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Introduction

During translation, amino acids are incorporated into the grow-
ing polypeptide chain until the last sense codon of the mRNA is 
reached. At this point, the P-site of the ribosome is occupied with 
a peptidyl-tRNA (attached to a polypeptide), while the empty 
A-site is opposite to the stop codon of the mRNA. In contrast 
to sense codons that are decoded by an elongation factor-tRNA 
complex, stop codons interact with a release factor to liberate 
the ribosome from polypeptide and mRNA. Therefore, mRNAs 
lacking a stop codon (e.g., due to RNA degradation) would 
cause stalling of translation, thus reducing the number of opera-
tional ribosomes in the cell. In bacteria, the deleterious effect of 
mRNAs without stop codon (“non-stop” mRNAs) is alleviated 
by transfer-mRNA (tmRNA, also termed 10Sa RNA or SsrA; for 
a review, see ref. 1), a peculiar molecule combining a tRNAAla-
like domain with a short, protein-coding (mRNA-like) region.2-4

The tRNAAla-like domain of bacterial tmRNA allows the 
entry of the alanine-charged tmRNA into the A-site of a stalled 
ribosome (for addition of a non-encoded alanine), whereas the 
mRNA-like region allows translational template switching from 
the “non-stop” mRNA to the mRNA-like domain of tmRNA. 

In bacteria, stalled ribosomes are rescued by transfer-mRNA (tmRNA) that catalyzes two steps. First, a non-encoded 
alanine is added to the incomplete polypeptide chain by the tRNAAla-like portion of tmRNA, and second, the ribosome 
switches to the mRNA-like domain of tmRNA, thus resuming protein synthesis. Mitochondrial DNA (mtDNA)-encoded mt-
tmRNA is so far only known from jakobid protists, but we posit that the corresponding ssrA gene may also reside in other 
mtDNAs. here we present a highly sensitive covariance model built from jakobid ssrA genes that identifies previously 
unrecognized ssrA homologs in mtDNAs of oomycetes. These genes, located in previously unassigned genomic 
regions, are circular permuted as in α-proteobacteria, implying that pre-tmRNA is processed and the two pieces are 
held together by non-covalent interactions. RNA-seq data from Phytophthora sojae confirm predicted processing sites 
as well as post-transcriptional addition of 3' ccA, a prerequisite for tmRNAs to be charged with alanine by alanyl-tRNA 
synthetase. structure modeling of oomycete tmRNAs infers that the mRNA-like domain is lacking as in jakobids. Features 
of mitochondrial tmRNAs include the G-U pair at position three of the acceptor stem, a hallmark of bacterial tmRNAs,  
and a T-loop sequence that differs from that of standard tRNAs and most bacterial tmRNAs, forming alternative, virtually 
isosteric tertiary interactions with the D-loop. The anticodon stem has two additional G-A base pairs formed between the 
D-loop and the variable region, shortening the length of the variable region to a single nucleotide.
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This latter domain codes for a 10 residue-long amino acid 
sequence specifying a hydrophobic signal, which terminates with 
a regular stop codon and tags the incomplete polypeptide with a 
proteolysis signal (for a review, see references 5–7). The tmRNA 
does not act alone; it is assisted by at least two proteins (SmpB 
and EF-Tu) to form a ribonucleoprotein (RNP) particle.8-10

The ssrA gene specifying tmRNA is found not only in the 
genome of bacteria, but also in plastid genomes of diverse pho-
tosynthetic eukaryotes.11 Mitochondrial ssrA genes are so far lim-
ited to jakobids,12 a group of free-living, bacterivorous protists13 
whose mtDNAs have most bacteria-like features and the largest 
known gene repertoire.14,15

The majority of bacterial ssrA genes specify a single-piece 
tmRNA (Fig. 1A), as do their plastid homologs. However, in 
α-Proteobacteria (and subsets of other bacterial groups), the gene 
sequence is circularly permuted, with the 3' portion of tmRNA 
encoded upstream of its 5' portion. After transcription, the circu-
larly permuted pre-tmRNA is processed, generating two tmRNA 
fragments. The two halves are held together and arranged in 
“correct” conformation by RNA base pairing and RNA-binding 
proteins,16,17 thus forming the canonical tmRNA secondary 
structure (Fig. 1B).



©
20

12
 L

an
de

s 
B

io
sc

ie
nc

e.
 D

o 
no

t d
is

tri
bu

te
.

1118 RNA Biology Volume 10 Issue 7

and will also be included in the automated organelle genome anno-
tation tool MFannot (www.megasun.bch.umontreal.ca/cgi-bin/
mfannot/mfannotInterface.pl). This work is part of our research 
program aimed at the development of tools for annotating struc-
tural RNA genes in genome and transcriptome sequences.

Results

Discovery of mt-tmRNA genes in oomycete mitochondrial 
genomes. Since the first claim of a potential mtDNA-encoded 
tmRNA,16 only seven extra ssrA genes have been identified, includ-
ing both one-piece and two-piece conformations.12,15 The four 
Rfam10.1 tmRNA covariance models, which are based on bac-
terial sequences,19 are not well suited for detecting mitochondrial 
counterparts. The α-proteobacterial model for two-piece tmRNAs 
finds only six out of the seven recognized jakobid genes15 (missing 
the Andalucia homolog), and reports none of the nine mt-tmRNAs 
in complete oomycete mtDNAs that are identified with a model 
based on jakobid mt-tmRNA sequences (see below). Further, the 
general, β-proteobacterial and cyanobacterial covariance models 
developed for one-piece tmRNAs report numerous false positives 
(overlapping identified tRNA sequences), but not the known J. 
libera sequence (for cut-off e-values as large as 1.0).

Now, with the availability of nine complete jakobid mtDNA 
sequences,15 and more sensitive tools for searching secondary struc-
ture motifs,21-23 we set out to build a covariance model based on 
jakobid mitochondrial tmRNAs using the cmbuild component of 
the Infernal package.23 Employing version 1.1 of cmsearch,19 we 
screened all known complete mitochondrial genomes (listed at the 

In line with an α-proteobacterial origin of mitochondria, 
Williams and coworkers postulated a circularly permuted ssrA gene 
in the mitochondrial genome of the jakobid Reclinomonas ameri-
cana.16 Subsequent studies in our laboratory have confirmed the 
presence of mitochondrial ssrA genes in R. americana and in eight 
out of nine other jakobids.12,15 The inferred jakobid mitochondrial 
tmRNAs (mt-tmRNAs) are two-piece molecules (Fig. 1C) except 
in Jakoba libera,12 where the gene has reverted to a one-piece, non-
permuted conformation (Fig. 1D). Mitochondrial tmRNAs are 
characterized by non-canonical T-loop and D-loop regions, some-
what resembling the likewise unusual tRNAs in animal mtDNAs 
(for a recent review on this topic, see ref. 18). In vivo and in vitro 
studies in J. libera demonstrate that ssrA is transcribed, and that the 
transcript is processed, post-transcriptionally modified by CCA 
addition and charged with alanine by alanyl-tRNA synthetase.12 
Remarkably, all jakobid ssrA genes lack the mRNA-like domain. 
This suggests that incomplete polypeptides are earmarked for deg-
radation without specific tagging of the C terminus.

To identify ssrA genes in mtDNAs from organisms other than 
jakobids, we searched available mtDNAs with the tmRNA covari-
ance models in Rfam10.1 that are based on bacterial sequences,19 
but did neither detect all known jakobid ssrA genes nor new 
instances. Here we report the development of a covariance model 
for highly sensitive searches of mt-tmRNA genes, based on jakobid 
sequences. By scanning all available complete or nearly complete 
mtDNAs, we discovered with high confidence mt-tmRNA genes 
in oomycetes, which are phylogenetically very distant to jakobids, 
but not in similarly gene-rich mtDNAs of other eukaryotic groups. 
The search model will be made available via the Rfam database,20 

Figure 1. comparison of tmRNA structures from bacteria and mitochondria. (A and B) Bacterial tmRNAs. The 3' ccA is genome-encoded in most but not 
all bacteria. (A) standard one-piece bacterial tmRNA comprising two distinct functional portions, the tRNA-like domain (upper part, gray background) 
and the mRNA-like domain. Tag, nucleotide sequence encoding amino acids that specify the polypeptide degradation signal. s, stop codon. (B) Two-
piece bacterial tmRNAs (e.g., in α-proteobacteria) are encoded by a circularly permuted gene sequence. After the RNA processing steps that remove the 
intervening sequence (dashed ark), the two resulting pieces (marked black and red, respectively) remain together through base pairing. (C and D) Mito-
chondrial tmRNAs, lacking the mRNA domain. The 3' ccA is added post-transcriptionally (as in mitochondrial tRNAs). (C) common two-piece configura-
tion of mt-tmRNA. (D) One-piece configuration of J. libera mt-tmRNA that most likely emerged secondarily through gene rearrangement.
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where the adjacent genes are rnl and rps7 (encoding the large subunit 
rRNA and the mito-ribosomal protein S7, respectively). Pythium 
and Saprolegnia have two identical ssrA copies that are located in 
repeat regions. Notably, the mRNA-like domain is absent from 
oomycete mt-tmRNAs, as previously noted for jakobids.12,15

Transcription and RNA processing of oomycete tmRNAs. 
To obtain insight into transcription and processing of oomy-
cete mt-tmRNAs, we analyzed previously published RNA-Seq 
data from a library of total small RNAs from the type species 
Phytophthora sojae, strain P6497.24 The data show that the pre-
dicted ssrA gene region is transcribed as a precursor molecule, 
with an overall transcript abundance similar to that of the flank-
ing tRNAGly. The most frequent tmRNA termini coincide with 
the four predicted processing sites (numbered 1–4; Fig. 3A), 
exceeding background counts by ~10–100-fold. Additional 
minor termini locate to the helical region that corresponds to 

NCBI website; 3,328 in total, see Materials and Methods) from 
organisms spanning all major eukaryotic groups. As expected, 
we detected ssrA genes in jakobid mtDNAs, but also in all nine 
complete mtDNAs from oomycetes representing three different 
genera: Phytophthora, Pythium and Saprolegnia (Fig. 2; Table S1). 
However, we did not find ssrA in mtDNAs from other eukaryotes 
with a similarly large gene complement as oomycetes, not even after 
including the newly found oomycete sequences in an extended 
search model. As oomycete tmRNAs are fairly similar at the pri-
mary sequence level, a Blast search of GenBank (non-redundant 
nucleotide sequence section) identified another 25 mitochondrial 
ssrA genes from additional oomycetes, in sequence entries of partial 
mtDNA. This increases the total number of currently known mt-
tmRNAs to 42 (Table S2).

Throughout all examined oomycetes, the ssrA gene is flanked 
by two tRNA genes [trnG(gcc) and trnG(ucc)], except in S. ferax, 

Figure 2. conservation of mitochondrial two-piece tmRNAs. sequence alignment of two-piece mt-tmRNAs (upper block from jakobid, lower block 
from oomycete mtDNAs). The conserved paired regions (p1, p2, and p3), loop regions (T-loop and D-loop) and the intervening sequence (Int) are 
indicated. The sequence consensus shows identical positions in upper case and positions with at least 90% identity in lower case. Tertiary interactions 
that conform perfectly with those known from tRNAs (for a review, see ref. 28) are indicated in the bottom line (for a graphical representation of these 
interactions, see Fig. 5).



©
20

12
 L

an
de

s 
B

io
sc

ie
nc

e.
 D

o 
no

t d
is

tri
bu

te
.

1120 RNA Biology Volume 10 Issue 7

suggesting that they play an additional, currently unknown role; 
the helix can be extended by two non-Watson-Crick base pairs as 
discussed below. The third stem, P3, located between P1 and P2, 
has five base pairs and corresponds to the T-arm of tRNAs. The 
T-loop-like sequence of tmRNA is highly conserved in oomy-
cetes and jakobids (Fig. 2), with only a few species deviating 
from the common pattern (e.g., S. ferax, Fig. 4F, and Andalucia 
godoyi15). Finally, mitochondrial tmRNAs have a 9–18 nt long 
D-loop region without D-stem, which is also characteristic of 
bacterial tmRNAs26,27 and reminiscent of certain, non-canonical 
animal mitochondrial tRNAs (for a review, see ref. 28).

Precursor transcripts of two-piece mt-tmRNAs include 
the intervening sequence (labeled “Int” in Fig. 4), looping out 
of P1. This sequence is A+U-rich and not only highly variable 
in sequence but also in length, which ranges in jakobids from 
12–34 nt12,15 and in oomycetes from as little as four (S. ferax; 
Fig. 4F) to 35 nt (Phytophthora karsurae, not shown). Among all 
known mt-tmRNAs, that of the oomycete S. ferax is the most 
divergent one, with all loops shortened and less well conserved at 
the sequence level.

Tertiary interactions in mt-tmRNAs. With mt-tmRNA 
sequences now available from diverse eukaryotes, we conducted 
manual/comparative three-dimensional structure modeling of this 
molecule. We observed that the T-loop sequence of mt-tmRNAs 
differs conspicuously from that of canonical tRNAs (Fig. S1), 
with the first and fifth nucleotides (positions 54 and 58 accord-
ing to tRNA nomenclature) predominantly occupied by guanosine 
(Figs. 2 and 515). However, at the tertiary structure level, these two 
nucleotides in mt-tmRNAs form a reverse-Hoogsteen G-G base 

the anticodon arm. The mapped transcript termini provide evi-
dence that maturation of the mt-tmRNA precursor proceeds in 
three principal steps, notably removal of the flanking tRNA gene 
sequences (presumably catalyzed by RNase P and a tmRNA-
specific processing activity, respectively) and two cleavage events 
releasing the intervening sequence (by RNase P and a tRNA 3' 
processing endonuclease). The resulting mature product is a two-
piece RNA (Fig. 3B). The few additional fragments probably 
result from non-specific degradation.

About 85% of the tm-RNA transcripts in RNA-Seq data carry 
the post-transcriptionally added nucleotides CCA at processing site 
3, which are attached to the 3' terminal A that corresponds to the 
discriminator position of tRNAs. The CCA addition is a molecu-
lar hallmark of mitochondrial tRNAs and tmRNAs (Fig. 3B).

Sequence and secondary structure comparison of mt-
tmRNAs. Based on the nucleotide-precise mapping of mt-
tmRNA termini in P. sojae, we built secondary structure models 
for this molecule and for the inferred mt-tmRNAs from five 
other, representative oomycetes (Fig. 4). Most highly conserved 
is the functionally important seven bp-long amino acid acceptor 
domain (termed P1, Fig. 4A) with an invariant A in the discrimi-
nator position and a universal G-U pair at position 3. This base 
pair is the recognition site for alanyl-tRNA synthetase.25

Juxtaposed to P1 is a 3–10 bp long helix corresponding to the 
tRNA anticodon stem, referred here to as P2 (Fig. 4A). The role 
of P2 is likely in stabilizing the secondary structure and protect-
ing the molecule against exonucleases. An anticodon loop is not 
present (and not required for tmRNA function). Four nucleo-
tide positions in P2 are invariant across oomycetes and jakobids 

Figure 3. primary transcript and maturation of P. sojae mt-tmRNA. The precursor mt-tmRNA of P. sojae is located between two glycine tRNA genes 
[note that due to the particular two-piece tmRNA configuration, the RNA precursor sequence is shown in 3' (left) to 5' (right) direction]. short lines and 
solid circles indicate Watson-crick and G-U pairs, respectively. Major RNA processing sites are inferred from RNA-seq data and numbered and indi-
cated by arrows; small arrows point to minor sites. processing of sites 1 and 2 is likely catalyzed by RNase p, site 3 by a 3' tRNA endonuclease, and site 4 
by a tmRNA-specific activity. Nucleotides cleaved off from the precursor are shown in lower case, and the post-transcriptionally added ccA is boxed.
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form tertiary base pairs (G25-A45 and A26-G44, according to the 
E. coli tmRNA nomenclature26,27).

Discussion

Additional mt-tmRNA genes outside jakobids and oomycetes? 
With the realization that tmRNAs may be encoded in either a 
contiguous or permuted configuration, ssrA genes have been 

pair (Fig. 5C) that is practically iso-
steric with the base pairs A58-A54 or 
A58-T54 (T in RNA is the 5-methyl-
ated derivative of uridine) of eukaryotic 
initiator and other cytosolic tRNAs, 
respectively.

While nucleotide 55 in the T-loop 
of tRNAs is a pseudouridine (ψ, 
ribosyluracil) engaging in tertiary 
interaction with G18 (G18-ψ5529), 
position 55 in mt-tmRNAs is pre-
dominantly a G. G55 is also known 
from some mitochondrial tRNAs 
and T-loop-like structures in RNase 
P and correlates with substitution of 
G by A at position 18 in the D-loop 
(reviewed in reference 30). A18-G55 
pairing was demonstrated experimen-
tally for the T-loop-like domains of 
RNase P,31 a pairing almost isosteric 
to the standard G18-ψ55 of tRNAs  
(Fig. 5C). We assume that A18-T55 
interactions also exist in mt-tmRNAs, 
as the corresponding D-loop region 
contains several candidate adenines 
(Fig. 2).

In agreement with tRNA interac-
tions, the nucleotide at position 56 
of mt-tmRNAs is predicted to inter-
act with position 19 in the D-loop 
region typically generating a G19-C56 
Watson-Crick pair (Figs. 2 and 5A). 
Like in bacterial tRNA structures, the 
dinucleotide 18–19 of the mt-tmRNA 
D-loop is flanked by unpaired regions 
of 3–8 nt containing predominantly 
adenosines and uridines whose tertiary 
arrangement is difficult to model.

Further, in standard tRNAs, 
nucleotide 57 of the T-loop interca-
lates between the two tertiary base 
pairs 18–55 and 19–56. In tRNAs this 
arrangement is stabilized by a purine 
in position 57, which is also found in 
virtually all mt-tmRNA sequences. 
In summary, tmRNA regions cor-
responding to the D- and T-loops 
appear to form a stable, tRNA-like 
three-dimensional structure. Differences between mt-tmRNAs 
and tRNAs at the sequence level do obviously not affect charging 
with alanine as shown for the J. libera molecule,12 and most likely 
also preserve the mt-tmRNA interaction with the translational 
elongation factor EF-Tu.

Finally, in most mt-tmRNA sequences including those of jako-
bids, the anticodon stem is flanked on both sides by  GA dinucleo-
tides, which also exist in the bacterial tmRNA  and are known to 

Figure 4. Representative oomycete mt-tmRNA secondary structures. All oomycete mt-tmRNAs 
feature the two-piece configuration, and lack (as in jakobids) an mRNA-like domain. Lower-case 
nucleotides represent portions of the precursor transcript that are removed by RNA processing. 
Nucleotides identical across oomycete mt-tmRNAs are highlighted by color (red, invariant; purple, 
identical in five out of the six shown examples). Black lines indicate the two processing sites shared 
with tRNAs (5' processing by RNase p and 3' processing by a specific endonuclease); for an experi-
mental confirmation of these processing sites in P. sojae tmRNA, see Figure 3. Black arrows indicate 
post-transcriptional addition of ccA at the 3' discriminator nucleotide, which is invariantly A.
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which is the most highly derived sequence in our study (Fig. 2F). 
Indeed, highly divergent small structural RNAs are often unrec-
ognizable based on sequence alone, as is the case of the long-
elusive mitochondrial RNase P-RNA of fission yeast.32

Note that our mt-tmRNA-search model reports bona fide per-
muted tmRNA genes with high confidence (within an e-value 
range from 2.4e-8–1.7e-16). Although based on two-piece mol-
ecules with permuted gene sequence, the model also detects the 

detected in virtually all bacterial genomes.16,17 In contrast, mito-
chondrial ssrA genes are currently only known from two unre-
lated protist groups (for a phylogenetic tree, see Fig. S2). One 
possible explanation for this apparently punctate distribution is 
that mt-tmRNAs are generally nucleus-encoded and imported 
into the organelle. It is also conceivable that eukaryotes outside 
jakobids and oomycetes do possess mtDNA-encoded tmRNAs, 
but that the gene has diverged even more than that of S. ferax, 

Figure 5. Tertiary structural model of mitochondrial two-piece tmRNAs. Nucleotides are numbered in accordance with the standard tRNA nomencla-
ture, which is based on the yeast phe-tRNA.42 (A) L-form tertiary structure of tmRNA. Rectangles represent individual nucleotides. The various tmRNA 
structural domains are marked with distinct colors. Within the T-loop, base pair G58-G54 is equivalent to base pairs A58-T54 and A58-A54 found in 
tRNAs. Two inter-loop base pairs are present, A18-G55 and G19-c56, separated by a purine at position 57. The dinucleotide at positions 59–60 bulges 
between base pairs 53–61 and 54–58. The green-dashed lines connect the T-loop with the anticodon stem and acceptor stem. (B) The tmRNA clover-
leaf. Nucleotides of the stem-loops are shown in the same color and with the same numbering as in (A). The most frequent number of nucleotides in 
the variable D-loop region are shown in green; positions of nucleotides involved in tertiary interactions are in black. short lines connect nucleotides 
forming Watson-crick base pairs within stems. Dotted lines connect nucleotides involved in conserved tertiary interactions. Identities of these nucleo-
tides (above 90%) are indicated. (C) structures of base pairs at positions 58–54 (upper three) and 18–55 (lower two) in tmRNAs compared with tRNAs. 
The identities of bases and the inter-base hydrogen bonds are indicated.



©
20

12
 L

an
de

s 
B

io
sc

ie
nc

e.
 D

o 
no

t d
is

tri
bu

te
.

www.landesbioscience.com RNA Biology 1123

jakobids were taken from GenBank accession nos. KC_353352–
59.15 The two-piece jakobid mt-tmRNA sequences were aligned 
with Muscle version 3.6.38 The resulting alignment was manually 
curated for an improved fit of primary sequence plus secondary 
structure, and the minimum-free energy consensus secondary 
structure was predicted with RNAalifold.39 The final align-
ment was processed using components of the Infernal package 
v1.1rc2,21,23 notably cmbuild and cmcalibrate to build a covari-
ance search model, followed by cmsearch to screen all publicly 
available complete mtDNAs. Sequence-conserved tmRNAs were 
identified by searching potential homologs of the P. sojae ssrA 
in GenBank nr by BLAST (www.ncbi.nlm.nih. gov/BLAST).40 
Candidate genes were compiled with GeneDoc v2.5.010.41 See 
Supplemental Materials, Data set 1 for the alignment of repre-
sentative jakobid plus oomycete mt-tmRNAs that was used for 
generating a comprehensive mt-tmRNA model.

Mapping of P. sojae tmRNA termini based on RNA-Seq 
data. RNA-Seq sequences of P. sojae were generated by others 
from small total RNAs.24 Sequences in fastq format were qual-
ity-trimmed (phred 20, minimum sequence length 20 nt) and 
adaptor-clipped using Seqtrimnext (www.rubygems.org/gems/
seqtrimnext). Termini of tmRNA transcripts were identified 
by scanning the trimmed sequences with a 20-nt long window 
(using the basic Linux tools grep and wc).

Access to the mt-tmRNA model in Rfam. The covariance 
model is based on mtDNA-encoded sequences from jakobids 
and oomycetes. The model plus sequence alignment will be made 
available at Rfam under the name mt-tmRNA.
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3' portion of the single-piece ssrA (e-value 8.7e-3) encoded in the 
mitochondrial genome of J. libera,15 providing a valuable lead for 
modeling its full structure manually.

However, the model does not find a match in mtDNA of the 
close relative Jakoba bahamiensis, and this may have several reasons. 
In addition to extreme sequence divergence, detection of mito-
chondrial ssrA might be hampered by long Int sequences (Fig. 2). 
Our in silico experiments indicate (not shown) that if Int regions 
are longer than ~500 nt or if the gene is split with fragments located 
on different strands of mtDNA, current covariance methods will 
fail to recognize the gene of two-piece mt-tmRNAs in genomic 
sequence. Descriptor-based search engines such as Erpin33 do not 
have this limitation as we demonstrated for large, poorly conserved 
group I intron sequences.34 However, descriptor models are much 
less sensitive than covariance models. Therefore, annotation of 
ssrA genes that carry long inserts or are fragmented will require 
the development of a novel modular covariance search algorithm.

In silico methods for identifying mt-tmRNAs would be prob-
ably greatly assisted by RNA-Seq data analysis. Most promising 
targets would be the above-mentioned jakobid J. bahamiensis, stra-
menopile sister groups of oomycetes and any other protist with 
moderately derived mtDNAs (e.g., Malawimonada, Heterolobosea, 
Cryptophyta, and Prasinophyta).

Are mitochondrial tmRNAs indeed lacking the mRNA-like 
domain? Without exception, bacterial ssrA genes encode both the 
tRNAAla-like domain and the mRNA domain coding for the pro-
tein tag. In contrast, mitochondrial ssrA, now known from two 
unrelated protist groups, only include one portion, the tRNAAla-
like domain. Apparently, the mRNA-like domain was lost very 
early in mtDNA evolution.12,15

Whether the terminally added alanine alone is sufficient to 
signal degradation of incomplete polypeptides has been discussed 
previously.12 This question is difficult to address experimentally 
given the low concentration of such aberrant molecules. Alternative 
protein quality control pathways are known from baker’s yeast and 
Neurospora crassa, where non-assembled or misfolded mitochon-
drial polypeptides are selectively degraded by eukaryotic AAA 
proteases (membrane-embedded ATP-dependent proteases35-37). In 
mitochondria, this pathway may substitute for the bacterial prote-
olysis tagging mode of incomplete polypeptides.

A final possibility is that an unrecognized mRNA-like domain 
is encoded separately in jakobid and oomycete mtDNAs, or even in 
the nucleus, to assemble with the known mt-tmRNA into a larger 
unit. This scenario, as well as the potential import of AAA pro-
teases into jakobid and oomycete mitochondria, could be tested 
experimentally by purifying tmRNA-containing mitochondrial 
RNP particles and identifying their RNA and protein subunits. 
This would be not a trivial undertaking, because there are cur-
rently no established protocols for the isolation of mitochondria in 
sufficient quantity and purity from these organisms.

Materials and Methods

Identification and secondary structure analysis of mt-tmRNAs. 
Previously identified mitochondrial ssrA gene sequences from 
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