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ABSTRACT

The ribosome serves as the universally conserved
translator of the genetic code into proteins and sup-
ports life across diverse temperatures ranging from
below freezing to above 120°C. Ribosomes are capa-
ble of functioning across this wide range of tempera-
tures even though the catalytic site for peptide bond
formation, the peptidyl transferase center, is nearly
universally conserved. Here we find that Thermopro-
teota, a phylum of thermophilic Archaea, substitute
cytidine for uridine at large subunit rRNA positions
2554 and 2555 (Escherichia coli numbering) in the
A loop, immediately adjacent to the binding site for
the 3’-end of A-site tRNA. We show by cryo-EM that
E. coli ribosomes with uridine to cytidine mutations
at these positions retain the proper fold and post-
transcriptional modification of the A loop. Addition-
ally, these mutations do not affect cellular growth,
protect the large ribosomal subunit from thermal de-
naturation, and increase the mutational robustness
of nucleotides in the peptidyl transferase center. This
work identifies sequence variation across archaeal ri-
bosomes in the peptidyl transferase center that likely
confers stabilization of the ribosome at high temper-
atures and develops a stable mutant bacterial ribo-
some that can act as a scaffold for future ribosome
engineering efforts.

INTRODUCTION

Ribosomes are ribonucleoprotein complexes that carry out
protein synthesis through the translation of genetic infor-

mation into polypeptides. The ribosome consists of a large
subunit (LSU), which contains the catalytic peptidyl trans-
ferase center (PTC) and the small subunit where messen-
ger RNA (mRNA) is decoded. Nucleotides in the PTC crit-
ical for peptide bond formation are universally or highly
conserved, and mutation of these nucleotides often results
in severe growth defects or lethal phenotypes (1-3). How-
ever, some mutational flexibility exists in the PTC beyond
the core nucleotides that are directly involved in cataly-
sis (4). Sequence variation at these sites, as well as post-
transcriptional modification, are known to afford resistance
to certain antibiotics targeting the ribosome (5). However,
the functional impact of natural variation in the PTC on
translation remains to be determined.

During translation elongation, an incoming aminoacyl
transfer RNA (aa-tRNA) docks in the A site of the ribo-
some. For proper tRNA substrate positioning to occur, the
tRNA anticodon must base pair with the mRNA in the
small subunit decoding site while the tRNA 3’-CCA nu-
cleotides interact with the A loop, an RNA hairpin in the
ribosomal RNA (rRNA) of the large subunit (6). Proper
orientation of the 3'-CCA end of the A-site tRNA by the A
loop is necessary for correct positioning of the linked amino
acid and subsequent peptide bond formation. In the E. coli
ribosome, the interaction between the A-site tRNA 3'-CCA
end and the A loop is formed in part by base pairing be-
tween universally conserved nucleotides C75 in the tRNA
and G2553 in 23S rRNA (E. coli numbering) (7). Mutation
of either of these residues leads to a complete loss of activ-
ity that can be recovered by compensatory mutations that
restore base pairing, establishing this interaction as vital to
translation (7,8).

While some sequence variability exists within the A loop,
its structure is universally conserved due to its critical role in
translation elongation (9). Additionally, 2’-O-methylation
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of U2552 is a conserved post-transcriptional modification
that enables the proper folding of the A loop and ensures
residues in the apical loop can interact with the A-site tRINA
(10). In E. coli, loss of U2552 2'-O-methylation leads to
severe growth defects and ribosome misfolding (11). Posi-
tions 2554 and 2555 in the A loop are conserved as uridines
in eukaryotes and bacteria. U2554 forms a non-canonical
base pair with C74 of the A-site tRNA and the base of
U2555 stacks with C74 (12). These interactions help to fur-
ther stabilize the 3’-CCA end of the A-site tRNA upon
docking in the ribosome. Previously, point mutations have
been made at positions 2554 and 2555 in the bacterial ribo-
some with varying functional effects. U2555 mutations to
adenine or guanine increase + 1/-1 frameshifting and stop
codon readthrough (13). In in vitro assembled ribosomes,
a U2554C mutation decreased translation activity while a
U2555C mutation had no effect (4). Despite previous func-
tional studies of ribosomes with mutations in the A loop
and PTC, there have been no investigations into how rRNA
sequences in these regions affect the thermodynamic stabil-
ity of the ribosome.

Interestingly, positions 2554 and 2555 are sometimes
found as cytidines in Archaea (7,13). It is known that ther-
mophilic organisms stabilize their rRNA by increasing its
GC content, which stabilizes secondary structure (14). Ad-
ditionally it has been shown that thermophilic organisms
have higher levels of post-transcriptional rRINA modifica-
tion, including N*-acetylcytidine (15) and 2’-O-methylation
(16), and that the extent of these modifications is corre-
lated with growth temperature. Here, we find that organ-
isms in archaeal phylum Thermoproteota have cytidines at
positions 2554 and 2555 in the A loop (E. coli numbering).
Using archaeal sequences as a guide, we show that U to C
mutations at positions 2554 and 2555 in 23S rRNA of the
E. coli ribosome have a stabilizing effect on the 50S riboso-
mal subunit. This work identifies rare sequence variation in
ribosomal RNA that likely leads to thermostability in the
archaeal ribosome and describes how the specific stabiliza-
tion of A loop structure can lead to global ribosome sta-
bilization. These insights into how thermophilic organisms
can stabilize their ribosomes provide a foundation for en-
gineering ribosomes with increased mutational robustness
and evolvability.

MATERIALS AND METHODS
Archaeal rRNA sequence alignment and tree visualization

To investigate sequences within the A loop we aligned ar-
chaeal 23S rRNA sequences from the SILVA database (17)
to a manually curated sequence alignment of large subunit
(LSU) rRNA (9) using mafft with the option —add (18,19).
We used a custom python script (https://doi.org/10.5281/
zenodo.7465829) to identify relevant positions, and corre-
late data for average optimal living temperature from the
TEMPURA database (20) with the alignment and a phy-
logenetic tree retrieved from SILVA. For several new Ni-
trososphaerota taxa missing from the TEMPURA database,
we searched published articles to identify likely ranges of
optimal living temperature (Supplementary Table S1). The
nucleotide identity and average optimal living temperature
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were mapped on the tree with iTOL (21). Phyla were indi-
cated following the latest GTDB taxonomy (22).

Cloning and plasmid design

A modified version of the pLLK35 (23) plasmid, which en-
codes 58S, 16S and MS2-tagged 23S rRNA (24), with an
IPTG inducible tac promoter was used for ribosome muta-
genesis. Point mutations were introduced using the Q5 mu-
tagenesis kit (NEB) and appropriate primer sets (Supple-
mentary Table S2). All plasmid sequences were verified by
Sanger sequencing (ElimBio).

E. coli growth assays

Escherichia coli strain SQ171 (A7rrn), which harbors a pC-
sacB plasmid containing the rrnB operon, the Kan® gene,
and the sucrose counter-selectable sacB marker, was used to
examine E. coli growth supported by mutant ribosomes. Re-
placement of the pCsacB plasmid with the modified pLK35
plasmid was achieved as described with adaptations (25,26).
An A2058G erythromycin resistance mutation (27) was in-
troduced into pLK35 plasmids to improve the selection of
clones containing the pLK35 plasmid. Competent SQ171
cells were transformed with a pLK35 plasmid containing
the desired 23S rRNA mutations and an MS2 tag, diluted
to 1 ml in SOC media (NEB), and grown at 37°C for 6 h.
200 wl of culture was then added to 2 ml of SOC media with
100 pg/ml ampicillin, 25 pg/ml spectinomycin and 0.25%
(w/v) sucrose and incubated for 18 h at 37°C. Cells were
pelleted, resuspended in 100 pl of media, and spread on an
LB agar plate with 100 pg/ml ampicillin, 25 wg/ml specti-
nomycin, 1 mg/ml erythromycin, and 5% sucrose. Plates
were incubated at 37°C for 24 h and 6 colonies were replica
plated onto LB agar plates with 100 pg/ml ampicillin or 50
pg/ml kanamycin to confirm the loss of the pCsacB plas-
mid. Plasmids from colonies that did not grow on plates
with kanamycin were isolated and sequenced to further con-
firm the loss of the pCsacB plasmid. To study E. coli growth
supported by a mixed population of mutant and WT ribo-
somes, NEB Express 19 cells were transformed with each
modified pLK35 plasmid with the desired 23S rRNA mu-
tations, but without the A2058G erythromycin resistance
mutation.

Liquid cultures of each transformant were grown
overnight and then were diluted to OD 0.01 in LB media
containing 100 wg/ml ampicillin and 25 pg/ml spectino-
mycin (SQ171) or 100 pg/ml ampicillin and 500 uM IPTG
(NEB Express [1). 200 pl of each dilution was then pipetted
into wells of a sterile 96-well plate. The ODgyy was measured
every 15 min using a Spark Plate Reader (Tecan) at 37°C
with constant shaking. Doubling times were calculated by
fitting the initial region of exponential growth to a Malthu-
sian growth model in Prism.

To determine the ratio of MS2-tagged plasmid encoded
ribosomes to untagged WT genomically encoded ribosomes
present during the growth experiments, 200 wl of cul-
ture from each sample was pelleted. Total RNA was ex-
tracted from cell pellets using the RNeasy Mini Kit (Qia-
gen). Semiquantitative PCR was used to determine the ra-
tio of tagged 23S rRNA to WT 23S rRNA as previously
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described (28). Briefly, primer MS2_quant_R was used to
reverse transcribe a portion of 23S rRNA. A region con-
taining the sequence for the MS2 tag was amplified via
PCR using primers MS2_quant_F and MS2_quant_R (Sup-
plementary Table S2). PCR products were run on a 10%
polyacrylamide-TBE gel (Invitrogen) and visualized with
SYBR gold stain (ThermoFisher). DNA bands were quan-
tified using ImagelJ software (29).

Crude ribosome preparation

Crude ribosomes were isolated as previously described with
several adaptations (30). NEB Express 19 cells were trans-
formed with the corresponding pLK35 plasmid carrying a
tac promoter, MS2-tagged 23S rRNA, and the desired mu-
tations. Overnight cultures of the transformants were di-
luted 1:100 into 2-3 1 of LB broth containing 100 pg/ml
ampicillin and grown at 37°C. Upon growth to ODg = 0.6,
rRNA transcription was induced with 0.5 mM IPTG and
the cultures were grown for 3 h at 37°C. Cells were then pel-
leted, resuspended in 50-100 ml buffer A (20 mM Tris—HCl
pH 7.5, 100 mM NH4Cl, 10 mM MgCl,, 0.5 mM EDTA,
2 mM DTT), and lysed by sonication. The lysate was then
clarified by centrifugation at 14,000 rpm (34,000 x g) for
45 min in a F14-14 x 50cy rotor (ThermoFisher). Clarified
lysate was then loaded onto a sucrose cushion containing 24
ml of buffer B (20 mM Tris—HCI pH 7.5, 500 mM NH4ClI,
10 mM MgCl,, 0.5 mM EDTA, 2 mM DTT) with 0.5 M
sucrose and 17 ml of buffer C (20 mM Tris—HCI pH 7.5, 60
mM NH4Cl, 6 mM MgCl,, 0.5 mM EDTA, 2 mM DTT)
with 0.7 M sucrose in Ti-45 tubes (Beckman-Coulter). The
tubes were then placed in a Ti-45 rotor and spun at 27 000
rpm (57 000 x g) for 16 h at 4°C. The next day, ribosome pel-
lets were resuspended in dissociation buffer (buffer C with
1 mM MgClz).

MS2-tagged ribosome purification

The MBP-MS?2 fusion protein was purified as previously
described (28). 10 mg of MBP-MS2 protein was diluted
to 1 mg/ml in MS2-150 buffer (20 mM HEPES pH 7.5,
150 mM KCI, I mM EDTA, 2 mM 2-mercaptoethanol) for
a 5 ml column preparation. For each 1 ml column prep,
4 mg of MBP-MS2 protein was used. The 5 ml or 1 ml
MBP Trap column (Cytiva) was washed with 5 column vol-
umes (CV) of MS2-150 buffer and then the MBP-MS?2 pro-
tein was loaded slowly onto the column. The column was
then washed with 5 CV of buffer A-1 (buffer A with 1 mM
MgCl,). Crude tagged ribosomes (~100-200 mg) were di-
luted to 15 mg/ml in buffer A-1, which dissociates 70S ri-
bosomes into 30S and 50S subunits and decreases WT ri-
bosome contamination. The diluted crude ribosomes were
loaded slowly onto the MBP-trap column, which was then
washed with 5 CV of buffer A-1 followed by 5 CV of buffer
A-250 (buffer A with 250 mM NH4Cl and 1 mM MgCl,).
Ribosomes were eluted with a 10 CV gradient of buffer A-1
containing 0—10 mM maltose. Fractions containing tagged
ribosomes were concentrated in 100 kDa cut off spin fil-
ters (Millipore) and washed with buffer A-1. 50S riboso-
mal subunits were quantified using the approximation of 1
Ass0 = 36 nM and were stored at —80°C.

Untagged subunit purification

Overnight cultures of E. coli strain MRE600 were diluted
1:100 into 2-3 1 of LB broth and grown to an ODgy = 0.6.
Cells were then pelleted and lysed by sonication. Ribosomes
were pelleted and resuspended as described above for crude
ribosome preparations. After resuspension in dissociation
buffer, the 30S and 50S subunits were separated on a 15—
35% (w/v) sucrose gradient in dissociation buffer on a SW-
32 rotor (Beckman-Coulter) spun at 28 000 rpm (97 000 x g)
for 16 h. Fractions containing the 50S and 30S subunits
were collected separately, washed with dissociation buffer,
and concentrated in a 100 kDa cut off spin filter. To in-
crease purity, concentrated subunits were separately run on
second 15-35% sucrose gradients and appropriate fractions
were washed with dissociation buffer and concentrated.

Nanoluciferase 11S fragment purification

A plasmid encoding 8xHis-tagged 11S was transformed
into BL21 (DE3) Rosetta2 pLysS cells (Macrolab, UC
Berkeley). An overnight culture was diluted (1:100) into LB
media with 100 pg/ml ampicillin and grown at 37°C. When
the culture reached ODgyy = 0.4, cells were induced with 1
mM IPTG for 3 h. Cells were then pelleted at 4000 x g for
15 min and resuspended in ~20 ml 118 lysis buffer (20 mM
HEPES pH 7.5, 50 mM KClI, 10% glycerol and 10 mM im-
idazole). Cells were lysed by sonication and the lysate was
clarified by centrifugation at 18,000 rpm (25,000 x g) for
30 min (JA-20 rotor, Beckman). Supernatant was then ap-
plied to a 1 ml HisTrap column (Cytiva). The column was
washed with 10 CV of 118 lysis buffer and eluted with a
20 CV linear gradient form 20 to 500 mM imidazole in ly-
sis buffer. Protein fractions were dialyzed against 11S lysis
buffer without imidazole overnight at 4°C. The protein was
then concentrated and stored at —80°C.

HiBit translation assay

50S ribosomal subunits were diluted to 1.4 uM in buffer A
with a final concentration of 10 mM MgCl,. This mixture
was then incubated at the desired temperature for 30 min
on a ProFlex (ThermoFisher) PCR cycler with a heated lid.
After incubation, tubes containing the 50S subunits were
placed on the bench and allowed to cool slowly to room
temperature for 30 min. The cooling method influenced the
return of mutant ribosome activity. Slow cooling at room
temperature returned higher levels of activity as compared
to snap-cooling on ice for the CC mutant ribosome (Supple-
mentary Figure S1). It is possible that snap-cooling leads to
a less active conformation in the mutant ribosome. Due to
this observation, a slow-cooling method was utilized. Af-
ter cooling, an in vitro translation mixture was assembled
using a ARibosome PURExpress kit (NEB). The mixture
was assembled with the following: 3.2 pl solution A (NEB),
1 wl factor mix (NEB), 250 nM pre-incubated 50S riboso-
mal subunits, 500 nM WT untagged 30S ribosomal sub-
units, 1U/pl Murine RNAse inhibitor (NEB), 100 nM 11S
NanoLuc protein (31), 1:50 (v/v) dilution of Nano-Glo sub-
strate (Promega), and 10 ng/pl of DNA template contain-
ing a T7 promoter, ribosome binding site, and the coding se-
quence for the HiBit peptide (31) (final volume of 8 wl). 2 .l



of the in vitro translation mixture was placed in a 384 well
plate, and luminescence was measured as a function of time
in a Spark Plate Reader (Tecan). Ribosome activity was cal-
culated by determining the slope of the initial linear region
of each in vitro translation reaction. Each reported activity
is the average from three separate HiBit reactions.

In vitro nanoluciferase translation endpoint assay

An in vitro translation reaction was assembled with the fol-
lowing: 6.4 wl solution A (NEB), 2 pl factor mix (NEB),
250 nM pre-incubated 50S subunit, 500 nM WT untagged
30S subunit, 1U/wl Murine RNAse inhibitor (NEB), and
10 ng/wl of a plasmid encoding a T7 promoter followed by
the nanoluciferase gene (final volume of 16 pl). This reac-
tion was then incubated at 37°C for 1 h. After incubation, 5
wl from the reaction was mixed with 30 wl of 11S buffer (20
mM HEPES pH 7.5, 50 mM KCl, and 10% glycerol) and a
1:50 dilution of Nano-Glo substrate (Promega). This mix-
ture was placed in a 384-well plate and luminescence was
measured in a Spark Plate Reader (Tecan). Triplicate read-
ings were measured and averaged for each in vitro transla-
tion reaction.

Sucrose gradients

For heat treated 50S subunits, 10 pmol 50S subunit was di-
luted in buffer A with 10 mM MgCl, to a final volume of 20
pl. This mixture was then incubated at the desired temper-
ature for 30 min on a ProFlex (ThermoFisher) PCR cycler
with a heated lid and placed on the bench for 30 min to cool
slowly to room temperature. For 70S formation assays, 10
pmol 50S subunit and 20 pmol WT untagged 30S subunit
were diluted in buffer A with 15 mM MgCl, to a final vol-
ume of 20 pl. These samples were then incubated at 37°C
for 30 min. Samples were loaded onto a 15-40% sucrose
gradient in buffer A with 10 or 15 mM MgCl,. Gradients
were then placed in a SW-41 Ti rotor (Beckman-Coulter)
and centrifuged at 29 000 rpm (100 000 x g) for 13 h. An
ISCO gradient fractionation system was used to measure
Ansy traces.

CD spectroscopy

RNA oligonucleotides were purchased from IDT (Supple-
mentary Table S3) and resuspended into RNAse-free water.
RNA was incubated at 95°C for 3 min and then immediately
snap-cooled in an ice water bath. After cooling, the RNA
concentration was adjusted to 100 wM and the buffer con-
centration was adjusted to 20 mM K H, PO, pH 6.5. Low
ionic buffer conditions were used to shift the melting tem-
perature to a value where both the initial and final baselines
could be more accurately modeled. CD experiments were
conducted in a I-mm path-length cuvette with an Aviv 410
CD spectropolarimeter. For thermal melting experiments,
CD at 262 nm was recorded in 2°C intervals from 5°C to
95°C. The temperature was moved to the target value, and
the system was allowed to equilibrate for one minute before
a measurement was taken. Thermal melting data was fit to
a two-state model with sloping baselines (32) (Equation 1)
in Prism 9. All RNAs tested exhibited reversible thermal
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melting profiles. Each RNA construct was measured in du-
plicate.

(ma T+ )+ (my T+ ) el #) (s rstrss)

f(n= ()

AN L 1
1+e\ R Tm+273.15 ~ Tm+273.15

where 7 is temperature in celsius, m, and my are the slopes
of the unfolded and folded baselines, respectively, b, and by
are the y-intercepts of the unfolded and folded baselines, re-
spectively, A H is the Vant Hoff enthalpy of unfolding, R is
the gas constant and 77, is the melting temperature in cel-
sius.

Methionyl-tRNA synthetase purification

A plasmid encoding 6xHis-tagged methionyl-tRNA syn-
thetase (MetRS) was transformed into BL21 (DE3)
Codon + RIL cells (Agilent). Overnight cultures were di-
luted (1:100) into ZYM-5052 autoinducing media (33) and
grown overnight at 37°C. Cells were pelleted at 4000 x g for
15 min and resuspended in 50 ml of MetRS lysis buffer (20
mM Tris pH 7.5, 150 mM NaCl, 5 mM imidazole and 0.5
mM EDTA). Cells were lysed by sonication and the lysate
was clarified by centrifugation at 18 000 rpm (25 000 x g
JA-20 rotor, Beckman-Coulter) for 30 min. The supernatant
was applied to a 5 ml HisTrap column (Cytiva), washed
with 5 CV of MetRS lysis buffer with 23 mM imidazole
and eluted with a 20 CV linear gradient from 23 to 500
mM imidazole. Protein fractions were pooled and dialyzed
overnight against MetRS buffer (50 mM HEPES pH 7.5,
100 mM KCI, 10 mM MgCl,, 7 mM BME and 30% glyc-
erol). The protein was concentrated and stored at —80°C.

tRNA preparation

A single stranded DNA template encoding a T7 promoter
and tRNA™¢t | with a C1G mutation to increase transcrip-
tion yield and deletion of the 3'-terminal adenosine (C1G
-A), was amplified via PCR, yielding a double stranded
DNA template. tRNA™¢ was in vitro transcribed with
transcription buffer (50 mM Tris pH 7.5, 15 mM MgCl,,
5 mM DTT, 2 mM spermidine), 2.5 mM NTPs, 1 U/ul
murine RNase inhibitor (NEB), 0.5 U/l T7 polymerase
(NEB) and 0.5 U/ml YIPP (NEB). In vitro transcription
reactions were incubated for 16 h at 37°C and then treated
with 45 U/ml of RQ1 DNase (Promega) at 37°C for 30 min.
Reactions were ethanol precipitated and then resolved on
a 12% denaturing polyacrylamide gel. Gel slices contain-
ing the tRNA were excised, crushed and soaked in 300 mM
sodium acetate pH 5.2 overnight at 4°C. The RNA was then
ethanol precipitated, resuspended in water, and stored at
—80°C.

tRNAM™et Jacking the 3'-terminal adenosine (A76)
was then treated with the tRNA nucleotidyl transferase
from Archeoglobus fulgidus (Af) and 3'-NH,-ATP (nATP)
(Axxora) in the following conditions: 100 mM glycine pH
9.0, 10 mM MgCl,, 2 uM nucleotidyl transferase, 2 pM
tRNA(-A), 0.5 mM nATP, | mM DTT and 2 U/ml YIPP
(NEB) (34). Af tRNA nucleotidyl transferase was purified
with the same method and buffers as the MBP-MS2 fusion
protein (28). The reaction was incubated at 37°C for 2 h.
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The tRNA was then phenol-chloroform extracted, ethanol
precipitated, and resuspended in water.

E. coli methionyl-tRNA synthetase (MetRS) was used
to charge 3’-amino tRNA™¢t in the following conditions:
charging buffer (50 mM HEPES pH 7.5, 10 mM KClI, 20
mM MgCly, 2 mM DTT), 10 pM tRNA™C.NH,, 10 mM
methionine, 1 wM MetRS, 10 mM ATP, 1 U/ul murine
RNase inhibitor. The reaction was incubated at 37°C for
30 min. Charged tRNA was phenol-chloroform extracted,
ethanol precipitated, resuspended in water, and stored at
—80°C.

Cryo-EM sample preparation

To assemble 70S ribosomes, 0.5 mg of U2554C U2555C
(CC) mutant 50S subunit and 0.6 mg of WT untagged 30S
subunit were incubated in buffer C with 10 mM MgCl, at
37°C for 45 min. The ribosome mixture was then loaded
onto a 15-40% (w/v) sucrose gradient in buffer C with 10
mM MgCl,. Gradients were centrifuged at 28 000 rpm (97
000 x g) for 16 h in a SW-32 rotor (Beckman-Coulter). An
ISCO gradient fraction system was used to isolate the 70S
fraction (Supplementary Figure S2).

Ribosome-tRNA-mRNA complexes were prepared as
previously described (35) with modifications. Complexes
were formed non-enzymatically by combining 2 uM Met-
tRNA™et 5 yM mRNA, and 100 nM ribosomes in
buffer AC (20 mM Tris pH 7.5, 100 mM NH4Cl, 15
mM MgCl,, 0.5 mM EDTA, 2 mM DTT, 2 mM spermi-
dine and 0.05 mM spermine). Paromomycin at a concen-
tration of 100 wM was used to ensure nonenzymatic A-site
tRNA binding. The complex was incubated at 37°C for 30
min and then held at 4°C. The mRNA sequence was 5'-
GUAUAAGGAGGUAAAAUGAUGUAACUA-3 (IDT).
Met codons are underlined. This mRNA sequence placed
Met-tRNA™et in both the A and P sites. Cryo-EM grids
were prepared and samples were frozen as previously de-
scribed (35).

Cryo-EM data acquisition, image processing, and modeling

Movies were collected on a 300 kV Titan Krios microscope
with a GIF energy filter and a Gatan K3 camera, and data
was acquired as described (Supplementary Table S4) (35).
Raw movies were binned to the physical pixel size (0.8279
A)in RELION 3.1 (36) and motion corrected with Motion-
Cor2 (37). The CTFs of micrographs were estimated using
CTFFind4 (38). The estimated CTFs of micrographs were
visually inspected, and micrographs with poor CTF fit were
manually rejected. Particles were picked using the RELION
implementation with a Laplacian of Gaussian method, and
then extracted and binned 4x for classification steps. 2D
classification was performed in RELION using 150 classes.
Junk particles were rejected and a second round of 2D clas-
sification was performed. 3D classification was performed
with a cryoSPARC heterogeneous refinement (39) with 10
classes using an initial model generated in EMAN2 (40)
from PDB 1VY4 (41). Classes containing features consis-
tent with well-ordered 70S particles were combined and a
local refinement on the 50S subunit was carried out. The
aligned particles were then transferred back to RELION. A

3D classification without alignment was performed in RE-
LION to separate classes with slightly rotated 30S subunits.
This procedure yielded a junk class, a rotated 30S subunit
that had no A-site tRNA density, and a class that had P-site
and A-site tRNA density. The latter class was then subjected
to an additional classification without alignment using a
mask on the A-site tRNA. Interestingly, this step yielded
two slightly shifted A-site tRNA classes that were equally
populated (Supplementary Figure S3). The separation of
multiple A-site tRNA classes with a masked 3D classifica-
tion has been observed with the WT ribosome (42). Upon
closer examination, one of these classes had clear density for
the CCA-end of the A-site tRNA and was processed further.
These particles were re-extracted at full size and subjected
to CTF Refinement (36) and Bayesian polishing (43) in RE-
LION. A focus refinement was performed separately on the
50S and 30S subunits and the resulting focus refined maps
were aligned and combined to generate a final composite
map. PDB 7K 00 was used as an initial 70S ribosome model
(35) and the ‘Fit to Map’ function in ChimeraX (44) was
used to align the initial model to the cryo-EM map. The 70S
model was refined using real space refinement in PHENIX
(Supplementary Table S5) (45). The model and cryo-EM
map were inspected in COOT (46) and manual adjustments
to the model were made as needed.

RESULTS
Sequence conservation in the A loop

To investigate sequence diversity in the A loop, we aligned
archaeal 23S rRNA sequences from the SILVA database
(17) to a structurally guided sequence alignment of LSU
rRNA (9), identifying nucleotide variation at positions 2554
and 2555 (E. coli numbering) (Figure 1A). Both positions
are almost universally uridine residues (UU), except for se-
quences from the Thermoproteota phylum, which includes
a variety of organisms from high and low temperature en-
vironments (Figure 1B). Class Nitrososphaeria (Thaumar-
chaeota) from this phylum generally includes mesophilic
organisms that are prevalent in cold marine environments,
while class Thermoprotei (Crenarchaeota) includes hyper-
thermophilic organisms that grow at high temperatures
(47). We find that Nitrososphaeria tend to have a cytidine
at position 2554 (CU) while Thermoprotei more often have
cytidines at both positions (CC) (Figure 1B). Organisms
within Thermoproteota, such as Pyrolobus fumarii and Ge-
ogemma barossii, have extreme growth temperatures (up
to 121°C), even among thermophiles, suggesting that this
change may play a role in ribosome stability (48,49). How-
ever, there are some hyperthermophiles in Thermoproteota
that have either CU or UU sequences in the A loop. Ad-
ditionally, other thermophilic Archaea, such as organisms
in Thermoplasmatota and Euryarchaeota, have uridines in-
stead of cytidines at these positions, suggesting that the CC
mutation is one of multiple evolutionary strategies to confer
heat resistance.

A loop mutations in the E.coli 50S ribosomal subunit

Since nucleotides 2554 and 2555 in 23S rRNA are con-
served as uridines in bacteria and eukaryotes, we stud-



[Halofera Sy

Halogeometricym |
um/
Halogranym ™~ S
-
Halohasta g
GEEL L

ejouetion

winsoIpus!

[Halada,
Cand. Methanoperedens|

ptatus

B Nucleotide identities

[
-pued
=
2
=3
[
>
S
<
D
2
)
3.
5
Q

 Thermococcus

Pyrococcus

Bivethanocaldacoceys

Nucleic Acids Research, 2023, Vol. 51, No. 4 1885

Temperature °C

[ L8] 106

@ Cu

% CC 78

» UA 52
uc

< 26

« Inconsistent

oI 8

)

sna =
1 ouewd

"?“s\eso““‘ﬁ,a'-:t,

s

oG

no\/

S
3
=
S

Figure 1. Distribution of nucleotide sequence variation in the A loop across Archaea. (A) RNA secondary structure of the E. coli A loop. Red nucleotides
are universally conserved. Positions 2554 and 2555 are in bold. (B) Phylogenetic tree of archaeal large ribosomal subunit (LSU) rRNA in the SILVA
database (17). Coloring at the genus level is based on optimal growth temperatures. Nucleotide sequences at the equivalent positions to 2554 and 2555 in
E. coli 23S rRNA are indicated by geometric symbols. CU and CC variations at these positions are found mainly in Thermoproteota (Nitrososphaeria and

Thermoproteotei).

ied the effects of U to C mutations observed in archaeal
A loop sequences in the context of the E. coli ribosome.
We first assessed whether mutations in the A loop influ-
ence bacterial growth. E. coli strain SQ171, which does not
contain genomically encoded rRNA and requires a plas-
mid containing an TRNA operon (50), was transformed
with a plasmid (pLK35) harboring either a wild-type (WT)
23S rRNA sequence, a U2554C (CU) point mutation, or
a U2554C-U2555C (CC) double mutation. These transfor-
mants were then counter selected to cure the original pC-
sacB plasmid, encoding the WT rRNA operon, so that se-
lected colonies are only supported by ribosomes encoded
by the pLK35 plasmid (methods). E. coli SQ171 contain-
ing the WT, CU or CC plasmids all grew and indicates that
the mutant ribosomes can support life, which is in line with
a previous study of growth supported by ribosomes with
these mutations (51). Growth of these strains in liquid me-
dia revealed that all transformants have similar doubling
times (Figure 2A, Supplementary Table S6), although bac-

teria supported by the CU and CC ribosomes had slightly
longer lag phases. These trends in growth and lag time
were also observed in bacteria that expressed mixed popu-
lations of mutant and WT ribosomes (Supplementary Fig-
ure S4, Supplementary Table S6). Taken together, these re-
sults indicate that ribosomes with CU and CC A loop muta-
tions function nearly indistinguishably from WT ribosomes
in vivo.

Having established the tolerance of U to C A-loop mu-
tations in vivo, we further characterized the mutational ef-
fects in vitro. Three forms of the E. coli 50S ribosomal sub-
unit were purified using an MS2 tag (24): WT, U2554C
(CU) and U2554C-U2555C (CC) (Supplementary Figure
S5). We first examined whether these mutations influence
bacterial ribosome activity at normal growth temperatures
using an in vitro translation endpoint assay in which full
length nanoluciferase protein (nLuc, 171 amino acids) is
translated. At 37°C, both the CU and CC ribosomes pro-
duce similar levels of active nLuc protein compared to WT



1886 Nucleic Acids Research, 2023, Vol. 51, No. 4

>

- WT
= CU
-+ CC

B nLuc IVT Endpoint
3x107
[]
(%]
(=]
[
(%]
& 2x107
£
£
=]
-
[
£ 1x107-
©
4
0_
50S Subunit WT WT CU CC
MS2 Tag - + + +

Figure 2. Effects of CU and CC mutations on the A loop. (A) Growth curves of E. coli strain SQ171 expressing plasmid-encoded ribosomes (data and
error bars are represented as the mean and standard deviation of 4 replicates respectively). The plasmid-encoded 23S rRNA harbors an MS2 tag. (B)
Nanoluciferase in vitro translation endpoint assay for mutant ribosomes at 37°C (data is represented as the mean of 3 replicates). Error bars represent the
standard deviation of three reactions. (C) Cryo-EM density and model for the CC mutant ribosome are shown in grey and orange respectively. The model
from a WT ribosome structure (42) is shown in grey. (D) (Top) Cryo-EM density and model for C74 in the A-site tRNA and U2554 and U2555 in the A
loop from (42). (Bottom) Cryo-EM density and model for C74 in the A-site tRNA and C2554 and C2555 in the A loop in the CC mutant ribosome. The
C74 (N4)-U2554 or C2554 (02) hydrogen bonds are represented by dashed lines. A B-factor of 30 A% was applied to the CC mutant ribosome cryo-EM

map.

ribosomes (Figure 2B), indicating that the U to C mutations
do not cause translation defects in vitro.

Structure of the CC 70S ribosome

To probe the structural effects of the A loop mutants, we
solved the cryo-EM structure of the CC mutant 70S ribo-
some in a complex with mRNA and aminoacyl-tRNAs in
the P site and A site (non-hydrolysable Met—tRNAfMCt, see
methods) to a global resolution of 2.2 A (Supplementary
Figure S6). The structure reveals that, in the presence of
the U to C mutations at positions 2554 and 2555, the A
loop fold is indistinguishable from the WT A loop (Figure
2C). This result is in line with the observations that the CC

ribosome has WT (UU) levels of activity at 37°C in vitro
and has no impact on cellular growth rates. In addition,
the A loop in the CC mutant also contains the proper 2'-
O-methylation of U2552, as evidenced by clear density for
the 2'-O-methyl group on the ribose of U2552 (Figure 2C).
Mutations at positions 2554 and 2555 thus do not affect the
2'-O-methylation of the nearby residue U2552 by E. coli
methyltransferase RrmJ. The proper fold of the A loop in
the CC structure is also indicative of the correct modifica-
tion, as loss of U2552 2'-O-methylation has been shown to
change the fold of the A loop (10).

While the structure of the A loop itself is not altered
by the CC mutations, the positioning of the A-site tRNA
and its interaction with the A loop is altered in two



ways compared to WT ribosomes. First, C74 of the A-site
tRNA adopts a syn conformation, in contrast to the anti-
conformation observed in the WT ribosome (Figure 2D)
(41,42). The syn conformation is highly disfavored thermo-
dynamically for pyrimidines and therefore syn pyrimidines
are not frequently found in RNA (52). In the WT ribo-
some, C74 of the A-site tRNA is held in its position in part
through hydrogen bonding between the exocyclic amine of
C74 (N4) and the O2 carbonyl oxygen of U2554 (O2) in the
A loop and by base stacking with U2555 in the A loop and
C75 in the tRNA. In the CC mutant ribosome, hydrogen
bonding between N4 of C74 and the O2 of C2554 is pre-
served with a syn-C74 (Figure 2D). No new hydrogen bonds
are formed that stabilize this conformation and no confor-
mational change in the ribosome occurs that would disfavor
the anti conformation. It is possible that either a change in
the local electronic environment in the CC mutant or tran-
sient solvent interactions work to stabilize the syn confor-
mation of C74. Despite this change, the C75-G2553 base
pair is preserved and A76 and the linked methionine are in
their canonical positions (41,42).

Second, during cryo-EM data processing, a masked clas-
sification of the A site yielded two slightly shifted tRNA
classes that were equally populated (Supplementary Figure
S3), one of which had clear density for the 3'-CCA end of
the A-site tRNA that was further processed to yield the fi-
nal high-resolution structure. The second A-site tRNA class
identified in the cryo-EM data (class 2) lacks density for
most of the tRNA acceptor stem (including the 3’-CCA)
but contains density for the anticodon and weak density
for the rest of the tRNA (Supplementary Figure S7). This
contrasts with the WT E. coli ribosome structure, where all
A-site tRNA classes had density for the CCA-end (42). The
structure of the WT ribosome used for comparison contains
the same tRNAs in the P-site and A-site as in the CC ribo-
some structure, and both structures used paromomycin to
favor A-site tRNA binding, which facilitates the direct com-
parison (methods). These results suggest that the U to C
mutations in the A loop interfere with docking of the A-site
tRNA’s 3’-CCA end, possibly due to the syn-C74 conforma-
tion favored by the mutation.

CC mutations stabilize the 50S ribosomal subunit

Since CC variation in the A loop is found in hyperther-
mophilic Archaea, we sought to assess whether it stabilizes
the 50S ribosomal subunit. To further examine ribosome ac-
tivity in this context, we used a Nanoluc (nLuc) luciferase
complementation assay, in which a truncated and catalyti-
cally inactive form of nLuc, termed 118, is complemented
by an in vitro translated peptide with high affinity for 118,
termed HiBit, to restore luciferase activity (Figure 3A) (31).
This assay enables the close monitoring of translation rates,
rather than the endpoint detection of translated protein as
in the nLuc assay and is able to detect low levels of ribo-
some activity. We find that ribosomes with U to C mutations
at positions 2554 and 2555 are as active as WT ribosomes
at 37°C in the HiBit assay (Figure 3A), which is consistent
with the nLuc endpoint assay (Figure 2B).

E. coli protein components of an in vitro translation re-
action are not thermostable (53), and rather than conduct-
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ing in vitro translation assays at temperatures above 37°C,
we sought to decouple the thermostability of the 50S sub-
unit and the translation reaction mixture. To do this, 50S
subunits were first incubated at high temperatures, cooled
slowly, and then added to in vitro translation reactions. Us-
ing this experimental design, we tested the thermostability
of 50S subunits with the HiBit assay. WT ribosome activity
begins to decrease after incubation at 60°C, which suggests
that this is the temperature at which 50S subunit denatu-
ration begins (Supplementary Figure S8). Surprisingly, we
found that the MS2 tag inserted into 23S rRNA helix 98
(H98) affects ribosome stability, as the tagged WT ribosome
has considerably lower levels of activity than the untagged
WT ribosome after 50S subunit incubation at 60°C (Figure
3A and Supplementary Figure S8). MS2 tags in H98 have
been used extensively as they do not affect cellular growth
or ribosome assembly and function (24,54,55). In further
experiments, we sought to assess if CC mutations could re-
cover activity of MS2-tagged 50S subunits after incubation
at 60°C.

Comparison of the MS2-tagged WT ribosomes and the
tagged mutant ribosomes shows that both the CU and CC
mutants have higher levels of activity than the tagged WT
ribosome after 60°C incubation of the 50S subunit, with
the CC mutant retaining the highest levels of activity (Fig-
ure 3A). The higher activity retained by the CC ribosome
compared to WT suggests that these mutations stabilize the
ribosome. Notably, as in the HiBit assay, we also see in-
creased protein output from the CC mutant compared to
the tagged WT 50S subunits after pre-incubation at 60°C
in a full length nLuc endpoint assay (Supplementary Fig-
ure S9).

To assess whether the effects on ribosome activity ob-
served in the HiBit assay were due to possible folding defects
in the PTC after heat treatment, or due to global misfold-
ing of the 50S subunit, 50S subunits were resolved on su-
crose gradients. Consistent with the HiBit assay, untagged
WT 508 subunits are well folded after heat treatment at
60°C with only a slight loss of folded 50S subunits (Fig-
ure 3B). The addition of an MS2 tag into H98 (WT-MS2
Tag 50S) leads to global ribosome unfolding after heat treat-
ment. The peak height of the tagged WT 50S is decreased
and broadened compared to the untagged 50S, consistent
with a heterogeneous population of 50S subunits, likely due
to degradation. While the CU 50S subunit shows slightly
higher activity in the HiBit assay than the tagged WT sub-
unit, the CU mutation does not improve global 50S subunit
stability substantially, as determined with sucrose gradients
(Figure 3B). This matches the full length nLuc endpoint as-
say where the CU subunit has low activity after heat treat-
ment (Supplementary Figure S9). In contrast, as demon-
strated with in vitro translation assays, the CC 50S subunits
remain more homogeneous on sucrose gradients, indicating
they are better folded after heat treatment than the tagged
WT subunit and that CC mutations globally stabilize the
50S subunit.

To further probe the basis for ribosomal stabilization
by U to C mutations in the A loop, we conducted ther-
mal melting experiments of isolated rRNA hairpins com-
prising the A loop. We used RNA oligonucleotides of WT
and mutant A loop sequences (CU and CC), all of which
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contained 2'-O-methylation of U2552. In circular dichro-
ism (CD) thermal melting experiments, the RNA constructs
demonstrated cooperative and reversible unfolding (Sup-
plementary Figure S10). The WT, CU, and CC A loop
constructs had melting temperatures of 71.2°C, 71.8°C and
69°C, respectively (Figure 3C and Supplementary Table S7)
in low ionic conditions (methods). The slight decrease in
melting temperature in the CC oligo could be explained
by increased base stacking between cytosine residues in the
unfolded state (56). Further, these data indicate that cy-
tosine residues are only stabilizing when the A loop is in
its mature conformation in the ribosome. The high melt-
ing temperatures also suggest that the A loop may re-
tain its secondary structure in the ribosome at the high
temperatures used for the heat treatment experiment, re-
gardless of whether nucleotides 2554-2555 are UU, CU
or CC.

Additional mutations at the base of the A loop RNA hairpin

In view of the global ribosomal stabilization conferred by
CC mutations in the A loop, we also searched archaeal
rRNA sequences for additional A loop sequence variation
at other positions in the RNA hairpin. We found that most
Archaea with the CC variation have a GC base pair between
nucleotides 2548 and 2560 (base pair 2) (Figure 4A and Sup-
plementary Figure S11). This GC base pair is also present
in over half of Archaea with uridines at positions 2554 and
2555, whereas E. coli has a less stable AU base pair at this
position. As thermophilic organisms have increased rRNA
GC content (14), we hypothesized that secondary structure
variation at the base of the A loop might also serve to stabi-
lize the ribosome. The base of the A-loop RNA helix inter-
acts with ribosomal protein uL.14, which varies significantly
between Bacteria and Archaea in this region and compli-
cates incorporation of an Archaeal A loop helical sequence
into the E. coli ribosome. Because of this, we also looked
at the A loop of the thermophilic bacterium Thermus ther-
mophilus. The T. thermophilus A loop also has a GC base
pair at base pair 2, and the uL14-rRNA contacts in E. coli
and T. thermophilus are more similar (41).

Based on Archaeal and 7. thermophilus A-loop se-
quences, we designed two mutant E. coli 50S ribosomal sub-
units to test for global stability. The first incorporates the
A-loop sequence from 7. thermophilus (Tt A loop), which
swaps the order of the A and U at base pair | and changes
base pair 2 to a GC base pair. These changes are predicted to
stabilize the secondary structure of the A loop hairpin (Sup-
plementary Figure S12). To maintain native uLL14 interac-
tions with the A loop, a second ribosome mutant, U2548C-
A2560G (48/60), was prepared. With this design, base pair
2 of the A loop is changed to a GC base pair but pyrimi-
dine bases are kept at positions 2548 and 2561 (Figure 4B).
E. coli uL14 interacts with the pyrimidine O2 at those posi-
tions and the 48/60 mutant should preserve the native con-
tacts. While the 48/60 mutant is predicted to be less stable
than the 7t A loop mutant, it is predicted to afford more sta-
bility than the WT E. coli sequence (Supplementary Figure
S12). We assayed the thermostability of these mutants using
the HiBit assay. As expected, these mutant ribosomes have
full activity after pre-incubation at 37°C indicating that the
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mutations do not affect the fold of the A loop (Figure 4C).
After pre-incubation of the 50S subunits at 60°C, the Tt A
loop and 48/60 mutant ribosomes exhibit low activity, sim-
ilar to that of the MS2-tagged WT ribosome control. These
results indicate that these mutations in the RNA helix ad-
jacent to the A loop do not confer additional stability to
the WT ribosome on their own, in contrast to the stability
afforded by U to C mutations in the apical loop.

CC mutations increase the mutational robustness of PTC
nucleotides

Stabilization of the PTC could have utility in ribosome engi-
neering where mutations are made in and around the PTC
to allow for the incorporation of nonnatural amino acids
or other monomers into proteins (57,58). As CC mutations
stabilize the 50S subunit from thermal denaturation, we
posited that they could stabilize the PTC in the presence of
other mutations. To investigate whether CC mutations in-
crease the mutational robustness of the PTC, 50S ribosomal
subunits carrying an A2451C point mutation or a U2554C-
U2555C-A2451C mutation (CC-A2451C) were purified us-
ing the MS2-tag purification. The A2451C point mutation
was chosen because A2451 is a core PTC nucleotide that
interacts directly with A76 of the P-site tRNA (59) and
mutations at this position have been shown to greatly de-
crease the rate of peptide bond formation (60). Addition-
ally, A2451 is over 20 A from the A loop (Figure 5A) and
any observed stabilization from the CC mutations would
have to come from global stabilization of the PTC rather
than local short range interactions.

We used the HiBit assay to determine the activities of ri-
bosomes with A2451C and CC-A2451C mutations at 37°C
(Figure 5B). A2451C ribosomes have very low activity—
close to the background signal in the HiBit assay—indicative
of a severe defect in translation. The addition of CC muta-
tions to A2451C yields a more active ribosome, suggesting
that CC mutations can compensate for some of the PTC
misfolding caused by an A2451C mutation. It is worth not-
ing that the observed increase in activity cannot be due to
WT ribosome contamination as the purified CC-A2451C
50S sample has less contamination (~2% contamination)
than the A2451C 50S sample (~5% contamination) (Sup-
plementary Figure S13). In line with its low activity, su-
crose gradient traces indicate that A2451C 50S subunits do
not form 70S ribosomes in vitro, while the CC-A2451C 508
subunits retain some ability to form 70S ribosomes (Figure
5C). Together, these data indicate that CC mutations can
compensate for the destabilizing effects of deleterious PTC
mutations.

DISCUSSION

While the ribosome is highly conserved and contains uni-
versally conserved elements across all domains of life, hy-
perthermophiles have adapted their ribosomes to function
at extreme temperatures. Here we find that the hyperther-
mophilic Archaea of the Thermoprotei class have adapted
rare TRNA sequence variation in the catalytic center of
the ribosome, in which cytidines are found at positions
2554 and 2555 in the A loop of 23S rRNA. Grafting U
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to C mutations at positions 2554 and 2555 in E. coli 23S
rRNA stabilizes the 50S ribosomal subunit from thermal
inactivation, consistent with CC variation serving a stabi-
lizing role in certain hyperthermophilic Archaea. Consis-
tent with our findings, some organisms in Thermoproteota
have recently been shown to stabilize their tRNA through
2" phosphorylation of a uridine residue, which highlights
the need for stabilized translation machinery at high
temperature (61).

CC sequence variation is only observed in the Thermo-
protei class. This can be explained phylogenetically if the
common ancestor of Nitrososphaeria and Thermoprotei
developed the CC modification. This modification was ad-
vantageous for thermophilic Thermoprotei, while it may
have slowly reverted in the mesophilic Nitrososphaeria to
CU. It is notable that not all thermophilic Archaea and no
thermophiles in the other domains of life acquired this vari-
ation. This suggests that there may be an evolutionary dis-
advantage of the CU and CC variation.

The cryo-EM structure of the CC mutant ribosome at
2.2 A resolution revealed an unexpected change in the in-
teraction between the mutant A loop and the A-site tRNA.
In contrast to UU ribosomes, nucleotide C74 in the tRNA
adopts the disfavored syn conformation when bound to the
CC mutant ribosome, which may be a side effect of a change
in the local electronic environment by the U to C muta-

tions. Syn pyrimidines are exceptionally rare and are more
commonly found in the aptamer binding domains and cat-
alytic sites of RNAs (52). The syn-C74 in the A-site tRNA,
at lower temperatures such as those tested with the E. coli
ribosome, may lead to slight translation defects, which we
were unable to detect in bulk translation assays, and could
explain why CC A loop mutations are not more prevalent.
Additionally, it is possible that the syn conformation is less
populated at the high growth temperatures of Thermopro-
teota and therefore less problematic for hyperthermophiles.
During cryo-EM processing we identified a highly popu-
lated A-site tRINA class that has a disordered acceptor stem.
This may indicate that the CC ribosome is deficient in A-
site tRNA binding. In yeast, a pseudouridine to cytidine
mutation at nucleotide 2554 (E. coli numbering) decreased
tRNA binding to the ribosome (62). It is also possible that a
syn-C74 may interfere with tRNA translocation after pep-
tide bond formation. When tRNA docks in the ribosomal P
site, C74 directly base pairs with G2252 in the large subunit
rRNA P loop. This base pair would require the syn-C74 in
the A site tRNA to flip back to the anti-conformation when
it translocates to the P site, which could present a hurdle
for proper P-site docking. However, tRNAs with mutations
at position 74 are still accepted as substrates by the ribo-
some, which indicates that the C74-G2552 interaction is not
essential for translation (8,63). This suggests that a tRINA
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containing a syn-C74 could be translocated by the ribosome
with little difficulty.

It is striking that modest pyrimidine to pyrimidine substi-
tutions at only two positions can globally stabilize the 50S
ribosomal subunit, a 1.5 MDa particle. CD melting experi-
ments demonstrate that the secondary structure of the RNA
hairpin containing the A loop is not stabilized by U to C
mutations. Therefore, the observed stabilization of the mu-
tant 50S subunit likely arises from enhanced tertiary inter-
actions in the A loop that only form within the ribosome.
This is consistent with a prior structural analysis of an iso-
lated A loop RNA hairpin, which differs from the struc-
ture of the A loop within the 50S ribosomal subunit, espe-
cially in the apical loop (64). The A loop rRNA helix has a
high melting temperature outside of the ribosome (71.2°C),
which suggests that the A loop helix may stay folded in
the ribosome even at high temperatures. Additionally, mu-
tations in the A loop predicted to stabilize the secondary
structure of the rRNA helix had no additional impact on
the global thermal stability of the 50S subunit. Taken to-
gether, these data suggest that the stability of A-loop sec-
ondary structure may not be as important for global ribo-

some stability as its tertiary structure. It has been shown
that residues in cytosine-rich RNA loops remain partially
stacked (56). Therefore, cytosine base stacking may lead
to tertiary stabilization of the mature A loop as cytosine
residues have lower base stacking free energies than uracil
residues (65,66). Since the A loop is part of the last region of
23S rRNA to fold during 50S subunit maturation (67), this
region could be involved in the initial stages of unfolding
of 50S subunits. Consequently, the stability of the A loop
would in part define the stability of the PTC and the 50S
subunit globally.

Protein engineering can benefit from a thermostable scaf-
fold which can better withstand the incorporation of desta-
bilizing mutations that are needed to evolve new function-
ality (68). For example, chimeric proteins which incorpo-
rate protein domains from thermophilic archaea have been
used to improve engineering of E. coli aminoacyl-tRNA
synthetases (69). Here, we show that rare sequence variation
in highly conserved regions of rRNA from thermophilic or-
ganisms can stabilize the E. coli ribosome. The CC mutant
E. coli ribosome does not have an observable growth de-
fect in vivo and is able to translate both small peptides and



1892 Nucleic Acids Research, 2023, Vol. 51, No. 4

full proteins in vitro. Previous computationally designed ri-
bosomes with mutations in the A loop had severe defects
in ribosome activity (70). In contrast, the mutations exam-
ined here, including those in the stem of H92, lead to highly
functional ribosomes, which is likely due to the preserva-
tion of conserved A loop nucleotides. The use of natu-
ral rRNA sequence variation to engineer beneficial prop-
erties into the bacterial ribosome could be a useful strat-
egy as these sequences are known to lead to robust ribo-
somes that function in diverse environments. While mu-
tating the PTC has allowed for the incorporation of non-
proteinogenic monomers by the ribosome, PTC mutations
can have a severely destabilizing effect (4,28). We show that
CC mutations stabilize the ribosome at high temperatures
in the context of a destabilizing MS2 tag in the 50S subunit
and that they can increase the activity of a ribosome with a
mutation of a critical PTC nucleotide. The CC mutations in
the A loop may therefore increase the mutational robustness
and evolvability of the surrounding PTC and enable future
engineering of ribosomes capable of improved synthesis of
non-proteinogenic polymers (71,72).
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