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Structural insights into mammalian mitochondrial
translation elongation catalyzed by mtEFG1
Eva Kummer & Nenad Ban*

Abstract

Mitochondria are eukaryotic organelles of bacterial origin where
respiration takes place to produce cellular chemical energy. These
reactions are catalyzed by the respiratory chain complexes located
in the inner mitochondrial membrane. Notably, key components of
the respiratory chain complexes are encoded on the mitochondrial
chromosome and their expression relies on a dedicated mitochon-
drial translation machinery. Defects in the mitochondrial gene
expression machinery lead to a variety of diseases in humans
mostly affecting tissues with high energy demand such as the
nervous system, the heart, or the muscles. The mitochondrial
translation system has substantially diverged from its bacterial
ancestor, including alterations in the mitoribosomal architecture,
multiple changes to the set of translation factors and striking
reductions in otherwise conserved tRNA elements. Although a
number of structures of mitochondrial ribosomes from different
species have been determined, our mechanistic understanding of
the mitochondrial translation cycle remains largely unexplored.
Here, we present two cryo-EM reconstructions of human mito-
chondrial elongation factor G1 bound to the mammalian mito-
chondrial ribosome at two different steps of the tRNA
translocation reaction during translation elongation. Our struc-
tures explain the mechanism of tRNA and mRNA translocation on
the mitoribosome, the regulation of mtEFG1 activity by the riboso-
mal GTPase-associated center, and the basis of decreased suscepti-
bility of mtEFG1 to the commonly used antibiotic fusidic acid.
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Introduction

During protein synthesis, the ribosome moves along a messenger

RNA (mRNA) that is successively decoded through interactions of

mRNA codons with the anticodons of cognate tRNAs on the small

ribosomal subunit (SSU). The ribosome harbors three binding sites

for tRNAs: the aminoacyl (A) site, the peptidyl (P) site, and the exit

(E) site. With the addition of each amino acid, the nascent chain is

transferred from the P site-bound tRNA onto the A site tRNA. In a

subsequent step, tRNA and mRNA are translocated by exactly one

codon on the ribosome leading to a repositioning of the now deacy-

lated P site tRNA to the E site and of the peptidyl-tRNA from the A

site to the P site. The deacylated tRNA is then released from the E site

of the ribosome, and the ribosomal A site is ready to accept the next

aminoacylated tRNA for peptide bond formation (Rodnina, 2018).

The translocation process is an important step during protein

synthesis since the fidelity of simultaneous mRNA-tRNA movement

has to be very high in order to avoid frameshifting. Indeed, sponta-

neous frameshifting occurs in < 1 out of 100,000 translated codons

demonstrating the high accuracy of the translocation reaction (Kur-

land, 1992). Translocation requires large-scale movements of the

small ribosomal subunit including rotation of the SSU with respect

to the large ribosomal subunit (LSU) and a swiveling motion of the

SSU head (Ratje et al, 2010; Guo & Noller, 2012; Chen et al, 2013;

Ramrath et al, 2013; Tourigny et al, 2013; Zhou et al, 2013; Holt-

kamp et al, 2014; Belardinelli et al, 2016; Wasserman et al, 2016).

mRNA-tRNA movement occurs in multiple coordinated and evolu-

tionary conserved steps that have been studied in detail in bacteria

(for review see Rodnina et al, 2019). In the non-rotated ribosome, A

and P site tRNAs occupy a “classical” state being bound to the same

tRNA site on both SSU and LSU (the tRNA states are therefore

denoted A/A and P/P). Subunit rotation triggers movement of the A

and P site tRNA to the P and E sites on the LSU while remaining

bound to the A and P sites on the SSU (A/ap and P/pe). These tRNA

states are referred to as “hybrid” states. Binding of translation elon-

gation factor G stabilizes the rotated ribosome and the hybrid tRNAs

to induce the next step of translocation. In this step, movements of

head and body of the SSU are uncoupled with the body progres-

sively returning into a non-rotated conformation while the head

starts the move, or “swivel”, around its own axis. The anticodon

stem loops of the tRNAs stay associated with the A and P sites on

the SSU head and follow its swiveling motion, which leads to their

repositioning into the P and E sites on the SSU body. This tRNA

state on the SSU is called “chimeric” (ap/ap and pe/pe). Eventually,

the mRNA-tRNA complex is “unlocked”, i.e., mRNA-tRNA move-

ment and motions of the SSU head are uncoupled. The acceptor

ends of the tRNAs engage with their final positions in the P and E

sites on the LSU, respectively, while the SSU head starts to move

backwards. The anticodon stem loops (ASLs) of the tRNAs finally
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slip into their respective P and E site locations on the SSU head and

body adopting again a classical conformation at the end of the

translocation reaction (P/P, E/E).

Translocation is catalyzed by elongation factor G (EFG) in bacte-

ria and mtEFG1 in mitochondria, which guide ribosomal motions

and tRNA movement (Eberly et al, 1985; Chung & Spremulli, 1990;

Savelsbergh et al, 2003; Bhargava et al, 2004; Tsuboi et al, 2009;

Holtkamp et al, 2014; Adio et al, 2015). Translocation is possible

but very slow in the absence of the elongation factor (Shoji et al,

2006; Konevega et al, 2007; Bock et al, 2013). EFG accelerates the

reaction by more than five orders of magnitude (Rodnina et al,

1997; Munro et al, 2010). As a translational GTPase, it uses the

energy derived from GTP hydrolysis to facilitate the rearrangements

of the pre-translocation ribosome and tRNA movement (Rodnina

et al, 1997, 2019; Savelsbergh et al, 2003; Holtkamp et al, 2014;

Adio et al, 2015; Belardinelli et al, 2016; Chen et al, 2016; Sharma

et al, 2016) by (i) stabilizing the rotated state of the ribosomal subu-

nits, (iii) uncoupling the motions of the SSU head and body from

mRNA-tRNA movement during “unlocking”, and (iii) likely prevent-

ing back slippage of the tRNA during backrotation and backswivel-

ing of the SSU body and head, respectively.

EFG function has been extensively studied in bacteria.

However, in the mitochondrial system translation elongation is

poorly investigated so far and no structural information is avail-

able for mtEFG1 action during mRNA-tRNA translocation on mito-

chondrial ribosomes. Strikingly, mitochondria have evolved two

paralogues of EFG, mtEFG1 and mtEFG2, which catalyze different

steps of the translation cycle (Hammarsund et al, 2001; Tsuboi

et al, 2009). Mitochondrial EFG1 (mtEFG1) acts during translation

elongation while mitochondrial EFG2 (mtEFG2) partakes in ribo-

some recycling (Chung & Spremulli, 1990; Bhargava et al, 2004;

Tsuboi et al, 2009). This strict task sharing is in stark contrast to

canonical bacterial EFG that plays a role not only in the elongation

phase but is also crucially involved in ribosome recycling. The

molecular basis for the separation of the dual function of canonical

bacterial EFG over two separate proteins in mitochondria is not

understood. In recent years, it has become known that also some

bacterial species carry two paralogues of EFG (Hammarsund et al,

2001; Pandit & Srinivasan, 2003; Atkinson & Baldauf, 2011).

However, while both paralogues show a similar task distribution

as mitochondrial mtEFG1 and mtEFG2 in the spirochaete Borrelia

burgdorferi, the role of EFG2 in other bacterial species is still

unclear (Connell et al, 2007; Seshadri et al, 2009; Suematsu et al,

2010).

Here, we employed a previously developed in vitro reconstitution

system to investigate how mitochondrial mtEFG1 interacts with the

mammalian mitoribosome to clarify how mtEFG1 catalyzes tRNA

translocation during elongation and how mtEFG1 and mtEFG2 have

structurally specialized for their distinct functions.

Results and Discussion

Mitochondrial elongation complexes trapped in two states
of translocation

We in vitro assembled mitochondrial elongation complexes from

isolated, native mammalian S. scrofa mitoribosomal subunits,

recombinantly generated human mtEFG1 and fMet-mtRNAMet in

the presence of a short hexanucleotide (CUGAUG) and the non-

hydrolyzable nucleotide analog GMPPNP (please see the Materials

and Methods section for details). We find mtEFG1 bound to the

factor binding site nestling between the small and large ribosomal

subunits. The factor binds the ribosome in an extended fashion

and contacts the codon–anticodon paired mRNA-tRNA module in

the P site of the ribosome (Fig 1A). Maximum likelihood-based

classification approaches yielded two distinct elongation complexes

(Figs 1A and EV1 and EV2A and B). Complex 1 (hereafter referred

to as POST) at 3.0 Å resembles a post-translocation state carrying

a P site tRNA in the classical P/P conformation (Figs 1A and B,

and EV2B and EV3A). Complex 2 (hereafter referred to as TiPOST)

at 4.2 Å contains two tRNAs that are still in transit into the P and

E sites on the SSU showing that our in vitro system is in principle

translocation competent (Figs 1A and B, and EV2A). In TiPOST, the

acceptor ends of both tRNAs already engage with their final posi-

tions in the P and E sites on the LSU, respectively, whereas the

anticodon stem loops on the SSU are bound in chimeric ap or pe

positions, respectively, due to a rotation of the SSU head of about

17° (Fig 1C). Therefore, TiPOST adopts a conformation (ap/P, pe/E)

prior to unlocking and shows a similar overall structure as previ-

ously reported for translocation intermediates in the bacterial

system (Ramrath et al, 2013; Tourigny et al, 2013; Zhou et al,

2014). In TiPOST, the aminoacylated ap/P fMet-tRNAMet contacts

the canonical P site element A430 (A790 in T. thermophilus) of the

SSU body, whereas the P site element of the SSU head, the G782/

A783 (G1338/A1339 in T. thermophilus) ridge, is still engaged with

the deacylated pe/E tRNAMet (Fig 2A) (Selmer et al, 2006; Jenner

et al, 2010). Mutations in G1338/A1339 result in a significant

decrease in translational activity in bacteria (Abdi & Fredrick,

2005). Our data show that these rRNA residues have maintained

their critical role in mitochondria in guiding the deacylated tRNA

into the chimeric pe position on the SSU. Both tRNAs maintain

base pairing interactions with their mRNA codons in TiPOST,

although the pe/E site tRNA interacts due to a mismatch of the

CUG mRNA codon more weakly (Fig 2B). During transition of

TiPOST to POST, it appears that upon backswiveling of the SSU

head a generally conserved b-hairpin of uS7m will dislodge the

deacylated E site tRNA from the mRNA (Fig 2B). The tRNA then

engages into the classical E/E position and is eventually ejected

from the ribosome.

The conformation of mtEFG1 on the mitochondrial ribosome

The overall conformation of mtEFG1 is similar to previous structural

reports from the bacterial system (Fig EV3B) (Agrawal et al, 1998;

Stark et al, 2000; Connell et al, 2007; Gao et al, 2009; Chen et al,

2013; Pulk & Cate, 2013; Ramrath et al, 2013; Tourigny et al, 2013;

Zhou et al, 2013; Li et al, 2015; Lin et al, 2015; Mace et al, 2018).

The factor is bound to the mitochondrial ribosome in TiPOST and

POST states in an extended conformation, where the GTPase (G)

domain is bound to the sarcin–ricin loop (SRL) and domain II

contacts the SSU body. Domain IV interacts with the mRNA-tRNA

codon–anticodon pair of the translocated P site tRNA in TiPOST as

well as POST. Domain V of mtEFG1 engages closely with the

GTPase-associated center (GAC) on the LSU, and domain III serves

as bridging element that stabilizes the domain arrangement of
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mtEFG1 by simultaneously contacting the G domain and domains II

and V (Figs 2D and EV3B).

During translocation, A and P site tRNAs move together with

their respective mRNA codons. It has been shown that bacterial EFG

is crucial to maintain the mRNA-tRNA interaction during tRNA

movement, as the absence or mutation of EFG leads to increased

frameshifting and decreased translocation efficiency (Martemyanov

et al, 1998; Savelsbergh et al, 2000a; Holtkamp et al, 2014; Peng

A

B C

Figure 1. The mitochondrial elongation complex trapped in two states.

A Structures of mtEFG1 (red), aminoacylated fMet-tRNAMet (pink), and deacylated tRNAMet (green) with the 55S mitoribsome in TiPOST and POST states. Separate views
for SSU and LSU as seen from the subunit interface are shown for clarity.

B The tRNA orientations of TiPOST and POST are depicted in comparison with published classical tRNA positions (gray) after superposition of the LSU (Selmer et al, 2006).
The aminoacylated fMet-tRNAMet is colored in pink and the deacylated tRNAMet in green.

C The degree of head rotation comparing the TiPOST and POST complex is shown with the respective rotation axis and angle calculated in PyMOL using the
draw_rotation_axis.py script (P.G. Calvo). The resulting displacement in Å is color-coded.

ª 2020 The Authors The EMBO Journal 39: e104820 | 2020 3 of 13

Eva Kummer & Nenad Ban The EMBO Journal



et al, 2019; Zhou et al, 2019). An important parameter to maintain

the mRNA reading frame is the interaction of mtEFG1 domain IV

with the tRNA-mRNA module via two apical loops that engage with

the minor groove of the codon–anticodon base pairs and with the

backbone of the peptidyl-tRNA (Gao et al, 2009). This interaction is

conserved in mitochondrial translocation as mtEFG1 retained a criti-

cal di-glycine motif (G544/G545) at the tip of loop1 that enables the

loop to sterically fit into the minor groove of the mRNA-tRNA

module (Figs 2C and EV3C). Loops 1 and 2 in addition contain

conserved residues Q542 and H617 (Q500 and H573 in T. ther-

mophilus) that contact the tRNA backbone and prevent tRNA

slippage (Figs 2C and EV3C) (Gao et al, 2009; Ramrath et al, 2013;

Zhou et al, 2014; Peng et al, 2019).

GTPase regulation of mtEFG1 by ribosomal elements

Translational GTPases engage on the ribosome with several

conserved rRNA and protein elements that are important for factor

binding and GTPase activation. This GTPase-associated center

(GAC) comprises (i) the sarcin–ricin loop (SRL) of the mitochondrial

16S LSU rRNA, (ii) the ribosomal L7/L12 stalk composed of uL10m

and 6 copies of bL7/12m in mammalian mitochondria (Kummer

A

D

B C

Figure 2. mtEFG1 and tRNA interactions in both translocation states.

A Interactions of the tRNAs in TiPOST and POST states with ribosomal P site elements (blue) of the SSU head (G782/A783 ridge) and body (A430) rRNA. tRNA binding sites
of the SSU body are indicated in circles. View from the subunit interface onto the SSU with the enlarged area being highlighted with a box. Left: In the transit TiPOST

state, the SSU head is rotated with the G782/A783 ridge moving in concert with deacylated tRNAMet (green). This leads to a repositioning of aminoacylated fMet-
tRNAMet and deacylated tRNAMet into a chimeric ap or pe positions, respectively. Right: In the POST state, the aminoacylated fMet-tRNAMet (pink) in the P site
engages with both head and body elements.

B Both tRNAs remain associated with their respective mRNA codons in the TiPOST state. A superposition of the position of the uS7m beta-hairpin in the unrotated SSU
head conformation is displayed in gray to indicate its clash with the deacylated tRNAMet (green) upon backswiveling of the SSU head. The arrow indicates the
direction of motion of uS7m. The EM density of the TiPOST state is contoured at 4r.

C Loops 1 and 2 of mtEFG1 domain IV contact the fMet-tRNAMet-mRNA module via conserved residues including a di-glycine motif (G544/G545), Q542 and H617 to
prevent slippage of the tRNA and to maintain the mRNA reading frame. The EM density and the structural model are shown for the POST state but are very similar in
the TiPOST state (The map is depicted at 4r).

D mtEFG1, fMet-tRNAMet, and mRNA of the POST state are shown in isolation. The domain organization of mtEFG1 is indicated by different colors. A corresponding
schematic representation including the amino acid numbering of domain borders is given at the bottom. Locations of the surrounding ribosomal elements are
indicated.
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et al, 2018), and (iii) the stalk base (SB) that contains uL11m and

16S rRNA helices H43 and H44. In bacteria, the SB is the binding

site for antibiotics of the thiopeptide family including thiostrepton

that acts as a potent inhibitor of EFG-catalyzed translocation (Harms

et al, 2008). Accordingly, mutations of the conserved apical adeno-

sine nucleotides A1067 (A512 in S. scrofa mitoribosomes) and

A1095 (U539 in S. scrofa mitoribosomes) of H43 and H44, respec-

tively, confers resistance to thiostrepton in bacteria (Thompson

et al, 1988; Rosendahl & Douthwaite, 1994; Cameron et al, 2004).

As mitochondrial H43 harbors an uracil (U539) instead of the

conserved adenosine at the tip of H43, mammalian mitoribosomes

are naturally resistant to thiostrepton action (Rosendahl & Douth-

waite, 1994).

Thiostrepton is believed to act in bacteria not by inhibiting initial

EFG engagement with the ribosome but rather by preventing the

conversion of a loosely bound initial EFG complex to a stable

complex that is competent to catalyze tRNA movement (Rodnina

et al, 1999; Seo et al, 2006; Pan et al, 2007; Lin et al, 2015). It likely

does so by inhibiting movements of the flexible SB that appear to be

essential for the conversion into the tight conformation (Schuwirth

et al, 2005; Harms et al, 2008). Rearrangements of the SB upon EFG

binding have been observed in the bacterial as well as eukaryotic

system although direction and magnitude of the described motions

differ (Agrawal et al, 1998; Frank & Agrawal, 2001; Spahn et al,

2004; Seo et al, 2006; Brilot et al, 2013; Chen et al, 2013; Li et al,

2015). Eventually, tight complex formation is accompanied by the

establishment of multiple conserved interactions of domain V of the

elongation factor with the SB in both systems (Spahn et al, 2004;

Connell et al, 2007; Gao et al, 2009; Zhou et al, 2013; Lin et al,

2015).

In mitochondria, domain V of mtEFG1 closely associates with the

GTPase-associated center of the mitoribosome in a manner similar

to bacterial EFG (Fig 3). Intriguingly, mtEFG1 binding to the GAC

triggers a concerted and directed downward motion of the SB

including 16S rRNA H43, H44 as well as uL11m by on average 5 Å

(Fig 3B and C). This movement is restricted to the SB as surround-

ing ribosomal elements are unaffected by factor binding (Fig 3C).

SB motion results in a closure of the GAC on domain V of mtEFG1

establishing a large network of interactions that can be roughly clus-

tered into 5 areas tightly connecting the SRL, uL11m-NTD, 16S

rRNA helices H43, H44, and H89, and mtEFG1 domain V (Fig 3D

and E). Considering that bacterial EFG becomes translocation

competent upon conversion from a weakly to a tightly bound state,

it is thus tempting to speculate that the observed closure of the

mitoribosomal stalk base onto domain V of mtEFG1 may facilitate

the progression to the tightly bound conformation. The rearrange-

ment of the GAC appears to be factor-specific as we fail to detect

similar motions either in the mitochondrial translation initiation

complex containing mitochondrial initiation factor 2 (mtIF2) or in

the mitochondrial ribosome in the absence of a translational GTPase

(Figs 3B and EV4A) (Greber et al, 2015; Kummer et al, 2018). Sand-

wiching of mtEFG1 domain V between the SB and SRL could serve

to stabilize the orientation of the G domain and its catalytic motifs

at the SRL in order to promote efficient GTP hydrolysis and to delay

subsequent release of inorganic phosphate (Fig 3D and E). These

observations may be generally applicable to explain why EFG differs

in its mode of action from other translational GTPases. Translational

GTPases are usually active in the GTP-bound form and use the

energy of GTP hydrolysis to leave the ribosome. However, EFG

exerts translocation activity in the post-hydrolysis GDP-Pi state as

GTP hydrolysis is much faster than tRNA repositioning (Rodnina

et al, 1997; Savelsbergh et al, 2000b, 2003; Seo et al, 2006; Belar-

dinelli et al, 2016). Closure of the GAC around mtEFG1 domain V

and a subsequent stabilization of the G domain on the SRL could be

an EFG-specific means to prolong the lifetime of the active GDP-Pi

state and to prevent premature dissociation of the factor.

In addition to SB rearrangement, we find a monomer of the

bL12m-CTD associated with the G0 subdomain of the mtEFG1 G

domain (Figs 3A and EV4A and B). The C-terminal domains (CTDs)

of bL12m are mobile elements of the ribosomal L7/L12 stalk, and

their function is not fully understood. The bacterial bL12-CTD has

been assigned multiple roles in promotion of factor binding, GTPase

activation, as well as Pi release (Savelsbergh et al, 2000b, 2005;

Mohr et al, 2002; Diaconu et al, 2005). Interactions of the mitochon-

drial bL12m-CTD have already been observed with the G domain of

mtIF2 during translation initiation (Kummer et al, 2018). Binding

occurs in both cases via a highly conserved surface on the bL12m-

CTD but different sites are used on the G domains of mtEFG1 and

mtIF2, as the G0 insertion is not present in mtIF2 (Fig EV4A) (Hel-

gstrand et al, 2007; Gao et al, 2009). It has been reported that E. coli

EFG is unable to support translocation on mitochondrial ribosomes

and this inability was attributed to an incompatibility of the mito-

chondrial bL12m-CTD with bacterial EFG (Denslow & O’Brien,

1979; Eberly et al, 1985; Terasaki et al, 2004). However, we do not

find bL12m-CTD to engage with mtEFG1 in a different manner as

compared to the bacterial system (Gao et al, 2009; Tourigny et al,

2013; Zhou et al, 2013). As the interaction surface of the bL12m-

CTD is in addition highly conserved, it remains to be clarified

whether and how the bL12m-CTD selects against bacterial translation

elongation factor in mitochondrial translation (Fig EV4B and C).

Decreased susceptibility of mtEFG1 to fusidic acid is likely caused
by an insertion in switch 1

Fusidic acid (FA) is an antibiotic that is used to treat bacterial infec-

tions of the skin or methicillin-resistant S. aureus (MRSA) in the

clinics. It targets bacterial EFG by binding to an interdomain pocket

between the G domain and domain III. Here, it inhibits translation

by preventing conformational changes in EFG after GTP hydrolysis

and Pi release leading to a trapping of EFG-GDP on the ribosome

(Bodley & Lin, 1970; Gao et al, 2009). FA binding requires loosening

of the catalytically important switch 1 loop of the EFG G domain, as

FA would sterically clash with switch 1 at its binding site (Gao et al,

2009). Switch 1 is conserved in all translational GTPases and senses

the nucleotide state via coordination of a Mg2+ ion and two water

molecules with the b- and c-phosphates of the bound GTP molecule.

Strikingly, the translocation activity of mtEFG1 has been shown

to be markedly less susceptible to FA than its bacterial counterpart,

requiring a 10- to 100-fold higher concentration for FA action

(Chung & Spremulli, 1990; Bhargava et al, 2004). In accordance,

using FA at concentrations similar to the ones that prevent dissocia-

tion of bacterial EFG from the ribosome, we do not see mtEFG1

trapped on the mitochondrial ribosome in presence of GTP in our

in vitro reconstitution system (Ramrath et al, 2013). A likely expla-

nation for FA insensitivity is that FA simply fails to bind mtEFG1 at

these concentrations (0.5 mM FA + 1 lM mtEFG1) to exert its
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inhibitory function, and therefore, the factor undergoes a functional

GTPase cycle and dissociates from the ribosome. Interestingly,

many residues lining the binding pocket of FA are conserved in

mtEFG1 including residues that have been shown to confer resis-

tance to FA in the bacterial system upon mutation (Fig 4A, B)

(Hansson et al, 2005; Gao et al, 2009; Ticu et al, 2011). Therefore,

differences in the primary sequence of mtEFG1 are unlikely to cause

the different susceptibility of the bacterial and mitochondrial factors

(Bhargava et al, 2004). Based on our structure, we propose an alter-

native explanation for FA resistance due to an increased stabiliza-

tion of switch 1 in mtEFG1 (Atkinson & Baldauf, 2011). In our

reconstructions, we find that the density for switch 1 is very well

defined in contrast to a number of reports on bacterial ribosome-

bound EFGs that either lack switch 1 density or report conflicting

switch 1 conformations in the presence of non-hydrolyzable GTP

analogues (Fig 4C) (Chen et al, 2013; Pulk & Cate, 2013; Tourigny

et al, 2013; Zhou et al, 2014; Li et al, 2015; Lin et al, 2015). The

reason for the apparently higher stability is likely a well-conserved 3

amino acid insertion in switch 1 of mtEFG1 that carries two posi-

tively charged lysine residues K80 and K82 (Fig 4B) (Atkinson &

Baldauf, 2011). These two lysines form salt bridges with the phos-

phate backbone of the SRL and probably account for an additional

stability of the switch 1 fold, thereby preventing FA from binding in

a pocket that only becomes available when switch 1 residues move

out of the way (Fig 4C).

Mitoribosome-specific elements compensate for the rigidity of a
reduced L1 stalk

In the bacterial and eukaryotic system, tRNA repositioning from the

ribosomal P to the E site is facilitated by interactions between the

elbow region of the tRNA and the L1 stalk (Valle et al, 2003; Spahn

et al, 2004; Fei et al, 2008, 2009; Fischer et al, 2010; Ramrath et al,

2013; Tourigny et al, 2013; Zhou et al, 2013; Mohan & Noller, 2017;

A

D E

B C

Figure 3. mtEFG1 binding induces a concerted motion in the stalk base of the ribosomal GTPase-associated center.

A The interaction of mtEFG1 in the POST state with the GTPase-associated center (GAC) via domain V and with a bL12m-CTD monomer (gray) via the G domain are
shown (view from the subunit interface onto the LSU). The respective area is highlighted on the inset as red box. mtEFG1 domains are indicated according to the
color code introduced in Fig 2D. The corresponding EM density is depicted low-pass filtered to 5 Å and at r = 2.5.

B The positions of the uL11m N-terminal domain (NTD) and 16S rRNA helices H43 and H44 that form the stalk base of the GAC experience a downward motion upon
binding of mtEFG1 (violet) but not upon binding of mtIF2 (orange, pdb: 6GAW; Kummer et al, 2018) or in the factor-free ribosome (gray, pdb: 5AJ4 Greber et al, 2015).
Complexes have been superimposed using the 16S rRNA of the LSU. The arrows display the direction of motion.

C The magnitude of the downward motion of the stalk base comparing the mtIF2-bound and mtEFG1-bound mitoribosome has been calculated in Å, and the stalk
base components have been colored accordingly. Elements rebuilt in the current model were excluded from the calculation and are shown in gray.

D An enlarged view of the area in the black box of Fig 3A is shown. mtEFG1 domain V extensively interacts with multiple elements of the GAC at 5 sites that have been
color-coded. The orange, pink, and blue clusters interact with 16S rRNA helices H89, H43 and H44, respectively. The red cluster stacks onto the tip of the sarcin–ricin
loop (SRL), and the green cluster contacts the uL11m N-terminal domain (NTD).

E Close-ups of the five interaction sites of mtEFG1 domain V with the SRL (red), uL11m-NTD (green), 16S rRNA helices H43 (magenta), H44 (blue), and H89 (orange). The
respective EM densities of the POST state are shown at r = 4.
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Mace et al, 2018). The L1 stalk is a highly mobile ribosomal element

composed of ribosomal RNA and the protein uL1, and its motions

have been shown to be correlated with intersubunit rotation and

tRNA translocation (Fei et al, 2008; Agirrezabala et al, 2012; Bock

et al, 2013; Ning et al, 2014). Eventually, transition of the L1 stalk

from a closed (inward-facing) to an open (outward-facing)

A

B C

Figure 4. Increased stability of switch 1 may prevent mtEFG1 inhibition by fusidic acid.

A Fusidic acid (yellow) has been modeled into its predicted binding site in mtEFG1 by superimposing a T. thermophilus model (pdb: 4V5F Gao et al, 2009). Critical
residues for FA function are indicated. T121 and G127 correspond to T84 and F87 in T. thermophilus. The ordered conformation of switch 1 likely prevents binding of
FA to mtEFG1. The bacterial structure, in which FA binding only occurs when switch 1 is disordered, is shown for comparison on the right (pdb:4V5F (Gao et al, 2009).

B Clustal Omega sequence alignment of the switch 1 region that contains the mtEFG1-specific insertion from different vertebrate and bacterial species. Coloring was
done according to percent identity in Jalview. The insert and K80 and K82 are highlighted with a red box or red asterisks, respectively.

C Switch 1 in the POST state is shown with the corresponding EM density at r = 4. The position of the mtEFG1-specific insertion with conserved K80 and K82 is boxed.

A B

Figure 5. A mitochondria-specific element may compensate for loss of function of the L1 stalk.

A Overview of the POST state to indicate the L1 stalk location (box) on the LSU (violet). The SSU is shown in yellow.
B Close-up of the L1 stalk region on the LSU: EM densities for the TiPOST state and POST state are shown without postprocessing. The position of the immobile L1 stalk

is indicated by a dashed line. The mobile element that may replace L1 function is indicated with an arrow. Models for the LSU (violet) as well as aminoacylated fMet-
tRNAMet (pink) and deacylated tRNAMet (green) are included.
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conformation controls ejection of the tRNA from the ribosomal E

site at the end of the translocation reaction (Trabuco et al, 2010;

Ning et al, 2014). As a consequence of the evolutionary reduction of

rRNA, the mammalian mitochondrial ribosome lacks the 16S rRNA

segments (H76/H77) of the L1 stalk that bind the elbow region of

tRNAs positioned in the E site of the bacterial and eukaryotic cytoso-

lic ribosomes (Brown et al, 2014; Greber et al, 2014). Accordingly,

the hinge point around which the L1 stalk moves during transloca-

tion is not conserved in mitochondria (Reblova et al, 2012). This

has led to the assumption that the E site tRNA is not stabilized

through contacts with the L1 stalk, resulting in a weaker binding to

the mitochondrial ribosome (Sharma et al, 2003; Brown et al,

2014).

Our transit complex now provides information regarding the

interaction between a mammalian mitochondrial tRNA and the

mitoribosomal E site. In our reconstruction, the L1 stalk indeed does

not engage with E site tRNA but remains in a rather static position,

presumably due to the absence of a conformationally flexible rRNA

hinge point in its base (Fig 5A and B). However, our EM density

indicates that the lack of L1 stalk flexibility has been compensated

for by a new protein element that emanates from the L1 stalk tip

and connects with the mitoribosome-specific P finger (mL40/mL48)

and ribosomal protein mL64. We find that this element moves in

response to the absence or presence of an E site tRNA and that it

contacts the tRNA elbow region in our transit state (Fig 5B). Intrigu-

ingly, mammalian mitochondrial tRNAs possess a highly degenerate

elbow region that may not permit conventional L1 stalk interactions

and whose binding may instead be realized by a mitochondrial-

specific element (Sharma et al, 2003; Brown et al, 2014). Although

we could not unambiguously assign the observed density to a

protein due to lower resolution of the reconstruction in this area,

putative candidate proteins that may contribute to the unknown

element are the C-terminus of mL64 or a mitochondrial-specific N-

terminal extension of uL1m. Moreover, it is also conceivable that

mitoribosomes may have acquired a yet unidentified, additional

protein to compensate for loss of L1 functionality. Recently, such an

additional protein component, mL108, has for example been identi-

fied in the L1 stalk of the fungal mitoribosome (preprint: Itoh et al,

2020).

Conclusion

In this work, we present the structures of elongation complexes

from mammalian mitochondria at two different steps of the

Figure 6. Model for mtEFG1-catalyzed mRNA-tRNA translocation in mammalian mitochondria.
Following peptide bond formation, mtEFG1 is likely recruited to the ribosome by interaction with the bL12m-CTD to catalyze translocation of the mRNA-tRNA module.
mtEFG1 binding to the ribosome induces a closure of the L7/L12 stalk base (SB), which converts mtEFG1 from aweakly to a tightly bound state that is translocation competent.
Here, closure of the SB may be required to prolong the lifetime of the active GDP-Pi state of mtEFG1. mRNA-tRNA movement depends on large-scale motions of the ribosome.
Swiveling of the head repositions the tRNAs on the SSU - the deacylated P site tRNA moves into the chimeric pe position and the peptidyl-tRNA in the A site into the ap
position, respectively. Translocation is completed upon backrotation and backswiveling of the SSU body and head, respectively, which positions the peptidyl-tRNA into the
classical P/P conformation. mtEFG1 contains highly conserved elements at the tip of domain IV that are required for interaction with the tRNA backbone and theminor groove
of the mRNA-tRNA module. Domain IV maintains these contacts throughout the translocation process. The dashed arrow indicates that in analogy to the bacterial system
likely multiple additional translocation intermediates exist preceding the ones visualized in this study.
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translocation reaction. Our data show that mitochondrial ribosomes

translocate the mRNA-tRNA module using conserved motions of the

ribosomal small subunit and highly conserved features in mitochon-

drial elongation factor G1. We find that mtEFG1 does not only

control conformational changes in the SSU to promote tRNA move-

ment but also leads to large rearrangements within the GTPase-asso-

ciated center of the mitochondrial LSU (Fig 6). Our findings imply a

mechanism by which mtEFG1 binding leads to closure of the GAC

that stabilizes mtEFG1 from a weakly to a tightly bound state that is

translocation competent.

We show that the interaction site of mtEFG1 with the mRNA-

tRNA module, which serves to maintain the reading frame during

translocation, is highly conserved. Strikingly, many of the highly

conserved amino acids that recognize the codon–anticodon inter-

acting mRNA/tRNA are absent in the second mitochondrial elon-

gation factor G2, rationalizing why it is unable to promote

efficient translocation (Fig EV3C) (Tsuboi et al, 2009). Such

specialization is possible since a different region of EFG is critical

for ribosome recycling in bacteria (Gao et al, 2007), and therefore,

it appears that mtEFG1 and mtEFG2 become specialized for inter-

action with the corresponding ligands, mRNA-tRNA in elongation

and RRF in recycling, and are no more able to participate in both

activities.

We also recognized the role of a mtEFG1-specific insertion in the

catalytically important switch 1 region of the G domain and discuss

its involvement in the decreased susceptibility of mtEFG1 to the

translocation inhibitor fusidic acid. Finally, we have been able to

visualize a protein element in the mammalian mitoribosome that

appears to compensate for loss of functionality of the otherwise

highly conserved ribosomal L1 stalk, which plays a crucial role in

translocation and ejection of tRNA in the bacterial and eukaryotic

system. In summary, our study provides the structural basis to

understand the extent of conservation and diversification of molecu-

lar mechanisms that govern mammalian mitochondrial translation

elongation. Our data may furthermore aid to rationalize reported

mutations in human mtEFG1 that cause combined oxidative phos-

phorylation deficiency 1 (COXPD1)—a fatal mitochondrial disease

leading to early and rapidly progressive hepatoencephalopathy

(Coenen et al, 2004; Valente et al, 2007; Smits et al, 2011; Kohda

et al, 2016).

Materials and Methods

Purification of mtEFG1 and ribosomal subunit

The open reading frame for mtEFG1 was ordered from Thermo

Scientific and subcloned into pET24a carrying an N-terminal His6-

tag, a TEV cleavage site and a GGSGSG linker. The protein was

expressed in E. coli BL21 (DE3) at 18°C overnight. mtEFG1 was

affinity purified using a HisTrap FF 5 ml column (GE Healthcare)

using standard buffers as described in (Kummer et al, 2018). After

removal of the His6-tag upon incubation with TEV-His6 protease

overnight at 4°C, uncleaved mtEFG1, the His6-tag, and TEV-His6
protease were removed by reverse Ni2+-based affinity chromatogra-

phy using a HisTrap FF 5 ml column. Eventually, mtEFG1 was

buffer exchanged into storage buffer (40 mM HEPES-KOH pH 7.6,

200 mM KCl, 40 mM MgCl2, 1 mM DTT, 10% (w/v) glycerol) by

size exclusion chromatography using a Superdex200 16/600 column

(GE Healthcare). Aliquots of mtEFG1 were flash frozen in liquid

nitrogen and stored at �80°C until further use. Mitoribosomal

subunits were prepared according to published protocols and used

for complex formation immediately after purification (Kummer

et al, 2018).

Preparation of mitochondrial fMet-tRNAMet

Formylated and aminoacylated fMet-tRNAMet was produced follow-

ing published protocols (Kummer et al, 2018). In brief, mitochon-

drial tRNAMet was generated via run-off T7 transcription and

hammerhead ribozyme cleavage. The RNA fragment was purified

via agarose gel electrophoresis, folded in the presence of 10 mM

MgCl2, aminoacylated and formylated in vitro, and purified via

phenol-chloroform extraction. Aliquots were flash frozen and stored

at �80°C.

Elongation complex formation

Elongation complexes were assembled in 1× monosome buffer

(20 mM HEPES-KOH pH 7.6, 100 mM KCl, 40 mM MgCl2, 1 mM

DTT, 50 lM spermine) by mixing 60 nM 28S small ribosomal

subunit with 1 lM fMet-tRNAMet and 5 lM hexanucleotide

(CUGAUG, Microsynth). After incubation for 3 min at 37°C, 60 nM

of 39S large ribosomal subunit were added and 55S complex forma-

tion was allowed to proceed for 6 more min at 37°C. Subsequently,

1 lM of mtEFG1 premixed with 0.5 mM GMPPNP was added to the

mixture and incubated for 3 min at 37°C. The sample was stored at

least 10 min on ice before vitrification. The sample was then applied

to glow-discharged Quantifoil R2/2 grids coated with a continuous

carbon film and vitrified in 1:2 ethane/propane mixture using a

Vitrobot Mark IV (FEI).

Of note: The short CUGAUG oligo and mtRNAMet were used for

reconstitution due to their efficient binding to the SSU and the

elevated propensity of mtRNAMet to bind to the mitoribosomal P site

due to a 3× CG base pair in its anticodon stem loop that interacts

with the conserved P site G782/A783 ridge. Slightly longer mRNA

oligonucleotides were less efficiently bound to the mitoribosomal

SSU during in vitro reconstitution. Originally, we did not anticipate

the non-canonical interaction of the mtRNAMet with the CUG codon

in the TiPOST state but it is likely possible due to the tighter binding

of the mtRNAMet to the conserved P site elements.

Of note: Swine and human mitochondrial EFG1 are highly similar

with 91.7% identity and 96.7% similarity in their primary

sequences indicating their strong functional conservation. There-

fore, we decided to reconstitute the mammalian mitochondrial

translation elongation complex as a chimeric system using porcine

mitochondrial ribosomes and human mtEFG1 and fMet-tRNAMet so

that the results would be more applicable to the scientist interested

in the human system.

Data collection and image processing

Data were collected in movie mode on a FEI Titan Krios equipped

with a Falcon III DED (FEI) at 300 kV and a total dose of 40 e-/Å2.

The dose was distributed over 16 frames during a 0.82 s exposure

using EPU version 1.9.0.30REL (FEI). Images were recorded at a
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magnification of 100,719× and a defocus range of �0.5 to �2.7 lm.

Alignment, summation, and dose weighting of movie frames were

done in 5 × 5 patches using MOTIONCOR2 (Grant & Grigorieff,

2015; Zheng et al, 2017). CTF estimation was performed in GCTF

(Zhang, 2016), and particles were picked using the Laplacian-of-

Gaussian function implemented in Relion 3.1 with a minimum parti-

cle diameter of 250 Å, a maximum diameter of 350 Å, and a thresh-

old of 0 (Scheres, 2012; Zivanov et al, 2018). All further steps were

carried out in Relion 3.1 using 4× binned particle images starting

with a reference-free 2D classification that yielded 838 311 particles,

which underwent subsequent unsupervised 3D classification using

the 55S mitoribosome (excluding A and P site tRNAs) as a reference

(Greber et al, 2015). 55S particles containing clear density for

mtEFG1 were selected and 3D autorefined. A mask around mtEFG1

and P site tRNA was applied during the following 3D classification

without alignment of particle images to differentiate varying occu-

pancy or conformation of mtEFG1 among the selected particles. The

class that displayed the sharpest features for mtEFG1 was selected

and further 3D autorefined using unbinned images. After one round

of CTF refinement, another 3D classification including the alignment

of particle images was done, which unraveled two distinct classes

corresponding to POST and TiPOST states. Both classes were 3D

autorefined separately. Postprocessing in Relion3.0 yielded a final

resolution of 3.0 Å for the POST state and 4.2 Å for the TiPOST state.

Please see Fig EV1 for an overview of the particle classification

process.

Structure building and refinement

The structures of the 39S large ribosomal subunit, head, and body

domains of the 28S small ribosomal subunit as well as fMet-tRNAMet

were derived from the 55S initiation complex and fitted separately

into the EM densities of the POST or TiPOST states (pdb: 6GAW

Kummer et al, 2018). A homology model of mtEFG1 was generated

from pdb 4WQF (Lin et al, 2015) using Phyre2 (Kelley et al, 2015)

and fitted into the EM densities. Model fitting was performed in

UCSF chimera. The models were rebuilt and adjusted in COOT

(Emsley et al, 2010) to describe the EM densities of both states more

accurately. This involved especially mtEFG1, the GTPase-associated

center, the decoding center, the central protuberance, and the tRNAs

in both states. A homology model of the uL12m-CTD was generated

from pdb 1CTF (Leijonmarck & Liljas, 1987) using Phyre2 and fitted

into the corresponding density. Manual model building was

followed by real-space refinement in PHENIX using default

restraints (Ramachandran plot, C-beta deviations, rotamer,

secondary structure) and global minimization, as well as B-factor

refinement for 5 iterations with a weight between experimental data

and restraints of wxc = 1.0 (Afonine et al, 2018). For the better-

resolved POST state, local rotamer fitting was applied in addition.

Resolution estimation (Fig EV5A), particle distribution (Fig EV5B),

local resolution plots (Fig EV5C), and the model validation are

provided in Fig EV5 and Table EV1, respectively. A list of RNA and

protein components of the complexes is provided in Table EV2.

Figure generation

Graphics were generated in PyMOL (Schroedinger), UCSF Chimera

or USCF ChimeraX (Pettersen et al, 2004; Goddard et al, 2018).

Data availability

The cryo-EM density maps have been deposited in the Electron

Microscopy Data Bank: accession number EMD-10779 (https://

www.ebi.ac.uk/pdbe/entry/emdb/EMD-10779) for the TiPOST state

and EMD-10778 (https://www.ebi.ac.uk/pdbe/entry/emdb/EMD-

10778) for the POST state. Atomic models have been deposited in

the Protein Data Bank (https://www.rcsb.org/): accession number

PDB ID 6YDW for the TiPOST state and PDB ID 6YDP for the POST

state. Requests for materials should be addressed to N.B. (ban@

mol.biol.ethz.ch).

Expanded View for this article is available online.
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