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Abstract

Protein translation is essential for all forms of life and is conducted by a macromolecular complex,
the ribosome. Evolutionary changes in protein and RNA sequences can affect the three-
dimensional organization of structural features in ribosomes in different species. The most
dramatic changes occur in animal mitochondria, whose genomes have been significantly reduced
and altered. The RNA component of the mitochondrial ribosome (mitoribosome) is reduced in
size, with a compensatory increase in protein content. Until recently, it was unclear how these
changes affect the three-dimensional structure of the mitoribosome. Here we present a structural
model of the large subunit (LSU) of the mammalian mitoribosome developed by combining
molecular modeling techniques with cryo-electron microscopic (cryo-EM) studies. The model
contains 93% of the mitochondrial rRNA (mito-rRNA) sequence and 16 mitochondrial ribosomal
proteins (MRPs) in the large subunit of the mitoribosome. Despite the smaller mitochondrial
rRNA, the spatial positions of RNA domains known to be directly involved in protein synthesis
are essentially the same as in Bacterial and Archaeal ribosomes. However, the dramatic reduction
in rRNA content necessitates evolution of unique structural features to maintain connectivity
between RNA domains. The smaller rRNA sequence also limits the likelihood of tRNA binding at
E-site of the mitoribosome, and correlates with the reduced size of D- and T-loops in some animal
mitochondrial tRNAS, suggesting co-evolution of mitochondrial rRNA and tRNA structures.

Introduction

The mammalian mitochondrial ribosome (mitoribosome) is responsible for synthesis of 13
mitochondrial gene products, which are essential components of the complexes involved in
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oxidative phosphorylation.12 The importance of these genes in generating ATP places a
significant burden of accuracy on the mitoribosome. The mitochondrion also plays a crucial
role in the initiation of apoptosis® and mitochondrial defects have been implicated in a wide
variety of degenerative diseases, aging, and cancer.# However, evolutionary pressures to
maintain nuclear control of cellular metabolism following endosymbiosis® may be
responsible for the significant reduction in animal mitochondrial ribosomal RNA (mito-
rRNA) sequence when compared to Bacteria, Archaea and Eukaryotes. This reduction is
compensated by an increase in the size and number of mitochondrial ribosomal proteins
(MRPs),5-8 whose genes are under nuclear control.®

Even though mitochondria are believed to have descended from an endosymbiotic
eubacterium,10:11 the structural components of their ribosomes are noticeably different. The
ratio of protein to rRNA mass in animal mitochondria (2:1) is inverted from the ratio found
in Bacterial and Archaeal ribosomes (1:2). A decrease in particle density is therefore
observed in sedimentation experiments, yielding a 55S value for the intact bovine
mitoribosome compared to 70S in Bacteria and Archaea. The decreased sedimentation
coefficient can also be attributed to a more porous structure in mitochondrial ribosomes.12.13

The bovine 55S mitoribosome is comprised of two asymmetric subunits, a small (28S)
subunit and large (39S) subunit. The small subunit contains a 12S rRNA (955 nucleotides)
with 29 proteins,®14:15 and the large subunit contains a 16S rRNA (1571 nucleotides) with
48 proteins.58 All of the MRPs are encoded by rapidly evolving nuclear genes,6 while the
mitochondrial rRNA genes, which are also evolving at a rapid rate,® are encoded by the
mitochondrial genome and are transcribed within the mitochondrion. For comparison, the
Bacterial and Archaeal ribosomes are also comprised of two asymmetric subunits, but the
small (30S) subunit contains a 16S rRNA (1500 nucleotides on average) with roughly 20
proteins and the large (50S) subunit contains two ribosomal RNA (rRNA) components, 5S
rRNA (120 nucleotides on average) and 23S rRNA (3000 nucleotides on average), with
more than 30 proteins. tRNAs migrate through three relatively stable binding sites in
cytoplasmic ribosomes during translation: the A- (aminoacyl), P- (peptidyl), and E- (exit)
sites.

In this article, we focus our attention on the structure of the large subunit of the mammalian
mitoribosome. The large subunit (LSU) rRNA is responsible for catalysis of peptide bond
formation. Recent studies suggest that the mechanism of peptide bond formation can be
attributed to positioning transfer RNA (tRNA) substrates charged with amino acid residues
in a specified proximity during the reaction.1”18 The 2’-OH of residue A76 of the P-site
tRNA has been proposed as the catalytic component.1® The LSU rRNA domain V, which
contains the peptidyl transferase center (PTC), is largely conserved through all organisms.20
Many of the rRNA regions of domain IV that are involved in tRNA and inter-subunit
interactions?! are also preserved.20

Furthermore, the ribosomal protein L11-binding domain (L11-BD) within the LSU rRNA
domain Il and the sarcin-ricin loop within domain VI, which together constitute the GTPase-
associated center of the ribosome that interacts with translation cofactors?2:23 (EF-Tu, EF-G,
RF3, etc.), are also conserved. However, the sequences and structures that connect the
central core and these peripheral structural elements are truncated in several mitochondrial
LSU rRNAs.24 On the opposing side of the LSU, dynamic motions of the L1 protein and
associated rRNA have been proposed to directly affect E-site occupancy on the
ribosome.2>-27 Together, these functional domains work in concert during prokaryotic
translation, and structural studies are beginning to elucidate the mechanisms required for
protein synthesis. Even so, it is unclear how the evolving mitoribosome compensates for the
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large reduction in rRNA sequence while maintaining the precision that protein synthesis
demands.

A recent cryo-electron microscopic (cryo-EM) study has provided the first detailed structure
of the mammalian mitoribosome.13 It has several unique features when compared with
structures of cytoplasmic ribosomes from prokaryotic and eukaryotic organisms. Also, the
additional protein content does not compensate for the missing RNA sequence, as had
previously been proposed.”16 Instead, many of the additional proteins assume unique
positions in the mitoribosome structure, thereby leaving regions of structure vacant where
rRNA helices present in bacteria have been deleted in the mitoribosome. Also, in contrast to
the characteristics of cytoplasmic ribosomes, no tRNA was found at the putative exit site (E-
site) of the 55S mitoribosome, suggesting that the E-site either very weak or non-existent in
the mitoribosome, consistent with suggestions available from a comparative analysis of
mitochondrial and nuclear-encoded ribosomes.24

In this study, we analyze the structural perturbations in those regions of the mammalian
mitoribosome that have significant changes in size and sequence of rRNA and proteins. We
utilize a variety of methods, including bioinformatics to study the evolution of RNA and
protein sequences, structural biology (cryo-EM), and novel computational tools to unify the
results in a detailed three-dimensional model of the mitoribosome. In most cases, the
reduction in mito-rRNA sequence does not alter the three-dimensional spatial location of
conserved rRNA helical elements. Thus many of the interactions between the mitoribosome
and tRNAs and protein cofactors during the translation cycle are preserved. However, some
of the reductions in rRNA sequence result in the loss or reorientation of functional domains,
indicating structures in the Bacterial and Archaeal ribosomes that are highly variable and
may not be essential for translation. We have also modeled the structures and placement for
16 mitochondrial ribosomal proteins (MRP) that have sufficient sequence identity with
homologous prokaryotic proteins whose structures have been determined by X-ray
crystallography. This work provides a first step towards assigning structure to the protein
mass of the mitochondrial ribonucleoprotein structure. Additional structural and biochemical
studies are required to predict the placement and conformations of the remaining,
unmodeled proteins, especially those that are unique to the mitoribosome.

Homology modeling of mitochondrial rRNA (mito-rRNA)

Based on the assumption that the secondary and tertiary structures for rRNA molecules are
mostly conserved for all organisms, we have used comparative sequence analysis to identify
sequence conservation and variation and determine similar structural elements that are
present in sets of distantly related and closely related rRNA sequences. Previous success in
determining the secondary structures for the small and large subunit rRNAs28 lends
confidence to the secondary structure model for the mitochondrial LSU rRNA derived from
comparative sequence analysis (Fig. 1). Approximately 86% of the Bos taurus mito-rRNA
can be assigned to structural features present in the Archaeal Haloarcula marismortui
secondary structure, available from the Comparative RNA Website.20 The B. taurus mito-
rRNA (Fig. 1a) has many features in common with all nuclear-encoded rRNAS, including
the peptidy! transfer center (PTC), the sarcin-ricin loop (SRL), and the L11-binding domain
(L11-BD). However, many differences are evident, because the size of the LSU mito-rRNA
is reduced by almost half compared to bacteria. Many of the helical structures in domains |
and Il are lost, as are the A-site finger motif (ASF) in domain 11, and the L1- and the 5S
rRNA-binding domain (L1-BD and 5S-BD, respectively) in domain V.
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Starting with the secondary structure for the large subunit rRNA of the bovine mitoribosome
(Fig. 1a), we have used homology modeling?® to generate a structural model for the mito-
rRNA of the LSU of the mitoribosome. The X-ray crystallographic structures of large
ribosomal subunits from H. marismortui2° an archaeon, and Deinococcus radiodurans,?® a
bacterium, provide homologous rRNA structures to guide the modeling. For our studies, we
primarily used the H. marismortui structure (PDB accession code: 1JJ2) as the template for
modeling the mitochondrial rRNA sequence. Helices and loop structures that are conserved
in mitochondria are modeled based on geometry determined by X-ray crystallography for
the archeon (see Methods). Three significant differences were explored: (1) Identical
secondary structure elements composed of the same base pairings and unpaired nucleotides
are modeled one for one, when the sequences are identical or vary in composition. The
nucleotides from H. marismortui are replaced by corresponding nucleotides in the mito-
rRNA. These changes do not affect the backbone or sugar orientation of the bases. (2) For
canonical base pairs that are replaced by non-canonical (i.e. GeU or GeA) pairs, the latter
pair is superposed on the canonical pair. The same method is used for non-canonical pairs
that are replaced by canonical pairs. None of these changes in base-pair types severely
distorts the helical geometry, and differences in the backbone interactions with neighboring
nucleotides are easily resolved with a round of energy minimization. (3) For more dramatic
differences between the two secondary structures, including changes in the size of loops and
bulges, the mitochondrial sequence is modeled from previously determined X-ray
crystallography structures of RNA with similar sequence (available from the RCSB protein
databank31).

Structure refinement and validation

The homology model of the mito-rRNA provides a starting structure with helical positions
based on similarities to prokaryotic ribosomes as determined by comparative sequence
analysis. Information from a cryo-EM study3 provides additional, experimental restraints
that can be incorporated using YAMMP,32 our in-house molecular modeling package. The
software includes a rigid-body Monte Carlo module with simulated annealing that we use to
refine our model. The vector lattice (VLAT) component of YAMMP generates a force field
term that defines the electron density from experimental studies as a three-dimensional
potential, providing a score for the fit of the model to the density.

Initially, the complete model for the mitochondrial rRNA is treated as a single rigid unit
using a reduced representation.33 The starting model contains pseudoatoms representing the
phosphate positions of each nucleotide in the RNA homology model (P-atoms). To get an
initial placement of the model in the EM density, the rigid unit was subjected to Monte
Carlo refinement with simulated annealing (see Methods). A good fit is obtained, suggesting
that the structural organization is largely conserved in the mitoribosome, with small changes
due to differences in sequence and size of some helices and connecting regions.

The mito-rRNA model was then divided into 52 rigid units, based on conserved helical
structures (Fig. 2), and the structure was refined with multiple rigid-body Monte Carlo with
simulated annealing. Each rigid unit is topologically connected to neighboring units using
one of two bond-types: (1) Strong bonds are used to connect adjacent conserved structures
that are separated by distances corresponding to the normal phosphate-phosphate distances
between neighboring bases (~6-7A). (2) Weak bonds connect nucleotides separated by a gap
in the model due to a lack of secondary structure information (grey regions, Fig. 2). The
weaker bonds allow greater freedom for the connected structures, while maintaining
reasonable connectivity during the Monte Carlo refinement. Non-bond interactions with
7.5A exclusion diameters were used for every P-atom in the structure to prevent structural
overlap.
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All-atom models for the 52 units were then superposed on the final reduced representation
models fit to the EM density, given that the reduced rRNA units were treated as rigid bodies
and maintained their geometry. The all-atom models for each unit were covalently linked,
except for the regions where gaps occur (grey dashed lines in Fig. 2), and a round of energy
minimization was used to resolve structural discrepancies caused by rearrangements during
rigid-body refinement.

Additional and alternate RNA secondary structure predictions

The refined homology model based on the comparative structure model of the rRNA fits the
RNA density13 from cryo-EM well. The only helices in the LSU rRNA comparative model
that do not fit the EM density are in domains I and 111 (in Fig. 2, helix 13, the end of helix 50
and helix 59.1 did not find a reasonable fit to the cryo-EM density). We therefore explored
the possibility that these two regions of the rRNA have alternative folds using A/ifold34 In
contrast to comparative analysis of the rRNAs that identifies base pairs from patterns of
variation and covariation in a set of aligned sequences,3® the A/ifolaP* program combines
thermodynamic and comparative analyses to predict RNA secondary structure. A multiple
sequence alignment was created for a set of mammalian mitochondrial LSU rRNAs, that
includes B. taurus and related organisms (see Methods). The A/ifold program identified
helices that are thermodynamically stable and present in the set of aligned sequences. This
suggests a secondary structure in the region of helices H50 and H59.1 (Fig. 3, green
nucleotides) that differs somewhat from that proposed by comparative analysis (Fig. 2). The
modeled structure closely matches the EM density (Fig. 4c). This suggests one of two
possibilities: (1) that after endosymbiosis the sequence in domain 11 of the bovine mito-
rRNA has evolved to generate a somewhat different three-dimensional structure, or (2) the
structure determined by cryo-EM represents a conformational change in this region from the
structure predicted by comparative sequence analysis. We cannot rule out either possibility,
but our model is based on the structure solved by cryo-EM and the alternative secondary
structure (shown in Figure 3). We also examined alternative secondary structures for the
unstructured regions of domain I (including helix 13), but we were unable to find secondary
structure predictions that could be placed in the EM density with confidence.

Part of the region in domain Il that connects the L11-BD to the highly conserved core of the
LSU (Fig. 1a) has fewer nucleotides in the mammalian mitochondria than the corresponding
region in all nuclear-encoded LSU rRNAs. No base pairing and helices that are shared in the
mammalian mitochondria were identified with comparative and covariation analysis for this
region that is truncated. To examine the possibility of additional secondary structure in this
region, we used the m7fo/dP® thermodynamic folding program to predict helices to expand
the structural model from comparative analysis. Several thermodynamically stable
secondary structure helices were identified, and we tested each of these by examining their
fits to the cryo-EM density. From this, we were able to generate a three-dimensional model
that matches the cryo-EM density very well in this region (Fig. 4a). This model reveals how,
in spite of the drastic reduction in rRNA size, the L11-BD of the mito-rRNA can remain on
the periphery of the mitoribosome. A previous modeling study?4 proposed a movement of
L11-BD closer to the core of the LSU during the course of evolution in the C. elegans
mitoribosome, because no previously characterized RNA structure of similar sequence and
length was known to span such a large distance. No such movement is necessary in the
mammalian mitochondria for two reasons: (1) the sequence is not as reduced in mammalian
mitochondria as in C. elegans, and (2) the unique structure found in the mammalian
mitoribosome extends from the core of the subunit to the periphery (~80A) by restricting
base pairing and allowing the RNA strand to stretch without the constraints of helical
geometry. In fact, a large portion of the sequence near the L11-BD does not form helical
base pairs, because the sequence consists almost entirely of adenine and cytosine bases (one
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uracil and no guanines, Fig. 3a). Cryo-EM density connecting the L11-BD with the rest of
the rRNA is relatively thin, which suggests conformational variability in the region,
consistent with non-canonical interactions.

A similar method was used to predict the secondary structure of an rRNA helix in domain V
that extends to the L1-binding domain (L1-BD). This region of the LSU rRNA is truncated
in the mammalian mitochondria, and no base pairing is predicted at its apex in the
mammalian mitochondrial comparative structure model (Fig. 1a). This truncation implies
that L1 does not bind to the same RNA site, despite the conservation of L1 in mammalian
mitoribosomes.3” Thermodynamic predictions indicate that a single stem-loop structure is
feasible (Fig. 3b), and modeling places the RNA in close proximity with the L1 protein (Fig.
4b). For this reason, an RNA:protein interaction is probably maintained, with the large bulge
in the hairpin easily fitting the cleft of the L1 protein.38

We attempted to determine energetically stable helices in the remaining regions of the B.
Taurus LSU rRNA that did not have helices in the comparative structure model (grey
lettering, Fig. 3). Unfortunately, no common structures were found. In fact, no base pairings
were predicted by m7o/cP® for the large loops in domains 11 and 111, because these sequences
lack the nucleic acid base diversity required for canonical pairing (no guanines and few
uracils). The abundance of adenine and cytosine bases in these unstructured regions suggests
that these regions do not contain regular base pairing and helices. The same is true for the
single-stranded region in domain VI (Fig. 3, 1 uracil and no guanines). The unmodeled
regions in domain I are not completely devoid of guanines, but they are also very G-poor.
Neither Alifold nor mfoldwas able to predict common secondary structures for this
sequence. We have therefore elected not to model these regions. Their structures are
probably unique to mitoribosomes.

The final model of mito-rRNA

In total, we have modeled 93% of the mito-rRNA sequence in three dimensions (Fig. 5).
Much of the 16S mito-rRNA is conserved in domain IV (Fig. 5, green), which lies at the
interface between the mitoribosome subunits. Interactions with the penultimate stem of the
small ribosomal subunit (SSU helix 44) are maintained near the core of the subunit. The top
of helix 44 contains the decoding center, where interactions between the mRNA and the A-
site tRNA are examined for fidelity,3° and signals for fidelity may be transmitted through
interactions with domain IV of the LSU rRNA during translation. It is not surprising that
these interactions are largely conserved, but more peripheral interactions at the subunit
interface are replaced by new interactions between MRPs in each subunit.13

The central cavity of the 39S subunit is highly conserved because several essential structures
are preserved in domain V (Fig. 5, red), including the peptidyl transferase center (PTC). The
5S-BD is missing, in agreement with the loss of 5S rRNA in the mitochondrial genome. The
helices that radiate from the core of the structure to the L1 arm are maintained, but are
shorter than in bacterial ribsosomes, making interactions with the L1 protein in the
mitoribosome unique. The positions of functional structures near the periphery of the
structure (L11-BD and SRL) are conserved, thereby preserving critical interactions with
elongation factors (EFs) during the translation cycle.

Protein homology modeling

Of the 48 proteins found in the large subunit of the mitoribosome, 28 are homologous to
prokaryotic ribosomal proteins,® while the remaining 20 are unique to the bovine

mitoribosome. All of the bovine MRPs are encoded in the nuclear genome® and must be
translated in the cytoplasm and transported into the mitochondrion.#%41 MRPs are much
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larger than prokaryotic ribosomal proteins, and they often have insertions at the C-, N-, or
both termini. It was originally thought that the increase in protein size compensates for
reduction in the mito-rRNA,33 but the cryo-EM structure does not support this theory,13 as
only ~20% of deleted rRNA components are positionally replaced by mitoribosome specific
proteins or extensions of homologous proteins.

We compared all 48 MRP sequences®-8 with sequences of ribosomal proteins whose
structures have been previously determined by X-ray crystallography. When significant
levels of identity and similarity were found, we were able to generate protein homology
models based on templates from X-ray crystal structures of ribosomal large subunit
complexes.21:25:30.42 \We created partial models for 16 proteins (Fig. 6), and a summary of
those models is listed in Table 1. (Note that L7 and L12 are identical.)

None of the ribosomal proteins could be modeled completely. Homology between the MRPs
and the prokaryotic ribosomal proteins did not extend across the entire length of the protein
sequences. Commonly the N-, C-, or both termini were unique. More detailed sequence
analysis revealed that these regions are insertions, not mutational differences. This trend has
been described previously®8 and the results from our comparative study confirm those
findings.

It had been proposed that these insertions represent the addition of functional domains to
compensate for the decreased size of rRNA in the large subunit.5-8 We analyzed these
insertions to determine if functional roles could be identified from sequence homology to
proteins of known function. Unfortunately, the homology search against the non-redundant
(nr) database did not produce any homology matches, suggesting that the sequence
insertions in mammalian MRPs are unique.

MRP structure refinement

The homology models for the proteins were fit to the cryo-EM density in much the same
way as the RNA helices. During protein fitting, the mito-rRNA model (modeled again with
the P-atom reduced representation) was treated as a rigid scaffold that was held fixed. Each
protein (modeled with pseudoatoms centered on the Ca coordinates, called C-atoms) was
placed manually into the EM density, and rigid-body Monte Carlo with simulated annealing
was used to refine protein positions. Refinement included VLAT terms for scoring the fits of
the proteins to the density plus a set of restraints based on conserved RNA-protein
interactions observed in bacterial crystal structures. These interactions were determined by
measuring distances between every nucleotide in the RNA and every amino acid in each
protein structure. An interaction threshold of 3A was used for protein models that had
homologous proteins in the AH. marismortur® structure (where all-atom detail is present),
whereas a threshold of 6A was set for protein models with homologous structures available
from T. thermophilus? or D. radiodurans®> (where all-atom detail is not available). If the
nucleotide and amino acid involved in the interaction were both conserved in the
mitochondrion, harmonic restraints of equivalent length were included between appropriate
P- and C-atoms during refinement.

Of the 16 protein models, 13 had conserved interactions with the RNA. The resulting RNA-
protein restraints played a critical role in tethering the proteins to their conserved positions
in the mitoribosome model during refinement, because much of the protein density remains
unfilled, and it would otherwise be difficult to guarantee that the refinement would not move
these proteins into inappropriate regions of the density. The positions of the three proteins
that did not have conserved interactions were refined, although a lower starting temperature
was required during the refinement protocol to prevent large movements. Also, for proteins
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with long extended loops, minimal rearrangements of some loops were required to prevent
steric overlap between the protein and rRNA.

All 16 proteins are in positions very similar to those found in the prokaryotic structures (Fig.
6b). In most cases where restraints are available, the nucleotide binding sites for the
modeled proteins are conserved. For example, the binding site for protein L2 is conserved in
domain 1V, which contains helices responsible for positioning the protein in the same
relative orientation as in the bacterial ribosome. L11 and L7/12 are also in positions very
similar to those in bacteria, so the geometries of their interactions with protein cofactors and
the incoming A-site tRNA in mitochondria should be similar to those in bacteria. However,
the rRNA binding site for L1 (L1-BD) is very different in the mito-rRNA than in bacterial
rRNA. L1 is repositioned further from the putative E-site, which may be absent in the
mitoribosome.13:24 Some of this difference is presumably due to the drastic truncation of the
L1-BD in mito-rRNA, but it may also reflect the larger flexibility of the L1 arm of the large
subunit?>-27 when compared with nuclear-encoded ribosomes (see Discussion).

The final model of the LSU mitosibosome

The final model for the LSU of the mammalian mitoribosome fits the cryo-EM density
nicely (Fig. 7). We have placed 93% of the mito-rRNA sequence as well as 16 MRP models
with significant sequence similarity to prokaryatic ribosomal proteins. The L1-BD of the
RNA that extends out of the density attributed to RNA does fit the density of the complete
subunit, and the placement of the L1 protein suggests that an interaction between the RNA
and protein is possible. Our placement of the L7/12 dimer is based on an earlier X-ray
crystallographic study,2! and the protein does slightly protrude from the EM density. Since
this region is known to be flexible in bacterial ribosomal particles,344 similar flexibility in
mitochondria could explain the weaker density for the protein in this region. Moreover, in a
recent study“® it has been suggested that the traditionally assigned stalk of the LSU actually
represents the protein L10 and multiple copies of L7/12. If this scenario is also true in the
mitoribosome, our placement of L7/12 would need further refinement.

Discussion

Our model of the large subunit of the mammalian mitoribosome suggests that the reduction
in rRNA size compared to bacteria does little to alter the spatial organization of structural
and functional domains common to the LSU of mammalian mitoribosomes and prokaryotic
ribosomes. However, some conserved interactions, including parts of the tRNA binding
sites, are absent in the mitoribosome. The interactions between the large subunit and tRNASs
at the A-, P- and E-sites of the bacterial ribosome have been characterized by X-ray
crystallography studies.?! Figure 8 compares the interactions predicted by our model with
those observed in bacterial ribosomes.

rRNA segments interacting with the P-site are highly conserved between mitochondrial and
cytoplasmic ribosomes (Fig. 8). The importance of correctly positioning the acceptor stem,
which holds the nascent polypeptide chain, is evident from the rRNA sequence conservation
for regions interacting with the tRNA. Furthermore, additional contacts are made between
the tRNA and the mitoribosome at this position during mitochondrial translation by
protein(s) in the central protuberance (the so-called P-site finger, PSF). The conserved
protein models that we fit to the EM density are not in positions to participate in these new
interactions, so the PSF interaction can be attributed to extention(s) of one of the 12
unmodeled bacterial homologs or, more likely, to a MRP unique to mitochondrial
translation.
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Interactions at the A-site are also highly conserved (Fig. 8), showing the importance of
positioning the A- and P-site tRNAs during catalysis of the peptidytransferase reaction.18
Contacts are also maintained between the highly conserved rRNA helix 69 and the minor
groove of the tRNA D-stem. But interactions with the A-site finger (ASF), which interacts
with the D- and T-loops of the tRNA in cytoplasmic ribosomes,?! are lost because of
sequence reduction in domain Il of the LSU rRNA (Fig. 1b). These tRNA loops exhibit a
large degree of variation in size and content in mitochondria,*6:47 suggesting that the rRNA
and tRNA sequences that normally interact have co-evolved to accommodate structural
changes. D- and T-loop structures are not sensed by the ribosome at the P-site, and new
interactions with the PSF are located at the T-stem. It has been suggested that reductions in
the size of both D- and T-stems and loops in some mitochondrial tRNAs may cause a
dramatic change in the preferred angle between the two arms of these tRNAs,*6:48 and
transient electric birefringence studies have supported this suggestion.® Our model of the
LSU mitoribosome would be more accommodating to these differences at the A-site, but it
is not clear what, if any, affect this difference may play in translational fidelity.

The ribosomal E-site is markedly different in mitoribosomes, as most of the rRNA regions
responsible for interacting with the E-site tRNA in the bacterial ribosome are absent in the
mitoribosome.2* The regions of rRNA sequence that bind the E-site tRNA during translation
are almost completely missing in the mito-rRNA (Fig. 8). The one interaction that might be
structurally conserved occurs near the base of the L1 arm in the rRNA model. The sequence
in this region is markedly different in the mito-rRNA compared with prokaryotes, so any
interaction will be different, if not completely lost. Furthermore, the observation that the
tRNA binds strongly in the P-site, but not in the E-site, suggests that the E-site is either very
weak or non-existent in the mitoribosome. 13

Many interactions between the prokaryotic 23S rRNA and E-site tRNA involve contacts
near the L1-BD.2! These interactions and the flexibility of the L1 arm (Fig. 9b, L1) suggest
that E-site occupancy on the ribosome may be coupled to dynamic motions in this
structure.25-27 The mitochondrial L1 protein is readily identifiable in the EM density,
interacting with the shortened mitochondrial rRNA stem loop in domain V (Figs. 4b), but
the protein is positioned far from the putative E-site (Fig. 9a). While this orientation may in
part be due to the inherent flexibility of the L1-BD, the truncation of the rRNA may limit the
range of mation. The EM density corresponding to L1 makes contacts with neighboring,
unassigned protein density (Fig. 4b, marked with *), which may further restrict its mobility.
Since the L1 protein is conserved in the mitoribosome, it is probably important for
translation, but it may not have a direct role in tRNA binding.

On the opposing side of the LSU of the mitoribosome, the spatial orientations of conserved
structural domains near the periphery of the mitoribosome are conserved. Specifically, the
L11-BD is positioned by a unique structure (when compared to Archaea, Fig. 9), because of
sequence reduction in the region that connects the conserved cofactor binding domain and
the core of the particle (Fig. 3, orange region in domain I1). The crystal structure of
mitochondrial EF-Tu in complex with GDPY is similar to homologous bacterial structures
from Escherichia colP! and Thermus aquaticus®?, which would suggest that the overall
binding of cofactor with the ribosome in mitochondria is comparable to that in bacteria.

Unique mito-rRNA structures (ie. the sequence leading to the L11-BD) may also be
stabilized by additional protein interactions found in the mitoribosome. The placement of 16
MRP models begins the assignment of structure to the increased protein mass in the large
subunit of the mitoribosome. The unique MRP sequences suggest that their role in
translation is likely specific to mitochondria. The unidentified protein densities are mostly
localized to the peripheral regions of the large subunit, and all of the proteins synthesized by
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mitoribosomes are inserted into the inner mitochondrial membrane. Therefore, unique MRPs
appear to be associated with positioning the mitoribosome during cotranslational insertion of
nascent polypeptides into the membrane®3 and/or stabilizing extended rRNA structures
created by the large reductions in sequence.

The conservation of rRNA structure in bovine mitochondria does not directly correlate with
sequence conservation. The overall base content is very G-poor and A-rich when compared
to Archaeal (H. marismortui) and Bacterial (£. coli) species (Fig. 10a). While guanine is the
most frequent base in these prokaryotic rRNAs (30%), it is sharply reduced in bovine
mitochondria (18%). In contrast, adenine content (25% in prokaryotes) jumps to 38% in the
mitochondrion. The fraction of nucleotides that are base paired drops from ~60% in
prokaryotes to 45% in mitochondria (Fig. 10b). This is partly due to the reduction in guanine
content without a corresponding reduction in cytosines, since the latter have fewer
prospective base pairing partners. The increase in adenine content also contributes to the
decreased base pairing in the mitochondrial rRNA secondary structure (Fig. 10b), because
adenines pair less frequently than other bases. For example, 62% of adenines are unpaired in
the £. coli 16S rRNA, while only 30% of G, C and U bases are unpaired.3>>4 An even larger
fraction of adenines are unpaired in the £. coli 23S rRNA (Fig. 10b). The increased adenine
content in the mitoribosome results in reduced base pairing and facilitates formation of two
unique structural features: (1) “stretched” regions that reach across large distances to
connect functional regions whose positions are not changed (e.g., the L11-BD, whose
position is maintained at the periphery to interact with translation cofactors); and (2) large,
unpaired loops at helix ends that may assume globular structures and serve as recognition
elements for some of the MRP binding, e.g., the A-rich loops in domains Il and 111 (grey in
Fig. 3).

It is not clear why evolutionary pressures lead to such a remarkable decrease in the size of
the LSU mito-rRNA and a corresponding increase in protein content, but two structural
principles have emerged from the present study. First, the key functional sites occupy
essentially the same positions as in prokaryotic ribosomes. Second, the significant decrease
in G content and increase in A content leads to a marked reduction in the fraction of base-
paired nucleotides, yielding unique structures that can span large distances to maintain the
three-dimensional organization of structures essential for translation.

Comparative Sequence Analysis

The rRNA sequences were aligned manually with the alignment editor AE2 (developed by
T.Macke>®). This program runs on SUN Microsystems computers on the Solaris operating
system. Ribosomal RNA sequences are aligned by juxtapositioning the nucleotides that map
to the same elements in the secondary and tertiary stucture models to the same columns in
the alignment. The rRNA structure models were predicted with covariation analysis,3° a
method that identifies a conserved set of base pairings and helices in a group of aligned
sequences. The secondary structure diagrams for the B. tfaurus mitochondrial LSU rRNA
were templated from previously predicted mammalian mitochondrial LSU rRNA structure
models,?® and modified for unique features in the B. taurus structure. The structure diagrams
were drawn with the interactive secondary structure program XRNA (B.Weiser and
H.Noller, University of California, Santa Cruz).

RNA Homology Modeling

The model for the mito-rRNA is largely based on the crystal structure of the large subunit
from Haloarcula marismortur® (PDB accession code: 1JJ2). To begin, conserved RNA
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helices were identified based on the comparative sequence analysis. Having identified
homologous regions in the structure, simple changes could be made in the cases where a
base pair or an individual base (in a loop or bulge) could be changed to the corresponding
nucleotide(s) found in the mitochondrial sequence (i.e. A-U pair changed to a C-G) using
the Biopolymer module of the Insight-11 software package (Molecular Simulations, Inc., San
Diego, CA). Other changes involve mutations that result in hon-canonical base pairing
where normal base pairs are found in the H. marismortui structure. In still other cases, a
canonical base pair may be found in the mitochondrial structure where a non-canonical pair
exists in the Archaeal ribosome. For these cases, the pair found in the mitochondrial
structure is superposed on the pair found in the H. marismortui structure. A round of energy
minimization was used to satisfy the backbone geometry while preserving the hydrogen
bond interactions between the base pairs.

For regions where a greater difference is found between the sequences, the mitochondrial
rRNA were modeled based on previously characterized structures with similar or identical
sequences.?? These include common motifs found in RNA tertiary structures;>’ such as
tetraloops,®® U-turns,>9 and so on. For structures that are not as common, RNA structures
previously determined by X-ray crystallography are used as a library, or database, for
generating a three-dimensional model. Sometimes sequence comparisons suggested more
than one possible structure. In such cases, fits to the cryo-EM density were used to
determine which candidate was more feasible.

Additional/Alternate Secondary Structure Predictions

The Bos taurus mitochondrial rRNA sequence was taken from the genomic sequence
NC_001567 using the Entrez genome database at NCBI.50 Potential secondary structures for
regions of interest were predicted by mfo/cB8 and the AlifoldP* program in the Vienna RNA
package. Default settings were used to predict secondary structure with mfold. Elements of
secondary structure that were consistent across several thermodynamic predictions, levels of
lineage, or both, were selected as potential secondary structures. These were used to predict
three-dimensional structures that were validated or rejected by fitting to the cryo-EM
density.

Multiple sequence alignments were created with the mitochondrial LSU rRNAs from Bos
taurus and related organisms (Bovinae, Bovidae, Pecora, Ruminantia, and
Cetarteriodactyld), as defined the NCBI Taxonomy Browser.0 The sequences were obtained
using Entrez (nucleotide or genome) and aligned using ClustalW.61 Regions of interest were
cut from each alignment and submitted to A/ifold twice, once with a default covariance
weight of 1, and again with a covariance weight of 10. In both cases isolated base pairs were
allowed. Alternative secondary structures were modeled in three dimensions and then
examined in the cryo-EM density map.

Protein Homology Modeling

The sequences of all 48 proteins of the mitoribosome8-8 were identified and searched against
the non-redundant sequence database (nr) and the protein database (PDB) using the program
BLASTP.52 MRPs homologous to ribosomal proteins in the same family were modeled for
those cases where the crystal structure has been determined. Clustal W61 was used to create
sequence alignments. We used the aligned sequences in the modeling program
MODELLER63 to create structural models. Most of the templates selected for the modeling
contained only the Ca carbon of each amino acid, due to limited resolution in the crystal
structures. Therefore, the remaining atomic positions were extrapolated using probability
density functions.%3 This process can sometimes lead to positioning that is unfavorable, so
some manual adjustments were made with the protein using Insight-11 (Molecular
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Simulations, Inc., San Diego, CA). The models were optimized by steepest decent energy
minimization to remove any unfavorable bonds, angles and steric conflicts. The structural
characteristics of the models were then examined with PROCHECK .38 Regions that could
not be modeled were further checked against the nr and PDB database to determine if
homologous sequences or structures could be determined using just those short, unmodeled
regions.

Determining protein interactions

A simple Python script was written to determine the interactions between RNA and proteins
using various cutoff distances, based on the resolution of the crystal structure. This
procedure works well for the H. marismortui structure, because the all-atom detail allows the
use of a 3A cutoff to determine specific hydrogen bonding pairs between RNA and protein
atoms. Not all mammalian MRPs have a high level of homology to proteins in the Archaeal
structure, so specific interactions cannot be determined for all proteins. But homologous
proteins are also found in the crystal structures from Thermus thermophilus? (PDB
accession code: 1G1Y), and Deinococcus radiodurans®® (PDB accession code: INKW).
These structures contain only Ca coordinates for the proteins, and 1G1Y provides only the
phosphate positions for each nucleotide. Therefore, P — Ca distances were measured using a
6A cutoff for homologous protein structures in these eubacterial complexes, providing a list
of neighboring residues between the RNA and protein. MRP-L11 is homologous to
Escherichia coli 111, so the all-atom crystal structure of the L11-RNA fragment®4 (PDB
accession code: 1KC8) was used to determine specific interactions (3A cutoff) between the
RNA and protein. Protein/protein interactions were analyzed using the same approach.

Once a list of interactions was determined for each protein model, restraints in the rigid-
body Monte Carlo refinement were applied to pairs of pseudoatoms defining interacting
residues in both the proteins and nucleic acid. Thirteen of the 16 proteins have interactions
with the rRNA that could be expressed in such restraints, but L17, L19 and L24 did not have
such interactions, due to deletions in the mitochondrial rRNA and MRP sequences.

Structure refinement

Cryo-EM density is incorporated as a structural restraint for refinement of the model in
YAMMP, our in-house molecular modeling package.32 The vector lattice (VLAT) force
field term defines the cryo-EM density as a three-dimensional potential, providing a score
for the fit of the model to the density (documentation available at http://
rumour.biology.gatech.edu). Refinement is done using the rigid body Monte Carlo module
in YAMMP,

The mitochondrial rRNA was modeled using a reduced representation with one pseudoatom
per nucleotide.32 The initial refinement was performed by treating the entire RNA homology
model as a rigid unit, and it was subjected to 2,000,000 steps of Monte Carlo refinement
with simulated annealing as a rigid body, starting at 1,000K with cooling to 10K.

A second round of refinement was used to optimize the local fit of each helix to the
corresponding density. Each helix was treated as a separate rigid unit (52 units total, Fig. 2),
and refinement was used to improve the total VLAT score. To maintain connectivity
between helices along the RNA chain, harmonic bonds were included in the energy
calculation as “tethers” between connected helices:

Epi=kgi(Bi — Bio)”
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where Eg;denotes the energy of the h bond; &g /s the force constants for the th bond; g; is
the th bond; and B;, /s the corresponding equilibrium or ideal value. The ideal bond length
is determined for each bond as the crystallographically determined distance between
consecutive nucleotides in two rigid units. The force constant was set at 100 kcal/mole A2
for “normal” distances between consecutive homologous nucleotides (usually 6-7A). In
some cases gaps were present due to sequences that could not be modeled (grey regions, Fig.
2). A smaller force constant (1 kcal/molsA2) was used for these cases to allow more
conformational freedom. A non-bond term was also added to the energy calculation to
prevent interpenetration of the helices:

2 .
Ej=ki(ry —rio) i ry <riio
Eij:() if r,~j<r,~j0

where £j;is the non-bond interaction energy between atoms /and j; kj;is the non-bond force
constant (set to 100 kcal/molsA?2) for the atom pair Jj; rjjis the distance between atoms /and
J: and 7o is the minimum distance allowed between the two atoms. The goal of the non-
bond term is to provide volume exclusion so that double helices do not interpenetrate, and a
value of 7, = 7.5A was used to achieve this.

This second round of refinement was performed using multiple rigid-body Monte Carlo with
simulated annealing. The starting temperature was set at 100K, with a final temperature of
10K reached after 2,000,000 steps. The final position of each rigid unit was accepted or
rejected based on the energy score and by visual inspection with “0”.65 The original all-
atom structures were superimposed onto the refined phosphate positions and covalently
linked, except for the regions where gaps occur. A final round of energy minimization
resolved small structural discrepancies caused by structural rearrangements during the
refinement protocol.

Having placed the modeled rRNA structure in the density from EM, the proteins were then
placed using a similar protocol, with the RNA structure held in a fixed position. Each
protein was treated as an independent rigid body (17 rigid bodies total, 1 RNA and 16
proteins). The overall placement of the L7/12 dimer was based on an earlier X-ray study?2!
and was fit both as a dimer and as two monomers, to determine the structural organization
that would best agree with the density and the conserved interactions between the two
proteins. A consensus structure was determined from both methods. Bonds were included in
the calculations using the previously determined P — Ca distances for conserved residues
between the RNA and protein as the ideal bond length (o) and a bond force constant (4p)
of 10 kcal/molsAZ. The proteins were manually placed in positions consistent with previous
ribosomal complexes. 1,000,000 steps of rigid body Monte Carlo with simulated annealing
was performed over a range of starting temperatures (1000K, 100K, and 10K) because of the
varied restraints associated with each protein. Those with more restraints could sample
conformations at higher temperatures, while those with fewer restraints required lower
temperatures to prevent extensive motions. All simulations were annealed to a final
temperature of 1K. The final position for each protein structure was evaluated both visually
using “0”6% and quantitatively from the final energy score.
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Figure 1.

rRNA secondary structure comparison. a. Bos taurus mitochondrial rRNA secondary
structure based on comparative sequence analysis. b. Secondary structure of H. marismortui
23S rRNA. Regions that align with the mitochondrial rRNA are highlighted in red, and
those that are absent in the mitoribosome are shown in black. Some relevant functional
regions are labeled (green), and six domains of the 23S rRNA are identified with roman
numerals.
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Figure 2.

Rigid-body refinement of the rRNA model. Fifty-two independent rigid units were defined
for refinement of the RNA structure using Monte Carlo with simulated annealing (see
methods). Regions are colored to represent the distinct units that were used for the
refinement. Unmodeled regions are represented as dashed, grey lines. Helices 13, 50 and
59.1, proposed by comparative sequence analysis (http://rna.icmb.utexas.edu), did not fit the
EM density. We propose an alternate structure in the region with helices 50 and 59.1 in
domain 111 (see Figs. 3 and 4).
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Figure 3.

Proposed secondary structure for the mammalian mitochondrial LSU rRNA. The structure is
presented as modeled with regions predicted by comparative sequence analysis (blue)
comprising roughly 86% of the secondary structure. Additional secondary structure was
predicted using mfolcd?* (orange) to extend the structure for regions where comparative
analysis does not predict secondary structure. AlifolaP* was used to predict an alternate
secondary structure in domain 111 (green) which differs slightly from that predicted by
comparative analysis, but more closely matches the cryo-EM density.13
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Figure4.

Additional and alternate secondary structures predicted using thermodynamic and
comparative methods. The left side of each panel shows the predicted secondary structure,
colored as in Fig. 3, and the right side of each panel shows the fit to the corresponding
region in the cryo-EM density map.12 a. The L11-BD, where additional structure is
predicted for the adjacent sequence (orange) using thermodynamic predictions from
mfold3® b. The L1-BD, where additional pairing is predicted using mfo/c®® for the rRNA
sequence that interacts with MRP-L1 (red). A large globular mass of unidentified protein(s)
(marked by * on the semitransparent green density) may restrict the movement of the L1
region in the mitoribosome. c. The domain 111 region where an alternate secondary was
predicted using A/ifold3* This structure differs from that predicted by comparative
sequence analysis (Fig. 1a) and fits the corresponding cryo-EM density much better (not
shown). d. The cryo-EM density for the large mitoribosome subunit is shown in blue
(interface view). The three regions that have been modeled using additional and alternative
folding predictions are shown in orange and labeled a, b and c to correspond with the
preceding panels.
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Figure5.

Three-dimensional model for the mitochondrial 16S rRNA. a. The 16S rRNA is represented
from the interface and solvent-accessible sides of the structure and colored by domain (I —
purple, Il - dark blue, Il — orange, IV —green, V —red and VI - yellow). b. The model fit to
EM density that is attributable to RNA,13 except for the tip of a domain V helix that contacts
the L1 protein. However, the model of the extended rRNA segment fits into the complete
LSU map (also see Fig. 4b). Coloring is the same as in panel a.
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Figure6.

Structural homology models for MRPs. a. Models of the sixteen MRPs that have significant
sequence similarity with bacterial ribosomal proteins that have been structurally
characterized by X-ray crystallography. b. Structural organization of proteins in the large
mitochondrial subunit fit to the cryo-EM density (stereo view).
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Figure7.

Stereo-view representation of the three-dimensional model of the 39S subunit of the
mitochondrial ribosome. a. The interface view of the subunit shows that the conserved
interface of the mitochondrial ribosome is still dominated by rRNA structure (colored as in
Fig. 5). b. The homologous MRPs (grey) are predominantly located towards the solvent-
accessible side of the particle. Upper and lower panels in both sections show the modeled
structure (rRNA and proteins), and its fitting into the cryo-EM map,13 respectively.
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Figure8.

Interactions with the tRNA binding sites of the mitoribosome. The A-, P- and E-site tRNAs
are represented with the structure from yeast tRNA-Phe.56 Interactions with rRNA sequence
that were found in the X-ray crystal structure of the 7. thermophilus 70S particle?! are
represented as either being conserved (red) or absent (yellow) in the mitochondrial
ribosome.

J Mol Biol. Author manuscript; available in PMC 2012 November 12.



1X31-)lew1a1ems 1X31-){Jewiaremsg

1X3]-){Jewtarems

Mears et al.

Page 26

Figure9.

Three-dimensional models of mitochondrial and archaeal large ribosomal subunit rRNAS.
Models are shown from the subunit-interface side (left) and from the solvent side (right). a.
Mitochondrial rRNA, showing a dramatic reduction compared to archaea. b. H. marismortui
rRNA from X-ray crystallography.3° The L1-arm (L1) was modeled using structural data
from other crystallographic structures.?1:38 The A-site finger (blue RNA helix adjacent to *)
was modeled using sequence data and cryo-EM density from £. co/i8” Six domains in both
models (a and b) are identified by different colors: I (purple), Il (dark blue), I11 (orange), IV
(green), V (red) and VI (light blue). The 5S rRNA in the archaeon (yellow) is absent in the
mitoribosome. L1 proteins for both models are shown with space-filling representations

(grey).
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Figure 10.
Sequence composition of LSU rRNAs from Bos taurus mitochondrion (red), H. marismortui

(blue) and £. coli (green). a. The mitochondrial rRNA exhibits a significant reduction in
guanine (G) content and increase in adenine (A) content relative to H. marismorturi (an
archaeon) and £. coli (a eubacterium). b. The base paired fractions for each species. The
frequency of base pairing is substantially lower in the mitochondrial ribosome, especially for
cytosine.

J Mol Biol. Author manuscript; available in PMC 2012 November 12.



Page 28

Mears et al.

$watermark-text

$watermark-text

T alqel

eegyT 66-1€ %¢C’'99 %G'EY MMINT LZ1-ddIN
eegTz yST-65 %E9S  WY'SE NNdT  ¥2T-du
%E8Y  WLTZ NNdT
€90C 8/T-69 %S'LY %¢C'6¢ AIOT ¢C1-ddIN
%9EY WYL NNdT
ee6yT 521-8 %L WP9E  MMINT  0ZT-duW
%08 %S'9Z NNdT
2208z £61-96 %087 %G9 MMINT  6TT-duW
ee0gt 0L1-18 %E6S  W6VE AIOT  STT-duW
%G65  %I'EE NNdT
ees/1 921-TT %GBS %OEE  MMINT  LTT-duW
%CYS  WTLZ NNdT
BeTGC 88T-TL %C'vS %T°LC MMINT 9T1-ddIN
%rlS %I NNdT
eeg/1 8vT-T %rlS %6 MMINT  ETT-duW
%C'LS %¢C'SE NNdT
%TLS  %TSE  MOINT
eeg/1 18T-€1 %9 %8 AIOT  TTT-dun
eeg6T 86T-19 %1 Ly %1€ AIOT ¢T1-ddIN
eege1 861-T9 %Ly %TTE AI9T L71-dun
eerTe 1L2-16 %095 %TEE NNdT bI-d¥IN
%1'TS %8¢ NNdT
eegye 90€-96 %L0S %P8 MMINT  £T1-duW
%STS  %YTE 2eet
%t'LS %t0v AIOT
%rVS  %E9E NNdT
BeS0E  T9Z-9ZT %99S %2'8E  ADINT  ZT-dui
BeEOE  682-00T  %bZS  %9'8T AIDT T1-ddIN
9ZEdMIN  9ZE PPON AW Amwep|  (SOOIWOH  gURIOId

sBojowoy eyl pue pappow suplo id

$watermark-text

J Mol Biol. Author manuscript; available in PMC 2012 November 12.



Page 29

Mears et al.

$watermark-text

“(inuowsLrew ginaseofer woly st 20T
pue /09 B1y21i3yasT woly St NJT ‘SU/NpoIpes Snas0IouIaq Woly st MWMNT ‘SjIydouwiiayl snussy ] woly st A1ST) 8pod U0ISSadde yuegd ereq UIslold 8yl Aq paist| a1e painuapl a1om eys sBojowoy ay L

q

‘pasi| ate paziisloeseyd Ajsnoinsid usaq aney ey suisioid [ewosoqul 03 ABojowoy uediIuBIS Ym (SdHIAl) suteroid fewosoqtl [BLIPUOYOONI,

$watermark-text

BEC6 06-€9

eeg9 09-6

%8'59
%8'59
%C'TL
%C'TL
%¢'S9

%Lvy
%Ly
%6'1S
%6°TS
%S'eY

NNdT
NMINT E€T-ddIN
NNdT
MINT €€T1-ddIN
NNdT

9ZSddIN  8zs ppoiN  Alrepwis  Aluep|

SBoWOH  pURIOId

$watermark-text

J Mol Biol. Author manuscript; available in PMC 2012 November 12.



