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Mitochondria have their own translational machineries for the
synthesis of thirteen polypeptide chains that are components of
the complexes that participate in the process of oxidative phos-
phorylation (or ATP generation). Translation initiation in mamma-
lian mitochondria requires two initiation factors, IF2mt and IF3mt,
instead of the three that are present in eubacteria. The mammalian
IF2mt possesses a unique 37 amino acid insertion domain, which is
known to be important for the formation of the translation initia-
tion complex. We have obtained a three-dimensional cryoelectron
microscopic map of the mammalian IF2mt in complex with initiator
fMet-tRNAi

Met and the eubacterial ribosome. We find that the 37
amino acid insertion domain interacts with the same binding site
on the ribosome that would be occupied by the eubacterial initia-
tion factor IF1, which is absent in mitochondria. Our finding sug-
gests that the insertion domain of IF2mt mimics the function of
eubacterial IF1, by blocking the ribosomal aminoacyl-tRNA binding
site (A site) at the initiation step.
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Protein synthesis entails a complex series of events in which the
ribosome interacts with a number of ligands and translation

factors so as to conduct an efficient, accurate, and well-regulated
process (1). The first event in translation is the initiation step,
which requires the formation of an initiation complex, composed
of the small ribosomal subunit (30S, in eubacteria), mRNA,
initiator tRNA (fMet-tRNAi

Met) and three initiation factors
(IF1, IF2, and IF3) (2). IF3 helps in preparation of the 30S
initiation complex by preventing premature docking of the large
subunit (50S, in eubacteria) (3, 4). IF2 promotes the binding of
the initiator tRNA to the peptidyl (P) site of the 30S subunit
and facilitates the association of the 50S subunit to form the 70S
initiation complex (5). Initiation factor IF1, together with IF2,
stabilizes the 30S initiation complex (6). IF1 also plays a role
in translation initiation fidelity in conjunction with IF3 (7–9).
The binding site of IF1 overlaps with that of the aminoacyl-tRNA
on the 30S subunit (the A site), thereby making this site unavail-
able for the initiator tRNA during translation initiation (10–13).
However, no equivalent of eubacterial IF1 has been detected in
mammalian mitochondria (14); mitochondrial protein synthesis
requires only two initiation factors, IF2mt and IF3mt.

There is a lack of consensus in the nomenclature used to de-
scribe the domains of IF2 by biochemists (15–18) and structural
biologists (12, 19). A uniform nomenclature that addresses both
structural and functional considerations was used in our previous
study (20). According to this nomenclature the approximately
98 kDa Escherichia coli IF2 is composed of six domains (Fig. 1A).
Domains I and II are not present in all of the eubacterial factors,
are not highly conserved, and are also absent in the mammalian
IF2mt. Domain VI is divided into two structural subdomains,
VI C1 and VI C2. IF2mt is composed of four domains (III–VI)

that are homologous to their eubacterial counterparts (21). In
addition, IF2mt possesses an insertion domain of 37 amino acid
(aa) residues between domains V and VI that is not present in
E. coli IF2 (Fig. 1A and Fig. S1). Mutations in this insertion
domain severely affect the ability of IF2mt to bind to the mito-
chondrial small subunit and to promote formation of the initia-
tion complex (18). Recent studies have indicated that IF2mt can
replace both eubacterial IF2 and IF1 in an E. coli strain with IF2
and IF1 gene knockouts (20). However, deletion of the 37-aa
insertion from IF2mt necessitates the presence of IF1 in E. coli.
This observation suggests that the 37-aa insertion in IF2mt func-
tionally substitutes for eubacterial IF1. As in the case of IF2mt,
IF3mt also has significant structural differences when compared
to eubacterial IF3. IF3mt shares a central conserved region with
eubacterial IF3; in addition, IF3mt possesses unique approxi-
mately 30-aa long extensions at the N- and C-termini (22). Bio-
chemical studies have shown that these extensions are important
for proper dissociation of IF3mt from the initiation complex (23).

The binding sites of eubacterial initiation factors to eubacterial
ribosomes have been studied both by chemical methods (10, 24)
and by cryoelectron microscopy [cryo-EM; IF3 (3), IF2 (12, 13,
25)]. The binding site of IF1, smallest of the three, has also been
determined by X-ray crystallography (11). IF1 binds to the 30S
ribosomal subunit; it sits in a pocket formed by the components
of the 16S rRNA helices 18 and 44, and ribosomal protein S12
(11). IF2 makes extensive contacts with both ribosomal subunits.
The G domain of IF2 interacts with the GTPase-associated center
in the 50S ribosomal subunit, whereas the factor’s domain VI in-
teracts with proteins L14 and L16 on the 50S ribosomal subunit
(12). IF2 also interacts with a large area of the 30S subunit
through domain V. In addition, domain VI interacts with the
CCA region of the initiator tRNA within the initiation complex.
Here we show, using cryo-EM and 3D image reconstruction tech-
niques that a 37 amino acid insertion present in the sequence
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of IF2mt interacts with the same binding site on the small subunit
of the ribosome that would be occupied by the eubacterial initia-
tion factor IF1. Our finding suggests that the insertion domain
of IF2mt mimics the function of eubacterial IF1 by structurally
occupying the same binding site.

Results and Discussion
Structure of the 70S •mRNA • fMet-tRNAi

Met • IF2mt • GDPNP Com-
plex. To determine how the 37-aa insertion domain of IF2mt
can mimic the function of eubacterial IF1 (20), we prepared
an initiation complex of E. coli 70S ribosomes in which the eu-
bacterial IF1 and IF2 were replaced by IF2mt, and then obtained
the 3D structure of the complex by single-particle cryo-EM
technique (26) (see Materials and Methods). A comparison of
the cryo-EM map of the 70S •mRNA • fMet-tRNAi

Met
•

IF2mt •GDPNP initiation complex (Fig. 1B and Fig. S2 for stereo
viewing) with that of the control 70S ribosome revealed several
distinct extra densities of mass in the intersubunit space that
can be readily assigned to IF2mt, the initiator fMet-tRNAi

Met

(in the P/I position, see below) (12), and a deacylated tRNA at
the ribosomal exit (E) site. The density corresponding to IF2mt
makes extensive contacts with the ribosome, spanning major
portions of the intersubunit surfaces of both ribosomal subunits
(Fig. 1 C and D). On the interface side of the 30S subunit,
the IF2mt density extends from the lower body region up to the
decoding center, with a protruding mass occupying the position
of the A-site tRNA. On the 50S subunit, the IF2mt density spans
the GTPase-associated center and extends slightly beyond the
ribosomal P site, where it maintains its interaction with the
acceptor end of the initiator tRNA. The overall binding position
of IF2mt on the 70S ribosome (Fig. 1B) closely matches to that of
eubacterial IF2 (12), EF-G (27, 28), and EF-Tu (29, 30).

Structure of the IF2mt • fMet − tRNAi
Met • GDPNP Complex.To analyze

the molecular interactions between different domains of IF2mt
and the ribosome, we built a composite homology model of
bovine IF2mt based on: the X-ray crystallographic structure of
an archaeal IF2 (aIF5B) from Methanobacterium thermoautotro-
phicum [Protein Data Bank (PDB) ID code 1G7T] (19), the
NMR structures of the C1 (PDB ID code 1Z9B) (31), and C2
(PDB ID code 1D1N) (32) portions of the IF2’s domain VI
from Bacillus stearothermophilus. The model took into account
the corresponding sequence alignments between IF2mt and the
homologous archaeal and eubacterial IF2 sequences and the
cryo-EM density map (see Materials and Methods and SI Text
for additional details). Our model of IF2mt shows a close struc-
tural resemblance to the corresponding regions in the atomic
structures of the archaeal and eubacterial IF2 (Fig. S3), with
the only major exception being the structure of the 37-aa insert
that extends between domain V and the C1 portion of Domain
VI (Fig. 2). This 37 aa insert was modeled separately, using
the program I-TASSER (33). The compact structural domain
formed by 3 α-helices of the insertion segment does not match
the OB fold β-strand-rich X-ray crystallographic structure of
the nonhomologous IF1 from Thermus thermophilus (11) (see
SI Text). The N-terminal fragment (domain III, corresponding
to aa 78–176) of the protein could not be modeled in the final
structure. (Note that aa 1–77 constitute the signal sequence,
which is cleaved off when IF2mt is imported into the mitochon-
drion; consequently, they are not present in the mature protein.)
However, our cryo-EM map does show an extra mass (marked
by an * in Fig. 2), which extends from the lower part of the
IF2mt and its long axis is directed toward the small ribosomal
subunit; that feature can snugly accommodate the 99-aa domain
III, and is therefore tentatively assigned to domain III of IF2mt.
The final atomic model of IF2mt was obtained by flexible fitting

Fig. 1. Comparison of the domain organization of E. coli IF2 and mammalian IF2mt, and cryo-EM structure of the 70S •mRNA • fMet − RNAi
Met•

IF2mt • GDPNP complex. (A) Domain alignment of E. coli IF2 and bovine IF2mt. Note that the mature IF2mt (i.e., after deletion of the import sequence) starts
from aa residue 78. The 37-aa insertion in IF2mt is highlighted in red. (B) The cryo-EM map of the E. coli 70S ribosome (30S subunit, yellow; 50S subunit, blue)
in complex with IF2mt (red), initiator tRNA (green) at the P/I position, and an additional tRNA density (brown, visible in panels C and D) at the ribosomal E site.
(C and D) The 30S and 50S subunit portions of the map are shown from their interface sides to reveal the overall binding positions of IF2mt and tRNAs. Land-
marks of the 30S subunit: h, head; sh, shoulder; b, body; and pt, platform. Landmarks of the 50S subunit: L1, L1 protein protuberance; CP, central protuberance;
and Sb, L7/L12 stalk base. For stereo viewing, see Fig. S2.
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into the cryo-EM density corresponding to IF2mt (Fig. 2) using
the Molecular Dynamics Flexible Fitting (MDFF) protocol (34).
An atomic structure of the tRNA (PDB code 1ZO3) (12) was fit
into the densities that correspond to the initiator and E-site
tRNAs. The fitting of the atomic model of the initiator tRNA
(tRNAi

Met) into the corresponding cryo-EM density revealed a
distortion in the ribosome-bound tRNA, the anticodon stem-
loop occupied the P-site position on the 30S subunit, whereas
the CCA end occupied a position between the canonical P and E
sites, referred to as the initiator tRNA binding position [or P/I
position (12)], on the large ribosomal subunit. The C2 portion
of IF2mt ’s domain VI interacts with the CCA end of the initiator
tRNA, and apparently helps dock the tRNAi in its proper orien-
tation on the ribosome. Because the CCA end of the initiator
tRNA is not positioned in the canonical P site, and the A site
on the 30S subunit is still occupied by the insertion domain of
IF2mt, the present complex corresponds to a functional inter-
mediate state between the 30S and 70S initiation complexes.

Interaction Between IF2mt and the Ribosome. The crystal structure
of the E. coli large ribosomal subunit (PDB code 2AW4) (35)
and the crystal structure of the T. thermophilus small ribosomal
subunit in complex with IF1 (11) (PDB code 1HR0) were fit
into the corresponding portions of the cryo-EM map and used
to identify (i) segments of the 16S and 23S ribosomal RNAs
(rRNAs) and (ii) ribosomal proteins that interact with various
structural domains of IF2mt. Dockings of all molecular structures
into the cryo-EM map showed that domains V and VI C1 of
IF2mt interact with the 30S ribosomal subunit (Fig. 3A), mainly
through its two 16S rRNA helices: h5 [nucleotides (nt) 55–56]
and h15 (nt 368). Domain V is also in close proximity, within
5–10 Å, to 16S rRNA helix h14. The 37-aa insertion present in
IF2mt fits tightly into the cryo-EM density feature that is close
to the decoding region of the 30S subunit (Fig. 2). This region
of the subunit is a pocket formed by the 530 loop (h18) and

the tip of h44 of the 16S rRNA, and protein S12. We find that
the above ribosomal components each undergo relative shifts
to interact with the 37-aa insertion domain of IF2mt (Fig. S4).
Therefore, atomic structures of each of the binding-pocket
components (11) were individually fit into the cryo-EM density
map, to allow us to delineate interactions. The insertion domain
interacts with nts 517–519 and 530–531 of h18; nts 1397, 1411,
and 1492–1493 of h44; and aa residue Leu52 of protein S12.
The aa residues that form the linker between the insert and the
rest of IF2mt interact with Arg41-Thr44, whereas domain VI CI
contacts Arg59 and Glu79-His80 of S12. Because each of the
above ribosomal components are conserved between E. coli and
mammalian mitochondria (36), it is likely that the mode of inter-
action of the insertion domain is the same with small mitoribo-
somal subunit. IF2mt makes extensive contacts with the 50S
ribosomal subunit as well (Fig. 3B). The G and VI C1 domains
of IF2mt interact with the sarcin/ ricin loop (H95) of the 23S
rRNA at nts 2660–2661 and 2662–2663, respectively. Domain
VI C2 contacts nts 2482-2483 of H89. In addition, the insertion
and VI C1 domains are in close proximities (within 4–6 Å) to the
23S rRNA helix H69 (nts 1913–1915) and protein L14 (Lys51),
respectively.

Role of the 37 Amino Acid Insert in IF2mt. As mentioned earlier, for
interpretation of the 30S subunit portion of the cryo-EM map,
we used the X-ray crystallographic structure of the 30S • IF1
complex (11), to enable assessment of the relative positions of
IF1 and IF2mt. This analysis revealed that the eubacterial IF1
and the 37-aa insertion domain of IF2mt occupy the same binding
pocket on the 30S subunit (11) (Fig. 4 and Table S1). Despite the
fact that the length of the IF2mt insertion is only about half of
that of eubacterial IF1 (37 aa vs. 72 aa), their overlapping binding
positions on the ribosome suggest that the insert plays a func-
tional role similar to that of IF1 in eubacteria. Furthermore, there
is no significant similarity between the sequences of the 37-aa

Fig. 2. Stereo-view representation of the fitting of atomic models of IF2mt and P/I tRNA into the corresponding cryo-EM densities. The cryo-EM densities are
shown as meshwork. The color codes used for various domains of IF2mt are the same as in Fig. 1A. Asterisk (*) points to the region that would correspond to
domain III of IF2mt and is not present in our composite homology model.
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insertion and IF1 (Fig. S5). However, surfaces of both IF1 and the
37-aa insertion that interact with the 30S subunit show resem-
blance in their overall charge distribution; i.e., both surfaces have
strong patches of electropositive charge (Fig. 5 A and B). Our
study suggests that the functional similarity between the IF1
and the 37-aa insertion (20) is likely because they both sterically
block the ribosomal A site (Fig. 4), thereby promoting binding
of the initiator tRNA to the ribosomal P site during translation
initiation.

Notably, the smallest of the eubacterial initiation factors has
been physically integrated into IF2mt. The mitochondrial matrix
is densely crowded (approximately 800 mg∕mL of protein) com-
pared to the cytoplasm of an E. coli cell (approximately
300 mg∕mL of proteins) (37). In addition, the structure of the
mitochondrion is characterized by the convoluted cristae that
form the inner membrane (38). Such topologically intricate struc-
tural organization, combined with the matrix density, could hin-
der smaller factors of the size of eubacterial IF1 from finding
their target sites. Furthermore, because mitochondrial initiation

factors are present in very low amounts [less than 20 copies per
mitochondrion (39)], diffusion restrictions could pose problems
for efficient initiation of translation. We hypothesize that, over
the course of evolution, the mitochondrial version of IF1 was
eliminated; instead, a smaller peptide bearing its function became
an integral part of the larger IF2mt factor. Such transfer of struc-
tural and functional characteristics of IF1 to the IF2mt molecule
would eliminate the necessity to import a very small polypeptide
such as IF1, which is as small as some of the import (signal) se-
quences, from the cytoplasm into the mitochondrial inner matrix.

Materials and Methods
Preparation of the Ribosome •mRNA • fMet − tRNAi

Met • IF2mt • GDPNP Com-
plex. Reassociated 70S ribosomes were prepared as described by Blaha
and coworkers (41), using crude ribosomes prepared from E. coli. The 30S
and 50S ribosomal subunits were purified by dissociation of crude ribosomes
on 10–30% sucrose gradients in a buffer containing 1 mMMgAc2. Ribosomal
subunits were reassociated by incubation for 20 min at 25 °C in reassociation
buffer (20 mM Hepes-KOH, pH 7.6, 10 mMMgAc2, 30 mM KCl, and 4 mM
β-mercaptoethanol) and subsequently purified on 10–30% sucrose gradients

Fig. 3. Interactions of the individual domains of IF2mt with components of the (A) small and (B) large ribosomal subunits. Helices of the 16S and 23S rRNAs
are identified with h and H, respectively, whereas ribosomal proteins of the small and large subunits are prefixed by S and L, respectively. IF2mt domains are
color coded as in Fig. 2. Thumbnail to the left shows the overall orientation of the ribosome, with fitted atomic coordinates of E. coli 70S ribosome (35), IF2mt

(space-filling model), and the P/I tRNA (green ribbons).

Fig. 4. Location of the insertion domain of IF2mt relative to the binding site of eubacterial IF1 and anticodon stem-loop of the A-site tRNA on the small
subunit. (A) IF1 (11) (green); (B) 37-aa insertion domain (red); and (C) anticodon stem-loop of the A-site tRNA (40) (blue). Landmarks: h44 and h18, 16S rRNA
helices; and S12, ribosomal protein S12.
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containing 10 mMMgAc2. Reassociated 70S ribosomes were pelleted at
40;000 × g for 27 h and resuspended in reassociation buffer. Mammalian
mitochondrial translation initiation factors were expressed and purified as
described previously (42). Ribosome activity was quantified by in vitro bind-
ing assays (18), using 0.2 μM 70S ribosomes and 1 μM fMet-tRNAi

Met in the
presence of saturating levels of initiation factors (1 μM). Formation of the
70S • IF2mt • fMet-tRNAi

Met complex was optimized by testing binding with
various buffer conditions. Assays showed that IF3mt is necessary to stimulate
binding of IF2mt. The optimal magnesium ion concentration for activity
with the nonhydrolyzable GTP-analog (GDPNP) was 5 mM. Microcon
(100 kDa cut-off) centrifugation (23) using 0.2 μM 70S ribosomes with 0,
0.32, and 0.64 μM IF2mt, followed by SDS-PAGE analysis confirmed that
80% of the ribosomes contained IF2mt. A complex in 25 μL was prepared
containing 70S reassociated ribosomes (1 μM) with a 10-fold excess of the
mitochondrial initiation factors (10 μM) in the presence of 5 μM
fMet-tRNAi (43), 10 μM mRNA including a Shine–Dalgarno sequence
GGCAAGGAGGAAUAAAAAUGUUCGCACGU (obtained from Dharmacon),
0.5 mM GDPNP, 50 mM Tris-HCl, pH 7.6, 5 mM MgCl2, 80 mM KCl, and
1 mM dithiothreitol, by incubation at 25 °C for 20 min. The 70S ribosomes
used for complex formationwere 60% active in initiation complex formation.
The complex was fast-frozen in a dry-ice isopropanol bath and stored
at −80 °C.

Cryo-Electron Microscopy, Image Processing, and Three-Dimensional Recon-
struction. Cryo-EM grids were prepared according to standard procedures
(44). Data were collected on a Philips FEI Tecnai F20 field emission gun elec-
tron microscope with a magnification of 50,760. 392 micrographs were
scanned on a Zeiss flatboard scanner with a step size of 14 μm, corresponding
to 2.76 Å on the object scale and were sorted into 43 defocus groups. A total
of 426,091 images were manually selected. SPIDER (45) was used for all image
processing, including 2D image classification, reconstruction, and refine-
ment. A previously determined cryo-EM structure of the 70S ribosome was
used as the reference to align images for an initial reconstruction from fewer
images, using projection matching procedure. The 3D volume so obtained
was low pass filtered and used subsequently for alignment of a larger data-
set. The original reconstruction and subsequent refinement yielded a weak
mass of density corresponding to IF2mt, as expected from the biochemical
data showing partial occupancy of the factor on the ribosome. To enhance
the density of the factor in the 70S ribosome complex, the method of super-
vised classification was applied (46). In supervised classification, the experi-
mental images are realigned using 2D projections generated from two
different reference maps, which in this case were the maps of a vacant
70S ribosome and a complex of the 70S ribosome in complex with IF1, IF2,
IF3, fMet-tRNAi

Met, and mRNA (12). 313,315 particle images (approximately
70% of the original total population, after removing images with poorer
cross-correlation coefficient values with respect to reference projection
images) were used in the supervised classification. 256,191 particle images
classified with the projection images generated from the map of the IF2-
bound 70S ribosome. The 3D map determined from these images showed
an enhanced density for IF2mt. However, our IF2mt cryo-EM density did not
show the mass assigned by Allen and coworkers (12) to the N-terminus of
E. coli IF2, thereby excluding the possibility of any reference bias due to
use of the map of the E. coli 70S initiation complex (12) as a reference. To
further enhance the structure of the 70S •mRNA • fMet − tRNAi

Met•
IF2mt •GDPNP complex, another round of supervised classification was

applied using the particles that had aligned to the projection images of
the map of the IF2-bound 70S ribosome. In the next and final round, the
newly reconstructed structure from the previous round was used as one
of the two references. The other reference was a map of a factor-free, vacant
ribosome. 121,742 particles classified with the 70S •mRNA • fMet-tRNAi

Met•
IF2mt • GDPNP complex, and 135,323 particles classified with the vacant
ribosome. After this round of classification of the dataset, the resolution
of the cryo-EM map of the 70S •mRNA • fMet-tRNAi

Met • IF2mt • GDPNP
complex improved slightly to 10.8 Å (at 0.5 cutoff of FSC), or 9.0 Å (using
0.143 cutoff of FSC) (47); however, the map showed much stronger density
for IF2mt, explaining all of the structural domains of the factor and the bound
tRNAs. Modeling and fitting were done using O (48) and visualization was
done using Chimera software (49).

Construction of the Atomic Model of IF2mt. The IF2mt sequence shows an addi-
tional 37 aa between domains V and VI when compared to the E. coli IF1
sequence, but shows an additional 49 aa when compared to the archaeal
M. thermautotropicum IF2 (aIF5B) sequences (Fig. S1). This 49-aa insert in-
cludes the 37-aa insert obtained by comparison to the E. coli IF2 sequence,
with additional 3 N-terminal and 9 C-terminal flanking aa residues. There-
fore, the initial homology model for IF2mt was constructed using MODELLER
(50) and the M. thermautotrophicum IF2 X-ray crystallographic structure
(PDB ID 1G7T) (19) as the structural template, by excluding this 49 aa insert.
The sequence alignment between M. thermautotrophicum and IF2mt se-
quences is weaker for the C1 and C2 portions of domain VI. Better sequence
alignment for these two regions is obtained with the B. stearothermophilus
IF2 domains VI C1 and C2, for which solution NMR structures [PDB IDs 1Z9B
(31) and 1D1N (32)] have been solved (Table S2). Homology models were
constructed separately using MODELLER for these domain VI regions based
on alignments for the IF2mt sequence with defined secondary structure
regions of the NMR structures (Figs. S1 and S3). These homology models
for the VI C1 and VI C2 domains were structurally aligned with the model
constructed using the M. thermautotrophicum IF2 using the program RAPI-
DO (51) and then incorporated to create a continuous composite model.

The 49 aa residues, present in the IF2mt sequence but absent in the ar-
chael IF2 sequence and crystal structure, were modeled separately using the
I-TASSER server (33), which predicted a compact structure with 3 α-helices.
This helical nature agrees with the secondary structure prediction for this
sequence using JPred (52). This 49-residue model was then covalently linked
to the rest of the modeled IF2 using the program loopy (53) to predict a
structure for linker regions with a minimal number of residues to obtain
a complete continuous structure. The binding site densities of this 49 residue
region and the remainder of the IF2 are spatially separated in the cryo-EM
map and required linker loops of 11 residues on the N-terminal side and 6
residues on the C-terminal side of the insert sequence, resulting in melting
some of the helical structure of the 49 residue I-TASSER model. It is certainly
possible that some of the secondary structure elements seen in the homo-
logous M. thermautotrophicum or B. stearothermophilus IF2 structures
refold into a different topology in IF2mt to accommodate the additional
49 residues, but we chose to preserve the known folds as much as possible
by minimizing the number of residues assigned to the linker regions.

The resulting composite homology model (Fig. S3, Center) of the entire
IF2mt was minimized using the Steepest Descent minimization algorithm
in the program CHARMM (54) until an energy gradient convergence criterion
of 0.01 was met. This minimizedmodel was initially fit as a rigid body into the

Fig. 5. Comparison of surface charge distribution on IF1 and the 37-aa insertion domain of IF2mt. (A) Insert of IF2mt, and (B) IF1. Both the insert and IF1 are
shown in matching orientations with respect to their common binding pocket on the 30S subunit. Blue and red patches reflect positive and negative surface
charge potentials, respectively. Landmarks are same as in Fig. 4.
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cryo-EM density corresponding to IF2mt and then flexibly fit using the SCX
module of the Yup program (55), with a step factor of 1.0 and a temperature
of 2 °K to an average goodness of fit of 0.62, and then minimized again using
the above criteria. The fit of the model was further refined by flexible fitting
using MDFF (34). This final model fits extremely well into the excised IF2mt

cryo-EM density, as judged by high cross-correlation coefficient (CCC) value
of 0.85 calculated between the cryo-EM density corresponding to IF2mt and
the fitted IF2mt model (Table S2). The CCC values between the fitted X-ray
coordinates and the corresponding cryo-EM density maps were determined
after conversion of the fitted coordinates into the density map, through com-
putation of averaged densities within volume elements scale-matched to
those of the cryo-EM map (i.e., with a pixel size of 2.76 Å) and after filtration

of the atomic model to the resolution of the cryo-EM density map (27). The
achievable accuracy of fittings of atomic models into cryo-EM maps has been
estimated to be in the range of 1∕6 to 1∕10 of the resolution of the cryo-EM
map (see ref. 56); this would yield approximately 1.8 Å in our case.
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