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Helix 69 (H69) of 23S ribosomal RNA serves as a unique model system for studying the
impact of modified bases on RNA structure and function, and for screening potential
antibiotics. H69 is located at the functionally important core domain of the bacterial
ribosome, participates in key intersubunit bridge B2a interactions, and plays important roles
in translation.[X] This helix exists in multiple conformational states,!] and interacts with a
number of translation factors[?] at different stages of protein synthesis. Chemical probing
analyses revealed that H69 undergoes structural rearrangements upon ribosome association,
particularly at positions A1913 and A1918, with the various conformational states being
influenced by solution conditions (e.g., [Mg?*], pH, and temperature) as well as
pseudouridine (¥') modifications.[3] Residue A1913 is proposed to be important for high-
fidelity translation264] and efficient termination.[2°] Moreover, flexibility of the H69 stem
region may help accommodate the twisting energy from subunit rotation.[®! Since H69 is a
highly dynamic RNA domain, altering or regulating these important conformational states
with small molecules could be a promising way to disrupt bacterial ribosome translation.
Development of a method for easily monitoring these changes is therefore important for
understanding H69 dynamics in solution, as well as discovering H69-targeting ligands.

To establish a method that enables H69 conformational states to be monitored in solution
and to detect preferential binding of small molecules to these states, a 19-nucleotide RNA
containing an adenine analogue, 2-aminopurine (2AP), at position 1913 was designed
(Figure 1a). The 2AP modification has been widely used to monitor ligand-induced RNA
structural changes.[®] Model RNAs containing either ¥ or U at the naturally modified
positions 1911, 1915, and 1917 (2AP-Y¥¥ or 2AP-UUU, respectively) were generated.
The 2AP analogue is sensitive to changes in environment and undergoes significant
decreases in fluorescence intensity when base stacked.[”] Previous studies suggested that
A1913 is stacked with a neighboring base in 50S subunits, but exposed and extended from
the H69 loop in 70S ribosomes.[328] Solution studies on related small RNASs representing
H69 are consistent with this model.[*] Therefore, residue 1913 was an ideal candidate for
substitution by 2AP and monitoring local conformational changes in the H69 loop.
Fluorescence of 2AP was expected to diminish due to increased base stacking if nucleotide
1913 forms a local conformation similar to that observed in 50S subunits, but increase if
2AP1913 becomes more solvent exposed as seen in 70S ribosomes.
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Comparison of fluorescence intensities between RNase-digested and renatured 2AP-H69
reveals a 40% decrease for both modified (2AP-¥"¥¥) and unmodified (2AP-UUU) RNAs,
indicating disruption of 2AP1913 base stacking upon RNA degradation (Figure 1b and c).
Similar fluorescence intensities of the digested RNAs at pH 7.3 indicate that 2AP-¥Y"¥¥ and
2AP-UUU concentrations are similar (the extinction coefficient of unmodified H69 was
used due to unavailability of nearest-neighbor extinction coefficients for 2AP and V-
modified RNAs[10)). Similar fluorescence intensities of the folded RNAs suggest that they
exist in similar average conformational states at pH 7.3. In contrast, spectra at pH 5.5 reveal
differences in the conformational states between modified and unmodified RNAs, which is
consistent with thermodynamic differences of H69 at pH 5.5 and 7.0.[%

Previous model studies indicated that conformational transitions of the modified H69 loop
can be induced by changes in solution pH, but the effect is dependent on the presence of
¥s.[9] Fluorescence intensities of 2AP-¥'¥'¥ and 2AP-UUU were determined from pH 5.0
to 8.0. As shown in Figure 2a, the fluorescence intensity of 2AP itself is not influenced by
changes in pH.[7P] The 2AP-UUU RNA shows an 18% reduction in fluorescence intensity
between pH 7.0 and 5.0, whereas, the 2AP-¥" ¥V RNA exhibits a 50% reduced intensity
(Figure 2a). This change is attributed to enhanced base-stacking interactions of 2AP1913 in
the modified RNA construct (2AP-YYY) as the pH is decreased. These results are
consistent with conformational exchange of H69 between an open and closed loop
conformation with respect to position 1913, as shown in previous model studies, and the
equilibrium between the two conformational states can be shifted by changes in pH.[%]

To test whether 2AP-H69 RNA can be used to monitor ligand-induced conformational
changes, Mg?2™ titrations were performed. Magnesium was shown previously to have
different effects on H69 conformational states within the context of 70S ribosomes,
depending on the presence of ¥. Specifically, high [Mg?*] facilitated increased exposure of
A1913 in modified RNA.[3P] For 2AP-W ¥V, the fluorescence intensity increases 60% from
0to 3 mm Mg?* (pH 7.0). In contrast, the fluorescence intensity of 2AP-UUU increases by
less than 20% upon addition of 3 mw Mg2* (Figure 2b). These results are consistent with
chemical probing studies on 70S ribosomes.[3°] Further increases in fluorescence are
observed up to 20 mu Mg?* for 2AP-¥'¥'¥, whereas, no additional changes are observed
for 2AP-UUU (Figure 2b). Notably, the overall increase in 2AP-Y"¥¥ fluorescence at
saturating amounts of Mg2* is 75%, similar to the extent of increase observed with RNase
digestion, suggesting high exposure of 2AP1913 to solvent or possibly direct interactions
with Mg?*.

Our results reveal a different impact of MgZ* on the loop conformation of unmodified RNA.
Loop modifications (V) in combination with metal ions appear to play a role in organizing
H69 structure and/or regulating its flexibility. These results along with previous structure
and stability studies suggest that at least three different structural ensembles exist for
modified H69, which are influenced by both pH and Mg2*. The 2AP results show that the
loop region is more sensitive to Mg2* than pH. Specifically, addition of Mg2* stabilizes the
H69 loop structure with A1913 being more exposed, while also stabilizing the stem
region.[!1] A decrease in pH induces opposing changes in the stem (decreased order) and
loop (increased stacking) of H69, as observed by NMR spectroscopy; whereas, a less
compact loop and more ordered stem are observed at higher pH.[%] The next goal was to
determine whether other ligands could influence the equilibrium between H69
conformational states.

Previous crystallography and model studies showed that aminoglycoside antibiotics interact
with the H69 stem region with moderate (LM) binding affinity.[12] It was suggested that
H69-aminoglycoside interactions stabilize bridge B2a and promote H69 conformational
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arrangements that inhibit ribosome recycling factor (RRF)-mediated subunit
dissociation.[122] RRF has been proposed to induce conformational changes in H69, which
lead to its movement away from the subunit surface.[128] Thus, aminoglycosides likely
influence the dynamic behavior of H69. To reveal the influence of aminoglycoside binding
on H69 conformational states, neomycin, paromomycin, and gentamicin were titrated with
2AP-¥¥V¥ and 2AP-UUU in the absence of Mg?*, and 2AP fluorescence was monitored.
The 2AP-Y'Y'Y fluorescence increases by 45% upon addition of neomycin (8 pm); whereas,
the same concentration of paromomycin and gentamicin causes only 20 and 10% increases,
respectively (Figure 3a). The 2AP-UUU RNA exhibits only a 10-20% increase of
fluorescence upon addition of aminoglycosides (8 pv). A further increase in 2AP-¥Y'¥'¥
fluorescence is observed up to 25 pm neomycin; however, no further changes are observed in
the case of 2AP-UUU. For paromomycin and gentamicin, 2AP-¥"¥"¥ fluorescence
increases up to 50-60 v drug and then reaches saturation (Figure 3a). These data reveal the
ability of neomycin to induce or stabilize a conformational state of H69 in which residue
1913 is more exposed, similar to the effects of Mg2*, a behavior that is unique to the
modified RNA.

Apparent dissociation constants (Kys) of neomycin and paromomycin were determined from
the 2AP fluorescence data. Figure 3b and Table 1 show Kj values of 2.5 and 2.0 pwm for
neomycin binding to 2AP-¥Y'¥¥ and 2AP-UUU, respectively. For paromomycin, the
apparent Ky is 7.1 um with 2AP-Y"'YY; however, a value with 2AP-UUU could not be
obtained because of the small fluorescence changes (<10%). These Ky values are consistent
with those obtained with ¥¥'¥, ¥m3¥¥ (the wild-type £. coli H69, with ¥ at positions
1911 and 1917, and 3-methylpseudouridine, m3V¥, at 1915), and UUU constructs without
2AP using electrospray ionization mass spectrometry (ESI-MS) (Table 1), indicating the
usefulness of the 2AP-H69 system for binding studies. More importantly, however, is the
ability to monitor conformational states of H69 RNA by using 2AP1913 fluorescence, which
is not revealed by ESI-MS. The RNA structural changes induced by aminoglycosides are
most apparent with the modified RNA.

Binding studies of aminoglycosides with 2AP-H69 suggest that structurally similar
aminoglycosides, particularly neomycin and paromomycin, have different effects on the
H69 loop conformation, even though their binding modes are similar in crystal
structures.[122] ESI-MS binding analysis of the neomycin and paromomycin complexes with
H69 reveals 1:1 binding stoichiometries (Supporting Information), although higher
stoichiometries are observed at higher concentrations due to non-specific binding. Previous
studies showed binding of aminoglycosides in the H69 stem region (G1906/G1921-
U1923).122] |f the same binding mode occurs in the 2AP model RNAs, then the fluorescence
results are consistent with neomycin binding to the H69 stem region and stabilizing a
conformational state of the H69 loop with residue 1913 exposed to solvent. In order for this
to occur, a conformational change in the stem must be propagated to the H69 loop. This
effect is also influenced by ¥ modifications, as revealed by differences in 2AP1913
fluorescence enhancement. Crosstalk between the H69 stem and loop was observed in
previous circular dichroism studies, in which H69 RNAs with different stem sequences had
varying loop conformations.[*3] Thus, an altered H69 stem conformation induced or
stabilized by neomycin could in turn alter the H69 loop state in a similar manner.
Considering the biological roles of H69, an altered loop structure could promote changes in
the ribosome functional state. This idea is consistent with proposed roles of another
ribosomal motif, helix 44 in 16S rRNA, based on crystal structures and fluorescence studies
with 2AP, in which conformational changes that are stabilized by aminoglycoside binding
cause defects in translation.[2¢:6¢] Indeed, a recent study indicates binding of neomycin to
H69 in 70S ribosomes and subsequent allosteric perturbations of global ribosome
dynamics.[14]
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Feldman and coworkers observed that under low neomycin concentrations (<100 nw) the
ribosome has a classical configuration, whereas, higher concentrations induce a hybrid
configuration.[15] Paromomycin and gentamicin do not show such effects. Toe-printing
analysis also revealed that neomycin induces a stronger back-translocation of ribosomes
than paromomycin.[*6] Moreover, neomycin was found to have a stronger inhibition effect
of EF-G dissociation from ribosomes compared to paromomycin.[7] These differences were
suggested to be due to a secondary binding site, and H69 is a likely candidate. The different
binding activities and varying effects on conformational states of H69 could be the reason
for different influences of aminoglycosides on ribosome function.

In conclusion, structural information from X-ray crystallography, chemical probing, and
synthetic RNA model studies was used to design a small fluorescent H69 that allows
monitoring of loop conformational states in solution. The fluorescence method is convenient
and rapid, and only requires pmol amounts of RNA. The 2AP fluorescence method allows
binding information to be obtained for a variety of ligands, such as metal ions and small
molecules. In this study, H69 loop conformational states were shown to vary with factors
such as [Mg2*], pH, and ¥ modifications, consistent with previous observations on 70S
ribosomes.[3:92] Structurally similar aminoglycoside antibiotics have different impacts on the
conformational states of the H69 loop, which is also influenced by modified nucleotides.
The 2AP-H69 results also suggest communication between the H69 stem and loop. These
observations demonstrate the utility of the 2AP system, which will allow specific types of
H69-binding ligands to be identified, namely, those that alter the H69 loop conformation and
possibly its function, as observed with neomycin. Combined with ESI-MS assays to obtain
binding affinities and stoichiometries, the 2AP method provides an opportunity to screen
large libraries of small molecules with the potential for binding to H69 with high affinity as
well as the ability to stabilize certain H69 conformational states. This information will be
helpful for identification of novel H69-targeting ligands that have a higher potential to
inhibit different phases of ribosome translation.
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Figure 1.

(a) Secondary structure of £. coliH69 and 2AP-H69 RNAs. (b) Fluorescence data for 2AP-
YYV¥ and 2AP-UUU before (dashed) (pH 5.5 and 7.3) and after (solid) (pH 7.3) RNase A
treatment. (c) Relative fluorescence intensities (normalized to RNase A data) at the emission
maximum (370 nm) (1.5 pm RNA in 20 mm K*-cacodylate, 70 mw NH,4CI, and 30 mu KCI;
F1 is fluorescence intensity (arbitrary units), and Fr is relative fluorescence intensity).
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(a) Percent change in fluorescence intensity (FI) upon change in solution pH. Fluorescence
intensities at 370 nm were normalized relative to the value at pH 7.0 (20 mu K*-cacodylate,

70 mm NH4CI, 30 mv KCI, pH 5-8; measurements were done in triplicate). (b) Percent

change in fluorescence intensity (FI) upon addition of Mg?*. Fluorescence intensities at 370
nm were normalized relative to no Mg2* (1.5 uwm RNA, 20 mu HEPES, 70 mu NH,4CI, 30 mw

KCI, pH 7.3, at 22 °C).
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Figure 3.

(a) Percent changes in fluorescence intensities of 2AP-H69 in the presence of various drug
concentrations (20 mw HEPES, 70 mm NH4CI, 30 mm KCI, pH 7.3 at 22 °C). Fluorescence
intensities at 370 nm were normalized to spectra in the absence of drug. (b) Binding curves
of neomycin and paromomycin to 2AP-Y"¥'¥ were fit using non-linear curve fitting to a
quadratic equation.[18] The apparent Ky was measured from three independent experiments.
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Table 1

Comparison of dissociation constants (Kgs) for H69

Ligand Method[a] RNA type Ky [pnM]
neomycin Fluorescence  2AP-yyy 25%0.2
ESI-MS 2AP-yyy  1.6£0.7
ESI-MS vy 12+04
ESI-MS ymiyy  3.0£06

Fluorescence 2AP-UUU 2.0+0.4
ESI-MS 2AP-UUU 18%03
ESI-MS Uuu 1.4+0.6

paromomycin  Fluorescence 2AP-yyy 7+1

ESI-MS 2AP-yyy 11+3
ESI-MS vy 10£3
ESI-MS ymiyy 11+3

Fluorescence  2AP-UUU ND[/J]

ESI-MS 2AP-UUU  9+3

ESI-MS Uuu 8+2
[a]ExperimentaI conditions: Fluorescence; 20 mm HEPES, 70 mm NH4CI, 30 mm KCI, pH 7.3, ESI-MS; 150 mm NH40ACc, pH 7.0.
]

ND; not determined due to too small FI changes.
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