An Unexpectedly Complex Mitoribosome in Andalucia godoyi,
a Protist with the Most Bacteria-like Mitochondrial Genome
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Abstract

The mitoribosome, as known from studies in model organisms, deviates considerably from its ancestor, the bacterial
ribosome. Deviations include substantial reduction of the mitochondrial ribosomal RNA (mt-rRNA) structure and ac-
quisition of numerous mitochondrion-specific (M) mitoribosomal proteins (mtRPs). A broadly accepted view assumes
that M-mtRPs compensate for structural destabilization of mt-rRNA resulting from its evolutionary remodeling. Since
most experimental information on mitoribosome makeup comes from eukaryotes having derived mitochondrial
genomes and mt-rRNAs, we tested this assumption by investigating the mitochondrial translation machinery of jakobids,
a lineage of unicellular protists with the most bacteria-like mitochondrial genomes. We report here proteomics analyses
of the Andalucia godoyi small mitoribosomal subunit and in silico transcriptomic and comparative genome analyses of
four additional jakobids. Jakobids have mt-rRNA structures that minimally differ from their bacterial counterparts. Yet,
with at least 31 small subunit and 44 large subunit mtRPs, the mitoriboproteome of Andalucia is essentially as complex as
that in animals or fungi. Furthermore, the relatively high conservation of jakobid sequences has helped to clarify the
identity of several mtRPs, previously considered to be lineage-specific, as divergent homologs of conserved M-mtRPs,
notably mS22 and mL61. The coexistence of bacteria-like mt-rRNAs and a complex mitoriboproteome refutes the view
that M-mtRPs were ancestrally recruited to stabilize deviations of mt-rRNA structural elements. We postulate instead
that the numerous M-mtRPs acquired in the last eukaryotic common ancestor allowed mt-rRNAs to pursue a broad
range of evolutionary trajectories across lineages: from dramatic reduction to acquisition of novel elements to structural
conservatism.
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et al. 2014; Brown et al. 2015). For example, the SSU of
T. thermophilus lacks the otherwise broadly distributed S21
RP and instead contains THX (Tsiboli et al. 1994; Wimberly
et al. 2000). In turn, a putative new RP was recently postulated
in Bacteroidetes (Sberro et al. 2019).

Although bacterial ribosomes are close to invariable, their
descendants—present-day mitochondrial ribosomes (mitor-
ibosomes)—display an extraordinarily large array of conspic-
uous differences, both in RNA structure and in protein
composition. Mitochondrial ribosomal RNAs (mt-rRNAs)
have diverged in various organisms in sequence and under-
gone both loss of ancestral secondary structure elements and,

Introduction

During the pregenomic era, the most convincing evidence for
the endosymbiotic origin of mitochondria was the organelle’s
translation system, as it shares numerous features, from rRNA
structure to protein constituents, with those of bacteria (Gray
and Doolittle 1982). The most detailed knowledge about the
bacterial ribosome came initially from crystal structure deter-
mination in Thermus thermophilus (Yusupov et al. 2001) and
Escherichia coli (Schuwirth et al. 2005) and concurrent sem-
inal works from the groups of Steitz, Yonath, and
Ramakrishnan ~ (Rodnina and  Wintermeyer  2010;
Ramakrishnan 2014). Typically, the bacterial ribosome con-

tains three ribosomal RNA (rRNA) species, the small subunit
(SSU) or 16S rRNA, the large subunit (LSU) or 23S rRNA, and
the 5S rRNA (also associated with the LSU), in addition to 54
ribosomal proteins (RPs) of which 21 are associated with the
SSU and 33 with the LSU. Only minor deviations in bacterial
RP content have been reported (Yutin et al. 2012; Grosjean

to a lesser extent, gain of structural extensions. Deviations
from bacterial RNA structures range from moderate, as in
plants and several protist lineages (see Gray et al. 2004;
Valach, Burger, et al. 2014) to extreme, for example, in bilat-
erian animals, kinetoplastids, diplonemids, and apicomplex-
ans (de la Cruz, Lake, et al. 1985; de la Cruz, Simpson, et al.
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1985; Klimov and Knowles 2011; Feagin et al. 2012; Valach,
Moreira, et al. 2014). For example, whereas bacteria-like 55
mt-rRNAs are present in various protists (Valach, Burger, et al.
2014) and plants (Waltz et al. 2020), this rRNA species has
been lost in other lineages like fungi and metazoans. With few
exceptions, this loss has been functionally compensated in
different ways such as by a repurposed tRNA in mammals,
expansions of LSU mt-rRNA in yeast, and new mitoribosomal
proteins (mtRPs) in trypanosomes (Amunts et al. 2014;
Brown et al. 2014; Greber et al. 2014; Ramrath et al. 2018;
Tobiasson and Amunts 2020).

The difference in protein components between bacterial
and mitochondrial ribosomes is even more conspicuous.
According to comparative phylogenomic analyses (Smits
et al. 2007; Desmond et al. 2011), the mitoribosome of the
last eukaryotic common ancestor (LECA) has maintained all
bacterial RPs except S20. Mitochondrial RPs of bacterial origin
(B-mtRPs) are on average almost twice as large as their bac-
terial counterparts, due both to additional conserved protein
domains such as the RNA recognition motif (Smits et al.
2007) and to nonglobular extensions (Melnikov et al. 2018).
More importantly, LECA’s mitoribosome has apparently
recruited numerous novel proteins—here referred to as
mitochondrion-specific ~ mitoribosomal  proteins (M-
mtRPs)—whose most recent count has been established at
18 (Gray et al. 2020). Subsequent divergence into present-day
eukaryotic clades was accompanied by the differential loss of
LECA mtRPs and gain of new lineage-specific proteins, leading
to a striking diversity of mitoribosome architecture across
eukaryotes (Waltz and Giegé 2020).

The genes that specify mitoribosomal components reside
in both the nuclear and mitochondrial genome. In all eukar-
yotes examined, mt-rRNA genes have remained in mitochon-
drial DNA (mtDNA). In contrast, the 53 B-mtRPs have
migrated to the nucleus to various extents (100% in mam-
mals but only ~50% in jakobids [Burger et al. 2013]). The
unicellular protist clade jakobids (supergroup Discoba), and in
particular Andalucia godoyi, possess the most bacteria-like
mitochondrial genomes known, not only with regard to the
number of genes retained, but also other features such as
bacteria-like LSU, SSU, and 5S mt-rRNAs, RNA polymerase,
and putative Shine—Dalgarno motifs (Lang et al. 1997; Burger
et al. 2013; Valach, Burger, et al. 2014). Indeed, our recent in
silico mitoproteome analysis of Andalucia characterizes this
species as “the eukaryote whose mitochondrion likely resem-
bles the LECA mitochondrion more closely than does the
mitochondrion in any other eukaryote studied to date”
(Gray et al. 2020). Therefore, Andalucia is the system of choice
for testing hypotheses regarding the transition from LECA’s
mitoribosome to contemporary mitochondrial translation
machineries.

Our previous in silico analyses predicted that the
Andalucia mitoribosome includes as many as 70 mtRPs. Of
these, 28 were predicted to be associated with the SSU and 42
with the LSU, of which 12 and 16, respectively, are mtDNA-
encoded (Gray et al. 2020). However, since these predictions
were based on sequence similarity (and across large evolu-
tionary distances), a protein in Andalucia that is a homolog of

a yeast or human mtRP might not necessarily be associated
with the same mitoribosomal subunit, or may not even be a
constituent of the mitoribosome. The in silico assignment for
proteins with dual function is particularly tricky, as in the case
of yeast mS47, which appears to be a catalytically active 3-
hydroxyisobutyryl-CoA hydrolase, HIBCH (Ehd3), involved in
amino acid degradation (Hiltunen et al. 2003; Desai et al.
2017).

Therefore, we set out to examine experimentally the mi-
tochondrial translation machinery of A. godoyi. In addition,
we identified in silico mtRPs from four other jakobids—
Jakoba bahamiensis, J. libera, Reclinomonas americana, and
Seculamonas ecuadoriensis—as well as broadly across eukar-
yotes. This work addressed several questions: 1) Are the mtRP
candidates predicted for Andalucia conserved across jako-
bids? 2) Are these proteins indeed associated with the
Andalucia mitoribosome? 3) Does the ancestral structure of
Andalucia mt-rRNAs correlate with the absence of mtRPs
that have been proposed to compensate for and stabilize
deviant RNA structure elements in model organisms?

In the discussion that follows, we will use the now widely
accepted new unifying nomenclature of RPs that reflects the
phylogenetic distribution and subcellular localization of these
proteins (Ban et al. 2014). For instance, uL1m designates the
mitoribosomal protein L1 of the LSU that occurs universally
in all domains of life, whereas bS1m designates the mitoribo-
somal protein S1 of the SSU that occurs also in bacteria, with
RPs specific to mitoribosomes assigned the prefix “m” (e.g,
mS22 and mL61) (Amunts et al. 2014; Brown et al. 2014).

Results

Secondary Structures of Jakobid Mitochondrial rRNAs
The mitochondrial LSU and SSU rRNAs from jakobids are
much more similar to their bacterial homologs than those
from other eukaryotes (Burger et al. 2013). Among examined
jakobids, Andalucia has the most bacteria-like mt-rRNAs.
Specifically, sequence identity of Andalucia SSU mt-rRNA
with the E. coli 16S rRNA is upwards of 70% (supplementary
fig. S1, Supplementary Material online). Comparison with the
bacterial 16S rRNA secondary structure model indicates loss
of only two terminal helices in Andalucia SSU mt-rRNA, as
well as minor apical truncations in three helices. Nucleotide
substitutions occur mostly in the central and 3’ major
domains, and are compensated by covariational changes of
the base-pairing partners (fig. 1A; for sequence-structure
alignments of jakobid SSU mt-rRNAs, see supplementary
fig. S2, Supplementary Material online).

Compared with jakobid SSU mt-rRNA, the secondary
structure model of LSU mt-rRNA deviates more noticeably
from the E. coli 23S rRNA model (for a secondary structure
diagram of R. americana LSU mt-rRNA, see [Petrov et al.
2019]; the only difference in Andalucia is a slightly reduced
H63). In Andalucia (and the other jakobids), several helices
have been lost and others truncated in Domain Il (i.e, H54 to
H59). Furthermore, helices H63 and H68 are apically trun-
cated, and H98 is absent. Most sequence variation occurs in
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Fic. 1. Enrichment of the bacteria-like SSU mt-rRNA of A. godoyi. (A)
Comparison of the secondary structure models of Andalucia SSU mt-
rRNA (beige; NC_021124.1 [66176.67656]) and E. coli SSU (165) rRNA
(blue; GenBank NC_000913.3 [4166659..4168200]). Thick lines high-
light the structural differences between the two rRNAs. Arrowheads
indicate where expansions occur in SSU mt-rRNA of other jakobids
(see also supplementary fig. S2, Supplementary Material online). (B)
Analysis of RNA content after sucrose velocity gradient fractionation
of Andalucia cell lysates. Arrowhead and asterisk indicate the band of
SSU and LSU mt-rRNAs, respectively. Lanes: RL, RNA ladder; E, RNA
from Enterobacter cells (prey); A, RNA from Andalucia cells; P, pooled
fractions from 15-40% sucrose gradient. (C) Northern blot hybridi-
zation analysis of mt-rRNA distribution (sample A23) using SSU mt-
rRNA-specific (ag03) and LSU mt-rRNA-specific (ag04) probes. The
enrichment peaks of mtSSU and mtLSU are highlighted in beige and
yellow, respectively. For further details, see supplementary figure S3,
Supplementary Material online.

Domain | (helices H4-H10) and Domain V (H76-H78), yet
with little or no impact on the inferred secondary structure.

The termini of jakobid SSU and LSU mt-rRNA sequences
available in public sequence repositories were annotated

790

based on sequence comparison with 165 and 23S rRNAs
from E. coli (Burger et al. 2013). Here, we determined the
termini experimentally by mapping previously generated
RNA-Seq reads from A. godoyi and ). bahamiensis (Valach,
Burger, et al. 2014) to the gene sequences. We found that,
compared with the in silico-predicted termini, the correct 5’
end of SSU mt-rRNA is located further upstream (3 and 5 nt
in A. godoyi and J. bahamiensis, respectively) whereas the 3’
end is further downstream (21 and 3nt in A. godoyi and
J. bahamiensis, respectively) (fig. 1A and supplementary fig.
S2, Supplementary Material online). For the LSU mt-rRNA
from Andalucia, the correct 5" and 3’ termini are 11 nt down-
stream and 11nt upstream, respectively, of the in silico-
assigned  positions (the corresponding data from
J. bahamiensis were inconclusive). The newly established
ends of Andalucia LSU mt-rRNA can be folded into a 10-bp
long expansion of the helix H1 that brings together the ter-
minal regions of the rRNA; the sequences from the other
jakobids have the same base-pairing capability. Interestingly,
this terminal helix in jakobid LSU mt-rRNA resembles the
terminal expansion segment (HO-ES) of the yeast LSU mt-
rRNA, which forms a membrane-facing protuberance to-
gether with its associated proteins mL44, mL57, and mL58
(Amunts et al. 2014). The jakobid HO-ES could serve as a
binding platform for the jakobid mL44 counterpart (see
also supplementary material).

Enrichment of the Small Subunit of the Andalucia
Mitochondrial Ribosome

To examine the protein makeup of a jakobid mitoribosome in
the absence of protein-tagging techniques or antibodies, we
established a protocol to purify A. godoyi mitoribosomes from
a whole cell lysate by ultracentrifugation (see Materials and
Methods section). This undertaking was a challenging task,
because the protist grows slowly (~72 h generation time) and
only to low titers (~2 x 10°/ml). Andalucia requires live bac-
teria as a food source, which have to be added repeatedly in
limited amounts to reduce contamination in downstream
analyses. Another hurdle was endogenous ribonuclease activ-
ity in the cell lysate, which was countered by low magnesium
ion concentrations during mitoribosome isolation, a measure
that increases the risk of destabilizing ribonucleoprotein
complexes.

The Andalucia mitoribosomes were purified by sucrose
gradient centrifugation, and their enrichment was monitored
by semiquantitative RT-PCR and Northern hybridization us-
ing SSU and LSU mt-rRNA-specific oligonucleotide probes.
Mitoribosomal SSU (mtSSU) separated well from cytosolic
SSU (fig. 1B and G supplementary fig. S3A, B, E, and F,
Supplementary Material online), whereas mitoribosomal
LSU (mtLSU) extensively overlapped with both the cytosolic
SSU and LSU (fig. 1C and supplementary fig. S3C
Supplementary Material online); contamination with bacte-
rial ribosomes was negligible (supplementary fig. S3D,
Supplementary Material online). None of the fractions com-
bined enrichment of both mtSSU and mtLSU, indicating that
suppression of RNases by low magnesium ion concentration
came at the price of dissociating the mitoribosomal subunits.
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Therefore, proteomics validation of Andalucia mtRPs was
performed exclusively on mtSSU, whereas in silico approaches
were applied to the complete mitoribosome.

Composition of the Small Subunit of the Andalucia
Mitochondrial Ribosome

The proteins of the Andalucia mtSSU preparation (supple-
mentary fig. S3H, Supplementary Material online) were
extracted and analyzed by tandem mass spectrometry (MS/
MS). In parallel, we examined the protein composition of
whole cell lysates to gauge the relative enrichment of individ-
ual proteins in mtSSU samples (supplementary fig. S3H,
Supplementary Material online).

According to the composition of the Andalucia mitoribo-
some inferred in silico by sequence similarity (Gray et al.
2020), SSU and LSU contain 28 and 40 proteins, respectively.
By MS/MS analysis, we detected all of the expected SSU
mtRPs with the exception of two (mS25 and mS38). In con-
trast, whole cell-lysate controls contained only about 30% of
the SSU mtRPs, testifying to a significant enrichment of
mtSSU by our purification protocol (table 1 and supplemen-
tary tables S1-S3, Supplementary Material online).

Retrospectively, it is not surprising that mS25
(ANDGO_07531) and mS38 (ANDGO_00506) (Gray et al.
2020) were not retrieved by MS/MS of mtSSU-enriched sam-
ples. For ANDGO_07531, we now have evidence that despite
sequence similarity this protein is not a homolog of mS25, but
rather of mL61, and thus absent from the mtSSU. The mS25
and mL61 proteins have been confounded because of their
shared L51_525_CI-B8 domain (Pfam ID PF05047), which is
also present in additional mtRPs and other non-RPs.
However, as we dissect in detail below, the two proteins are
distinguishable by phylogenetic analysis, which places mS25
and mL61 into separate clades and clearly affiliates
ANDGO_07531 with experimentally confirmed mL61
sequences from model organisms.

The absence of the second protein, mS38, from MS/MS
data most probably reflects an experimental issue, that is,
the protease digestion procedure applied. The Andalucia
protein is likely processed in the same way as the mam-
malian and yeast homologs (Greber et al. 2015; Desai
et al. 2017), yielding only a 29-residue long mature protein
that represents the highly conserved C-terminal portion of
the precursor protein. Due to the high lysine and arginine
content of the mature Andalucia mS38 protein, trypsin
digestion will generate peptides too short for conventional
MS/MS detection.

Newly Identified Small Subunit Mitoribosomal
Proteins of Andalucia

To identify potentially unrecognized components of the
Andalucia mtSSU, we examined which of the MS/MS-
detected proteins have an enrichment profile (whole cell vs.
mtSSU preparations) that resembles that of the trusted
mtRPs. For details about the procedure applied, see the flow-
chart in supplementary fig. S4, Supplementary Material on-
line. We found 104 proteins with SSU mtRP-like distribution
(supplementary fig. S5, Supplementary Material online). From

these 104 proteins, we filtered out 63, which according to the
in silico functional annotation were evidently copurified for-
tuitously, for example, components of the cytoskeleton or
endoplasmatic reticulum. In this step, we also removed pro-
teins predicted to contain trans-membrane and membrane-
interacting domains, since in all systems so far examined,
anchoring of the ribosome to the mitochondrial inner mem-
brane is achieved by the LSU and not the SSU (Ott and
Herrmann 2010; Pfeffer et al. 2015; Englmeier et al. 2017).
Among the remaining 41 proteins, 25 were conserved SSU
mtRPs, leaving 16 candidates of unrecognized SSU mtRPs,
which we then ranked by their propensity of residing in mi-
tochondria and conservation across jakobids (supplementary
table S4, Supplementary Material online). The six highest
ranking candidates included proteins annotated as a hypo-
thetical protein, various dehydrogenases, a hydrolase, and a
superoxide dismutase. These six proteins are referred to in the
following as the top SSU mtRP candidates.

All candidates were examined by highly sensitive profile
Hidden Markov Model (HMM) searches and phylogenetic
analyses, and working hypotheses were tested by inspecting
mitoribosomal structures from model organisms. These in-
depth studies allowed us to identify four mitoribosomal pro-
teins (mS22, mS31, mS42, and mS47), which had remained
unrecognized by our previous sequence similarity-based anal-
yses (Gray et al. 2020) (table 1).

Identification of Andalucia mS22

The top SSU mtRP candidate ANDGO_06241 is prominently
enriched in Andalucia mtSSU preparations and, lacking obvi-
ous sequence similarity with functionally defined proteins,
was initially annotated as a mitochondrion-targeted hypo-
thetical protein. HMM searches with profiles from the Pfam
database (EI-Gebali et al. 2019) returned a weak match to the
MRP-522 domain (PF10245; E~ 8.7e~**), which is character-
istic for animal and trypanosome mS22. However,
ANDGO_06241 matches also, and with a somewhat stronger
signal (E~ 1.5~ %), the MRP-L20 protein domain (PF12824),
which is typical for fungal mL58 (previously designated MRP-
L20). In ANDGO_06241, the MRP-522 domain is located C-
terminally and the MRP-L20 domain N-terminally. Homologs
with the precisely same domain arrangement are present in
the inferred proteomes of all other jakobids examined, sug-
gesting that this domain arrangement plays a vital role (sup-
plementary table S1, Supplementary Material online).
Inspection of the experimentally validated mS22 from
Trypanosoma and homologs from other kinetoplastids
revealed that these mtRPs are also composed of a C-terminal
MRP-522 and an N-terminal mL58-like domain, which sup-
ports that ANDGO_0624 is an mS22 homolog.

Identification of Andalucia mS47 with Dual Function

ANDGO_00091 is another top SSU mtRP candidate (supple-
mentary table S4, Supplementary Material online). However,
Blast searches of this sequence against NCBI's nonredundant
protein sequences (nr) retrieved the mitochondrial matrix
enzymes HIBCHs with convincingly strong support (E~
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Table 1. MS Identifications of 31 Assigned mtSSU RPs from A. godoyi.

Andalucia ID* Assignmentb Length [aa] Predicted size [kDa]
Rps1 bS1Tm 186 21.52
Rps2 uS2m 214 24.72
Rps3 uS3m 206 23.27
Rps4 uS4ém 208 24.27
ANDGO_05657 uS5m 187 20.08
ANDGO_04075 bS6m 193 21.05
Rps7 uS7m 150 17.48
Rps8 uS8m 131 14.60
ANDGO_06340 uS9m 289 31.01
Rps10 uS10m 109 12.88
Rps11 uS11m 127 13.62
Rps12 uS12m 128 14.14
Rps13 uS13m 123 14.31
Rps14 uS14m 100 11.62
ANDGO_03225 uS15m 127 13.78
ANDGO_00845 bS16m 114 12.40
ANDGO_08788 uS17m 106 11.87
ANDGO_06513 bS18m 146 16.32
Rps19 uS19m 78 8.97
ANDGO_04082 bS21m 76 9.08
ANDGO_06241* mS22 249 26.66
ANDGO_07482 mS23 258 29.20
ANDGO_08032 mS26 168 19.49
ANDGO_05980 mS29 353 38.78
ANDGO_04851* mS31 266 29.06
ANDGO_02870 mS33 89 9.66
ANDGO_08763 mS35 137 14.39
ANDGO_02863 mS37 80 9.03
ANDGO_00506 mS38 91 10.51
ANDGO_06438* mS42 207 23.52
ANDGO_00091* mS47 406 44.47

MTP® No. of Unique Tryptic Peptides®
Enriched mtSSU Whole-cell lysate Mitochondria-
enriched lysate

n.a. 8

n.a. 1 1 2

n.a. 11

n.a. 9 1
+ 9 1 3
- 7 3

na 6

n.a. 10 1 3
+ 1 1 5

n.a. 7 3

n.a. 6

n.a 7

n.a. 8 5

n.a. 3 1
+ 4 3
+ 6 1
+ 4
+ 7

n.a. 6 1 2
- 4 1
+ 10 2 3
- 6 1 1
+ 10 2
+ 22 3 9
- 14
+ 5 1
+ 6 1 3
+ 4°
+ of
+ 12 5 14
+ 20 4 11

®Identifier of A. godoyi proteins in the genome-inferred proteome. Asterisk, newly assigned components compared with (Gray et al. 2020).

bAssignment according to the new nomenclature (Ban et al. 2014).

“Prediction of an MTP (Gray et al. 2020). +, predicted; —, not predicted; n.a,, not applicable (mtDNA-encoded protein).
INumber of unique peptides according to Mascot analyses (see Materials and Methods section). Blank, protein not detected.

“Protein only detected in the sample A23.
fProtein is not detectable by the experimental approach (see Results section).

3e” ', query coverage ~90%). ANDGO_00091 contains all
residues necessary for a catalytically active HIBCH, a mi-
tochondrial matrix enzyme that is known to participate
in the degradation of certain amino acids, as well as in
the metabolism of beta-alanine and propanoate.
Therefore, we did not consider it as an mtRP in our
initial in silico proteome analysis (Gray et al. 2020).
Incidentally, in the mitoribosomal 3D structure model
from yeast, a putatively enzymatically active HIBCH is
associated peripherally with mtSSU and has been desig-
nated mS47 (Desai et al. 2017) (supplementary fig. S6,
Supplementary Material online). Sequences of mS47
homologs from Arabidopsis (Waltz et al. 2019) and
Trypanosoma (Ramrath et al. 2018) also resemble
HIBCHs, but lack the enzyme’s substrate-binding site.
We therefore conclude that ANDGO_00091 represents
mS47 and that it is catalytically active like its yeast
counterpart.
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Identification of Andalucia mS42/mS43

A third top SSU mtRP candidate from Andalucia is
ANDGO_06438 (supplementary table S4, Supplementary
Material online), which had been initially annotated as mito-
chondrial iron/manganese superoxide dismutase based on
high-scoring matches (E~ 4e~ '*', query coverage ~96%) in
Blast searches against GenBank nr database. The presence of
the function-critical metal ion-binding site in the
ANDGO_06438 sequence suggests that this protein is cata-
lytically active, which at first sight made it an unlikely mitor-
ibosome component. However, there are precedents.
Trypanosoma and yeast mitoribosomes contain the paralo-
gous mS42 and mS43, which are characterized by a divergent,
noncatalytic superoxide dismutase-fold. The paralog pair
associates as a heterodimer that structurally resembles the
dimeric mitochondrial matrix enzyme superoxide dismutase
(Desai et al. 2017; Ramrath et al. 2018) (supplementary table
S1 and fig. S6, Supplementary Material online). A recent study
revealed that the Neurospora mitoribosome includes an
mS42 homodimer instead of an mS42/mS43 heterodimer
(Itoh et al. 2020). Sequence comparison of fungal mS42 and
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mS43 indicates that the Neurospora protein is actually more
closely related to the yeast mS43 than mS42; still, similarly to
its yeast counterparts, the Neurospora mtRP also lacks the
catalytic Fe ion-binding site and is therefore considered an
enzyme paralog that lost its activity upon recruitment to the
mitoribosome.

The sequence resemblance to Fe/Mn superoxide dismut-
ase strongly suggests that ANDGO_06438 is an mS42/mS43
homolog. In contrast to its counterparts from fungi and
Trypanosoma, the Andalucia mS42/mS43 has apparently
retained its catalytic activity as a radical-scavenging enzyme.
Evolutionary relationships between mS42 and mS43 from
various organisms are difficult to resolve, which could indicate
either that superoxide dismutases or superoxide dismutase-
like proteins have been recruited to the mitoribosome at
multiple occasions, or that the original mtRPs were replaced
at different times in different lineages by paralogs. For sim-
plicity, we refer to the Andalucia protein as mS42 (table 1 and
fig. 2).

Identification of Andalucia mS31

Akin to ANDGO_06241 (Andalucia mS22, see above),
ANDGO_04851 was initially annotated as a hypothetical pro-
tein. While lacking a recognizable conserved protein domain,
a closer inspection revealed that the C-terminal moiety of
ANDGO_04851 contains a region with moderate similarity
to the ~40 amino acid-long core of mS31 from ciliates and
metazoans. Across eukaryotes, the core mS31 region can be
considerably degenerate, which makes it sometimes difficult
to retrieve homologs even from closely related species (see
also supplementary fig. S7, Supplementary Material online).
This may explain why we did not identify homologs in three
out of the other four jakobids (supplementary table S4,
Supplementary Material online). Nevertheless, the enrich-
ment of ANDGO_04851 in MS/MS experiments supports
the proposed functional assignment (supplementary table
S2 and fig. S5, Supplementary Material online), even if the
protein does not carry a recognizable mitochondrial targeting
peptide (MTP), as in three other undisputed instances (table 1
and supplementary table S4, Supplementary Material online).

Tentative Clade-Specific Components of Jakobid
mtSSU

The three remaining top SSU mtRP candidates from
Andalucia are ANDGO_08608 with high sequence similarity
to a 3-hydroxybutyryl-CoA dehydrogenase (Blast E~ 3e~'"°,
query coverage ~94%), an enzyme involved in the mitochon-
drial isoleucine metabolism; ANDGO_06552, which resem-
bles mitochondrial glutamate dehydrogenases (E~ 0, query
coverage ~93%); and ANDGO_06037, which retrieves malate
dehydrogenases (E~ 0, query coverage ~96%) (supplemen-
tary table S4, Supplementary Material online). All three
Andalucia proteins have sequence features of functional
enzymes, with homologs also present in the inferred pro-
teomes from the other jakobids examined here. We speculate
that these three proteins are jakobid-specific recruits of mi-
tochondrial metabolic matrix proteins to the mitoribosome
and have retained their enzymatic activity. It would be most
interesting to validate our inferences by structural analyses of
the jakobid mitoribosome.

Broadly Distributed mS34 and mS41 Are Missing from
the Andalucia mtSSU

Proteome and 3D-structure analyses confirmed that mS34 is
an integral constituent of mitoribosomes in mammals,
Arabidopsis and Trypanosoma, but not in Saccharomyces
or Neurospora. Andalucia also appears to lack the mS34
gene as do Jakoba spp. whereas unambiguous homologs
are present in the R. americana and S. ecuadoriensis nuclear
genomes (supplementary table S1, Supplementary Material
online). Previously it seemed that the presence of mS34 was
correlated with the absence or truncation of the mt-rRNA
structure elements h6, h8-h10, and h12 in human and
Trypanosoma SSU mt-rRNA (PDB 53j3-Aj and 6hiw-Cj, re-
spectively; Greber et al. 2015; Ramrath et al. 2018), and vice
versa, that the presence of these rRNA elements is associ-
ated with the absence of mS34 in yeast. However, recent
data from the Arabidopsis and Tetrahymena mitoribosomes
show that the retention of these rRNA elements does not
preclude mS34 being part of the mitoribosome (see PDB
6xyw-By and 6z1p-Bz, respectively; Tobiasson and Amunts
2020; Waltz et al. 2020) (supplementary fig. S6,

Fig. 2. Continued

mitoribosome isolation). Circles, updated assignments compared with previous publications (Desmond et al. 2011; Gray et al. 2020; Hammond
et al. 2020; Tobiasson and Amunts 2020; Waltz and Giegé 2020). All RPs with the prefix “b” or “u” (bS/bL, uS/uL) are present in bacteria. Notes to

boxes and circles labeled a—k: a, mS22 and Saccharomyces/Neurospora/Arabidopsis mS45 were recognized as homologs, and Tetrahymena and
Euglena also contain an A3T2-domain-only mS22 (see Results section). b, mS22, mS37, mL59, and mL60 were not retrieved from Acanthamoeba,
but homologs are present in some amoebozoans (for mS22, see supplementary fig. S8B, Supplementary Material online). ¢, mS27 and mS44 have
been recognized as homologs (Itoh et al. 2020). d, mS31 and mS46 have been recognized as homologs (see Waltz et al. 2020; supplementary fig. S7,
Supplementary Material online). e, mS42/mS43 is a homodimer, assuming the role of distinct paralogous mS42 and mS43, in Neurospora (Itoh et al.
2020), most likely in jakobids (see the Results section), and possibly also in Acanthamoeba. f, mL59 and mL64 have been recognized as homologs
(Waltz and Giegé 2020). g, mL74 of Trypanosoma and mL108 of Neurospora represent mL61 (see the Results). h, presence of mL42 and mL63 in
LECA is uncertain because due to an extremely short and weak sequence signature of the proposed conserved domains between animal and
trypanosome counterparts, it is currently impossible to retrieve homologs in other lineages by sequence similarity searches and verify that these
RPs are indeed orthologs, that is, not a result of convergent evolution. i, presence of mL44 in LECA is uncertain because the mL44 homolog in
jakobids has not been confirmed experimentally as an mtRP. k, mtRPs missing from mitoribosome cryo-EM 3D reconstructions. The following
mtRP assignments have become obsolete: mS45, mS46, mL74, and mL108 (this work), mS44 (Itoh et al. 2020), and mL64 (Waltz and Giegé 2020)
(see also supplementary material).
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stramenopiles, cryptophytes, haptophytes, apusozoans, rhodophytes, and chytrid fungi), plant mS22/“mS45” (green algae and land plants), fungal
“mS45” (i.e., derived mS22), ciliate “mS45,” and fungal mL58. Cartoon depictions are approximately to scale (relative to median lengths across
screened species). For details, see also supplementary figure S8B and C, Supplementary Material online. (B) Snapshots of B2T2 domain structures
from pig (S. scrofa) mS22 (1; PDB 5aj3) and T. brucei mS22 (2; PDB 6hiw), as well as of A3T2 domain structures from Trypanosoma mS22 (3; PDB
6hiw), A. thaliana mS22 (4; PDB 6xyw), yeast (S. cerevisiae) “mS45” (5; PDB 5mrc), ciliate (T. thermophila) “mS45” (6; PDB 6z1p), and yeast mL58 (7;
PDB 3j6b). For full structural models, see supplementary figure S8A, Supplementary Material online. (C) Sequence logo representations of A3T2
domains typical for mS22 across eukaryotes, fungal “mS45,” and fungal mL58 demonstrate substantial similarity between “mS45” and mS22 (For
further details, see supplementary figure S8C and D, Supplementary Material online.). (D) Comparison of the relative positions of the A3T2 and
B2T2 domains of mS22 homologs in the mtSSU structural models from pig, yeast, and Trypanosoma. Surfaces of mS22 and SSU mt-rRNA are
colored orange and blue, respectively. In the Trypanosoma mtSSU model, mS47, mS48, and mS61 surfaces are displayed semitransparent to better
show the location of mS22.

Supplementary Material online). In these species with mt-
rRNA structure more similar to that of bacteria and jako-
bids, mS34 binds in between h6 and h8-h10, a region that
most likely corresponds to the ancestral binding site of the
protein.

Another protein apparently absent from Andalucia and
the other examined jakobids is mS41. This mtRP has been
experimentally confirmed in yeast (Desai et al. 2017), try-
panosome (Ramrath et al. 2018), ciliate (Tobiasson and
Amunts 2020), and Arabidopsis (Waltz et al. 2020), but is
apparently not part of the metazoan mitoribosomes (sup-
plementary fig. S6, Supplementary Material online).
Otherwise, this mtRP appears widespread throughout

exclusively with the SSU mt-rRNA helices h6, h15, and
h17, but the corresponding region is completely protein-
free in bacterial ribosomes. The same situation most likely
applies to jakobid SSU mt-rRNAs, given their particularly
bacteria-like structures.

Previously Unrecognized or Incorrectly Annotated
Mitoribosomal Proteins in Other Eukaryotes

In the course of this study, we realized that certain mtRP
classes are difficult to distinguish because of shared sequence
domain signatures. One easily confounded pair is mS22/
“mS45” & mL58 and the other is mS25 & mL61, the distinc-

eukaryotes as seen in sequence similarity searches across
protist genomes (fig. 2). In the structural model of the yeast
and Arabidopsis mitoribosomes, mS41 interacts almost

tion between which we attempted to resolve by eukaryote-
wide comparative analyses, as detailed in the following two
sections.
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of the phylogenetic tree of “L51_525_CI-B8” domains across eukaryotes that focuses on mS25 and mL61-like sequences (full tree in supplementary
fig. S9A, Supplementary Material online). A clade containing all known mS25 representatives (blue) branches separately from the fungal mL61
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background colors (support values below 60 are not shown). Homologs of pezizomycete mL61 (aka “mL108”) and kinetoplastid mL61 (aka “mL74")
emerge from within the larger mL61/mL61-like diversity. Dark green background highlights mL61-like sequences from animals, whose genomes
also code for a regular, metazoan-type mS25. (B) The yeast mL61, “mL108,” and “mL74” are all known components of the mitoribosomal L1-stalk
(see Results section). Although mL61 has not been observed by cryo-EM, locations of the “mL108” (1; Itoh et al. 2020) and “mL74” (2; PDB 6hix)
have been determined. As shown in the top views at the mitoribosome subunit interface, the two proteins clearly occupy a similar place in their
respective mtLSU, corroborating their homology. For further details, see supplementary figure S9, Supplementary Material online.

Fungal “mS45” Is a Derived mS22 Homolog
The identification of Andalucia’s mS22 was complicated by
the fact that homologs from animals include a single distinc-
tive protein domain MRP-522, whereas those from trypano-
somes include an additional domain otherwise typical for
fungal mL58. To understand the domain composition of
mS22 across eukaryotes, we created specific profile HMMs
for each of these domains, first based on metazoan, trypano-
some, and jakobid homologs, and then iteratively including
newly identified additional homologs from other eukaryotes.
The profile HMM so generated and covering the MRP-S22
(PF10245) domain will be referred to as B2T2 (~40 residues),
alluding to the secondary structure of the corresponding pro-
tein region that consists of two beta strands and two turns.
Similarly, the profile HMM including the mL58 domain (MRP-
L40 or PF12824) will be referred to as A3T2 (~50 residues)
because it contains three alpha helices and two turns (fig. 3A
and B, supplementary fig. S8A, Supplementary Material on-
line). With these profile HMMs in hand, we performed HMM
searches to identify in eukaryotic proteomes all sequences
carrying B2T2, and in independent searches those containing
A3T2 (for the collection of inferred eukaryotic proteomes
examined here, see Materials and Methods section). Both
sets of retrieved sequences were then inspected for additional
protein domains.

Sequences retrieved with the B2T2 profile fall into two
distinct groups (fig. 3A). The first contains proteins carrying
exclusively a B2T2 domain, found in choanozoans, that is,
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metazoans and their closest protozoan relatives, the choano-
flagellates (supplementary fig. S8B, Supplementary Material
online). The second group contains proteins that carry not
only B2T2, but also a second domain, A3T2. The correspond-
ing sequences come from essentially all nonchoanozoan eu-
karyotic groups including jakobids (supplementary fig. S8B,
Supplementary Material online).

Sequences retrieved with the profile A3T2 were highly di-
verse. Phylogenetic analysis based on this domain showed
moderate resolution due to the limited length of the protein
region, but still revealed an informative pattern. Among the
four clades is one that combines the above-identified two-
domain mS22 RPs, together with several proteins lacking the
B2T2 domain. The latter proteins are mostly from fungi (but
also from alveolates), annotated as homologs of the yeast
mS45, which has been considered to be a clade-specific
mtRP (fig. 3C and supplementary fig. S8C and D,
Supplementary Material online).

Our finding that the fungal and alveolate mS45—which
lack the mS22-typical B2T2 domain—affiliate in this tree with
the two-domain mS22 suggests that “mS45” is not a distinct
mtRP but rather a variant mS22 that has lost its B2T2 domain.
The view that mS45 is an mS22 homolog is corroborated by
the fact that in the 3D-structure model of yeast mtSSU, this
protein interacts with a similar set of conserved mtRPs and
occupies a similar location as do animal and trypanosome
mS22, in particular the A3T2 domain of the latter (Greber
et al. 2015; Desai et al. 2017; Ramrath et al. 2018) (fig. 3D; see
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also supplementary material). Based on the phylogenetic tree
(supplementary fig. S8C, Supplementary Material online), we
conjecture that alveolates and stramenopiles as well have lost
the B2T2 domain from their mS22 homologs making these
mtRPs similar to the fungal “mS45.”

Shared Ancestry of mS25 and mL61, the Latter Encompassing
Clade-Specific “mL74” and “mL108”

As mentioned above, mS25 and mL61 share considerable
sequence similarity, which led us to the initial misannotation
of ANDGO_07531 (Gray et al. 2020). Distinction of the two
mtRP classes is impeded by their shared L51_525_CI-B8 do-
main (Pfam ID PF05047). In addition, this domain occurs also
in mL42 and mL53, and further in nonmitoribosomal proteins
such as respiratory chain Complex | subunit NDUFA2 (aka
“CI-B8").

We constructed eukaryote-wide phylogenetic trees with
the L51_S25_CI-B8 domains, using NDUFA2 homologs as
outgroups. The mtRPs clearly separated into three clades,
each represented by experimentally confirmed homologs of
mL43, mL53, and mS25 & mL61, respectively. Within the
mS25 & mL61 clade, metazoan mS25 on the one hand and
fungal mL61 on the other coherently cluster (fig. 4A and
supplementary fig. S9A, Supplementary Material online).
Although the exact relationship of metazoan mS25 and fun-
gal mL61 to the various protist members within this clade was
inconclusive and varied with the applied phylogenetic meth-
odology (supplementary fig. S9B, Supplementary Material on-
line), HMM profile comparisons indicated that the protist
sequences were overall more similar to mL61 than to mS25
(supplementary fig. S9C and D, Supplementary Material
online).

Interestingly, deeply-diverging metazoans such as placo-
703, sponges, and sea anemones possess two versions of
L51_S25_CI-B8 domain-containing proteins, one of which
adheres to animal mS25, the other to sequences from non-
metazoan species within the mS25 & mL61 clade (fig. 4A and
supplementary fig. S9E, Supplementary Material online). This
result strongly suggests that mS25 and mL61 are paralogs that
emerged by gene duplication early in metazoan evolution,
and that only mS25 was retained in the lineage leading to
bilaterian animals.

In addition, the phylogenetic tree sheds light on the
descendants of two mtRPs that were previously considered
clade-specific. More specifically, mL74 of kinetoplastids
(Trypanosoma and relatives; Ramrath et al. 2018) and the
recently identified mL108 of pezizomycetes (Neurospora
and relatives; Itoh et al. 2020) associate with the mS25 &
mL61 clade to the exclusion of other L51_S25_CI-BS do-
main-containing protein groups. In particular, the phylogeny
shows that “mL108” is the pezizomycete homolog of the yeast
mL61, albeit containing a clade-specific ~40 amino acid-long
C-terminal extension (supplementary fig. SOF, Supplementary
Material online). The close relationship between mL61,
“mL108,” and “mL74” is further corroborated by mitoriboso-
mal 3D-structure models in which Trypanosoma mL74
(Ramrath et al. 2018) and Neurospora mL108 (Itoh et al.

2020) interact with the same partners (uL1Tm and helices
H76-78; also called the L1 stalk) as does yeast mL61 (Kaur
and Stuart 2011; Zeng et al. 2018) (fig. 4B).

Discussion

The Andalucia Mitoribosome Combines Highly
Bacteria-like and Typical Mitochondrial Features
Jakobid mitochondria are renowned for their extraordinarily
bacteria-like rRNAs (Burger et al. 2013; Valach, Burger, et al.
2014) (fig. 1A), but as we have shown earlier (Gray et al. 2020)
and now here, this notion applies much less to mitoribosomal
proteins. For example, we did not detect more than the con-
ventional number of mtRPs of bacterial provenance (20 SSU
and 33 LSU proteins), that is, a mitochondrial counterpart of
bS20 appears to be missing in jakobids just as it is in all other
eukaryotes. Similarly conventional is the number of M-mtRPs,
with at least 11 and 12 such proteins in mtSSU and mtLSU,
respectively (fig. 2). Extrapolating from the set of conserved
mtRPs that we detected in Andalucia, its mitoribosome has
an overall RNA-to-protein ratio of 1:1, which is half the ratio
in bacterial ribosomes (2:1) (supplementary table ST,
Supplementary Material online). Due to the additional M-
mtRPs, the jakobid mitoribosome is estimated to be ~20%
larger than its bacterial counterpart and thus comparable in
size to the yeast mitoribosome.

Still, the jakobid mitoribosomal proteome has several min-
imally derived features setting it apart from other eukaryotes.
For instance, in sequence, B-mtRPs of jakobids more closely
resemble their bacterial homologs than do their counterparts
in other eukaryotes and therefore are placed in proximity to
bacterial outgroups in phylogenetic trees (Derelle and Lang
2012; Derelle et al. 2015). Even M-mtRPs from jakobids appear
to be less derived compared with those from other eukar-
yotes. Examples are the aforementioned homologs of mS42
and mS47 that in jakobids have apparently retained their
metabolic function. In this aspect, jakobids represent an evo-
lutionary transition state, where proteins co-opted to the
mitoribosome still exert their ancestral role, while in more
rapidly evolving lineages gene duplication occurred followed
by subfunctionalization of paralogs and elimination of func-
tional redundancy.

A Glimpse at the Evolutionary Trajectories of
Mitoribosomal Proteins

Eukaryote-wide comparative analyses conducted in the
course of this study led us to revise the functional assignment
of several mtRPs from animals, fungi, plants, and trypano-
somes. The reassignment was facilitated by three assets.
One is the availability of near-atomic resolution structures
of mitoribosomes, which allowed us to corroborate postu-
lated homologs based on topological properties and interac-
tion partners (Amunts et al. 2014; Greber et al. 2015; Desai
et al. 2017; Ramrath et al. 2018; Itoh et al. 2020; Waltz et al.
2020). The second asset is the availability of experimental
mitoribosomal and mitoproteome data from several eukary-
otic groups, especially protists (Smith et al. 2007; Gawryluk
et al. 2014; Rugen et al. 2019; Waltz et al. 2019; Hammond

797



Valach et al. - doi:10.1093/molbev/msaa223

MBE

et al. 2020). Third, the moderate divergence of jakobid pro-
teins allowed us to build highly specific profile HMMs for
sensitive homology assignment and to reconstruct phyloge-
netic trees stabilized by short branches.

For example, we provide evidence that mL74 and mL108,
previously considered clade-specific to the kinetoplastids and
pezizomycete fungi, respectively, are in fact derived versions
of the otherwise widely distributed mL61 (fig. 4). In addition,
we disentangled the assignment of several mitoribosomal
proteins that are easily confused when relying on sequence
information and conserved-protein content alone. The first
pair of easily confounded mtRPs is mL61 & mS25.
Phylogenetic analyses indicate that the ancestral form is ac-
tually mL61, from which mS25 arose by gene duplication in
the metazoan lineage. In this instance, evolution took an ad-
ditional step: in bilaterian animals, the orthologous mL61 was
lost, leaving behind the paralogous mS25 (fig. 4 and supple-
mentary fig. S8, Supplementary Material online). This is a
typical case of hidden paralogy, a well-known problem in
phylogenetic reconstruction leading to erroneous phyloge-
netic inferences.

The second confounding pair is mS22/mS45 & mL58.
According to our in silico analyses, mS22, which is present
in most eukaryotes including jakobids (fig. 3 and supplemen-
tary fig. S8, Supplementary Material online), contains two
conserved protein domains (B2T2 and A3T2, see Results).
The corresponding orthologs from metazoans and choano-
flagellates have lost the N-terminal domain, and thus only
possess B2T2, whereas those in fungi have retained just the
A3T2 domain and have therefore not been previously recog-
nized as mS22, but incorrectly assigned as a novel mtRP,
mS45. Further complicating matters, fungal mitoribosomes
contain the LSU mtRP mL58, which is characterized by a
single A3T2 domain similarly to “mS45,” that is, the actual
fungal mS22. The most parsimonious scenario is that the
fungal mL58 originated from mS22 by gene duplication (likely
via another paralog, Rrg9; supplementary fig. S8C and D,
Supplementary Material online) and subsequently lost the
B2T2 protein domain.

The mtRP Complement of Andalucia Implies an
Extended Set of Mitoribosomal Proteins in LECA

The phylogenetic distribution of paralogs not only allows us
to formulate hypotheses about the timing of gene duplica-
tions, subfunctionalization, and losses of one of the two paral-
ogs, but most importantly, about the ancestral gene at the
origin of these events. For two paralogous pairs of mtRP-
encoding genes, we provide reasonable ancestry evidence,
notably, we posit that mS22 gave rise to mL58 and mL61
to mS25.

A related longstanding question pertains to the set of an-
cestral genes present in LECA. The array of postulated mitor-
ibosomal components in LECA was first established over a
decade ago (Smits et al. 2007). Through the present and ear-
lier studies by us (Gray et al. 2020) and work by others
(Desmond et al. 2011; Waltz and Giegé 2020), this list has
now expanded from initially 30 SSU and 38 LSU mt-RPs to 33
and 46 (possibly 49), respectively (see fig. 2). Thus, LECA’s
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mitoribosome, with about 50% more RPs than its bacterial
predecessor, possessed a much more complex mitochondrial
translation machinery than generally assumed.

Was Recruitment of Mitochondrion-Specific
Ribosomal Proteins Driven by mt-rRNA Defects?

The observation that in mammals and fungi streamlined mt-
rRNAs are associated with high mitoriboproteome complex-
ity led to the common assumption that M-mtRPs structurally
replace evolutionarily deleted rRNA elements. High-
resolution analyses of mitoribosomal architecture showed
that this notion fully applies only to certain mitoribosomes
(e.g, from Trypanosoma; Ramrath et al. 2018), whereas in
others (e.g, from pig; Greber et al. 2015), the volume of certain
missing rRNA segments has remained void. A variation of the
RNA-replacement-by-protein view is that evolutionary
changes to mt-rRNA structure resulted in its structural insta-
bility, which led to the incorporation of stabilizing M-mtRPs
(Petrov et al. 2019).

As we show here, the hypothesis of “structural patching” is
at odds with our findings in Andalucia and other jakobids, in
which a remarkably bacteria-like rRNA architecture coexists
with numerous M-mtRPs. Although many M-mtRPs or even
B-mtRPs have evolved to compensate for absence of certain
rRNA elements (Hosseini et al. 2018), this does not appear to
have been their ancestral role. For instance, the mtSSU pro-
teins mS42/mS43 and mS47 nowadays compensate for rRNA
helix truncations in Trypanosoma (Ramrath et al. 2018).
However, as illustrated here by Andalucia, these M-mtRPs
were recruited early on into a mitoribosome with virtually
no rRNA structural deviations, which implies that their initial
incorporation did not serve to counter rRNA lability. Similarly,
five M-mtRPs that compensate for helix truncations and
losses of certain rRNA helices in mammalian mtSSU
(Hosseini et al. 2018) are conserved in other lineages that
do contain full-length versions of these helices with the cor-
responding proteins binding close by. This strongly suggests
that the compensatory role of these proteins could arise be-
cause they already resided in the corresponding location (sup-
plementary table S5, Supplementary Material online). These
and other examples (see supplementary material) illustrate
that deviation of mt-rRNAs and acquisition of most, if not all
ancestral M-mtRPs were independent evolutionary events
and presumably the result of very different evolutionary
forces.

Although we argue about the “purpose” of protein acquis-
itions to the ancestral mitoribosome, rRNA-stabilizing M-
mtRPs may well have been recruited in lineages such as plants
and fungi, whose mitoribosomes have undergone a relatively
recent constructive phase. In the Arabidopsis mitoribosome,
for example, numerous extended mt-rRNA segments are sta-
bilized by dedicated proteins of the pentatricopeptide repeat
(PPR) family (Waltz et al. 2020), which has undergone a recent
expansion in land plants (Gutmann et al. 2020). Likewise, M-
mtRPs interacting with rRNA expansions in the
Saccharomyces mitoribosome are recent acquisitions in the
fungal lineage, many having nucleic acid-interaction domains
(Amunts et al. 2014) (The case of mL44 is discussed in more
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detail in supplementary material.). It will be interesting to
retrace the order of evolutionary events once more informa-
tion is available about mitoribosomes of early-diverging plants
and fungi.

What Then Drives the Recruitment of Organelle-
Specific Proteins?

The mitoribosome is not the only mitochondrial complex
that is considerably inflated compared with its bacterial an-
cestor. The same phenomenon applies to mitochondrial bio-
energetic complexes where numerous accessory proteins
were added to the ancient bacterial core (Acestor et al.
2011; Gawryluk et al. 2012; Hirst 2013; Jett and Leary 2018).
It is widely assumed that the newly acquired proteins serve
mitochondrion-specific functions, and thus are a manifesta-
tion of adaptive evolutionary forces (Greber and Ban [2016]
for mitoribosomes and Hirst [2011] for respiratory Complex
1). Up to now, special biological functions in mitochondrial
translation have only been documented for three mtRPs. The
mtRP mL45 (and, in yeast, its evolutionarily unrelated coun-
terpart Mba1) mediates the binding of the mitoribosome to
the inner mitochondrial membrane (Greber et al. 2014;
Englmeier et al. 2017), which is necessary for the cotransla-
tional insertion of the many highly hydrophobic
mitochondrion-encoded proteins synthesized on the mitor-
ibosome (Ott and Herrmann 2010). The other two examples
are lineage-specific mtRPs of the PPR family: mS39, which
helps to usher leader-less mt-mRNAs to the mammalian
mitoribosome (Kummer et al. 2018), and mS83, which forms
the mt-mRNA channel in the Arabidopsis mitoribosome
(Waltz et al. 2020). Actually, the majority of eukaryote-wide
conserved M-mtRPs are of lesser importance in mitoribo-
some biogenesis, since they are incorporated at intermediate
or late stages of assembly, and two particularly broadly con-
served RPs, mL53 and mL61, are even nonessential in yeast
(Zeng et al. 2018).

As outlined earlier (van der Sluis et al. 2015), the fact that a
given protein plays a specific functional role does not imply
that the initial recruitment was driven by adaptation to
mitochondrion-specific demands. Instead, the expansion of
mitochondrial protein content is more likely due to neutral
(constructive) evolution, which invokes neutrally fixed com-
plexity and only gradual increasing dependency from the
newly recruited components (Stoltzfus 1999; Gray et al.
2010; Lukes et al. 2011).

It is noteworthy that the evolutionary trajectory of com-
plexes and pathways in the much younger “sister” organelle,
the plastid, is quite similar, but the number of accessory
proteins is apparently less. For instance the plastoribosome
from land plants comprises only six such accessory proteins
(Graf et al. 2017) and the plastid NAD(P)H dehydrogenase
complex only 10 (compared with ~30 in the mitochondrial
Complex I) (Peng et al. 2017;), indicating that protein acqui-
sition is intimately linked to the establishment of organelles in
the eukaryotic cell. However, available plastid proteome data
are limited in number and taxonomic breadth, with conspic-
uous lack of information from slowly evolving plastids that
retain  more (cyano)bacterial features (similar to

mitochondria in jakobids), precluding us from drawing a pic-
ture of the evolutionary trajectory of the plastid as detailed as
the one we currently have for mitochondria.

Current Limitations and Outlook

As a cautionary note, we feel it is important to emphasize the
difficulty in recognizing homologs of mitoribosomal proteins,
especially in rapidly evolving systems. Extreme cases are the
mitoribosomes of Tetrahymena and Trypanosoma, which
appeared to have lost nearly half of the mtRPs predicted to
have been present in LECA based on sequence information
alone. However, many of the seemingly lost mtRPs have in
fact remained unrecognized due to extreme sequence diver-
gence (this study; Ramrath et al. 2018; Tobiasson and Amunts
2020). Although proteins with low sequence conservation are
best recognized by HMM searches, this approach fails when
moderately derived and taxonomically broad homologous
sequences are in short supply for profile-HMM construction
as most aptly illustrated by the case of mS31 (see supplemen-
tary material).

A second issue is that our view of mitoribosome compo-
sition and architecture is shaped by the biochemical proce-
dures by which ribonucleoprotein complexes are currently
isolated. In contrast to bacterial or cytosolic ribosomes, which
are distinct subcellular entities, mitoribosomes are tightly
bound to the mitochondrial membrane (Pfeffer et al. 2015;
Englmeier et al. 2017), explaining why the isolation of free
mitoribosomes has been a challenge in whichever system it
has been attempted. Procedures for isolating mitoribosomes
rely on detergents, potentially disrupting critical protein-
protein or protein-RNA interactions. In particular, if a protein
of poor sequence conservation and short length (e.g, mL42 or
mL63) is absent from the 3D-structure inference, it was not
necessarily lost during evolution, but potentially during ribo-
some isolation. Noteworthy examples are components of the
L1 stalk, mL61 and uL1m, which have not been observed in
cryo-EM-based structures either due to fragility or high mo-
bility of the L1 stalk (Amunts et al. 2014; Desai et al. 2017).
Similarly, the absence of this structural element in a recent
model of the Tetrahymena mitoribosome (Tobiasson and
Amunts 2020) is unlikely a consequence of genuinely missing
L1 stalk components because candidate uL1m and mL61
(identified here) were previously detected by proteomics of
the organism’s purified mitochondria (Smith et al. 2007) (see
also supplementary fig. S9A and table S1, Supplementary
Material online). Conversely, copurification of extra proteins
with the mitoribosome does not provide unequivocal evi-
dence that such proteins participate in translation (see
Kehrein et al. 2015). The mitoribosome may just serve as a
foothold for certain proteins such as the matrix enzyme
HIBCH in yeast and Andalucia.

The last and most important point is that it is currently
not feasible to prepare a minimal functional mitoribosome
capable of in vitro translation, so it is difficult to argue that
isolated mitoribosomes are pure and intact. Therefore, key for
future 3D and proteomics studies will be the availability of an
in vitro translation assay, which will pinpoint, in conjunction
with gene-knockout or gene-editing, the components that
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are necessary and sufficient for translation. Once a functional
test is available, our view of the mitoribosome as we see it
today may undergo further unexpected transformation.

Materials and Methods

Strains and Culture Conditions

Andalucia godoyi (strain PRA-185) was kindly provided by
Alastair Simpson (Dalhousie University, Halifax, Canada).
Andalucia godoyi starter cultures were grown at 18-20°C
for 2 weeks in 25 cm” horizontal plastic culture flasks contain-
ing 15ml of WCL medium (http://megasun.bch.umontreal.
ca/People/lang/FMGP/methods/wclhtml, last accessed June
11, 2020), feeding on live Klebsiella (Enterobacter) aerogenes
(ATCC 13048). To scale up, the starter culture was first trans-
ferred into a 225 cm” horizontal plastic culture flask contain-
ing 100 ml fresh medium, grown for a further two weeks, and
then transferred into a 700 cm” sterile glass container with
400ml additional medium. The culture was regularly
inspected under a microscope and new live bacteria were
added once most had been consumed by the protist. As
soon as the late exponential phase was reached at
~2 % 10° cells/ml (usually after two weeks), Andalucia cells
were harvested by centrifugation at 8,000 x g for 20 min at
4°C. The supernatant was discarded and the pellet resus-
pended in WCL. The suspension was transferred into 1.5-ml
tubes and centrifuged at 8,000 x g for 3 min. This WCL wash
was repeated twice. The pelleted cells were either directly
frozen in liquid nitrogen or resuspended in 1% DMSO and
stored at —70 °C until further use.

RNA Extraction, Reverse Transcription, PCR, and
Northern Blot Hybridization

RNA was extracted with a “home-made” Trizol substitute
(Rodriguez-Ezpeleta et al. 2009). Residual DNA in RNA prep-
arations was removed by digestion with TURBO DNase
(Invitrogen) followed by extraction with the Trizol substitute.
Reverse transcription was performed with AMV reverse tran-
scriptase (Roche) using target-specific primers or with
SuperScript IV Reverse Transcriptase (Thermo) using random
hexamers. DNA was amplified with Q5 High-Fidelity DNA
Polymerase (New England BiolLabs). Radio-labeling of oligo-
nucleotide probes employed T4 polynucleotide kinase
(Thermo). Northern blotting and hybridization were per-
formed essentially as described previously (Valach, Moreira,
et al. 2014), except that agarose gel electrophoresis was per-
formed in the TT buffer system (1x TT: 30mM tricine,
30mM triethanolamine) with 0.4M formaldehyde in the
gel to improve the separation of long, highly structured
RNAs (Mansour and Pestov 2013). Each RNA sample was
mixed with an equal volume of the loading buffer (50% form-
amide, 30mM tricine, 30mM triethanolamine, 0.5 mM
EDTA, 0.02% bromophenol blue), denatured (70 °C, 5 min),
chilled on ice, and supplemented with formaldehyde to a final
concentration of 0.4 M. Electrophoretic separation of the
samples was carried out at 6 V/cm in a 1% or 2% agarose
gel in 1x TT buffer. Gels were stained with ethidium bromide
and RNA was visualized under UV light. Oligonucleotides
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(Integrated DNA Technologies) used as primers and probes
are listed in supplementary table S6, Supplementary Material
online.

Mapping of mt-rRNA Ends

Transcriptome sequencing (RNA-Seq) data from a previous
study (Valach, Burger, et al. 2014) were used to determine the
5 and 3’ termini of mature mt-rRNAs of A. godoyi and
J. bahamiensis. Briefly, total RNA including small RNAs was
extracted from whole cells. RNA-Seq libraries were con-
structed using the TruSeq Small RNA Sample Prep kit
(lllumina) without size-fractionation and sequenced on
lllumina HiSeq2500 (A. godoyi) and MiSeq (). bahamiensis)
platforms at the Genome Quebec Innovation Center
(Montreal, Canada). After quality trimming and adaptor clip-
ping with cutadapt v1.2.1 (Martin 2011), reads were mapped
onto mitochondrial genome sequences (GenBank Acc. Nos
KC353352 and KC353354, respectively) by bowtie2 in the
local mode (Langmead and Salzberg 2012). The bowtie2-
output SAM file was then parsed to locate the mt-rRNA
termini at single nucleotide resolution. The same procedure
allowed us earlier to precisely map 55 mt-rRNA termini
(Valach, Burger, et al. 2014).

Enrichment of Mitochondria

Mitochondrial preparations were obtained by the nitrogen
cavitation approach described earlier (Valach et al. 2018).
Briefly, cells were grown until late exponential phase as de-
tailed above, harvested by centrifugation (8,000 x g 4°C,
20 min), washed twice in WCL medium, once in ice-cold
SoTE buffer (0.6 M sorbitol, 10mM Tris-HCl pH7.5, 5 mM
EDTA pH8.0), and then resuspended in the same buffer.
Cells were lysed in a nitrogen cavitation chamber (Parr
Instrument Company) under 90-bar nitrogen pressure for
20 min. The lysate was centrifuged (1,000 X g 4 °C, 20 min)
and the mitochondria-containing supernatant was trans-
ferred to a new tube. After an additional centrifugation
(20,000 x g 4°C, 20 min), the mitochondria-enriched pellet
was washed once in ice-cold SoTE buffer (20,000 x g 4°C,
10 min). The mitochondrial material was either directly used
or frozen in liquid nitrogen and stored at —70°C.
Mitochondrial enrichment was assessed by measuring the
relative proportion of mitochondrial to cytosolic rRNAs using
Northern blotting.

Sucrose Gradient, Protein Extraction, and Sample
Preparation for Mass Spectrometry

Andalucia godoyi mtSSU was enriched by sucrose gradient
centrifugation. Andalucia cells harvested from a 4-61 culture
were resuspended in one volume homogenization buffer
(5mM Tris-HCl pH7.5, TmM MgCl,, 1TmM DTT, 025mM
EDTA; the buffer composition was optimized to minimize
mt-rRNA degradation). Cells were then lysed with two vol-
umes homogenization buffer supplemented with 2% Triton
X-100, 1x EDTA-free protease inhibitor (Roche), and 4 U/
pl SUPERase-In (Invitrogen). The lysate was incubated on
ice for 5min followed by centrifugation (18000 X g
10min, 4°C). From the resulting supernatant of ~250 p,
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~1/10 (~100 pg proteins) was set aside to be later used as
the “input reference,” while the remaining 9/10 portion was
loaded on top of a 5-ml 15-40% sucrose gradient (containing
the homogenization buffer and 0.05% Triton X-100) and cen-
trifuged in an AH-650 swinging-bucket rotor (~250,000 x g
3h, 4°C); alternatively, we used a 10-ml 10-40% sucrose
gradient in an TH-641 swinging-bucket rotor (~250,000 X
g 5h, 4°C). After centrifugation, gradient fractions of 250 pl
were collected from the top, snap-frozen in liquid nitrogen,
and stored at —70°C until further use. To determine the
migration of the mtSSU, RNA was extracted from every sec-
ond gradient fraction, and the mt-rRNA content was mea-
sured by Northern blotting and RT-PCR as described above.

Fractions enriched in the mtSSU were concentrated to a
volume of 50-65 pl on a 10-kDa MWCO Amicon Ultra-0.5
(Millipore Sigma) centrifugal filter (14,000 x g 30-120 min,
4°C) following the manufacturer’s instructions. The concen-
trate was mixed with a 20-fold larger volume of UT buffer
(6 M urea, 100 mM Tris pH8.5) and concentrated to ~120 p
using a 3-kDa MWCO filter device, essentially following a
previously published procedure (Wisniewski et al. 2009) to
remove detergents and sucrose. A small aliquot (~1/5) was
analyzed by Tricine SDS-PAGE (Schagger 2006). After elec-
trophoresis, protein bands were visualized by staining with
SYPRO Ruby fluorescent dye (Invitrogen). Similarly, the ali-
quot of the sucrose-gradient input reference was diluted 200
times in UT buffer and then concentrated to ~250 pl by
passage through a 3-kDa MWCO filter (Amicon Ultra-15)
to remove Triton X-100 prior to MS/MS analysis. Samples
enriched in mitochondrial material (see above) were heat-
denaturated in the presence of 2% SDS and concentrated
by electrophoresis in a SDS-PAGE stacking gel.
Subsequently, the protein-containing zone was cut out and
the proteins were fixed by methanol and acetic acid ( see
Valach et al. 2018). Replicates were prepared for each sample,
the mtSSU-enriched material (samples A23 and A26), whole-
cell lysate reference (A31 and A32), and mitochondria-
enriched fraction (A10 and A11) (supplementary tables S2,
S4, and S6, Supplementary Material online).

Protein ldentification, Quantification, and Ranking
Detergent-free protein samples (~2 to 4 jig each) were sub-
mitted to proteomics technology platforms at the Institut de
Recherches Cliniques de Montréal (IRCM) and the Institut de
Recherche en Immunologie et en Cancérologie (IRIC) in
Montreal, Canada, for in-solution trypsin digestion and liquid
chromatography-tandem mass spectrometry (LC-MS/MS)
analysis using an Orbitrap Fusion (Thermo) instrument.
Peptide searches in the raw MS/MS data set were performed
by the platforms using Mascot (Proteome Discoverer, Matrix
Science), whereas we used MaxQuant v1.6.1.0 (Cox and
Mann 2008; Tyanova et al. 2016) (supplementary table S7,
Supplementary Material online).

In both Mascot and MaxQuant analyses, we searched for
peptide-spectrum matches (PSMs) in a custom database of
A. godoyi proteins inferred from mitochondrial and nuclear
genome sequences (Burger et al. 2013; Gray et al. 2020).
Trypsin digestion parameters were set allowing up to two

missed cleavage sites per protein. As a fixed modification,
we specified carbamidomethylation of cysteine; as variable
modifications (up to four per peptide), we specified methio-
nine oxidation, asparagine and glutamine deamidation, serine
and threonine phosphorylation, and conversion of glutamine
and glutamate at peptide N-termini to pyrrolidone-carboxylic
acid. Minimum and maximum peptide lengths were set to 7
and 50 amino acid residues, respectively (up to 6,000 Da).
False discovery rates for PSMs and protein identification prob-
ability were determined by the target-decoy approach and set
to 1%.

Proteins were quantified essentially as in an earlier publi-
cation (Valach et al. 2018) by calculating PAI (Protein
Abundance Index) (Rappsilber et al. 2002) and iBAQ (inten-
sity-Based Absolute Quantification) values (Schwanhausser
et al. 2011). Briefly, spectral (MS/MS) counts and identified
peptide intensities (for PAI and iBAQ, respectively) of each
protein were normalized by the theoretical number of pep-
tides to which the protein could give rise using the MS-Digest
tool from the ProteinProspector v5.23.2 tool suite (available
from: http://prospector.ucsf.edu/prospector/cgi-bin/msform.
cgi? form=msdigest, last accessed April 15, 2020). We used
the following parameters: trypsin digest; no missed cleavage;
carbamidomethyl at Cys residues as fixed modification; no
variable modification; minimal length of 7 amino acids; and
peptide mass range from 720 to 3,000 Da. The selected mass
range thus covered >95% of all identified peptides.

The enrichment of a protein in mtSSU samples (A23, A26)
was calculated as the ratio of the protein quantity in this
sample versus its average abundance in the reference samples
(A31, A32). Threshold values for proteins to be considered
candidates for new SSU mtRPs were determined based on the
abundance and enrichment of the identified mtSSU RPs (sup-
plementary table S2 and fig. S5, Supplementary Material on-
line). This was done separately for the results of Mascot and
MaxQuant, as well as the particular quantification scheme
(PAI, iBAQ), that is, with four different metrics. Proteins were
analyzed further (see below) if in both mtSSU-enriched sam-
ples they displayed an SSU mtRP-like distribution for at least
one metric (supplementary fig. S4, Supplementary Material
online).

Protein identification in the whole-cell lysate replicates was
consistent, with a correlation factor ~0.89 for both quanti-
tative measures (iIBAQ and PAI) and both search tools
(Mascot and MaxQuant). The composition of mtSSU-
enriched samples across different preparations was more var-
iable (correlation ~0.63).

Analyses of Protein and RNA Sequences and Structure
Modeling

The Andalucia-specific SSU mtRP candidates identified by
quantitative analyses of MS/MS data had been mostly anno-
tated as hypothetical proteins (Gray et al. 2020). For these
candidates, we analyzed their protein-domain composition
with SMART (Letunic and Bork 2018), Pfam (Finn et al. 2016),
and NCBI CDD (Marchler-Bauer et al. 2015). Potential trans-
membrane helices (THM) were predicted using TMHMM2.0
(webservice at http://www.cbs.dtu.dk/services/ TMHMM/,
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last accessed January 28, 2020) and PolyPhobius (http://pho-
biussbc.suse/polyhtml, last accessed January 28, 2020)
employing default parameters. Mitochondrial protein target-
ing was predicted previously (Gray et al. 2020).

We searched by local Blast (Altschul et al. 1997) for homo-
logs of Andalucia SSU and LSU mtRPs in the genome-inferred
proteomes of four additional jakobid species (J. bahamiensis,
J. libera, R. americana, and S. ecuadoriensis). The correspond-
ing proteome data sets were constructed as described previ-
ously for A. godoyi (Gray et al. 2020). Procedures described for
jakobids in the following were also applied to reference pro-
teome data sets from a wide collection of eukaryotes down-
loaded from NCBI RefSeq or from UniProtKB (supplementary
table S8, Supplementary Material online). For comparative
purposes, we identified homologs of SSU and LSU mtRPs in
the five jakobid species by local Blast searches (Altschul et al.
1997) in custom databases of predicted jakobid proteins with
a collection of previously characterized RPs as queries. When
Blast failed to retrieve a homolog, the proteomes were que-
ried with HMMER3 (Eddy 2011) using in-house generated
profile HMM:s. For building these profiles, as well as for con-
structing phylogenetic trees, multiple sequence alignments
were generated by Clustal Omega (Sievers et al. 2011) or
MAFFT v7.388 (Katoh and Standley 2013). Trees were com-
puted by FastTree v2.1.11 (Price et al. 2010) or IQ-TREE
v1.6.10 (Nguyen et al. 2015). Sequence logos were generated
using WeblLogo 3 (Crooks et al. 2004). HHsuite v3.0.3
(Remmert et al. 2012) was then used to generate profile
HMM:s from the alignments and to compare pairs of profile
HMM:s. Alignment annotations and peptide-to-protein map-
ping were done in Geneious Prime 2020.1.1 (Biomatters).

Multiple nucleotide-sequence alignments of SSU and LSU
mt-rRNAs  from seven jakobid species (A. godoyi,
R. americana, S. ecuadoriensis, J. bahamiensis, J. libera,
Histiona aroides, Ophirina amphinema; available from
GenBank) and E. coli 165 and 23S rRNAs were also generated
using MAFFT and were manually adjusted based on second-
ary structure conservation. Secondary structures were mod-
eled following known structural elements of the E. coli rRNAs
(Yusupov et al. 2001) (see also the Comparative RNA website
at http://www.rna.ccbb.utexas.edu/, last accessed February 29,
2020). Folding of divergent and additional elements in the
jakobid sequences was predicted by thermodynamics- and
covariation-based tools implemented in the Vienna RNA
package 2.0 (Lorenz et al. 2011). Models were drawn using
XRNA  v1.1.12  (http://rna.ucscedu/rnacenter/xrna/, last
accessed February 29, 2020) and Affinity Designer v1.8 (Serif
Europe).

3D models of the E. coli ribosome (Noeske et al. 2015) and
mitochondrial ribosomes from Sus scrofa (Greber et al. 2015),
Saccharomyces cerevisiae (Amunts et al. 2014; Desai et al.
2017), Trypanosoma brucei (Ramrath et al. 2018),
Arabidopsis thaliana (Waltz et al. 2020), and Tetrahymena
thermophila (Tobiasson and Amunts 2020) were visually
inspected in the UCSF Chimera (Pettersen et al. 2004) and
UCSF ChimeraX 0.91/1.0 (Goddard et al. 2018) environments.
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Supplementary Material

Supplementary data are available at Molecular Biology and
Evolution online.
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