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Abstract

The human mitochondrial ribosome (mitoribosome) and associated proteins regulate the synthesis
of 13 essential subunits of the oxidative phosphorylation complexes. We report the discovery of a
mitoribosome-associated quality control pathway that responds to interruptions during elongation,
and present structures at 3.1 and 3.3 A resolution of mitoribosomal large subunits trapped during
ribosome rescue. Release factor homolog C120rf65 (MtRF-R) and RNA-binding protein C6orf203
(MTRESL) eject the nascent chain and peptidyl tRNA, respectively, from stalled ribosomes.
Recruitment of mitoribosome biogenesis factors to these quality control intermediates suggest
additional roles for these factors during mitoribosome rescue. We also report related cryo-EM
structures (3.7 — 4.4 A) of elongating mitoribosomes bound to tRNAs, nascent polypeptides, the
GTPase elongation factors mtEF-Tu and mtEF-G1, and the Oxall translocase.

Mitochondria are double-membrane organelles with important roles in metabolism and ATP
generation. They have retained many features of their a-proteobacterial ancestry, including
their own genome and ribosomes (mitoribosomes). We and others have determined
structures of mitoribosomes from various eukaryotes (1-4). Human mitoribosomes comprise
a 395 large subunit (LSU) [52 proteins, a 16S ribosomal RNA (rRNA) and mt-tRNAY2!] and
a 28S small subunit (SSU) [30 proteins and a 12S rRNA] and synthesize 13 inner
mitochondrial membrane proteins encoded by mitochondrial DNA. These proteins are co-
translationally inserted into the mitochondrial inner membrane by the OxalL translocase,
where they are assembled with nuclear-encoded components into oxidative phosphorylation
complexes.

Little is known about mechanisms of co-translational ribosome-associated quality control
(RQC) in mitochondria, and if they exist, whether they operate any differently from those
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present in bacteria and the eukaryotic cytosol (5). Stalling can occur at any step of the
translation cycle due to defective mMRNAs, including absent in-frame stop codons,
truncations or inappropriate polyadenylation within the protein coding region (6), and tRNA
mutations or insufficiency (7). In these and other cases, RQC is critical to maintain cellular
homeostasis by rescuing stalled ribosomes, preventing protein misfolding and other aberrant
translation phenotypes (8, 9). Mitochondria however lack counterparts to bacterial rescue
mechanisms such as tfrans-translation, stringent control, and ArfA (10). ICT1, the presumed
mitochondrial ortholog of another bacterial rescue factor ArfB, was instead identified as an
integral component of the LSU (1, 3, 11). /n silico studies have proposed that other putative
mitochondrial release factors may exist, but without biochemical evidence (10).

We reasoned that any attempt to induce translational stalling might trap mitoribosomes at
various stages of the translation cycle in the act of nascent chain insertion into the inner
mitochondrial membrane, and generate intermediates suitable for structural analyses by
cryo-EM. We therefore purified mitoribosomes from a genetically engineered human cell
line that lacks the 2’-5" phosphodiesterase exonuclease 12 (PDE12). PDE12 facilitates the
maturation of mt-tRNA, mt-tRNALYS in particular, by deadenylating spurious poly(A) tails
from mt-tRNAs and restoring the 5’-CCA-3’. A PDE12 knockout can therefore lead to
aberrant polyadenylation of the 3" ends of mt-tRNAs and consequently, ribosome stalling
(12). During purification we included GMPPCP, a non-hydrolysable GTP analog, to prevent
dissociation of GTPases, mtEF-G1 and mtEF-Tu, from mitoribosomes, and n-Dodecyl pB-D-
maltoside (B-DDM) to solubilize mitoribosomes anchored to the mitochondrial inner
membrane via the OxalL translocase (13) (Figure S1). Exhaustive classification of over 3
million mitoribosomes imaged using cryo-EM yielded several structures at resolutions of 3.1
- 4.4 A (Table S1, Figure S2, S3, S4).

As expected, we observed a substantial proportion of stalled mitoribosomes. We also
observed two classes of LSUs with attached tRNA(S) and nascent polypeptide (Figure 1).
The presence of a nascent chain attached to a tRNA confirms that these classes represent
LSUs of ribosomes that have been split before termination and nascent chain hydrolysis
have occurred. Therefore, they represent intermediates in a hitherto unreported
mitoribosome-associated quality control (mtRQC) pathway.

The first LSU class was resolved to 3.1 A resolution and harbors both P- and E-site tRNAs
(Figure 1A). The tRNAs are secured by bridging interactions with elements of vicinal
proteins and other unassigned densities that span the inter-tRNA space (Figure S5A). The
Esite tRNA is further stabilized by D-loop interactions with uL1m, similar to those seen in
bacterial and mammalian structures (Figure 1A, inset) (14). We conclude that this class
represents an early mitoribosome-associated quality control intermediate that has been split
by an unknown mechanism upon stalling.

The second LSU class, determined to 3.3 A resolution, represents a rescue intermediate prior
to hydrolysis of the nascent chain. The resolution of this complex permitted unambiguous
identification and modeling of two proteins. The complex contains a peptidyl-tRNA that has
recruited a heterodimer of the release factor homolog C120rf65 (here renamed ‘mtRF-R’ for
mitochondrial Release Factor in Rescue) and MTRESL, a double-stranded RNA (dsRNA)
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binding protein (Figure 1B, C, S5B). There was excellent agreement between the protein
sequences and most side chain densities (Figure 1C). mtRF-R occupies the A site of the
LSU next to the peptidyl tRNA, whereas MTRES1 wraps around the anticodon stem-loop of
the peptidyl tRNA (Figure 2A, Figure S6A). The two proteins interact via the C-terminal
helix of mtRF-R and the S4-like domain of MTRES1. The observed binding of mtRF-R and
MTRESL is consistent with their co-immunoprecipitation from HEK293T cells (15).

mtRF-R structurally resembles the GGQ-containing catalytic domain of the bacterial release
factors RF1 and RF2. Like RF1/2, mtRF-R inserts a conserved GGQ motif into the peptidyl
transferase center (PTC) (Figure 1D). One major difference is that the C-terminal helix of
mtRF-R has split into two a-helices (a1 and a), whereas in bacterial release factors, the
equivalent helix (a7) is continuous (Figure 2A, B). The long a,-helix of mtRF-R, which
extends to contact MTRESL, is stabilized by the tip of helix 69 of 16S rRNA (Figure S6A,
B). In addition to the a.,-helical contacts, conserved Arg99 of the GGQ domain hydrogen-
bonds with C71 of the terminal 3’CCA, and GIn103 contacts position 1 of the tRNA (Figure
S6C).

The modeled residues of MTRES1 (129-216) bind the anticodon stem-loop of the P-site
tRNA as well as helix 69 rRNA and the C-terminus of the a.,-helix of mtRF-R (Figure S6,
S7). MTRES1 was predicted to contain an S4-like double-stranded RNA binding domain
(15). This region binds helix 69 and resembles the corresponding domain of the £. coli
ribosomal protein uS4, despite having only 15% sequence identity (Figure 2C, D). Other
regions outside the S4-like domain have diverged considerably to confer tRNA and mtRF-R
binding ability. The conserved a1 and a., helices of the S4-like domain make specific
contacts with helix 69 of the 16S rRNA (Figure S6D). MTRES1 also interacts with a
double-stranded region of the peptidyl tRNA (Figure S6E), where stabilizing contacts are
made between positive residues of p; and B4 against the backbone of positions 24, 36 and 37
of the tRNA. MTRES1 and mtRF-R interact with each other predominantly using the C-
termini of their respective a, helices, via a salt bridge and a network of hydrogen bonds and
hydrophobic interactions (Figure S6F).

Comparison of the two post-splitting classes reveals the order of events along the mtRQC
pathway. We conclude that the first class is an early post-splitting state of the LSU that
serves as the substrate for mtRF-R to bind the empty aminoacyl site in the PTC.
Concomitant binding and repositioning of the peptidyl tRNA by MTRES1 (compare
peptidyl tRNA positions in Figure 2A, B) would eject the E-site tRNA and allow the mtRF-
R/MTRESLI heterodimer to hydrolyze the nascent chain and extract the tRNA. RQC
pathways must target the small population of stalled ribosomes while sparing the majority of
active ribosomes from futile rescue. This pathway is specific for stalled and split
mitoribosomal LSUs because: (i) actively translating ribosomes rarely persist with an empty
A site, (ii) the kinked a.1-a arrangement of mtRF-R would sterically clash with an SSU if
present, and (iii) mtRF-R is stabilized by packing against MTRES1, an ordered helix 69 of
the 16S rRNA and the peptidyl tRNA, all of which are absent in empty LSUSs.

In this LSU class undergoing rescue (Figure 1B), nascent chain hydrolysis has not occurred
owing to unfavorable geometry between the attacking and leaving groups (Figure 1D) (16).
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Although our map likely contains averaged density from many mitochondrial nascent
peptides, it is also consistent with a lysyl residue in the PTC in a flipped position that we and
others observed in mammalian cytosolic ribosomes stalled on poly(A) and with a poly-lysine
nascent chain (16). The e nitrogen of the glutamine is methylated as seen in other release
factors but is ~4.8 A away from the carbonyl carbon of the lysyl residue, which is too far for
a nucleophilic attack on the ester bond and could explain why the nascent chain has not yet
been hydrolyzed. Our structure raises the question of whether mtRF-R can hydrolyze a
suitable substrate /77 vitro. Among the putative mitochondrial release factors, only mtRF1a,
the canonical mitochondrial termination factor and ICT1, a constitutive 39S protein have
proven peptidyl-tRNA hydrolase activities, but previous /n vitro experiments that failed to
detect mtRF-R activity were performed without MTRESL1 and used intact bacterial 70S
ribosomes as substrate (11, 17, 18). We therefore reasoned, based on our structure, that
mtRF-R too may hydrolyze bacterial ribosome-nascent chains (RNCs), provided (i) 70S-
RNCs are first split into 50S-RNCs and (ii) MTRESL is also present. This is indeed the case
(Figure S8) showing that mtRF-R acts as a release factor on stalled LSU tRNA-nascent
chains.

The importance of this rescue pathway is highlighted by the fact that mtRF-R is essential for
mitochondrial protein synthesis (19, 20) and that mutations lead to human disease
phenotypes (10), especially the triad of optic atrophy, peripheral neuropathy and spastic
paraparesis. Autosomal recessive mutations result in mtRF-R truncations, the extent of
which largely, but not exclusively, correlate with severity of disease phenotypes (17, 19, 20)
(Figure S9). At the same time, MTRES1-knockout human cells exhibit reduced
mitochondrial translation and oxidative phosphorylation deficiency (15).

The mtRF-R/MTRES1 mtRQC pathway is reminiscent of, but differs mechanistically from
the eukaryatic cytosolic system of the yeast tRNA endonuclease Vmsl (ANKZF1 in human)
and the ABCF-type ATPase Arbl (21, 22). Both systems address the cellular need to release
nascent chains from stalled ribosomal large subunits but operate via nascent chain hydrolysis
and tRNA nucleolytic cleavage, respectively. Analogously to bacterial and mammalian
RQC, the mitoribosomal mRNA and nascent chain must be extracted following hydrolysis
and targeted for degradation.

Previous work identified a module of three factors, MALSU1 (mitochondrial assembly of
ribosomal large subunit 1, C70rf30), LOR8F8, and mt-ACP (mitochondrial acyl carrier
protein) that functions during mitoribosome biogenesis to bind immature LSUs and prevent
premature subunit association (23). Intriguingly, we find the same MALSU1/LOR8F8/mt-
ACP module on both the early post-splitting, and later rescue intermediates (Figure 1A, B),
suggesting that the module is recruited to block subunit joining during tRNA and nascent
chain removal from the split LSU. Other regulatory factors such as elF6, ABCEL, and elF3
prevent premature subunit joining during ribosome biogenesis, initiation and ribosome
recycling after termination as well as after ribosome rescue (23-27). We propose that the
MALSU1/LOR8F8/mt-ACP module functions during both biogenesis and rescue by
preventing subunits of mitoribosomes from associating prematurely.
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In addition to the two rescue pathway intermediates described above, our dataset also
captured all of the main states during normal translational elongation by mitoribosomes
except for one (Figure 3, 4). One intermediate (Figure 3A, S10A) has stalled with an empty
A site and is likely rescued by mtRQC. Another observed class captures a state during
decoding (Figure 3B, S10B) and contains a pre-accommodated mt-tRNA delivered to the A
site of the mitoribosome by mtEF-TusGMPPCP. The mitochondrial ternary complex (Figure
S10C, S11A-C) closely resembles the equivalent GMPPCP-bound complex on the bacterial
ribosome. The decoding nucleotides A1561 and A1562 of helix 44 in the 12S rRNA (E&. coli
A1492 and A1493) both flip out to read the minor groove of the double-stranded helix
formed between the +1, +2 and +3 A-site mMRNA nucleotides and the anticodon of the A/T
tRNA (Figure S10B, S11D). As in other ribosomes, correct decoding induces domain
closure, a large scale movement of the body of the SSU that activates GTP hydrolysis and
tRNA accommodation (28).

Domain closure is also observed in mitoribosomes with an accommodated cognate tRNA in
the A site (A/A, P/P, E/E; Figure 3C) but not in ribosomes with an empty A site (Figure 3A).
The poor local resolution in the former class precluded direct visualization of the ester bond
between either tRNA and the nascent chain, but the absence of a P/E hybrid tRNA implies
that peptidyl transfer has not yet occurred. Particles in which peptidyl transfer has already
occurred are also present in the dataset, resulting in mitoribosomes in the rotated-1 state with
AJA and P/E tRNAs (Figure 3D). mRNA, tRNA, rRNA and protein interactions observed in
the mtEF-Tu-bound map (Figure 3B, S10B, S11D) are preserved in the decoding center of
the mitoribosome bound to A, P and E tRNAs (Figure 3C).

In contrast, decoding centers of stalled mitoribosomes have rearranged significantly (Figure
3A, inset, S10A). In the absence of PDE12, these ribosomes have likely stalled with AAG or
AAA codons in the A site (12). Consecutive AAA codons such as those in poly(A) tails have
a particular propensity to base-stack in the decoding center even without stabilizing Watson-
Crick base-pairing interactions with an A-site anticodon (16). Thus, our map would also be
consistent with stalling on poly(A) stretches of mitochondrial mMRNAs. As seen previously in
cytosolic ribosomes, base-stacked poly(A) nucleotides induce A1562 but not A1561 to flip
out and participate in the stack. The stack is capped at the 3’ end by C1485.

Following peptidyl transfer, the GTPase mtEF-G1 translocates the A/P and P/E hybrid
tRNAs (rotated-2) into the P/P and E/E states, respectively, accompanied by a corresponding
movement of the mMRNA. We determined a 3.7 A resolution structure of an mtEF-
G1-GMPPCP-bound mitoribosome in the post-translocation state with P/P and E/E tRNAs
and a nascent polypeptide chain (Figure 3E).

The bacterial elongation factor EF-G*GTP is bifunctional and not only translocates mMRNA-
tRNA through the ribosome, but also recycles the ribosome after termination, in conjunction
with ribosome release factor (RRF). In human mitochondria, these roles are fulfilled by two
EF-G paralogs, mtEF-G1 and mtEF-G2, respectively (29). mtEF-G1 is a homolog of
bacterial EF-G with an identical five-domain architecture (30) (Figure S10D, S11E-H). The
GTP binding domain I(G) is in a pre-hydrolysis conformation as previously described in
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bacteria (30). Switch loops I and Il are ordered around the bound GMPPCP (Figure S11G,
inset).

Electron cryotomographic studies have observed human mitoribosomes at the mitochondrial
inner membrane, likely in complex with the translocase OxalL (13). A direct connection
between mitoribosomes and OxallL would facilitate co-translational insertion of
mitochondrial proteins. To investigate nascent chain translocation, we performed focused
classification with signal subtraction (FCwSS) on the ribosomal exit tunnel using particles
from the whole dataset (Figure S3). OxalL was present in our samples as confirmed by
western immunoblotting and mass spectrometry (Figure S1B, C) and is also seen in both
LSU and monosome maps (Figure S3, S12A), providing evidence that normal translational
elongation as well as rescue and recycling occur during nascent chain insertion into the
mitochondrial inner membrane. The best map of OxalL was obtained from one additional
round of FCwSS around the exit tunnel on the 39S particles and refined to 3.1 A (Figure S3,
S12). Most of Oxall was at low resolution, presumably due to inherent flexibility, and we
could only model the C-terminal tail as alanines. Oxall contacts two mitoribosomal
proteins uL24m and mL45. The C-terminal tail (30 residues) wrap over the surface of
uL24m (Figure S12B). On the other side of the exit tunnel, it contacts an a-helix of mL45.
The nascent chain can be traced from the 3’CCA of the P-site tRNA throughout the
polypeptide tunnel and as it emerges from the tunnel exit, but becomes disordered before
contacting Oxall.

A paradigm shift occurred in the field of translation when it was discovered that cells use the
translation machinery itself to detect errors and activate quality control mechanisms.
Although the existence of quality control in mitochondria was predicted based on analogy
with bacteria and eukaryotic cytosols, very little was known about the molecular
mechanisms. Our discovery of a mitoribosome-associated quality control pathway (Figure 4,
bottom) and structural characterization of elongating mitoribosomes (Figure 4, top) now set
the stage for further understanding of the regulation of mitochondrial translation. We also
demonstrate that exhaustive /17 sifico classification of large cryo-EM datasets can serve as a
viable alternative strategy to uncover processes involved in translation in the absence of
suitable /n vitrotools.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Once sentence summary

Elongationally-stalled mitochondrial ribosomes are rescued by a mitoribosome-
associated quality control pathway.
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Fig. 1. Structures of split mitoribosome inter mediates under going quality control
A) Overall structure of mitochondrial large subunit complexed with P, E tRNAs, nascent

chain and elements of proteins of the large subunit. (inset) Packing interactons between the
D-loop of the E-site tRNA and the L1 stalk. (B) Overall structure of mitochondrial large
subunit in complex with a P tRNA, nascent chain, mtRF-R and MTRES1. (C) Map-model
fits for MTRESL (lef) and mtRF-R (right). The N- (blue) and C- (red) terminal ends are
indicated. The good local resoluton permits unambiguous assignment of the backbone and
most sidechains (shown as lines). (D) Close up view of the ribosomal peptdyl trans-ferase

Science. Author manuscript; available in PMC 2021 May 27.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Desai et al.

Page 13

center (PTC) showing cryo-EM density for interactons between the CCA end of the P tRNA
and the GGQ domain of mtRF-R poised to hydrolyse the nascent chain.
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Fig. 2. Comparison of mtRF-R and MTRESL1 with bacterial homologues

A) mtRF-R (orange) and MTRESL1 (dark pink) together resemble domains Il and Il in
bacterial RF2. The peptdyl tRNA has been repositoned towards the E site (doted arrow) and
the long a2-helix of domain 111 has remodeled to bind MTRES1, which wraps around the
peptdyl tRNA. (B) Bacterial class | release factor (domain I, blue; domain 11, pink; domain
111, orange; domain 1V, yellow) in the A site of a terminatng 70S ribosome. The peptdyl
tRNA (green) and mRNA (blue grey) are also shown. The asterisk indicates the PXT motf
that recognizes the stop codon (PDB 5MDV). (C) Comparison of £. co/i uS4 and human
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MTRESL. The structurally conserved dsRNA-binding region is shown in blue. Note that the
rest of the proteins are topologically different (magenta vs dark pink). (D) Structure-based
alignment and secondary structure of the two proteins.
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Fig. 3. Structures of active and stalled elongation intermediates
(A) Structure of an elongatng mitoribosome stalled with an empty A site and bound to P-

(green) and E-site (yellow) tRNAs. (Inset) Close-up view of interactons between the mRNA
(pale blue) and decoding bases of the 12S rRNA (yellow). (B) Elongatng mitori-bosome-
nascent chain complex during decoding of an incoming A/T tRNA bound to mitochondrial
elongaton factor Tu (mtEF-Tu). The arrow indicates the directon of translaton. (C) Canonical
state bound to A, P and E tRNAs. (D) Rotated-1 state with A/A and P/E tRNAs. The nascent
chain is atached to the A/A tRNA but the ester bond is not seen due to poor resoluton.
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Coordinates not deposited. (E) Post-translocated state bound to mitochondrial elongaton
factor G1.

Science. Author manuscript; available in PMC 2021 May 27.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Desai et al. Page 18

Peptidyl

GTP hydrolysis transfer
Accommodation into A site
mtEF-Tu release 3l

E P~y
Accommodated
Mitoribosome
Besoding Elongation

NmtEF-Tu &
Rotated-2
/ Pre-translocation
GTP hydrolysis

Translocation

APde1 2/ Empty A site Post-translocation
4 N
Stallin Aberrant {RNA Post-splittin Hescue
9 polyadenylation P 9 (pre-hydrolysis)
': r 3'CCAAAAAAA
splitting factor(s) F
MALSU1 MtRE-R
LOR8F8 H
mt-ACP ¥ wiTRes1 i Other
/1 rescue
" ifactors?
K v
mitoribosome
Truncated nascent chain recycling
Mitoribosome-associated extraction and "
. degradation? |
quality control £
(mtRQC) o
' =
- J

Fig. 4. Schematic of the mitoribosomal elongation cycle (top) and mitoribosome associated
quality control (bottom)

States visualized in this study are opaque. States not visualized in this study are translucent.
PDB codes of bacterial counterparts to these states are 4V5F (post-translocaton), 6WDO
(empty A-site), 4V5L (decoding), 6WDD (accommodated).
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