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Mitoribosome structure with cofactors and
modifications reveals mechanism of ligand
binding and interactions with L1 stalk

Vivek Singh 1,14, Yuzuru Itoh 1,2,14, Samuel Del’Olio3,14, Asem Hassan 4,5,14,
Andreas Naschberger1,6, Rasmus Kock Flygaard7, Yuko Nobe 8,
Keiichi Izumikawa9, Shintaro Aibara 1, Juni Andréll 10, Paul C. Whitford 4,5,
Antoni Barrientos 3,11,12, Masato Taoka 8 & Alexey Amunts 1,13

The mitoribosome translates mitochondrial mRNAs and regulates energy
conversion that is a signature of aerobic life forms. We present a 2.2 Å reso-
lution structure of human mitoribosome together with validated mitor-
ibosomal RNA (rRNA) modifications, including aminoacylated CP-tRNAVal. The
structure shows how mitoribosomal proteins stabilise binding of mRNA and
tRNA helping to align it in the decoding center, whereas the GDP-boundmS29
stabilizes intersubunit communication. Comparison between different states,
with respect to tRNA position, allowed us to characterize a non-canonical
L1 stalk, and molecular dynamics simulations revealed how it facilitates tRNA
transitions in a way that does not require interactions with rRNA. We also
report functionally important polyamines that are depleted when cells are
subjected to an antibiotic treatment. The structural, biochemical, and com-
putational data illuminate the principal functional components of the trans-
lation mechanism in mitochondria and provide a description of the structure
and function of the human mitoribosome.

The human mitoribosome translates at least 13 respiratory chain
protein-coding mRNAs from the mitochondrial genome1. It consists of
three rRNAs and at least 82 mitoribosomal proteins, 36 of which have
no corresponding homologs in bacterial and cytosolic ribosomes. The
mitochondrial rRNA is reduced compared to its bacterial counterpart
(2512 vs 4568 nucleotides in Escherichia coli), tRNAVal has been

incorporated as an additional constituent, and protein components
are extended (~18,075 vs 7536 residues in E. coli)2. The mitoribosomal
proteins might have functional roles in mitochondria-specific aspects
of translation, and therefore mutations in the corresponding genes
can result in cardio- and encephalomyopathies3,4. However, due to the
limited resolution and heterogeneity of the characterized complexes,
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the available models are currently incomplete, and many mitor-
ibosomal protein key elements are described as unassigned
densities5–10. The existing models suggest thatmitoribosomal proteins
might play a role in binding mRNA, regulatory elements such as the L1
stalk are probably remodeled, and the specific mitoribosomal protein
mS29, a putative GTPase is associated with inter-subunit commu-
nication. Yet, the lack of experimental data leaves open the questions
of a functional involvement.

The mitochondrial rRNA is modified, and dedicated post-
transcriptionally activated enzymes provide means for the regulation
of gene expression and mitoribosome assembly11. Due to the central
role of the humanmitoribosome in cellular energy production, defects
in rRNA modification result in fatal clinical syndromes from birth12,13.
Some of the bacterial counterpart modifying enzymes are missing
from mitochondria, for example methyltransferases RlmA, RlmB,
RmsE and pseudouridine synthase RluA, while other mitochondria-
specific ones have evolved14. Therefore, rRNA modifications are dif-
ferent, and they have been identified by various experimental
approaches11,15–23. Furthermore recent structural studies visualized
individual rRNAmodifications on the mitoribosomal large (LSU)24 and
small (SSU) subunits25,26. However, the entire set ofmodifications is yet

to be quantitatively identified and visualized in the presence of bound
ligands in order to enable a detailed examination of their roles. To
date, themolecularmechanismscompensating for the lackof bacteria-
like modifications remain unknown, as well as the modifications and
the amino-acylation state of the structural tRNAVal.

Mitoribosomes are also linked to age-related diseases that
are associated with decline in mitochondrial function and
biogenesis27–30. Aging-related pathological changes can be inhibited
by polyamine consumption31,32, which also has anti-inflammatory
effects in mouse models in vivo33. Polyamines have been shown to be
essential for mammalian cell differentiation and proliferation
through their impact on translation dynamics34,35. However, no
polyamine biosynthetic pathways within mitochondria have been
found, and their role in mitochondrial physiology remained
unknown. Whether mitoribosomes might be related to these phe-
nomena and associated with cellular senescence via polyamines
needs to be explored.

In this work, to address these issues, we combine high resolution
structural studies of mitoribosomal complexes with mass spectro-
metry based quantitative RNA analysis, biochemistry, and molecular
dynamics simulations.
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Fig. 1 | Structure of the humanmitoribosome. aOverview of the 2.2 Å resolution
model with mRNA and tRNAs. Proteins are shown as cartoons colored in blue for
the LSU and yellow for the SSU. The rRNA is shown as grey surface. Newly identified
features are shown as spheres. b The newly identified cofactors and modifications

are indicated against background of translucent rRNA and proteins with tRNAs and
mRNA shown in cartoon. We observe 13 rRNA modifications (green), 6 protein
modifications (pink), 3 iron-sulfur clusters (red-yellow), guanosine diphosphate
(GDP), adenosine triphosphate (ATP), NAD, SPM, 4 SPDs and PUT.
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Results
Structure determination
To produce a 2.2 Å overall resolution map of the mitoribosome, we
collectedfive separate cryo-EMdatasets. Selectedmonosomeparticles
were subjected to per-particle defocus, beam-tilt and per-particle
astigmatism correction, followed by Bayesian polishing36,37. The data
was then sorted into 86 optics groups based on acquisition areas fol-
lowed by beam-tilt, magnification anisotropy and higher order aber-
ration correction38. A final set of 509,691 particles yielded a 2.2Å map.
The local resolution was further improved by performing masked
refinements around different regions of the monosome. In addition,
we obtained a 2.6Å resolutionmap in the presence ofmRNA and three
tRNAs in the classical state, and 3.0Å resolutionmapwith two tRNAs in
the hybrid state (Supplementary Figs. 1 and 2). The improved resolu-
tion allowed building the most complete available model of the
mitoribosome, including several key protein extensions involved in
tRNA binding (Fig. 1a). The presence of mRNA on the mitoribosome
further enabled modeling 32 of its residues, which we then used to
trace mitochondria-specific elements involved in mRNA binding and
put the rRNA modifications in a functional context (Fig. 1b).

To provide a description of the conformational changes asso-
ciated with tRNAmovement, we next focused efforts onmodelling the
L1 stalk. Thus, we merged particles containing tRNA in the E-site and
through partial signal subtraction39 and obtained a 2.9 Å resolution
map of the region, enabling model building of the L1 stalk (Supple-
mentary Fig. 1). We then used this model to perform molecular simu-
lations of the complete ribosome with tRNAs.

rRNA and protein modifications, aminoacylated tRNAVal,
polyamines
On the rRNA level, the quality of the map allowed the modeling of 13
rRNAmodifications, ofwhich 6 aremitochondria specific compared to
E. coli21. All the rRNA modifications were validated by a tailored

quantitative method of Stable Isotope-Labeled riboNucleic Acid as an
internal Standard (SILNAS)40 (Supplementary Figs. 3,4). The mito-
chondria specific modifications include base methylations m5U1076,
m5C1488 in the SSU; m1A2617 in the LSU; and m1A9, m2G10 and ψ39 in
the tRNAVal incorporated in the central protuberance (CP)41–43 (Fig. 1b).
In the map, methylations of rRNA were identified by systematically
examining the density map for the presence of unmodeled densities
continuous with the base or sugar moieties of rRNA residues (Fig. 2).
Identity of the two high-occupancy pseudo-uridines was established
based on the presence of a structured water molecule within
hydrogen-bonding distance from the N5 atom.

The tRNAVal modifications are consistent with the previous mass-
spectrometry data on isolated mitochondrial tRNAs from a general
pool44 (Fig. 3). The density further revealed that the tRNAVal incorporated
in the CP is amino acylated (Fig. 2a). In the structure, ψ39 of tRNAVal

contributes to the conformation of the anticodon arm, which contacts
uL18m, mL38, mL40 and mL48 (Fig. 3a). In addition, two methylated
residues, m1A and m2G, are observed at the positions 9 and 10,
respectively in theD arm (Fig. 3a).m1A9 is stacked betweenG45 andA46
and forms a base triple with the second base pair (C11:G24) of the D
stem. On the other hand, m2G10 is stacked between C11 and A26 and
forms thefirst base pair (m2G10:C25) of the stem,which further interacts
with G45 to be a base triple. These methylations facilitate the stacking
and hydrogen bonds among bases, and thereby contribute to the con-
formation of the D arm, which contacts uL18m and mL38 (Fig. 3a–c).
The terminal A76 has a base-specific interaction with Q175 of mL46 and
together with Valine is stacked with F165 and F215 (Fig. 3d).

A notable feature of the cryo-EM map is the presence of con-
tinuous tubular densities associated with rRNA that we assigned as
polyamines, justified by the electrostatic and hydrogen-bonding
interactions at the amine groups (Supplementary Fig. 5). Thus, in
addition to a previously assigned spermine (SPM)45, we detected one
triamine spermidine (SPD) in the SSU, and a diamine putrescine (PUT)
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Fig. 2 | High resolution features. Modified rRNA residues and disulfide-linked or
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corresponding densities in the 2.2 Åmap are shown asmesh at indicated threshold
(bottom left) and local resolution (bottom right) levels.

Article https://doi.org/10.1038/s41467-024-48163-x

Nature Communications |         (2024) 15:4272 3



and three SPDs in the LSU. The identified polyamines are bound to
negatively charged rRNA where mitochondria specific changes occur,
providing required structural support (Fig. 4; Supplementary Fig. 5).
For example, SPD3301 in the LSU fills the formed space of a shortened
mitoribosomal protein uL2m, which has undergone reduction in the
humanmitoribosome. SPD3303 is tethered to uL3m, where a bacterial
counterpart has a signature Q150methylation, therefore replacing the
post-translational modification. The PUT is found in the exit tunnel
upper region of uL22m hairpin.

Finally, the model contains six protein modifications; three iron-
sulfur clusters, one of which is coordinated by uL10m andmL66, and a
molecule of nicotinamide adenosine dinucleotide (NAD) reported
previously26,45,46 (Fig. 1b, Supplementary Table 1, Supplementary
Table 2). We also identified a disulfide bond in one of the two redox
active cysteine pairs in mS37 (CHCHD1) (Fig. 2) that is oxidized in the

intermembrane space during mitochondrial import, representing a
quality control mechanism47.

Initial binding of mRNA involves Y-N-C-Y motif coevolved
with mS39
The modulation of a stable mitoribosomal complex allowed us to
resolve the mRNA path and investigate mitoribosome-specific
components involved in mRNA recognition (Fig. 5, Supplemen-
tary Fig. 6, Supplementary Movie 1). It engages seven helical
repeats of mS39 with specific contacts within a prominent posi-
tively charged groove (Fig. 5a). Particularly, a pyrimidine ring of
the mRNA nucleotide in position 25 is stacked between H489 and
R524 and interacts with S490 of mS39 (Fig. 5a, b). Hydrogen
bonding between the side chain of R377 of mS39 and nucleotide
27 favors cytosine over uracil because the protonated N3 of a
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chains. g uS9m forms stacking and hydrogen bonding interactions with mRNA
position 15 via F54 and V55, respectively. h uS9m N-terminus (purple cartoon)
adopts alternative conformations that result in mRNA channel blocked or open
states regulating mRNA access to the SSU (gold surface).
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uracil would partially clash with the protonated Nη of R377. R343
of mS39 forms a hydrogen bond with the pyrimidine ring of
nucleotide 28. Thus, the structure reveals a binding motif: 25
pyrimidine (Y), 27 cytosine (C), 28 pyrimidine (Y) (Fig. 5a, b).
Bioinformatic analysis showed that the Y-N-C-Y motif is enriched
in mitochondria and distributed over the entire length of each of
the 12 open reading frames in the guanine-rich heavy DNA strand,
suggesting a co-evolution of the mitochondrial DNA and the
mitoribosome (Fig. 5c, Supplementary Fig. 7). The only mamma-
lian protein-coding gene with a reduced frequency of the Y-N-C-Y
motif is the MT-ND6 that is on the light strand and codes for an
18 kDa subunit of complex I. The expression of the ND6 mRNA is
unique, as it requires an auxiliary factor FASTK to generate the
mature form, suggesting a dedicated regulatory mechanism48.

The most 5’ contact between mRNA and mS39 is ~50 Å from the
channel entrance, and by following the mRNA density toward the
decoding center, we identified six specificmitoribosomal proteins that
are important for mRNA recruitment, channel opening, and precise
alignment of the message for translation in the decoding center.
In our structure, the Y-N-C-Y motif forms a ~ 100° turn (kink-1) in the
mRNA midway through mS39 (Fig. 5a and Supplementary Movie 1).
After the kink, the N-terminal mitochondria-specific extension of
uS5m supports the path of mRNA over a distance of ~60Å, involving a
unique N-terminal polybasic stretch of 14 residues 111-124
(KKGRGKRTKKKKRK) together with R237 and K239 (Fig. 5d, Supple-
mentary Movie 1, Supplementary Fig. 6). From the side of the SSU
head, mS35 provides potential stabilizing electrostatic interactions to
mRNA with N-terminal residues K46 and K49 (Fig. 5e, f). This
mitochondria-specific extension of uS5m structurally replaces bac-
terial bS4 anduS3-CTD that interactwithmRNA (SupplementaryFig. 6)
and confer RNA helicase activity on the bacterial ribosome49. Just
before the channel entry, the binding of mRNA induces a conforma-
tional change of the N-terminal extension of uS9m that contacts the
mRNA nucleotide at position 15 via the backbone of V55 (Fig. 5e, g;
Supplementary Movie 1), which in the absence of mRNA blocks the
entrance to the decoding center50. Thus, uS9m exists in a closed
conformation in the absence of mRNA, and upon mRNA threading, a
conformational change in uS9m allows the passage (Fig. 5h).

mL40 N-terminal tail stabilizes the A- and P-site tRNAs and
decoding interactions
We then examined the role of mitoribosomal proteins in the mRNA
alignment. The structure shows that to enter the SSU channel, the
mRNAmust be kinked again (kink-2), and in theA-site the nucleotide at
position 9 is stabilized by uS12m (Supplementary Fig. 8). Here, a con-
served K72 side chain forms a salt bridge with the phosphate of
nucleotide 9 (last nucleotide in the A site codon). At the same time, cis-
proline P73 (Supplementary Fig. 8) coordinates two potassium ions,
one of which directly coordinates 2’O of nucleotide 9 (Supplementary
Fig. 8, SupplementaryMovie 1) and stabilizes the decoding center. The
densities identified as two potassium ions have been observed pre-
viously, but modeled as Mg2+ (PDB 4V51)51 or waters (PDB 7K00)51,52.
However, they have been experimentally identified as K+ by long
wavelength X-ray diffraction analysis (PDB 6QNR)53, which agrees with
our assignment (Supplementary Fig. 8) based on distances from
coordinating residues (Supplementary Fig. 9)

Next, between the A- and P-site, themap reveals a third kink in the
mRNA (kink-3), which is co-localizedwith a 35 Å longdensity extending
from the CP in between the two tRNAs (Fig. 6a, Supplementary
Fig. 10a) that could not be previously interpreted. We identified it as a
positively charged N-terminus of mL40 with the terminal backbone
amino group of S47 forming a salt bridge with the backbone phos-
phate of the mRNA at position 7 in the A-site (Fig. 6a, Supplementary
Fig. 10b), and the interaction is further stabilized via a magnesium ion
coordinated by the phosphate of G1485. In addition, the hydroxyl
group of S47 interacts with the mRNA nucleotide base at position 6 in
the P-site (Fig. 6a, Supplementary Movie 1), although the contacts are
likely to be flexible. Moreover, the base orientation allows any
nucleotide to interact with S47 (Supplementary Fig. 10c). The concept
is analogous to the cytosolic ribosome that engages uS19 for tRNA
stabilization andmRNA interactions in the decoding center54 (Fig. 6b).
The presence of four lysine residues 52-55 (Fig. 6a, Supplementary
Fig. 10b),might suggest thatmL40 contributes to balancing the charge
between the A- and P-tRNAs. Together with R51, which forms salt
bridges with A1560 and C1561 in h44, the positively charged patch
compensates for the negative RNA charges accumulated in that region
(Fig. 6a, Supplementary Fig. 10b, Supplementary Movie 1). Further in
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the P-site, we observe a well-resolved density showing the conserved
C-terminal R396 of uS9m interacting with the anticodon loop of the
P-site tRNA (Supplementary Fig. 10d). Finally, in the E-site, uS7m resi-
dues G164-165 further contribute to mRNA stabilization (Supplemen-
tary Fig. 10e). Thus, mitoribosomal proteins play a role in mRNA
binding.

mRNA alignment in the decoding center and rRNA
modifications
In the decoding center, the universally conserved G902 is in anti
conformation, while A1557 and A1558 are flipped out from h44 to
interact with the A-site codon:anti-codon helix in the canonical
manner55,56 (Supplementary Fig. 11). A well-resolved density, com-
bined with the mass-spectrometry SILNAS40,57 approach further
allowed us to validate the complete set of the rRNA modifications,
including six mitochondria specific, and propose a role in stabilizing
the decoding center (Fig. 5, Supplementary Figs. 4 and 5). Close
to the decoding center, the residue G899 was recently shown to
interact with streptomycin in human mtSSU45. Its methylated to
m7G527 in E.coli (Supplementary Fig. 11) and this modification partly
contributes to streptomycin sensitivity58. In the P-site, two base-

methylated nucleotides m4C1486 and m5C1488 flank the base triple
C1487:A1564:U1563 by stabilizing the stacking interactions
(Fig. 5a, b). The orientation of N4-methylated m4C1486 towards
mRNA is conserved with respect to E. coli, where the corresponding
residue is also 2’-O methylated (m4Cm1402) (Supplementary Fig. 11).
m4C1486 together with C1487 interacts with the phosphate group of
the last nucleotide in the P-site mRNA codon via hydrogen bonds
(Fig. 5a, b). Further, phosphate group of m4C1486 coordinates a
magnesium ion, which stabilizes a conserved kink of the mRNA
between A- and P-sites (Fig. 7a). In contrast to the E. coli P-site, U1563
does not have an N3-methylation (m3U1498 in E. coli) (Supplementary
Fig. 11). This lack of N3-methylation allows U1563 together with C1487
to form a water mediated interaction with the P-site codon
(Fig. 7a, b). Further, the conserved dimethylated residues, m6

2A1583
and m6

2A1584 orient the nucleotide U1563 such that the ribose of
U1563 forms a hydrogen bond to a phosphate group of the second
nucleotide in the P-site mRNA codon, while the phosphate of U1563
forms a hydrogen bond with the ribose on the first codon nucleotide
(Fig. 7b). The two dimethylated nucleotides facilitate A1080 posi-
tioning for the 2′-OH to hydrogen bond with N3 of m5U1076. This
together with methylation of m5U1076 contributes to the stability of
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stabilization of inter-subunit bridge and the A-loop. f Gm2815 base-pairs with
P-tRNA. Cryo-EM density map (A/A P/P E/E state) is displayed as a blue mesh.

Article https://doi.org/10.1038/s41467-024-48163-x

Nature Communications |         (2024) 15:4272 7



Fig. 8 | Structural features of the L1 stalk and interactions with tRNA. a The
L1 stalk components uL9m (green), uL1m (purple) rRNA helix H76-77 (residues
2757-2790, light blue), as well as mL64 (magenta) interact with E/E-tRNA. The
structure and interactions are different from T. thermophilus (PDB ID: 4V51)
[https://doi.org/10.2210/pdb4V51/pdb]51 b Components of the L1 stalk modeled
into their respective densities (shown as mesh). c Comparison of uL9m

conformation with that of T. thermophilus uL9 (white PDB ID 4V51). d Model of
uL1m stalk with uL9m in green and uL1m in purple, highlighting mitochondria-
specific protein elements. e 2D diagram of uL9m showing interactions with E/E-
tRNA (brown bars), rRNA (light-blue bars), uL1m (dark-blue bars). Conserved
regions are shown in light andmitochondria-specific in dark colors. f 2Ddiagramof
uL1m color-coded as in panel d.

Article https://doi.org/10.1038/s41467-024-48163-x

Nature Communications |         (2024) 15:4272 8

https://doi.org/10.2210/pdb4V51/pdb


h24 loop that interacts with the P-tRNA anticodon stem at position 38
via A1078 (Fig. 7a, b).

In the A-loop of H92, there are two 2′-O-methyl modified
nucleotides Um3039 and Gm3040. The 2′-O-methyl of Um3039 steri-
cally positions the bases of Gm3040 and U3041 to form interactions
with the nucleotides C75 and C74 of the A-tRNA, respectively
(Fig. 7c, d). The 2′-O-methyl ofGm3040present in the cytosolicbut not
bacterial ribosome and interactswith thebase of A3069 to stabilize the
conformation of Gm3040. Furthermore, the bacterial counterpart
rRNA that interacts with A-tRNA (C75) is G:C, whereas in our structure
it’s A:U (3069:2994) that is less stable, and thus stabilized by the
mitochondria-specific methylation of Gm3040 and base-pairing
interactions with ψ3067 (Fig. 7d). In the LSU, mitochondria-specific
m1A2617 positions U2614 into a wedged interaction (Fig. 7e). Surpris-
ingly, there is only weak sugar puckering for m1A2617 (Fig. 2a). It bears
a partial positive charge at N1 and interacts with U2649 of H61. The
interactions mediated by m1A2617 potentially contribute to the
structuring of H71 loop that participates in an intersubunit bridge
shares an interface with the A-loop (Fig. 7e). The universally conserved
Gm2815 in the P-loop formsWatson-Crick base pairingwith C75 of P/P-
tRNA, similar to the interactions of Gm3040 of the A-loop (Fig. 7f).

Structure of the mitoribosomal L1 stalk reveals its unique pro-
tein features
To investigate whether mitoribosomal proteins might also have influ-
ence on tRNA rearrangement in the E-site, we aimed to perform
molecular simulations of the mitochondrial L1 stalk. Therefore, we
modeled the complete structure of the L1 stalk, which relies on mito-
chondria specific protein elements. In the structure, the E-tRNA is
stabilized viamitochondria-specific protein elements of the C-terminal
domain of uL9m and 33-residue N-terminal extension of uL1m
(Fig. 8a, b). The orientation of the uL9m C-terminal domain adopts a

previously unseen folded conformation involving a ~ 75° rotation
towards the E-tRNA (Fig. 8c). This unexpected conformational differ-
ence is facilitated by the C-terminal helix in the extension that reaches
and contacts the non-base-pairing part and the distal short hairpin of
the rRNA H76 (Fig. 8d). The resulting projection of uL9m towards the
ribosomal core reduces the distance between the central helix and the
C-terminus of uL1m from~70 to only ~30Å. This distance is spannedby
the uL1m mitochondria-specific extension that forms direct contacts
with the central helix of uL9m (Fig. 8d–f). Therefore, our model of the
L1 stalk establishes a tertiary mitoribosomal complex
uL9m:uL1m:rRNA-H76, where uL9m acquires a new functional role.
From the opposite side, the mitochondria-specific mL64 approaches
the T-arm through its long C-terminal helix extending to the tRNA
binding sites.

Recognition of tRNA by the L1 stalk and intersubunit
communication
We next used an all-atom structure-based model59,60 to simulate hun-
dreds of transitions of the tRNA from the P site to P/E state (Fig. 9a, b;
Supplementary Movie 2). To isolate the influence of uL1m and mL64,
we compared the dynamicswith four variants of themodel (Fig. 9c; see
Methods): 1) baseline model; 2) truncated mL64 (ΔmL64) with
C-terminal region starting with Q112 being removed to prevent steric
interactions betweenmL64 and EE-tRNAwithout disturbing the rest of
the protein.; 3) modified uL1m (ΔuL1m) where stabilizing interactions
between uL1m and P-site-tRNA are scaled down compared to the
baseline model (values available in methods); 4) both ΔmL64 and
ΔuL1m modifications are included (see methods section for details of
the models). Using these models, we simulated 1066 spontaneous
(non-targeted) transitions between the classical (A/A-P/P) and hybrid
(A/P-P/E) states, which include a ~ 40Ådisplacement of the P-tRNA and
spontaneous rotation of the SSU (Supplementary Movie 2). A
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Fig. 10 | Binding of GDP to mS29 and role in mitoribosome function.
a Superposition of GDP-bound (yellow) and GMPPNP-bound (white) states.
b Close-up view illustrating side chains that coordinate nucleotide binding.
c, Intersubunit contacts in the classical and hybrid states mediated by mS29 (cryo-
EM density map shown as colored surface). d Immunoblot analysis comparing
steady-state levels of proteins using whole cell lysates from HEK293T (WT),mS29-
KO (KO), andmS29-KO cells stably expressing either WT mS29 or double mutants
targeting the GDP-mS29β-hairpin binding site under the control of an attenuated
CMV6 promoter (Δ5pCMV6). COX1, COX2, and CTYB were used as markers of
mitoribosome function, and β-Actin was used as a loading control. e Images in
panel (d) were digitalized, and densitometry was conducted using the histogram
function in Adobe Photoshop. The bar graphs represent themean ± SD from three
independent repetitions (n = 3). Statistical differences were estimated using one-

way ANOVA with Dunnett’s multiple comparisons test (two-tailed) in GraphPad
Prism. *p <0.05, **p <0.01; ***p <0.001, ****p <0.0001. f Metabolic labeling of
mitochondrially translated peptides in whole cells from the indicated cell lines
using 35S-methionine for 15min in the presence of emetine to inhibit cytosolic
protein synthesis. Immunoblotting for β-ACTIN was used as a loading control.
Newly synthesized peptides are identified on the left. g Images in panel (d) were
digitalized, and densitometry was conducted using the histogram function in
Adobe Photoshop. The bar graphs represent themean± SD from four independent
repetitions (n = 4). Statistical differences were estimated using one-way ANOVA
withDunnett’smultiple comparisons test (two-tailed) inGraphPadPrism. *p <0.05,
**p <0.01; ***p <0.001, ****p <0.0001. The source data file contains all original
uncropped and unprocessed immunoblots as well as densitometry values used to
perform statistics and generate quantification graphs in panels (d–g).
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mechanistic insight from these calculations is thatmL64 imposes strict
limits on the pathways that are accessible to tRNA, which thereby
favors a specific sequence of conformational substeps during P/E
formation (Fig. 9d–g). As a result, mL64 ensures that the tRNA is
properly positioned and may reliably engage uL1m as the tRNA
approaches the E site. The structure also shows that due to the dif-
ferent type of tRNAbinding, no base pairs are formed between the E/E-
tRNA and mRNA, unlike those found in bacteria61 (Supplementary
Fig. 10e). Instead, the protein uS7m undergoes a conformational
change in which residues G164-165 directly contact the mRNA and
stabilize its binding (Supplementary Fig. 10e, Supplementary Video 1).
Thus, upon each step of translation, a tRNA is recognized in the E-site
and escorted from themitoribosome without involving rRNA, which is
strikingly different from bacterial and cytosolic counterparts.

Mitoribosome function is independent ofmS29GTPase activity,
but GDP stabilizes intersubunit communication
For each translation step, the movement of mRNA:tRNA is also
accompanied by the SSU head swiveling, but it has remained an open
question whether intrinsic GTPase activity of mS29 (also known as
death-associated protein 3, DAP3) is coupled to the process62,63. We
now resolve it by analyzing the structure in two different conforma-
tions combined with structure-based mutagenesis and biochemical
analysis (Fig. 10, Supplementary Fig. 12a–c). Particularly,we performed
site-directed mutagenesis targeting the previously reported
nucleotide-binding site2,62 and found that the mutant K134A, which
based on the structure would affect the nucleotide binding, appears to
be dispensable for mitoribosomal function (Supplementary
Fig. 12a, b). Recently, another putative binding site has been proposed,
formed with residues 173, 177, 208, 209, 210, 238, 242, 245, 291, 292,
29545,46 (Fig. 10a, b, Supplementary Fig. 12d), and our map at the local
resolution of 2.65 Å suggests the presence of GDP in that site. To
address the functional relevance of the GDP, we compared it with the
SSU structure in the presence of a nonhydrolyzable analog GMPPNP45

(Fig. 10a, b). It showed a very similar global architecture of mS29,
implying that no net conformational change is involved upon GTP
hydrolysis (Fig. 10a, b). Furthermore, there is no loss of interactions of
mS29 with its binding partners in the SSU head (Fig. 10b). Together,
the data suggest that the GTPase activity is not coupled to the trans-
lation cycle and the related SSU head swiveling.

We next used structural and biochemical analysis to identify the
role of the GDP. We compared the interactions of mS29, which is the
signature protein of the SSU head with the CP between our classical
(2.6Å resolution) and hybrid (3.0Å resolution) structures. In the
classical state, they are extensive and manifest through three contact
sites. Site-1 and -2 are formed between GDP-associated region and the
respective mL46 helices α2 and α3 extending from the CP. Contact
site-3 is formed with mL48 β-turn protruding into the intersubunit
space. Upon subunit ratcheting, in the hybrid state mS29 shifts
resulting in disruption of contact site-3. Further, the mS29 β-hairpin
208-216 (stabilized by GDP) that formed contact site-2 in the classical
state switches in the hybrid state and remains the only inter-subunit
bridge in the dimeter of 50Å (Fig. 10c, Supplementary Fig. 12e). To
assess the role of GDP binding in translation, we generated cell lines
stably expressing mS29 mutants to disrupt the GDP binding site
(Fig. 10d–g, Supplementary Fig. 12a–c).

Expression of the double mutants R177A/K245A or R177A/K295A,
which target residues interacting with the phosphate groups of GDP,
led to reduced levels of mitochondrion-encoded proteins and cellular
respiration (Fig. 10d–g, Supplementary Fig. 12c), suggesting a stabi-
lizing role for GDP in this pocket. The R177A/K245A mutation shows
only a tendency toward a more stringent effect on mitochondrial
protein synthesis than the R177A/K295A mutation in our short 15min
pulses. However, the effect is significant when looking at the steady-
state levels ofmtDNA-encoded proteins. (Fig. 10d, e). Interestingly, the

doublemutant R177A/H291A displayed a rate ofmitochondrial protein
synthesis comparable to WT (Fig. 10d–g). Although K245 and
K295 stabilize the samebeta phosphate onGDP, it is possible thatH291
can compensate for the loss of K295, explaining the decreased stability
of the R177A/K245A mutant compared to the R177A/K295A mutant.
Change of nearby hydrophobic residues Y173A/Y208A yields a
decrease in translation similar to the R177A/K245A implying their role
in GDP stabilization (Fig. 10d–g). Lastly, double mutant pairs V209P/
D238A and Y208A/D238A, which directly disrupt GDP base binding to
the mS29 β-hairpin, showed drastic decreases in the synthesis and
stability of mitochondrion-encoded proteins (Fig. 10d–g). Thus, the
biochemical assays based on mutagenesis show that GDP binding to
mS29 is required for efficientmitochondrial translation. Our structure-
function correlation analyses suggest that GDP acts as a stabilizing
agent for mS29 β-hairpin 208-216 to maintain the intersubunit com-
munication as tRNA moves to the hybrid state.

Discussion
This study illustrates the modifications and cofactors of the human
mitoribosome (Figs. 1–4, Supplementary Figs. 3–5) and explains how
mRNA and tRNAs are stabilized (Figs. 5–9, Supplementary movie 1).
While thebasicmechanismof translation and the rRNA in thedecoding
center are conserved, our structures attribute additional roles to
mitoribosomal proteins in mRNA and tRNA binding.

For mRNA, previous work showed that the delivery of some
mitochondrial transcripts for translation is facilitated by the factor
LRPPRC64,65. We now demonstrate that once an mRNA is received by
the mitoribosome, it involves six mitochondria-specific proteins that
sequentially help to direct themRNA to the decoding center, where it’s
aligned with a tRNA (Figs. 5,6, Supplementary Fig. 6,8,10). Most of
these proteins compensate for the reduced rRNA through the
mechanisms of structural patching66 and protein ratcheting67 that
drive neutral evolution of protein complexity. The first protein to
receive an mRNA is mS39, and we detected a co-evolution of mS39
with an mRNA motif Y-N-C-Y that is enriched in all 12 transcripts
encoded in the heavy strand of the mitochondrial DNA. The only
mRNA that is not enrichedwith themotif isND6 (Fig. 5, Supplementary
Fig. 7). Interestingly, ND6 possesses a long 3′UTR and is the only
transcript in humanmitochondria lacking a polyA tail. This gene is also
the only one in mitochondria of vertebrates that was found to be
translocated to the control region through gene duplication68. This
occurs in Antarctic fish species, andwhile the selectively advantageous
duplicate is functionally neutral on the protein level69, we found that
there is a change in the Y-N-C-Y frequency in the mRNA sequence,
which is increased by 2-fold (from 14 to 30 occurrences in 525 resi-
dues). It suggests a possible adaptive correlation between the mRNA
stability on the mitoribosome and mt-DNA reorganization.

For tRNA, the structure demonstrates two cases with an involve-
ment of mitoribosomal proteins. First, between the A- and P-site
tRNAs, the N-terminus of mL40 extends from the CP to the phosphate
backbone of mRNA. Second, the recognition of a tRNA in the E-site is
achieved by a protein-made L1 stalk region and mL64. Both archi-
tectures are unique to mitochondria. Our molecular dynamics simu-
lations further illustrate how the process of E-tRNA movement
fundamentally relies on specific protein extensions and insertions of
uL1m and uL9m without any involvement of rRNA (Figs. 8, 9, Supple-
mentary movie 2). These adaptations of mitoribosomal proteins are
particularly important in the context of different functional states, as
previous structural studies of elongation8, termination10, and rescue6

complexes reported unidentified densities associated with transla-
tional factors, which we now assign specific proteins. Since our data
resolves those densities as mammalian protein extensions (Fig. 5,
Supplementary Fig. 6), the structural information can now be used for
reinterpretation of the functional complexes, thus completing
previous works.
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In addition to proteins, newly revealed structural details include
polyamines as stabilizing intramolecular agents in human mitochon-
dria. The visualization of polyamines in the human mitoribosome and
the reduced occupancy in the presence of antibiotics further supports
their stimulating effect onmitochondrial translation, which is essential
for cell proliferation. In mitoribosomes from cell culture treated with
antibiotics45,70, the occupancy of the polyamines is reduced45, and they
are generally replaced with Mg2+or K+, accompanied by some residue
rearrangement (Supplementary Fig. 5). Those changes are associated
with attenuation of translation, and thus our structure rationalizes
previous report that the positive effect of polyamines could not be
functionally replaced by the addition of Mg2+ in a cell-free system71.
Together, it links mitochondrial translation to reports assigning key
regulatory effects to polyamines in mitochondria. This includes anti-
inflammatory effects and inhibition of aging-associated pathologies
upon consumption of polyamine in mice31,32,72, the ability to boost
mitochondrial respiratory capacity in a Drosophila aging model32,
restorative effects on oxidative functions of aged mitochondria73,74,
and antitumor immunity in aged mice75. Polyamines were also pro-
posed to regulatemitochondrialmetabolismvia Srckinase signaling to
preserve bioenergetics in the spinal cord76. Considering our results on
the involvement of iron-sulphur clusters as protein-protein mediating
agents45, as well as in themitoribosomal assembly77, the new structural
data provides a wealth of additional information on cofactors that can
be further assessed in disease models and with respect to tissue and
cell specificity, as well as ageing processes. The detection of disulfide
bond in mS37 that was proposed to occur during the mitochondrial
protein import pathway47 further links translationwithmetabolic state
and NADH/NAD+ ratio in the intermembrane space and thematrix due
to the special role of mS37 that links assembly to the initiation of
translation25.

On the rRNA level, through tailored quantitative mass-spectro-
metry, we describe a fully modified mitoribosome, including in the
decoding center. While the critical modifications are conserved with
bacteria, an unexpected feature of the structure is that the rRNA
component CP-tRNAVal is modified, as well as aminoacylated. This
suggests that this tRNA is recognized in the matrix by the elongation
factormtEF-Tu prior the assembly onto theCP. The involvementmtEF-
Tu in the mitoribosome assembly has been previously reported, and
direct interaction with the assembly factor GTPBP5 was visualized by
cryo-EMof an LSU intermediate78. Thus, the regulation of the assembly
of themammalianmitoribosomerelies on the availability ofmtEF-Tu in
active developmental stages of the organelle, which might be a
potential early checkpoint for translation. A possible model for these
observations is that accumulation of deacylated tRNAs might trigger
starvation responses, and since tRNAVal is likely to be abundant at the
onset of mitoribosomal assembly, its aminoacylation is essential,
which requires the presence of mtEF-Tu. The feature is likely to be
mammalian-specific, as representative from other lineages, such as
fungi46, ciliates79, and algae80,81 do not possess theCP-tRNA component
in their mitoribosomes.

Finally, the data addresses a long-standing question of whether a
putative GTPase anddeath-associated proteinmS29might provide the
human mitoribosome with an intrinsic activity, while undergoing
structural rearrangements. This protein is of a particular clinical
interest, because several cancer types are associated with its aberrant
expression82. We show that mS29-GDP does not change its con-
formation during translation but is a stable structural element that
contributes to inter-subunit communication during transitions
between classical and hybrid states (Fig. 10, Supplementary Fig. 12).

Overall, these data explain how the newly identified components
modulate the functional and structurally distinct mitoribosome. With
the continuous progress in improvement of resolution of cryo-EM
reconstructions, and availability of newly developedmethods for base
editing of protein-coding genes in mammalian mitochondrial

genome83,84, the field of mitochondrial translation now steps into a
phase, where it becomes possible to analyze fine regulatory mechan-
isms specific transcripts, and study how it’s affected by modifications,
cofactors, and mutants. Therefore, the structural approach has a
potential to lead towards a more detailed description of the
mitoribosome-associated pathologies, including mitochondrial dis-
ease and ageing, and the current study will provide a reference model
of the human mitoribosome for future investigation.

Methods
Experimental model and culturing
HEK293S-derived cells (T501) were grown in Freestyle 293 Expression
Medium containing 5% tetracycline-free fetal bovine serum (FBS) in
vented shaking flasks at 37 °C, 5% CO2 and 120 rpm (550 x g). Culture
was scaled up sequentially, by inoculating at 1.5 ×106 cells/mL and
subsequently splitting at a cell density of 3.0 × 106 cells/mL. Finally, a
final volume of 2 L of cell culture at a cell density of 4.5 × 106 cells/mL
was used for mitochondria isolation, as previously described85.

mS29-KO cells were derived from HEK293T (CRL-3216) and cul-
tured in complete DMEM supplemented with 20% FBS at 37 °C and 5%
CO2. HEK293T (CRL-3216) were cultured in high-glucose, sodium pyr-
uvate, L-glutamine Dulbecco’s modified Eagle medium (DMEM, Life
Technologies) supplemented with 10% FBS, 100 µg/mL uridine, 3mM
sodium formate, and 1x MEM non-essential amino acids complete
DMEMmedium). Analysis ofmycoplasma contaminationwas routinely
performed.

For the labeling of cells with deuterated Uridine required for
SILNAS analysis, TK6 cells deficient in uridine monophosphate syn-
thase (UMPS-/-) were cultured at 37 °C in RPMI-1640 medium con-
taining 10% horse serum, 2mM L-glutamine, penicillin (50U/ml),
streptomycin (50μg/ml) and 0.1mM 5,6-D2-uridine.

Generation of mS29 edited cell lines and plasmid transfections
To generate a stable humanmS29-KO cell line in HEK293T cells (ATCC:
CRL-3216), we used a pool of CRISPR/Cas9-mediated knockout cells
generated by the genome editing company, Synthego (Synthego
Corporation, Redwood City, CA). HEK293T cells were first tested to be
negative for mycoplasma. Three guide RNAs targeting exon 5 of the
mS29 gene (DAP3-202 transcript ID ENST00000368336.10) were
selected for high specificity and activity to create premature stop
codons through frameshift mutations in the coding region via inser-
tions and/or deletions (Indels). Targeting exon 5 ensured that allmS29
transcript variants would be affected. Based on additional off-target
analysis, the three specific guideRNAs selected (g1, g2, andg3)were: g1
5′-GUGAAGCUUGCCUGAUGGUA-3′ [AGG]-PAM, g2 5′-UAUAGCUG-
GAUAAGCAAAAC-3′ [TGG]-PAM, and g3 5′-AUGCUUUCUCCCCU-
CAAAUA-3′’ [AGG]-PAM. The pool of knockout cells was then
generated by electroporation of ribonucleoproteins (RNPs) containing
the Cas9 protein and synthetic chemically modified sgRNA (Synthego)
into the cells using Synthego’s optimized protocol. The editing effi-
ciency was assessed upon recovery, 48 h post-electroporation. Geno-
mic DNA is extracted from a portion of the cells, PCR-amplified, and
sequencedusing Sanger sequencing. The resulting chromatograms are
processed using Synthego Inference of CRISPR Edits software (ice.-
synthego.com). The pooled mS29-KO was then plated into 96-well
plates to screen for single clones in-house. Single clone candidates
were screened by immunoblotting to determine the steady-state levels
of mS29 and the mtDNA-encoded COX2 protein as a surrogate of
mitochondrial protein synthesis capacity. Clones that had undetect-
able mS29 and attenuated COX2 levels were further analyzed by gen-
otyping. For genotyping, the edited region of mS29 was amplified
using oligonucleotides mS29 exon 5 seq (-164) Forward: 5’-GGATA-
GATTTTCAAACTCAGTACCA-3’ and mS29 exon 5 seq (+166) Reverse:
5’-TCCTGACTTCAGGCGATACG-3’, and subsequently cloned into the
TOPO-TA vector (Thermo Fisher) for sequencing.
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To establish a stable cell line reconstituted with mS29, we
obtained the WT mS29 gene as a Myc/DDK-tagged ORF from Origene
(Cat#RC223182). Using restriction sitesAsiSI and PmeI,WTmS29-Myc/
DDK was cloned into a mammalian vector with hygromycin as the
selection marker. The vector used was pCMV6, in which mS29 gene
expression was placed under the control of an attenuated version of
the human cytomegalovirus (CMV) enhancer/promoter (Δ5) in which a
deletion in the promoter sequence eliminates most transcription fac-
tor binding sites86. Furthermore, to ensure functionality of the
recombinant mS29, the Myc/DDK tag was removed via the Q5 site-
directed mutagenesis kit (New England Biolabs) using the oligonu-
cleotides mS29 ΔMyc-DDK Forward: 5’-TAAACGGCCGGCCGCGGT-3’
and mS29 Δmyc-DDK Reverse: 5’-GAGGTAGGCACAGTGCCGCTC-3’.
Two μg of the construct containing mS29 was transfected to the
HEK293T mS29-KO cell line using 5μL of EndoFectin™ Max (GeneCo-
poeia) pre-incubated in Opti-MEM (ThermoFisher). 72 h post-trans-
fection, themediumwas supplementedwith 200μg/mL hygromycinB
for three weeks. We use the same protocol to establish stable cell lines
reconstituted with mutant variants of mS29.

Mutant variants of themS29-containing constructwere generated
using the Q5 site-directed mutagenesis kit (New England Biolabs).
Mutagenesis primers were designed using the NEBaseChanger tool.
Oligonucleotides used formutagenesis include: mS29 K134A Forward:
5’-GGGAACAGGAGCAACCCTAAGTC-3’; mS29 K134A Reverse: 5’-TTC
TCTCCATACAGAAGATATC-3’; mS29 Y173A Forward: 5’-GCAGTCCAG
CGCCAACAAACAGC-3’; mS29 Y173A Reverse: 5’-AGAAGATCCCGAC
AATTTTTC-3’; mS29 R177A Forward: 5’-CAACAAACAGGCCTTTG
ATCAACCTTTAGAG-3’; mS29 R177A Reverse: 5’-TAGCTGGACTGC
AGAAGA-3’; mS29 K245A Forward: 5’-AATTGTGCTGGCAGAGCTA
AAGAGGC-3’; mS29 K245A Reverse: 5’-CCAACTGCATCTGTGGCG-3’;
mS29 H291A Forward: 5’-AGCACTTGTTGCCAACTTGAGGAAAATGA
TG-3’; mS29 H291A Reverse: 5’-AATTCCTCGGGGGCAATC-3’; mS29
K295A Forward: 5’-CAACTTGAGGGCAATGATGAAAAATGATTG-3’;
mS29 K295A Reverse: 5’-TGAACAAGTGCTAATTCC-3’; mS29 Y208A
Forward: 5’- TCAAGAGAAGGCTGTCTGGAATAAGAG -3’; mS29 Y208A
Reverse: 5’- ACTTTTATCTGGTTCAGG -3’; mS29 V209P Forward: 5’-
AGAGAAGTATCCCTGGAATAAGAGAG -3’; mS29 V209P Reverse: 5’-
TGAACTTTTATCTGGTTCAG -3’; mS29 D238A Forward: 5’- GAACGC-
CACAGCTGCAGTTGGAA -3’; mS29 D238A Reverse: 5’- CTCACCC
GTGTTATGCCC -3. All mutant sequences were validated by Sanger
sequencing using oligonucleotides Δ5pCMV6 Forward: 5’-CCTCTT
CGCTATTACGCCAG-3’, mS29 cDNA (308) Forward: 5’-AACCAGCCCT
AGAACTTCTGC-3’, and mS29 cDNA (829) Forward: 5’-GAAGATAA
AAGCCCGATTGC-3’.

Mitoribosome purification
Mitoribosome purification was carried out based on the previously
developed protocol for rapid isolation85. HEK293S-derived cells were
harvested from the 2 L culture when the cell density was 4.2 × 106 cells/
mL by centrifugation at 1000g for 7min, 4 °C. The pellet was washed
and resuspended in 200mL Phosphate Buffered Saline (PBS). The
washed cells were pelleted at 1000g for 10min at 4 °C. The resulting
pellet was resuspended in 120mL of MIB buffer (50mM HEPES-KOH,
pH 7.5, 10mM KCl, 1.5mM MgCl2, 1mM EDTA, 1mM EGTA, 1mM
dithiothreitol, complete EDTA-free protease inhibitor cocktail (Roche)
and allowed to swell in the buffer for 15min in the cold room by gentle
stirring. About 45mL of SM4 buffer (840mM mannitol, 280mM
sucrose, 50mM HEPES-KOH, pH 7.5, 10mM KCl, 1.5mM MgCl2, 1mM
EDTA, 1mM EGTA, 1mM DTT, 1X cOmplete EDTA-free protease inhi-
bitor cocktail (Roche) was added to the cells in being stirred in MIB
buffer and poured into a nitrogen cavitation device kept on ice. The
cells were subjected to a pressure of 500 psi for 20min before
releasing the nitrogen from the chamber and collecting the lysate. The
lysate was clarified by centrifugation at 800 x g and 4 °C, for 15min, to
separate the cell debris and nuclei. The supernatant was passed

through a cheesecloth into a beaker kept on ice. The pellet was
resuspended in half the previous volume of MIBSM buffer (3 volumes
MIB buffer + 1 volume SM4 buffer) and homogenized with a Teflon/
glass Dounce homogenizer. After clarification as described before, the
resulting lysate was pooled with the previous batch of the lysate and
subjected to centrifugation at 1000 x g, 4 °C for 15min to ensure
complete removal of cell debris. The clarified and filtered supernatant
was centrifuged at 10,000 x g and 4 °C for 15min to pellet crude
mitochondria. Crudemitochondriawere resuspended in 10mLMIBSM
buffer and treated with 200 units of Rnase-free Dnase (Sigma-Aldrich)
for 20min in the cold room to remove contaminating genomic DNA.
Crude mitochondria were again recovered by centrifugation at
10,000g, 4 °C for 15min and gently resuspended in 2mL SEM buffer
(250mM sucrose, 20mM HEPES-KOH, pH 7.5, 1mM EDTA). Resus-
pended mitochondria were subjected to a sucrose density step-
gradient (1.5mL of 60% sucrose; 4mL of 32% sucrose; 1.5mL of 23%
sucrose and 1.5mL of 15% sucrose in 20mMHEPES-KOH, pH 7.5, 1mM
EDTA) centrifugation in a Beckmann Coulter SW40 rotor at
28,000 rpm (139,000 x g) for 60min. Mitochondria seen as a brown
band at the interface of 32% and 60% sucrose layerswere collected and
snap-frozen using liquid nitrogen and transferred to −80 °C.

Frozenmitochondria were transferred on ice and allowed to thaw
slowly. Lysis buffer (25mM HEPES-KOH, pH 7.5, 50mM KCl, 10mM
Mg(OAc)2, 2% polyethylene glycol octylphenyl ether, 2mMDTT, 1mg/
mL EDTA-free protease inhibitors (Sigma-Aldrich) was added to
mitochondria and the tube was inverted several times to ensure mix-
ing. A small Teflon/glass Dounce homogenizer was used to homo-
genize mitochondria for efficient lysis. After incubation on ice for
5–10min, the lysate was clarified by centrifugation at 30,000 x g for
20min, 4 °C. The clarified lysate was carefully collected. Centrifuga-
tionwas repeated to ensure complete clarification. A volumeof 1mLof
the mitochondrial lysate was applied on top of 0.4mL of 1M sucrose
(v/v ratio of 2.5:1) in thick-walled TLS55 tubes. Centrifugation was
carried out at 231,500 x g for 45min in a TLA120.2 rotor at 4 °C. The
pellets thus obtained were washed and sequentially resuspended in a
total volumeof 100 µl resuspensionbuffer (20mMHEPES-KOH, pH7.5,
50mMKCl, 10mMMg(OAc)2, 1%TritonX-100, 2mMDTT). The sample
was clarified twice by centrifugation at 18,000 g for 10min at 4 °C. The
sample was applied on to a linear 15–30% sucrose (20mMHEPES-KOH,
pH 7.5, 50mM KCl, 10mM Mg(OAc)2, 0.05% n-dodecyl-β-D-mal-
topyranoside, 2mMDTT) gradient and centrifuged in a TLS55 rotor at
213,600 x g for 120min at 4 °C. The gradient was fractionated into
50μL volume aliquots. The absorption for each aliquot at 260nmwas
measured and fractions corresponding to the monosome peak were
collected. The pooled fractions were subjected to buffer exchange
with the resuspension buffer to dilute away sucrose.

rRNA mass spectrometry
Purification of mitochondrial rRNAs. Mitochondrial rRNAs of the
HEK293 cells were extracted from the purified ribosome using Isogen
(Nippon Gene) and stored at −80 °C until use. TK6 cell culture
(~1.0 × 109 cells) were homogenized by Dounce homogenizer with
250mM sucrose, 1mM EDTA and 10mMTris−HCl (pH 8.0). The lysate
was centrifuged twice at 1500 x g for 3min at 4 °C, and the resulting
supernatant was further centrifuged at 5000 x g for 10min to obtain
mitochondrial precipitate. From the precipitate, total mitochondrial
RNA ( ~ 100μg) was extracted using TRIzol Reagent (Thermo Fisher
Scientific).

Eachmitochondrial rRNAwas purified by using reversed-phase LC
through a PLRP-S 4000Å column (4.6 × 150mm, 10 μm, Agilent
Technologies). After applying the mixture of rRNAs from the purified
ribosome or total mitochondrial RNA to the column, the rRNAs were
eluted with a 60-minute linear gradient of 11.5–13.5% (v/v) acetonitrile
in 100mM TEAA (pH 7.0) and 0.1mM diammonium phosphate at a
flow rate of 200μl/min at 60 °C while monitoring the eluate at A26087.
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LC-MS, MS/MS and MS/MS/MS analysis and database search of
RNA fragments. RNA was digested as described below. Nucleolytic
RNA fragments were analyzed with a direct nanoflow LC-MS system as
described88. The LC eluate was sprayed online at –1.3 kVwith the aid of
a spray-assisting device88 to a Q Exactive Plus mass spectrometer
(ThermoFisher Scientific) in negative ionmode. Other settings forMS,
MS/MS and MS/MS/MS were as described in ref. 89.

Ariadne57 was used for database searches and assignment of MS/
MSRNA spectra. The composite of humancytosolic andmitochondrial
rRNA and tRNA sequences was used as a database. The following
default search parameters for Ariadnewereused:maximumnumberof
missed cleavages, 1; variable modification parameters, two methyla-
tions per RNA fragment for any residue; RNA mass tolerance, ±5 ppm,
and MS/MS tolerance, ±20 ppm. For assignment of Ψ residues using
5,6-D2-uridine labeled RNAs, the mass table and the variable mod-
ification parameterswere altered fromdefault values to “5,6D_CU” and
“Ψ”, respectively, because both C and Uwere labeled with themedium
and the pseudouridylation reaction results in the exchange of the
position 5 deuterium of 5,6-D2-uridine to the proton of solvent, pro-
viding a − 1 Da mass shift90.

Internal standard RNAs and SILNAS-based quantitation of the
stoichiometry of post-transcriptionalmodification. To construct the
plasmids for in vitro transcription of internal standard RNAs, DNAs
encoding human 12 S and 16 S rRNAs were amplified by PCR from the
mitochondrial DNA from TK6 cells. The PCR primers used are as fol-
lows: HindIII-12S-Forward TATAAAGCTTAATAGGTTTGGTCCTAGCC
TTTCTATTAGC, 12S-BamHI-reverse ATATGGATCCGTTCGTCCAAGTG
CACTTTCCAGTACACTT, HindIII-16S-forward TATAAAGCTTGCTAAA
CCTAGCCCCAAACCCACTCCACCT and 16S-XhoI-reverse ATATCTCGA
GAAACCCTGTTCTTGGGTGGGTGTGGGTATA). The amplified DNAs
were inserted into the multiple cloning sites of plasmid pCDNA3.1 (+)
(Thermo Fisher Scientific). To synthesize RNA, 2μg of template DNA
was incubated and transcribed usingMegascript T7 kit (Thermo Fisher
Scientific). When RNA was synthesized, guanosine-13C10 5′-tripho-
sphate, cytidine-13C9 5′-triphosphate, or uridine-13C9 5′-triphosphate
solution was used instead of the respective 5′-triphosphate reagent
that contained carbons with a natural isotope distribution. The RNA
was precipitated in ethanol, solubilized in nuclease-free water, and
purified further by reversed-phase LC as described above.

SILNAS-based quantitation was performed as described in ref. 91.
In brief, RNA ( ~ 100 fmol) from natural sources or cells grown in
guanosine with natural isotope distribution was mixed with an equal
amount of synthetic RNA transcribed in vitro with 13C-labeled guano-
sine and digested with RNAse T1 (2 ng/μl). For the RNA transcribed
with 13C9-labeled cytidine and uridine, Rnase A (0.5 ng/μl) was used as
the digestion enzyme. Digestion was carried out in 100mM TEAA (pH
7.0) at 37 °C. The 1:1 RNA mixing was performed based on the mea-
surement of the absorbance at 260nm and ensured later by a cor-
rection factor obtained experimentally. After obtaining the LC-MS
spectrum of the digested RNA mixture, the stoichiometry of RNA
modification at each site was estimated by Ariadne program designed
for SILNAS91. The results were confirmed by manual inspection of the
original MS spectrum to examine whether the estimates are based on
‘uncontaminated’ MS signals.

Other procedures for RNA analysis. The masses of RNA fragments
and a-, c-, w-, and y-series ions were calculated with Ariadne (http://
ariadne.riken.jp/). Sequence-specific Rnase H cleavage of rRNAs was
performed as described in ref. 92, using O-methylated RNA/DNA
hybrid oligonucleotide complementary to the 12 S and 16 S rRNAs,
GmUmUmCmGmUmCm(CAAG)UmGmCmAmCmUmUmUmCmCm
AmGmUmAmCmAmCm and (AmAmCmCmCmUmGm(TTCT)UmGm
GmGmUmGmGmGmUm, respectively (where Nm refers to 2’-O-

methyl ribonucleotide and deoxyribonucleotides are indicated in
parentheses).

SDS-PAGE and immunoblotting analyses
Whole-cell protein extracts were obtained by solubilization in RIPA
buffer (25mM Tris-HCl pH 7.6, 150mM NaCl, 1% NP-40, 1% sodium
deoxycholate, and 0.1% SDS) with 1mM PMSF and 1x mammalian
protease inhibitor. Extracts were cleared by 5min of centrifugation at
10,000g at 4 °C. Protein concentrations were determined with the
Folin phenol reagent. 40–60 µg of whole-cell protein extracts were
separated by SDS-PAGE in the Laemmli buffer system. Proteins were
then transferred to nitrocellulose membranes, subsequently blocked
with 5% skim milk, and then incubated with antibodies against the
indicated proteins followed by a second reaction with anti-mouse or
anti-rabbit IgG conjugated to horseradish peroxidase. Signals were
detected by chemiluminescence and exposure to X-ray films. For
quantification, the signals in digitalized images were quantified by
densitometry using the histogram function of Adobe Photoshop.
Values were normalized to the signal of β-Actin and plotted as the
percentage of WT using the Prism 8 software.

Pulse labeling of mitochondrial translation products
Mitochondrial protein synthesis was determined by pulse-labeling of
60–70% confluent human wild-type (WT) HEK293T cells,MRPS29-KO
HEK293T cells, and knockout cells stably reconstituted with mutant
MRPS29 variants. Cultures were grown in a medium without
methionine and in the presence of 100 µg/mL emetine to inhibit
cytoplasmic translation as described in refs. 93,94. Cells were labeled
for 15min at 37 °C with 100 µCi of 35S-methionine (PerkinElmer Life
Sciences, Boston, MA). After incubation, the medium containing
35S-methionine was removed, the cells were washed once with PBS,
and then the cells were incubated for 5minutes in complete DMEM
to allow recovery. After the short incubation, cells were washed once
more with PBS, collected by trypsinization, and whole-cell protein
extracts were obtained by solubilization with RIPA buffer. 40–50 µg
of each sample was separated by SDS-PAGE on a 17.5% poly-
acrylamide gel, transferred to a nitrocellulose membrane, and
exposed to X-ray film. Membranes were then probed by immuno-
blotting to assess the steady-state levels of β-ACTIN as a loading
control. Values were normalized to the signal of β-ACTIN and plotted
as the percentage of WT using the Prism 8 software. Potassium
cyanide (KCN)-sensitive endogenous cell respiration was measured
polarographically using a Clark electrode in the indicated cell lines.
Cell respiration rates are presented as nmol of O2 consumed per one
million cells per minute.

Cryo-EM data acquisition
Five cryo-EM datasets of mitoribosomal complexes were collected in
total using EPU 1.9 (Supplementary Table 1). First, 3 μL of ~120 nM
mitoribosome was applied onto a glow-discharged (20mA for 30 s)
holey-carbon grid (Quantifoil R2/2, copper, mesh 300) coated with
continuous carbon (of ~3 nm thickness) and incubated for 30 s in a
controlled environment of 100% humidity and 4 °C. The grids were
blotted for 3 sec, followed by plunge-freezing in liquid ethane, using
a Vitrobot MKIV (FEI/Thermofischer). For high resolution mitoribo-
some analysis, five separate datasets were collected on FEI Titan
Krios (FEI/Thermofischer) transmission electron microscope oper-
ated at 300 keV, using C2 aperture of 70μm and a slit width of 20 eV
on a GIF quantum energy filter (Gatan). A K2 Summit detector
(Gatan) was used at a pixel size of 0.83 Å (magnification of 165,000X)
with a dose of 29-32 electrons/Å2 fractionated over 20 frames. A
defocus range of −0.6 to −2.8 μm was used. More detailed para-
meters for each one of the datasets are listed in Supplementary
Table 1.
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Cryo-EM data processing
The complete workflows of themitoribosomal complexes A/A-P/P-E/E,
A/P-P/E, L1 stalk, monosome consensus map, SSU and their 8 masked
regions are given in Supplementary Figs. 1 and 2. For all the datasets,
beam-induced motion correction and per-frame B-factor weighting
were performed for all data sets using RELION-3.0.236,37. Motion-
corrected micrographs were used for contrast transfer function (CTF)
estimation with gctf95. Unusable micrographs were removed by man-
ual inspection of the micrographs and their respective calculated CTF
parameters. Particles were picked in RELION-3.0.236,37, using reference-
free followed by reference-aided particle picking procedures.
Reference-free 2D classification was carried out to sort useful particles
from falsely picked objects, which were then subjected to 3D classifi-
cation. 3D classes corresponding to unaligned particles and LSU were
discarded andmonosome particles were pooled and used for 3D auto-
refinement yielding a map with an overall resolution of 2.9–3.4 Å for
the five datasets. Resolution was estimated using a Fourier Shell Cor-
relation cut-off of 0.143 between the two reconstructed half maps.
Finally, the selected particles were subjected to per-particle defocus
estimation, beam-tilt correction and per-particle astigmatism correc-
tion followed by Bayesian polishing. Bayesian polished particles were
subjected to a second round per-particle defocus correction. A total of
994,919 particles from all datasets were then pooled and separated
into 86 optics groups in RELION-3.138, based on acquisition areas and
date ofdata collection. Beam-tilt,magnification anisotropy and higher-
order (trefoil and fourth-order) aberrations were corrected in RELION-
3.138. Subsequently, 509,691 particles from datasets 2-4 were pooled
together and subjected to 3D auto-refinement giving a final nominal
resolution of 2.21 Å. Masked refinement was performed on the small
subunit head, body, mS39 and tail to produce maps of 2.36 Å, 2.31 Å,
2.44 Å and 2.45 Å resolution, respectively and likewise for the SLU
body, L10-L7/L12 stalk, CP and L1 stalk to yield maps of 2.08 Å, 2.38 Å,
2.36 Å and 2.89 Å resolution, respectively. To improve the quality of
the L1-stalkmap, 220,906monosomeparticles with high occupancy of
E/E-tRNAwerepooled and subjected to partial signal subtraction using
the mask that retains the E/E-tRNA and L1-stalk, followed by 3D auto-
refinement to have a nominal resolution of 2.87 Å (Supplementary
Fig. 1 and Supplementary Table 1).

For separating the A/A-P/P-E/E and A/P-P/E states, all 994,919
monosome particles were subjected to signal subtraction using
the mask that retains the tRNA binding region. The tRNA binding
sites displayed weak densities corresponding to a heterogeneous
mixture of tRNAs bound with partial occupancy. Signal sub-
tracted particles were 3D classified without alignment using a
mask on the A-site. This yielded two main classes, one with den-
sity in the A-site (332,187 particles) and the other lacking it
(629,597 particles). Particles with density in the A-site were
selected and subjected to a second round of 3D-classification
using a mask around the P- and E-sites. Two classes were selected,
one with P/P- and E/E-tRNA density and other in hybrid state with
P/E-tRNA density. All 3D classifications with signal subtracted
particles were performed using a T-value of 400. The subtracted
signal was reverted for these two classes, corresponding to the A/
A-P/P-E/E state (82,522 particles) and A/P-P/E state (20,143 parti-
cles). Following 3D auto-refinement, the nominal resolution of the
cosmplexes was 2.63 Å and 2.98 Å, respectively. Masked refine-
ment for the classical state was performed using local masks on
SSU head, body, tail, and mS39 to produce maps at 2.72 Å, 2.75 Å,
2.91 Å and 2.93 Å resolution, respectively. For the LSU body, L10-
L7/L12, CP, and the L1 stalk regions, the resolution was 2.44 Å,
2.84 Å, 2.78 Å and 3.20 Å, respectively. Masked refinement for the
hybrid state was performed using the same local masks as for the
classical state but transformed to compensate for the structural
differences. This produced maps for the SSU head, body, tail, and
mS39 to produce maps of 3.03 Å, 3.07 Å, 3.39 Å and 3.47 Å

resolution, respectively. For the LSU body, L10-L7/L12 region, CP,
and the L1 stalk masks, the resolution was 2.84 Å, 3.29 Å, 3.25 Å
and 3.53 Å, respectively. The maps were then subjected to mod-
ulation transfer function correction, automatic B-factor sharpen-
ing and local resolution filtering using RELION-3.1
(Supplementary Fig. 2, Supplementary Table 1).

Model building and refinement
We started by building a model into the 2.21 Å resolution consensus
map. The startingmodel for the LSUwas taken fromPDB ID: 6ZSG, and
for the SSU from PDB ID: 6RW4. These models were rigid body fitted
using UCSF Chimera96. Individual local-masked refined maps with
local-resolution filtering and B-factor sharpening (RELION 3.1) super-
posed to the overall map were combined into a single composite map
using Phenix.combine_focused_maps97 for model building and refine-
ment. Coot v0.998 with Ramachandran and torsion restraints was used
for model building.

The L1-stalk model was built using the 2.87 Å resolution masked-
refined map of L1 stalk from E/E-tRNA-containing particles. Initial
model for uL1m was generated by homology-modeling with
uL1 structure of T. thermophilus (PDB ID: 3U4M) as template using the
Swiss-Model webserver99. The N-terminal extension of uL1m (residues
61–93), the C-terminal domain (residues 158–254) and the preceding
loop (residues 148–157) of uL9m, and H76-77 (residues 2761–2786) of
16 S rRNA were modeled manually into the density. Mitochondria-
specific C-terminal extension of uL9mwasmodeled as a helix based on
the density and secondary structure prediction by PSIPRED100. The
model was rigid body fitted into the respective local-masked refined
maps for L1 stalk region in the A/A P/P E/E and A/P/E states followed by
self-restrained real space refinement in Coot v0.9.

In the CP, the tRNAVal could be completely modeled, owing to
the improved resolution of the local masked-refined map (2.36 Å).
The 3′-CCA terminus (C74–A76) and a valine residue linked to A76
could be placed on the density map. The N-terminus of mL40 was
extended by 13-residues (47–59) modeled in a tubular wedged
between the A- and P-site tRNAs to the phosphate backbone of
mRNA residue 7. Similarly, the C-terminus of bL31m was extended
by 31 residues (95–125) from the C-terminal helix onto SSU head.
The local resolution was sufficient for accurate side-chain mod-
eling for most residues and secondary-structure assignments. We
modeled a disulfide linkage between C45-C76 of mS37. However,
they might exist in both disulfide-linked, and reduced states as
indicated by the density and a water mediated hydrogen bond
with a neighbouring Arginine side chain (R240 from uS7m).
The other pair C55-C66 appears to be reduced. However, as we
had added 1mM DTT to our ribosome purification buffers, this is
not truly indicative of the native state of C45-C76 or C55-
C66 pairs.

At the mRNA channel entrance, a more accurate and com-
plete model of mS39 could be built with 29 residues added to the
structure. Improved local resolution enabled unambiguous
assignment of residues to the density which allowed us to address
errors in the previous model. Finally, a total of 28 α-helices could
be modeled in their correct register and orientation. Further, a
28-residue long N-terminal loop of mS31 (residues 247–275) along
mS39 and mitochondria-specific N-terminal extension of uS9m
(residues 53–70) approaching mRNA were modeled manually by
fitting the loops into the density maps.

Polyamines were identified upon a further manual inspection of
the density map for the presence of continuous tubular densities
which corresponded to spermine, spermidine or putrescine in length.
A total of one spermine, four spermidines and one putrescine were
placed in the model, justified by the electrostatic and hydrogen-
bonding interactions that each polyamine exhibits at its amine groups
with its neighbors.
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Metal ions, Mg2+, K+ and Zn2+, were modeled into densities based
on a manual inspection of small density blobs and the chemical
environment, specifically, coordination geometry and strength of
density in both unsharpened and local resolution filtered maps. The
coordination distance of Mg2+ is around 2Å with an octahedral geo-
metry, whereas that of K+ is around 3Å with more relaxed constraints
on coordination geometry. Notably, a density that was modeled pre-
viously as Zn2+ coordinated by residues D224, D240, D241 and H93 of
uS2m was assigned as a magnesium ion, indicated by the octahedral
geometry of coordination with the uS2m residues mentioned above
and two water molecules.

A-, P- and E-site tRNAs, and mRNA were modeled manually in the
density. The density for tRNAs and mRNAs comes from a natively-
bound heterogeneous population. Hence, individual residues were
modeled as one of the nucleotides, A, U, G, or C, based on the density
and/or conservation. While the 70 residues of P-site tRNA could be
modeled, fewer residues could bemodeled for the A-site (22 residues)
and E-site tRNAs (43 residues), including the acceptor arm and antic-
odon loop due to weaker respective densities. Along the mRNA
channel, 34 residues of mRNA were built. In the tRNA binding region,
codon-anticodon pairs were clearly resolved. Additionally, extra resi-
dues near the A-site (10-12, 14-16) and at the mRNA channel entrance
(25, 27-29) were modeled accurately into density. For the remaining
mRNA chain at a relatively lower resolution, correct overall chain trace
and nucleotide orientation could be assigned. This allowed specific
protein-nucleotide interactions tobe identified foruS5m,uS7m, uS9m,
uS12m, mS35, mS39 and mL40.

For modeling the classical A/A P/P E/E- and hybrid A/P P/E-states,
the LSU and SSU from the consensus model were fitted into their
composite maps, followed by manual revision. As described above,
tRNAs and mRNA were modeled manually into the density.

The water molecules were automatically picked by Coot v0.961,
followed by manual revision. Geometrical restraints of modified resi-
dues and ligands used for the refinement were calculated by Grade
Web Server (http://grade.globalphasing.org) or obtained from CCP4
library101. Hydrogens were added to the models except for water
molecules by REFMAC5102 using the prepared geometrical restraint
files. Chargedα-amino-group hydrogens (H2 and H3) and a free-ribose
hydrogen HO3′ were removed from non-terminal protein and RNA
residues, respectively, while those at terminal residues were kept.
Protonation of Histidine residues were judged based on the chemical
environment and removed or kept their N-H hydrogens (HD1 and HE2)
accordingly. Protonation/deprotonation of ligands and modified resi-
dues were also adjusted.

Final models were further subjected to refinement with Phe-
nix.real_space_refine v1.13_299897, wherein three macro-cycles of glo-
bal energy minimization with reference restraints (using the input
model as the reference, sigma 5-7) and secondary structure restraints,
rotamer restraints but without Ramachandran restraints were carried
out for each model. The composite maps were used as the targets for
the refinement. An ‘edit’ file that definesmetal-coordination bondswas
generated by ReadySet in the Phenix suite and used. Non-canonical
covalent bonds, which are those between tRNAVal and Valine and
between 1-methyl-isoaspartate 184 and G185 in uS11m, were also
defined in the ‘edit’ file. Model refinement data are listed in Supple-
mentary Table 1.

Bioinformatic analysis of the Y-N-C-Y motif
The density and base-specific interactions of mRNA residues 25-
28 with mS39 imply a sequence of pyrimidine, any nucleotide,
cytosine, pyrimidine, leading to a consensus motif: Y-N-C-Y. We
explored the possibility of increased frequency of this motif in
mRNA sequences. The sequences for all 13 mRNAs were obtained
from GenBank. The consensus motif was searched in each
sequence and all occurrences (including ones that overlap) were

recorded and used to calculate the percentage frequency of
occurrence for each transcript and the average percentage fre-
quency. To determine if there is an enrichment of this motif in
mRNAs, we calculated its occurrence in a set of nuclear-encoded
mRNAs. To create this set, we acquired sequences randomly from
GenBank and subjected them to a 90% redundancy cut-off,
resulting in a total of 1387 sequences. The percentage frequency
of occurrence of Y-N-C-Y motif was determined for each of the
1387 sequences and used to calculate an average percentage
frequency for the entire set. Next to determine the distribution of
the Y-N-C-Y motif across the length of mRNAs, each occurrence
was plotted against its position number in the mRNA sequence.
This distribution for all 13 mRNA sequences was plotted together
for comparison.

Molecular dynamics simulations: modified force fields for
simulating a truncated mL64 protein and modified interactions
with protein uL1m
Baseline force field used for simulations of P/E formation. An all-
atom multi-basin structure-based “SMOG” model59,60 of the mitoribo-
somewas used to simulate P/E formation. For this, we first constructed
single-basin structure-based models for the pre- and post-
translocation configurations (A/A-P/P and P/P-E/E). We then com-
bined the two models, such that the composite model stabilizes both
the pre- and post-translocation configurations. Here we describe the
baseline model, which is described in the main text. In subsequent
sections, we provide detailed descriptions of all modified force fields.

In a single-basin all-atom structure-based model, every non-
hydrogen atom is represented by a bead of unit mass, and an
experimentally-obtained structure is used to define the potential
energy minimum. The functional form of the potential is given by
equation (1):
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r0 and θ0 parameters are assigned values found in the Amber ff03
force field103. The dihedral parameters ϕ0 are defined by the experi-
mental structure. χ0 non-planar improper dihedrals (around chiral
centers) are also defined to have the values adopted in the experi-
mental structures. Planar dihedral angles are given a cosine term with
periodicity 2 and minima at 0 and 180 degrees. The energy scale is set
to ϵr = 100

ϵ
A2 ,ϵθ =80

ϵ
rad2 ,ϵχ imp

= 10 ϵ
rad2 ,ϵχplanar =40

ϵ
rad2, where ϵ is the

reduced energy scale. Thedihedral and contact energy scales ϵbb,ϵsc,ϵC
are normalized as in ref. 59.This combination of structure-based non-
bonded terms and AMBER bonded terms is identical to the imple-
mentation of a previous SMOG-amber variant (called SBM_AA-amber-
bonds104 in the SMOG 2 force field repository (called SBM_AA-amber-
bonds in the SMOG 2 force field repository at smog-server.org),
though post-transcriptionally-modified residues were added for the
current model. Upon publication, the SMOG 2 force field templates
used in the current studywill be available for downloadon the SMOG2
force field repository (ID: AA_PTM_Hassan21.v1).
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For the non-bonded interactions, each atomic contact that is
found in the experimental structure (i.e. “native” contact) is given an
attractive Lennard-Jones-like interaction that stabilizes a preassigned
structure. Native contacts were defined based on the Shadow Contact
Map algorithm with default parameters105. σij are the interatomic dis-
tances between contacts in the native structure, multiplied by 0.96. As
employed previously in simulations of the ribosome106,107 and viral
capsids104, this scaling of the contact distance was employed to avoid
artificial expansion of the ribosome that results from thermal energy.
That is, while the potential energy is defined such that the experi-
mental structure is the globalminimum, thermal energy leads to a free-
energy minimum in which the ribosome is slightly expanded. By
shortening the stabilizing interactions, the free-energy minimum is
consistent with the experimental structure. For this comparison, the
radius of gyration (Rg) was used as a measure of expansion. With this
scaling of the contact distances, Rg was found to match that of the
cryo-EMmodel. All non-native contacts are given a repulsive term that
ensures excluded-volume steric interactions are present. The para-
meter σnc is given the value 2.5 Å, while ϵnc =0:1ϵ:

Stabilizing intra-ribosome contacts and dihedrals were assigned
the values found in the A/P-P/E (SSU rotated) hybrid structure, which is
described in themain text. This ensures that the SSU rotates forward in
each simulation. Each simulation is initiated from the A/A-P/P con-
formation. All intra-mt-tRNA and intra-mt-mRNA contacts were
defined based on the A/A-P/P structure. Since stabilizing contacts in a
structure-based model describe effective interactions108,109, we
rescaled the strengths of subsets of contacts within the model. Con-
sistent with recent simulations of P/E formation in bacteria106, inter-
actions that stabilize the structure of the ribosome (i.e. intra-
ribosomal) are given larger weights than contacts that are only
transiently-formed (e.g. tRNA-ribosome contacts). Relative to intra-
ribosome contacts, the energetic interactions between the mt-mRNA-
tRNA complex and the SSU (in A/A-P/P and P/P-E/E structures) were
rescaled by a factor of 0.3. While these interactions were weaker than
intra-ribosomal contacts, since the simulations were not performed
under conditions in which translocation will occur (e.g., binding of
elongation factors or back-rotation, etc), the mt-mRNA maintained its
initial positionon themRNA trackof the SSU. P/P-E/E contacts between
themt-tRNA and the uL1m protein were rescaled by a factor of 0.8 and
all other interactions between mt-mRNA-tRNA and the LSU were
rescaled by a factor of0.1. This rescalingwas applied to account for the
transient nature of mt-mRNA-tRNA binding to the ribosome. The
strength of the uL1m-tRNA contacts was set such that the P/E config-
uration would stably form contacts with the uL1m protein. When
contacts were scaled below a factor of ~0.5, we found that uL1m could
not form stable interactions with the mt-tRNA.

Interactions between the 3’-CCA ends of A-site and P-site mt-
tRNAswith the A-site and the P-sitewere scaled by a factor of 0.2, while
their interactions with P-site and E-site were scaled by a factor of 0.8.
This leads to the mt-tRNA molecules favoring binding of their target
sites (i.e., sites bound in the P/E configuration) on the ribosome. While
the interactions with the subsequent binding site (i.e., A-site mt-tRNA
with the P-site and P-site mt-tRNA with the E-site) were stronger, these
contacts are short range (~6 Å). Accordingly, the stronger weights do
not affect the dynamics of the mt-tRNA until it is very close to the
binding site. Thus, the details of the final repositioning of the 3’-CCA
tail of the P-site mt-tRNA should not be overinterpreted. While the
contacts are short-range, the structure of the mitoribosome may
introduce steric barriers that the mt-tRNA must navigate in order to
adopt the P/E configuration109. With these considerations in mind, the
current model is aimed at identifying structural elements that can
impose steric limitations on mt-tRNA during P/E formation.

There were also two sets of harmonic potentials that were intro-
duced. Tomimic the presence of a nascent peptide chain, whichwould
restrain the 3’-CCA end of the A-site tRNA to the PTC, we introduced

weak harmonic restraints (weight of 1/nm2) between the 3’-CCA end of
the A-site tRNA and the P site of the LSU. Distances were assigned
based on the P/P conformation. These weak interactions ensured that
the 3’-CCA end remains localized to the PTC. We also introduced
harmonic potentials between base-pairing contacts in the mt-tRNA
acceptor arm (weight 1000/nm2). Due to the details of the contact
map, initial simulations exhibited partial unfolding/refolding of the
acceptor armduring P/E formation. Since thatwas likely an artifact due
to the simplicity of the model and the details of the contact map
definition, these additional harmonic termswere introduced to ensure
the tRNA acceptor arm remained folded throughout the transition.

Modified force fields. Multiple variants of the model (i.e., force field)
were considered, in order to investigate the influence of steric inter-
actions between the P-site mt-tRNA and C-terminal residues of mL64
and to investigate the influence of attractive interactions between
uL1m and P-site mt-tRNA on P/E formation.

Truncated-mL64model:ΔmL64 forcefield. TheC-terminal regionof
mL64 is involved in steric interactions with the mt-tRNA. For ΔmL64
model, the C-terminal region of mL64 (beginning with Q112) was
removed from the system. Q112 was chosen as truncating here guar-
antees no steric interactions between mL64 and the mt-tRNA and
keeps the rest of the protein intact. Thus, all other interactions were
unperturbed. This model is intended to mimic an ideal experiment,
where one could delete the terminal region of mL64 without intro-
ducing indirect effects on the dynamics. In our application, thismodel
allows us to ask what effect steric interactions between P-site mt-tRNA
elbow and mL64 have on the dynamics of P/E formation. Deletion of
this region from the model was achieved using the smog_extract tool
of the SMOG 2 software package59.

Modified-uL1m model: ΔuL1m force field. All stabilizing contacts
between uL1m and the P-site mt-tRNA that are formed in the P/P-E/E
state were scaled by a relative factor of 0.1, rather than 0.8 (baseline
model, above). Thus, by weakening the attractive interactions, there is
insufficient stabilizing energy between uL1m and the P/E tRNA, such
that the tRNA elbow does not fully reach the P/E configuration.

Combined truncated mL64 and modified uL1m model: ΔmL64-
ΔuL1m force field. All modifications applied in the truncated mL64
model and the modified-uL1m model were included in a single com-
bined force field.

Simulation details. All simulations were initiated from the pre-
translocation A/A-P/P configuration. All force field files were gener-
ated using the SMOG 2 software package59. Molecular dynamics
simulationswereperformedusingGromacs (v5.1.4)110,111. Reducedunits
were used in all calculations. Energy minimization was first performed
using steepest descent minimization. The system was then coupled to
a heat bath using Langevin Dynamics protocols, with reference tem-
perature of 0.5 ɛ/kB reduced temperature units (60 Gromacs units).
This temperature was chosen since it has been shown to produce
structural fluctuations that are consistent with those inferred from
anisotropic B-factors and explicit-solvent simulation112. The timestep
was 0.002 reduced units and each simulation was continued until the
distanceof the3’-CCAend from the LSUE-siteRCCA reached avalue less
than 4Å. Energy minimization was initially performed using steepest
descent minimization. Each simulation was performed for a maximum
of 108 timesteps. For the primary/baselinemodel described in themain
text (327 simulations)weobtained an aggregate simulated time of 2.27
*106 reduced units. For the truncated mL64 model (ΔmL64 model)
(321 simulations), the aggregate simulation time was 1.87 *106 reduced
units. For the attenuated uL1m contacts model (ΔuL1m model)
(237 simulations), the aggregate simulation time was 1.76 *106 reduced
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units. For the ΔmL64-ΔuL1m model (181 simulations), the aggregate
simulation time was 1.04 * 106. Previous comparisons of diffusion
coefficients of tRNA molecules in the ribosome (explicit-solvent
simulations vs. SMOG models), estimate that 1 reduced unit corre-
sponds to an effective timescale of approximately 1 nanosecond113.
Using this conversion factor, the presented simulations represent an
aggregate effective simulate time of ~ 6.94 milliseconds.

Structural metrics for describing simulated dynamics. - A-site mt-
tRNA, RP

CCA: distance between the geometric centers of the side chains
of C75 in the A-site mt-tRNA and Gm2815 in the LSU rRNA. These
residues base pair in the A/P-P/E and P/P-E/E configurations.

- P-site mt-tRNA, RP
CCA: distance between the geometric centers of

the side chains of C75 in the P-site mt-tRNA and Gm2815 in the LSU
rRNA. These residues base pair in the A/P-P/E configuration.

-RCCA: distance between the geometric centers of the side chains
of A76 in the P-site mt-tRNA and G2909 in the LSU rRNA. G2909 in the
E-site forms a base stacking interaction with A76 of P-site mt-tRNA in
the A/P-P/E configuration.

-Relbow: distance between geometric centers of U54 of P-site mt-
tRNA and its reference position in the A/P-P/E configuration after
alignment of the LSU rRNA.

- QL1�tRNA: the fraction of P/P-E/E contacts between uL1m and
P-site mt-tRNA. A contact is defined as formed if it is within a factor of
1.2 of the distance found in the P/P-E/E configuration.

SSU rotation and tilt angles. To follow the rotary motions of the SSU
body with respect to the LSU, we calculated rotation and tilt angles for
both the SSU body. For this, we first determined the corresponding E.
coli numbering of the mitoribosome rRNA residues via STAMP
alignment114 of the mitoribosome to a reference E. coli structure (PDB
ID: 4V9D, [https://doi.org/10.2210/pdb4V51/pdb]). Alignment was
performed separately for the LSU, SSU head and SSU body. The angles
were then calculated, using the assigned E. coli numbering.

Structural model preparation for simulations. Since the cryo-EM
models didnot resolve the exact sameset of atoms, therewasa need to
perform some additional structural modeling steps prior to perform-
ing simulations. For example, to define themulti-basin structure-based
model, it was necessary for each mt-tRNA molecule to have identical
atoms in the pre- and post-translocation configurations. Additionally,
to define the intra-ribosome interactions to stabilize the A/P-P/E con-
formation, it was necessary that all mt-rRNA and mitoribosomal pro-
teins had identical atomic composition. While most of the resolved
atoms are common to all reported models, we employed restraint-
based modeling to construct models of the mitoribosome and mt-
tRNA that have identical compositions. Below, we describe the steps
required for modeling the mitoribosome and mt-tRNA.

Structuralmodelingpre-processing steps for rRNAandproteins for
simulations. Since the structure-based model only included intra-
ribosome interactions from the A/P-P/E structure, we first removed all
mt-tRNA and mt-mRNA from the A/A-P/P and A/P-P/E models. We also
removed ligands andwatermolecules (HOH, SPD, PUT,NAD, SPM). For
the remaining atoms, we identified all atoms that were common to the
A/A-P/P and A/P-P/E structures. We then generated a single-basin
structure-based model of the A/A-P/P structure. Next, position
restraints (harmonic terms, weight of 100 for each atom) were intro-
duced for all common atoms, with positions corresponding to the A/P-
P/E structure. The system was then energy minimized via steepest
descent minimization. Then, the system was subject to simulated
annealing. The system was initially simulated at 0.15 reduced tem-
perature units for 25,000 timesteps. The temperaturewas then linearly
decreased to 0 over the next 50,000 timesteps. An additional
25,000 steps were simulated at temperature 0. The final, annealed

structural model was used for force field generation steps, as
described above.

Structural modeling pre-processing steps for mt-tRNA and mt-
mRNA. Since the cryo-EM reconstructions reported consensus/aver-
age sequences for each mt-tRNA, the composition of the A-, P- and
E-site mt-tRNAs were not identical. To perform simulations, we
homogenized the composition of themt-tRNAmolecules in the A/A-P/
P-E/E structure and the mt-tRNA codons. For this, we started with the
structural model of the A-site mt-tRNA (and the associated codon)
from the A/A-P/P structure, and then used it to generate a structure-
based model. We then introduced position restraints based on the
positions of the A-site mt-tRNA in the A/A-P/P-E/E structure. All com-
mon atoms (i.e., backbone atoms, or atoms in identical residues) were
restrained to the A-site mt-tRNA/mRNA positions. For the A-site mt-
tRNA, restraintswere not imposedon residues 46–58and 16–17. Cycles
of minimization and annealing were performed, where the position
restraints were given weights of 1, 10, 100 and then 1000. This process
was repeated for the P-site and E-site mt-tRNAs, as well as for the
upstream and downstreammt-mRNA. This process produced a model
of the A/A-P/P-E/E configuration that has repeating codons and iden-
tical mt-tRNA composition. This structural model was used to define
the pre-translocation and post-translocation structure-based models,
which were used to construct the multi-basin model.

Describing the sequence of rearrangements in simulations. To
describe the dynamics of the P-site mt-tRNA during P/E state forma-
tion, we have defined three states based on the 2D probability dis-
tribution of RE

elbow and RE
CCA distances (Fig. 8). These states are defined

as all configurations of the P-site mt-tRNA in the baseline model that
sample the following values of RE

elbow & RE
CCA:

state I1: disk centered at (RE
elbow,R

E
CCA) = (46,35) Åwith radius r = 6 Å

state I2: disk centered at (RE
elbow,R

E
CCA) = (63,23) Å with radius r = 8Å

state I3: disk centered at (RE
elbow,R

E
CCA) = (42,13) Åwith radius r = 7 Å

Using this definition of the intermediate states, themost common
sequence of transitions followed the order P/P = > I1 = > I2 = > I3 = > P/E.

Structure analysis and figures
Visualization and analysis of the models and maps was carried out
using UCSF Chimera and ChimeraX96,115. For model and map compar-
isons, models were superposed in Coot v0.961 using the Secondary
StructureMatching algorithm andmaps downloaded fromEMDBwere
resampled on our maps in UCSF Chimera. Simulated snapshots were
visualized using Visual Molecular Dynamics116.

Statistics and reproducibility
All experiments were done in at least biological triplicate unless
otherwise stated. GraphPad Prism 8 software was used for statistical
analyses of the data. One-way analysis of variance (ANOVA) was
performed, comparing the mean of each cell line with the mean of
the mS29-KO cell line reconstituted with WT mS29, followed by
Dunnett’s multiple comparisons test. The data is presented as the
mean ± SD; * P ≤0.05, ** P ≤0.01, *** P ≤0.001, **** P ≤0.0001. For
immunoblotting, band density is quantified and normalized to
ACTIN. Formetabolic labeling ofmitochondrially translated peptides
in whole cells, the data presented represents the mean of each
sample’s 35S signals.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The atomic coordinateswere deposited in theRCSBProteinDataBank,
and EM maps have been deposited in the Electron Microscopy Data
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bank under accession numbers: 7QI4 and EMD-13980 (consensus
monosome), 7QI5 and EMD-13981 (classical state), 7QI6 and EMD-
13982 (hybrid state). The atomic coordinates that were used in this
study: 3U4M (uL1 from T. thermophilus), 4V51 [https://doi.org/10.2210/
pdb4V51/pdb] (T. thermophilus ribosome with mRNA, tRNA), 4V9D
[https://doi.org/10.2210/pdb4V9D/pdb] (E. coli ribosome), 4Y4P
[https://doi.org/10.2210/pdb4Y4P/pdb] (T. thermophilus ribosome
with A-, P-, E-site tRNAs), 6QNR [https://doi.org/10.2210/pdb6QNR/
pdb] (T. thermophilus ribosome with experimentally assigned K+ ions)
6RW4 [https://doi.org/10.2210/pdb6RW4/pdb] (mtSSU with mtIF3),
6ZM5 [https://doi.org/10.2210/pdb6ZM5/pdb] (mitoribosome from
actinonin-treated cells) 6ZSG [https://doi.org/10.2210/pdb6ZSG/pdb]
(mitoribosome with mRNA, tRNA), 6ZTJ [https://doi.org/10.2210/
pdb6ZTJ/pdb] (E.coli expressome), 6ZTN [https://doi.org/10.2210/
pdb6ZTN/pdb] (E.coli expressome), 7K00 [https://doi.org/10.2210/
pdb7K00/pdb] (E. coli ribosome at 2 Å resolution). Source data are
provided with this paper.
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