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Abstract

Mitoribosomes are tethered to the mitochondrial inner membrane to facilitate the co-translational
membrane insertion of the synthesized proteins. Here, we report cryo-electron microscopy
structures of human mitoribosomes with nascent polypeptide, bound to the insertase OXA1L
through three distinct contact sites. OXALL binding is correlated with a series of conformational
changes in the mitoribosomal large subunit that catalyze the delivery of newly synthesized
polypeptides. The mechanism relies on the folding of mL45 inside the exit tunnel, forming two
specific constriction sites that would limit helix formation of the nascent chain. A gap is formed
between the exit and the membrane, making the newly synthesized proteins accessible. Our data
elucidate the basis by which mitoribosomes interact with the OXALL insertase to couple protein
synthesis and membrane delivery.

Proteins encoded in the human mitochondrial genome (mtDNA) are essential for life, and
aberrations in their synthesis are associated with clinical pathologies (Z, 2). Synthesis of
these transmembrane proteins of the oxidative phosphorylation complexes occurs on
dedicated mitochondrial ribosomes (mitoribosomes) that possess a specialized exit tunnel
and regulatory features (3). These mitoribosomes are tightly associated with the inner
mitochondrial membrane for efficient protein delivery (4). Co-translational membrane
insertion is catalyzed by a putative mitochondrial insertase, the Oxal-Like (OXA1L) protein,
a homolog of yeast Oxidase Assembly 1 (Oxal) and bacterial YidC (5-7). In yeast, Oxal is
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required for the assembly of the oxidative phosphorylation complexes (5), and its C-
terminus is associated with the mitoribosome (9, 20). In human cells, depletion of OXA1L
impairs the assembly of the complexes I, IV, V (11, 12), and biallelic OXA1L pathogenic
mutations present with fatal encephalitis, hypotonia, and developmental delay (12).
Mechanistically, the association of the mitoribosome with an insertase would likely protect
the hydrophobic membrane proteins during their egression into the lipid bilayer. Based on
studies of co-translational folding of membrane proteins into an a-helical conformation in
the ribosomal tunnel in bacteria (Z3), it has been postulated that such secondary structure
may also start forming within the mitoribosome tunnel. However, no structure of
mitoribosome with a membrane insertase has been reported, thus a mechanism of nascent
chain emergence remained unknown.

To capture interactions of a mitoribosomal exit tunnel with its substrate, we used the
peptidomimetic actinonin, which structurally resembles formylmethionine, to induce a co-
translational accumulation of stalled mitoribosomes during nascent chain synthesis (fig. S1)
(Z4). To sort the particles corresponding to translating mitoribosomes, we collected six cryo-
EM data sets and classified them based on the presence of the small subunit (mtSSU) after
signal subtraction (15). Then performed a second step of signal subtraction and 3D
classification on the A-site tRNA, and a third step on the insertase region (fig. S2A).
Subsequent 3D refinement produced a reconstruction that showed fragmented density
extending from the tunnel exit. To reduce the flexibility of a putative insertase on the
mitoribosome, we subjected the complex to amine-to-amine cross-linking, and repeated the
cryo-EM analysis with two additional data sets (fig. S2B-F, see Methods). /n1 silico sorting
yielded a subset of 30,744 particles that, upon contrast transfer function refinement and
Bayesian polishing (25), resulted in the 2.89 A reconstruction, revealing densities for tRNAs
in the A- and P-sites, continuous density from the peptidyl transferase center (PTC)
extending to the tunnel exit, and additional mass outside the exit correlated with the position
of the inner mitochondrial membrane (4) (Fig. 1A, fig. S3). The position of the extra density
and its overall dimensions were in agreement with the bacterial ribosome:YidC
reconstructions (16, 17) that accommodate a single copy of the insertase (fig. S4).

Although the local resolution for the additional density is 5-8 A, reflecting intrinsic
flexibility, by combining biochemical stabilization with targeted classification and polishing,
we could improve the signal-to-noise ratio and trace ~50-amino acid residues, docked to the
surface of the mitoribosomal large subunit (mtLSU) (fig. S5). The quality of the sidechain
densities was sufficient for modeling the C-terminal residues of OXA1L (fig. S5D), and
mass-spectrometry analysis confirmed the presence of OXA1L (fig. S6). OXALL binds to
the mitoribosome through three distinct contact sites spanning the solvent-exposed side of
the mtLSU (Fig. 1A, fig S7). Together, the interface anchoring OXALL involves three
mitoribosomal proteins and rRNA, comprising a total buried surface area of ~1500 AZ,

Site 1 is found in the mitoribosomal cleft towards the L1 stalk, ~70 A away from the
membrane surface (Fig. 1A). It comprises mitochondrial-specific protein extensions of
bL28m, uL29m, and the rRNA bypass element H4-H8 (residues 1689-1695) that together
form the binding pocket for the OXA1L C-terminal helix (YPWHDTLG-COO") (fig.
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S8A,B). A series of interactions involve residues that are generally conserved in vertebrates
and underlie a tight association that does not occur in bacteria (fig. S9).

Site 2 is separated from site 1 by 27 A and consists solely of the mitoribosomal protein
uL24m (Fig. 1C). Although the part of OXA1L linking the two contact sites is not well
resolved, we could model 40 residues composed of an a-helix, two short 310-helices, and a
10-residue loop. Together it binds to the matrix exposed surface, thus encompassing uL24m,
and the loop is stabilized by the B9-p10 hairpin (residues 133-147) at the C-terminal domain
of uL24m (Fig. 1C, fig. S9D). Consistent with the shape of uL24m, the OXALL structure is
bent in this region by ~80° (Fig. 1A,C).

Site 3 is ~15 A away from site 2 and formed by the core domain of mL45, where the
globular density of the OXA1L membrane part is attached (Fig. 1C). Although no OXA1L
model could be placed here due to the flexibility, continuous density can be traced from the
a-helix of OXALL C-terminal extension (CTE) at site 2 (Fig. 1A). The contact is mostly
through the a.-helix mL45-a.2 (residues 94-128) on top of the core pB-sheet of the mL45
Tim44-like domain. Overall, the observed interactions of OXALL with the mitoribosome are
consistent with super-resolution microscopy showing that the CTE truncation (A332-433) of
OXALL reduces but not completely abolishes the co-localization with the translating
mitoribosome (18).

Consistent with the structure, we find that OXALL forms a stable interaction with mL45 /n
vitro only when it is assembled into the mitoribosome (Fig 2, fig. S10). To demonstrate this,
we used a cell line in which the mtLSU assembly helicase DDX28 has been deleted (19).
We ectopically expressed mL45, which associates with the mitochondrial membranes
despite the mtLSU assembly defect, but does not interact with OXA1L (Fig. 2, fig. S10).
Thus, the interaction between OXA1L and mitoribosomes is mediated by mitoribosome-
assembled mL45.

Next, we examined the cryo-EM data with respect to the exit tunnel interior and identified
two distinct states, Class 1a* and Class 1b* (fig. S2B, fig. S11). The particles in Class 1b*
represent the OXA1L-unbound (inactive) state. The density in the upper tunnel is separated
from the tRNA by 12 A (fig. S11A). This density extends from mL45 and corresponds to its
N-terminal sequence, consistent with a previous study (20). The previous study also
proposed that the mL45 N-terminal tail acts to recruit the OXA1L insertase, implying a
targeting mechanism in mammalian mitochondria analogous to the signal recognition
particle (20). In fungi, mL45 (Mbal) is not a structural component of the mitoribosome (27,
22); whereas, in ciliates, a homolog of the bacterial signal recognition particle binding
protein Ffh was identified in the mitoribosomal tunnel (23). To investigate if mL45 N-
terminus recruits OXALL in human mitochondria, we expressed a variant with shortened N-
terminus 45-74 (AN) and showed that although the relative amount of co-
immunoprecipitated OXALL is lower than for the WT, the truncation of mL45 does not
entirely prevent interaction with OXALL (Fig. 2).

In the inactive state, basic residues in the mL45 N-terminus form electrostatic interactions
with the rRNA core that anchor the protein moiety inside the tunnel (Fig. 3A, fig. S11A). In
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the lower tunnel, mL45 Pro68 is stabilized by the mitochondria-specific rRNA A1804,
mL45 11e76, and uL23m Leul26 (fig. S12A). We found that A1804 is a mtDNA insertion
(fig. S8C), which is an unusual feature, as only deletions in the mammalian mitochondrial
rRNA have been reported up to date (24-28). This stabilization allows mL45 Arg61 and
Lys62 to point towards the rRNA interior (fig. S12A), so that the mL45 N-tail is positioned
directly on the nascent polypeptide path (Fig. 3A). This is further correlated with two
hydrophobic residues, Val66 and 1le67, forming inter-protein hydrophobic pairs with
uL23m-a?2 (fig. S12A). These interactions stabilize uL23m-a2 perpendicularly to the tunnel
so that it fills the spacings at the exit site, blocking the path.

Class 1a* represent the OXA1L-bound state. A continuous density connected to the P-tRNA
is observed in the tunnel, corresponding to a nascent polypeptide of a mitoribosome engaged
in protein synthesis and associated with OXALL (fig. S11B). Glu70-Lys71 of mL45 adopt a
conformation related by ~100°, which results in the 12 A- and 17 A-displacement of the
upstream Val66 and 11e67, respectively. Therefore, the uL23m-a.2 is released and
destabilized (fig. S12). The loop from the mL45 Tim44-like domain also becomes
disordered by losing its interaction with uL23m-a.2. The lack of an internal protein scaffold
allows the lower tunnel to accommodate a nascent chain. In the upper tunnel, the mL45
membrane-distal tail adopts a folded a-helix (a0), stabilized by the mitochondria-specific
insertion of uL29m, p4-B5 hairpin of uL24m, and H50 of rRNA from the opposite sides
(Fig. 4A, fig. S13). Thus, a continuous pathway is formed from the tunnel entrance to the
mitoribosomal surface at the membrane-facing region that is available for nascent chain
conduction (Fig. 4B, movie S1).

Once folded within the lower tunnel, mL45 forms two mitochondria-specific constriction
sites with uL24m (Fig. 4C). The constrictions keep the tunnel width less than 8 A (Fig. 4D).
In contrast, in bacteria, the tunnel increases in diameter to greater than 15 A, allowing
nascent chains to fold in the exit tunnel (29). To assess whether mL45-induced geometry of
the exit tunnel determines co-translational protein folding, we employed coarse-grained
molecular dynamics simulations with WT and AN-mL45 mitoribosomes. Our results show
that the observed enclosure of the nascent chain by mL45 decreases helix formation at the
constriction sites within the tunnel (fig. S14).

Our data further assigns two additional functions to mL45: 1) directing the nascent
polypeptide towards the tunnel exit by compensating for rRNA deletion; 2) positioning the
exit at a distance from the membrane surface. The former is achieved by the folded N-
terminus of mL45 that supports a specific extended-away conformation of the uL24m p4-g5
hairpin, rather than extruding into the vestibule, as in bacteria (fig. S8D). As a result, the
residues at the hairpin tip that were shown to be implicated in bacterial protein folding (30)
are 17 A away, outlining the tunnel walls. This architecture shields an unfolded nascent
chain and prevents it from escaping the tunnel prematurely due to rRNA H24 deletion (fig.
S8B,D). Then, the positioning of the exit relative to the membrane is mediated by the mL45
Tim44-like domain that allows a gap between the mitoribosomal surface and the insertase,
opposed to a closer association as seen in bacteria (fig. S15). This structural arrangement
makes the newly synthesized mitochondrial proteins more accessible for peptidyl
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deformylase, methionine amino peptidase and chaperones prior to the membrane insertion.
In yeast, deletion of mL45 (Mbal) is associated with membrane insertion defects (32).

The sequencing of the human mitochondrial genome 40 years ago (32) was a turning point
in mitochondrial research, postulating a putative specialized mechanism for the synthesis of
these 13 transmembrane proteins. Our discovery of mL45-induced conformational changes
represents a gating mechanism of the mitoribosome without similarity in bacterial and
cytosolic systems. It forms a cavity secluding unfolded nascent chains and securing their
delivery to the membrane. The gating is correlated with the association of the OXA1L
insertase, however secondary structure formation is not favored while a nascent chain is at
the constriction sites. Together, the data offer a molecular insight into how proteins are
synthesized in human mitochondria.
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One Sentence Summary

Structural analysis of membrane associated mitoribosome illustrates the mechanism of
protein synthesis in human mitochondria.
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Fig. 1. Human mitoribosome: OXAIL complex.
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(A) Density of mitoribosome:OXA1L complex lowpass-filtered to 6 A resolution for clarity
and cut through the tunnel. Contact sites 1, 2, 3 are indicated. (B) Contact site 1 is formed by
OXAL1L C-terminal helix bound to bL28m, uL29m, and rRNA. Tyr428 is stacked on rRNA
C1691 and His431 hydrogen-bonds with C1691. The backbone carbonyl and sidechain of
Asp432 form polar interactions with bL28m (Arg23, Pro429, and Trp430) and hydrophobic
interactions with uL29m (Trp168, 11e176), and rRNA A1692. (C) The OXALL-CTE

interacts with uL24m (site 2), and the OXALL core (shown
mL45-a.2 (site 3).
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Fig. 2. Biochemical characterization of mL 45 and OXALL interaction.
Immunoprecipitation of mL45 from mitochondrial extracts of T-Rex-293 cells expressing

wild-type (WT) or AN-mL45, and the DDX28-KO cells overexpressing WT mL45. The cells
were probed for mL45, OXALL, or bL12m as an mtLSU marker, 1gG was used as a control.
(IP) immunoprecipitated, (UB) unbound, (T) total input.
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A ~ Inactive B - OXA1L-bound
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Fig. 3. Comparison between inactive and OXA1L -bound structures.
(A) In the inactive state, the mL45 N-terminal tail occupies the tunnel. Basic residues in the

tunnel are shown as spheres in the bottom panel. uL23m-a2 is stabilized by the mL45 tail
and a loop (residues 200-208) of mL45. The tip of H50 is disordered due to flexibility. (B)
In the OXA1L-bound state, a nascent polypeptide occupies the tunnel. The mL45 tail is
folded and stabilized by uL24m, uL29m, and rRNA H50. The basic residues participating in
the stabilization are shown in the bottom panel. The tip of H50 is ordered, uL23m-a.2, and
the mL45 loop are disordered, and the path through the tunnel is open. The contact site 3
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with OXALL is formed via mL45-a2. The bottom panels show partial structures of uL23m
(residues 37-153), uL24m (93-112), and uL29m (94-157).
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Fig. 4. Mechanism of membrane-tethered nascent polypeptide emergence.
(A) Folding of the mL45 tail stabilized by uL29m and uL24m, resulting in a continuous

protein arch coating the interior with the nascent chain. (B) Sideview schematic of the gating
mechanism. The folding of mL45-a.0 (blue tube) leads to the detachment of its N-terminus
from rRNA (dashed blue) and destabilization of uL23m-a2 (dashed yellow) that together
open the way for a polypeptide chain (red). OXALL is docked to the extended mL45-a.2
(site 3) for co-translational insertion of the emerging polypeptide. Contact sites 1 and 2 are
formed between the OXA1L-CTE and the mitoribosomal surface up to 70 A away from the
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membrane surface. (C) Sideview of the lower tunnel, shown as a gray tube. Mitochondria-
specific constriction sites are formed by mL45-a0 and uL24m, and the involved residues are
shown. (D) The tunnel diameter was calculated for the mitoribosome and £. co/iribosome
and plotted along the path. The blue rectangle indicates the position of an a-helical
formation within the tunnel in bacteria.
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