
10884–10894 Nucleic Acids Research, 2017, Vol. 45, No. 18 Published online 5 September 2017
doi: 10.1093/nar/gkx785

Structural insights into species-specific features of
the ribosome from the human pathogen
Mycobacterium tuberculosis
Kailu Yang1, Jeng-Yih Chang1, Zhicheng Cui1, Xiaojun Li1, Ran Meng1, Lijun Duan1,
Jirapat Thongchol1, Joanita Jakana2, Christoph M. Huwe3, James C. Sacchettini1 and
Junjie Zhang1,*

1Department of Biochemistry and Biophysics, Texas A&M University, College Station, TX 77843, USA, 2National
Center for Macromolecular Imaging, Verna and Marrs McLean Department of Biochemistry and Molecular Biology,
Baylor College of Medicine, Houston, TX 77030, USA and 3Bayer AG Pharmaceuticals, Global External Innovation &
Alliances, 13342 Berlin, Germany

Received May 23, 2017; Revised August 17, 2017; Editorial Decision August 21, 2017; Accepted August 26, 2017

ABSTRACT

Ribosomes from Mycobacterium tuberculosis (Mtb)
possess species-specific ribosomal RNA (rRNA) ex-
pansion segments and ribosomal proteins (rProtein).
Here, we present the near-atomic structures of the
Mtb 50S ribosomal subunit and the complete Mtb 70S
ribosome, solved by cryo-electron microscopy. Upon
joining of the large and small ribosomal subunits, a
100-nt long expansion segment of the Mtb 23S rRNA,
named H54a or the ‘handle’, switches interactions
from with rRNA helix H68 and rProtein uL2 to with
rProtein bS6, forming a new intersubunit bridge ‘B9’.
In Mtb 70S, bridge B9 is mostly maintained, lead-
ing to correlated motions among the handle, the L1
stalk and the small subunit in the rotated and non-
rotated states. Two new protein densities were dis-
covered near the decoding center and the peptidyl
transferase center, respectively. These results pro-
vide a structural basis for studying translation in Mtb
as well as developing new tuberculosis drugs.

INTRODUCTION

Tuberculosis (TB) is a widespread infectious disease, affect-
ing one third of the world’s population and leading to ∼1.5
million annual deaths (http://www.who.int/tb/publications/
global report/en/). TB is caused by Mycobacterium tuber-
culosis (Mtb), whose success as a pathogen is dependent
on its ability to persist within human hosts and resist an-
tibiotics (1–4). During persistence, Mtb remains in a non-
replicating state, minimizing most metabolic activities in-
cluding translation (5). Genetic and biochemical studies
have revealed that Mtb has incredibly sophisticated ap-

proaches to fine-tune translation, such as activating a dor-
mancy survival regulator (DosR) regulon to control the ri-
bosome stability in hypoxic mycobacteria (6,7), using toxin-
antitoxin pairs to regulate the ribosome activity (8) or incor-
porating mistranslation to bypass inhibitors (9). It has also
been shown that leaderless translation is common and ro-
bust in mycobacteria (10). These accumulating observations
suggest the uniqueness of the mycobacteria translation sys-
tem. However, the underlying mechanisms of these featured
regulations in mycobacteria translation are not fully under-
stood. We set out to solve high-resolution structures of the
Mtb ribosome, a major drug target in TB (11), which will aid
in understanding translational regulation in Mtb and serve
as a structural framework to facilitate the rational design of
new inhibitors.

Sequence analyses (12) have revealed that the Mtb ribo-
some contains species-specific structural features, such as
extended or inserted rRNA helices, referred to as rRNA ex-
pansion segments (Figure 1A). It has recently been shown
that, in yeast ribosomes, such rRNA expansion segments
could be important for the appropriate assembly and func-
tion of the ribosome (13,14). However, structurally char-
acterizing these large rRNA expansion segments remains
challenging, mainly due to its presence on the peripheral
of the ribosome, allowing large conformational variability.
Compared with other, better studied bacterial ribosomes
(15–18), the Mtb ribosome has a 100-nt rRNA expansion
segment, referred to as H54a, or the ‘handle’, in its 23S
rRNA. The structure and function of the handle has not
been clearly defined.

Several Mtb rProteins are significantly longer than their
counterparts in other model bacterial ribosomes, and there
are several rProtein paralogs encoded by non-identical
genes, which are differently expressed in response to varying
physiological conditions (19). Moreover, the Mtb ribosome
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Figure 1. Cryo-EM structures of the Mtb 50S and 70S ribosomes. (A) Secondary structure of the 5′ half of the Mtb 23S, showing the positions of the Mtb
expansion segments (plum color) within the 23S rRNA. (B) The model of a helix fragment of the 23S rRNA (residue 818–822 and residue 898–902) fits
into the density from the Mtb 50S, showing individual RNA bases. (C) The model of bL35 (residues 6–31) fits into the density from the Mtb 70S, showing
bulky protein side chains. (D) Overall structures of the Mtb 50S (top row) and 70S (bottom row) ribosomes viewing from the subunit interface (left column)
and the L7/L12 stalk base (right column), respectively. Structural landmarks of the bacterial ribosome are labeled. Color schemes are dodger blue for LSU
rProteins, light blue for 23S, plum for 23S rRNA expansion segments, green for 5S, gold for SSU rProteins, light yellow for 16S, purple for capreomycin
(CPM) and red for the anticodon stem loop of the P-site tRNA. The cartoon in the inset box is an overlay of the 50S and 70S viewed from the SSU. The
handle swings 40◦ counter-clockwise upon the association between SSU and LSU.

might have species-specific rProteins that have not been an-
notated based solely on sequence information. The three-
dimensional (3D) structure of the Mtb ribosome will reveal
these unique aspects of the Mtb ribosome to elucidate their
roles in translation.

Here, we present the near-atomic cryo-electron mi-
croscopy (cryo-EM) structures of the Mtb 50S ribosomal
subunit alone and the complete Mtb 70S ribosome, which
reveal a dramatic conformational change of the handle. In
addition, we observed correlated motions between the han-
dle and other ribosomal components by comparing the con-
formational differences between various states of the Mtb
70S ribosome during spontaneous intersubunit rotation.

MATERIALS AND METHODS

Purification of Mtb and Mycobacterium smegmatis (Msm)
ribosomes

Mtb and Msm ribosomes were purified as previously de-
scribed (20). Briefly, MC27000 Mtb or MC2155 Msm cells

were grown in 7H9 medium supplemented with 0.5% glyc-
erol, 0.05% Tween-80 and OADC (BD) at 37◦C until they
reached an OD600 of around 1. All subsequent procedures
were performed at 4◦C. Harvested cells were lysed in a bead
beater (BioSpec) in lysis buffer (20 mM Tris–HCl pH 7.5,
100 mM NH4Cl, 10 mM MgCl2, 0.5 mM EDTA, 6 mM
�-mercaptoethanol). Mtb and Msm ribosomes were puri-
fied according to modified protocols. Cell lysates were clar-
ified by centrifugation at 30 000 g for 1 h. The supernatant
was pelleted in sucrose cushion buffer (20 mM HEPES pH
7.5, 1.1 M sucrose, 10 mM MgCl2, 0.5 M KCl, and 0.5 mM
EDTA) at 40 000 rpm in a Beckman Type 45Ti rotor for
20 h. The pellet was resuspended in a buffer containing 20
mM Tris–HCl pH 7.5, 1.5 M (NH4)2SO4, 0.4 M KCl and
10 mM MgCl2. The suspension was then applied to a hy-
drophobic interaction column (Toyopearl Butyl-650S) and
eluted with a reverse ionic strength gradient from 1.5 M to
0 M (NH4)2SO4 in a buffer containing 20 mM Tris–HCl
pH 7.5, 0.4 M KCl, and 10 mM MgCl2. The eluted ribo-
some peak was changed to either a reassociation buffer (5
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mM HEPES-NaOH, pH 7.5, 10 mM NH4Cl, 50 mM KCl,
10 mM MgCl2 and 6 mM �-mercaptoethanol) or dissoci-
ation buffer (20 mM Tris–HCl, pH 7.5, 2 mM MgCl2, 150
mM NH4Cl, 50 mM KCl and 6 mM �-mercaptoethanol)
then concentrated before applying to a 10–40% linear su-
crose gradient centrifuged in a Beckman SW28 rotor at 19
000 rpm for 19 h. The 70S and 50S fractions were concen-
trated to about A260 = 300 after removal of the sucrose.

Cryo-electron microscopy

In total five samples were prepared for cryo-EM, including
Mtb 50S with 10 mM Mg2+, Mtb 50S with 1 mM Mg2+,
Mtb 70S with capreomycin, Mtb 70S without capreomycin
and Msm 70S, for which the ribosome concentrations were
diluted to 50 nM. Mtb 50S with 1 mM Mg2+ was diluted
with the M1 dilution buffer (5 mM HEPES-Na, pH 7.5,
10 mM NH4Cl, 50 mM KCl and 1 mM MgCl2). The other
samples were diluted with the M10 dilution buffer (5 mM
HEPES-Na, pH 7.5, 10 mM NH4Cl, 50 mM KCl and 10
mM MgCl2). For Mtb 50S with 10 mM Mg2+, 10 �M LZD-
114 was added and then incubated for 30 min at 25◦C. For
Mtb 70S with capreomycin, 10 �M capreomycin was added
and then incubated for 30 min at 25◦C. A total of 3 �l of the
sample was applied to a C-Flat 1.2/1.3 holey carbon grid,
at 16◦C with 100% relative humidity and vitrified using a
Vitrobot Mark III (FEI company, The Netherlands).

The grids for Mtb 50S with 10 mM Mg2+ were imaged un-
der a JEM-3200FSC transmission electron microscope op-
erated at 300 KV. Data were recorded on a Gatan K2 Sum-
mit (Gatan, Pleasanton CA, USA) direct detection camera
in the super-resolution electron counting mode. A nominal
magnification of 40 000 × was used, yielding a pixel size of
0.82 Å on the specimen. The beam intensity is adjusted to a
dose rate of 8 electrons per pixel per second on the camera.
A 30-frame movie stack was recorded for each exposure of
6 s, at 0.2 s per frame.

The grids for Mtb 70S with capreomycin, and Msm 70S
were imaged under an FEI Tecnai TF20 cryo electron mi-
croscope with a field emission gun (FEI company, The
Netherlands) operated at 200 KV. Data were recorded on
a Gatan K2 Summit (Gatan, Pleasanton CA, USA) direct
detection camera in the super-resolution electron counting
mode. A nominal magnification of 29 000 × yielded a pixel
size of 1.25 Å on the specimen. The beam intensity was ad-
justed to a dose rate of 10 electrons per pixel per second on
the camera. A 33-frame movie stack was recorded, with a
0.2 s exposure per frame. Additional data for Mtb 50S with 1
mM Mg2+ and Mtb 70S without capreomycin was collected
using the similar procedure at a nominal magnification of 19
000 ×, yielding a pixel size of 1.87 Å on the specimen. All
related information for data collection was summarized in
Supplementary Table S1.

Image processing

The collected image stacks were aligned and summed using
Unblur (21). The defocus value of each image stack was de-
termined using CTFFIND4 (22). Good image stacks were
selected based on the results from both programs. From
the summed micrographs of the good image stacks, par-
ticles were semi-automatically picked using the Erase and

Swarm tools of e2boxer.py in EMAN2 (23). The 2D and
3D classifications were performed in Relion1.4 (24) to get
cleaner and more homogenous particles, then the particles
were refined and polished (25) to get the final reconstruc-
tions. Overall resolutions were estimated according to the
gold-standard Fourier shell correlation (26). Local resolu-
tions were calculated using blocres from the Bsoft package
(27). To further improve the map quality of the Mtb 70S
small subunit (SSU), masked classification with signal sub-
traction (24) followed by masked refinement was performed
in Relion1.4.

To examine the conformational dynamics of the handle,
the Mtb 70S particles collected at 19 000 × magnification
were merged with the dataset of Mtb 70S collected at 29
000 × magnification. Then the merged dataset was analyzed
using masked classification with signal subtraction (24) fol-
lowed by unmasked refinement of the entire Mtb 70S for
each class in Relion1.4. Briefly, the particles were down-
scaled by a factor of 4 and refined into one consensus den-
sity map. Then a mask around the handle region was gener-
ated. The projections of the consensus map (except the han-
dle region) were subtracted from the polished images using
the orientation parameters from the consensus refinement,
which generated new images of the handle alone. Then the
new images were classified without alignment into 40 good
classes, each of which was then refined to get a final recon-
struction. We examined the particle distribution over differ-
ent classes and found no significant difference between the
two datasets of Mtb 70S with or without the capreomycin.

Molecular modeling

The following modeling procedures were performed first in
the highest resolution maps, i.e. the large subunit (LSU)
of the Mtb 50S and the locally refined SSU of the Mtb
70S. The sequences of Mtb 5S, 16S and 23S rRNA were
obtained through NCBI Gene with the Gene ID 2700459,
2700429 and 2700466, respectively. Template-based com-
parative modeling was performed using modeRNA (28).
The Escherichia coli 70S structure (PDB ID: 5AFI) (16) was
chosen as the template. The sequence alignment of rRNA in
bacteria was downloaded from the comparative RNA web-
site (CRW) (12). The rRNA expansion segments were man-
ually built in Assemble2 (29) with the aid of the secondary
structures that were constructed based on the downloaded
sequence alignment, and then refined into the density map
using MDFF (30). The rRNA was refined in PHENIX (31),
with restrictions of secondary structures. ERRASER (32)
was also used to improve the RNA backbone geometry. The
sequences of Mtb rProteins were obtained from the NCBI
database. MODELLER (33) was used to generate the ini-
tial homology models. Rosetta (34) was used to refine the
homology model of each rProtein into the density map. The
best model was selected from the Rosetta refinement based
on both the geometry and the fitting scores. The rRNA and
rProtein models were merged into one model and subse-
quently refined using Rosetta and PHENIX. During the
above modeling process, Coot (35) was iteratively used to
inspect and improve the local fitting.

To obtain a full model of the Mtb 70S ribosome, the mod-
els of the Mtb 50S and 30S from the above procedures were
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merged together with adjustment of the interface between
the two subunits. For the handle in the Mtb 70S, we used
MOSAICS-EM (36) to flexibly fit the handle into the den-
sity of the dominant conformation, while ensuring its con-
nectivity to the other part of the LSU. The 70S map has low
local resolutions in some certain regions, including the tip
of the handle and the periphery of the SSU. To prevent any
improper refinement of high quality models into these poor
quality regions, we added the density of the dominant han-
dle conformation and the density of the locally refined SSU
to the 70S map to refine the entire 70S model. Both mod-
els of the Mtb 50S and 70S were inspected and adjusted in
Coot, and iteratively refined in Rosetta and PHENIX. The
statistics, obtained by using PHENIX and MolProbity (37),
of the refined models are listed in Supplementary Table S2.

Fitting the models for the 40 conformations of the L1 stalk,
the handle and the 16S

The Hierarchical Natural Move Monte Carlo or HNMMC
as implemented in MOSAICS-EM (36) was applied to re-
fine the handle and the L1 stalk into all 40 obtained EM
density maps. The HNMMC allows the user to group atoms
into regions with collective motions (38) to increase the ef-
ficiency of conformational sampling. For the 40 conforma-
tions of the 16S, we first segmented out the densities for 16S
only and then used MOSAICS-EM to refine the 16S model
into its density.

Principal component analysis of the Mtb 70S structures

The principal component analysis was performed on 40
models of the handle, the L1 stalk, and the 16S rRNA using
the Bio3D package (39). Only the C4’ atoms were used in
calculating the principal components.

Figures and movies preparation

All figures and movies were made using UCSF Chimera (40)
and XRNA (http://rna.ucsc.edu/rnacenter/xrna/).

RESULTS AND DISCUSSION

Architecture of the Mtb ribosomes

The Mtb 70S ribosome consists of an LSU (or 50S) and
an SSU (or 30S). For consistency throughout the text, we
will use 50S and 70S to refer to the two ribosome specimens
and use LSU and SSU to refer to the two ribosomal sub-
units. For example, the Mtb 50S specimen contains only the
LSU while the Mtb 70S specimen contains both the LSU
and SSU. The Mtb LSU is composed of rRNA 23S, rRNA
5S and about thirty rProteins, while the Mtb SSU is made
of rRNA 16S and about 20 rProteins.

Using single-particle cryo-EM, structures of the purified
Mtb 50S ribosomal subunit and 70S ribosome were deter-
mined to overall resolutions of 3.7 Å and 4.0 Å, respectively
(Supplementary Table S1 and Figure S1). Cryo-EM densi-
ties in the core region of the Mtb ribosomes showed clear
features of individual RNA bases (Figure 1B) as well as the
bulky side chains of the rProteins (Figure 1C). In the cryo-
EM map of the Mtb 70S, the SSU exhibited a large degree

of flexibility, leading to a lower local resolution. To improve
the quality of the structure, densities of the SSU were ex-
tracted from the particle images for the entire Mtb 70S (24)
and processed separately. This approach allowed us to re-
solve the SSU to an overall resolution of 4.5 Å (Supplemen-
tary Figure S1). The models of Mtb 50S and 70S were built
(see ‘Materials and Methods’ section) and the model statis-
tics are summarized in Supplementary Table S2.

The resultant structures of the Mtb 50S and 70S ribo-
somes showed that the overall architecture is conserved
compared with other bacterial ribosomes, possessing all the
structural landmarks, including the central protuberance,
the L1 stalk and the L7/L12 stalk base of the LSU, as well
as the head, the beak, the body, the spur and the platform of
the SSU (Figure 1D). In the Mtb 70S structure, the density
for the anticodon stem loop of the P-site tRNA, along with
the mRNA, is clearly visible, showing base pairing between
the codon and the anticodon (Supplementary Figure S2).
We have resolved most of the rProteins and modeled them
into the density with the exception of rProteins uL1, uL10,
uL11, bL12, bS1 and uS2, due to the flexibility or absence
of these proteins in our structure (Supplementary Table S3).

The secondary structures of all the Mtb rRNAs 23S, 16S
and 5S, were built based primarily on sequence alignment
(12) (Supplementary Figure S3). All the rRNA expansion
segments in the Mtb ribosomal LSU are located in the 5′
half of the rRNA 23S (Figure 1A) and have all been iden-
tified in our Mtb ribosomal structures (Figure 1D). Expan-
sion segments for H25 and H31a are located on the sol-
vent exposed side of the LSU, away from the SSU, with
H25 leaning toward the L7/L12 stalk base and H31a lean-
ing toward the central protuberance. Expansion segments
H15 and H16a are located on the solvent exposed side of the
LSU, close to the L1 stalk, with their tips forming an RNA
kissing loop (Supplementary Figure S4a). From the CRW
(12), we have identified expansion segments of H15 and
H16a in the 23S from eight different bacteria (M. tuberculo-
sis, Mycobacterium leprae, Micrococcus luteus, Streptomyces
ambofaciens, Thermotoga maritima, Leptospira interrogans,
Borrelia burgdorferi and Treponema pallidum). Seven of the
eight bacterial species have nucleotide bases at the tips of
the H15 and H16a supporting Watson-Crick base pairing to
form a kissing loop (Supplementary Figure S4b). The only
exception is T. pallidum, whose H15 is about 20 nt shorter
than the H15 in the other seven bacteria, and is therefore
unable to form a kissing loop with H16a. The rRNA ex-
pansion segment of H15 from the Mtb ribosome interacts
directly with the long �-helix of rProtein bL9, which con-
nects the two globular domains at the N-terminal and C-
terminal ends. This extended H15, stabilized by the kissing
loop between H15 and H16a, may provide an additional
structural anchor for binding the long connecting �-helix
of bL9 (Supplementary Figure S5).

The cryo-EM density for the 100-nt long rRNA expan-
sion segment, handle, is well defined in the Mtb 50S den-
sity map. However, in the 70S map, density for the tip of
the handle is missing, suggesting significant levels of confor-
mational variability among the handles in the 70S particles.
To better resolve the structures of the handle in Mtb 70S,
an unsupervised classification was performed locally on the
handle to generate 40 maps of the Mtb 70S ribosome, each

http://rna.ucsc.edu/rnacenter/xrna/
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showing more complete density of the handle in that par-
ticular conformation (Supplementary Figure S6). The reso-
lutions of these 40 maps of the Mtb 70S range between 6.6
Å and 12.8 Å (Supplementary Table S4). Five representa-
tive conformations of the handle in Mtb 70S are shown in
Supplementary Figure S7. The dominant conformation is
conformation I, where the ribosome is in the non-rotated
state and the handle is closer to the L1 stalk. In conforma-
tions I, II and III, the densities of the handle and the bS6
are connected, while in conformations IV and V, they are
disconnected.

The better densities of the handles obtained for the 40
classes of the Mtb 70S, allowed us to compare it with its
corresponding density in the Mtb 50S. The handle showed
a remarkable conformational change between the Mtb 50S
and the Mtb 70S structures. In the 50S, the handle is bent
toward the central protuberance; the dominant conforma-
tion of the 70S shows the handle tilted toward the L1 stalk.
The handle moves about 40◦ from its primary orientation in
the 50S to the predominant conformation in the 70S. This
movement effectively translates into the tip traveling about
60 Å from one state to the other (inset of Figure 1D).

Interactions between handle and other regions in the Mtb ri-
bosome

In the Mtb 50S structure, three loops on the solvent exposed
side of uL2 (amino acid residues 168–170, 134–136, 121–
123; labeled with blue stars from top to bottom in Figure
2A) form interactions with a minor groove on the handle
(nucleotide residues 1576–1580 and 1626–1630). There is
another interaction (labeled by a black star in Figure 2A)
between residue 1591A of the handle and a minor groove of
helix H68 of the 23S (formed by nucleotides 2079–2081 and
2132–2134). The interactions of the handle with H68 (Fig-
ure 2C) and uL2 (Figure 2D) appear to be stable within the
Mtb 50S structure and not an artifact of a high magnesium
concentration (41), as reducing the magnesium concentra-
tion in the buffer to 1 mM does not affect these interactions
(Supplementary Figure S8). Interestingly, in the Mtb 70S
model, the same minor groove of helix H68 interacts with
an unpaired adenine (nucleotide residue 693A) on the 16S
rRNA of the SSU, forming intersubunit bridge B7a.

In bacterial ribosomes, rProtein uL2 interacts with rRNA
in the SSU to form the intersubunit bridge B7b (42). When
we directly superimposed the 50S structure onto the Mtb
70S, the handle in the Mtb 50S specimen collides with both
rProtein uS11 and helix h23 of the 16S rRNA in the 70S
(Supplementary Movie S1). Thus, the conformation of the
handle seen in the 50S would not allow the direct associa-
tion of the SSU with the LSU. Moreover, if the handle re-
mained in the same conformation as in the 50S, the tip of the
handle would be in close proximity to the initiator tRNA in
the initiation complex (Supplementary Figure S9) (43). This
position suggests the handle may play a role in coordinat-
ing translation initiation in the Mtb ribosome, such as the
handle staying in this bent conformation in the Mtb 50S to
prevent the association of the 30S until the initiation com-
plex is properly formed.

The 70S structure shows that when the subunits associate
to form the mature 70S, the handle forms a new intersub-

unit bridge with rProtein bS6 (named B9, Figure 2B and E).
Bridge B9 (labeled with an orange star in Figure 2B) com-
prises interactions between an �-helix from rProtein bS6
(amino acid residues 12–17) and the minor groove of the
handle (residues 1576–1578 and 1628–1630). About 80% of
the Mtb 70S particles have the B9 bridge maintained (Sup-
plementary Table S4).

In the most dominant conformation, the handle also in-
teracts with rProtein bL9 (Figure 2B and E) with the C-
terminal domain of bL9 inserted into a major groove of the
handle (nucleotide residues 1571–1573 and 1625–1626, Fig-
ure 2F). In a recent high-resolution cryo-EM structure of
the E. coli ribosome, E. coli bL9 was shown to interact with
both uL2 and bS6 (16). However, in the Mtb 70S ribosome,
the handle can interact with the C-terminal domain of bL9
and may serve as a substitution for the interaction between
bL9 and bS6 (Figure 2E). rProtein bL9 is highly flexible in
the ribosome and has been shown to be involved in mRNA
bypassing during the translation of the T4 phage gene 60
(44). Gene disruption of bL9 in E. coli increases the trans-
lational error rate when the cell is under stress, e.g. being
treated with antibiotics (45). These observations, in com-
bination with structural information from ribosomes and
polysomes, led to the proposal that bL9 may slow the for-
ward movement of ribosomes that trail transiently stalled
ribosomes on the polysome. However, in Mtb, the extended
RNA helices and the handle may further restrain the flexi-
bility of bL9.

In particular, the handle contains a GAA-AGUA se-
quence (labeled red in Figure 2F), located at the bottom of
this long RNA helix, to form a sarcin-ricin motif (or bulged-
G motif) (46). The sarcin-ricin motif serves as a recognition
site for RNAs and proteins (47,48), which may aid in tar-
get binding (49). Of note, many toxins, including �-sarcin
(50), ricin A-chain (51), Shiga toxin (52) and VapC20 (53),
bind to the sarcin-ricin motif in the sarcin-ricin loop (54)
and cleave the nearby rRNA. The sarcin-ricin motif in the
handle is exposed to solvent, as in the sarcin-ricin loop,
thus accessible to its potential binding partners. It is yet to
be discovered that such binding partners do exist or that a
cleavage can occur in the Mtb handle, which may serve as
a ‘switch’ to control the potential translational modulation
by the handle.

Correlated motions of the handle, the L1 and the SSU in the
Mtb 70S

The Mtb 70S exhibits significant structural variation among
the 40 different density maps calculated from the 3D classi-
fication (see ‘Materials and Methods’ section, Supplemen-
tary Figure S6), each representing a snapshot between the
rotated and the non-rotated states of the Mtb 70S ribo-
some (Figure 3A) during the spontaneous intersubunit ro-
tation (55). Analysis of these states shows that the major-
ity of the LSU remains unchanged. From the rotated to the
non-rotated Mtb 70S with the LSU aligned, the SSU ro-
tates clockwise when viewed from its solvent exposed side;
the L1 stalk moves away from the tRNA binding sites and
the handle moves toward the L1 stalk (Figure 3B and C;
Supplementary Movie S2). To further delineate motions in
the Mtb 70S, we built structural models for each of the 40
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Figure 2. Interactions of the handle with other ribosomal components within the Mtb ribosomes. (A) Ribbon models showing where the handle (purple)
interacts with rProtein uL2 (blue) and H68 (black) when in the 50S alone. The cryo-EM density of the 50S is low-pass filtered to 8Å resolution and overlaid
onto the model. Black and blue stars indicate the sites of interactions from the handle to H68 and uL2, respectively. The two eye cartoons, top and bottom,
label the cutting plane and viewing direction for Panels C and D, respectively. (B) Ribbon models show the handle interacts with bS6 (orange red) in the
70S. The cryo-EM density for the predominant conformation of the 70S is low-pass filtered to 8Å resolution and overlaid onto the model. Densities of
rProteins bL9 and uL2 are colored blue. Cyan and orange stars indicate the sites of interactions from the handle to bL9 and bS6, respectively. The eye
cartoon labels the cutting plane and viewing direction of Panel E. (C–E) Cryo-EM densities showing the handle interact with H68, uL2, bS6 and bL9. The
50S is labeled grey with uL2 and bL9 in blue while the handle is in purple. The 30S is in yellow with the rProtein bS6 in orange red. (F) Secondary structure
of the handle with arrow heads indicating the nucleotides that interact with H68 (black), uL2 (blue), bS6 (orange) and bL9 (cyan). The sequence, which
can form the sarcin-ricin motif, is colored in the red background.

snapshots of the SSU, the L1 stalk and the handle. Then
we subjected them to principal component analysis, which
revealed their dominant modes of motion (39). The first
principal components of the motions for the SSU (repre-
sented by the rRNA 16S), the L1 stalk, and the handle, are
the rotation of the SSU relative to the LSU, the tilt of the
L1 stalk, and a large conformational change of the handle
between the mRNA exit and the L1 stalk. (Supplementary
Figure S10a and Movie S3). Each principal component 1
(PC1) represents 93, 82 and 68% of their total motions for
the SSU, the L1 stalk and the handle, respectively. There-
fore, each PC1 approximates their dominant structural vari-
ations. Projecting the 40 conformations of the SSU and the
L1 stalk onto their respective PC1s clearly shows a correla-
tion between the major movements of the SSU and the L1
stalk (Supplementary Figure S10b), which is consistent with
the previous finding that the movement of the L1 stalk is
directly linked to the rotation of the SSU (56). Remarkably,
in most of the Mtb 70S conformations, the major motion
of the handle exhibits a strong correlation with the major
movements of both the L1 stalk and the SSU (Supplemen-
tary Figure S10c and d). When the SSU rotates clockwise
and the L1 stalk moves away from the E-site, the handle

moves close to the L1 stalk and vice versa. These concerted
movements are consistent with a simple morphing between
the rotated and non-rotated conformations of the Mtb 70S
in Figure 3. Only about 20% of the Mtb 70S particles do
not show such correlation of the handle to either the SSU
or the L1 stalk. Closer inspection revealed that these 20%
of the particles are missing the B9 bridge, resulting in less
restrained movement of the handle.

The large conformational changes of the handle, which
are correlated with the movement of the L1 stalk and SSU,
may affect the translocation of the Mtb ribosome. For ex-
ample, as the tRNA translocates between different sites
on the ribosome, the SSU rotates and the L1 moves. As
the handle moves around the exit sites of the mRNA and
tRNA, it may coordinate the exit of the tRNA and the
mRNA. Inspection of the different states of the Mtb 70S
revealed that the tip of the handle is close to the mRNA ex-
iting site in several rotated states. In fact it is <20 Å from
the anti-Shine-Dalgarno sequence on the rRNA 16S in sev-
eral conformations (Supplementary Figure S11). The anti-
Shine-Dalgarno sequence has been shown to drive transla-
tional pausing and codon choice in bacteria (57), and the
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Figure 3. Correlated motions between the handle, SSU and the L1 stalk in the Mtb 70S ribosome. (A) Mtb 70S in the rotated (left) and non-rotated (right)
states. (B) Conformational difference between the rotated and non-rotated states of the Mtb 70S viewing from the solvent exposed side of the SSU. The
SSU, L1 stalk, handle and bS6 on the SSU are colored yellow, green, purple and orange red, respectively. Colored arrows indicate the directions and
amplitudes of the conformational differences for the handle (purple), the L1 stalk (green), the SSU (yellow) and the bS6 (orange red) on the SSU. (C)
Zoom-in view around the handle as viewed from the direction indicated by the eye cartoon in Panel B.

close proximity of the handle to this region of the Mtb ri-
bosome may well affect Mtb translation.

Interestingly, in eukaryotic ribosomes, there is an rRNA
expansion segment ES27, which undergoes conformational
changes upon the rotation of the ribosomal subunits (58),
similar to what have been observed for the handle of the
Mtb ribosome. ES27 has been proposed to perform essen-
tial functions (59), such as coordinating non-ribosomal fac-
tors or interfering with the nascent peptide around the pep-
tide exit tunnel. The handle in Mtb may reach the exiting
tRNA and mRNA and its potential functions are still under
investigation. Future cryo-EM studies of the Mtb polysome
may reveal potential interactions between these structural
components.

Inhibitors visualized in the Mtb ribosome

The potent ribosomal inhibitors capreomycin and LZD-114
(a linezolid analog, Supplementary Figure S12) were pre-
incubated with the Mtb 70S and the Mtb 50S, respectively,
prior to cryo-EM sample preparation. Capreomycin binds
to the conserved decoding center, which is near helix h44 of
the 16S (Figure 4A and B), in agreement with a crystal struc-
ture of capreomycin bound to the Thermus thermophilus ri-
bosome (60).

LZD-114 is about 20 times more potent against the Mtb
ribosome than linezolid (the IC50 of LZD-114 is 0.7 �M;
the IC50 of linezolid is 14 �M; Supplementary Figure S12).
The density of LZD-114 was observed in the peptidyl trans-
ferase center (PTC) of the Mtb 50S ribosomal subunit. It is
bound in the same pocket and in a similar orientation to
linezolid in other bacterial ribosomes (18,61,62). The im-
proved potency of the LZD-114 may be due to the lack of
a fluorine group in the B-ring and the substitution of the

morpholine ring with a thiazole ring. The thiazole group
is in close proximity to rRNA to form potential hydrogen
bonds, i.e. the sulfur in the thiazole ring and the O2′ of the
U2744. Linezolid is not desirable as a TB treatment, for an
off-target inhibition of the human mitochondrial ribosome
(mitoribosome) (63,64). A superimposition of the Mtb 70S
and the human mitoribosome (Supplementary Figure S13)
(65) showed that the binding site of LZD-114 is highly con-
served, with only three residues difference between the two
ribosomes within 10 Å of the LZD-114 binding site, namely
A2296, C2745 and C2848 in the Mtb ribosome and G2721,
U2994 and U3097 in the human mitoribosome. While the
positions and orientations of these three nucleotide bases in
the Mtb ribosome and the human mitoribosome are nearly
identical, differences do exist, with one oxygen atom for
each of the three bases (O6 in G2721, O4 in U2994 and
U3097) of the human mitoribosome being replaced by a
nitrogen atom (N6 in A2296, N4 in C2745 and C2848) in
the Mtb ribosome, respectively. These small differences in
the drug-binding pocket may be used to optimize linezolid
analogs to avoid the off-target inhibition of the human mi-
toribosome.

Two new protein densities close to the functional sites of the
Mtb ribosome

In the cryo-EM maps of the Mtb ribosomes, we observed
densities for two distinct unknown proteins with clear �-
helical geometries. One was positioned close to the decod-
ing center where capreomycin binds, and the other close to
the PTC near the LZD-114 binding site. Neither of these
proteins has been observed in previously solved bacterial
ribosome structures. Based on the full length and modeled
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Figure 4. Unidentified proteins in the Mtb ribosomes discovered near the binding sites for two Mtb translation inhibitors. (A) Cartoon indicating the
locations of the mL41-like protein (red), the antibiotic capreomycin (CPM, purple) in the structure of Mtb 70S incubated with capreomycin. Helix h44 of
the 16S is in dark yellow. The dashed circle indicates the decoding center. (B) Zoom-in view to show the models of CPM (purple) and polyalanine model of
the mL41-like protein (red) and their neighboring environment. SSU protein uS12 (orange), helices h44, h45 of the 16S (yellow) and helices H67, H69 of
the 23S (grey) are labeled. (C) Cartoon indicating the locations of the unknown protein (red), the linezolid analog 114 (LZD-114, purple) in the structure
of Mtb 50S incubated with LZD-114. The 5S is in green. The H89 is in dark gray. The dashed circle indicates the PTC. (D) Zoom-in view to show the
models of LZD-114 (purple) and polyalanine model of the unknown protein (red) and their neighboring environment. H39, H89 of the 23S (gray) and
Loop D of the 5S (green) are labeled.

sequences of nearby rProteins, these new structures do not
correspond to any extensions of nearby rProteins.

The first protein, located close to the decoding center, is
estimated, based on the density, to be about 30 amino acids
long (Figure 4A and B). Interestingly, it has a very similar
fold and is in the same location as that of eL41 and mL41,
the rProteins found in eukaryotic cytosolic ribosomes and
mitoribosomes, respectively (Supplementary Figure S14a–
f). The protein lies in a pocket formed by h44 and h45 from
the 16S on the SSU and H67 and H69 from the 23S on
the LSU, near the pivot point of intersubunit rotation (66).
This pocket is highly conserved in ribosomes across species
(12,15,65–69). While E. coli and other bacterial ribosomes
have this pocket empty (16), the ribosomes from Saccha-
romyces cerevisiae, Homo sapiens, S. cerevisiae mitochon-
dria and H. sapiens mitochondria all show an �-helical pro-
tein in this pocket (65,66,69,70), which overlaps with this
‘mL41-like protein’ from Mtb (Supplementary Figure S14).

The second protein, close to the PTC, has not been iden-
tified in any bacterial, archaeal, yeast or mammalian ribo-
some structures. It is an �-helix and coil loop that sits in a
chamber formed by H39 and H89 of the 23S rRNA, and
the loop D of the 5S rRNA. Building a polyalanine model
into the density allowed us to estimate the unknown pro-
tein to be around 20 amino acids long. Related density is
also observed in the 7.1 Å resolution cryo-EM structure of

the ribosome from Mycobacterium smegmatis (Msm, Sup-
plementary Figure S15). The pocket formed between H39
and H89 of rRNA 23S, and loop D of rRNA 5S is very
similar among the 70S ribosomes from bacteria and chloro-
plasts. In the E. coli ribosome this pocket is empty, but both
the Mtb and chloroplast ribosomes have a protein in this
pocket (Supplementary Figure S13g–i), that interacts with
the loop D of rRNA 5S.

It has been proposed that the 5S rRNA is uniquely posi-
tioned to link all the functional centers of the ribosome. Pre-
vious studies have supported the hypothesis that the 5S acts
as a physical transducer of information, facilitating commu-
nication between the different functional centers and coor-
dinating multiple events catalyzed by the ribosome (71). By
interacting with loop D of the 5S, an rProtein in this loca-
tion may stabilize the interactions between H38, H89 and
the loop D of the 5S. The name of the corresponding pro-
tein in chloroplast ribosomes is cL38 (72) or PSRP6 (73,74).
The identity of this protein in Mtb is yet to be determined,
but its orientation and length in the Mtb ribosome is differ-
ent from cL38 (72–74). Notably, one end of the helix of this
protein is close to H89, a major component of the PTC.

In summary, we have shown the Mtb ribosome has sev-
eral species-specific features, including the handle and two
new proteins. In the Mtb 50S, the handle stays in a bent con-
formation, which blocks the association of the SSU. From
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the 50S to the 70S, the handle undergoes a large-scale con-
formational change to form intersubunit bridge B9. In the
Mtb 70S, the handle shuttles between the L1 and the mRNA
exiting site, which correlates with the rotation of the SSU.

While our manuscript was in review, a cryo-EM structure
of the Msm 70S ribosome was reported (75). Despite the
great interest of the unique handle conformation in 50S ri-
bosomal subunit, the Msm 50S structure was not reported.
Therefore, only the comparison of the 70S structures is pos-
sible. In the conserved core region, the Mtb 70S structure is
in good agreement with the Msm 70S structure. However, in
the peripheral region where most of the species-specific fea-
tures exist, the Mtb 70S shows interesting difference from
the Msm 70S structure. For example, the Msm paper re-
ported an ‘altered’ conformation of bL9, which was pro-
posed as one possible effect of the kissing loop between
H15 and H16a. However, such a conformation of bL9 in
Msm may not be universal in mycobacteria, particularly in
the human pathogen, Mtb. In our Mtb ribosome structure,
the bL9 mainly exhibits a different conformation, which di-
rectly interact with the handle, even in the presence of a sim-
ilar kissing loop (Figure 2). The fact that the same protein
bL9 has distinct conformations in Mtb and Msm, further
emphasizes the necessity and clinical relevance of perform-
ing structural studies using the exact pathogen, with respect
to a closely related non-pathogenic model organism.
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