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Ribosome and translation process

@) Initiation: the mRNA and the aminoacylated Large subunit

tRNA bind to the small ribsomal subunit.
The large subunit then binds.
Aminoacyl-tRNA

.

Small subunit

9 Activation of
amino acids:
the tRNA is
aminoacylated.

—f

Start Stop
MRNA »ea —

i 3’

Q Termination:

translation stops
when a stop codon
is encountered. The
mRNA and protein

dissociate, and the

ribosomal subunits
are recycled.

e Elongation: successive cycles
of aminoacyl-tRNA binding and
peptide bond formation occur

ol until the ribosome reaches
a stop codon.
© Protein folding @ E
and posttranslational o0
processing i

&

An overview of the five stages of protein synthesis.
(Lehninger Principles of Biochemistry, 7th edition)



Ribosome and translation process
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Unsolved problems ?

Q1: The maps generated in previous studies were
limited to resolutions on the nanometre scale

o The resolution is not high enough to see the details in translating ribosomes

Q2: A detailed structural description of the translation
process within the native cellular context is lacking

o Most available structures are resolved from model bacteria
o Often trapped in specific states by antibiotics/GTP analogues/mutations



Objects and Subjects of this study

Build an in-cell native atomic
> model for the translating
ribosomes

Q1: The maps generated in previous studies were
limited to resolutions on the nanometre scale

o The resolution is not high enough to see the details in
translating ribosomes

Analyze the native cellular
translation landscape(different
states and organization of
translating ribosomes)

Q2: A detailed structural description of the translation
process within the native cellular context is lacking g

o Most available structures are resolved from model bacteria

o Often trapped in specific states by antibiotics/GTP
analogues/mutations



Objects and Subjects of this study

Build an in-cell native atomic .
cryo-electron microscopy

model for the translating >
. cryo-ET & Subtomogram Average(STA)
ribosomes
Analyze the native cellular cryo-ET classification methods
translation landscape(different > use antibiotics to reshape the landscape

states and organization of

L project back the structure into the tomogram
translating ribosomes)



Objects and Subjects of this study

Build an in-cell native atomic .
cryo-electron microscopy

model for the translating >
. cryo-ET & Subtomogram Average(STA)
ribosomes
Analyze the cellular translation cryo-ET classification methods
landscape(different states and > use antibiotics to reshape the landscape
organization of translating . .
. project back the structure into the tomogram
ribosomes)

How to choose prokaryotic cell model ?

o Cell size - small enough
o Genome - reduced enough




Objects and Subjects of this study

How to choose prokaryotic cell model ?

o Cell size - small enough
o Genome - reduced enough Mycoplasma pneumoniae (Jifi R 54 )

(FEMS Microbiology Reviews, 2008)



Objects and Subjects of this study

How to choose prokaryotic cell model ?

o Cell size - small enough
o Genome - reduced enough Mycoplasma pneumoniae (Jifi R 54 )

o among the smallest self-
replicating organisms

o Parasitic
o no cell wall and periplasmic space

O reduced genomes
o limited metabolic activity

(FEMS Microbiology Reviews, 2008)



Materials & Methods



Raw frame series,
tilt movies

Simultaneous refinement
of deformation models,
particle poses and CTF
parameters for several

Data Iiterations

acquisition

&7
//
// Updated
'” deformation
models and CTF
parameters

2D particles,
subtomograms,
3D CTFs,
metadata

Motion correction,
CTF estimation,
CNN-based particle picking,
tilt series alignment through IMOD,
tomogram reconstruction,
denoising,

template matching

Reconstructs,

denoises

Final high-resolution
maps for all species

Refined maps for
all species, particle

Poses  assignment and
globally aligned
poses

2D classification,

ab initio map generation,
3D classification,

3D refinement

(legunov, D., Xue, L., Dienemann, C. et al. 2021)
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1 In-cell structure of the M.pnuemoniae ribosome
1.1 High-resolution in-cell consensus maps
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1 In-cell structure of the M.pnuemoniae ribosome
1.1 High-resolution in-cell consensus maps

high flexibility during active translation
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1 In-cell structure of the M.pnuemoniae ribosome
1.1 High-resolution in-cell consensus maps
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1 In-cell structure of the M.pnuemoniae ribosome
1.1 High-resolution in-cell consensus maps

1.0
0.9-

30S

0.87
0.7+

0.6-
0.5-
0.4-
0.3-
0.2-
0.1-

0 Ay

O 0.03 0.06 0.09 0.12 0.15 0.18 0.21 0.24 0.27 0.30
Frequency (A™)

50S

30S

Fourier shell correlation

50S

First atomic model

Focused refined 30S and 50S maps FSC curves

| d by local uti
from the Cm-treated dataset -OIOUred by Total TESOIHHONS for global 70S and focused 30S refinement

Extended Data Figure 1



1 In-cell structure of the M.pnuemoniae ribosome
1.2 Focused refinements and atomic model
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Focused refinements revealed rRNA bases and AA side chains

Figure 1



1 In-cell structure of the M.pnuemoniae ribosome

1.3 Ribosomal protein extensions
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1 In-cell structure of the M.pnuemoniae ribosome
1.3 Ribosomal protein extensions

d
S6 .

Extensions of ribosomal proteins S6,
L22 and L29 form secondary structures

MRNA entry site

the long C-terminal loop of S6
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Extended Data Figure 2




1 In-cell structure of the M.pnuemoniae ribosome

1.3 Ribosomal protein extensions
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1 In-cell structure of the M.pnuemoniae ribosome

1.3 Ribosomal protein extensions
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2 Structure dynamics of translation in cells
2.1 Classification and refinement of ribosomes in native untreated cells

a 356 tomograms (356 native, untreated Mycoplasma pneumoniae cells)

Tilt-series image processing in Warp and IMOD.
Ribosome template matching by PyTom. Top 400 hits recovered from each cellular tomogram.
Visual inspection and removal of obvious false positives such as membrane, film edge, fiducials, efc.

109,990 ribosome sub-tomograms extracted in silico

Initial Refine3D & Class3D in RELION. Excluding 8,294 “bad” sub-tomograms that cannot be aligned.
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2 Structure dynamics of translation in cells
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2 Structure dynamics of translation in cells

2.1 Classification and refinement of ribosomes in native untreated cells
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2 Structure dynamics of translation in cells
2.1 Classification and refinement of ribosomes in native untreated cells

n  Free 50S(1) o50S with RRF(1)
A 2 4 Lo e s

10 15 20 25 30A

(12) unclear density in P-site (13) DIm30S-50S

Dim (2) with single P/E site tRNA (1)
Extended Data Figure 6



2 Structure dynamics of translation in cells
2.1 Classification and refinement of ribosomes in native untreated cells
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2 Structure dynamics of translation in cells
2.1 Classification and refinement of ribosomes in native untreated cells
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2 Structure dynamics of translation in cells
2.1 Classification and refinement of ribosomes in native untreated cells
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2 Structure dynamics of translation in cells
2.1 Classification and refinement of ribosomes in native untreated cells
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2 Structure dynamics of translation in cells
2.2 Ribosome classification reconstructs the elongation cycle
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Particle number

2 Structure dynamics of translation in cells

2.2 Ribosome classification reconstructs the elongation cycle
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Particle number

2 Structure dynamics of translation in cells
2.2 Ribosome classification reconstructs the elongation cycle
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Particle number

2 Structure dynamics of translation in cells
2.2 Ribosome classification reconstructs the elongation cycle
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Particle number

2 Structure dynamics of translation in cells
2.2 Ribosome classification reconstructs the elongation cycle
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2 Structure dynamics of translation in cells
2.2 Ribosome classification reconstructs the elongation cycle
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2 Structure dynamics of translation in cells
2.3 ‘A, P’ state was the most populated
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2 Structure dynamics of translation in cells
2.4 Early-to-late translocation intermediates
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2 Structure dynamics of translation in cells
2.4 Early-to-late translocation intermediates

d
mRNA entry () Class 4 @ Class5 () Class 6a
< ® A*, P/E
30S Y oy e s a A 90/?:
AP
ﬁg .""9‘1)
< N
BOS (Htaeie N o i =S
—_—

Structures aligned on 50S subunit &

X\ LAY
. g J‘ ' ]
K A
A

peptidyl-tRNA deacyl-tRNA

Early translocation intermediates
prior to EF-G binding




2 Structure dynamics of translation in cells
2.4 Early-to-late translocation intermediates
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2 Structure dynamics of translation in cells
2.4 Early-to-late translocation intermediates
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2 Structure dynamics of translation in cells
2.4 Early-to-late translocation intermediates
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2 Structure dynamics of translation in cells
2.4 Early-to-late translocation intermediates
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2 Structure dynamics of translation in cells
2.4 Early-to-late translocation intermediates
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2 Structure dynamics of translation in cells
2.4 Early-to-late translocatlon mtermedlates
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2 Structure dynamics of translation in cells
2.5 Decoding and EF-Tu-associated structures
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2 Structure dynamics of translation in cells
2.5 Decoding and EF-Tu-associated structures

P, E E-site tRNA is not stable
2 5% _and tend to disassociate

quickly after translocation



2 Structure dynamics of translation in cells
2.5 Decoding and EF-Tu-associated structures
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2 Structure dynamics of translation in cells
2.5 Decoding and EF-Tu-associated structures
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2 Structure dynamics of translation in cells
2.6 Inter-subunit rotation
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2 Structure dynamics of translation in cells
2.6 Inter-subunit rotation
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2 Structure dynamics of translation in cells
2.7 Translation elongation cycle
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2 Structure dynamics of translation in cells
2.7 Translation elongation cycle




3 Antibiotics alter translation landscapes
3.1 In chloramphenicol(Cm)-treated cells

a 65 tomograms (65 chloramphenicol-treated Mycoplasma pneumoniae cells)

+ 15-20 min antibiotic treatment before plunge freezing; following procedure same to the untreated

21,299 ribosome sub-tomograms extracted in silico
+ Initial Refine3D & Class3D. Excluding 2,312 “bad” sub-tomograms that cannot be aligned.

M refine
NG

™
Re-extract sub-tomograms

after M refinement
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focused Class3D
on A-P-E tRNAs

focused Class3D
‘ on EFs, A/T tRNA
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3 Antibiotics alter translation landscapes
3.1 In chloramphenicol(Cm)-treated cells
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3 Antibiotics alter translation landscapes
3.1 In chloramphenicol(Cm)-treated cells
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3 Antibiotics alter translation landscapes
3.2 In spectinomycin(Spc)-treated cells

a 70 tomograms (70 spectinomycin-treated Mycoplasma pneumoniae cells)

15-20 min antibiotic treatment before plunge freezing
Pilot RELION classification to remove false positives, without visual inspection

13,418 ribosome sub-tomograms extracted in silico
Initial Refine3D & Class3D

M refine
. . @
=~
Re-extract sub-tomograms
= = after M refinement
spectinomycin(Spc)
global
classification

l focused Class3D
\ on A-P-E tRNAs
focused Class3D

on EFs, A/T tRNA

(3) EF-TustRNA, P
8,371 1,119 2,239
4.7 A 13.6 A 6.3 A




3 Antibiotics alter translation landscapes

3.2 In spectinomycin(Spc)-treated cells
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3 Antibiotics alter translation landscapes
3.2 In spectinomycin(Spc)-treated cells
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3 Antibiotics alter translation landscapes
3.2 In spectinomycin(Spc)-treated cells
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3 Antibiotics alter translation landscapes
3.3 In pseudouridimycin(PUM)-treated cells

a 86 tomograms (86 pseudouridimycin-treated Mycoplasma pneumoniae cells)
15-20 min antibiotic treatment before plunge freezing; following procedure similar to the untreated
23,014 ribosome sub-tomograms extracted in silico
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N-hydroxy-Gly-GIn dipeptide

M refine
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Re-extract sub-tomograms
after M refinement
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3 Antibiotics alter translation landscapes
3.3 In pseudouridimycin(PUM)-treated cells
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3 Antibiotics alter translation landscapes
3.3 In pseudouridimycin(PUM)-treated cells
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3 Antibiotics alter translation landscapes
3.3 In pseudouridimycin(PUM)-treated cells
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3 Antibiotics alter translation landscapes
3.4 Translation landscapes are markedly reshaped by different antibiotics
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4 Spatial and functional organization of translation

4.1 Spatial analysis of ribosomes and polysomes in native untreated cells
ad




4 Spatial and functional organization of translation
4.1 Spatial analysis of ribosomes and polysomes in native untreated cells
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4 Spatial and functional organization of translation
4.1 Spatial analysis of ribosomes and polysomes in native untreated cells
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4 Spatial and functional organization of translation
4.1 Spatial analysis of ribosomes and polysomes in native untreated cells
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4 Spatial and functional organization of translation
4.1 Spatial analysis of ribosomes and polysomes in native untreated cells
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4 Spatial and functional organization of translation
4.1 Spatial analysis of ribosomes and polysomes in native untreated cells
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4 Spatial and functional organization of translation
4.2 Local coordination of translation elongation within the polysome
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State of the preceding ribosome

4 Spatial and functional organization of translation
4.2 Local coordination of translation elongation within the polysome
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All polysomes
from all 356 tomograms

4 Spatial and functional organization of translation
4.2 Local coordination of translation elongation within the polysome

Experimental

polysome data

Polysome sequence
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Random shuffling of polysome data and calculating pair fractions
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where x - class of the preceding ribosome,
y - class of the following ribosome

Calculating simulated fraction,
theoretical fraction and
permutation p-value
for each ribosome pair

Simulated ribosome pair fraction:

Theoretical ribosome pair fraction:
fraction(x,y) = fraction(x) * fraction(y)

z (shuffled fraction(x,y) <=
experimental fraction(x,y))

permP(x,y) =

number of shuffled
polysome matrices

Permutation p-value(x,y) = min( permP(x,y),

#

1 - permP(x,y) )

Number of shuffled polysome matrices

Polysome shuffling analysis using Permutation Test

Ribosome pair: 9 3
Permutation p-value = 0.43
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4 Spatial and functional organization of translation

4.2 Local coordination of translation elongation within the polysome

i'::: 1 2a 2e 3 4 5 6a 6e 7 8
1 0.0567 04355 02888  0.1418  0.0140 02472 02532 04355  0.1020  0.3040
2a 0.0022  0.0007 04576  0.0007 00007 01078  0.0007 0.0829 04277  0.3709
2e 0.3709 02780  0.0104 02780 04355  0.0175 02472 00787  0.0091  0.3709
3 0.1111  0.0787  0.0158  0.0007  0.3929  0.0230 03491  0.0163 02888  0.4481
4 0.0018  0.0007  0.0993  0.0359  0.1371  0.0007  0.0007  0.0244 02812  0.1371
5 0.1300  0.1252  0.0007  0.0007  0.0007  0.0007  0.0207 0.2547  0.0048  0.0007
6a 0.4759  0.1278 02532  0.0032  0.0007 0.1527  0.0635 04355  0.1055  0.0374
6e 0.0878  0.1252  0.3946  0.1995 02472 00133 02472 00747 04500  0.0244
7 0.0330  0.3491 02871  0.2888 04355 00035 0.3091 03819 01798  0.1177
8 0.1527 04355 02547  0.1371 04355  0.0018  0.0018 02888 04701  0.4384

p-values corrected with Benjamini-Hochberg method. FDR, false discovery rate.



4 Spatial and functional organization of translation

4.2 Local coordination of translation elongation within the polysome

Number of shuffled polysome matrices

4000
2000
0

4000
2000

4000
2000

4000
2000

4000
2000

4000
2000

4000
2000

4000
2000

4000
2000

4000
2000

12a

0 1 2
6e 1

0 1 2
71

12e

b

—

w
w

(&)
N
O
wa
N
(&)
W
o

O,
o
o,
()
(%))
o

mg

N

% D
®
{
N

O%

(&)

o,
~
w

onidh)

o

Fi
=

14 15
6 8 110 M2 I L
2a5
¢ %:-o lj 15
2e4 e
34 35
15 20
45

o
| O'
O,
AU\
A
(o2
o

160 170

o
5N

50 60 70 80

:

=t

20 40 15 20 25 30
6a 4 6ab5
i AIIL

5 10 1 2 4 6
6e 4 6e 5

~J
H SN

2

4 8

-

o,
oo
N

=

6
75
| ullln
2
85

g

Fraction of pairs, x 10e*

N

:

0 05

d

F

P

-
37 38
‘Lz 4 4 6 8
47 48
5 10 15 20
S 7 58
.I‘Il_ wililg

2 4 34 5 0 1
6a7 6a8

0 0.5 1 15 0 1 2
6e 7 6e 8

o
-
N

~
~

B

o
(6]
-

%g

1 Simulated ribosome pair fractions

== Theoretical ribosome pair fractions

== Experimental ribosome pair fractions

Permutation p(FDR) < 0.01




4 Spatial and functional organization of translation
4.2 Local coordination of translation elongation within the polysome
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4 Spatial and functional organization of translation
4.2 Local coordination of translation elongation within the polysome
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o L9 tends to have a flat conformation in single ribosomes
o L9 tends to adopt the extended conformation within tightly assembled polysomes
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L9’s mutations cause increased frame shifting and

ribosome compaction (Smith et al., 2019)
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Summary

Visualize structure dynamics of translation inside Mycoplasma pneumoniae
at atomic detail using cryo-ET and STA

Obtain a hi-res in-cell average map of all translating ribosomes
Build an atomic model and reveal distinct extensions
Classification resolves 13 major states and intermediates during translation
Animate translation elongation inside native cells
Show how antibiotics reshape the cellular translation landscapes
Map the organization of translating ribosomes and their association into polysomes

Extended ribosomal protein L9 facilitate translation fidelity



