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Supplementary Text 

 

Analysis of Conserved Residues in IF6 

The most highly conserved residues in IF6 do not cluster on the ribosome binding surface of 

IF6 and are mostly buried (Fig. S3b), suggesting that most of them are required for IF6 

stability and folding rather than making ribosome binding. Based on genetic studies in yeast, 

the mutation of several of these conserved residues has been reported to reduce the stability of 

eIF6 binding to the large ribosomal subunit 1. This includes the residues corresponding to the 

universally conserved Gly14, Gly105 and Asn106 (S. cerevisiae numbering 1). The glycines 

are located on the inward facing side of the ring of helical segments that forms part of the 

ribosome interacting surface of IF6 (Fig. S3b). Mutations in these residues may structurally 

distort IF6 in a way that reduces the interactions of nearby residues with the ribosomal 

subunit. Asn106, in contrast, is located on the surface of IF6 and contacts the ribosome. In 

addition to these highly conserved residues, several less strictly conserved residues found on 

the ribosome binding face of IF6 are also affected by mutations that weaken the interaction 

between the ribosomal subunit and IF6 1. 

 

Possible Causes for the Loss of Ribosomal Proteins in Euryarchaeota 

In archaea, the distribution of ribosomal proteins exhibits a domain wide trend towards a 

more and more reduced ribosomal proteome in late branching Euryarchaeota 2. Some cases of 

ribosomal protein loss in bacteria and eukaryotes have been observed in organisms that have 

undergone genome reduction 2. Genome reduction is mostly associated with specific lifestyles 

of the affected organisms as obligate pathogens 3; 4; 5; 6, endosymbionts 7, or obligate parasites 
8, but has also been reported for free living mesophilic bacteria 9; 10. However, the reduction of 

the ribosomal proteome in Euryarchaeota does not seem to correlate with genome size 

(preliminary analysis, data not shown), suggesting that the reduction of the ribosomal 

proteome is not caused by genome compaction. This does not exclude the possibility that 

genome compaction is responsible for the loss of ribosomal proteins in some species, but 

suggests that it may not be the cause of the domain-wide trend 2 of ribosomal protein loss in 

archaea. 
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Possibly, ribosome assembly or function is influenced by the physico-chemical intracellular 

conditions and growth regimes associated with the extreme lifestyles of many archaea, 

contributing to the observed decline in the number of ribosomal proteins throughout 

euryarchaeota. Some ribosomal proteins might no longer be required in some environments, 

or evolution of a more compact, more stable ribosomal particle might confer some selective 

advantages. Additionally, the constraints imposed on the amino acid composition and 

structure of proteins in extreme environments, such as acidification of the proteome in 

halophiles, may be a contributing factor 11; 12; 13.  
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Supplementary Figures 

 

 

Fig. S1.  Fourier Shell Correlation (FSC) curve of the final contoured 50S-aIF6 cryo-EM 

map calculated from masked density maps. The resolution estimate is 6.6 Å at FSC = 0.5 and 

5.5 Å at FSC = 0.143 14. Based on the features observed in the cryo-EM map, the FSC = 0.5 

criterion is applied for its interpretation throughout the manuscript. 
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Fig. S2.  Additional view of the binding site of aIF6 on the 50S ribosomal subunit (rotated 

from Fig. 3c). The Sarcin-Ricin-Loop is depicted in deep blue, aIF6 in red, rpL14p in green, 

rpL3p in magenta, and rpL24e in orange. 
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Fig. S3.  (a) Multiple sequence alignment of IF6 protein sequences from selected eukaryotic 

and archaeal organisms. The incompletely conserved phosphorylatable Serine resiudes 174, 

175, and 235 15; 16; 17 are marked with red asterisks. Phosphorylation of Ser235 is controversial 
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17; 18. (b) Ribbon diagrams of the M. jannaschii aIF6 X-ray crystal structure (PDB ID: 

1G61  19) (left: solvent side; right: ribosome interaction surface) colored according to Clustal 

characters (red: identity according to (a); green, yellow, white: conservation in descending 

order). The highly conserved Gly14, Gly105, and Asn106 (S. cerevisiae nomenclature) are 

discussed in the supplementary text (see above). 
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Fig. S4.  Aligned 23S rRNA sequences of M. thermautotrophicus (Mt) and H. marismortui 

(Hm) extracted from a multiple sequence alignment of archaeal 23S rRNA 20 (Comparative 

RNA Website, http://www.rna.ccbb.utexas.edu). 23S rRNA expansions in 

M. thermautotrophicus are indicated, and labelled with the designation of the corresponding 

eukaryotic rRNA sequence element. A red asterisk next to the segment designation indicates 

that the corresponding expansion is of sufficient size to be interpreted by docking of a model 

into the M. thermautotrophicus 50S cryo-EM map. 
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Fig. S5.  (a) Multiple sequence alignment showing the homology between rpL18Ae 

(eukaryotes: S. cerevisiae, B. taurus, D. melanogaster) and rpLX (archaea: S. acidocaldarius, 
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A. pernix, M. jannaschii, M. thermautotrophicus, P. abyssii). (b) Comparison of the X-ray 

crystal structure of ribosome-bound rpL18Ae 21 (T. thermophila; blue) and the solution 

structure of rpLX (M. thermautotrophicus, PDB ID: 2JXT; yellow). 
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Fig. S6.  Ribosomal protein rpL40e may fold fully only after making contact with ribosomal 

RNA. (a) M. thermautotrophicus rpL40e (pink) modelled according to the ribosome-bound 

T. thermophila template 21 shown in the 50S-aIF6 density. (b) Solution structure of 

S. solfataricus rpL40e (dark blue; PDB ID: 2AYJ, chains A-D) aligned onto the Mt rpL40e 

core fold. The density features are consistent with formation of an -helix at the rpL40e N-

terminus upon binding to the ribosomal subunit. Ribosomal protein rpL6p in pale yellow, 23S 

rRNA in sky blue. 
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Fig. S7.  The unassigned density on the solvent side of the M. thermautotrophicus 50S 

subunit corresponds most likely to an unidentified protein. No rRNA expansions of sufficient 

size are present in the immediate vicinity, and the variability of rRNA in this region does not 

correlate with the presence of this density in S. acidocaldarius (Sa) and 

M. thermautotrophicus (Mt) and its absence in P. aerophilum (Pa) and H. marismortui (Hm). 

The inset shows the 50S-aIF6 complex in the same orientation as the main figure. The L1 and 

L7/L12 stalks and the central protuberance (CP) are labeled. The sequence alignment was 

taken from a multiple sequence alignment of archaeal 23S rRNA 20 (Comparative RNA 

Website, http://www.rna.ccbb.utexas.edu). A new alignment of only the four displayed 

sequences using ClustalX 22 resulted in only minor changes of the alignment (not shown) and 

did not affect the conclusion. The depiction of the molecular model and the alignment were 

created in Chimera 23 and JalView 2.4 24, respectively.  
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Table S1.  Overview of the M. thermautotrophicus (Mt) large ribosomal subunit protein 

analysis by LC-MS/MS (green: protein found; red: protein not found).  

Mt ribosomal 

protein 

Molecular 

weight (kDa) 

LC-

MS/MS 

Mt 

ribosomal 

protein 

Molecular 

weight (kDa) 

LC-

MS/MS 

rpL3P 37.3 X rpL18e 13.5 X 

rpLP0/rpL10P 36.5 X rpL7Ae 13.2 X 

rpL4P 28.3 X rpL32e 12.6 X 

rpL2P 26.1 X rpL21e 11.1 X 

rpL1P 23.8 X rpL44e 10.9 X 

rpL15e 21.9 X rpL12P 10.5 X 

rpL18P 21.6 X rpL30e 10.5 X 

rpL6P 19.8 X rpL34e 10.3 O 

rpL5P 19.4 X rpL23P 9.9 X 

rpL10e 18.1 X rpL37Ae 9.9 O 

rpL11p 17.5 X rpL31e 9.4 X 

rpL22P 17.3 X rpLX 9.3 X 

rpL30P 17.1 X rpL14e 8.3 X 

rpL19e 17.1 X rpL29P 7.4 X 

rpL15P 16.5 X rpL37e 7.1 O 

rpL13P   16.1a X rpL39e 6.4 X 

rpL14P 14.2 X rpL24e 6.3 O 

rpL24P 13.9 X rpL40e 5.6 X 

a estimate based on alignment of rpL13P/rpS9 fusion protein annotated in 

M. thermautotrophicus genome with M. marburgensis homolog 
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Table S2.  Assignment of the rotational orientation of aIF6 on the 50S ribosomal subunit by 

cross-correlation. The cross-correlation was computed using the fit in map command in 

Chimera, using a map simulated from the M. thermautotrophicus aIF6 homology model at 

6.7 Å resolution for docking into the cryo-EM density. The rotational position is measured 

clockwise relative to the position in the 60S-eIF6 complex 21. 

Position  Rotation Correlation 

1 0° 0.82 

2 72° 0.78 

3 144° 0.77 

4 216° 0.80 

5 288° 0.76 
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Table S3.  Overview of the H. marismortui and M. thermautotrophicus large ribosomal 

subunit protein content (SwissProt database25). Proteins that were not present in the 

H. marismortui crystal structure 26 but present in the H. marismortui genome are indicated in 

orange, while proteins absent from the H. marismortui genome are indicated in green. 

M. thermautotrophicus  

ribosomal protein 

H. marismortui 

ribosomal protein 

rpL4P rpL4P 

rpL22P rpL22P 

rpL3P rpL3P 

rpL24P rpL24P 

rpL2P rpL2P 

rpL14P rpL14P 

rpL15P rpL15P 

rpL18P rpL18P 

rpL1P rpL1P 

rpL23P rpL23P 

rpL24e rpL24e 

rpL30P rpL30P 

rpL5P rpL5P 

rpL6P rpL6P 

rpL12P rpL12P 

rpLX rpLX 

rpL13P rpL13P 

rpL10e rpL10e 

rpL11p rpL11p 

rpL14e - 

rpL15e rpL15e 

rpL18e rpL18e 

rpL19e rpL19e 

rpL21e rpL21e 

rpL29P rpL29P 

rpL30e - 
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rpL31e rpL31e 

rpL32e rpL32e 

rpL34e - 

rpL37Ae rpL37Ae 

rpL37e rpL37e 

rpL39e rpL39e 

rpL44e rpL44e 

rpL7Ae rpL7Ae 

rpL40e rpL40e 

rpLP0 rpL10P / rpL10E / rplP0 
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Table S4.  Generation of the M. thermautotrophicus (Mt) 50S-aIF6 protein model based on 

H. marismortui (Hm), T. thermophila (Tt), and M. jannaschii (Mj) protein structures 19; 21; 26.  

Mt 

ribosomal 

protein 

Template 

ribosomal 

protein 

Source 

structure 

for Mt 

model 

Residues 

used in Mt 

model 

Full length 

Mt protein  

Chain ID 

in Mt 

model 

rpL2p Hm rpL2p 3CC2.A 1-238 1-241 A 

rpL3p Hm rpL3p 3CC2.B 1-338 1-337 B 

rpL4p Hm rpL4p 3CC2.C 1-246 1-254 C 

rpL5p Hm rpL5p 3CC2.D 11-176 1-168 D 

rpL6p Hm rpL6p 3CC2.E 1-173 1-177 E 

rpL7Ae Hm rpL7Ae 3CC2.F 1-120 1-123 F 

rpL10e Hm rpL10e 3CC2.H 8-176 1-160 H 

rpL13p Hm rpL13p 3CC2.J 7-145 1-145a J 

rpL14p Hm rpL14p 3CC2.K 1-132 1-132 K 

rpL15p Hm rpL15p 3CC2.L 1-145 1-146 L 

rpL15e Hm rpL15e 3CC2.M 4-185 1-182 M 

rpL18p Hm rpL18p 3CC2.N 1-185 1-192 N 

rpL18e Hm rpL18e 3CC2.O 1-116 1-121 O 

rpL19e Hm rpL19e 3CC2.P 2-149 1-148 P 

rpL21e Hm rpL21e 3CC2.Q 1-96 1-96 Q 

rpL22p Hm rpL22p 3CC2.R 1-151 1-153 R 

rpL23p Hm rpL23p 3CC2.S 1-85 1-86 S 

rpL24p Hm rpL24p 3CC2.T 1-117 1-117 T 

rpL24e Hm rpL24e 3CC2.U 4-55 1-53 U 

rpL29p Hm rpL29p 3CC2.V 1-64 1-64 V 

rpL30p Hm rpL30p 3CC2.W 1-154 1-152 W 

rpL31e Hm rpL31e 3CC2.X 7-92 1-81 X 

rpL32e Hm rpL32e 3CC2.Y 125-232 1-108 Y 

rpL37Ae Hm rpL37Ae 3CC2.Z 25-114 1-89 Z 

rpL37e Hm rpL37e 3CC2.1 1-57 1-60 1 

rpL39e Hm rpL39e 3CC2.2 1-50 1-51 2 
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rpL44e Hm rpL44e 3CC2.3 1-92 1-92 3 

rpLX Mt rpLX 2JXT.A 1-78 1-78 G 

rpL40e Tt rpL40e 4A19.K 80-129 1-48 5 

rpL14e Tt rpL14e 4A19.F 4-80 1-75 7 

rpL30e Tt rpL30e 4A19.G 8-103 1-98 6 

rpL34e Tt rpL34e 4A19.L 8-97 1-88 4 

aIF6 Mj aIF6b 1G61.A 3-227 (+1) 1-222 I 

a estimate based on alignment of rpL13P/rpS9 fusion protein annotated in 

M. thermautotrophicus genome with M. marburgensis homolog 
b model contains M. thermautotrophicus protein sequence 
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Table S5.  Generation of the M. thermautotrophicus (Mt) 50S-aIF6 rRNA model based on 

H. marismortui (Hm), T. thermophila (Tt), and S. cerevisiae (Sc) rRNA structures 21; 26; 27. 

Mt rRNA Template 

rRNA 

Source 

structure for 

Mt model 

Residues used 

in Mt model 

Chain ID in 

Mt model 

5S rRNA Hm 5S rRNA 3CC2.9 1-122 9 

23S rRNA Hm 23S rRNA 3CC2.0 10-2914a 0 

ES3 Tt 5.8S rRNA 4A17.2 115-134 8 

ES5 Tt 26S rRNA 4A19.1 125-144 8 

ES20 Tt 26S rRNA 4A19.1 1645-1678 8 

ES24 Sc 25S rRNA 3O58.1 1753-1772 8 

ES26 Tt 26S rRNA 4A19.1 1827-1849 8 

ES41 Tt 26S rRNA 4A19.1 3302-3317 8 

a Contains gaps to accommodate the insertions of expansion segments ES3, ES5, ES20, ES24, 

ES26, and ES41.
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