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ABSTRACT

The mitochondrial ribosome (mitoribosome) has di-
verged drastically from its evolutionary progenitor,
the bacterial ribosome. Structural and compositional
diversity is particularly striking in the phylum Eu-
glenozoa, with an extraordinary protein gain in the
mitoribosome of kinetoplastid protists. Here we re-
port an even more complex mitoribosome in diplone-
mids, the sister-group of kinetoplastids. Affinity pull-
down of mitoribosomal complexes from Diplonema
papillatum, the diplonemid type species, demon-
strates that they have a mass of > 5 MDa, contain as
many as 130 integral proteins, and exhibit a protein-
to-RNA ratio of 11:1. This unusual composition re-
flects unprecedented structural reduction of riboso-
mal RNAs, increased size of canonical mitoriboso-
mal proteins, and accretion of three dozen lineage-
specific components. In addition, we identified >50
candidate assembly factors, around half of which
contribute to early mitoribosome maturation steps.
Because little is known about early assembly stages
even in model organisms, our investigation of the
diplonemid mitoribosome illuminates this process.
Together, our results provide a foundation for un-
derstanding how runaway evolutionary divergence
shapes both biogenesis and function of a complex
molecular machine.
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INTRODUCTION

Mitochondria play pivotal roles in energy conversion and
ATP production. They are also important for the synthesis
of iron sulphur clusters and heme, and are involved in many
other cellular functions such as ion homeostasis and apop-
tosis (1-3). This organelle has diverged dramatically from
its early origin as an endosymbiotic alphaproteobacterium
to its present-day state as exemplified by the progressive loss
of coding capacity of the mitochondrial genome, with some
genes transferred to the nucleus and others lost entirely (4).
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In extant eukaryotes, the number of protein-coding genes
in mitochondrial DNA (mtDNA) varies by a factor of 30,
ranging from 66 in the jakobid Andalucia godoyi (5) to a
mere two in the alveolate Chromera velia (6), albeit more
commonly leaning towards the lower end of these extremes.
For translation of mRNAs specifying proteins encoded by
mtDNA, a dedicated mitochondrial ribosome (mitoribo-
some) is employed, the essential RNA components of which
have been retained in the mitochondrial genome in all or-
ganisms studied to date.

Like their bacterial counterparts, mitoribosomes consist
of two subunits, the small (SSU) and large (LSU) subunits,
which in turn are composed of a catalytic core, the mito-
chondrial ribosomal RNAs (mt-rRNAs), wrapped in pro-
teins (7). While the SSU binds mRNAs and decodes genetic
information, the LSU catalyzes polypeptide chain synthesis.
The mitoribosome of the last eukaryotic common ancestor
(LECA) is thought to have consisted of a core set of mi-
toribosomal proteins (mtRPs) of bacterial origin but also
a number of subsequently acquired components (8). Inter-
estingly, most mtRPs are encoded in the nucleus even in 4.
godoyi, the organism with the highest number of genes re-
tained in mitochondria (9).

In recent years, mitoribosome structure has been resolved
by cryo-electron microscopy (cryo-EM) at near-atomic level
resolution from representatives of several eukaryotic su-
pergroups, namely animals (Homo sapiens, Sus scrofa),
fungi (Saccharomyces cerevisiae, Neurospora crassa), land
plants (Arabidopsis thaliana, Brassica oleracea), green algae
(Chlamydomonas reinhardtii, Polytomella magna), ciliates
(Tetrahymena pyriformis), and kinetoplastids (Trypanosoma
brucei, Leishmania tarentolae) (10-18). These data illus-
trate that eukaryotic evolution has resulted in an extraor-
dinary diversity of present-day mitoribosomes, which by
far exceeds that of cytosolic ribosomes (19). Due to con-
spicuous extensions of the mtRPs of bacterial origin, emer-
gence of mitochondria-specific mtRPs, and lineage-specific
acquisitions of new proteins, mitoribosomes are overall
much larger than their bacterial counterparts (7). The most
protein-rich mitoribosome reported to date is that of 7_ bru-
cei, with as many as 122 proteins (compared to 54 and 80
in ribosomes of Escherichia coli and yeast mitochondria, re-
spectively), a molecular weight of >4.5 MDa (twice as large
as is typical in bacteria), and a protein-to-RNA ratio of
~8:1 (compared to ~1:2 in bacteria) (13).

Because the protein gain is often accompanied by the
truncation of the rRNA components, it was postulated ear-
lier that the loss of rRNA structural elements has been sec-
ondarily compensated for by the acquisition of additional
proteins (20). This view, however, has recently been refuted
because the mitoribosome of jakobid protists has the most
bacteria-like mt-rRNAs among eukaryotes, but at the same
time contains almost all of the proteins that were assumed
to fulfill stabilizing roles in mitoribosomes with truncated
mt-rRNAs (21). Another hypothesis proposes that consid-
erable truncation of SSU and LSU mt-rRNAs and com-
plete loss of the 5S mt-rRNA were facilitated by an increase
of taxon-specific mtRPs (e.g. in trypanosomes) (13). (Note
that a mtDNA-encoded 5S rRNA has otherwise been re-
tained in plants, red algae, and numerous protist lineages
(22)). Interestingly, 5S mt-rRNA has also been lost from

mammals and fungi but functionally replaced by a tRNA in
the former lineage (23) and by LSU rRNA expansion seg-
ments in fungi (24).

In some organisms, mt-rRNA sequences have diverged to
extreme degrees. For example, in apicomplexans (25), cili-
ates (16,26) and green algae (18,27), mt-rRNA genes have
undergone fragmentation, with sub-genic rDNA modules
being expressed as multiple stand-alone RNA products that
assemble and interact through intermolecular base-pairing.
In other instances, reduced mt-rRNAs only contain a few
short stretches of otherwise conserved sequence motifs and
secondary structures. Prime examples of such an evolution-
ary reduction are the marine flagellates diplonemids, the sis-
ter clade of kinetoplastids. Diplonemids emerged only re-
cently as one of the most abundant groups of protists in the
ocean (28). Their mt-rRNAs are the shortest described to
date, tallying as little as 363 and 908 nt for SSU and LSU
rRNAs, respectively, which represents ~24% and ~31% of
the average size of their bacterial (as well as ‘average’ mito-
chondrial) counterparts. In addition, the SSU mt-rRNA of
diplonemids contains numerous inosine (I) residues, gener-
ated by RNA editing, not observed in any other rRNA to
our knowledge (29-31). These traits raise numerous ques-
tions about the composition of diplonemid mitoribosomes.
For example, are the diplonemid-specific deviations of mt-
rRNA accompanied by accretion of new mtRPs and/or se-
quence extension of those mtRPs that have homologs in
other organisms? Does the assembly of RNA and protein
components into the mature form of this deviant mitoribo-
some require unique assembly and maturation factors?

In the diplonemid type species, Diplonema papillatum, all
mtRPs are encoded by the nuclear genome (32). As this
species has recently become tractable to genetic manipula-
tion (33,34), we are now able to express tagged mtRPs and
identify their interaction partners via affinity capture cou-
pled to mass spectrometry. Here, we determined the mitori-
bosomal protein interaction networks from four D. papilla-
tum cell lines, each genetically altered to express a distinct
mtRP carrying a Protein-A (PrA) tag. Our approach has al-
lowed us to purify not only mature mitoribosomes but also
assembly intermediates, providing insights into both con-
served and unique features of the diplonemid mitochondrial
translation apparatus and its biogenesis.

MATERIALS AND METHODS
Cell cultivation

Diplonema papillatum (ATCC 50162) was originally ob-
tained from the American Type Culture Collection (ATCC)
and cultivated axenically without shaking at 15-22°C in
ocean salt medium (OS) containing 33 g/1 Instant Ocean
Sea Salt (Instant Ocean) and supplemented with 1% (v/v)
horse serum as described earlier (35). For extended cul-
tivations, chloramphenicol (40 mg/1) was added to pre-
vent bacterial contamination. For extraction of mitochon-
dria and whole-cell preparations for rapid affinity purifi-
cation, yeast extract was added to the medium to 0.04%
(w/v). Alternatively, for tagged strain construction and
immunoprecipitation-mass spectrometry (IP-MS) experi-
ments, D. papillatum was cultured axenically at 27°C in sea
water supplemented with 1% (v/v) fetal bovine serum and
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0.1% (w/v) tryptone. For the selection and preservation of
the tagged cell lines, the antibiotic G418 was added at 75—
150 mg/1 as necessary.

DNA and RNA extraction, PCR, and strain generation

DNA was isolated using a kit (GeneAll) or a phenol-
chloroform extraction procedure. RNA was extracted with
a ‘home-made’ Trizol substitute (36). RNA extraction from
BN-PAGE gels was performed using the crush and soak
method, essentially as described in (37). To generate cell
lines expressing C-terminally PrA-tagged mitoribosomal
subunits, we created a fusion PCR product of the PrA tag
and neomycin resistance marker from plasmid pDP002 (33)
flanked by ~1.6 kb homologous regions from the respective
mtRP ORF and 3’ UTR using Phusion polymerase (NEB).
Primers are listed in Supplementary Table S1. All tagging
cassettes were transformed as described earlier (33,34) with
G418 selection ranging from 45 to 83 wg/ml. Following ~2
weeks of selection, potential clones were transferred into
fresh medium with 75 pg/ml G418, and expression of the
tagged protein was confirmed by western blotting. Gener-
ation of the cell line expressing mitochondria-targeted PrA
(mtPrA) was described previously (33).

Immunofluorescence microscopy

To localize PrA-tagged mtRPs by immunofluorescence, a 10
ml culture of logarithmically growing cells was pelleted and
fixed in 2% PFA in PBS-sea water (1:1) for 15 min at room
temperature. Following a wash in 1 x PBS, cells were perme-
abilized in ice-cold methanol on ice for 10 min. Fixed cells
were then rehydrated in PBS and blocked in 1% BSA in PBS
for I h followed by incubation with primary antibody for 1 h
onice (anti-PrA, Sigma P3775, RRID: AB_261038, 1:2000).
Following three washes with 1x PBS, samples were incu-
bated in AlexaFluor 555-conjugated secondary antibody
(goat anti-rabbit, Invitrogen A21428, RRID: AB_2535849,
used at 1:1000). After three further washes in 1 x PBS, a
drop of ProLong Gold Antifade reagent with DAPI (Ther-
moScientific) was added to the cell suspension and mixed.
This mixture was then spread on a glass slide (ThermoSci-
entific), a coverslip applied, and the slide sealed with nail
polish. Slides were imaged with a Zeiss Axioscope and im-
ages overlayed using Gimp 2.10.8 software.

Mitochondrial sample preparation and sucrose gradient ve-
locity separation

Mitochondria were extracted as described earlier
(35), with minor variations (see Supplementary In-
formation). A detailed protocol 1is accessible at
https://doi.org/10.17504/protocols.io.pkydkxw. Mitochon-
drial enrichment was gauged by examining the content of
mitochondrial rRNAs and activity of Complexes I and V
by in-gel staining (35). Proteins from thawed mitochondria
were quantified by the Bradford method. Mitochondrial
pellets were mixed with the appropriate amount of buffer to
obtain a homogenate containing at the final concentration
~10 mg/ml total proteins, 20 or 100 mM KCI, 20 mM
MgCl,, 2.5 mM DTT, 30 mM Tris-HCI pH7.6 and 1x
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cOmplete EDTA-free (representing 1 x sucrose gradient
buffer). The homogenate was immediately frozen in liquid
nitrogen and an equivalent of ~1.5 g was pulverized using
TissueLyserIl (Qiagen) in a 10-ml grinding jar with a
10-mm steel ball, twice for 30 s at 30 Hz with intermittent
cooling in liquid nitrogen. The fine grindate was stored
at —70°C until further use. Pulverized mitochondria were
lysed by the addition of 1% Triton X-100. After homoge-
nization and a 10-min incubation on ice, the mixture was
centrifuged (25 000 x g, 10 min, 4°C) and the resulting
supernatant was concentrated to a volume of ~750 wl on
a 30-kDa Vivaspin 500 (Sartorius) ultrafiltration device
(12 000 x g, 10-15 min, 4°C) following the manufacturer’s
instructions. Around 1/20 (~500 wg proteins) was set
aside to be later used as the ‘input’ reference, while the
remaining 19/20 were loaded on top of a 5-ml 10-30%
sucrose gradient (containing 1 x sucrose gradient buffer
and 0.02% Triton X-100) and centrifuged in an AH-650
swinging-bucket rotor (247 500 x g, 130 min, 4°C). After
centrifugation, gradient fractions of 210 pl were collected
from the top, snap-frozen in liquid nitrogen, and stored
at —70°C. Mitoribosome migration was monitored by
examining the profile of extracted RNA by agarose gel
electrophoresis, as well as of tagged proteins by western
blotting. Ultracentrifugation conditions were optimized
in preliminary experiments with wild-type mitoribosomes
before being applied to cell lines expressing PrA-tagged
mtRPs.

Western blotting

About 10° cells were resuspended in 20 wl of 2x Laemmli
buffer and boiled at 95°C for 5 min. Whole-cell protein sam-
ples were run on 12% Tris—glycine SDS-PAGE gels. For
sucrose gradient analyses, equal-volume aliquots of gra-
dient fractions were run on 10% Tris—tricine SDS-PAGE
gels essentially as described (38). Proteins were then blotted
onto PVDF membranes (Amersham Hybond PDVF 0.45
pm, GE Healthcare). Following a blocking step in 5% fat-
free milk in 1x PBS (or 1x TBST) for 1 h, blots were in-
cubated in primary antibody overnight at 4°C (anti-PrA,
Sigma P3775, RRID: AB_261038, used at 1:20 000; anti-a-
tubulin, Sigma T9026, RRID: AB_477593, used at 1:5 000).
After several washesin 1 x PBS (or 1 x TBST), blots were in-
cubated in secondary antibody (anti-rabbit-HRP, Sigma 12-
348, RRID: AB_390191; anti-rabbit-HRP, Cell Signaling
Technology 7074, RRID: AB_2099233; anti-mouse-HRP,
Sigma 12-349, RRID: AB_390192; used at 1:2 000) for 1
h at room temperature. The signal was then visualized us-
ing Clarity Western ECL substrate (Bio-Rad) or SignalFire
ECL reagent (Cell Signaling Technology) on a ChemiDoc
MP instrument (Bio-Rad).

Protein A-mediated pulldowns

Single-step affinity purification (AP) was performed in qua-
druplicate as previously described for humans (39), with
slight modifications. The relative abundance of the PrA-
tagged bait proteins in the cleared lysates was determined
by western blot. The intensity signals were used to deter-
mine the volumes of cleared lysate to use for the affinity pu-
rifications, such as to saturate 3.75 mg of Dynabeads M-270
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Epoxy conjugated in advance with rabbit IgG (Sigma 15006,
RRID: AB_1163659). Diplonema cell pellets were frozen in
liquid nitrogen and ground by cryo-milling (40). Cryogeni-
cally preserved cell grindates were weighed out in 100 mg
aliquots, which were resuspended in 500 pl of the AP buffer
(30 mM Tris—HCI pH7.6, 20 mM KCl, 25 mM MgCl,) con-
taining 1% Triton X-100 and supplemented with protease
inhibitor cocktail (Mini-complete EDTA-free, Roche). Af-
ter vortexing, the cell powder was further solubilized by a
brief sonication (20 W, 2 s) and the lysate was cleared by cen-
trifugation (16 100 x g, 4°C, 10 min). The pre-determined
volume of cleared lysate was topped to 900 pl with the AP
buffer and the detergent concentration adjusted to the fi-
nal 0.1%. The lysates were incubated with 3.75 mg IgG-
conjugated Dynabeads M-270 (pre-washed in the AP buffer
with 0.1% Triton X-100) for 30 min at 4°C on a rotating
wheel. After six washes with the AP buffer with 0.1% de-
tergent, the beads were washed once in the AP buffer with
0.01% detergent for 5 min with agitation; and then four
times (three times quickly, once for 5 min) in 30 mM Tris—
HClpH7.6 and SmM MgCl,. This was followed by on-bead
tryptic digestion (see below). Immunoprecipitation (IP) ex-
periments were performed in triplicate essentially as de-
scribed (41) (for details, see Supplementary Information).

Mass spectrometry

Overnight on-bead digestion of affinity-purified (AP) com-
plexes was performed using 500 ng trypsin in 20 mM Tris—
HCI pHB8.0 at 37°C. The digestion was stopped by adding
formic acid to a final concentration of 2%. Tryptic peptides
were dried (speedvac) and stored at —80°C. Prior to LC-
MS/MS, protein digests were re-solubilized under agitation
for 15 min in 10 .l of 0.2% formic acid. Desalting/cleanup
of the digests was performed by using C18 ZipTip pipette
tips (Millipore). Eluates were dried down in vacuum cen-
trifuge and then re-solubilized under agitation for 15 min in
10 wl of 1% ACN and 1% formic acid. Samples were loaded
into a 75 pm i.d. x 150 mm Self-Pack C18 column in-
stalled in the Easy-nLC 1200 system (Proxeon Biosystems).
The buffers used for chromatography were 0.2% formic acid
(buffer A) and 100% acetonitrile with 0.2% formic acid
(buffer B). Peptides were eluted with a two-slope gradient at
a flow-rate of 250 nl/min. Solvent B first increased from 1 to
34% in 74 min and then from 34 to 93% in 8 min. The HPLC
system was coupled to Orbitrap Fusion mass spectrometer
(Thermo Scientific) through a Nanospray Flex Ion Source.
Nanospray and S-lens voltages were set to 1.4 kV and 60V,
respectively. Capillary temperature was set to 250°C. Full
scan MS survey spectra (m/z 360-1550) in profile mode
were acquired in the Orbitrap with a resolution of 120 000
and a target value of 4e5. The 20 most intense peptide ions
were fragmented in the HCD collision cell and analyzed in
the linear ion trap with a target value of le4 and a normal-
ized collision energy at 30 V. MS3 scanning was performed
upon detection of a neutral loss of phosphoric acid (48.99,
32.66 or 24.5 Th) in MS2 scans. Target ions selected for
fragmentation were dynamically excluded for 25 s after two
MS?2 events. Data acquisition relied on Xcalibur v4.0 and
Tune v2.0. Mass spectrometry of immunoprecipitated (IP)
samples and wild-type mitoribosomes was outsourced (for

details, see Supplementary Information). The list of all an-
alyzed proteomics samples and datasets is provided in Sup-
plementary Table S2.

Analyses of mass spectrometry and interactome data

Prior to data analysis, the Thermo RAW format was con-
verted to mzML using ThermoRawFileParser v1.3.2 (42).
Peptide searches in the raw MS/MS datasets were per-
formed using MSFragger v3.3 (43), followed by filtering
and scoring by Philosopher v4.0.0 (44) and quantification by
TonQuant v1.7.5 (45). For details, including the Philosopher
pipeline configuration file, see Supplementary Information.
Precursor intensity-based protein quantification was done
essentially as described in earlier publications (21,35) by cal-
culating iBAQ (intensity-Based Absolute Quantification)
values (46). To determine which proteins were enriched
in the samples, the Philosopher pipeline was instructed to
produce Reprint-type reports, which were then used to
score protein-protein interactions (PPIs) using SAINTex-
press (47) as implemented at the CRAPome database and
analysis website (48). PPIs were then inspected using the
ProHits-viz tool suite (49). Lastly, the iBAQ values and
SAINTexpress scores were combined for the purposes of vi-
sualization and categorization of identified PPI candidates.
Thresholds for new mtRP and mtAF candidates were based
on the distribution of assigned mtRPs and other factors,
respectively, in individual samples of the AP pulldowns, be-
cause overall this approach displayed a much better repli-
cate correlation (~0.66 for MRPS49 and MRPS63, ~0.62
for MRPL46, and ~0.54 for MRPL76 and mtPrA) than
IP pulldowns. For the protein categorization, any candi-
date had to satisfy the thresholds in both the MRPS49
and MRPS63 pulldowns to be classified as an mtSSU in-
teracting partner. Because of the reduced resolution of the
MRPL76 dataset, we applied thresholds only to MRPL46;
however, for a candidate to be considered authentic, it had
to be at least detected in the MRPL76 dataset. More specif-
ically, for a protein to classify as an mtRP candidate, it was
required to have a SAINT probability score (SP) >0.98, pri-
mary fold-change score (FC_A) > 4, and log, iBAQ > 24.5
(MRPS49, MRPS63) or > 23 (MRPLA46). To classify a prey
as a subunit-specific mtAF candidate, the thresholds were
setat SP > 0.98, FC_A > 1.2 and log; iBAQ > 19, under the
condition that the prey protein was detected in pulldowns
of both baits from the same subunit. Proteins observed only
in one of the bait pulldowns were excluded from the latter
category and were classified as ‘bait-specific’ mtAF candi-
dates (with FC_A >2 and >1.5 for MRPS49/MRPS63 and
MRPL46/MRPL76, respectively, and with SP > 0.98 and
log, iBAQ > 20 for all baits). The cut-off values were deter-
mined based on the values of assigned mtRPs and mtAFs.
Additional filtering of candidate mtRPs and mtAFs was
done based on a protein’s levels in whole cell lysates, cy-
tosol, and enriched mitochondria of D. papillatum using
the dataset PXD035104 available in the PRIDE database.
If detected as enriched in the cytosol compared to whole
cells, the protein was considered an evident contaminant.
Levels of assigned mtRPs fluctuated relatively widely in the
mitochondrial fraction (Supplementary Table S3), but 95%
values were below log; iBAQ = 19.2. Therefore, any prey
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protein detected in mitochondria above this threshold was
considered to have been observed in the pulldowns due to
spurious interactions.

Analyses of protein and RNA sequences and structure
modeling

Sequence analyses (including local sequence similarity
searches, domain identification, multiple sequence align-
ment, phylogenetic reconstruction, RNA secondary struc-
ture prediction, protein structure visualization and anal-
ysis) followed the procedures established previously (21),
using tools and databases listed below. Most assignments
of Diplonema’s proteins were confidently achieved via se-
quence comparison, except for a few instances of partic-
ularly divergent sequences (for details, see Supplementary
Information; Supplementary Figure S1). In these cases, we
compared structural predictions created by AlphaFold (50)
to the experimentally determined structures of mtRPs from
various organisms. To improve the prediction reliability of
AlphaFold as described in (51), we expanded the underly-
ing Uniprot database with the EukProt database (52) con-
taining protein sequences from > 1 000 eukaryotes under-
represented or missing from public databases. Tools used:
HMMER (53), ClustalOmega (54), MAFFT (55), WebL-
0go3 (56), FastTree2 (57), IQ-TREE v2.2.0 (58), Vienna
RNA package 2.0 (59), RNAstructure v6.4 (60), pdb-tools
v2.4.8 (61), ChimeraX v1.4 (62), AlphaFold v2.1.2 & v2.2.4
(50). Databases used: SMART (63), Pfam (64), NCBI CDD
(65), Uniprot (66), PDBe (67).

RESULTS
Isolation of mitoribosomal subunits from Diplonema

To allow immunoprecipitation and affinity purification of
mitoribosomes, we transformed Diplonema with plasmid
constructs carrying the 3’-terminal moiety of an mtRP
gene joined to a Protein-A (PrA) tag. Plasmid design
took the following criteria into account. For tagging, we
chose mtRPs whose homologs in the Trypanosoma mi-
toribosome are located at the surface and have solute-
exposed C-termini (13). To minimize non-homologous in-
tegration of the construct, mtRP genes were chosen that
were not bounded by repetitive sequences within 2 kb
of the genomic regions upstream and downstream of
the stop codon. Four cell lines were generated each ex-
pressing a distinct PrA-tagged mtRP: mS49 (gene name
MRPS49; gene identifier DIPPA_31280), mS63 (MRPS63;
DIPPA 25715), mL46 (MRPL46; DIPPA_18631) or mL76
(MRPL76; DIPPA_24761). Extrapolating from the Try-
panosoma mitoribosome structure (13), the mS49 and mS63
homologs in Diplonema are located in the mtSSU subunit
head and tip of the body, respectively, mL46 is positioned at
the top of the mtLSU central protuberance (CP), and mL76
bulges out on the mtLSU intersubunit side, below the L1
stalk (Figure 1A, Supplementary Figure S2). As a control,
we also generated a cell line with an ectopically expressed
mitochondrially targeted PrA (mtPrA, a mitochondrial pre-
sequence joined to PrA), which integrated in a non-coding
region between the genes DIPPA 21441 and DIPPA 21439
(for details, see Materials and Methods).
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Genomic PCR and western blot analysis with anti-PrA
antibodies together showed that each Diplonema cell line
carrying a tagged mtRP expressed the fusion protein but
lacked the original, unmodified gene (Supplementary Fig-
ure S3A,B). The expression levels of the tagged mS49,
mS63 and mL46 proteins were similar, whereas mL76-PrA
was ~90% less abundant. Mitochondrial localization of
the fusion proteins was verified by immunofluorescence
microscopy using anti-PrA antibodies. Concurrent stain-
ing with the DNA-binding dye DAPI showed that the
tagged proteins coincided with the location of mtDNA
(Figure 1B), displaying a pattern consistent with a retic-
ulated, subcortical mitochondrion typical for diplonemids
(32,68,69).

The molecular mass of tagged mitoribosomes was exam-
ined by their sedimentation behaviour during sucrose gra-
dient ultracentrifugation using mtSSU and mtLSU rRNAs
(374 and 930 nt, respectively, in D. papillatum) as mitoribo-
somal markers. Both markers peaked in the fractions cor-
responding to ~40-50S (~2-3 MDa) followed by a grad-
ual decrease (Figure 1C, Supplementary Figure S4A-C, E,
F). Particles of that size are characteristic of individual
subunits in kinetoplastids (13,70), which indicates that the
Diplonema mitoribosome dissociates into subunits of simi-
lar sizes.

To test whether the tagged Diplonema mtRPs were in-
corporated into mitoribosomal particles, mitochondrial ex-
tracts from the four cell lines were sedimented by su-
crose gradient centrifugation under different salt condi-
tions. Western blotting with anti-PrA revealed that at low
salt, the protein complexes including tagged mS49, mS63,
mL46, and mL76 had the same sedimentation pattern as
the complexes monitored by mt-rRNAs (Figure 1C, Sup-
plementary Figure S4A, E, F). Three of the tagged mtRPs
behaved the same way under all conditions, whereas most of
the mL76-PrA shifted to fractions corresponding to smaller
particles (~15-20S) at high salt. This indicated that the
tagged mL76 was relatively loosely attached to the mitori-
bosome (Figure 1C, Supplementary Figure S4B,C).

The tagged mtRPs together with their associated proteins
were purified by two techniques: conventional immunopre-
cipitation (IP) (41) and rapid single-step affinity purification
(AP) (71) (for more details, see Materials and Methods).
Successful pulldown of the tagged proteins was confirmed
by western blotting (Supplementary Figure S4G), as well as
by testing enrichment of mt-rRNA in the eluates (Supple-
mentary Figure S4H).

Liquid chromatography-tandem mass spectrometry
(LC-MS/MS) was performed on three (IP) and four
(AP) biological replicates per tagged protein together with
the same number of replicates from a wild-type (IP) or
mtPrA (AP) control. As an independent validation, we
also performed LC-MS/MS on wild-type mitoribosomes
purified by Blue-Native polyacrylamide gel electrophoresis
(BN-PAGE; Supplementary Figure S4D), which produced
similar results (see below), albeit with lower yield, coverage,
and confidence values. Mass spectrometry data allowed
us to calculate the abundance of proteins in the purified
mitoribosomal fractions and also the level of enrichment
by comparing the abundance before and after purification.
Overall, the AP datasets contained fewer contaminants
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Figure 1. PrA-tagged mitoribosomal proteins are properly integrated into Diplonema mitoribosomes. (A) Views of the mitoribosomal small and large
subunit of the kinetoplastid Trypanosoma brucei from the intersubunit and solvent-exposed sides. mtRPs with homologs present or absent in Diplonema
papillatum are shown in different shades as indicated in the key. Locations of the four PrA-tagged baits and their C-termini are highlighted. RNA is shown
as ribbon. (B) Sub-cellular localization of the PrA-tagged mtRPs using immunofluorescence microscopy (visible light, DNA staining with DAPI, anti-
PrA antibodies, and merged fluorescence channels). Note that Diplonema contains a single reticulated mitochondrion, which is subcortically located; the
dotted pattern of stained DNA with diffuse surrounding signal is due to image focusing onto a select plane. (C) Distribution of Diplonema’s mitoribosomal
subunits in 10-30% sucrose velocity gradients in two different ionic conditions. Twelve fractions were collected from the top of the gradients for each cell
line expressing the fusion mtRP or the mtPrA control. The peak fraction containing separated subunits is highlighted in yellow; the trail likely corresponds
to a minor fraction of intact monosomes and certain assembly intermediates. The RNA fractions shown are from separations in 100 mM KCI. For full

gels and blots, see Supplementary Figure S4.

and provided the strongest quantitative signals (see below;
Supplementary Table S3).

Composition of the Diplonema mitoribosome and its assem-
bly intermediates

The sequences of proteins that co-purified with the four
tagged Diplonema mtPRs were compared to a collection

of experimentally confirmed mtRPs and mitochondrial
assembly (or maturation) factors (mtAFs) from a variety of
eukaryotes (Supplementary Table S3). Further, the three-
dimensional (3D) structures of the detected Diplonema
proteins were predicted in silico using AlphaFold (see
Materials and Methods). By integrating the sequence-,
structure-, and MS/MS-based information, we estab-
lished four categories: (i) function-assigned mtRPs with
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counterparts in other organisms (referred to as ‘assigned
mtRPs’), (i) candidate mtRPs with homologs exclusively
in diplonemids (i.e., candidate mtRPs), (iii) function-
assigned mtAFs, and (iv) diplonemid-specific candidate
mtAFs (for details, see Materials and Methods; Figure
2, Supplementary Figures S5 and S6). Owing to the high
reproducibility and efficacy of the AP pulldowns, it was
possible to establish clearcut abundance and enrichment
thresholds for the assigned mtRPs and mtAFs. As ex-
pected, the mtRPs were typically much more abundant
than the mtAFs, reflecting the predominance of mature
particles in the captured mitoribosomal population, as
well as the transient nature of assembly-factor interactions
compared to the integral proteins. The MS/MS-derived
thresholds served to identify with confidence diplonemid-
specific mitoribosomal components (Supplementary
Table S3).

Diplonema’s mitoribosome accumulated more proteins than
its counterparts from other organisms

The Diplonema mitoribosome contains 94 assigned mtRPs,
42 in the SSU and 52 in the LSU. These proteins were con-
sistently detected in pulldowns of a given subunit via dif-
ferent tagged mtRPs and a majority (41 SSU and 46 LSU)
was also found in the wild-type mitoribosomes (Supple-
mentary Table S3). Sixteen of the corresponding SSU and
16 of the LSU proteins were known from kinetoplastids
(13) and therefore must have already been present in the
common ancestor of diplonemids and kinetoplastids. Con-
versely, 11 SSU and 12 LSU kinetoplastid-specific mtRPs
are either absent from diplonemids or have diverged beyond
recognition by sequence comparison. Further, among the
Diplonema proteins enriched in the pulldowns, we did not
detect any homologs of the non-core mtRPs that are con-
sidered specific to opisthokonts, ciliates or plants (Supple-
mentary Table S3).

Absence of numerous otherwise widely conserved mtR Ps
(11 from SSU and 19 from LSU) is another common feature
of kinetoplastid and diplonemid mitoribosomes (Figure 3).
Five further mtRPs (namely, uS3m, mS38, uL2m, uL10m,
uL14m) appear to be missing or extremely divergent specif-
ically in the diplonemid lineage (for more details, see Sup-
plementary Information; Supplementary Figure S7). As in
the cases of the contentious uS3m in kinetoplastids (13) and
mS38 in yeast (10), this issue could be resolved by determin-
ing the Diplonema mitoribosome structure.

In addition, the SSU and LSU pulldowns revealed 20
and 16 candidate mitoribosomal proteins, respectively, with
abundance and enrichment profiles convincingly similar to
those of the assigned mtRPs and with counterparts limited
to diplonemids (Supplementary Table S3). A mere quarter
of the postulated diplonemid-specific mtRPs carry a con-
served protein domain or have significant sequence similar-
ity to a protein in the Uniprot database, with two themes
emerging from their analyses. First, eight polypeptides ei-
ther represent or resemble metabolic enzymes or nucleic
acid-interacting factors (see Supplementary Information), a
phenomenon that has also been observed in mitoribosomes
of other species (19). Second, four candidate proteins may
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represent divergent paralogs of assigned diplonemid mtRPs
(namely, uS11m, uS15m, mS23, ul.24m) because they dis-
play remote sequence and/or predicted structural similarity
(see Supplementary Information).

Diplonema’s mitoribosome biogenesis involves at least
80 factors

Mitoribosomes undergo numerous maturation steps includ-
ing base modification of the mt-rRNAs and folding of both
mt-rRNAs and mtRPs directed by mtAFs. From predicted
diplonemid proteomes we retrieved homologous sequences
for 17 out of 44 SSU and 15 out of 29 LSU mtAFs re-
ported in literature (from model organisms including ani-
mals, fungi, and kinetoplastids). Half of these mtAFs have
homologs exclusively in kinetoplastids and diplonemids
(Supplementary Table S3). The majority of such shared
mtAFs were shown in Trypanosoma to bind close to the
central plane of the mitoribosome and in proximity to
the functionally most relevant segments of the mt-rRNAs
(Figure 4A, B).

Homologs of the mtRPs that we tagged in Diplonema
are incorporated into the kinetoplastid mitoribosome at
early (mS49, mS63, mL76) or late (mL46) assembly stages
(14,72-74) (Figure 4A, C, Supplementary Figure S2). Co-
purification of certain proteins involved in the maturation
of the mitoribosomal subunits—in addition to mtRPs—is
therefore possible. Assuming sufficient shotgun-proteomics
coverage and assembly intermediate stability, if a given
mtAF is not co-captured with an mtRP bait (despite its
presence in the proteome), it can be reasoned that the mtAF
has dissociated prior to the recruitment of that particu-
lar mtRP. Conversely, the presence of a co-captured mtAF
means that either it was already present in the intermediate,
to which the mtRP is bound, or it was recruited after that
mtRP. As we explore in the following sections, to a certain
extent, this allowed us to infer the order in which the factors
act.

Out of the 31 assigned mtAFs found in the Diplonema
proteome, we detected by MS/MS 14 associated with the
SSU and four with the LSU (Figure 2, Supplementary
Figures S5, S6, S8, Supplementary Table S3). In addition
to these function-assigned mtAFs, 50 proteins were pulled
down with one or several baits and displayed similar abun-
dance and enrichment levels as the assigned mtAFs (see
Materials and Methods). These diplonemid-specific can-
didate factors were virtually absent from the preparation
of the mature wild-type mitoribosomes resolved by na-
tive PAGE, had homologs in the inferred proteomes across
diplonemids, and nearly all were predicted to be imported
into mitochondria (Supplementary Figure S6, Supplemen-
tary Table S3). About half of these candidates carry func-
tional motifs or domains reported in mtAFs from other
organisms, such as pentatricopeptide repeat (PPR), RNA-
binding motif, pseudouridine synthase, RNA methyltrans-
ferase, or RNA helicase, or display similarity to already as-
signed mtRPs or mtAFs (for details, see Supplementary In-
formation). Taken together, these features support the no-
tion that these proteins represent functionally relevant as-
sembly factors.
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Figure 2. Cooccurrence with the assigned mitoribosomal components allows identification of Diplonema-specific mtRPs and mtAFs. Enrichment-
abundance plots of proteins pulled down together with PrA-tagged mtRPs using the rapid affinity purification (AP) approach. Proteins were classified
based on their enrichment (average fold change; FC_A), abundance (iBAQ), probability score (SP), and sequence similarity to known proteins (mitori-
bosomal proteins, mtRPs; assembly factors, mtAFs). Plot areas within enrichment and abundance thresholds used for prey categorization (see Materials
and Methods) are highlighted in grey shades (mtRP and mtAF) and by dotted lines (bait-specific preys). Individual proteins are highlighted based on
their categorization: (i) mtSSU- and mtLSU-associated in blue and orange hues, respectively; (ii) assigned (recognized homologs) and new candidates
(diplonemid-specific) in darker and lighter shades, respectively and (iii) mtRP and mtAF by larger and smaller circles, respectively. Black dots indicate pro-
teins that were above thresholds only in a specific AP pulldown sample (e.g. only in the four replicates of MRPS49-PrA). Two additional proteins, mtPrA
(i.e. the control bait) and DIPPA_14792 (see Results), are shown as white and yellow-filled circles, respectively. Note that for a protein to be highlighted,
it had to pass the SP > 0.98 threshold in at least one of the pulldown conditions. The only exception is the mitochondrial acyl-carrier protein (mtACP),
which is a multifunctional mitochondrial protein known to also act as an mtAF for both SSU and LSU in kinetoplastids (mt-SAF32 and mt-LAF11,
respectively); mtACP is represented by the only high-abundance and low-enrichment point across the four plots (top-left quadrants). For MS/MS data
from the traditional immunoprecipitation approach and analysis of wild-type mitoribosomes, see Supplementary Figure S5.

mtSSU assembly pathway: insights into early biogenesis the case in Diplonema because the interaction partners of
these two mtRPs include a set of seven mtAFs exclusive
to the intermediate (Figure 4A, C, Supplementary Figure
S6). Among the conserved factors found in Diplonema,
two assemblosome-bound mtAFs that remain associated
with the maturing mitoribosome until later stages are also
present (Figure 4A, C). Lastly, as in kinetoplastids, the ma-
turing mtSSU of Diplonema contains homologs of mt-1F2
and an mt-1F3-like protein mt-SAF39, which contribute to
late assembly steps (73,76). The presence of all these mtAF
homologs in the mtSSU pulldowns shows that in Diplonema

A total of 56 Diplonema proteins are predicted to be in-
volved in the assembly of the mtSSU, notably 17 known
from model systems and 39 diplonemid-specific mtAF can-
didates (Supplementary Figure S6, Supplementary Table
S3). This number is comparable to what has been reported
for kinetoplastids (reviewed in (75)).

In kinetoplastids, mS49 and mS63 are already present
in the earliest characterized assembly intermediate called
‘SSU assemblosome’ (73), thus these proteins integrate
in the mtSSU relatively early. The same appears to be
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they are also involved in maturation steps after the incorpo-
ration of the two tagged mtRPs.

The complement of assigned and candidate mtAFs that
was co-captured with Diplonema mS49 represented a sub-
set of those retrieved in experiments with mS63 as a bait,
albeit several were at relatively low abundance in the latter
(Figure 4C, Supplementary Figure S6). Given that mS49
is part of the head while mS63 resides in the body of the
mtSSU (Figure 4A), the asymmetric distribution of the in-
teracting mtAFs indicates that the assembly of the mS63-
containing pre-mitoribosomal particles requires a set of dis-
tinct mtAFs, which are released after completion of this
portion, and that only then is mS49 recruited to the head
region, accompanied by its associated set of factors.

From among the assigned mtAFs found associated with
Diplonema mtSSU, this disparity also affects homologs
of the GTPases YqeH (human mitochondrial counterpart
MTG3/NOA1) and Era (ERALI), as well as the RNA
methyltransferase KsgA/RsmA (TFBIM) (Figure 4C, Sup-
plementary Figure S6, Supplementary Table S3). In bac-
teria and human mitochondria, the two latter factors to-
gether with the RNA-binding protein RbfA (RBFA in hu-
man mitochondria) interact with and methylate the rRNA
helix h45 (77,78). In Diplonema, these four mtAFs appear
to be involved in the early SSU assembly, because they are
detected in large quantities in the pulldowns with mS63,
which integrates prior to mS49, as we documented above.
Interestingly, the mS49 pulldowns (although less efficient
than mS63) yielded mtAF levels that are positively corre-
lated with the order in which the h45-interacting mtAF trio
acts: ERAL1 < TFBIM < RBFA (Figure 4C, Supplemen-
tary Table S3). This observation suggests that by the as-
sembly stage during which mS49 integrates, ERAL1 and
TFBIM (operating as the first and second interactor in
the cascade, respectively) have effectively left the maturing
mtSSU. This conclusion is in line with a recent demonstra-
tion that all four mtAFs are part of early assembly inter-
mediates in human mitochondria (79,80). Lastly, while an-
alyzing Diplonema’s homologs, we determined that the kine-
toplastid assemblosome protein designated mt-SAF18 (73)
actually represents a divergent homolog of human RBFA
(see Supplementary Information). This means that in kine-
toplastid mitochondria, the h45 methylation is also a rela-
tively early process, since the last contributor in the cascade
is present in the assemblosome particles.

The exact role of the h45-interacting mtAF trio is to
sequentially bind to the rRNA regions in proximity to
the helix, during which two widely conserved consecu-
tive adenosines in the corresponding loop are dimethylated
by the methyltransferase (77,78). These functions are con-
served in human mitochondria (79,80), whereas the role
of the trio is unlikely to be conventional in Diplonema.
While the diplonemid ERAL1 and RBFA homologs carry
all functionally important segments and residues, the cat-
alytic pocket of their TFB1M, which normally binds S-
adenosylmethionine (SAM) and the adenosines of h45 of
mtSSU rRNA, differs notably from its well-studied coun-
terparts (81,82), having substituted most of its function-
critical residues (Figure 4D, Supplementary Figure S9).
This suggests that diplonemid TFBIM has become purely
an rRNA folding factor instead of an enzyme with a
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Figure 4. Spatiotemporal characteristics of bait incorporation facilitate dissection of mitoribosome biogenesis stages. (A, B) Intersubunit side views of
mitoribosomal small (A) and large (B) subunit from 7rypanosoma brucei at successive assembly stages. Proteins (mtRPs or mtAFs) with homologs present
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secondary folding capacity (for details, see Supplementary
Information).

mtLSU assembly pathway displays predominantly conserved
features in its late stages

As mentioned above, 19 (assigned or candidate) protein fac-
tors involved in the assembly of the Diplonema mtLSU were
identified by mass spectrometry of RNPs pulled down with
either mL46 or mL76 or both mtRPs. This contrasted with
12 and 27 mtAFs involved in the mtLSU maturation in hu-
man and kinetoplastids, respectively (Supplementary Table
S3). The low number of LSU mtAFs detected in Diplonema,
especially compared to kinetoplastids, can be attributed
to a combination of technical difficulties of working with
the cell line expressing mL76-PrA and mL46 being among
the last mtRPs to integrate into the mitoribosome, accord-
ing to studies in 7Trypanosoma (72,74) (Figure 4B). In con-
trast to the SSU baits, we observed only two proteins that
co-purified together with both LSU baits above our strict
thresholds: Diplonema’s homolog of mt-LAF9 (also known
as mt-RsfS or MALSUI; see also below) and a mitochon-
drial TruD-superfamily pseudouridine synthase (mt-PUS, a
candidate diplonemid-specific AF; Figure 4E, Supplemen-
tary Figure S6, Supplementary Table S3). In the case of the
SSU mtAFs, the asymmetric distribution of several candi-
date mtAFs associated more specifically with mS49 than
with mS63 (Figure 4C) allowed us to infer the order of
mtRP recruitment during the assembly. Similarly, five can-
didate mtAFs displayed more pronounced enrichment in
the mL46 pulldowns, but still associated, to a lesser degree,
with mL76 (Figure 4E), which is in line with mL76 being
incorporated before mL46 as in kinetoplastids (Figure 4B).

In addition to the aforementioned mt-LAF9, four of the
assigned Diplonema mtAFs were substantially enriched ex-
clusively in the mL46 pulldowns. Two are close binding
partners of mt-LAF9, namely mt-LAF10 (i.e. LOR8FS8) and
mt-LAF11 (mitochondrial acyl-carrier protein; mt-ACP).
In both human (83) and kinetoplastids (14,72,74), the three
LAF proteins form a protrusion on the intersubunit side
of mtLSU precursors, which prevents premature associa-
tion with the mtSSU. It was experimentally demonstrated
for human mitoribosomes (reviewed in (84)) that the disso-
ciation of these LAFs from the assembly intermediate rep-
resents the last maturation step.

The two remaining mtAFs detected at high levels in
the pulldowns of Diplonema’s mL46, and to a lesser ex-
tent in those of mL76 (Figure 4E), are orthologs of mt-
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RImE/MRM2 and mt-ObgE/GTPBPS5. The former pro-
tein methylates the ribose 2/-O of the first U in the H92
loop (aka the ‘A-loop’), while the latter is a GTPase that
probes the peptidyl-transferase center (PTC) helices H89-
H93 and the A-loop, presumably as a quality-control mech-
anism (85-87). Diplonema’s MRM2 carries all residues im-
portant for its catalytic activity, an observation that is in
line with the conserved features of its LSU mt-rRNA in the
PTC region, including the presumed target of the methyl-
transferase (30). In the human mitoribosome, MRM2 and
GTPBP5 are present in the very late assembly intermedi-
ates when bL36m is being incorporated (88-90). Based on
their significant enrichment in the mL46 pulldowns (and
presence to a lesser extent in the mL76 samples), we con-
clude that diplonemids and most likely kinetoplastids as
well share this late assembly intermediate of the mitoribo-
some maturation pathway with humans.

Both subunits interact with a component of the tRNA-import
machinery

To identify components that interact with both the SSU and
LSU of the Diplonema mitoribosome, we examined, which
proteins were significantly enriched (fold-change score > 1)
across all experiments. Besides 27 assigned and five can-
didate mtRPs, a single protein was ubiquitously found:
DIPPA_14792 (Figure 2, Supplementary Figures S5, S6).
Highly conserved across diplonemids (61% pairwise iden-
tity), this protein with a single predicted C-terminal trans-
membrane helix is a homolog of Tb927.9.7830 (previously
Tb09.v1.0420), a conserved kinetoplastid protein that is a
critical component of Trypanosoma’s mitochondrial tRNA-
import machinery (91). We detected DIPPA 14792 in earlier
MS/MS analyses of purified mitochondria and mitochon-
drial high-molecular weight complexes (35) and now find it
associated more specifically with the enriched wild-type mi-
toribosome (Supplementary Figure S5). Overall, these find-
ings indicate that the protein interacts, in a relatively stable
manner, with the mature mitoribosome. We discuss possible
implications in the Supplementary Information.

Diplonemid SSU mt-rRINA carries only two canonical he-
lices, h18 and h44

We previously determined by deep RNA-Seq of sucrose
gradient-enriched Diplonema mitoribosomes that these par-
ticles contain two RNA species of 374 and 930 nt, repre-
senting the SSU and LSU mt-rRNA, respectively (30), a

or absent in Diplonema papillatum are shown in different shades as indicated by the key (for more details, see Supplementary Figure S2). (C) Dot plot
visualization of relative protein abundances measured in average spectral counts (see the key for details). Diplonema’s proteins are grouped together into
assigned mtAFs, candidate mtAFs present in pulldowns of both baits from a given subunit (1), and candidate mtAFs significantly prevalent in pulldowns
of a single bait (2). The bar plot shows to which of the four identified mitoribosome biogenesis stages the assigned mtAFs contribute. Assignments of
mtAFs are shown next to their gene identifiers; for the candidate mtAFs, similarity to known proteins or functional categorization is indicated (PPR/TPR,
pentatricopeptide/tetratricopeptide repeat protein; PUS, pseudouridine synthase; RMT, RNA methyltransferase; RRM, RNA recognition motif; PPI,
peptidyl prolyl isomerase; GST/GRX, glutathione-S-transferase/glutaredoxin). (D) Diplonemid homologs of the methyltransferase TFBIM lack most
catalytic residues. Excerpts from the sequence logo based on the alignment of TFBIM homologs from diplonemids and other eukaryotes. Shown are only
sequence segments around catalytic residues involved in the binding of the co-factor S-adenosylmethionine (SAM), the target As of the SSU mt-rRNA,
and the target-adjacent rRNA residues. Protein residue numbering is provided using human TFBIM as a reference. (For more details, see Supplementary
Figure S9.) (E) Dot plot visualization of relative protein abundances for the most prominent mtLSU-interacting proteins. Abbreviations of functional
categorization: TPR, tetratricopeptide repeat protein; PUS, pseudouridine synthase; RRM, RNA recognition motif; PPI, peptidyl prolyl isomerase; SHMT,

serine hydroxymethyltransferase.
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finding now confirmed via protein pulldown experiments
(Supplementary Figure S4H). Using the earlier published
secondary structure model of the LSU mt-rRNA from
Diplonema (30), here we compared the rRNA sequences
across 11 diplonemids, which pinpointed the sparse con-
served sequence motifs. Essentially all conserved signature
positions and structural elements had been correctly as-
signed in D. papillatum, except that the domain VI appears
more conventional than originally proposed (see also Sup-
plementary Information).

We also examined the diplonemid SSU mt-rRNA, which
has not been analyzed in detail so far. This structural RNA
varies in size across eukaryotes, yet maintains a degree of
base-pair formation comparable with that of the bacte-
rial SSU rRNA, which contains 45 helices with ~60% of
its residues engaged in base-pairing (Supplementary Fig-
ure S10) (10-11,16-18,21). In contrast, kinetoplastid SSU
mt-rRNAS are not only substantially shorter (by 60% com-
pared to a typical bacterial counterpart), but their residues
pair to a much lesser degree: for example, Trypanosoma SSU
mt-rRNA contains only 53 canonical and 17 non-canonical
base pairs (13), amounting to 22% of its 620-nt size (Figure
5A). Out of the 45 typical helices, only 13 are preserved at
least to some extent, while 12 others appear to have been
substituted by single-stranded regions effectively mimicking
the spatial arrangement of the canonical helices but without
engaging in proper base pairing (13,14); we refer to these
as ‘helix-mimics’. Only three canonical helices are well pre-
served at both the sequence and structural level: h18 in the 5’
domain, as well as h44 and h45 in the 3’-minor domain (Fig-
ure 5A). The helices h18 and h44 contain some of the few
function-critical, universally conserved residues (92); they
are juxtaposed in the ribosome and cooperate in the decod-
ing process (93,94).

SSU mt-rRNAs in diplonemids have contracted even fur-
ther: at a median length of 380 nt, they represent a mere
~25% of a typical bacterial SSU rRNA. However, down-
sizing is not the only unorthodox feature of these rRNAs.
They are extremely variable across diplonemids (26% and
4% sequence identity across closely related Diplonema spp.
and all diplonemids, respectively); identifying any recurrent
secondary structure elements is therefore difficult. We could
only assign two short conserved motifs diagnostic of SSU
rRNA, whose surrounding regions have the potential to
adopt canonical structures of the helices h18 and h44 (Fig-
ure 5B, C). Importantly, in all diplonemids, the two ele-
ments contain at the expected positions the counterparts of
the residues G530 (conventional E. coli numbering; in h18),
as well as A1492 and A1493 (in h44) that play an essential
role in selecting cognate tRNAs in the ribosomal A-site dur-
ing translation (Figure 5B, C). In contrast to kinetoplastids,
it is not clear if a genuine helix h45 exists across diplone-
mids: its size is > 8 bp across eukaryotes, but in diplonemids,
the corresponding region downstream of h44 is only ~23
nt-long on average and has the potential to fold into a 2-5
bp-long helix at most, if at all. Therefore, it seems equally
plausible that this region could merely spatially approxi-
mate the h45 shape. Overall, the paucity of conserved sec-
ondary structure elements in diplonemid SSU mt-rRNAs is
highly reminiscent of their kinetoplastid counterparts and
even more pronounced.

The most conspicuous portion of the diplonemid SSU
mt-rRNAs is located just upstream of h18, covering most
of the 5 domain. The ~100 nt-long region is rich in U
and non-conventional inosine (I) residues, with only a few
As and Cs. This situation resembles the prominent A +
U enrichment and C depletion seen in the same region
of the kinetoplastid molecule (Figure 5D). Note that in
Diplonema, 41% of nucleotides in this region originate from
deamination RNA editing and the rate is even higher in
certain other diplonemids (29). The evolutionary scenarios
leading to the massive editing of mt-rRNAs in diplonemids
have been discussed earlier (35,95-96).

The diplonemid SSU mt-rRNAs are ~40% shorter
than the kinetoplastid homologs. To elucidate whether in
Diplonema the ‘missing’ mt-rRNA regions could have been
replaced by proteins, we examined the extent to which
mtRPs that contact rRNA elements in the Trypanosoma
mtSSU 3D structure differ from their Diplonema counter-
parts. Among such 43 Trypanosoma proteins, seven ho-
mologs in Diplonema carry extensions of at least 20 amino
acid (aa) residues precisely in those polypeptide-chain seg-
ments that contact the rRNA in Trypanosoma (Figure SE).
For example, the N-terminus of Trypanosoma uS1lm is
wedged in between the helix h29 and the helix-mimics of h38
and h43; the Diplonema homolog contains an ~60 aa-long
N-terminal extension (excluding the mitochondrial target-
ing peptide, the removal of which from the mature mtPR
was confirmed via MS/MS). Three-dimensional structure
prediction of these seven mtPRs showed that the exten-
sions in the Diplonema proteins do not form well-defined
shapes, but rather exist as largely disordered segments
with occasional short a-helical stretches. mtRP extensions
in other organisms are also predominantly unstructured
(16,97) and when positioned near RNA, such disordered
extensions tend to meander through the spaces freed by
the missing TRNA elements (11,13). Thus, we posit that
diplonemid-specific mtRP extensions occupy spaces corre-
sponding to h6-h13, h20-h23, h32-h33 and h42 of the Try-
panosoma mt-SSU rRNA, which represent peripheral por-
tions of the 5, central, and 3’-major domains of the RNA.
It would be interesting to investigate, by combining struc-
ture determination with expression of truncated mtRPs,
whether the replacement of RNA by proteins plays a role
in stabilization or decoding function of the diplonemid
mtSSU.

Lastly, diplonemids appear to lack homologs of seven
other Trypanosoma mtRPs that interact with the SSU mt-
rRNA, contacting its 5’ and 3’-major domains (Figure SE).
We postulate that in Diplonema, these proteins are substi-
tuted by some of the 20 diplonemid-specific mtRPs identi-
fied here.

DISCUSSION

The diplonemid mitoribosome displays the fewest conserved
and numerous unorthodox features

Here we elucidated the composition of the mitoribosome
from Diplonema papillatum, which not only differs signifi-
cantly from its bacterial ancestor, but also from any other
studied mitoribosome. The dramatically reduced LSU and
SSU mt-rRNAs of this protist were first identified based
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Figure 5. Derived and diminutive diplonemid SSU mt-rRNA contains little canonical structure beyond the A-site decoding center. (A) Secondary structure
models of the divergent SSU mt-rRNAs from Trypanosoma and Diplonema. The four structural domains (5, central [C], 3 major [3'M], and 3’ minor [3'm])
of the SSU rRNA are shown in different shades of blue. Regions of the helices h18 and h44, which constitute the decoding center, and the positions of the
function-critical rRNA residues are highlighted in gray and red, respectively. In the case of the Diplonema covariance-based model, secondary structure can
only be predicted for h18, h44 and reduced h45; the rest of the model is drawn to scale and approximately indicates which domain segments the remaining
sequence most likely covers (see also (E)). (B) Alternative secondary structure models of the helix h18 from diplonemid mitochondria compared to the
structures in bacterial and kinetoplastid mitochondrial SSU rRNA. Canonical (bacteria-like) and a kinetoplastid-like base-pair arrangements are shown
for diplonemids. The 5’ proximal segment of the diplonemid h18 overlaps the deamination-edited U + G + I-rich region (in yellow). (C) Secondary structure
model of the helix h44 from diplonemid SSU mt-rRNA compared to the corresponding structures in bacteria and kinetoplastid mitochondria. Note that
the helix is extremely truncated except in Sulcionema. (D) Size and base-composition comparison of the 5 domain upstream of h18 across diplonemids and
kinetoplastids. In diplonemids, instead of adenosines, the region is prominently enriched in the non-conventional nucleoside inosine. (E) Locations where
RNA is likely substituted by proteins in the Diplonema mtSSU. A cryo-EM-based structure of Trypanosoma’s SSU mt-rRNA, viewed from the intersubunit
and solvent-exposed sides, is coloured in the same shades of blue as in (A) to specify the four SSU rRNA structural domains. Predicted positions of long
diplonemid-specific mtRP extensions are highlighted in orange, indicating which mtRP is extended and which RNA secondary structure elements are in
the vicinity. Many if not all of the kinetoplastid-specific mtRPs that are apparently missing in diplonemids (shown in gray) are most likely functionally
substituted by diplonemid-specific mtRPs (see the text for details).
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on their sheer abundance in the mitochondrial transcrip-
tome together with a handful of sequence motifs gener-
ally well conserved across eukaryotes but rather degener-
ate in diplonemids (30,31). We have confirmed here that
Diplonema and, by extrapolation, diplonemids as a whole
have only two mt-RNA species. The 930-nt molecule as-
sociated with the LSU and the 374-nt molecule associated
with the SSU represent the most diminutive, experimen-
tally confirmed contiguous mature rRNAs identified thus
far. Comparison across ten diplonemids showed that out-
side the critical regions spatially proximal to the PTC in
the LSU and the A-site decoding centre in the SSU, the
mt-rRNAs vary considerably in sequence and secondary
structure. This suggests that the rest of the rRNA molecules
provides a minimalist, lenient scaffold for arranging
mtRPs.

The radical downsizing of the Diplonema mt-rRNAs has
been accompanied by the loss of only a few core compo-
nents but a remarkable gain of three dozen diplonemid-
specific mtRPs. As a consequence, the total number of the
organism’s mtRPs has grown to a total of 130, exceeding
by far the 75 in the most bacteria-like mitoribosome of An-
dalucia (21) and even the 122 of Trypanosoma, the hitherto
most protein-rich mitoribosome known (13). Furthermore,
the majority of canonical mtRPs have experienced N- or C-
terminal extensions, and this to a larger extent than seen
in most other organisms (see Supplementary Information;
Supplementary Figure S11). Thus, despite the reduction of
the RNA content, the protein size gain translates into an
overall exceptionally massive mitoribosome with a calcu-
lated mass of 5.1 MDa, compared to ~2.7 and ~4.5 MDa
in human and Trypanosoma, respectively.

Consequently, the protein-to-RNA ratio in Diplonema’s
mitoribosomes increased to ~11:1, which is—compared to
the ratios 8:1 in Trypanosoma, 2:1 in mammals, and 1:1
in Andalucia—the highest value determined to date. It is
mostly the mtSSU that skews the ratio: while Diplonema’s
62 SSU mtRPs total ~2.7 MDa (excluding MTPs), the tiny
rRNA contributes a mere ~120 kDa, resulting in an unpar-
alleled 22:1 ratio of this subunit. As we documented in detail
for the SSU, a number of Diplonema-specific extensions of
canonical mtRPs, and potentially some of the new mtRPs,
most likely occupy the space where RNA structural ele-
ments would be positioned in a mitoribosome with a more
conventional rRNA.

Evolutionary and functional aspects of unconventional mitori-
bosomal proteins

The accretion of novel proteins to mitoribosomes is com-
monly observed across eukaryotes (19), which is indica-
tive of processes framed under the theory of construc-
tive neutral evolution (98) being rampant in the evolution-
ary path leading to extant mitoribosomes. In the investi-
gated members of the Archaeplastida lincage—Arabidopsis,
Chlamydomonas and the non-photosynthetic green alga
Polytomella magna—mtRPs have been primarily recruited
from two families of helical repeat proteins, the pentatri-
copeptide repeat (PPR) and octatricopeptide repeat (OPR)
proteins. Most members of these protein families interact
with RNA (15). Among the mtRPs recruited in kinetoplas-

tids and ciliates are only a few helical repeat proteins (re-
viewed in (99)), whereas the large majority of the lineage-
specific mtRPs lack well-defined domains (13,16). A simi-
lar pattern emerges in diplonemids, with only one among
36 Diplonema-specific mtRPs being a helical repeat pro-
tein (PPR protein DIPPA_32001 in mtSSU), while nearly
80% of Diplonema-specific mtRPs have no discernable
domains.

The third category of new recruits found in mitoribo-
somes from yeasts (10) to ciliates (16) to kinetoplastids
(13) is represented by proteins derived from metabolic en-
zymes that now play a purely architectural role in mitori-
bosomes. In most cases, these repurposed proteins lack
residues necessary for their original catalytic activities. For
example, DIPPA_19549 and DIPPA 04650, two Diplonema
LSU mtRPs, bear a non-functional hydrolase and O-acetyl-
ADP-ribose deacetylase domain, respectively (see Supple-
mentary Information).

In a curious twist on this recurrent trend, two unortho-
dox mtSSU proteins of Diplonema have apparently re-
tained their enzymatic activity. DIPPA_03129 is a mito-
chondrial monothiol glutaredoxin and DIPPA_25989 en-
codes a BolA-type protein, both critical components of the
mitochondrial iron-sulfur (Fe-S) cluster assembly and traf-
ficking. Studies in human and yeast show that the two pro-
teins form a transient complex and participate in the gen-
eration of [4Fe—4S] and [2Fe-2S] clusters and the incorpo-
ration of these prosthetic groups into target enzymes (re-
viewed in (100)). The proteins’ prominence and specificity
in both mS49 and mS63 pulldowns argues against merely
spurious interaction with the Diplonema mitoribosome. We
speculate that in diplonemids, the association of Fe-S clus-
ter synthesis with the mitoribosome facilitates the matu-
ration of the mtDNA-encoded and mitochondrially trans-
lated Nad8 (aka NDUFSS8). This protein is a subunit of
the mitochondrial respiratory chain Complex I and binds
two [4Fe—4S] clusters. Another possible target is the cluster-
containing assembly factor mt-SAF1 (METTL7/RSM22).
Alternatively, the function of the protein pair in Diplonema’s
mitoribosome could be entirely separate from its canonical
roles in the Fe-S cluster assembly, as in the case of docu-
mented multi-functional, ‘moonlighting’ proteins (see Sup-
plementary Information). Determining the role(s) of these
two proteins is bound to provide new insights into the in-
terplay of metabolism and translation.

Variations of the mitoribosome assembly process

Our approach allowed us to sample not only the presum-
ably predominant population of mature subunits and full
mitoribosomes in Diplonema, but also certain assembly in-
termediates. Overall, mitoribosome biogenesis appears to
be similarly complex in diplonemids and kinetoplastids, as
the sheer number of the high-confidence non-mtRP interac-
tors indicates; for instance, the number of those associated
with Diplonema’s mtSSU almost matches that of mtRPs (56
versus 62). Importantly, our study also provides a view into
processes that have not been previously investigated in kine-
toplastids.

In all organisms examined, the mtRP mL46 is among
the last to be incorporated into the mitoribosome. In
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Diplonema, mL46 co-purified with, in particular, two PTC-
interacting maturation factors mt-RImE/MRM?2 and mt-
ObgE/GTPBPS. This finding corroborates the view that in
diplonemids these two mtAFs participate only in the very
final phases of the mitoribosome biogenesis. The same sit-
uation was observed in human mitoribosomes (reviewed in
(84)). That the interaction of these two mtAFs is conserved
in highly derived diplonemid mitoribosomes suggests that
their action is ubiquitous, including in kinetoplastids, as
well as evolutionarily ancient.

Immunoprecipitations with Diplonema mS49 and mS63
provided insight into steps preceding the SSU assemblo-
some, i.e., prior to the stages that have been investigated
before (73). For instance, we inferred that 20 diplonemid-
specific mtAFs, representing 50% of all SSU-associated
mtAFs, act in such early steps. Currently, their roles can be
extrapolated only in about half the cases (e.g. rRNA modi-
fication by pseudouridine synthases or folding of rRNA as-
sisted by PPR proteins), justifying their further biochemi-
cal and structural investigation. Several assigned Diplonema
SSU mtAFs that have not been analyzed in kinetoplas-
tids and only sparingly in other organisms were mapped
to early assembly stages, namely mt-YqeH/MTG3/NOAI,
mt-Era/ERALI1, and TFBIM. The first factor is a GT-
Pase, which was only very recently shown to attach to
the earliest examined human mtSSU assembly intermedi-
ate (79). Its presence at a similar stage in diplonemids sug-
gests a conserved role (but see also Supplementary Infor-
mation). The other two proteins commonly cooperate with
RBFA/mt-SAF18 in a sequential manner to remodel and
methylate the SSU mt-rRNA helix h45. We advance the idea
that in diplonemids, as well as in kinetoplastids, this coor-
dinated mtAF trio commences its activity relatively early
in the assembly process, similarly to its human counterpart
(79,80). However, in contrast to the human system, diplone-
mid and kinetoplastid proteins complete their tasks at a
comparatively earlier stage as more numerous maturation
steps are required to assemble the protists’ much more com-
plex mtSSU RNP (see also Supplementary Information).

Finally, we posit that specifically in diplonemids, the
TFB1M homolog has only retained its secondary function,
h45 remodelling (101,102), but lost its RNA methyltrans-
ferase activity. This is because the protein’s sequence has un-
dergone catalysis-compromising substitutions, possibly be-
cause its target rRINA positions have been lost and the tar-
get helix has been substantially reduced. At least one analo-
gous case has recently been documented experimentally: in
human cells, catalytically inactive mutants of the LSU mt-
rRNA-targeting methyltransferase MRM?2 support normal
mitochondrial translation, which indicates that in humans,
this protein is primarily involved in mitoribosome biogene-
sis as a chaperone, not as an RNA modifying enzyme (103).

Concluding remarks

The diplonemid mitoribosome pushes the limits of how
far a translation machinery is allowed to diverge from its
proto-mitochondrial bacterial ancestor while still remain-
ing functional. The bulk of the diminutive mt-rRNAs ap-
pears to have adapted to imitating helical structures with-
out necessarily forming base pairs, while losses of otherwise
widely distributed canonical mitoribosomal proteins cou-
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pled with new acquisitions highlight the gradual encroach-
ment by proteins not only on the RNA structure, but appar-
ently also on its function, such as decoding. The singular-
ity of diplonemid mitoribosomes makes a case for future
cryo-EM structure determination, but also for the devel-
opment of platforms for RNAi- or CRISPR-Cas-mediated
gene manipulation in these protists for eventual functional
studies of integral components and maturation factors. For
now, our catalog of mS63-associated mtAFs provides a win-
dow into the very early steps of the mitoribosome assem-
bly. The continued exploration of divergent systems such as
the diplonemid mitoribosome will be instrumental in un-
derstanding how evolution can impact both biogenesis and
function of complex molecular machines.
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