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Abstract

Mitochondria carry their own genetic material and gene-expression machinery, including
ribosomes, which are responsible for synthesizing polypeptides that form essential components of
the complexes involved in oxidative phosphorylation (or ATP generation) for the eukaryotic cell.
Mitochondrial ribosomes (mitoribosomes) are quite divergent from cytoplasmic ribosomes in both
composition and structure even as their main functional cores, such as the mRNA decoding and
peptidyl transferase sites, are highly conserved. Remarkable progress has been made recently
towards understanding the structure of mitoribosomes, by obtaining high-resolution cryo-electron
microscopic (cryo-EM) maps. These studies confirm previous structural findings that had revealed
that a significant reduction in size of ribosomal RNAs has caused topological changes in some of
the functionally relevant regions, including the transfer RNA (tRNA)-binding sites and the nascent
polypeptide-exit tunnel, within the structure of the mammalian mitoribosome. In addition, these
studies provide unprecedented detailed views of the molecular architecture of those regions. In
this review, we summarize the current state of knowledge of the structure of the mammalian
mitoribosome and describe the molecular environment of its tRNA-exit region.

1. Introduction

The mammalian mitochondrial genome consists of multiple copies of a 16.8 kb circular
DNA, which encodes 37 genes, including 2 ribosomal RNAs (rRNASs), 22 mitochondrial
tRNAs (tRNAt) and 13 polypeptide chains, which form essential components of the
complexes involved in oxidative phosphorylation (OXPHOS). The OXPHOS complexes
reside in the mitochondrial inner membrane (mtIM) and are responsible for generating about
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90 % of the energy (ATP) required by the cell. All proteins required for mammalian
mitochondrial translation (or protein synthesis), including the mitochondrial ribosomal
proteins (MRPs), are encoded by the nuclear genome, translated in the cytoplasm and then
imported into the mitochondria. Mitochondria are thought to have originated through an
early endosymbiotic event between an a-protobacterium and a primitive host cell [1], and
therefore, mitoribosomes were expected to be structurally similar to their widely studied
eubacterial counterparts (see ref. [2]).

However, the mitoribosomes are quite divergent from bacterial ribosomes in their overall
composition and physical properties [3, 4]. Mammalian mitoribosomes have lower
sedimentation coefficients (~55S) and, like all ribosomes, consist of two subunits (the 28S
small subunit, or SSU; and the 39S large subunit, or LSU) [5]. The two mitochondrially-
encoded rRNA species, 12S (~955 nts) in the SSU and 16S (~1571 nts) in the LSU, account
for ~30% of mass of the mammalian mitoribosome. In contrast, eubacterial ribosomes
consist of 60-70% RNA [6, 7] and eukaryotic cytoplasmic ribosomes are 50-60% RNA
[8-10]. Since the majority of the mass of the mammalian mitoribosome consists of MRPs
[11], the RNA-to-protein ratio is inverted in the mitoribosome relative to other ribosomes
(for recent reviews, see [3, 4, 12, 13].

The mitochondrial rRNAs show only a small amount of sequence identity with cytoplasmic
rRNASs [14]. Unlike cytoplasmic ribosomes, whose X-ray crystallographic structures are
known for several bacterial (e.g., [6, 7], archaeal [15] and eukaryotic [8, 9] species, the
three-dimensional (3D) structures of mitoribosomes have been studied primarily using the
single-particle cryo-EM. These studies have revealed that the structures of critical core
regions of mito-rRNAs have been preserved [16-20]. The very existence of a 5S rRNA
species in the 39S LSU has been debated for some time [21, 22], and a previous cryo-EM
study at ~5 A resolution [19] had detected discrete densities that could be tentatively
assigned only to a small segment of a potential 5S rRNA molecule. However, more recently,
high-resolution (~ 3A) cryo-EM structures [23, 24] have revealed that the RNA-like density
within the central protuberance of the mitoribosomal 39S LSU corresponds to a tRNAqy; that
partially occupies the position of the 5S rRNA in the bacterial 50S LSU.

There are eighty-two MRPs in the mammalian mitoribosome, and about half of these are
homologues of bacterial ribosomal proteins. However, most of the homologous MRPs carry
mito-specific extensions; and therefore are generally larger in size as compared to their
bacterial counterparts [25-28]. Thirty-nine MRPs that are specific to mammalian
mitoribosomes [29] have no apparent homologues in bacterial, chloroplast, archaeal, or
cytosolic ribosomes. Our first cryo-EM study had revealed the overall locations of the mito-
specific MRPs within the map of the 55S mammalian mitoribosome [16]. Recent cryo-EM
studies at higher (3-7 A) resolutions in our [20] and other [19, 23, 24] laboratories not only
confirmed those locations but also assigned positions of most mito-specific MRPs and mito-
specific extensions in homologous MRPs within the cryo-EM maps of two subunits of the
mitoribosome.

Besides its mitoribosome, several other components of the mammalian mitochondrial
translation system have also acquired some unusual features. The mammalian mitochondrial
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mRNAs have an almost complete lack of 5" and 3’ untranslated nucleotides. The
translational start codon is generally located within 3 nucleotides of the 5 end of the mMRNA
[30, 31]. There is no Shine-Dalgarno sequence and no cap structure. The mechanism by
which the mitoribosome recognizes the start site on the mRNA is unknown. Mammalian
mitochondrial tRNAs (tRNA¢) are generally shorter (59-75 nucleotides in length) than
bacterial or eukaryotic cytoplasmic tRNAs (76-90 nucleotides in length). Many tRNAq:s
lack the D-loop/T-loop interactions in the elbow region that stabilize the L-shape in the
“more conventional” tRNAs (reviewed in [32]). The first average structure of the tRNAmy,
revealed in our cryo-EM study of the mammalian mitoribosome [16], showed an L-shape,
but with a “caved-in” elbow region. In addition, most mammalian mitochondrial translation
factors appear to carry mito-specific sequences (reviewed in [13]). Finally, several
components of the mammalian mitochondrial translational machinery, including mito-
rRNAs, MRPs, tRNAnLS, tRNA synthetases and translational factors, have been
associated with a number of human genetic diseases (see [32-37]). Therefore, detailed
knowledge of each of the above components of the mitochondrial translational machinery is
essential for understanding not only the mechanism of mitochondrial protein synthesis but
also of molecular mechanism underlying these diseases.

Owing to significantly reduced size of rRNAs in the mammalian mitoribosomes, as
compared to their prokaryotic and cytoplasmic counterparts, topologies of some of the
functional-ligand binding sites are significantly altered in the mitoribosome. One such site
involves one of the tRNA-binding sites, called the tRNA-exit site (E site). The E site plays a
vital role in maintaining the mRNA reading frame in bacterial and cytoplasmic ribosomes
[38], as it receives the deacylated tRNA along with the mRNA codon from the peptidyl site
(P site) during the EF-G (or EF-G1,,,; in mammalian mitochondrion) — dependent tRNA
translocation reaction. In this article, we briefly describe the overall structure of the
mammalian mitoribosome, by outlining what new structural information has been gathered
from recently published structures, and discuss the role of the E site in context of the altered
microenvironment of the mitoribosome and tRNAs and its possible implication on
mammalian mitochondrial protein synthesis.

2. Structure of the mammalian mitoribosome

Previous low-resolution cryo-EM studies had already revealed some of the unique features
of the mammalian mitoribosome [16, 17]. These features include (i) a significantly modified
and porous overall structure of the mitoribosome that is predominantly shielded by MRPs
with fewer exposed rRNA regions as compared to its bacterial counterpart. This is primarily
due to the occupation of new spatial positions by mito-specific MRPs and by extensions and
insertions within several of MRPs that are homologous to their bacterial counterparts; (ii) a
gate-like structural feature at the mRNA entrance within the 28S SSU that was implicated in
the recruitment of leaderless mitochondrial MRNASs to initiate the process of protein
synthesis on the mitoribosome; (iii) a significantly modified lower two-third portion of the
nascent polypeptide-exit tunnel within the 39S LSU, apparently to streamline the co-
translational insertion of all mitochondrially-encoded proteins into the mtIM ; and (iv) a
finger-like MRP structure emerging from the central protuberance region of the 39S LSU to
the mitoribosomal P-site, referred to as the P-site finger.
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Recent technological developments in the cryo-EM field, specifically single-particle data
collection using the direct-electron detectors and image reconstruction using movie
processing techniques [39, 40], have provided far more refined structural models of the
mammalian 39S LSU [19, 23, 24] and yeast 54S LSU [18] mitoribosomes at close to atomic
resolution (~3 A); whereas the structure of the mito-SSU has been reported at ~7 A
resolution, using conventional cryo-EM techniques [20] (Figure 1). Besides providing
important insights into structural evolution of protein-rich mitoriboosmes, these studies
significantly aid to our current understanding of the mitochondrial translation. In the
remainder of this section, we summarize some of the main findings of the recent cryo-EM
studies of the mammalian mitoribosomes.

The new structures reveal that a majority of the mito-specific extensions in homologous
MRPs are involved either in inter-MRP contacts or in contacts with mito-specific MRPs
[20]. This observation suggests a stepwise evolution of the current architecture of the
mitoribosome, in which the mito-specific extensions first help stabilizing the homologous
MRPs, some of which have lost binding partners in the absence of bacterial proteins and
rRNA segments, and then create a new binding surface for the binding of mito-specific
MRPs [20]. For example, in the mito-SSU the N- and C-terminus extensions of MRP S15
and C-terminus extension of MRP S17 make extensive interactions with each other and with
mito-specific MRPs tentatively assigned as S26 and S28 (Figure 2A). For a similar example
in the mito-LSU, the mito-specific extensions of MRPs L9, L15, L28 interact with each
other and with mito-specific MRPs L49, CRIF1 and the a-helix of an unidentified MRP
(Figure 2B).

Several of mito-specific MRPs and mito-specific extensions in some of the homologous
MRPs form of the lining of the mMRNA-entrance and -exit paths, suggesting a significant
structural reorganization in these regions of the mito-SSU, perhaps to facilitate the
recruitment of mito-specific MRNAs most of which do not possess a 5’ leader sequence
[20]. For example, some of crucial components of the mRNA entrance in bacterial SSU,
such as protein S4 and C-terminus domain of protein S3, are absent in the mito-SSU. A
portion of S4 is replaced by a mito-specific MRP, tentatively assigned to MRP S37 [20],
while the N-terminal domain of bacterial S3 is replaced by a structurally homologous MRP
S24. MRP S5 is significantly enlarged in the mito-SSU, and its mito-specific N-terminal
extension contributes to the formation of a portion of the gate-like feature at the mMRNA
entrance. In addition, three other mito-specific MRPs, tentatively identified as S22, S33, and
S39 [20], encircle the mRNA entrance in the mito-SSU (Figure 3A). Similarly, the mito-
specific extensions in MRPs S7, S11, S18, and S21 significantly change the landscape of the
mRNA-exit region in the mito-SSU (Figure 3B). Whether these structural changes directly
contribute to recruitment of leaderless mitochondrial mMRNASs remains unclear.

In contrast to the situation with cytoplasmic ribosomes, where a variety of possible
destinations for the synthesized nascent polypeptide chains are possible, all of the nascent
chains synthesized by the mammalian mitoribosome are inserted into the mtIM, and it is
most likely that these polypeptides are inserted co-translationally into mtIM [41, 42].
Therefore, detailed knowledge of the architecture and composition the polypeptide-exit
tunnel in the mito-LSU has been of particular interest. High-resolution cryo-EM studies of
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the mito-LSU provide a clear and detailed view of the nascent polypeptide-exit tunnel
(PET), with identification of some of the hydrophobic MRP components of the 39S LSU
that are involved in direct interaction with the predominantly hydrophobic mitochondrial
nascent-polypeptide chains [19, 23, 24]. The overall topology of PET in the mammalian
mito-LSU is known to be significantly diverged from its bacterial counterpart as it carries
two openings exposed to the solvent: a conventional polypeptide-exit site (PES) and a
polypeptide-accessible site (PAS) [16]. Recent high-resolution structures of the mito-LSU
have now identified specific MRPs that line and encircle the PET. However, in the two high-
resolution 39S LSU structures the description of the PAS is not the same. It is not clear,
however, if the difference in description partly relates to the source of the 39S LSU, porcine
tissues [23] and a human cell line [24], used in these two studies. While Greber and
coworkers confirm the existence of PAS [19, 23] (Figure 4A), Brown and coworkers [24]
do not mention about this structural feature. However, the deposited structure by Brown and
coworkers (EMD ID: 2762) suggests that the PAS-like feature does exist in human 39S LSU
as well, but MRP region that separates PAS and PES is not modeled into the coordinates
(PDB ID # 3J7Y) submitted by Brown and coworkers, and therefore, a larger continuous
opening appears from PAS to PES. A closer inspection of the PAS/PES regions between the
two structures reveals that a loop region (corresponding to amino-acid residues 159 -168) of
MRP L24 and an N-terminus region (corresponding to amino-acid residues 56-156) are
disordered and absent in the Brown and coworker's PDB (# 3J7Y). However, the finding of
a continuous density corresponding to a nascent-polypeptide chain from the peptidyl-
transferase center up to the PES [43] by Brown and coworkers [24] suggests that PAS is
unlikely to provide an alternative path for the nascent polypeptide exit, but that it provides a
regulatory conduit cannot be ruled out. Interestingly, while the PAS/PES region is spanned
by a set of common but larger sized bacterial homologues, including MRPs L22, L23, L24
and L29, both openings also carry mito-specific MRPs (Figure 4A,B). At the PES, a mito-
specific MRP L45 extends from L24, while a homologous MRP L34 and a mito-specific
MRP L41 are present in the immediate neighborhood of PAS. MRP L45 protrudes from the
rest of the mito-LSU and is strategically located to be involved in direct interaction with, or
anchoring of mitoribosome to, mtIM [19, 23, 24]. Furthermore, being a homologue of two
membrane associated proteins in Saccharomyces cerevisiae, Mbal [44] and carboxy-
terminal domain of TIM44 [45] that are known to interact with the mtIM, involvement of
MRP L45 in such interaction is further strengthened in the recent cryo-tomographic studies
of the yeast mitoribosome attached to the mtIM [46].

The central protuberance (CP) of the mammalian mito-LSU is also significantly remodeled
and is larger in size as compared to that in its bacterial counterpart [16]. The fact that
homologous bacterial proteins L5 and L25 are absent in the CP of the mito-LSU is known.
However, the existence of the 5S rRNA in mito-LSU has been debated for some time [21,
22]. The two high-resolution cryo-EM structures [23, 24] reveal almost complete
composition of the CP. Surprisingly, both structures show that the mito-LSU has acquired a
tRNA as one of its structural components in addition to several mito-specific MRPs
including L38, L40, L46, L48, L52 and ICT1 [23, 24]. This finding has effectively ended a
long-standing debate about the presence of 5S rRNA in the mitoribosome [21, 22].
However, while Greber and coworkers [23] tentatively identified the RNA component of the
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central protuberance as tRNA""8, Brown and coworker's study [24] positively identified it
as tRNAL V2! Itis not clear, however, if the difference in tRNAq; species relates to the
source of the 39S LSU, porcine tissues [23] and a human cell line [24], used in these two
studies. Furthermore, it remains to be seen if structural tRNA,, V@ identified by the Brown
and coworkers carries the same set of base modifications as an elongator tRNA,, V! [47,
48].

By combining the results of recent cryo-EM studies of the SSU and LSU, we are now able
to better understand the interaction between the two mitoribosomal subunits by identifying
the participating ribonucleoprotein components of the inter-subunit bridges and topology of
the inter-subunit space [20], where mMRNAs, tRNAs and translational factors interact with
the ribosome. As previously suggested (16), in contrast to the situation in bacterial
ribosomes, many bridges between the two mitoribosomal subunits are formed by MRPs than
by rRNAs [20]. However, despite unprecedented progress made in structural studies of
mammalian mitoribosomes, some of the functionally relevant regions --such as the L1 stalk,
the L7/L12 stalk, and the composition of the interface-side of the central protuberance
involving the P-site finger in the 39S LSU, and a high-resolution identification of mito-
specific MRPs including the composition of the gate-like feature at the mRNA entrance on
the 28S SSU--remain to be resolved.

tRNA; binding in the E-site region

Previous cryo-EM studies combined with molecular modeling [16, 17] had indicated that the
deacylated tRNA may not reside in the putative tRNA-exit site (E-site) within the
mammalian mitoribosome, and that instead deacylated tRNA,; may exit the mitoribosome
directly from the P site after the peptide-bond formation and subsequent EF-G-dependent
translocation. It was further suggested that existence of such a tRNA-binding site would
offer only few interactions to the deacylated tRNAn: [17]. These suggestions were based on
following facts: (i) absence of a strong density corresponding to the E-site tRNA in those
cryo-EM reconstructions, and (ii) a significantly altered molecular landscape of the putative
E site; that is, deletion of 11 of the 12 interaction sites of tRNA involving 23S rRNA
segments of the bacterial ribosomal E site in the mito-LSU [17]. It should be noted that the
E site is found almost 100 % filled with deacylated tRNAs in purified and undissociated
cytoplasmic ribosomes. Furthermore, the fact that the overall size of mitochondrial tRNA:s
is smaller [32, 47-49] (Figure 5) than their cytoplasmic counterparts would require greater,
not less, structural complementarity from the mitoribosome structure.

More recently, we have obtained several cryo-EM reconstructions by classifying the 55S
mitoribosome dataset using Relion [50]. A 7.8 A resolution 3D reconstructions obatined for
one of the classes, represented by a fraction (~24 %) of the 55S population, shows a clear
but fragmented tRNA-like density in the E-site region (Figure 6A), indicating that the
tRNA; binding is weaker in this region of the mammalian mitoribosome, as compared to
that in its aminoacyl (A) and peptidyl (P) sites that are much more prominantly occupied
(unpublished results). It should be noted that Brown and coworkers [24] also reported a
tRNA density in the E-site region in one of their low-resolution maps, apparently also
presented only in a small fraction of the 55S population. The fact that ~76% of the
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mitoribosomal population in our study does not show the presence of a tRNA-like density in
the E-site region further suggests that the E site is indeed one of the weaker tRNA-binding
sites in the mammalian mitoribosome, unlike the E site in the cytoplasmic ribosomes.

The tRNA in the bacterial ribosomal E site makes extensive interactions with the 23S rRNA
helices 68 and 88, and helices 77 and 78 (according to bacterial 23S rRNA numbering) of
the L1-stalk region [7]. While helices 77 and 78 of the L1 stalk are absent, helices 68 and 88
are present but partially truncated in the mitoribosome [17]. However, the mito-16S rRNA
has retained the binding cleft within the helix 88 that is known to hold the 3’-terminal
adenine residue of a tRNA at the ribosomal E site. This segment of helix 88 includes the
universally conserved residue C1241 (C2394 in bacterial 23S rRNA; [51] (Figure 6B, C).
The terminal adenine residue of the E-site tRNA also makes the base stacking interactions
with G2421 and A2422 of the 23S rRNA helix 88. The corresponding residues G1251 and
A1252 and the overall base-stacking architecture are also conserved in the mito-16S rRNA.
However, the B-hairpin of the ribosomal protein L28 that is also known to interact with the
accepter end of the E-site tRNA in bacterial ribosome adapts a slightly different
conformation in the mitoribosome, leading to loss of its potential interaction with the
accepter end of tRNAqt.

From the SSU side, ribosomal protein S7 and S11 interact with the E-site tRNA in the
bacterial ribosome. Both corresponding MRPs are present in the mitoribosome and carry
mito-specific extensions that are situated mostly on the solvent side of the 28S SSU [20].
Despite the fact that the overall E-site architecture on the mito-SSU is conserved, we find
that the density corresponding to the anticodon stem-loop (ASL) region is even weaker than
the rest of the E-site tRNAR:. Since our map represents an average density corresponding to
a mixed population of indigenously-bound tRNAs, there may be two different reasons for
a weak E-site ASL density: (i) not all tRNAs bind stably at the mitoribosomal E site. For
example, smaller sized tRNAqs like tRNAMtSE7AGY that have lost most of its D-loop
structure (Figure 5) would have even less chance of interaction with the L1-stalk region of
the mitoribosome and therefore are less likely to spend the same amount of the time at the E
site as other canonical tRNAs; and (ii) some of the smaller tRNAy: species do not conform
to a canonical tRNA structure, and therefore would have to stretch a bit to maintain
interactions at both of its anticodon and CCA ends (Figure 5), and this could lead to
severance of their interaction with the SSU side of E site including the mRNA.

In clear contrast to the situation in cytoplasmic ribosome preparations, where tRNA is
invariably found at the E site, the binding of tRNAq¢ in the mitoribosmal E site is certainly
non-stoichiometric (only ~24% carrying a tRNA in that region). However, the conservation
of the CCA-end interaction site on the mito-LSU strongly suggests that, following the
peptide-bond formation, a hybrid tRNA-binding state [52] would be also formed on the
mitoribosome, where the CCA ends of A- and P-site tRNAs move to P and E sites,
respectively, while their anticodon ends remain in A and P sites. The question however
remains whether the E site (or an E/E state) is a canonical tRNA-binding site, or is a tRNAq¢
binding in this region of the mitoribosome a conditional event dependent upon the tRNAq:
species (size) that translocates from the P site following the EF-G1-dependent tRNAm;
translocation reaction during the translation elongation cycle.
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4. Concluding Remarks

Recent progress made in high-resolution cryo-EM structure determination of mitoribosomes
has not only confirmed the unique features of the mammalian mitoribosome studies reported
previously, but has provided an unprecedented detailed view of its molecular architecture.
However, these studies are only the first steps in understanding the basic functioning of this
highly complex macromolecular machine that is made of about 85 component molecules but
is responsible for synthesizing only 13 but crucial polypeptide chains. The overall
complexity of the mitoribosome structure, where a multitude of new mito-specific MRPs are
added to it at locations away from its central core structure, suggests that some of these
MRPs may have functions that are not directly related to protein translation. Moreover, these
high-resolution structures will now allow us to map the previously identified disease causing
mutations in both mito-rRNAs and MRPs in order to better understand molecular
mechanism of those diseases and function of some of the MRPs that may not be directly
involved in the translational process. Furthermore, the finding of a tRNAp,;V2! as one of the
structural components of the mammalian mitoribosomal large subunit is quite intriguing,
although its functional implication if any is unclear. It should be noted that a mutation in
tRNAL: V8 is involved human genetic disease (see for review [53]). However, it remains to
be seen if the disease is caused by the mutation in structural tRNA,Y@ or in the functional
(translation elongator) tRNA,; V8l

With recent technological advancement in the cryo-EM field, it is now feasible to obtain
structures of functional complexes of the mitoribosome at ever increasing resolution to
understand the functions of various insertion and extension sequences in mitochondrial
translation factors, and to unravel mechanistic and molecular details of mitochondrial
protein synthesis. Further structural studies with defined ribosome-binding ligands, such as
leaderless mito-mRNAs, tRNAs and mito-translational factors, will be necessary to
develop molecular models of various steps of mitochondrial translation. Among some of the
immediate questions for the mitochondrial translation community are: (i) How are the
leaderless mRNAs recruited to the mitoribosome to initiate the process of protein synthesis
on the mitoribosome? (ii) Now that we have a detailed view of the molecular architecture of
the nascent polypeptide-exit tunnel [23, 24], the next frontier would be understand how the
mammalian mitoribosome interacts with the intact mtIM to facilitate the co-translational
insertion into the mtIM. (iii) Functionally defined complexes with differently-sized tRNAm:S
will be required to understand if and how the smaller sized tRNAys are complemented by
mitochondrial translational factors and by the components of the mitoribosome architecture
itself. Structures of these complexes should be able to address the question of whether the E
site does play an integral functional role in mammalian mitochondrial translation, and
whether all tRNAs have similar affinity at the mitoribosomal E site. Unfortunately,
because of limited mitoribosomal quantities and inherent compositional heterogeneity in
mitoribosomes isolated from animal tissues, a robust in vitro biochemical assay system for
mammalian mitochondrial protein synthesis has been lacking, but would be essential to
complement the rapidly progressing structural studies of the mammalian mitoribosomes and
to better address the aforementioned basic mechanistic questions.
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Highlights
Recent progress in structure determination of the mammalian mitoribosomes
Overall molecular architecture of both subunits of the mammalian mitoribosome

A mitochondrial tRNA as a structural component of the large mitoribosomal
subunit

A protein-rich mRNA path could be relevant to recruitment of leaderless mito-
mMRNAs

A significantly diverged architecture and composition of the polypeptide-exit
tunnel

Ribosomal RNA-depleted tRNA-exit region of the mammalian mitoribosome
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Figure 1. Structure of the 55S mammalian mitochondrial ribosome
(A) the 55S mitoribosome is shown from the L7/L12 stalk (St) side, with components of

both 28S SSU (PDB ID # 3J6V) and 39S LSU (PDB ID # 3J7Y) docked into a cryo-EM
map. (B) and (D), 28S SSU shown from the interface and solvent sides, respectively. (C)
and (E), 39S LSU shown from the interface and solvent sides, respectively. Color codes:
light grey, 16S rRNA of the LSU; dark grey, 12S rRNA of the SSU; pink, tRNA, V@ as a
structural component of the LSU; blue, conserved portion of the homologous MRPs; red,
mito-specific extensions in the homologous MRPs; yellow, mito-specific MRPs; tan,
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unmodeled mito-specific MRP mass. Based on previous x-ray crystallographic study of the
bacterial ribosome ([54], PDB ID # 2HGR), the mRNA path (purple) is modeled on the 28S
SSU and its further extended 5’ and 3’ ends are depicted. Labels on the SSU: h, head; pt,
platform; and sh, shoulder. Labels on the LSU: CP, central protuberance; L1, L1 stalk; and
St, L7/L12 stalk. Chimera software [55] was used for visualization.
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Figure 2.
An example of interactions among mito-specific extensions in homologous MRPs L9, L15,

and L28 and several mito-specific MRPs in the 39S LSU ([24] PDB ID: 3J7Y). N- and
CTEs of MRPs are indicated by a suffix “n” or “c”, respectively, in matching colors. As yet
unknown mito-specific MRP is marked by an asterisk (*). The rRNA regions
(semitransparent gray) are not labeled. A thumbnail to the left is shown for overall
orientation of the mito-LSU.
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Figure 3. Molecular architectures of the mRNA entrance and exit regions

(A) The mRNA-entrance, and (B) the mRNA-exit regions, with identified MRPs in the
immediate vicinity. N- and CTEs of MRPs are indicated by a suffix “n” or “c”, respectively,
in matching colors. Tentatively assigned mito-specific MRPs [20] are identified with
asterisks (*) and brackets. The 12S rRNA regions (semitransparent gray) are not labeled.
The 5’ and 3’ ends of the modeled mRNA are shown as thick purple Ribbon. Thumbnails to

the left are shown for overall orientation of the mito-SSU.
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Figure 4. Molecular architecture of the lower portion of the polypeptide-exit tunnel
(A) Surface view of the nascent polypeptide chain (NPC)-exit tunnel as seen from the L1

protein side, showing both the polypeptide-accessible site (PAS) and polypeptide-exit site
(PES); and (B) the PES, as seen from the bottom of the mito-LSU. MRPs in the immediate
vicinity are identified. N- and CTEs of MRPs are indicated by a suffix “n” or “c”,
respectively, in matching colors. The 16S rRNA regions (semitransparent grey) are not
labeled. PDB IDs : 4V1A and 4V19 were used to generate the figure. NPC (purple) has been
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modeled based on ref. 24. Thumbnails to the left are shown for overall orientation of the
mito-LSU.
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Figure 5. Secondary and tertiary structures of the mitochondrial tRNAPN€ and tRNASEAGY
(A) and (B) Secondary structures of tRNAP® and tRNASE"AGY  respectively, shown

without posttranscriptional modification. (C) and (D) Three dimensionally folded structural
models of tRNAPM and tRNASETAGY  respectively. tRNA "M represents a typical tRNAmp;
with cloverleaf structure but with shorter versions of each loop structure, whereas
tRNARS7AGY is highly unusual and lacks the entire D stem. Color coded D and T refer to
D- and T-loop regions, respectively, on the 3D model. Sequences and secondary structure
information of tRNALs were obtained from MamittRNA database [56] and their 3D

structures were generated using RNAComposer [57].
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Figure 6. Averaged tRNA density and micro-environment of a tRNA in the E-site region of the
mammalian mitoribosome

(A) A 7.8 A resolution cryo-EM reconstruction obtained from only 24% of the total
population of the 55S mitoribosome that contained density for an E-site tRNAn:. (B) and
(C) Micro-environments of E-site regions in mammalian mitochondrial and bacterial
ribosomes, respectively. The model of tRNAPM€ is shown with ladders whereas rRNA
segments are shown as backbone structures. Since H76 of the mito-16S rRNA has not been
modeled in high-resolution structures, the cryo-EM density corresponding to that helix is
shown in panel B. H followed by a number identifies helix of the LSU rRNA (according to
bacterial numbering of helices). A double headed arrow in panel B indicates the gap
between the L1 stalk and the elbow region (D and T loop regions) of bacterial tRNAPhe,
This gap would be even larger when bacterial tRNAP is replaced with a smaller
mitochondrial tRNA species such as tRNASe7AGY (see Figure 2). Structure of the T.
thermophiles 70S ribosome ([7], PDB ID # 2J00 and 2J01) was used to illustrate the E-site
microenvironment in panel C.
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