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Supplementary Figure S1 Reference-free classification of the 45S particles. 

Raw particles of the 45S sample were subjected to reference-free classification using RELION (1). 

Representative 2D class averages are shown. Row (A) represents 30S and 70S particles that are inevitably 

mingled during sample purification. Rows (B-C) represent particles that adopt a mature or mature-like 

conformation. Rows (D-G) represent particles that display a floppy central protuberance and flexible L1 and 

L7/L12 stalks.  
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Supplementary Figure S2 Overviews of intermediate structures of the 45S particles. 

(A) Surface representation of the 7.6 Å map of the mature 50S subunit. (B-D) Surface representation of the three 

intermediate maps of the 45S particles (I-a, II-a and II-b), produced from data Batch 1. (E-H) Surface 

representation of the four intermediate maps of the 45S particles (I-b, II-c, II-d and II-e), produced from data 

Batch 2. For maps in (C, D, G, H), low-threshold rendered versions are also shown to illustrate the flexibility of 

the central protuberance region. All maps were superimposed with their respective atomic models. 
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Supplementary Figure S3 Location of ribosomal proteins that are underrepresented in the 45S particles. 

Intersubunit view (A) and solvent view (B) of the atomic model of the B. subtilis 50S subunit, displayed in 

surface model. The 23S rRNA, 5S rRNA, H38, and underrepresented ribosomal proteins are colored yellow, 

cyan, green, and red, respectively. Two 5S rRNA binding proteins, L5 and L18, are colored blue. Other 

ribosomal proteins are colored grey. CP, central protuberance.  
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Supplementary Figure S4 Conformational differences of the 23S rRNA in the intermediate structures of the 

45S particles.  

(A) Cartoon representation of the 23S rRNA, with its domains colored separately. (B-J) Temperature maps of the 

domains of the 23S rRNA, colored according to their deviations from the conformation of the mature 50S 

structure. Individual rRNA helices are labeled.  
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Supplementary Figure S5 2D temperature maps of the 23S rRNA in the 45S intermediate structures.  

(A) Secondary structural map of the 23S rRNA, with its domains separately colored. (B-F) Temperature factors 

as in Supplementary Figure S5 were mapped to (A), and secondary elements (individual nucleotides) are colored 

based on their 3D distance deviation from the mature 50S structure. Abbreviations: PTC, peptidyl-transferase 

center; CP, central protuberance. As shown, functional centers of the 23S rRNA, such as PTC, L1 stalk, L7/L12 

stalk base, all display large structural differences. In addition, H38 (A-site finger) and H68-71 are also highly 

dynamic. 
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Supplementary Figure S6 L30 is present in the I-a state, but absent from the II-a state. 

(A) Thumbnail of the top view of the mature 50S subunit. L30, H38 and the 5S rRNA are colored purple, red, 

and blue, respectively. (B-D) Comparison of the L30 occupancies in the mature (B), I-a (C) and II-a (D) 

structures.  
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r-proteinsb Mean of Mature/YlqF¯ Standard 
Deviation 

Coverage 
(%) 

Unique 
Peptides 

Peptide spectrum 
matches (PSMs) 

L28 10.04 3.09 75.81 8 60 
L16 9.45 4.16 52.08 5 66 
L33 5.23 2.39 46.94 3 20 
L36 4.86 1.22 54.05 2 32 
L35 4.06 1.53 31.82 5 34 
L13 2.78 0.83 69.66 14 206 
L15 2.40 1.13 74.66 18 110 
L31 2.39 0.34 78.79 8 84 
L27 2.23 0.78 42.55 6 44 
L3 1.98 0.63 74.64 26 750 
L10 1.89 0.81 86.75 22 416 
L30 1.88 0.41 79.66 10 218 
aL34 1.86 N.A. 15.91 1 4 
L21 1.66 0.15 55.88 5 260 
L6 1.43 0.18 78.77 14 390 
L24 1.42 0.09 47.57 8 128 
L22 1.41 0.22 71.68 11 252 
L18 1.40 0.07 72.50 12 286 
L1 1.39 0.39 92.24 35 1086 
L4 1.36 0.14 54.11 19 1096 
L5 1.33 0.12 81.01 22 958 
L14 1.27 0.22 75.41 16 282 
L32 1.22 0.29 40.68 2 12 
L17 1.21 0.10 60.00 8 172 
L29 1.18 0.08 75.76 11 286 
L23 1.16 0.19 56.84 12 246 
L19 1.12 0.11 73.91 16 362 
L20 1.03 0.10 64.71 12 140 
L11 1.01 0.12 76.60 14 376 
L2 0.97 0.17 74.73 25 938 

L7/L12 0.96 0.08 54.47 12 358 
YqeL 0.29 0.22 25.42 2 14 
YqeI 0.23 0.06 36.46 2 30 

 

Supplementary Table S1 Quantitative mass spectrometry analysis of the 45S sample. 
a There is only one peptide ratio for L34, and therefore the standard deviation is not applicable.  
b Proteins L9 and L25 are not detected in the QMS experiment. L9 easily dissociates from the 50S subunit during 
centrifugation-based purification (2). L25 in B. subtilis is a stress-induced ribosomal protein and not expressed 
under normal growth condition (3).  
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Sample 
name 

Particle 
No(total) 

Conformational 
states 

Particle 
No(per 
state) 

Ratio Particle No 
(premature) 

Ratio 
(premature) 

Resolution 
(Å)a Features 

Mature 152540 Mature 152540 100%   7.6 
No densities corresponding to L9 and L25 compared to E.coli and 
T.thermophilus 50S subunits. 

Pr
em

at
ur

e 
(B

at
ch

 1
) 

91323 

Non-50S 15857 17.36%    Consisting of 30S, 70S and other noise particles. 

I-a 21020 23.02% 

75466 

27.85% 13.3 L16, L27, L28, L33, L35, L36 are absent; H68, H69, H89 are 
highlyflexible; The tip of H38 bends a little toward the direction of H69. 

II-a 27652 30.28% 36.64% 10.7 

L16, L27, L28, L30, L33, L35, L36 are absent; H68-71, H89, H80-87, 5S 
rRNA, L5, L18 are highly flexible; H14-16 and 21-22, L7/L12 stalk base 
turn a little away from the body; H38 turns toward L7/L12 stalk about 
17º. 

II-b 26794 29.34% 35.51% 11.1 

L16, L27, L28, L30, L33, L35, L36 are absent; H62 is unstable; H68-71, 
H89-H93, H80-87, 5S, L5, L18 are highly flexible; H14-16 and 21-22, 
L7/L12 stalk base turn a little away from the body; L1 stalk is unstable; 
H38 turns toward L7/L12 stalk about 17º. 

Pr
em

at
ur

e 
(B

at
ch

 2
) 

201876 

Non-50S 46366 22.97%    Consisting of 70S, 30S and other noise particles. 

Mature 38419 19.03%   10.5 Similar to mature state. 

I-b 23172 11.48% 

117091 

19.79% 12.3 L16, L27, L28, L33, L35, L36 are absent; H68, H69, H89 are flexible; 
The tip of H38 bends a little toward the direction of H69. (similar to I-a) 

II-c 30921 15.32% 26.41% 11.0 

L16, L27, L28, L30, L33, L35, L36 are absent; H68-69, H89, H80-87, 
5S, L5, L18 are highly flexible; H14-16 and 21-22, L7/L12 stalk base 
turn a little away from the body; H38 turns toward L7/L12 stalk about 
17º. 

II-d 40430 20.03% 34.53% 10.6 

L16, L27, L28, L30, L33, L35, L36 are absent; H68-71, H89, H93, H80-
87, 5S, L5, L18, L31 are highly flexible; H14-16 and 21-22, L7/L12 stalk 
base turn a little away from the body; L1 stalk is unstable and a little 
away from the body; H38 turns toward L7/L12 stalk about 17º. 

II-e 22568 11.18% 19.27% 10.7 
L16, L27, L28, L30, L33, L35, L36 are absent; H68, H89, H80-87, L5, 
L18, L31, 5S are highly flexible; H38 is also flexible and only the stem 
base of H38 is visible. 

Total 445739        

 
Supplementary Table S2 Statistics of the cryo-EM image processing and summary of map features.  
 
aThe reconstruction of data Batch 1 was performed with SPIDER(4), and the resolution estimation is based on FSC (Fourier Shell Correlation), 
with a cutoff value of 0.5. The data for the 45S samples (Batch 1 and Batch 2) were performed with RELION (Regularized likelihood 
optimization)(1), and resolutions were calculated on the basis of SSNRMAP (an optimized approach of Spectral Signal-to-Noise Ratio), with a 
cutoff value of 1.0.  



10 

 

 CsdA SrmB DpbA DnaK RrmJ CgtAE
 Der YphC YsxC L5 L27 L28 

Reference (5) (6) (7) (8) (9) (10) (11) (12) (12) (13) (14) (15,16) 
Function assembly factors ribosomal proteins 

Strain E.coli E.coli E.coli E.coli E.coli E.coli E.coli B.sub B.sub E.coli E.coli E.coli 
Method 1D/western QMS/2D QMS 2D 2D QMS 1D 1D 1D 2D 2D 2D 

Precursor 40S 40S 45S 45S 40S 50S 40S 45S 44.5S 45S 40S 47S 

5S + + + + / + / / / -- + / 
L1 + + + + / / / / / + + / 
L2 + + + -- / / - / / + + / 
L3 + + + + / / / / / + + / 
L4 + + + / / / / / / + + / 
L5 + + + + - + / / / -- + / 
L6 -- - + - / + - / / + + / 

L7/L12 + - + / / / / / / + + / 
L9 - + + - / + -- / / + + / 

L10 - + + / / + / / / + + / 
L11 + + + + / + / / / + + / 
L13 + -- + + / + / / / + + / 
L14 - - + + / + / / / + + / 
L15 + + + + / + / / / + + / 
L16 -- - -- -- -- - / -- -- -- -- - 
L17 - + + + / + / / / + + / 
L18 + + + + -- + -- / / -- + / 
L19 + + + + / + / / / + + / 
L20 + + - + / + / / / + -- / 
L21 - + + / / + / / / + -- / 
L22 - + + + / / / / / + + / 
L23 - + + + / - / / / + + / 
L24 + + + + / + / / / + + / 
L25 -- - -- -- -- + / / / -- + - 
L27 + - -- -- -- + / -- -- -- -- - 
L28 -- -- -- -- -- + / / / + + -- 
L29 + + - + / + / / / + + / 
L30 - + - + - + / / / + + / 
L31 / - + + / + / / / -- + / 
L32 -- - + + / + / / / + / / 
L33 -- - -- -- / -- / / / -- / - 
L34 -- -- -- / / -- / / / + + / 
L35 / -- -- / / / / / / -- / / 
L36 / -- / / / / / -- -- / / / 
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Supplementary Table S3. Summary of the quantitative or semi-quantitative data on the 
ribosomal protein occupancies in different in vivo assembly intermediates  

(+ normal; - moderately absent; -- seriously absent, / not analyzed) 

 

Supplementary Movie Legends 

Supplementary Movie S1 

Conformational difference of the I-a map, compared with the mature 50S map. The missing 

components in the I-a map, including a few ribosomal proteins and rRNA segments, are shown.  

Supplementary Movie S2 

Conformational difference of the II-a map, compared with the mature 50S map. The missing 

components in the II-a map, including a few ribosomal proteins and rRNA segments, are shown.  

Supplementary Movie S3 

Conformational difference of the II-b map, compared with the mature 50S map. The missing 

components in the II-b map, including a few ribosomal proteins and rRNA segments, are shown.  

 

Supplementary References 

1. Scheres, S.H. (2012) A Bayesian view on cryo-EM structure determination. Journal of 
molecular biology, 415, 406-418. 

2. Nanamiya, H., Akanuma, G., Natori, Y., Murayama, R., Kosono, S., Kudo, T., Kobayashi, K., 
Ogasawara, N., Park, S.M., Ochi, K. et al. (2004) Zinc is a key factor in controlling 
alternation of two types of L31 protein in the Bacillus subtilis ribosome. Molecular 
microbiology, 52, 273-283. 

3. Schmalisch, M., Langbein, I. and Stulke, J. (2002) The general stress protein Ctc of 
Bacillus subtilis is a ribosomal protein. Journal of molecular microbiology and 
biotechnology, 4, 495-501. 

4. Shaikh, T.R., Gao, H., Baxter, W.T., Asturias, F.J., Boisset, N., Leith, A. and Frank, J. (2008) 
SPIDER image processing for single-particle reconstruction of biological macromolecules 
from electron micrographs. Nature protocols, 3, 1941-1974. 



12 

 

5. Charollais, J., Dreyfus, M. and Iost, I. (2004) CsdA, a cold-shock RNA helicase from 
Escherichia coli, is involved in the biogenesis of 50S ribosomal subunit. Nucleic acids 
research, 32, 2751-2759. 

6. Charollais, J., Pflieger, D., Vinh, J., Dreyfus, M. and Iost, I. (2003) The DEAD-box RNA 
helicase SrmB is involved in the assembly of 50S ribosomal subunits in Escherichia coli. 
Molecular microbiology, 48, 1253-1265. 

7. Sharpe Elles, L.M., Sykes, M.T., Williamson, J.R. and Uhlenbeck, O.C. (2009) A dominant 
negative mutant of the E. coli RNA helicase DbpA blocks assembly of the 50S ribosomal 
subunit. Nucleic acids research, 37, 6503-6514. 

8. El Hage, A. and Alix, J.H. (2004) Authentic precursors to ribosomal subunits accumulate 
in Escherichia coli in the absence of functional DnaK chaperone. Molecular microbiology, 
51, 189-201. 

9. Hager, J., Staker, B.L., Bugl, H. and Jakob, U. (2002) Active site in RrmJ, a heat shock-
induced methyltransferase. The Journal of biological chemistry, 277, 41978-41986. 

10. Jiang, M., Datta, K., Walker, A., Strahler, J., Bagamasbad, P., Andrews, P.C. and Maddock, 
J.R. (2006) The Escherichia coli GTPase CgtAE is involved in late steps of large ribosome 
assembly. Journal of bacteriology, 188, 6757-6770. 

11. Hwang, J. and Inouye, M. (2006) The tandem GTPase, Der, is essential for the biogenesis 
of 50S ribosomal subunits in Escherichia coli. Molecular microbiology, 61, 1660-1672. 

12. Schaefer, L., Uicker, W.C., Wicker-Planquart, C., Foucher, A.E., Jault, J.M. and Britton, 
R.A. (2006) Multiple GTPases participate in the assembly of the large ribosomal subunit 
in Bacillus subtilis. Journal of bacteriology, 188, 8252-8258. 

13. Korepanov, A.P., Korobeinikova, A.V., Shestakov, S.A., Garber, M.B. and Gongadze, G.M. 
(2012) Protein L5 is crucial for in vivo assembly of the bacterial 50S ribosomal subunit 
central protuberance. Nucleic acids research, 40, 9153-9159. 

14. Wower, I.K., Wower, J. and Zimmermann, R.A. (1998) Ribosomal protein L27 
participates in both 50 S subunit assembly and the peptidyl transferase reaction. The 
Journal of biological chemistry, 273, 19847-19852. 

15. Maguire, B.A. and Wild, D.G. (1997) The effects of mutations in the rpmB,G operon of 
Escherichia coli on ribosome assembly and ribosomal protein synthesis. Biochimica et 
biophysica acta, 1353, 137-147. 

16. Maguire, B.A. and Wild, D.G. (1997) The roles of proteins L28 and L33 in the assembly 
and function of Escherichia coli ribosomes in vivo. Molecular microbiology, 23, 237-245. 

 

 


