino acid substitution D97A in RET2, cells were col-
lected after RNAi or RNAi/RET2 co-expression was induced 
by tetracycline for 72 h. Quantitative real-time PCR analysis of 
rRNAs and unedited mRNAs showed minor changes while the 
steady-state levels of most edited mRNAs declined to various 
degrees (Fig. 1). Repression of RET2 TUTase by RNAi pro-
duced virtually indistinguishable results from RET2-CODA 
D97A while knock-in with active RET2 restored edited mRNA 
abundance (ref. 36 and data not shown). Importantly for the 
purposes of this study, edited RPS12 mRNA was uniformly 
downregulated in all genetic backgrounds lacking RNA edit-
ing. The mRNAs whose translation products can be monitored, 

edited Cyb, and unedited COI38,39 declined or remained unaf-
fected (slightly upregulated), respectively.

Loss of RNA editing complexes causes disparate effects on 
mRNA 3′ adenylation/uridylation status

Although U-insertion/deletion editing is required for build-
ing open reading frames in mRNAs, it is not sufficient for 
their translation. In addition to editing, mRNA must undergo 
3′ modification resulting in addition of 200–300 nt-long A/U-
tail.18 Such tails are also present in unedited mRNAs. Because of 
the functional coupling between the completion of RNA editing 
and A/U-tail addition40 and an established interaction between 
polyadenylation and guide RNA binding complexes12,18 we next 
analyzed polyadenylation states of unedited COI mRNA in dual 
MP18/24 and GRBC1/2 knockdowns (Fig. 2A). In agreement 
with real-time PCR data, COI mRNA was upregulated 2-fold 
in MP18/24 dual RNAi, but the ratio between long- and short-
tailed forms remained unaltered. In GRBC1/2-knockdown cells, 
however, the relative abundance of the long-tailed mRNA that 
is presumed to be the translation competent form, declined by 
approximately 25% over 96 h of RNAi induction.

Figure 3. Loss of the 80S mRNA-associated ribosomal population upon inactivation of RNA editing. (A) Native gel analysis of ribosomal complexes. Total 
cell lysates obtained from parental and RET2 knock-in cell lines were fractioned on glycerol gradients and each fraction was further separated on 3–12% 
Bis-Tris NuPAGE native gel and transferred onto nylon membrane. NativeMARK Unstained Protein Standards (Invitrogen) were separated alongside. 
Hybridizations were performed with the same probes as in Figure 2 to detect fully-edited RPS12 mRNA, 9S, and 12S rRNAs. (B) Sedimentation of rRNAs. 
RNA was extracted from indicated fractions, separated on 5% polyacrylamide/8M urea gel and simultaneously probed for 9S and 12S rRNAs.
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To establish an experimental system and timeframe that 
allows for inhibition of editing accompanied by minimal sec-
ondary effects on unedited mRNAs, we analyzed unedited COI 
and edited Cyb and RPS12 mRNA in RET2-CODA WT and 
RET2-CODA D97A cell lines. The ATP synthase subunit 6 
mRNA served as control for pan-edited mRNA. High-resolution 
northern blotting demonstrated a virtually complete restoration 
and elimination of both long- and short-tailed forms of fully 
edited RPS12 mRNA in RET2-CODA WT and RET2-CODA 
D97A genetic backgrounds, respectively (Fig. 2B). As expected, 
pre-edited RNA remained unaffected in RET2 RNAi rescue 
experiments (RET2 CODA), but accumulated when no longer 
consumed by editing (RET2-CODA D97A). In close correlation 
with real-time PCR analysis, Cyb and A6 mRNAs declined dra-
matically while both LT and ST forms of COI mRNA stayed vir-
tually constant up to 72 h of RNAi induction (Fig. 2C). Because 
RET2-CODA D97A cell line displayed strong growth inhibition 
phenotype after 96 h we chose to perform the following experi-
ments by inducing expression for 72 h.

Inactivation of RNA editing by a single amino acid substitu-
tion eliminates mRNA-bound ribosomal fraction

We previously showed that 9S and 12S rRNA sediment in 
a broad range (50S to more than 90S) whereas long-tailed 
edited RPS12 mRNA co-sediments with ribosomal particles 
in the 70S-90S zone of glycerol density gradients. Pre-edited 
and short-tailed edited mRNA co-sediment predominantly 
with RNA editing complexes in 20S-40S region.18 To further 
distinguish mRNA-bound ribosomes from assembled mono-
somes, we fractionated total cell lysate from parental 29–13 cell 
line on 10–30% glycerol gradient and then separated gradient 
fractions on 4–12% bis-Tris NuPAGE native gel, and analyzed 

edited RPS12 mRNA and rRNAs by northern blotting (Fig. 3A). 
Edited RPS12 mRNA formed heterogeneous complexes, most 
likely with editing machinery, ranging in apparent molecu-
lar mass from 500–900 kDa, but a minor fraction was clearly 
visualized as discrete particle of ~1.2 MDa sedimenting at ~80S 
(Fig. 3A, left panel, open arrow). In parallel experiments, sedi-
mentation and native gel migration patterns were established for 
12S and 9S rRNAs in cell lysates obtained from RET2 RNAi 
rescue (RET2-CODA WT, Fig. 3A, central panel). In fractions 
14–16 we observed a separation of rRNA-containing particles 
into two bands. The slower-migrating band of these two over-
lapped precisely with position occupied by edited RPS12 mRNA 
(Fig. 3A, left and central panels, open arrows). Co-sedimentation 
and co-migration of rRNAs with edited mRNA as ~1.2 MDa 
particle provided a strong indication that the upper band cor-
responds to an mRNA-bound monosome which we termed the 
80S complex. We concluded that a combination of glycerol gra-
dient and native gel can be used to monitor ribosome-mRNA 
binding and next analyzed the effect of editing blockade on this 
interaction. Remarkably, introduction of a RET2-CODA D97A 
led to elimination of the putative mRNA-ribosome complex and 
a moderate decline of 9S rRNA-containing complexes (Fig. 3A, 
right panel). Under denaturing conditions, however, the relative 
ratio of 9S and 12S did not appreciably change throughout the 
glycerol gradient (Fig. 3B).

Denaturing gels allow for quantitation of full-length RNAs, 
but are less accurate in providing the overall RNA abundance. 
To independently corroborate the conclusions drawn from 
native gel analysis, we fractioned lysates from RET2 RNAi 
cell line induced for 0–144 h and RET2-CODA WT variants 
on sucrose gradients. RNA was extracted from each fraction 

Figure 4. Reduction of the 45S SSU-related complex (SSU*) and the 80S complex upon inactivation of RNA editing. (A) Ribosomal complexes in RET2 
RNAi uninduced cells (tet[-]), as well as in cells upon induction of the RNAi at specified time points. Total cell lysates were fractionated in sucrose gradi-
ents; 9S and 12S rRNAs in gradient fractions were analyzed by slot-blot hybridization. (B) Ribosomal complexes in RET2-CODA WT and RET2-CODA D97A 
knock-in cells.
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and quantitated by dot-blot hybridization against synthetic 9S 
and 12S standards (Fig. 4). A discrete peak in the 80S region 
was observed for both 9S and 12S rRNAs in uninduced RET2 
RNAi cells and RET2-CODA WT RNAi rescue; this par-
ticle was effectively reduced with progression of RET2 RNAi 
(Fig.  4A) or co-expression of inactive RET2-CODA D97A 
(Fig. 4B). In the major 45S-70S peak, the large subunit rRNA 
remained virtually unaffected while the small subunit RNA 
(45S region) declined in the RET2 RNAi more prominently 
than in the RET2-CODA D97A cell line. These findings 
further corroborate the existence of a monosome-mRNA 80S 
complex and indicate that under experimental conditions used 
in this study only a small (5–10%) fraction of mitochondrial 
monosomes in engaged in mRNA binding. Furthermore, this 
interaction apparently depends on functioning RNA editing 
pathway. We found no evidence of polysome formation in try-
panosome mitochondrion.

RNA editing is required for translation of edited and uned-
ited mRNAs

Interactions between RNA editing, polyadenylation, and 
translation machineries were initially suggested by mass spec-
trometric and immunochemical analyses of purified com-
plexes.12,18,40 These contacts may be partially responsible for 
changes in unedited mRNA abundance caused by knockdown 
of seemingly unrelated editing proteins, e.g., increase in COI 
mRNA abundance in MP18/24 dual RNAi. Therefore, we ana-
lyzed mitochondrial translation in all RNA editing-deficient 
and RNA editing-restored genetic backgrounds described above. 
Among 18 predicted mitochondrially encoded proteins the de 
novo synthesis of only two polypeptides can be reliably moni-
tored by metabolic cell labeling and two-dimensional PAGE 
(PAGE) in the presence of SDS.38,39 Encoded by unedited (COI) 
and edited (Cyb) mRNAs, these proteins migrate abnormally 
and present as off-diagonal spots in the second dimension. The 

Figure 5. Mitochondrial translation in parasites depleted of guide RNA binding complex (GRBC1/2), RNA editing core complex (MP18/24), RNA editing 
TUTase 2 (RET2), and knock-in cell lines expressing catalytically active (RET2-CODA WT) or inactive (RET2-CODA D97A) TUTases. RNAi and protein expres-
sion were induced for indicated periods of time and translation products were metabolically labeled with EasyTag mix (PerkinElmer Life Sciences) in 
isotonic buffer supplemented with 0.1 mg/ml of cycloheximide. Cells were collected by centrifugation, dissolved in SDS gel loading buffer, and fraction-
ated by two-dimensional electrophoresis. Gels were stained with Coomassie brilliant blue R250 (inset panels) and exposed to X-ray film (large panels). 
Based on previous protein identifications,23 major spots represent COI and Cyb proteins encoded by unedited and edited mRNAs, respectively.
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Figure 6. Comparative sedimentation analysis of RPS12, A6 and COI mRNAs between procyclic and bloodstream developmental forms of T. brucei. Total 
cell lysates were obtained from parental cell lines routinely used for RNAi studies in procyclic (29–13) and bloodstream (Lister 427 “single marker”) para-
sites32 were fractioned on glycerol gradients. RNA was extracted from indicated fractions and separated on 5% polyacrylamide/8M urea gel (for RPS12 
and rRNA detection) or 1.7% agarose/formaldehyde (for A6 and COI mRNA detection).

edited Cyb mRNA was uniformly downregulated in all genetic 
backgrounds with impaired RNA editing (Figs. 1 and 2), which 
was reflected by a gradual decline of protein synthesis concomi-
tant with RNAi induction time (Fig.  5). Restoration of RNA 
editing by co-expression of RET2-CODA WT provided for an 
effective complementation of protein synthesis (Fig. 5). Unedited 
COI mRNA underwent pleiotropic changes from overall increase 
in abundance (MP18/24 RNAi) to the loss of long A/U-tails 
(GRBC1/2 RNA) to insignificant difference with the control 
(RET2-CODA D97A) (Figs. 1 and 2). At the translation level, 
however, synthesis of COI polypeptide was uniformly reduced 
after 48 h and virtually eliminated at 72 h of RNAi induction 
in all cell lines lacking RNA editing. Restoration of editing in 
RET2-CODA WT cells, however, allowed for sustained COI 
synthesis (Fig.  5). To conclude, we found a strong correlation 
between the functional RNA editing pathway and translation of 
unedited mRNA.

Edited A/U-tailed RPS12 mRNA is associated with ribo-
somes in both procyclic and bloodstream developmental stages 
of T. brucei

Predicted from the edited mRNA sequence, RSP12 pro-
tein is expected to be small (82 amino acids), cysteine-rich (six 
residues), and basic (9.04 isoelectric point). Despite numerous 
attempts and different mass spectrometric approaches, we and 

others41 have not been able to detect RPS12 protein in affinity-
purified ribosomes, which precluded direct assessment of the 
RPS12 mRNA translation product. A large body of evidence 
suggests that pan-edited A6 mRNA provides a mitochondrially 
encoded protein essential for mitochondrial maintenance in the 
bloodstream form.15,16,42 It is held that energy requirements are 
fulfilled by an aerobic glycolysis where glucose is converted to 
pyruvate. The mitochondrion presumably lacks active respira-
tory chain while the membrane potential is maintained by revers-
ing function of the F

1
F

0
 ATP synthase. We hypothesized that if 

RPS12 is universally required for mitochondrial translation, then 
translationally competent, i.e., long-tailed edited RPS12 and A6 
mRNAs should be enriched in the 80S complex. On the con-
trary, subunits of respiratory complexes that are downregulated 
in BF, such as COI, should be excluded from 80S complexes. 
To test this hypothesis we compared sedimentation profiles of 
these transcripts in PF and BF parasites in reference to rRNAs 
(Fig. 6). In the procyclic form the long-tailed RPS12 mRNA was 
enriched in the 80S complex by ~3-fold vs. total RNA, which 
is consistent with our previous data18 while even higher (5-fold) 
enrichment of the LT mRNA population was observed in blood-
stream parasites. Similarly, long-tailed A6 mRNA was detected 
in the 80S fractions in PF and BF parasites. In contrast, A/U-
tailed COI mRNA was only present as discrete 80S peak in the 
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procyclic, but not the bloodstream form. Edited Cyb mRNA was 
associated with the 80S complex in PF parasites, but could not 
be detected in BF trypanosomes by northern blotting (data not 
shown). These results show that the developmental downregula-
tion of the mitochondrial translation occurring in BF trypano-
somes does not include RPS12. In summary, our results indicate 
that loss of RNA editing impedes global mitochondrial transla-
tion in PF and BF cells.

Discussion

In bacterial ribosome RPS12 protein participates in stabilizing 
the second base pair of the codon-anticodon duplex in the A site 
and is likely to be critical for the fidelity of decoding process.17 A 
similar role can be anticipated for this protein in mitochondrial 
ribosomes. Although this protein has not been detected by mass-
spectrometry in T. brucei18,41 and L. tarentolae,43,44 a cryo-EM-3D 
reconstruction of the Leishmania mitoribosome45 indicated the 
presence of a protein mass in the fitting position within the small 
subunit. Apparently, the detection problem is caused by some 
unusual properties of this polypeptide, similar to the remaining 
mitochondrially encoded proteins, which proved to be refractory 
to identification by mass-spectrometry.

As the crucial ribosomal component, RPS12 protein is encoded 
in mitochondrial genomes across many taxa. In kinetoplastids, 
the RPS12 gene is among the 18 protein-coding genes retained 
on maxicircles of kDNA. A variable amount of U-editing, from 
numerous insertions/deletions to addition of just a few bases, is 
required for converting the original transcripts of 12 genes into 
translatable mRNAs. For a given gene, the level of required edit-
ing is not conserved among the kinetoplastid taxa24,25 and it was 
proposed that extensive editing (pan-editing) is being slowly 
eliminated or reduced by retroposition of edited or partially 
edited transcripts.24 Remarkably, the RPS12 gene represents a 
pan-edited cryptogene in all kinetoplastids so far examined, sug-
gesting that the extent of editing per se may play an important 
role.

Pan-editing is performed by multi-protein editing complexes 
and sequential participation of multiple overlapping gRNAs. In 
this process, extension of the edited region by each next gRNA 
depends on completion of editing by a preceding gRNA.22 
Modulation of this process by nuclear-encoded components pro-
vides a potential to regulate expression of the mitochondrial genes 
whose transcript require editing. At the same time, this seem-
ingly straightforward scenario leaves out a question of coordi-
nated shutdown or upregulation of edited and unedited mRNAs 
which often encode subunits of the same respiratory complexes. 
Such regulation becomes necessary during the differentiation 
of bloodstream (BF) trypanosomes into the insect stage (procy-
clic form, PF) that must be accompanied by a transition from 
mitochondrion lacking cytochrome-mediated electron transport 
chain into fully functional system of oxidative phosphorylation. 
This transformation is presumed to include translational acti-
vation of the mitochondrially encoded subunits of cytochrome 
c oxidase (COI, COII, COIII) and cytochrome bc

1
 (apocyto-

chrome b). Conversely, their synthesis needs to be turned off 

during differentiation of PF into BF trypanosomes. This down-
regulation has to be selective, since BF cells still require the trans-
lation product of the A6 mRNA for functioning of F

1
F

0
 ATPase.

This work suggests the existence of a functional link between 
RNA editing and translation. The product of edited RPS12 
mRNA translation represents an indispensable component of the 
mitoribosome’s small subunit thereby providing a possible conduit 
for affecting translation of both edited and unedited mRNAs. 
Perturbations of the editing system caused by the RNAi repres-
sion of its structural (MP18/24), gRNA binding (GRBC1/2), or 
enzymatic (RET2) components resulted in a strong inhibition of 
the mitochondrial protein synthesis, affecting production of not 
only cyb protein, which is encoded by edited mRNA, but also 
the COI polypeptide produced from unedited template. This 
inhibition was most likely mediated by the decrease in the level 
of the long-tailed edited RPS12 mRNA and ablation of the COI 
mRNA association with the mitoribosomes (the 80S complex). 
These events essentially parallel a relative reduction of the 45S 
SSU* complexes (Maslov, unpublished) and significant reduction 
of the COI mRNA in the 80S complexes (this work) observed in 
BF trypanosomes. These results are also consistent with unde-
tectable de novo synthesis of COI polypeptide in BF parasites.18,46 
Albeit indirect, these observations lead us to a hypothesis of 
RPS12-mediated link between the editing and translation serving 
to align production of the polypeptides encoded by unedited and 
edited templates. The findings of this work show that translation 
of COI is sensitive to the decline in the edited RPS12 mRNA 
level. It can be envisioned that due to the existence of the posi-
tive feedback loop accelerating translation of the edited RPS12 
mRNA, a relatively small modulation in the level of this mRNA 
will have an amplifying effect on abundance of the ribosomal 
small subunits. Since COI is among the most abundant trans-
lation products, its mRNA may represent a preferential transla-
tion template and a boost to the mitoribosomes may enhance the 
COI translation. It remains to be investigated whether or not this 
mechanism is employed during the developmental activation of 
mitochondrial translation in T. brucei.

Materials and Methods

Trypanosome culture, RNAi, and protein expression
RNAi plasmids were generated by cloning gene fragments 

in tandem into p2T7–177 vector for tetracycline-inducible 
expression.47 The following gene regions were targeted: MP18 
(497–848); MP24 (53–490); GRBC1 (659–986), and GRBC2 
(405–929). The constructs were transfected into procyclic 29–13 
T. brucei strain.32 RNAi and RNAi-based RET2-CODA WT 
knock-ins were performed as described.12,35,36

Mitochondrial isolation, density gradients, and native gels
Mitochondrial fraction was isolated as described except omit-

ting the Percoll density gradient.48 Fresh mitochondrial pellets 
were mixed with three parts (wet weight) of buffer containing 
25 mM HEPES (pH 7.6), 125 mM KCl, 12 mM MgCl

2
, and 

1.2% Nonidet P-40 (NP-40). After 15 min incubation on ice, 
the extract was clarified at 18 000 g for 10 min and fractionated 
on 10–30% glycerol gradient in SW41 rotor for 4 h at RCFavg 
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= 178 000 x g (38 000 rpm). Fractions of 580 μl were col-
lected from the top and 10 μl aliquot was further separated on 
15-well 4–12% bis-Tris NuPAGE and transferred for Northern 
according to manufacturer’s protocol (Invitrogen). RNA was 
isolated from the remaining material by phenol/chloroform 
extraction. For sucrose gradients, approximately 108 cells were 
washed with 400 µL of the SoTE buffer solution (20 mM Tris-
HCl, pH 7.5, 600 mM sorbitol, 2 mM EDTA) and were lysed 
in 400 µL of the DM buffer (1% dodecyl maltoside, 50 mM 
Tris-HCl, pH 7.5, 100 mM KCl, 10 mM Mg Cl2, 3 mM DTT, 
0.1 mM EDTA) for 15–30 min on ice. RNA degradation was 
minimized by including 400 units of RNasin(R) Plus RNase 
Inhibitor (Promega) in the lysis buffer. The insoluble mate-
rial was removed from lysates by centrifugation at 17 000 x g 
for 15 min. Mitochondrial lysates were fractionated in 7–30% 
sucrose gradients made with the SGB buffer (50 mM Tris-HCl, 
pH 7.5, 100 mM KCl, 10 mM Mg Cl2, 3 mM DTT, 0.1 mM 
EDTA, 0.05% dodecyl maltoside) at RCFavg = 35 670 x g (17 
000 rpm, SW41 rotor) for 16 h.

RNA analysis
Total RNA isolation, qRT-PCR and northern blotting were 

performed as described.18 The change in relative abundance was 
calculated assuming the ratio between analyzed transcripts and 
loading control in mock-induced cells as 100%. Membranes and 
gels were exposed to phosphor storage screens and volume quanti-
tation was performed with Quantity One software (BioRad). For 
dot-blot quantitation, RNA from gradient fractions was immo-
bilized on BrightStar-Plus hybridization membranes (Ambion) 
using a Hoefer SlotBlot manifold followed by UV-crosslinking. 

The oligonucleotides A304 (TGAACAATCA ATCATGGTAA 
TAAGTAGACG ATG) and A504 (ACGGCTGGCA 
TCCATTTC) served as hybridization probes specific for the 
12S rRNA and the 9S rRNA, respectively. The probes were 5′ 
labeled with [γ-32P]ATP (6000 Ci/mmol) and T4 polynucleotide 
kinase. Pre-hybridizations and hybridizations were performed 
at 42 °C in 6 x SSPE, 5 x Denhardt’s solution, 0.5% SDS, and 
0.2 mg/ml sheared denatured salmon sperm DNA. Results of 
the hybridizations were quantified by phosphorimaging. In vitro 
transcribed 9S-12S tandem RNA was used for the signal inten-
sity normalization.

Mitochondrial translation
Cell labeling and gel separations were performed as described.18 

In brief, procyclic trypanosomes (107 cells) were washed with 
SoTE and resuspended in the same buffer. Cytosolic translation 
was inhibited with 100 µg/ml cycloheximide and the products 
of mitochondrial translation were labeled with [35S]- EasyTag 
Express Protein Labeling Mix (Perkin Elmer) by incubation of 
the labeling mixture at 26 °C for 1 h with mild agitation. Labeled 
products were analyzed with 2D (9% vs 14% polyacrylamide) 
Tris-Glycine-SDS gels.
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