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Abstract

Here we report the crystal structures of the Thermus thermophilus ribosome at 2.3-2.5A-
resolution, which have enabled a comprehensive modeling of rRNA modifications. The structures
reveal contacts of modified nucleotides with mRNA and tRNAs or protein pY, and contacts within
the ribosome interior stabilizing the functional fold of rRNA. Our work provides a resource to
explore the roles of rRNA modifications and yields the most complete atomic model of bacterial
ribosome.

Current models suggest that the high fidelity of protein synthesis by the ribosome requires
numerous modifications of rRNA1-3, In bacteria, there are three major types of rRNA
modifications: conversion of uridines to pseudouridines, methylation of the 2’-hydroxyl
groups of ribose, and methylation of nucleotide bases!. Modified nucleotides comprise only
a small fraction of all rRNA residues (23 out of ~4400 total in T. thermophilus ribosomes?)
and cluster mainly near the ribosome functional centers. Numerous studies show that the
loss of rRNA modifications results in the alteration of the structures of the active sites®/,
which causes slower rates and lower accuracy of translation8-19, as well as impaired
responses to metabolites and antibiotics!1-13, Despite the functional importance of rRNA
modifications, the resolution of previous structural studies of the 70S ribosomes was
insufficient to unambiguously model modified nucleotides, which were instead modeled as
regular RNA nucleotides.

Here, we set out to apply our recent advances in crystal treatment to reach diffraction
resolution suitable for visualization of modified nucleotides within the 70S ribosome (see
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Online Methods). As a result, we report two crystal structures of the T. thermophilus (Tth)
70S ribosome reflecting two functional states — hibernating ribosomes, in complex with the
hibernation factor pY, and translating ribosomes, in complex with mRNA and tRNAs, —
determined at 2.3A and 2.5A resolution, respectively (I/cl=1) (Supplementary Table 1). The
resolution at which I/o1=2 is 2.5A and 2.7A, respectively. At this resolution methylation of
ribose and nucleotide bases can be directly visualized in the unbiased electron density maps
(Fig. 1, panels d-j and m-q). Pseudouridines cannot be distinguished from uridines and,
therefore, their modeling was guided by biochemical data. In one particular case, however,
the electron density map confirmed the presence of pseudouridine (¥2605), consistent with
hydrogen bonding between the base and the phosphate via a water molecule, which is
impossible for uridine base (Fig. 2b). Apart from rRNA modifications, the maps also
confirmed the presence of a modification in ribosomal protein S12 — B-methyl-thiolation of
residue Asp88 (Fig. 1h, Supplementary Fig. 1a, b), — and a prosthetic group in ribosomal
protein S4 — the 4Fe-4S iron-sulfur cluster, coordinated by cysteine residues (Fig. 1i,
Supplementary Fig. 1c, d). In total, each of our models contains 23 modified RNA
nucleotides — all known modifications of Tth rRNA, — among which 5 are conserved across
bacteria, archaea and eukaryotes, 18 are common between Tth and E. coli, and 5 are specific
to Tth (Fig. 1a, Fig. 2a, Supplementary Table 1).

The structures revealed three major types of contacts formed by rRNA modifications: (1)
with the ribosome ligands; (2) between the ribosomal subunits; and (3) within the interior of
the ribosomal RNA (Fig. 3a). The first group comprises nucleotides m2,G966, m>C1400,
m*Cm1402 of the 16S rRNA, which are all located within the P site of the small ribosomal
subunit. In the complex of 70S ribosomes with mMRNA and tRNAs, the methyl groups of
these residues surround the mRNA-tRNA duplex and contact the mRNA codon
(m*Cm1402) and the wobble base-pair (m2,G966, m>C1400), as predicted earlier}415 (Fig.
3b). These contacts rationalize why loss of m2,G966 methylation affects recruitment of the
initiator tRNA and the initiation of translation6-18, One of these modifications, 5-C-
methylation of C1400, is absent in E. coli ribosomes and thereby may reflect adaptation of
Tth ribosomes to high temperature via the extended stacking between m>C1400 base and the
wobble-pair (Supplementary Table 1). In the complex of 70S ribosomes with protein pY, the
methyl groups of m2,G966, m>C1400, and m*Cm1402 form hydrophobic contacts with pY
(Fig. 3c). These contacts suggest that loss of the rRNA modifications could not only alter the
ribosome affinity to the P-site tRNA but also could reduce its affinity to the hibernation
factor pY and, thus, impair translational response to stress and stationary phase.

The second group comprises the 23S rRNA modifications of m®U1915 and Cm1920, which
are located at the interface between the large and the small ribosomal subunits
(Supplementary Fig. 2a). As previously shown, these modification are among the most
variable across the species®. While U1915 is 5-C-methylated in Tth, it is 3-N-methylated
and pseudouridylated in E. coli, and unmethylated but pseudouridylated in archaea (H.
marismortui) and eukaryotes (S. cerevisiae and H. sapiens)!9. The second residue, C1920, is
2’-0O-methylated in Tth, unmethylated in E. coli, and pseudouridylated in eukaryotic
ribosomes. In the classical state of the ribosome in both of our complexes, 2’-O-methyl
group forms hydrophobic interactions between the large and the small subunits
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(Supplementary Fig. 2a). Therefore, these two modifications might adjust the strength of the
inter-subunit contacts to meet the requirements of translation at different temperatures or
compensate for the interspecies variability in the inter-subunit bridges.

The third and the most abundant group comprises the remaining nucleotides that are buried
inside and reside within the single-stranded rRNA segments or in highly distorted helices,
where rRNA adopts energetically unfavorable folds. Our structures revealed that, apart from
pseudouridines, most of these modifications form or extend the hydrophobic interactions
that further stabilize rRNA structure. Perhaps, the most unusual example of structural motifs
involving rRNA modifications is the one observed in a cluster of modified nucleotides in the
mRNA channel (Fig. 3d). In the middle part of this cluster, nucleotides C1403, m3U1498
and A1499 form a base-triple, whose structure is supported by 3-N-methylation of U1498
and by stacking with the flanking bases of m*Cm1402 and m®C1404. These interactions
occur at the interface of the mRNA channel and, thus, might be important for the proper
accommodation of the mRNA. As predicted by previous studies, similar motifs are found in
other functional sites of the ribosome, such as the peptide-exit tunnel or the tRNA-binding
sites on the large ribosomal subunit3. In the peptide exit tunnel, the 2-C-methyl group of
A2503 (m2A2503) extends the stacking between A2059 and A2503. This stacking supports
the fold of the two single-stranded rRNA segments of the peptidyl transferase loop, which
form the wall of the peptide exit tunnel (Supplementary Fig. 2b). In the A-loop of the 23S
rRNA, the 2’-O-methyl group of Um2552 intercalates between the bases of G2553 and
U2554. Apparently, these contacts are maintaining the active conformation of the G2553
base, which is directly involved in accommodation of the aminoacyl-tRNA (Supplementary
Fig. 2c). Similarly, the P-loop of the 23S rRNA carries 2’-O-methylated Gm2251, which is
the key residue required for accommaodation of the P-site tRNA via Watson-Crick base
pairing with the 3’-end of tRNA. The 2’-O-methyl group of Gm2251 forms additional
hydrophobic contacts with the sugar of C2065 and the base of U2449 (Supplementary Fig.
2d). Since the m2A2503, Gm2251 and Um2552 modifications are universally conserved
across kingdoms of life, similar or identical interactions are expected to occur in the
ribosomes from other species, including human. Overall, Tth rRNA carries eighteen rRNA
modifications, which are buried or oriented towards the interior of rRNA helices and loops,
where they form additional hydrophobic contacts with neighboring nucleotides and, in a few
cases, with ribosomal proteins (Supplementary Table 1). Therefore, the major role of
modified nucleotides within the ribosome is possibly related to maintenance of distorted
rRNA folds at the functional interfaces of the ribosome.

In summary, we have visualized previously unseen modifications of ribosomal RNA. This
allowed us to create the most comprehensive models of bacterial ribosome and provide a
resource to explore unique properties of modified nucleotides in the context of translating or
hibernating ribosome. Since RNA modifications are present in most non-coding RNAs and
MRNAs, our structures pave the way to understanding the general principles of how
nucleotide modifications control RNA structure and function.
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ONLINE METHODS

Purification of Thermus thermophilus ribosomes and preparation of tRNAs

70S ribosomes from T. thermophilus and unmodified tRNA;Met and tRNAP"€ from E. coli
were purified as previously described??. Synthetic mMRNA with the sequence 5’-GGC AAG
GAG GUA AAA AUG UUC UAA-3’ was obtained from Integrated DNA Technologies
(Coralville, 1A).

Crystallization and data collection

The ribosome complex with protein pY was formed essentially as described previously?L.
The ribosome complex with mRNA and tRNAs was formed by programming 5 uM Tth 70S
ribosomes with 10 UM mRNA and 20 uM P- and A-site tRNA substrates. All Tth 70S
ribosome complexes were formed in the buffer containing 5 mM HEPES-KOH (pH 7.6), 50
mM KCI, 10 mM NH4CI, and 10 mM Mg(CH3COO),, and then crystallized in the buffer
containing 100 mM Tris-HCI (pH 7.6), 2.9% (w/v) PEG-20K, 7-12% (v/v) MPD, 100-200
mM arginine, 0.5 mM B-mercaptoethanol. Crystals were grown by the vapor diffusion
method in sitting drops at 19°C and stabilized as described?C. Diffraction data were collected
using beamline 24IDC at the Advanced Photon Source (Argonne, IL). A complete dataset
for each ribosome complex was collected using 0.979A wavelength at 100K from multiple
regions of the same crystal using 0.2° oscillations.

Crystallographic data processing and model building

The raw data were integrated and processed using the XDS software package?2. All crystals
belonged to the primitive orthorhombic space group P212,2; with approximate unit cell
dimensions of 210A x 450A x 620A and contained two copies of the 70S ribosome per
asymmetric unit. The initial molecular replacement solutions were refined by rigid body
refinement, followed by positional and individual B-factor refinement. Location of rRNA
modifications within the rRNA was facilitated by the use of the Fournier'S Lab database of
ribosomal RNA modifications!® and biochemical data for T. thermophilus?. The electron
density maps allowed location of the previously unknown position of methyl groups in the
nucleotides C1915 (m>C1915) and C1940 (m°C1940). All modified nucleotides were also
modeled in both tRNA;Mét and tRNAPhe. The final models of the 70S ribosome in complex
with either pY or mMRNA and tRNAs were generated by multiple rounds of model building
in COOT?23, followed by refinement in PHENIX?24, The improved quality of the electron
density maps allowed us to build a more accurate model of the 70S ribosome with more
residues of the ribosomal proteins falling into the favored and allowed regions of the
Ramachandran plot: 95.79% favored, 3.73% allowed, 0.47% disallowed for the 70S-pY
complex, and 94.80% favored, 4.29% allowed, 0.91% disallowed for the 70S-mRNA-
tRNAs complex. The statistics of data collection and refinement for each complex are
compiled in Table 1. In both structures, all rRNA nucleotides were renumbered according to
E. coli numbering system.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Electron density maps allow comprehensive modeling of rRNA and ribosomal protein
modifications of the 30S subunit

(a) Spatial distribution of modified nucleotides in the structure of the small ribosomal
subunit from T. thermophilus. Here, in Fig. 2 and throughout the text rRNA nucleotides are
named according to the E. coli numbering system. Panels (b-i) show unbiased difference F,-
F. electron density maps for eight types of modifications present in 16S rRNA and
ribosomal proteins S12 and S4. Grey mesh shows the Fo-F; map after refinement with the
entire modified nucleotides or amino acid residues omitted (contoured at 2.7-3.00). Green
mesh shows the Fq-F electron density map after refinement with unmodified nucleotides
(contoured at 1.5-2.50). The modifications shown are: (b) N3-methyluridine 1498, (c)
N4,02’-dimethylcytidine 1402, (d) N2-methylguanosine 1207, (€) N2-dimethylguanosine
966, (f) N7-methylguanosine 527, (g) N6-dimethyladenosine 1519; (h) p-
methylthioaspartate of protein S12, (i) 4Fe-4S iron-sulfur cluster of protein S4.
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Figure 2. Modeling of rRNA modifications of the 50S subunit

(a) Spatial distribution of modified nucleotides in the structure of the large ribosomal
subunit from T. thermophilus. Panels (b-h) show unbiased difference Fy-F electron density
maps for eight types of modifications present in 23S rRNA. The color scheme is the same as
in Fig.1. The modifications shown are: (b) pseudouridine 2605, (c) 5-methyluridine 1939,
(d) 2’-0-methyluridine 2552, (€) 5-methylcytidines 1942 and 1962, (f) 2’-O-
methylguanosine 2251; (g) 2’-O-methylcytidine 1920, (h) 2-methyladenosine 2503.
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Figure 3. Modified nucleotides form numer ous molecular contacts with theribosomeligands and
within the ribosome interior

(a) Categorization of modified rRNA nucleotides into three groups based on their molecular
contacts: (i) interacting with the ribosome ligands (orange), (ii) forming the inter-subunit
bridges (light blue), and (iii) strengthening RNA-RNA and RNA-protein interactions within
ribosomal interior (yellow). The actual sites of modifications are shown as red spheres.
Modifications specific only to T. thermophilus are labeled in red (see Supplementary Table
2). (b-c)rRNA modifications that directly interact with either mRNA and tRNAs (b), or with
protein pY (c). (d) rRNA modifications that maintain structure of the helix 44 in the mRNA
channel (MRNA is not shown for clarity). In panels (b-d), modified residues of 16S rRNA
are shown in orange, unmodified residues are in in light yellow.

Nat Struct Mol Biol. Author manuscript; available in PMC 2015 October 01.



1duosnue Joyiny 1duosnuen Joyiny 1duasnuen Joyiny

1duasnuen Joyiny

Polikanov et al. Page 10

Table 1
Data collection and refinement statistics
70spY? 70S-MRNA-tRNAS

Data collection
Space group P2,2,2, P2,2,2,
Cell dimensions

a,b,c(A) 209.16, 448.37,618.12  209.70, 450.05, 624.09

a By 90.0, 90.0, 90.0 90.0, 90.0, 90.0
Resolution (A) 309-2.30 (2.36-2.30) 312-2.50 (2.56-2.50)
R merge 15.1 (186.6) 14.1 (111.6)
| /ol 8.50 (0.85)° 8.27 (0.90)°
Completeness (%) 97.6 (81.4) 97.9 (88.5)
Redundancy 5.60 (4.70) 3.28 (2.52)
Refinement
Resolution (A) 173.22-2.32 122.01-2.50
No. reflections 2.467.089 1.962.003
Ryork / Reree 20.69/24.67 23.07-28.07
No. atoms

Protein 93.016 90.976

Ligand/ion 194.892 203.092

Water 9.516 5.058
B factors

Protein 59.5 62.8

Ligand/ion 54.9 59.1

Water 43.8 46.3

r.m.s. deviations
Bond lengths (A)  0.006 0.006
Bond angles (°) 1.151 1.063

Values in parentheses are for highest-resolution shell.
a_. .

Single crystal was used to obtain the structure
b .

I/ol = 2 at 2.5A resolution

Clfol = 2 at 2.7A resolution
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