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• Pseudouridine (Ψ) modulates pH-
dependent structural changes of helix
69 (H69) RNAs.

• Mutant A1912G requires Ψs for pH-
dependent structural changes in H69
loop region.

• A1919G mutation leads to formation of
a U/Ψ1911• G1919 wobble pair.

• G1919 and Ψ modifications work syn-
ergistically to modulate H69 structural
changes.

• U1917Cmutation leads to pH-dependent
changes in the H69 loop and stem
regions.
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Centrally located at the ribosomal subunit interface andmRNA tunnel, helix 69 (H69) from 23S rRNA participates
in key steps of translation. Ribosome activity is influenced by three pseudouridine modifications, which
modulate the structure and conformational behavior of H69. To understand howH69 is affected by the presence
of pseudouridine in combination with sequence changes, the biophysical properties of wild-type H69 and
representative mutants (A1912G, U1917C, and A1919G) were examined. Results from NMR and circular
dichroism spectroscopy indicate that pH-dependent structural changes ofwild-typeH69 and the chosenmutants
are modulated by pseudouridine and loop sequence. The effects of the mutations on global stability of H69 are
negligible; however, pseudouridine stabilizes H69 at low pH conditions. Alterations to induced conformational
changes of H69 likely result in compromised function, as indicated by previous biological studies.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

As the universally conserved machinery for protein synthesis, ribo-
somes play an indispensible role in the survival of all living organisms
[1]. The ribosome is composed of two subunits, small and large,
associated through multiple intersubunit bridges [2,3]. At the subunit
interface, the mRNA molecule snakes through the ribosome, in concert
with binding of tRNAs at the aminoacyl (A), peptidyltransferase (P),
and exit (E) sites [4]. Within this region, helix 69 (H69) (Fig. 1), a 19-
nucleotide hairpin located in domain IV of the 23S rRNA (large subunit
RNA), establishes intersubunit bridge B2awith helix 44 (h44) of the 16S
rRNA (small subunit RNA), and participates in the formation of
intersubunit bridge B2b with helix 24 (h24) of the 16S rRNA [5]. Due
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Fig. 1. The location of H69 within the 70S bacterial ribosome. The figure was prepared
from the PDB IDs: 3I8F and 3I8G using PyMol [4]. As part of the large ribosomal subunit,
H69 is located at the interface between the large and small subunits, and positioned
between the A-site and P-site tRNAs. The tRNAs, together with the mRNA, move from
right to left during the translation process, as illustrated in the figure.
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to its central location in the ribosome, H69 is involved in almost every
step of translation, in addition to ribosome rescue and antibiotic binding
[6].

X-ray crystallography and solution-state nuclear magnetic reso-
nance (NMR) spectroscopy revealed that bacterial (Escherichia coli)
H69 assumes a hairpin structure, with a stem composed of five base
pairs and a single-stranded loop of nine nucleotides [7,8], which is
also observed in eukaryotic H69 [9]. Similarity in the 3D structures
was deduced by high conservation and covariance of H69 sequences
throughout phylogeny (Fig. 2a) [10]. In addition, pseudouridine (Ψ)
modifications at loop positions 1911, 1915, and 1917 (E. coli number-
ing) are also conserved across the three kingdoms [11–15]. In this
work, pseudouridylated H69 and the corresponding unmodified
(uridine-containing) RNA will be referred to asΨΨΨ and UUU, respec-
tively. Uridine is isomerized to Ψ by replacing the N1–C1′ glycosidic
Fig. 2. Secondary structure of H69 and chemical structures of uridine (U) and
pseudouridine (Ψ). a) Pseudouridine (Ψ) modifications at positions 1911, 1915,
and 1917 (E. coli numbering) are labeled. The mutations employed in this project
(i.e., A1912G, U/Ψ1917C, and A1919G) are indicated with arrows, and the complete
RNA sequences are listed in the Supplementary Information, Table S1. b) Due to
replacement of the N1–C1′ glycosidic bond by a C5–C1′ linkage, the N1-position in Ψ is
protonated (indicated by an arrow) and available for hydrogen-bonding interactions.
bond with a C5–C1′ linkage (Fig. 2b). In E. coli, a single pseudouridine
synthase, RluD, catalyzes this conversion at all three nucleotides in
H69 [16]. TheΨmodifications have been shown to modulate structure
and conformational behavior of H69 by stabilizing the loop-closing base
pair and promoting base stacking in the 3′ half of the loop [8]. In E. coli
H69, no net effects on hairpin stability due toΨmodifications were ob-
served at neutral pH. Previous studies showed that slight destabilizing
effects of Ψ1915 and Ψ1917 canceled the stabilizing effects of Ψ1911
[17].

Conformational modulation by Ψ was discovered by examining pH
sensitivity of the H69 structure [18,19]. More specifically, an A1913
stacked structure with protection from solvent (referred to as the
“closed” conformation) was observed only in pseudouridylated H69 at
low pH (5.5). In contrast, an alternate structure occurred at high pH
(7.0), with increased exposure of A1913 (“open” conformation) [20,
21]. These structures were proposed to be correlated with different
conformational states of H69 during translation and establishment of
intersubunit bridge B2a in complete ribosomes [18,19]. Pseudouridine
modifications inH69 are not essential for bacterial growth under normal
conditions [22]; however, loss of thesemodifications is disadvantageous
for the growth of yeast under certain environmental challenges [23].

Extensive mutagenesis studies were done to identify functionally
important residues of H69, especially within the loop region [24–29].
Mutations A1912G, A1919G, U/Ψ1917C were lethal to E. coli [24].
Furthermore, A1912, U1917, and A1919were included in the functional
sequences selected from randomized rRNA libraries [25]. Mutations at
A1912 and A1919 did not affect pseudouridylation of H69 [26], but
A1912G and A1919G caused compromised ribosome assembly, lower
growth rates in vivo, and decreased in vitro protein synthesis activity
of ribosomes [24], which correlated with reduced processivity of trans-
lation [30]. Similar effects were observed with the U/Ψ1917C mutant
[24], which did not block pseudouridylation at positions 1911 and
1915 [26].

This work is focused on the biophysical properties of small
RNAs representing the wild-type sequence and mutants (A1912G,
U/Ψ1917C, and A1919G) of bacterial (E. coli) H69 with and without
Ψ modifications. For the wild-type sequence and mutants with Ψ
modifications, pH-dependent structural changes in the loop region are
observed by NMR spectroscopy. These structural changes are not corre-
lated with global RNA stability. However, at low pH conditions (5.5), a
modest stabilizing effect from Ψ modification is observed in all cases,
suggesting that pseudouridylation facilitates the folding of H69 and its
mutants into energetically favorable conformational states. In some
cases, the structural effects of the loop mutations propagate into the
stem regions. These effects on structure are unique to each mutation,
and influenced by Ψ modifications to different extents. These data
suggest that Ψ modifications are capable of modulating the induced
conformational changes of wild-type and mutant H69 RNAs, with
some loop mutations causing additional conformational effects in the
stem region, therefore explaining how loop mutations in conjunction
with Ψ modifications result in functionally compromised ribosomes
and decreased cell viability.

2. Materials and methods

The wild-type sequences (referred to as UUU and ΨΨΨ for the
unmodified and modified constructs, respectively) and the modified
mutant RNA oligonucleotides (ΨΨΨ-A1912G, ΨΨC-Ψ1917C, and
ΨΨΨ-A1919G) representing H69 were purchased from Dharmacon®
(Thermo Scientific) and purified by HPLC as described previously
[8]. Unmodified mutant RNA oligonucleotides (UUU-A1912G, UUC-
U1917C, and UUU-A1919G) RNA oligonucleotides were synthesized
by in vitro T7 RNA polymerase transcription, and treated with calf-
intestinal phosphatase (CIP) to remove the 5′ triphosphate moiety on
the transcripts [31]. Twenty percent (w/v) denaturing polyacrylamide
gels were used to purify the RNA transcripts and CIP-treated samples.



Table 1
Peak maxima, minima, and crossover points in the CD.

Name pH Peak
maxima

Peak
minima

Crossover Isosbestic
point

H69ΨΨΨ 7.0 262 – 241 265, 251
5.5 264 – 239

UUU-A1912G 7.0 265 – 248 263, 238
5.5 266 – 249

ΨΨΨ-A1912G 7.0 262 – 241 261, 249
5.5 266 – 239

UUU-A1919G 7.0 260 – 241 259, 241
5.5 263 – 241

ΨΨΨ-A1919G 7.0 253 – 237 –

5.5 256 – 237
UUC-U1917C 7.0 265 235 247 259, 247, 231

5.5 266 – 247
ΨΨC-Ψ1917C 7.0 267 234 246 270, 228

5.5 266 – 245

– not observed.
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The final RNA oligonucleotides were characterized by MALDI-TOF
mass spectrometry. The sequences are listed in the Supplementary
Information (Table S1).

A Bruker AVANCE-AQS 700 MHz NMR spectrometer equipped with
a TXI cryoprobe was employed to obtain the NMR spectra of all samples
at 15 °C. Each RNA sample was dissolved in a buffer consisting of 250 μL
of 10 mM phosphate (pH 5.5 or 7.0), 50 mM KCl in 9:1 H2O/D2O to a
final concentration of 50 μM. The water suppression was achieved
using WATERGATE 5 with a gradient pulse sequence [32]. Digital
Quadratic detection for 16,000 data points was used to acquire the
one-dimensional proton (1D1H) NMR spectra, and 512 scans were
collected to improve the signal-to-noise ratio.

Circular dichroism (CD) experiments were carried out on a
Chirascan™ CD spectrometer from Applied Photophysics. A buffer
consisting of 15mM cacodylic acid (pH 5.5 or 7.0), 70 mM ammonium
chloride, and 30 mM potassium chloride was employed. The
extinction coefficients for pairs of unmodified and modified RNA
oligonucleotides are as follows: 187,000 Lmol−1 cm−1 (wild-type),
184,800 Lmol−1 cm−1 (A1912G), 184,800 Lmol−1 cm−1 (U/Ψ1917C),
and 184,900 Lmol−1 cm−1 (A1919G), at 260 nm [33]. The concentra-
tions of the samples were about 13 μM. The CD spectra were collected
from 220 to 320 nm at 23 °C in quadruplicate.

The thermal melting experiments were performed on a Beckman
Coulter DU® 800 spectrophotometer equipped with temperature
controller, multi-cell cuvette holder, and high-performance transport.
The RNA samples (2 to 16 μM) were dissolved in a buffer containing
20 mM cacodylic acid (pH 5.5 or 7.0), 15 mM NaCl, and 0.5 mM
Na2EDTA. The absorbance at 280 nm of each sample was measured
from 10 to 95 °C. The concentration of each sample was calculated
using the UV absorbance (λ= 260 nm) at 90 °C and corresponding ex-
tinction coefficient. Meltwin 3.5 was used to derive the thermodynamic
parameters assuming a two-state model [34].

3. Results and discussion

3.1. Pseudouridine modifications modulate pH-dependent structural
changes of the H69 wild-type sequence and A1912G mutant

Crystal structures of complete ribosomes and individual subunits
reveal that H69 adopts different conformational states during the trans-
lation process [35–39]. The conformational flexibility of H69 is believed
to be important for optimal ribosomal activity. While exploring how
H69 structure adapts under different solution environments and the
role of Ψ modifications in this modulation, it was discovered through
CD spectroscopy that pH variation could be used to promote Ψ-
dependent conformational changes of this RNA motif [18]. Results
from chemical probing experiments on ribosomal 50S subunits were
consistent with those findings [20]. Modulation of the H69 conforma-
tional behavior by pseudouridylation is believed to result from a combi-
nation of enhanced base-stacking and hydrogen-bonding interactions
unique to the Ψ-containing RNA, as determined by direct comparison
of the solution structures of unmodified (UUU) and modified (ΨΨΨ)
H69s [8]. Fully modified H69 containing N3-methylpseudouridine
(m3Ψ) at position 1915 (referred to asΨm3ΨΨ) was used in the initial
pH-dependence studies, in which a two-state equilibrium model was
proposed [18]. To confirm that pseudouridylation in the absence of
methylation at position 1915 has the capability to modulate the pH-
dependent structural changes, a modified H69 (ΨΨΨ) containing only
the Ψ modifications at residues 1911, 1915, and 1917 was employed
in CD and NMR experiments.

First, the CD spectra of ΨΨΨ at pH 7.0 and 5.5 (Supplementary
Information, Fig. S1a) were compared. Both spectra have a peak
maximum around 263 nm and a local peak minimum at 230 nm, with
a crossover point around 240 nm, indicating a general A-form RNA
structure (Table 1) [17,18]. Characteristic shifts of the CD profile are
also observed when the pH is lowered from 7.0 to 5.5. An increase in
molar ellipticity occurs from 235 to 251 nm with a concomitant de-
crease between 251 and 265 nm, which gives rise to an isosbestic
point at 251 nm. The crossover point is shifted from 241 to 239 nm,
and the peak maximum moves from 262 to 264 nm. The trends
observed in this study are identical to those observed previously with
Ψm3ΨΨ [18], suggesting that the ΨΨΨ construct undergoes pH-
dependent structural changes similar to those of the fullymodified RNA.

To explore more details of the pH-dependent structural changes of
ΨΨΨ in comparison to the corresponding unmodified RNA, UUU,
imino proton regions of the 1D1H NMR spectra of UUU and ΨΨΨ at
pH 7.0 and 5.5 were compared (Supplementary Information, Fig. S1b–
e). The stem imino proton resonances (low field) are not shifted by
more than 0.1 ppm with different modification status (UUU and
ΨΨΨ) or pH conditions [8,40]. Compared to the spectra of UUU, an
extra resonance corresponding to Ψ1911N1H (10.2 ppm) is apparent
in the ΨΨΨ spectrum at pH 7.0 [8,17], as well as a peak from
Ψ1915N1H (10.6 ppm) at pH 5.5 (Supplementary Information
Fig. S2a, b) [40]. The resonance patterns in theΨΨΨ spectra at different
pH conditions are very similar to those ofΨm3ΨΨ [18], indicating that
Ψmodifications are capable ofmodulating the pH-dependent structural
behavior of the H69 loop in the absence of m3Ψ1915.

Pseudouridine modifications have similar effects on the A1912G
mutant H69 RNA. As shown in Fig. 3, the CD spectra of UUU-A1912 at
pH 5.5 and 7.0 are almost completely overlapping. In contrast, an
increase in molar ellipticity between 261 and 305 nm is observed with
decreasing pH for the corresponding pseudouridylated mutant ΨΨΨ-
A1912G. In this case, the peak maximum is red shifted from 262
(pH 7.0) to 266 nm (pH 5.5) (Table 1), compared to a 2 nm red shift
for the pseudouridylated wild-type sequence (ΨΨΨ) with decreasing
pH (Supplementary Information, Fig. S1a). These observations suggest
thatΨmodifications are necessary for pH-dependent structural chang-
es of the A1912G mutant, and the nucleotide composition also plays a
role in this event. In support of this hypothesis, no change in chemical
shifts or peak intensities is observed in the NMR spectra of UUU-
A1912Gwhen the pH condition is changed (Fig. 3c, d). In the NMR spec-
tra ofΨΨΨ-A1912G (Fig. 3e, f), resonances corresponding to theΨN1H
protons (Supplementary Information Fig. S2c, d) are clearly observed,
with peak patterns similar to those of ΨΨΨ (Supplementary Informa-
tion, Fig. S1d, e). A difference worth noting is that the relative peak
intensities of the ΨN1H protons compared to the stem imino proton
resonances in the spectra of ΨΨΨ-A1912G are higher than those of
theΨΨΨ RNA. This observation suggests that G1912may have specific
effects on theΨ- and pH-dependent structural changes in the H69 loop
region that differ slightly from those in ΨΨΨ. More specifically,
hydrogen-bonding interactions involving the corresponding ΨN1H
protons appear to be enhanced. These pH-dependent differences in
the CD and NMR spectra of ΨΨΨ and ΨΨΨ-A1912G might appear



Fig. 3. CD and NMR spectra of the unmodified andmodified H69 A1912Gmutants. The CD spectra of UUU- andΨΨΨ-A1912G at pH 7.0 (solid line) and pH 5.5 (dashed line) are given in
panels a and b, respectively. The NMR spectra of unmodified (UUU, c and d) and modified (ΨΨΨ, e and f) A1912G were obtained at pH 7.0 (c and e) or pH 5.5 (d and f) as indicated.
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small; however, unique conformational states or alterations in H69
dynamics have the potential to impact the RNA function such that the
A1912G mutation is lethal to E. coli [24,30].

3.2. Pseudouridinemodifications and A1919Gmutationwork synergistically
to modulate the pH-dependent structural changes of ΨΨΨ-A1919G

In previous studies, pseudouridylation at position 1911 was shown to
have an impact on the thermodynamics, structure, and conformational
Fig. 4. CD and NMR spectra of the unmodified andmodified H69 A1919Gmutants. The CD spec
panels a and b, respectively. The NMR spectra of unmodified (UUU, c and d) and modified (ΨΨ
behavior of H69 by establishing a stable Watson–Crick base pair with
A1919 and a hydrogen-bonding interaction specific to RNAs with a
Ψ1911 residue [8,17,41]. These results suggest that the H69 loop struc-
ture and conformational behavior are sensitive to the modification sta-
tus of the loop-closing base pair, which may in turn impact ribosomal
function.

Besides themodification status, nucleotide composition of the loop-
closing base pair may also play a role in modulating the H69 loop
conformational behavior. We therefore tested the A1919G mutants for
tra of UUU- andΨΨΨ-A1919G at pH 7.0 (solid line) and pH 5.5 (dashed line) are given in
Ψ, e and f) A1919G were obtained at pH 7.0 (c and e) or pH 5.5 (d and f) as indicated.
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pH-dependent structural changes. As shown in Fig. 4a and b, the global
peak maxima for both UUU-A1919G andΨΨΨ-A1919G are red shifted
by 3 nm (Table 1) when the pH is lowered from 7.0 to 5.5, and there is a
concomitant increase inmolar ellipticity between the peakmaxima and
310 nm. These observations suggest that the A1919G mutation plays a
role in the pH-dependent structural changes of these RNAs, even in
the absence of Ψ.

Structural effects of the A1919G mutation are further revealed in
1D1H NMR spectra (Fig. 4c–f). For UUU-A1919G (Fig. 4c, d), the same
imino proton resonances as with UUU are observed (Supplementary
Information, Fig. S1b, c), along with two extra imino proton peaks at
11.1 and 11.7 ppm. These peaks are assigned as U1911N3H and
G1919N1H in a U•Gwobble pair, based on NOE difference spectroscopy
[17]. In the same region (Fig. 4e, f), two peaks from Ψ1911N3H and
G1919N1H (Supplementary Information Fig. S3) are observed in the
ΨΨΨ-A1919G spectra. Formation of a Ψ1911•G1919 wobble pair
results in a 0.3 ppm downfield shift of the Ψ1911N1H resonance
(Supplementary Information Fig. S2e–g) in both spectra (pH 7.0 and
5.5), compared to those from ΨΨΨ (Supplementary Information,
Fig. S1d, e). Even though no difference in either chemical shift or peak
pattern is observed in the UUU-A1919G spectra at different pH condi-
tions (Fig. 4c, d), the possibility should not be excluded that there is a
pH-dependent structural change in the UUU-A1919G loop region, as
suggested by the CD spectra (Fig. 4a). Structural effects in the UUU-
A1919G loop (e.g., base stacking or solvent exposure of nucleotide
bases) do not necessarily alter hydrogen-bonding interactions. In
contrast, when the pH is decreased from7.0 to 5.5, changes in the chem-
ical shifts of the Ψ1911N3H and G1919N1H imino protons and extra
imino proton resonance in the loop region are observed for ΨΨΨ-
A1919G (Fig. 4e, f). These spectral changes reveal that the presence of
Ψ extends the pH-dependent structural changes of A1919G beyond
the loop single-stranded residues to include the loop-closing base pair
Ψ1911•G1919. The mutated 1919 residue (G) and Ψ modifications
appear to work synergistically to modulate the pH-dependent structur-
al changes of ΨΨΨ-A1919G, which differ from ΨΨΨ. Such changes
could be detrimental to the translation steps that require proper
Fig. 5. CD and NMR spectra of the unmodified andmodifiedH69 U/Ψ1917Cmutants. The CD sp
in panels a and b, respectively. The NMR spectra of unmodified (UUC, c and d) andmodified (Ψ
conformational-state adjustments, especially in the single-stranded
loop and loop-closing base pair of H69.

3.3. The U/Ψ1917C mutation affects pH-dependent structural changes of
H69

The U1917 residue of H69 shows 100% conservation across phylog-
eny [10], and Ψ modification at this position has been detected in all
species whose rRNA pseudouridylation sites are currently known [11].
The important functional role of Ψ1917 is also revealed in ribosome
assays. A Ψ1917C mutation was shown to decrease cellular polysome
levels and cause a strong growth defect [24], even though Ψ modifica-
tions at sites other than 1917 were unlikely affected [26]. The impor-
tance of Ψ1917 can be attributed to its structural roles. As observed in
NMR solution studies on UUU and ΨΨΨ, Ψ1917 mediates base-
stacking interactions in the 3' half of theΨΨΨ loop region [8]. Residue
Ψ1917 is also suggested to participate in formation of the B2a
intersubunit bridge by hydrogen bonding to A1912 in complete ribo-
somes [2]. To reveal the effects of U/Ψ1917C on H69 structure and
pH-dependent structural changes, CD and NMR experiments were
employed.

As shown in Fig. 5a and b, a decrease inmolar ellipticity between275
and 310 nm is observed in both unmodified (UUC-U1917C) and
modified (ΨΨC-Ψ1917C) mutant H69 RNAs, when the pH is lowered
from 7.0 to 5.5. No shift in the peak maxima is demonstrated in either
UUC-U1917C or ΨΨC-Ψ1917C. Similar spectral features shared by the
unmodified and modified U/Ψ1917C mutants, along with differences
identified between ΨΨC-Ψ1917C and ΨΨΨ spectra (Supplementary
Information, Fig. S1a), indicate that nucleotide composition of the loop
may play a dominant role in determining the pH-dependent structural
changes in U/Ψ1917C H69 RNAs.

The hypothesis that nucleotide composition at position 1917 plays a
role in mediating H69 structural changes is supported by NMR data
(Fig. 5c–f). At pH 7.0, all five signature imino proton resonances from
the H69 stem region are observed (Fig. 5c, e). In contrast, only four
sharp peaks are visible when the pH is lowered to 5.5 (Fig. 5d, f).
ectra of UUC- andΨΨC-U/Ψ1917C at pH 7.0 (solid line) and pH5.5 (dashed line) are given
ΨC, e and f) U/Ψ1917C were obtained at pH 7.0 (c and e) or pH 5.5 (d and f) as indicated.
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These observations suggest that pH-dependent structural changes
of the U/Ψ1917C mutants are extended into the stem regions, and
the G1910•C1920 stem-closing base pair is destabilized at pH 5.5.
Accompanying the loss of G1910•C1920 base pairing, the proton reso-
nance corresponding to G1921N1H is downfield shifted by 0.1 ppm,
and the peak intensities are decreased. This structural change at lower
pH common to both U/Ψ1917C mutants may account for the similar
trend in pH-induced changes of the CD spectra (Fig. 5a, b). The
Ψ1917C mutation also causes changes in the H69 structure at neutral
pH. The peak most likely corresponding to Ψ1911N1H in the ΨΨC-
Ψ1917C spectrum (Fig. 5e) is upfield shifted by 0.1 ppm compared to
that of ΨΨΨ (Supplementary Information, Fig. S1a). The resonance
pattern in the upfield (ΨN1H) imino proton region of ΨΨC-Ψ1917C
at pH 5.5 is also very different from that of ΨΨΨ. Since Ψ1917 and
Ψ1911 do not have direct interactions in either the solution structure
of ΨΨΨ [8] or X-ray crystal structures of complete ribosomes [36], the
difference in spectral features between ΨΨC-Ψ1917C and ΨΨΨ at
both pH conditions potentially results from an altered structure of the
ΨΨC-Ψ1917C loop region caused by the mutation. Long-range effects
of the U/Ψ1917C mutation on the stem-region structure, which are
independent of the Ψ modifications, suggest stem-loop crosstalk [19,
41]. Mutations at key loop residues, such as 1917, involved inmediating
this crosstalk, may also be responsible for monitoring interactions with
the P-site tRNA and other translational factors, e.g., A-site tRNA or
release factors (RFs), in complete ribosomes [27–29,42], and therefore
responsible for lethality in E. coli.

3.4. The pH-dependent structural changes of H69 and mutants are not
correlated to alteration in global stability

A change in stability of an RNAmolecule may be correlated to either
a structural adaptation or altered conformational flexibility, although
not all conformational changes lead to altered RNA stability because of
the enthalpy-entropy compensation [43]. In a previous study with the
Ψm3ΨΨ construct, the RNA was stabilized by −0.5 kcal/mol when
the pH was lowered from 7.0 to 5.5, which was accompanied by CD
spectral changes [18]. In thermal melting experiments with ΨΨΨ, the
difference in stability at the two pH values is only −0.2 kcal/mol
(Table 2), negligible when the expected standard error (0.2 kcal/mol)
is considered. As discussed in Section 3.1 (CD experiments), the confor-
mational changes of ΨΨΨwith pH variation closely resemble those of
Ψm3ΨΨ. The minor differences could be attributed to N3-methylation
on Ψ1915 in Ψm3ΨΨ, contributing to the modestly enhanced stabiliz-
ing effects [18]. Taken together, these results suggest that theΨmodifi-
cations are responsible for the pH-dependent structural changes of
ΨΨΨ, but have minimal or no effects on the global stability of ΨΨΨ
at different pH conditions. Similar small differences in Gibbs free energy
between unmodified and modified RNAs are observed with the H69
mutants (Table 2), indicating that Ψ modifications confer conforma-
tional effects without altering the global stability as the solution pH is
Table 2
Comparison of ΔG°37 values of H69 and mutants.

Name pH 7.0 pH 5.5

ΔG°37
(kcal/mol)

ΔΔG°37 (kcal/mol)
(ΔG°37ΨΨΨ–ΔG°37UUU)

ΔG°37
(kcal/mol

UUU −4.6 ± 0.1 −0.1 ± 0.2 −4.4 ± 0
ΨΨΨ −4.7 ± 0.1 −4.9 ± 0
UUU-A1912G −4.7 ± 0.1 −0.2 ± 0.2 −4.7 ± 0
ΨΨΨ-A1912G −4.9 ± 0.1 −5.2 ± 0
UUC-U1917C −4.4 ± 0.1 −0.3 ± 0.2 −4.4 ± 0
ΨΨC-Ψ1917C −4.7 ± 0.1 −4.9 ± 0
UUU-A1919G −4.3 ± 0.1 −0.4 ± 0.2 −4.0 ± 0
ΨΨΨ-A1919G −4.7 ± 0.1 −4.9 ± 0

The thermodynamic effects ofΨmodifications and pH were determined as the free energy dif
changed. The thermodynamic parameters for the mutants are listed in
the Supplementary Information (Table S1).

Even though modest or negligible differences in the thermal stabili-
ties of the RNA constructs are observed with varying pH conditions
(ΔG°37pH 5.5–ΔG°37pH 7.0),Ψmodifications are shown to slightly stabilize
the global folding of H69 and mutants at pH 5.5 compared to pH 7.0
(Table 2). A ΔΔG°37 (ΔG°37ΨΨΨ–ΔG°37UUU) value of −0.5 kcal/mol is
observed for H69 (Supplementary Information Fig. S4a) and mutants
A1912G and U/Ψ1917C. This value matches that of a previous thermal
melting studywithΨm3ΨΨ [18]. These results suggest thatΨmodifica-
tions dominate the stabilizing effects of certain conformational states of
H69 and the loopmutants. The hypothesis is supported by fluorescence
studies employing modified H69 with 2-aminopurine (2AP) at position
1913, in which the fluorescence intensity from 2AP in ΨΨΨ decreased
at pH 5.5 relative to 7.0 due to enhanced base stacking of 2AP1913
with neighboring bases [19]. A similar change was not observed with
2AP-containing UUU, suggesting that the modification plays a role in
the conformational switch. As discussed previously, A1913 plays impor-
tant roles in establishing the intersubunit bridge B2a [2,5]. Therefore,
the conformational response of A1913 in Ψ- and pH-dependent struc-
tural changes of H69 may contribute to the growth advantage of living
organisms [23].

Stabilizing effects of pseudouridylation are also observed for
the A1919G mutant, with ΔΔG°37 (ΔG°37ΨΨΨ–ΔG°37UUU) values of
−0.9 kcal/mol (pH 5.5, Supplementary Information Fig. S4b) and
−0.4 kcal/mol (pH 7.0, Supplementary Information Fig. S4c), respec-
tively (Table 2). The larger ΔΔG°37 values for A1919G compared to
other H69mutants suggest that the sequence alteration in combination
with Ψ modifications impacts the H69 structure. Furthermore, the
largest free energy difference is observed at pH 5.5, implying that
G1919 plays a different role than A1919 in modulating H69 conforma-
tional states. Position 1919 is unique in mediating the structural effects
of Ψ modifications. In the NMR structure of ΨΨΨ, A1919 forms
a Watson–Crick base pair with Ψ1911, as well as mediates base-
stacking interactions on the 3′ side of the H69 loop from Ψ1915 to
A1919, which is promoted by modified nucleotides Ψ1915 and Ψ1917
[8]. Similar to A1919 inΨΨΨ, G1919may alsomediate structural effects
of the Ψ modifications within ΨΨΨ-A1919G. As shown by NMR spec-
troscopy, pH-dependent structural changes of ΨΨΨ-A1919G involve
the formation, as well as changes in imino proton chemical shifts, of a
Ψ1911•G1919 wobble pair. The synergistic modulations of G1919 and
Ψ modifications, resulting from the sequence and structural contexts
in which they reside, appear to cause a more significant impact on
conformational-statemodulation of H69, which in turn elicits biological
effects that differ from ΨΨΨ or the other H69 mutants.

4. Conclusions

Helix 69 plays important roles in the assembly of ribosomes andpro-
tein synthesis process [6]. Conservation of Ψ modifications at positions
Δ pH

)
ΔΔG°37 (kcal/mol)
(ΔG°37ΨΨΨ–ΔG°37UUU)

ΔΔG°37 (kcal/mol) (ΔG°37pH 5.5–ΔG°37pH
7.0)

.1 −0.5 ± 0.2 0.2 ± 0.2

.1 −0.2 ± 0.2

.1 −0.5 ± 0.2 0.0 ± 0.2

.1 −0.3 ± 0.2

.1 −0.5 ± 0.2 0.0 ± 0.2

.1 −0.2 ± 0.2

.1 −0.9 ± 0.2 0.3 ± 0.2

.1 −0.2 ± 0.2

ference (ΔΔG°37).
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1911, 1915, and 1917 are suggested to be correlated to their functions
in modulating the structures and conformational behaviors of H69 [8,
17–21,41,44]. Results from the work presented here reveal that both
Ψ modifications and the lethal mutations, A1919G and U/Ψ1917C, are
capable of modulating pH-dependent structural changes of H69
independently. In themodifiedH69 lethalmutants, themutated residue
may also work synergistically with the Ψ modifications to introduce
additional structural effects. For example, A1912G appears to alter
hydrogen-bonding interactions at lower pH, but only in the presence
of loop Ψ residues. Within a different sequence and structural context,
the same mutation of A to G has an altered role. The A1919G mutation
leads to formation of a loop-closing Ψ1911•G1919 wobble pair that
appears to modulate the H69 loop structure with pH and modification
status, but does not impact the stem structure. In contrast, the
Ψ1917C mutant expands the pH-dependent structural changes from
the loop region into the stem G1910•C1920 base pair. These pH-
dependent structural changes do not affect the global thermal stability
of H69 RNAs, but modest stabilizing effects of Ψ modifications are
consistently observed at pH 5.5. These results suggest that stabilization
of certain conformational states of H69 is inherent to Ψ modifications,
possibly through alterations in hydrogen-bonding and/or base stacking
interactions involvingΨ residues. As with the wild-type H69 construct
and full-length 23S rRNA, the changes in conformational states of the
RNA can be induced by lowering the solution pH to 5.5. These changes
occur due to protonation of nucleotides that are yet to be identified,
but likely to be conserved within the loop of H69. Furthermore, NMR
spectral evidence of the stem-loop crosstalk within H69 is directly ob-
served in pH-dependent structural changes of U/Ψ1917C, consistent
with suggestions in the literature that H69 may not simply form
simultaneous contacts with the A- or P-site tRNAs [38] or RFs [39,45],
but instead plays a role in coordinating the activities of the tRNAs and
RFs [27–29,42].

Given the essential functions of H69 in translation and the multiple
conformational states observed in structure studies, alterations in the
structural changes of H69 by mutations may lead to the phenotypes
observed in the functional analyses. Knowledge gained in this project
from pH-induced structural changes of H69 extends our understanding
of the effects of post-translational modifications and interplay with
mutations on the structure and conformational behavior of these RNAs.
In addition, modulation of the structure and pH-dependent structural
changes of H69 by ligand binding may serve as an effective pathway to
design and screen antibiotics targeting bacterial protein synthesis.
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