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Decoupling Global and Local Structural Changes in Self-
aminoacylating Ribozymes Reveals the Critical Role of Local
Structural Dynamics in Ribozyme Activity
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Self-aminoacylating ribozymes catalyze the attachment of amino
acids to RNA, serving as pivotal models to investigate the catalytic roles of RNA in
prebiotic evolution. In this study, we investigated how divalent metal ions (Mg*"
and Ca*") modulate local and global structures in two such ribozymes, S-1A.1-a
and S-2.1-a, using 4-cyanotryptophan (4CNW) fluorescence and native gel
electrophoresis. By tracking 4CNW fluorescence changes at varying concentrations _
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buried, which is essential for catalytic activity. Although higher Mg?* and Ca*
concentrations induce global structural rearrangements, these shifts have minimal
impact on the local environment of the aminoacylation site, underscoring the
dominance of local structural stability in sustaining ribozyme function. In contrast, the activity of S-2.1-a effectively adapts to both
Mg** and Ca*', and its fluorescence results indicate a more solvent-exposed aminoacylation site. Overall, these data highlight that
local structural changes in the ribozyme’s catalytic core are more critical for its function than global conformational shifts. Our study
highlights the importance of local environmental changes in ion-dependent ribozyme catalysis and provides insights into the
molecular mechanisms of self-aminoacylating ribozymes.
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Divalent metal ions, particularly Mg*’, are essential for the
structural integrity and catalytic activity of a wide range of

Ribozymes are RNA molecules capable of catalyzing specific
ribozymes. These metal ions play crucial roles across various

biochemical reactions. They are essential for understanding the

chemical foundations of life."” Among these, self-amino- classes of ribozymes, including self-cleaving, trans-cleaving,
acylating ribozymes, which were discovered through in vitro splicing, and ligating ribozymes."’”"” For example, self-cleaving
selection, facilitate the attachment of amino acids to RNA. ribozymes exhibit complex and diverse relationships with
This process is a crucial step in exploring the origin of the divalent metal ions, contributing to structural stability and
protein translation. They serve as valuable models for catalytic function. The hammerhead ribozyme, a well-
understanding prebiotic chemistry and the catalytic roles characterized self-cleaving ribozyme, relies on divalent metal
RNA may have played durin% the origin of life and the ions to directly participate in catalysis. Early studies proposed
evolution of the genetic code.”™ Previous studies employed in mechanisms involving metal ions acting as general acids or
vitro selection to identify two self-aminoacylating ribozymes, S- bases, stabilizing the transition state, or coordinating the

scissile phosphate.'*™'° Recent computational work has further

highlighted how ribozymes exploit electrostatic environments

1A.1-a and S-2.1-a, that utilize aminoacyl S(4H)-oxazolone
derivative, a prebiotic plausible form of chemically activated
amino acids.”” S-1A.1-a and S-2.1-a have been observed to
interact with aminoacyl 5(4H)-oxazolone derivatives while the
amino acids are selectively attached at different positions (G65
and G54, respectively). The attachment of amino acids to the
specific 2'OH site is self-catalyzed by RNAs to form
aminoacylated RNA. This offers insights into the mechanisms
that could have driven early biochemical evolution and the
transition from the RNA world to the RNA-protein world.*”
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Figure 1. Synthesis and utilization of Biotinyl-4-cyanotryptophan-5(4H)-oxazolone for probing the RNA aminoacylation site local environment.
(A) Synthesis procedure of Biotinyl-4-cyanotryptophan-5(4H)-oxazolone (B4CNWO). (B) Left: sequences of ribozymes S-1A.1-a and S-2.1-a,
with labeling sites G65 and G54, respectively, highlighted in black. Right: B4CNWO binds to the 2'OH group of the RNA, yielding B4ACNW
conjugated RNA (RNA-B4CNW). The 4-cyanoindole group emits fluorescence upon excitation at 302 nm.

to recruit and position metal ions in ways conducive to
catalysis, demonstrating that small self-cleaving ribozymes
engineer local negative potentials in their active sites, thereby
enabling site-specific metal ion binding critical for both
structural stability and catalytic efficiency.'” The hepatitis
delta virus (HDV) ribozyme depends critically on divalent
metal ions for its catalytic function. The active-site cytosine
residue (C75) acts as a general acid, protonating the 5’-oxygen
of the leaving group, while a hydrated divalent metal ion, such
as Mg, serves as a general base by stabilizing the transition
state and deprotonating the 2'OH group of the ribose
nucleophile.'® This cooperative action of C75 and the metal
ion ensures efficient cleavage of the phosphodiester bond. The
perturbed pK, of C75 (~6.1) is critical for its catalytic role,
enabling it to function effectively under physiological
conditions.'”*° Intriguingly, a recent kinetic isotope effect
study revealed that the HDV ribozyme proceeds through a
dissociative, metaphosphate-like transition state, highlighting
the unique strategies a ribozyme can employ to facilitate
catalysis.”' Besides the well-known hammerhead and HDV
ribozymes, several recently discovered self-cleaving ribo-
zymes—including twister, twister-sister, pistol, and hatchet
ribozymes”*—exhibit various catalytic mechanisms and inter-
actions with divalent metal ions.”>™>” Furthermore, DNA-
zymes such as the RNA-ligating 9DB1 DNAzyme, the RNA-
cleaving 8—17 DNAzyme, and the 10—23 DNAzyme have
demonstrated significant ion dependency in structure and
function.”®™** Collectively, these findings underscore the
multifaceted roles of divalent metal jons in ribozyme and
DNAzyme activity, emphasizing the interplay of local electro-
statics, metal-ion binding, and nucleic acid architecture in
shaping catalytic outcomes.

In general, divalent ions serve two roles in stabilizing RNA
structure. First, it screens the negative charge of the phosphate
nonspecifically, enabling compact folding.>>~>" Second, it
specifically binds to nucleic acids, bringing distant bases
along the RNA backbone together and forming tertiary
contacts.”®”” The diffusive Mg®* (i.e, nonspecific) usually
plays a dominant role in stabilizing RNA structure.’”*’
However, the specific binding of divalent ions has been
discovered to be essential in regulating RNA function. For
example, the efficiency and precision of RNA cleavage by
RNase P RNA are controlled by divalent metal ions (e.g,
Mg**, Mn?*, Ca*, Sr**, and Ba®") at various sites within the
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enzyme—substrate complex. The same study has demonstrated
that the ratio of Mg** to Ca®" adjusts the cleavage activity of
RNase P RNA.*' The catalytic structure of RNA may also
necessitate specific binding of Mg**. For instance, the
coordination of three Mg>" ions to the specific 3'-bridging
oxygens and 2'OH of the Tetrahymena ribozyme facilitates the
formation of the catalytic site, where a phosphoryl transfer
reaction occurs.*” Previous studies have also highlighted the
essential roles of Mg®* and other metal ions in aminoacyl-
transferase and aminoacyl-tRNA synthetase-like ribo-
zymes.”> ™" These ribozymes rely on both the outer-sphere
and inner-sphere coordination of metal ions to facilitate
catalysis. Understanding the structural basis for this differential
ion dependence is crucial for elucidating the catalytic
mechanisms of ribozyme.

Due to the essential roles of divalent ions in nucleic acids,
the in vitro selection of functional nucleic acids was usually
performed in the presence of divalent ions to increase the
probability of identifying functional species.*”*” However, the
molecular roles of divalent metal ions in the catalytic activities
of selected ribozymes are usually unclear. The two self-
aminoacylating ribozymes, S-1A.1-a and S-2.1-a, were in vitro
selected in the buffer containing S mM of Mg** and Ca*'. Due
to the lack of structural information, the specific roles of Mg>*
and Ca’" in modulating their catalytic activities remain unclear.
While both ions share similar chemical properties, their effects
on RNA folding and activity can be markedly different. Mg>" is
particularly well-known for its ability to induce compact and
catalytically active structures in RNA molecules. In contrast,
Ca**, while chemically similar, often fails to induce the same
catalytic conformations.** " Ca®* has a larger ionic radius and
lower charge density, making it more effective at screening the
negative charge of the RNA phosphate backbone.’” Addition-
ally, it exhibits weaker diffusive interactions with RNA
compared to Mg®*. As a result, ribozymes may fail to adopt
the precise geometries needed for catalysis in the presence of
Ca*".>® This study explores how Mg*" and Ca** influence the
activity and structural changes of the two ribozymes. We
planned to probe local structural changes at the aminoacylation
site, which is essential for understanding the core of ribozyme
activity.

Strategies for probing local structures of biomolecules often
involve incorporating a site-specific chemical probe at the site
of interest.”* >’ In particular, site-specific fluorescent probe
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Figure 2. Dependence of S-1A.1-a and S-2.1-a activity on [Mg**] and [Ca®]. (A) Left: reacted fraction of S-1A.1-a with [BYO] = 500 yM as a
function of [Mg**] at different [Ca®*] (0, 5, 15, 50 mM). Right: the same data plotted with the sum of [Mg**] and [Ca?*] concentrations on the x-
axis in a logarithmic scale. (B) Left: reacted fraction of S-2.1-a with [BYO] = 20 M as a function of [Mg**] at different [Ca*] (0, 5, 15, 50 mM).
Right: the same data plotted with the sum of [Mg?*] and [Ca®*] concentrations on the x-axis in a logarithmic scale. The best linear fits (dashed
line) are displayed. The calculated Pearson coefficients (r) and the p-value are shown. The error bars represent the standard deviation of the mean

(n=23).

modifications have been widely used in studying biomolecules
due to their high sensitivity.”® These modifications should be
introduced after synthesis to reduce the synthetic efforts
required for preparing labeled biomolecules. It is preferable to
target a specific site of the standard nucleotides and amino
acids. Ideally, the fluorescent probe should be small and
minimally perturbing to the structure and function of
biomolecules. In protein structural biology studies, intrinsic
amino acid fluorescence, especially tryptophan, is commonly
used.”””" Tryptophan is a compelling choice for this study as
both ribozymes can react with the tryptophanyl S(4H)-
oxazolone substrate. This allows for the probing of the
aminoacylation site using the endogenous substrate.” However,
it is important to consider that tryptophan absorbs in the UV
region, which overlaps with nucleic acid absorption and
exhibits low quantum yield (<0.15) and low photostability.’>**
To overcome these limitations, we used 4-cyanotryptophan
(4CNW), a blue fluorescent amino acid, whose absorption
spectrum is red-shifted from that of the unmodified indole
group on tryptophan and emits blue fluorescence.”*”*° In
addition, 4CNW demonstrates a high quantum yield, long
fluorescence lifetime, and excellent photostability, rendering it
a better choice than tryptophan for investigating local
structural changes at the aminoacylation site. Figure 1A,B
illustrates the experimental scheme for synthesizing and
incorporating 4-cyanotryptophan (4CNW) into the studied
ribozymes, S-1A.1-a and S-2.1-a, which were specifically
labeled at their aminoacylation sites, G65 and G54,
respectively.

In this study, we used the streptavidin gel-shift assay to
measure the self-aminoacylation activities of S-1A.1-a and S-
2.1-a under varying Mg2+ and Ca®" concentrations, comparing
their catalytic dependencies on different ion concentrations.
We then performed Mg-native PAGE to monitor potential
global structural rearrangements accompanying these activity

2174

profiles. Finally, we employed 4-cyanotryptophan (4CNW)
fluorescence measurements to probe how changes in divalent
ion concentration and temperature affect the local environ-
ment at the aminoacylation site. By comparing the local
(4CNW-based) versus global (Mg-native PAGE) conforma-
tional responses of S-1A.1-a and S-2.1-a, we seek to investigate
how local structural dynamics and the RNA global folding each
contribute to catalytic efficiency.

We first examined the activity of ribozymes S-1A.1-a and S-2.1-
a under varying concentrations of Mg** and Ca® using a
streptavidin gel-shift assay. Biotinyl-Tyr(Me)-oxazolone
(BYO), a substrate previously used in studies of these
ribozyrnes,6’67 was supplied in significant molar excess (>50-
fold) over the ribozymes to promote single-turnover
conditions. Under these conditions, each ribozyme molecule
catalyzes one self-aminoacylation event. Although the substrate
is supplied in large molar excess and remains effectively high
relative to the ribozyme concentration, its concentration
gradually decreases over time due to continuous hydrolysis
in the aqueous environment (half-life of 36.5 min).’ The assay
measures the quantity of ribozymes that react before the
substrate is lost to hydrolysis. Therefore, we define ribozyme
activity as the reacted fraction (f) at a fixed end point of 100
min, where the reacted fraction reaches a plateau. While this
end point fraction reflects both the intrinsic rate constant (k)
and the proportion of catalytically active RNA, the extended
incubation ensures that our measurement predominantly
captures the fraction of ribozymes effectively achieving
aminoacylation under these conditions. After the reaction,
the RNA binds to streptavidin via its biotin moiety, resulting in
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Figure 3. Streptavidin gel-shift assay and fluorescence spectra of BACNW-conjugated ribozymes. (A) Streptavidin gel-shift assay results confirm the
conjugation of B4CNWO to S-1A.1-a and S-2.1-a. The shift in the RNA band upon conjugation with BACNW (RNA-B4CNW) indicates successful
labeling. (B) Fluorescence spectra of 4CNW in different environments. The dashed lines represent B4CNW in acetonitrile (blue) and aqueous
solutions (red). The solid lines show the fluorescence spectra of B4CNW conjugated S-1A.1-a (blue), S-2.1-a (red), and B4ACNW bound to
streptavidin (yellow). The wavelength of the fluorescence peak for each condition is shown. The divalent ion concentration was zero for the
B4CNW-conjugated ribozyme samples. The distinct spectra demonstrate the sensitivity of 4CNW to different environments.

a visible upward shift of the RNA band in the native PAGE.
Figure 2A (left) shows the reacted fraction of S-1A.1-a
increases as [Mg**] rises, indicating enhanced activity. By
contrast, Ca®* alone minimally activates S-1A.1-a; however,
when Ca® is present alongside Mg®*, it exerts a slight
additional enhancement. We note that the band intensity of
the SYBR gold staining in this study exhibits a linear
relationship within S—70 ng of RNA (Figure S1A). Because
each lane contains 50 ng of RNA in the quantitative analysis, if
the reacted fraction is below 0.1, it may fall below the detection
limit. To qualitatively verify whether S-1A.1-a can react in the
absence of Mg®* and explore its dependency on the Ca’*, we
increase the loading RNA amounts to 200 ng, thereby
exceeding the linear range and rendering quantitative analysis
less reliable. Under these conditions, we observed that S-1A.1-a
can indeed react with BYO in the absence of Mg>" and that its
activity is enhanced at high Ca®" concentrations (>50 mM)
(Figure S1B). Nevertheless, the most pronounced activation
occurs in the presence of Mg**, highlighting its stronger effect
on S-1A.1-a catalytic activity. In contrast, S-2.1-a (Figure 2B,
left) exhibited increased activity with rising [Mg**], yet it also
showed significant activity in the absence of Mg®" when Ca**
was present, indicating that S-2.1-a can utilize both Mg** and
Ca" as cofactors. Consistent with S-1A.1-a, we observed low
activity for S-2.1-a in the absence of divalent ions in the
qualitative assay (Figure S1B).

To further analyze this behavior, we replotted the data with
the sum of Mg** and Ca’" concentrations on the x-axis in a
logarithmic scale and the reacted fraction on the y-axis (Figure
2A B, right). The stronger linear relationship observed for S-
2.1-a (Pearson coefficient, r = 0.8678) compared to S-1A.1-a (r
= 04704) indicates that the activity of S-2.1-a is more
uniformly dependent on the total concentration of Mg** and
Ca’. Notably, the f value measured at 100 min reflects the
overall effectiveness of ribozyme activity under the specified
conditions. It indicates the proportion of ribozymes that
complete aminoacylation before the substrate is lost to
hydrolysis. While the r value illustrates how the f value varies
with increasing divalent ion concentrations, it does not reflect
the ion dependence of intrinsic rate constants, since f begins to
plateau at higher ion levels. We therefore interpret r as a
comparative indicator of how efficiently divalent ions promote
ribozyme self-aminoacylation across the tested concentration
range. Detailed analyses for both ribozymes are shown in
Figure S2. For S-1A.1-a, the r value for Mg*" is 0.9207,
indicating a strong positive linear correlation, whereas the r
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value for Ca®* is 0.1413, showing a low positive correlation.
For S-2.1-3, r values for Mg”* and Ca®* are 0.6373 and 0.5648,
respectively, indicating moderate positive linear correlations.
These results clearly suggest that the catalytic activity of S-
1A.1-a specifically requires the presence of Mg**. We note that
in Figure 2B, the concentration of BYO was 20 uM for S-2.1-a
in contrast to the 500 M used in S-1A.1-a. This adjustment
was necessary because the faster reaction rate of S-2.1-a than S-
1A.1-a made it difficult to differentiate between conditions (see
Figure S3). Overall, the above results indicate the different
dependence of S-1A.1-a and S-2.1-a on Mg®" and Ca**, with S-
2.1-a using both ions, but S-1A.1-a is more sensitive to Mg2+.
The two ribozymes show different responses to divalent ions,
indicating that their catalytic centers rely on divalent ions in
distinct ways. In the following, we investigated this difference
using the fluorescence of a 4-cyanotryptophan to study the
local environment of the aminoacylation site.

To probe the local environment around the ribozyme
aminoacylation site of the ribozymes, we introduced 4-
cyanotryptophan (4CNW) as the fluorescence probe in this
study. To enable specific labeling of the aminoacylation sites of
S-1A.1-a and S-2.1-a, we synthesized the substrate, biotinyl-4-
cyanotryptophan-5(4H)-oxazolone (B4CNWO) (Figure 1A)
and verified by NMR spectroscopy and Mass spectrometry
(Figures S4—S6 and Table S1). The 4CNW was synthesized
following previously established methods®®®” and subsequently
reacted with biotin-N-hydroxysuccinimide (Biotin-NHS) to
produce biotinyl-4-cyanotryptophan (B4CNW). This inter-
mediate was then reacted with 1-ethyl-3-carbodiimide hydro-
chloride (EDC) to form the B4CNWO.’ In Figure 1B (left),
sequences of S-1A.1-a and S-2.1-a are displayed, with the
labeling sites G65 and G54 (black labeled) identified as the
primary positions for aminoacylation of amino acid side
chains.”” The labeling reactions were carried out by ribozymes,
which charged themselves with BACNWO on the 2'OH group
of the labeling sites, resulting in B4CNW conjugated RNA
(i.e, RNA-B4CNW) (Figure 1B, right). The conjugation of
B4CNW to the target RNAs was verified by streptavidin gel-
shift assay (Figure 3A), indicating that both S-1A.1-a and S-
2.1-a ribozymes can effectively use B4CNWO as a substrate for
their enzymatic activities. The activity dependence of S-1A.1-a
and S-2.1-a on Mg** and Ca®* concentrations when using
B4CNWO (Figure S7) largely mirrors the trends observed
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Figure 4. Mg**-induced shifts in the structural equilibrium of S-1A.1-a and S-2.1-a ribozymes conformations. Mg-native PAGE analysis of (A) S-
1A.1-a and (B) S-2.1-a at varying Mg** concentrations (0—60 mM). The top gels show the unconjugated (apo) RNA sample, and the bottom gel
shows the BACNW conjugated (holo) RNA sample. The major bands are labeled as the fast-migrating (F1, F2, F1*, and F2*) and the slow-
migrating bands (S1, S2, S1*, and S2*). The asterisk in the gel denotes unreacted F1 in the holo-form sample. The bar charts below quantify the
fraction of the slow-migrating band within the total RNA in a lane, representing the proportion of this structural state relative to the total
population. The error bars represent the standard deviation of the mean (n = 3). The data indicate that both ribozymes undergo structural
transitions to bent conformations in response to Mg>*, suggesting a shift in structural equilibrium. The results show that the conjugation of
B4CNW with ribozymes does not significantly perturb the overall structural equilibrium. The error bars represent the standard deviation among

triplicate measurements.

with the BYO substrate (Figure 2). Specifically, S-1A.1-a
remains more responsive to increasing [Mg®'] than [Ca'],
whereas S-2.1-a efliciently utilizes both ions. Although their
characteristic ion-dependence patterns remain consistent
across substrates, both ribozymes display lower overall
reactivity with BACNWO than with BYO. These observations
highlight inherent substrate-specific differences in these
ribozymes’ and underscore the complex relationship between
substrate identity and metal ion dependence in ribozyme
catalysis.

The fluorescence of 4CNW was observed by applying an
excitation wavelength of 302 nm. We investigated the
fluorescence of 4CNW under various conditions to illustrate
its sensitivity to the solvent polarity and the local environment
of the aminoacylation site. In acetonitrile (ACN) and aqueous
solutions, the fluorescence peaks were at 405 and 427 nm,
respectively (Figure 3B). These findings are consistent with
previous reports on the solvent polarity dependence of the
fluorescence wavelength of 4-cyanoindole,”* whose fluores-
cence red-shifts with increasing solvent polarity. Moreover, we
compared the fluorescence spectra of B4CNW conjugated S-
1A.1-a (blue solid line) and S-2.1-a (red solid line) and
B4CNW bound to streptavidin (yellow solid line) with the
peaks at 414, 411, and 416 nm, respectively. The peak
wavelength of all tested conditions was lower than that of the
aqueous solution condition (i.e., 427 nm), where the probe
was fully exposed to the water. This indicates that 4CNW is
partially embedded within the RNA structure (or the protein
structure in the case of streptavidin). The noticeable shift in
the peak wavelength for the local polarity of the probe
indicates its ability to detect changes in solvent exposure at the
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RNA aminoacylation site, providing information about local
structural changes within the ribozyme.

To assess whether B4CNW conjugation alters the global
structural equilibrium of the ribozymes, we employed the Mg-
native PAGE analysis to examine the global structure changes
in S-1A.1-a and S-2.1-a in the presence of Mg** and Ca*". This
step is crucial, as any significant alteration in global structure
resulting from the conjugation would compromise the accuracy
of interpreting local structural changes, potentially conflating
localized effects with broader conformational shifts. The
sample preparation for Mg-native PAGE does not include
EDTA and hence has been used to study the kinetic and
thermodynamic properties of the RNA conformation under
various divalent ion buffer conditions.”” We analyzed the
structural conformations of both ribozymes at varying Mg>*
concentrations (Figure 4). For the unconjugated (apo) form of
S-1A.1-a, two distinct bands denoting different structural
conformations were observed. Without Mg“, the fast-
migrating band (F1) predominated, while the slow-migrating
band (S1) was faint or undetectable. According to the biased
reptation theory,”"””” RNA migration in a gel depends on the
frictional resistance caused by its shape: bent or bulged
structures experience greater resistance and thus migrate more
slowly than linear structures.””’* As the Mg®* concentration
increased, the intensity of the S1 band grew significantly,
reflecting a shift in equilibrium from the linear (F1) to the bent
(S1) conformation. This trend was quantitatively confirmed by
analyzing the intensity of the upper band, demonstrating a
clear shift in the fraction from F1 to SI with higher Mg** levels
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(Figure 4A, bottom). The S1 fraction, defined as the
proportion of S1 within the total RNA in a lane, increases
from 0.079 in 1 mM [Mg**] to 0.847 in 60 mM [Mg*"]. This
transition indicates that Mg®* promotes the stabilization of the
folded conformation of S-1A.1-a. Multiple bands were detected
in the apo-form of S-2.1-a, indicating a broader conformational
distribution compared to S-1A.1-a. Two major bands were
identified in the lower and upper regions of the running lane.
The fast-migrating band (F2) corresponded to the linear
conformation, while the slow-migrating band (S2) represented
the bent conformation. Even without Mg, a significant
fraction of the S2 band was present, suggesting that S-2.1-a has
an inherent tendency to adopt bent structures. As Mg>"
concentration increased, the intensity of the S2 band gradually
increased while the F2 band diminished. The same gel
intensity analysis was applied and showed that the S2 fraction
sharply increased from 0.467 to 0.7 at 1 mM [Mg**] and then
plateaued, reaching 0.913 at 60 mM [Mg**].

The B4CNW conjugated form (i.e., holo-form, labeled with
*) of both ribozymes was prepared as described in Methods
and analyzed by the Mg-native PAGE. Due to the relatively
lower activity of S-1A.1-a compared to S-2.1-a, the apo-form of
S-1A.1-a was present in the holo-form sample. We found that
on the Mg-native PAGE, F1* and S1* can be differentiated
from F1 and S1 (Figure 44, asterisk indicated). To examine
the bands observed in the native gel, the holo-form RNAs were
incubated with streptavidin, resulting in a significant shift in
the reacted RNAs (Figure S8). The result shows that both
structures in the holo-form of the two ribozymes were
conjugated with B4CNW and shifted slightly upward
compared to the bands in the apo-form. For S-2.1-a, the
conformational heterogeneity in the holo-form is largely
reduced. Consequently, F2* and S2* exhibit sharper bands
on the gel. We note that S-1A.1-a and S-2.1-a holo-forms
displayed similar structural equilibrium to their respective apo-
forms, with bent conformation stabilized increasingly as Mg>*
concentrations rose.

Interestingly, we observed almost identical results when
Mg** was substituted with Ca** and several other multivalent
ions (see Figures S9—S11). Besides, the stabilized bent
conformation can be reversed by adding EDTA (Figure
S11). While S-1A.1-a shows relatively low catalytic activity in
the presence of Ca®" alone, even at [Ca®>"] = 60 mM (Figure
S12A), it still exhibits structural sensitivity to Ca®". These
results show that although both ribozymes undergo global
structural equilibrium to the bent conformation in response to
increasing the concentration of Mg2+ and Ca?, the global
structural sensitivity to divalent ions does not necessarily
correlate with catalytic activity. Although Mg-native PAGE
reveals the global conformational dynamics of the ribozymes, it
does not provide insight into local structural changes at the
catalytic site, which are likely the primary determinants of
activity. To further investigate this, we prepared S1A-C33G, an
inactive mutant of S-1A.1-a, which lacks catalytic activity.
Remarkably, this mutant displayed an identical conformation
shift toward the bent structure upon adding Mg** and Ca*",
similar to the wild-type ribozyme (Figure S12B). This
observation reinforces the hypothesis that local structural
changes at the aminoacylation site, rather than global
conformational shifts, dictate ribozyme activity.
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To gain deeper insights into the local structural changes at the
aminoacylation site of S-1A.1-a and S-2.1-a, we first examined
the changes in average fluorescence wavelength (A{A)) of
4CNW in the holo-forms of S-1A.1-a and S-2.1-a with Mg**
and Ca** titration at 25 °C (Figure 5A). The results show that
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Figure S. Fluorescence analysis of the local environment of the
aminoacylation site in BACNW conjugated S-1A.1-a and S-2.1-a. (A)
Change in average fluorescence wavelength, A(4), of B4CNW
conjugated S-1A.1-a and S-2.1-a titrated with Mg** and Ca®" at 25
°C. Increasing [Mg**] results in a blueshift for S-1A.1-a (blue) and a
redshift for $-2.1-a (red). In contrast, Ca®* titration results in minimal
change for S-1A.1-a (cyan) and a relatively minor redshift for S-2.1-a
(yellow). The error bars represent the standard deviation of the mean
(n = S). (B,C) The normalized change in average fluorescence
wavelength, A(1)y, for S-1A.1-a (red) and S-2.1-a (blue) at varying
[Mg**] (0, 0.1, 2, and 5 mM) with temperature changes. The change
in slope is denoted by arrows, representing the onset of thermally
induced unfolding temperature (T,), determined as described in
Materials and Methods. Detailed analysis is shown in Figure S14.

as the Mg®* concentrations increased, the fluorescence peak for
S-1A.1-a shifted to a shorter wavelength (blue shift), while for
S-2.1-a, it shifted to a longer wavelength (red shift), indicating
an opposite change in the polarity of the environment near the
aminoacylation site. Notably, the change eventually reached a
plateau at different concentrations for each ribozyme. In S-
1A.1-a, the average fluorescence wavelength decreased sharply
at the beginning of the Mg** titration (i.e, <l mM) and
reached a plateau. On the other hand, the average fluorescence
wavelength of S-2.1-a gradually increased and reached its
plateau at around 5 mM, indicating that the aminoacylation
site of S-1A.1-a is more sensitive to changes in [Mg®*] than
that of S-2.1-a. The average fluorescence wavelength of S-1A.1-
a remained nearly unchanged with Ca®*, while S-2.1-a showed
similar trends to those in Mg®* but with less pronounced shifts.
The reversibility of the Mg**-induced fluorescence wavelength
shifts upon EDTA addition confirms that the observed
fluorescence changes are directly governed by divalent ions
(Figure S13).

We further explored the thermal stability of the amino-
acylation site in the presence of different [Mg**] and [Ca**].
Figure SB,C shows the normalized change in the average
fluorescence wavelength (A(4)y) of S-1A.1-a and S-2.1-a with
varying temperatures and [Mg”], respectively. In general, we

https://doi.org/10.1021/jacsau.5c00146
JACS Au 2025, 5, 2172-2185


https://pubs.acs.org/doi/suppl/10.1021/jacsau.5c00146/suppl_file/au5c00146_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.5c00146/suppl_file/au5c00146_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.5c00146/suppl_file/au5c00146_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.5c00146/suppl_file/au5c00146_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.5c00146/suppl_file/au5c00146_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.5c00146/suppl_file/au5c00146_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.5c00146/suppl_file/au5c00146_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.5c00146/suppl_file/au5c00146_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.5c00146/suppl_file/au5c00146_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacsau.5c00146?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.5c00146?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.5c00146?fig=fig5&ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.5c00146/suppl_file/au5c00146_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacsau.5c00146?fig=fig5&ref=pdf
pubs.acs.org/jacsau?ref=pdf
https://doi.org/10.1021/jacsau.5c00146?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

observed a red shift in the fluorescence peaks as the
temperature increased, indicating the exposure of the amino-
acylation site. The onset of thermally induced unfolding
temperature (T,) was identified when the fluorescence
wavelength changed rapidly, indicating the start of the
unfolding process (see Methods). For S-1A.1-a, T, could be
determined for 2 mM and S mM Mg** (see Figure S14) but
not at lower concentrations due to the lack of an evident slope
change. The T, of S-1A.1-a increased from 39.9 °C at 2 mM to
46.7 °C at S mM. For S-2.1-a, T, can be determined for all
measured conditions, with T, shifting to higher temperatures
as Mg** concentration increased (27.9 °C at 0 mM, 33.1 °C at
0.1 mM, 49.0 °C at 2 mM, and 57.6 °C at 5 mM). The
increase of [Mg?*] causes the T, to shift to higher values,
indicating the structural stabilizing effect of Mg**. We found
that the thermal stability of S-2.1-a improves significantly as
[Mg**] increases from 0.1 mM to 2 mM. In contrast, S-1A.1-a
shows little sensitivity to changes in [Mg“] within this
concentration range. Notably, the similar T, values obtained
for S-1A.1-a and S-2.1-a in 2 mM Ca®* compared to those in 2
mM Mg** (Figure S14) indicate that Ca** can also stabilize
these structures.

To further investigate how Mg*" alters the local environment
of these ribozymes, we monitored molecular environment
changes at two temperatures (15 and 25 °C). Figure 6A,B
presents the relative peak fluorescence intensity and average
fluorescence wavelength changes for S-1A.1-a and S-2.1-a
respectively. The blue shift observed in S-1A.1-a indicates that

A .
0 d?fﬂ%* Haras, L S S
-0.1 i Tresy, .
Hi Soge 7 t
~ .02 ISP R
3 i ) IS
= 03 IR 7“;* = Hiﬂid.z*
< 04 ) Y 02 i H* i
" eisc < izﬂ”* ;Hé # e15°C
05 o5 223! t ©25°C
0.6 0.3
0 5 10 15 20 25 0 s 10 15 20 25
[Mg?] (mM) [Mg?] (mM)
B
ol 12
IIITH
0.1 Hog, o gn!iiii!““”““””
2_0_2 0"::::.. E 0.8 22 H
g.03 tieegy A 060
<04 yo4 °
o5 25 02 o
0.6 L |
0 5 10 15 20 25 8 s 10 15 20 2
[Mg?] (mM) [Mg?*] (mM)

Figure 6. Temperature-dependent fluorescence analysis with Mg**
titration. The relative peak fluorescence intensity (AF, left) and
average fluorescence wavelength change (A(A), right) as a function of
[Mg**] at 15 and 25 °C for (A) S-1A.1-a and (B) S-2.1-a. For S-1A.1-
a, the decrease in peak intensity indicates Mg**-induced quenching,
which is reduced at 15 °C, suggesting a dynamic quenching
mechanism. The blue shift in A(A) implies the burial of the 4CNW
fluorescence group within the RNA tertiary structure of S-1A.1-a
supporting the dynamic quenching mechanism. For S-2.1-a, the
reduction in relative peak fluorescence intensity with increasing
[Mg**] also indicates Mg**-induced quenching but with no
observable temperature dependence, suggesting a nondynamic
quenching mechanism. The red shift in A(A) implies the exposure
of the 4CNW fluorescence group for S-2.1-a. The trends of A(4) at
two different temperatures are similar, indicating a consistent
environmental change of the aminoacylation site to Mg** within
this temperature range. The error bars represent the standard
deviation of the mean (n = 5).
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4CNW becomes more buried within the RNA, which leads to
dynamic fluorescence quenching throu§h interactions (colli-
sions) with nearby nucleobases.”””>™"" Indeed, S-1A.1-a’s
fluorescence intensity decreases with rising [Mg**], but the
quenching effect is reduced at 15 °C (i.e., the signal decays
more slowly), consistent with a dynamic quenching mecha-
nism. For S-2.1-a, peak intensity also diminishes with
increasing [Mg®'], yet we observe no correlation between
quenching and temperature. This suggests that quenching in S-
2.1-a mainly arises from other temperature-insensitive
quenching mechanisms. Notably, guanine residues are known
to quench indole and 4CNW fluorescence through photo-
induced electron transfer (PET);”®”" thus, placing the
fluorophore at G65 in S-1A.1-a or G54 in S-2.1-a predisposes
it to guanine-mediated quenching whenever the fluorophore is
brought into proximity with other nucleobases. Although the
red shift in fluorescence wavelength for S-2.1-a indicates
increased solvent exposure, the overall intensity may still
decrease if guanine-based quenching becomes more efficient
under these rearranged conformations, ultimately outweighing
any fluorescence enhancement that might result from greater
solvent accessibility. To determine whether these effects apply
broadly to other divalent ions, we conducted the same assay
using Ca®*. Similar intensity decay was observed for both
ribozymes upon Ca®* addition (Figure S15A,B), indicating that
this quenching arises from a rather general divalent ion-
induced structural reorganization rather than a Mg**-specific
process. We also confirmed that free B4CNW exhibits
negligible fluorescence changes when exposed to Mg*" (Figure
S15C), demonstrating that Mg**-induced structural changes in
the ribozyme, rather than direct cation coordination to the
fluorophore, are primarily responsible for quenching.*” Finally,
the lack of a pronounced temperature dependence in the
wavelength shift (Figure 6B, right) supports the idea that the
environment near the aminoacylation site remains relatively
stable over the investigated temperature range.

Fluorescence data demonstrated that the aminoacylation site
of S-1A.1-a is highly responsive to low Mg®" concentrations
(<0.1 mM), more so than S-2.1-a. However, the thermal
stability of the active structure of S-1A.1-a may be
compromised at room temperature (25—27 °C) at low Mg**
concentrations. We hypothesized that both ribozymes may
maintain a small fraction of their active structures, even in the
absence of divalent ions, and the introduction of divalent ions
could shift the conformational equilibrium from an inactive to
an active structure. To validate our hypothesis, we performed
streptavidin gel-shift assays (Figure 7A) by increasing RNA
loading to 200 ng (i.e., the qualitative assay as described) and
reducing the reaction temperature to 4 °C, revealing faint but
detectable aminoacylation activity for both ribozymes without
Mg** and even in the presence of 1 mM EDTA. The inclusion
of EDTA served to chelate any residual divalent ions in the test
tube, ensuring that the observed activity was genuinely metal-
ion independent. The presence of aminoacylation activity in
the EDTA-treated samples suggests that the ribozymes can
maintain a catalytically active conformation without divalent
ions. These results suggest that the local structure folding
supports catalytic activity, even when global ion-dependent
folding is hampered. Furthermore, at 0.1 mM Mg2+, S-1A.1-a
displayed clear aminoacylation activity, while S-2.1-a showed
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Figure 7. The activity of S-1A.1-a and S-2.1-a at low [Mg?*] and their structure predictions. (A) The streptavidin gel-shift assay shows the reacted
fractions of S-1A.1-a (top) and S-2.1-a (bottom) with [BYO] = 500 uM at 4 °C in the absence of Mg**, with 0.1 mM Mg?**, and with 1 mM EDTA.
(B) AlphaFold 3 predicted structures of S-1A.1-a (top) and S-2.1-a (bottom) with (blue and red) and without (cyan and pink) Mg** are shown.
The aminoacylation sites are highlighted in spheres. The predicted structures demonstrate the conformational changes induced by Mg®* binding.
The corresponding two-dimensional drawings created with RiboDraw”’ are displayed in Figure S16. Ten predicted structures of each ribozyme
with Mg** (yellow) from two different seeds (one with a single Mg** and the other with two Mg**) were aligned. The clustered Mg** binding sites

in S-1A.1-a are highlighted.

only marginal activity, underscoring the high sensitivity of S-
1A.1-a to Mg®". This experiment highlights the critical role of
local structural changes in governing the activity of S-1A.1-a,
which is more sensitive to low Mg** concentrations than S-2.1-
a.

To gain insight into the possible tertiary arrangements of S-
1A.1-a and S-2.1-a, we used AlphaFold 3*! to predict the
tertiary folds of both ribozymes with and without Mg** ions
(see Methods). We note that accurate ribozyme structures
remain particularly challenging for computational predic-
tion,”* partly because local conformations and catalytically
relevant pockets can be difficult to capture.”* Nonetheless,
AlphaFold 3 has shown promising results for short RNA
sequences,”>*® and we leverage its global predictions here as a
complementary tool rather than a definitive result.

In the predicted models, S-1A.1-a (Figure 7B) without Mg**
(cyan) features an L-shaped stacking of two stem-loops,
whereas the Mg**-bound structures (blue) suggest a “kissing”
stem-loop arrangement. We note that these outputs should not
be interpreted as proof that all conformations are populated in
solution; rather, they represent plausible structural scenarios
illustrating how Mg** might influence tertiary contacts.
Notably, AlphaFold 3 consistently places Mg** ions (yellow
spheres) near the aminoacylation site G6S, which resonates
with our experimental observation that Mg>* strongly
modulates the local structure. Meanwhile, our Mg**-native
PAGE data (Figure 4) reveal a bent conformation at elevated
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Mg** concentrations, broadly compatible with AlphaFold’s
folded states. In the case of S-2.1-a, the models consistently
predict a coaxially stacked arrangement of stem-loops, whether
Mg*" is present or not (pink). In several predicting models, the
pseudoknot structure is observed with and without Mg**
(red); however, it appears more frequently in the presence
of Mg?* according to several predictions. These observations
imply that while S-2.1-a’s overall stem-loop framework may
remain largely intact, Mg** could favor the formation or
stabilization of more complex features (i.e, pseudoknot
structures). Overall, AlphaFold 3 offers a starting point for
exploring how divalent ions could shape the global
architectures of these two ribozymes. It suggests plausible
ways in which ion binding may tip the equilibrium between
more compact and more extended states, helping us form
testable hypotheses about ribozyme folding under varying ionic
conditions.

In this study, we investigated the roles of Mg** and Ca** in
modulating the catalytic activities of two self-aminoacylating
ribozymes, S-1A.1-a and S-2.1-a. We demonstrated that S-
1A.1-a activity primarily depends on the concentration of
Mg**, while S-2.1-a can utilize both Mg** and Ca** as
cofactors, with a stronger positive correlation with the total
concentration of these divalent ions (Figure 2). This suggests
that S-2.1-a is less specific to Mg®". This differential ion
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dependence is consistent with previous studies that highlight
the unique roles of Mg*" in ribozyme activity and folding.**~""
Specific ion binding to RNA, which requires energetically
costly partial dehydration and strongly depends on the ion
radius, is presumed to be essential in regulating the ion binding
to RNA.”

Our results indicate that Mg** plays a critical role in
stabilizing the catalytically active conformation of S-1A.1-a,
consistent with prior studies of acyl-transferase ribozymes.””
However, while previous works have shown that outer-sphere
and inner-sphere coordination can facilitate catalysis, our study
highlights that Ca®*" cannot induce the same catalytic activity
level in S-1A.1-a. This suggests that the specific coordination
geometry and charge density of Mg®" are critical for forming
the active site. The experimental results indicate a strong
preference for Mg** over Ca’" in S-1A.1-a, suggesting specific
binding of Mg*" to stabilize the catalytically active structure of
S-1A.1-a. The preference for Mg** over Ca** can be attributed
to its smaller ionic radius and higher charge density, which
allow for a tighter interaction with both the RNA backbone
and the active site residues. A notable blue shift in the 4CNW
fluorescence of S-1A.1-a induced by Mg** suggests that its
aminoacylation site becomes buried upon interacting with
Mg**. Outer-sphere interactions between divalent ions (both
Mg** and Ca**) and S-1A.1-a could induce additional global
structural changes (i.e., S1* population increase shown in the
Mg-native PAGE) while maintaining the environment of the
catalytic core minimally perturbed. Our results suggest that
local and global structural changes can be decoupled. For S-
1A.1-a, while the global conformation can be shifted by both
Mg** and Ca®, the local environment at the aminoacylation
site only becomes more compact in the presence of Mg**, as
indicated by the blue shift in the 4CNW fluorescence. In
contrast, for S-2.1-a, Mg2+ and Ca** seemed equally beneficial
to its activity, suggesting that the catalytic structure of S-2.1-a
is derived mainly from diffusive divalent ions. The higher
structural heterogeneity of S-2.1-a, as shown in the Mg-native
PAGE (Figure 4B), also suggests that S-2.1-a can use diverse
divalent ions and has more adaptable binding sites than the
precise coordination required by S-1A.1-a. The flexible
structure of S-2.1-a may enable it to accommodate different
divalent ions, thereby maintaining catalytic activity under
varying conditions.

In this study, we concentrated on the roles of Mg** and Ca**
ions in ribozyme activity, despite the fact that certain
ribozymes demonstrate increased catalzrtic activity with
alternative ions such as Mn**,’* Zn>*”> or lanthanides”™
owing to their distinctive coordination properties. We
emphasized Mg** and Ca’* due to their physiological relevance
and their utilization during the in vitro selection of S-1A.1-a
and S-2.1-a. Our findings highlight the significant impact of
Mg* and Ca’ on ribozyme activity and structure. Never-
theless, future investigations could examine the effects of other
divalent ions on the catalytic efficiency and structural dynamics
of these ribozymes. Such research should provide valuable
insights into the adaptability and evolutionary significance of
ribozyme-ion interactions.

Our results highlight the varying structural dynamics of the
two ribozymes, where S-1A.1-a relies on local structural
integrity for catalytic efficiency, while S-2.1-a exhibits a more
flexible and exposed conformation overall. Interestingly,
previous studies have shown that S-1A.1-a preferred aminoacyl
oxazolone substrates with aromatic amino acid side chains. On
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the contrary, S-2.1-a uses a variety of aminoacyl oxazolone
substrates, including those with aromatic side chains, small
hydrophobic alkyl side chains (e.g, leucyl, isoleucyl-, and
valyl-), and sulfur-containing side chains (e.g,, methionyl-).*”
The higher promiscuity of S-2.1-a could stem from its higher
structural heterogeneity, presenting the flexibility to accom-
modate a broader range of substrates,"”””?®* The flexible
structure of S-2.1-a could enable it to maintain catalytic activity
under varying divalent jon conditions and substrates. In
contrast, S-1A.1-a exhibits a more specific dependence on
Mg**, possibly indicating its specialized role at the amino-
acylation site of S-1A.1-a.

We showed that the unfolding temperatures (T,) of S-2.1-a
and S-1A.1-a generally increase in the presence of Mg”* and
Ca, indicating that these divalent ions can thermodynami-
cally stabilize the folding structures of ribozymes (see Figures
SB,C and S14). Combined with the results of Mg-native
PAGE, this suggests that for S-2.1-a, stabilizing its bent
structures (i.e, S2 band) by Mg®" and Ca*" could be essential
for its function, as its catalytic activity requires about 2 mM of
divalent ions (see Figures 2B and S3). This is consistent with
studies on ribozymes where divalent ions binding is essential
for structural integrity and catalytic activity.””~'°" For S-1A.1-
a, a similar structure stabilization effect for the divalent ions is
observed, though its T, change with respect to the [Mg**] is
relatively small compared to S-2.1-a. Notably, the fraction of
the bent conformation of S-1A.1-a (i.e,, SI and S1*) changes
significantly, increasing from less than 0.01 to approximately
0.5, with an increase in [Mg’*] from 0 mM to S mM. This
observation implies that while the overall structure of S-1A.1-a
is affected by Ca®* and Mg®, the local structure of the
aminoacylation site does not seem to experience significant
differences. This supports the model that S-1A.1-a can function
efficiently with minimal Mg*" binding, relying on specific local
structural adjustments rather than extensive global rearrange-
ments. This behavior is similar to ribozymes that utilize specific
local interactions with Mg** for their catalytic functions. For
example, the CPEB3 self-cleaving ribozyme adopts its globular
folded structure in monovalent ions alone, but up to eight
Mg*" binding sites are crucial for forming the active
structure.'**

Our experimental characterization relies on using 4CNW as
a fluorescent probe, providing insights into the local environ-
ment of the aminoacylation site of the ribozymes. By
monitoring its fluorescence changes in response to varying
concentrations of Mg** and Ca**, we could distinguish
between global and local structural changes. The blue shift
observed in S-1A.1-a during Mg** titration suggests that the
fluorophore becomes more buried within the RNA, leading to
dynamic quenching by nucleobases.”””*~”” We show that the
aminoacylation site of S-1A.1-a is structurally buried, whereas
it is relatively exposed for S-2.1-a. This information clarifies the
catalytic mechanism of these two ribozymes. The specific
binding of Mg*" to S-1A.1-a leads to the catalytic core
formation, optimizing its interaction with specific substrates. In
contrast, S-2.1-a, with its broader substrate specificity and less
specific ion dependence, likely maintains a more flexible and
adaptable active site, allowing it to function under various ionic
conditions and substrates. Our data suggest that local
structural environments play a significant role in the catalytic
efficiency of ribozymes and that understanding these local
changes can lead to a better grasp of ribozyme functionality.
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This study investigated the impact of Mg®* and Ca’* on the
catalytic activities of self-aminoacylating ribozymes, S-1A.1-a
and S-2.1-a, using biochemical assays and fluorescence
spectroscopy with 4CNW. Our results show that S-1A.1-a
favors Mg®* over Ca®* and remains active at low Mg>*
concentrations, highlighting the unique ability of MgZJr to
stabilize its active conformation through tight binding and
effective charge neutralization. The 4CNW fluorescence data
indicate that Mg*" induces local structural changes, leading to a
buried aminoacylation site for S-1A.1-a. In contrast, S-2.1-a
efficiently utilizes both Mg®* and Ca®', exhibiting relatively
broader ion adaptability. The 4CNW fluorescence results
suggest a relatively exposed aminoacylation site of S-2.1-a,
reflecting its structural flexibility observed in the Mg-native
PAGE analysis. This study emphasizes the significance of local
environmental changes in ribozyme function and provides
insights into ion-dependent catalysis. Understanding these
mechanisms is crucial for elucidating the evolutionary
significance of divalent ions in RNA-based life forms and
underscores the need for further experimental exploration of
localized ribozyme-ion interactions.

All chemicals were obtained from commercial resources and used
without further purification. The NMR spectra were recorded on
Agilent DD2 (600 MHz) and Varian-400 MR (400 MHz) NMR
spectrometers with CDCl;, d6-DMSO, and D,O as the solvent. Mass
spectra were collected using an UltrafleXtreme MALDI-TOF/TOF
mass spectrometer from Bruker Daltonics, equipped with an Nd: YAG
laser (4 = 355 nm) and controlled by FlexControl data collection
software. The mass spectra were acquired by summing 1000 single-
shot mass spectra. DNAs were chemically synthesized and were page
purified by Pro-Tech chemicals, Taiwan. Biotinyl-Tyr(Me)-oxazolone
(BYO) was prepared as previously described.’ Before any assays, RNA
samples were heat-refolded in a buffer without Mg** or Ca** at 65 °C
for 5 min and then cooled to room temperature.

To a solution of 4CN-Trp (0.1146 g, 0.5 mmol) in 2.0 mL of 100
mM sodium phosphate, pH 8.0, in a 25 mL round-bottom flask was
added biotinyl-N-hydroxysuccinimide (0.1717 g, 0.5 mmol). The pH
of the solution was adjusted to 9 with 1 M NaOH. After stirring at
room temperature overnight, the precipitate was filtered off, and the
filtrate was evaporated under reduced pressure. The product was
precipitated by adjusting the remaining solution to pH 2—3 with 1 M
HCl to yield biotinyl-4-cyanotryptophan (B4CNW, yellow solid). The
solid was dried with phosphorus pentoxide in a vacuum.
Subsequently, to a solution of EDC (0.1342 g, 0.7 mmol) in 2 mL
of dichloromethane in a 25 mL round-bottom flask was added
B4CNW (0.0455 g, 0.1 mmol) in S mL of dichloromethane. The
mixture was stirred and sonicated at 4 °C for 3—4 h until all starting
material was dissolved. The mixture was then washed once each with
water, saturated sodium bicarbonate, and saturated brine. The organic
layer was dried over anhydrous magnesium sulfate and concentrated
under reduced pressure to yield biotinyl-4-cyanotryptophan-S(4H)-
oxazolone (B4CNWO).

Chemical synthesis was used to obtain DNA molecules having the
sequence S'-GATAATACGACTCACTATAGGGAATGGATCCA-
CATCTACGAATTC-N21-TTCACTGCAGACTTGAC-
GAAGCTG-3'; the nucleotides upstream of the transcription start
site for T7 RNA transcriptase are underlined, and N21 denotes 21
consecutive nucleotides which are CTACTTCAAA-
CAATCGGTCTG for S-1A.1-a and ATTACCCTGGTCATC-
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GAGTGA for S-2.1-a. DNAs were PCR amplified using Pfu DNA
polymerase (Bioman Scientific Co., Taipei, Taiwan). RNAs were
transcribed using T7 RNA Polymerase ver.2.0 (Takara). In vitro T7
promoter-based transcription was performed overnight at 37 °C with
200 U of T7 RNA polymerase in the presence of 10 mM NTPs, 1 ug
of dsDNA template, 20 U of RNase inhibitor (RNAok, SMOBIO,
Taiwan), and 1X T7 RNA Polymerase buffer (Takara) included in the
reagent kit. The transcribed RNA was DNase I digested at 37 °C for
15 min and then purified from the denaturing polyacrylamide gel
electrophoresis. RNA was excised from the gel and eluted in storage
buffer (10 mM Tris and 1 mM EDTA, pH 8.0), followed by ethanol
precipitation. The RNA pellets were dissolved in 100 uL of storage
buffer. The RNA concentration of each sample was determined by the
absorbance at 260 nm using Biophotometer (Eppendorf).

Streptavidin gel-shift assays for observation of reactivity were
performed with 0.4 yM RNA and 500 yuM BYO or B4CNWO per
sample unless otherwise noted. RNAs were incubated with substrates
for 100 min at room temperature with varying concentrations of Mg>*
and Ca*" in a HEPES buffer (100 mM HEPES, 100 mM NaCl, 100
mM KCl, pH 8.00). The reactions were stopped by removing
unreacted substrate using Bio-Spin p-30 desalting columns (Bio-Rad)
and exchanging the buffer to desalting buffer (10 mM Tris, 100 mM
NaCl, pH 7.00). Subsequently, the samples (50 ng of RNAs for
quantitative assay and 200 ng of RNAs for qualitative assay) were
treated with 4 yM streptavidin (NEB) for 15 min and then, in a 7:3
volume ratio, mixed with a TE-loading dye buffer (10 mM Tris-HC],
60 mM EDTA, 40% (w/v) glycerol, 0.03% (w/v) of bromophenol
blue and xylene cyanol) subjected to analysis via 8% polyacrylamide
(29:1 acrylamide/bis-acrylamide) gel made in TBE buffer (44.5 mM
Tris, 44.5 mM Boric acid and 1.4 mM EDTA pH 8.30). The native
PAGEs were stained with SYBR Gold (Invitrogen) in Tris buffer (10
mM Tris, pH 8.0) for 10 min. After staining, images were captured
using the CCD camera on the UV transilluminator (SmartView 111,
Major Science) and then analyzed using Image] software (NIH).

Pearson correlation coefficients (r) were calculated to quantify the
correlation between ribozyme activity and the divalent ion
concentration. The reacted fraction was plotted on the y-axis, while
the logarithm of the Mg®’, Ca®" concentration, or their combined
concentration, was plotted on the x-axis. Linear regression analysis
was performed to calculate the r, which indicates the strength and
direction of the linear relationship between ribozyme activity and
divalent ion concentration. The r can range from —1 to 1, where a
value close to 1 suggests a strong positive linear correlation, a value
close to —1 indicates a strong negative linear correlation, and a value
around 0 indicates no linear correlation. p-values were calculated to
evaluate the statistical significance of these correlations.

RNAs (7 pmol) in a Tris-NaCl buffer (10 mM Tris and 100 mM
NaCl, pH 8.00), with specific Mg** and Ca®" concentrations, were
incubated with a loading dye buffer (10 mM Tris-HCl, 40% (w/v)
glycerol, 0.03% (w/v) of bromophenol blue and xylene cyanol) at a
3:1 volume ratio for 3 h at 30 °C. The samples were then
electrophoresed at 4°C and 2 W in a 14% polyacrylamide (29:1
acrylamide/bis-acrylamide) gel made in THEM; buffer (34 mM Tris,
66 mM HEPES, 0.1 mM EDTA, and 3 mM MgCl,) which is also used
as a running buffer.”® The gel typically ran for about 14 h with a
running length of 15 cm. Gels were stained by SYBR Gold
(Invitrogen) in Tris buffer (10 mM Tris, pH 8.0) for 10 min. After
staining, images were captured with the CCD camera on the UV
transilluminator (SmartView 111, Major Science) and then analyzed
with Image]J software (NIH).
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S-1A.1-a (1.3 nmol) was incubated with 1000 uM B4CNWO in the
aminoacylation buffer (100 mM HEPES, 100 mM NaCl, 100 mM
KCl, 20 mM MgCl,, and 20 mM CaCl,, pH 8.00) at 4 °C for 60 min.
The process was repeated three times to maximize the labeling
efficiency. S-2.1-a (1.3 nmol) was incubated with 1000 uM B4CNWO
in the aminoacylation buffer at room temperature for 20 min. After
the incubation, the unreacted B4ACNWO were removed by Bio-Gel P6
(Bio-Rad) at room temperature with Tris-NaCl buffer as the mobile
phase. This process yielded the Biotinyl-4-cyanotryptophan con-
jugated RNA, which we referred to as the holo-form sample. The
RNA concentration of each sample was determined by the absorbance
at 260 nm using Biophotometer (Eppendorf).

Fluorescence spectra were acquired using a FluoroMax Plus
Spectrofluorometer (Horiba Scientific) with a xenon lamp. Measure-
ments were conducted in 1.0 cm quartz cells with a spectral resolution
of 1.0 nm and an integration time of 1.0 s/nm. Samples were excited
at 302 nm with an excitation slit width of 10 nm and an emission slit
width of S nm. Before each measurement, samples were allowed to
equilibrate in the cuvette for at least 5 min. In Mg®* and Ca®* titration
experiments, the final RNA-B4CNW concentrations were 50 nM for
S-2.1-a and 100 nM for S-1A.1-a in Tris-NaCl buffer. To prevent
potential RNA degradation, 80 U of RNase inhibitors (RNAok,
SMOBIO, Taiwan) were added to the cuvette. One M stock solutions
of Mg** or Ca®* in Tris-NaCl buffer were titrated and mixed into the
cuvette, with S min of equilibration before each measurement.
Emission scans were collected from 390 to 430 nm. For temperature
variation experiments, RNA samples and scanning parameters
remained consistent with those described above. The measuring
temperatures varied from 4 to 74 °C with a resolution of 2 °C per
scan. Before each scan, samples were equilibrated at the target
temperature for 5 to 10 min.

The average fluorescence wavelength ((1)) was calculated using the
following equation:

2, A X I(4)
2,10

where I(4) is the intensity of wavelength A. The average
fluorescence wavelength (A(4)) change in different conditions is

obtained by
A(2) = (), =(A)o

where (), and (1), are the average wavelengths of the initial and
variable conditions (i.e., temperature and divalent ion concen-
trations), respectively. The normalized average wavelength change
A(4)y of different temperatures were calculated by normalizing the
maximum wavelength change at the highest temperature to 1. The
onset of thermally induced unfolding temperature (T,) is then
determined by the intersection of the two linear regression lines. The
RANSAC algorithm was utilized to select the inliers for linear
regression within the specific temperature ranges.'®> This involved
randomly selecting two points for each iteration, with 2000 iterations
set to ensure a reproducible result. The threshold was set at an
average of 0.04 to eliminate outliers. The inliers that exhibit consistent
linear behavior comprise more than 75% of the data points. The R*
values of the fits were all greater than 0.85.

The relative peak fluorescence intensity change (AF) was
calculated as

) =

— F°

max

F:nux
Fu

max

AF =
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where F! and E°__ are the intensity of the fluorescence peak for

variable and initial conditions, respectively.

The predicted ribozyme structures for S-1A.1-a and S-2.1-a were
generated using the AlphaFold 3 server (http:/ /alphafoldserver.com/
) with default settings. This server produces five structural predictions
for each job, which are ranked according to the ranking score metric.
For the structure without Mg®", the input consisted exclusively of the
ribozyme sequences for S-1A.1-a and S-2.1-a. In the Mg**-bound
structures, two seed configurations were employed: one with a single
Mg** and the other containing two Mg*".

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/jacsau.5c00146.

Quantitative and qualitative analyses of RNA detection
and RNA-BYO formation (Figure S1); dependence of
ribozyme activity on [Mg®"] and [Ca®*] (Figure S2);
effect of higher [BYO] on S-2.1-a activity (Figure S3);
synthesis route, NMR spectra, and MALDI-TOF
analysis of B4CNWO (Figures S4—S6); ribozyme
activity using B4CNWO as substrate (Figure S7);
streptavidin gel-shift and Mg-native PAGE analyses
under various ionic conditions (Figures S8—S12);
EDTA reversal of Mg**-induced fluorescence shifts,
thermal stability, and Ca’* fluorescence effects (Figures
$13—S15); two-dimensional illustrations of AlphaFold 3
predicted tertiary structures (Figure S16); synthesis
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synthetic precursors (Table S1); and quantification of
gel band intensities for global conformational analysis
(Table S2) (PDF)

Yei-Chen Lai — Department of Chemistry, National Chung
Hsing University 145 Xingda Rd., South Dist, Taichung City
402202, Taiwan; © orcid.org/0000-0002-5723-5412;
Email: yeichenlai@nchu.edu.tw

Yu-Kai Cheng — Department of Chemistry, National Chung
Hsing University 145 Xingda Rd., South Dist, Taichung City
402202, Taiwan; © orcid.org/0009-0003-4173-4131

Hsing-Hui Chu — Department of Chemistry, National Chung
Hsing University 145 Xingda Rd., South Dist, Taichung City
402202, Taiwan; © orcid.org/0009-0005-2886-9992

Ning-Jun Yang — Department of Chemistry, National Chung
Hsing University 145 Xingda Rd., South Dist, Taichung City
402202, Taiwan

Complete contact information is available at:
https://pubs.acs.org/10.1021/jacsau.5c00146

Y.-K.C, H.-H.C,, N.-].Y,, and Y.-C.L. conceived the experi-
ments and analyzed the data. Y.-K.C,, H.-H.C,, and N.-J.Y,,
conducted the experiments. Y.-C.L. supervised the work. All
authors wrote and edited the manuscript. CRediT: Yu-Kai
Cheng conceptualization, data curation, formal analysis,

https://doi.org/10.1021/jacsau.5c00146
JACS Au 2025, 5, 2172-2185


http://alphafoldserver.com/
https://pubs.acs.org/doi/10.1021/jacsau.5c00146?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/jacsau.5c00146/suppl_file/au5c00146_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yei-Chen+Lai"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-5723-5412
mailto:yeichenlai@nchu.edu.tw
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yu-Kai+Cheng"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0009-0003-4173-4131
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hsing-Hui+Chu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0009-0005-2886-9992
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ning-Jun+Yang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.5c00146?ref=pdf
pubs.acs.org/jacsau?ref=pdf
https://doi.org/10.1021/jacsau.5c00146?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

investigation, methodology, software, visualization, writing -
original draft, writing - review & editing; Hsing-Hui Chu
conceptualization, data curation, formal analysis, investigation,
methodology, visualization, writing - review & editing; Ning-
Jun Yang data curation, methodology, writing - review &
editing; Yei-Chen Lai conceptualization, formal analysis,
funding acquisition, project administration, resources, super-
vision, visualization, writing - original draft, writing - review &
editing,

The authors declare no competing financial interest.

This work was supported by grants (111-2113-M-005-008 and
113-2113-M-005-021) from the National Science and
Technology Council of Taiwan. This work was also financially
supported by the “Innovative Center on Sustainable Negative-
Carbon Resources” from the Featured Areas Research Center
Program within the framework of the Higher Education Sprout
Project by the Ministry of Education in Taiwan. The authors
acknowledge the support from National Chung Hsing
University (NCHU) and the Instrumentation Center at
NCHU. The authors thank Prof. Tsai-Te Lu for helpful
discussions and technical advice.

(1) Pressman, A.; Blanco, C.; Chen, I. A. The RNA World as a
Model System to Study the Origin of Life. Curr. Biol. 2015, 25 (19),
R953—R963.

(2) Robertson, M. P.; Joyce, G. F. The Origins of the RNA World.
Cold Spring Harbor Perspect. Biol. 2012, 4 (5), 2003608—2a003608.

(3) Ishida, S.; Terasaka, N.; Katoh, T.; Suga, H. An aminoacylation
ribozyme evolved from a natural tRNA-sensing T-box riboswitch. Nat.
Chem. Biol. 2020, 16 (6), 702—709.

(4) Radakovic, A.; DasGupta, S.; Wright, T. H.; Aitken, H. R. M,;
Szostak, J. W. Nonenzymatic assembly of active chimeric ribozymes
from aminoacylated RNA oligonucleotides. Proc. Natl. Acad. Sci. U. S.
A. 2022, 119 (7), No. e2116840119.

(5) Su, M.; Schmitt, C.; Liu, Z.; Roberts, S. J.; Liu, K. C.; Rder, K.;
Jaschke, A.; Wales, D. J.; Sutherland, J. D. Triplet-Encoded Prebiotic
RNA Aminoacylation. J. Am. Chem. Soc. 2023, 145 (29), 15971—
15980.

(6) Pressman, A. D.; Liu, Z.; Janzen, E.; Blanco, C.; Miiller, U. F.;
Joyce, G. F.; Pascal, R.; Chen, I. A. Mapping a Systematic Ribozyme
Fitness Landscape Reveals a Frustrated Evolutionary Network for
Self-Aminoacylating RNA. J. Am. Chem. Soc. 2019, 141 (15), 6213—
6223.

(7) Janzen, E.; Shen, Y.; Vazquez-Salazar, A.; Liu, Z.; Blanco, C.;
Kenchel, J; Chen, I. A. Emergent properties as by-products of
prebiotic evolution of aminoacylation ribozymes. Nat. Commun. 2022,
13 (1), 3631.

(8) Miiller, F.; Escobar, L; Xu, F; Wegrzyn, E.; Nainyté, M,;
Amatov, T.; Chan, C. Y,; Pichler, A;; Carell, T. A prebiotically
plausible scenario of an RNA—peptide world. Nature 2022, 605
(7909), 279—284.

(9) Di Giulio, M. On the RNA world: evidence in favor of an early
ribonucleopeptide world. J. Mol. Evol. 1997, 4S (6), 571—578.

(10) Peng, H; Latifi, B.; Miiller, S.; Luptak, A; Chen, L. A. Self-
cleaving ribozymes: substrate specificity and synthetic biology
applications. RSC Chem. Biol. 2021, 2 (S), 1370—1383.

(11) Doudna, J. A.; Cech, T. R. The chemical repertoire of natural
ribozymes. Nature 2002, 418 (6894), 222—228.

(12) Bowman, J. C.; Lenz, T. K; Hud, N. V.; Williams, L. D. Cations
in charge: magnesium ions in RNA folding and catalysis. Curr. Opin.
Struct. Biol. 2012, 22 (3), 262—272.

2183

(13) Zhou, J. M.; Zhou, D. M.; Takagi, Y.; Kasai, Y.; Inoue, A.; Baba,
T.; Taira, K. Existence of efficient divalent metal ion-catalyzed and
inefficient divalent metal ion-independent channels in reactions
catalyzed by a hammerhead ribozyme. Nucleic Acids Res. 2002, 30
(11), 2374—2382.

(14) Wedekind, J. E;; McKay, D. B. Crystallographic structures of
the hammerhead ribozyme: relationship to ribozyme folding and
catalysis. Annu. Rev. Biophys. Biomol. Struct. 1998, 27, 475—502.

(15) Ward, W. L,; Derose, V. J. Ground-state coordination of a
catalytic metal to the scissile phosphate of a tertiary-stabilized
Hammerhead ribozyme. RNA 2012, 18 (1), 16—23.

(16) Dahm, S. C.; Uhlenbeck, O. C. Role of divalent metal ions in
the hammerhead RNA cleavage reaction. Biochemistry 1991, 30 (39),
9464—9469.

(17) Ekesan, S.; McCarthy, E.; Case, D. A; York, D. M. RNA
Electrostatics: How Ribozymes Engineer Active Sites to Enable
Catalysis. J. Phys. Chem. B 2022, 126 (32), 5982—5990.

(18) Nakano, S.; Chadalavada, D. M.; Bevilacqua, P. C. General
acid-base catalysis in the mechanism of a hepatitis delta virus
ribozyme. Science 2000, 287 (5457), 1493—1497.

(19) Gong, B.; Chen, J. H.; Chase, E.; Chadalavada, D. M.; Yajima,
R.; Golden, B. L.; Bevilacqua, P. C.; Carey, P. R. Direct measurement
of a pK(a) near neutrality for the catalytic cytosine in the genomic
HDV ribozyme using Raman crystallography. J. Am. Chem. Soc. 2007,
129 (43), 13335—13342.

(20) Luptak, A.; Ferre-D’Amare, A. R; Zhou, K; Zilm, K. W,;
Doudna, J. A. Direct pK(a) measurement of the active-site cytosine in
a genomic hepatitis delta virus ribozyme. J. Am. Chem. Soc. 2001, 123
(35), 8447—8452.

(21) Weissman, B.; Ekesan, S.; Lin, H. C.; Gardezi, S.; Li, N. S.;
Giese, T. J.; McCarthy, E.; Harris, M. E.; York, D. M.; Piccirillj, J. A.
Dissociative Transition State in Hepatitis Delta Virus Ribozyme
Catalysis. J. Am. Chem. Soc. 2023, 145 (S), 2830—2839.

(22) Weinberg, Z.; Kim, P. B,; Chen, T. H; Li, S.; Harris, K. A;
Lunse, C. E.; Breaker, R. R. New classes of self-cleaving ribozymes
revealed by comparative genomics analysis. Nat. Chem. Biol. 2018, 11
(8), 606—610.

(23) Panja, S.; Hua, B.; Zegarra, D.; Ha, T.; Woodson, S. A. Metals
induce transient folding and activation of the twister ribozyme. Nat.
Chem. Biol. 2017, 13 (10), 1109—1114.

(24) Zheng, L.; Mairhofer, E.; Teplova, M.; Zhang, Y.; Ma, J.; Patel,
D. J.; Micura, R; Ren, A. Structure-based insights into self-cleavage by
a four-way junctional twister-sister ribozyme. Nat. Commun. 2017, 8
(1), 1180.

(25) Harris, K. A;; Lunse, C. E.; Li, S.; Brewer, K. L; Breaker, R. R.
Biochemical analysis of pistol self-cleaving ribozymes. RNA 2015, 21
(11), 1852—1858.

(26) Gasser, C.; Gebetsberger, J.; Gebetsberger, M.; Micura, R.
SHAPE probing pictures Mg2+-dependent folding of small self-
cleaving ribozymes. Nucleic Acids Res. 2018, 46 (14), 6983—6995.

(27) Zheng, L.; Falschlunger, C.; Huang, K.; Mairhofer, E.; Yuan, S.;
Wang, J; Patel, D. J.; Micura, R.; Ren, A. Hatchet ribozyme structure
and implications for cleavage mechanism. Proc. Natl. Acad. Sci. U. S. A.
2019, 116 (22), 10783—10791.

(28) Purtha, W. E.; Coppins, R. L.; Smalley, M. K,; Silverman, S. K.
General deoxyribozyme-catalyzed synthesis of native 3’-5' RNA
linkages. J. Am. Chem. Soc. 2005, 127 (38), 13124—13125.

(29) Rosenbach, H.; Victor, J.; Etzkorn, M.; Steger, G.; Riesner, D.;
Span, I. Molecular Features and Metal Ions That Influence 10—23
DNAzyme Activity. Molecules 2020, 25 (13), 3100.

(30) Kim, H. K; Rasnik, I; Liu, J.; Ha, T.; Lu, Y. Dissecting metal
ion-dependent folding and catalysis of a single DNAzyme. Nat. Chem.
Biol. 2007, 3 (12), 763—768.

(31) Wieruszewska, J.; Pawlowicz, A.; Polomska, E.; Pasternak, K.;
Gdaniec, Z.; Andralojc, W. The 8—17 DNAzyme can operate in a
single active structure regardless of metal ion cofactor. Nat. Commun.
2024, 15 (1), 4218.

(32) Borggrafe, J.; Victor, J.; Rosenbach, H.; Viegas, A.; Gertzen, C.
G. W.; Wuebben, C; Kovacs, H,; Gopalswamy, M.; Riesner, D;

https://doi.org/10.1021/jacsau.5c00146
JACS Au 2025, 5, 2172-2185


https://doi.org/10.1016/j.cub.2015.06.016
https://doi.org/10.1016/j.cub.2015.06.016
https://doi.org/10.1101/cshperspect.a003608
https://doi.org/10.1038/s41589-020-0500-6
https://doi.org/10.1038/s41589-020-0500-6
https://doi.org/10.1073/pnas.2116840119
https://doi.org/10.1073/pnas.2116840119
https://doi.org/10.1021/jacs.3c03931?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.3c03931?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.8b13298?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.8b13298?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.8b13298?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41467-022-31387-0
https://doi.org/10.1038/s41467-022-31387-0
https://doi.org/10.1038/s41586-022-04676-3
https://doi.org/10.1038/s41586-022-04676-3
https://doi.org/10.1007/PL00006261
https://doi.org/10.1007/PL00006261
https://doi.org/10.1039/D0CB00207K
https://doi.org/10.1039/D0CB00207K
https://doi.org/10.1039/D0CB00207K
https://doi.org/10.1038/418222a
https://doi.org/10.1038/418222a
https://doi.org/10.1016/j.sbi.2012.04.006
https://doi.org/10.1016/j.sbi.2012.04.006
https://doi.org/10.1093/nar/30.11.2374
https://doi.org/10.1093/nar/30.11.2374
https://doi.org/10.1093/nar/30.11.2374
https://doi.org/10.1146/annurev.biophys.27.1.475
https://doi.org/10.1146/annurev.biophys.27.1.475
https://doi.org/10.1146/annurev.biophys.27.1.475
https://doi.org/10.1261/rna.030239.111
https://doi.org/10.1261/rna.030239.111
https://doi.org/10.1261/rna.030239.111
https://doi.org/10.1021/bi00103a011?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bi00103a011?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcb.2c03727?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcb.2c03727?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcb.2c03727?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1126/science.287.5457.1493
https://doi.org/10.1126/science.287.5457.1493
https://doi.org/10.1126/science.287.5457.1493
https://doi.org/10.1021/ja0743893?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja0743893?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja0743893?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja016091x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja016091x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.2c10079?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.2c10079?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/nchembio.1846
https://doi.org/10.1038/nchembio.1846
https://doi.org/10.1038/nchembio.2459
https://doi.org/10.1038/nchembio.2459
https://doi.org/10.1038/s41467-017-01276-y
https://doi.org/10.1038/s41467-017-01276-y
https://doi.org/10.1261/rna.052514.115
https://doi.org/10.1093/nar/gky555
https://doi.org/10.1093/nar/gky555
https://doi.org/10.1073/pnas.1902413116
https://doi.org/10.1073/pnas.1902413116
https://doi.org/10.1021/ja0533702?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja0533702?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.3390/molecules25133100
https://doi.org/10.3390/molecules25133100
https://doi.org/10.1038/nchembio.2007.45
https://doi.org/10.1038/nchembio.2007.45
https://doi.org/10.1038/s41467-024-48638-x
https://doi.org/10.1038/s41467-024-48638-x
pubs.acs.org/jacsau?ref=pdf
https://doi.org/10.1021/jacsau.5c00146?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Steger, G.; et al. Time-resolved structural analysis of an RNA-cleaving
DNA catalyst. Nature 2022, 601 (7891), 144—149.

(33) Ponce-Salvatierra, A.; Wawrzyniak-Turek, K.; Steuerwald, U,;
Hobartner, C.; Pena, V. Crystal structure of a DNA catalyst. Nature
2016, 529 (7585), 231—234.

(34) Ekesan, S.; York, D. M. Dynamical ensemble of the active state
and transition state mimic for the RNA-cleaving 8—17 DNAzyme in
solution. Nucleic Acids Res. 2019, 47 (19), 10282—10295.

(35) Draper, D. E. A guide to ions and RNA structure. RNA 2004,
10 (3), 335—343.

(36) Draper, D. E; Grilley, D.; Soto, A. M. Ions and RNA Folding.
Annu. Rev. Biophys. Biomol. Struct. 2005, 34 (1), 221-243.

(37) Misra, V. K; Draper, D. E. A thermodynamic framework for
Mg2+ binding to RNA. Proc. Natl. Acad. Sci. U. S. A 2001, 98 (22),
12456—12461.

(38) Halder, A; Roy, R.; Bhattacharyya, D.; Mitra, A. Consequences
of Mg2+ binding on the geometry and stability of RNA base pairs.
Phys. Chem. Chem. Phys. 2018, 20 (34), 21934—21948.

(39) Martinez-Monge, A.; Pastor, L; Bustamante, C.; Manosas, M.;
Ritort, F. Measurement of the specific and non-specific binding
energies of Mg2+ to RNA. Biophys. J. 2022, 121 (16), 3010—3022.

(40) Fiore, J. L.; Holmstrom, E. D.; Nesbitt, D. J. Entropic origin of
Mg2+-facilitated RNA folding. Proc. Natl. Acad. Sci. U. S. A. 2012, 109
(8), 2902—2907.

(41) Brinnvall, M.; Kirsebom, L. A. Metal ion cooperativity in
ribozyme cleavage of RNA. Proc. Natl. Acad. Sci. U. S. A. 2001, 98
(23), 12943—12947.

(42) Shan, S.-O.; Kravchuk, A. V.; Piccirilli, J. A,; Herschlag, D.
Defining the Catalytic Metal Ion Interactions in the Tetrahymena
Ribozyme Reaction. Biochemistry 2001, 40 (17), 5161—5171.

(43) Flynn-Charlebois, A.; Lee, N.; Suga, H. A single metal ion plays
structural and chemical roles in an aminoacyl-transferase ribozyme.
Biochemistry 2001, 40 (45), 13623—13632.

(44) Lee, N.; Suga, H. Essential roles of innersphere metal ions for
the formation of the glutamine binding site in a bifunctional ribozyme.
Biochemistry 2001, 40 (45), 13633—13643.

(4S) Saito, H.; Suga, H. Outersphere and innersphere coordinated
metal ions in an aminoacyl-tRNA synthetase ribozyme. Nucleic Acids
Res. 2002, 30 (23), 5151—5159.

(46) Kohlberger, M.; Gadermaier, G. SELEX: Critical factors and
optimization strategies for successful aptamer selection. Biotechnol.
Appl. Biochem. 2022, 69 (S), 1771—1792.

(47) Sefah, K.; Shangguan, D.; Xiong, X.; O'Donoghue, M. B.; Tan,
W. Development of DNA aptamers using Cell-SELEX. Nat. Protoc.
2010, 5 (6), 1169—1185.

(48) Grosshans, C. A; Cech, T. R. Metal ion requirements for
sequence-specific endoribonuclease activity of the Tetrahymena
ribozyme. Biochemistry 1989, 28 (17), 6888—6894.

(49) Kuo, L. Y.; Piccirilli, J. A. Leaving group stabilization by metal
ion coordination and hydrogen bond donation is an evolutionarily
conserved feature of group I introns. Biochim. Biophys. Acta, Protein
Struct. Mol. Enzymol. 2001, 1522 (3), 158—166.

(50) Cernak, P.; Madix, R. A; Kuo, L. Y.; Lehman, N.
Accommodation of Ca(Il) ions for catalytic activity by a group I
ribozyme. J. Inorg. Biochem. 2008, 102 (7), 1495—1506.

(51) Celander, D. W.; Cech, T. R. Visualizing the higher order
folding of a catalytic RNA molecule. Science 1991, 251 (4992), 401—
407.

(52) Nguyen, H. T.; Hori, N.; Thirumalai, D. Theory and
simulations for RNA folding in mixtures of monovalent and divalent
cations. Proc. Natl. Acad. Sci. U. S. A. 2019, 116 (42), 21022—21030.

(53) Habibullah, S.; Baidya, L.; Kumar, S.; Reddy, G. Metal Ion
Sensing by Tetraloop-like RNA Fragment: Role of Compact
Intermediates with Non-Native Metal Ion-RNA Inner-Shell Contacts.
J. Phys. Chem. B 2024, 128 (46), 11389—11401.

(54) Reddi, R. N.; Rogel, A.; Resnick, E.; Gabizon, R;; Prasad, P. K;
Gurwicz, N.; Barr, H.; Shulman, Z.; London, N. Site-Specific Labeling
of Endogenous Proteins Using CoLDR Chemistry. J. Am. Chem. Soc.
2021, 143 (48), 20095—20108.

2184

(55) Kajihara, D.; Abe, R.; lijima, I; Komiyama, C.; Sisido, M,;
Hohsaka, T. FRET analysis of protein conformational change through
position-specific incorporation of fluorescent amino acids. Nat.
Methods 2006, 3 (11), 923—929.

(56) Seo, Y. J.; Malyshev, D. A.; Lavergne, T.; Ordoukhanian, P.;
Romesberg, F. E. Site-Specific Labeling of DNA and RNA Using an
Efficiently Replicated and Transcribed Class of Unnatural Base Pairs.
J. Am. Chem. Soc. 2011, 133 (49), 19878—19888.

(57) Buttner, L,; Javadi-Zarnaghi, F.; Hobartner, C. Site-specific
labeling of RNA at internal ribose hydroxyl groups: terbium-assisted
deoxyribozymes at work. J. Am. Chem. Soc. 2014, 136 (22), 8131—
8137.

(58) Gongalves, M. S. T. Fluorescent Labeling of Biomolecules with
Organic Probes. Chem. Rev. 2009, 109 (1), 190—212.

(59) Jeong, B. S.; Dyer, R. B. Proton Transport Mechanism of M2
Proton Channel Studied by Laser-Induced pH Jump. J. Am. Chem.
Soc. 2017, 139 (19), 6621—6628.

(60) Neuweiler, H.; Schulz, A.; Bohmer, M.; Enderlein, J.; Sauer, M.
Measurement of submicrosecond intramolecular contact formation in
peptides at the single-molecule level. J. Am. Chem. Soc. 2003, 125
(18), 5324—5330.

(61) Tatulian, S. A.; Garg, P.; Nemec, K. N.; Chen, B.; Khaled, A. R.
Molecular basis for membrane pore formation by bax protein carboxyl
terminus. Biochemistry 2012, S1 (46), 9406—9419.

(62) Chen, Y.; Barkley, M. D. Toward Understanding Tryptophan
Fluorescence in Proteins. Biochemistry 1998, 37 (28), 9976—9982.

(63) Barulin, A.; Wenger, J. Ultraviolet Photostability Improvement
for Autofluorescence Correlation Spectroscopy on Label-Free
Proteins. J. Phys. Chem. Lett. 2020, 11 (6), 2027—2035.

(64) Hilaire, M. R,; Mukherjee, D.; Troxler, T.; Gai, F. Solvent
dependence of cyanoindole fluorescence lifetime. Chem. Phys. Lett.
2017, 685, 133—138.

(65) Yang, Y.; Feng, R. R.; Gai, F. 4-Cyanotryptophan as a Sensitive
Fluorescence Probe of Local Electric Field of Proteins. J. Phys. Chem.
B 2023, 127 (2), 514-519.

(66) Hilaire, M. R.; Ahmed, 1. A.; Lin, C. W.; Jo, H.; DeGrado, W.
F.; Gai, F. Blue fluorescent amino acid for biological spectroscopy and
microscopy. Proc. Natl. Acad. Sci. U. S. A. 2017, 114 (23), 6005—6009.

(67) Lai, Y.-C.; Liu, Z.; Chen, I. A. Encapsulation of ribozymes
inside model protocells leads to faster evolutionary adaptation. Proc.
Natl. Acad. Sci. U. S. A. 2021, 118 (21), No. e2025054118.

(68) Acharyya, A; Ahmed, 1. A; Gai, F. 4-Cyanoindole-based
fluorophores for biological spectroscopy and microscopy. Methods
Enzymol. 2020, 639, 191-218.

(69) Zhang, K.; Ahmed, 1. A.; Kratochvil, H. T.; DeGrado, W. F,;
Gai, F,; Jo, H. Synthesis and application of the blue fluorescent amino
acid 1-4-cyanotryptophan to assess peptide-membrane interactions.
Chem. Commun. 2019, 55 (35), 5095—5098.

(70) Woodson, S. A.; Koculi, E. Analysis of RNA folding by native
polyacrylamide gel electrophoresis. Methods Enzymol. 2009, 469,
189-208.

(71) Slater, G. W.; Noolandi, J. The biased reptation model of DNA
gel electrophoresis: Mobility vs molecular size and gel concentration.
Biopolymers 1989, 28 (10), 1781—1791.

(72) Lilley, D. M.; Bhattacharyya, A.; McAteer, S. Gel electro-
phoresis and the structure of RNA molecules. Biotechnol. Genet. Eng.
Rev. 1992, 10, 379—401.

(73) Zacharias, M.; Hagerman, P. J. The bend in RNA created by
the trans-activation response element bulge of human immunodefi-
ciency virus is straightened by arginine and by Tat-derived peptide.
Proc. Natl. Acad. Sci. U. S. A. 1995, 92 (13), 6052—6056.

(74) Luebke, K. J.; Tinoco, L, Jr Sequence effects on RNA bulge-
induced helix bending and a conserved five-nucleotide bulge from the
group I introns. Biochemistry 1996, 35 (36), 11677—11684.

(75) Robinson, K. E.; Orans, J.; Kovach, A. R.; Link, T. M.; Brennan,
R. G. Mapping Hfq-RNA interaction surfaces using tryptophan
fluorescence quenching. Nucleic Acids Res. 2014, 42 (4), 2736—2749.

(76) Vaiana, A. C.; Neuweiler, H.; Schulz, A.; Wolfrum, J.; Sauer,
M.,; Smith, J. C. Fluorescence quenching of dyes by tryptophan:

https://doi.org/10.1021/jacsau.5c00146
JACS Au 2025, 5, 2172-2185


https://doi.org/10.1038/s41586-021-04225-4
https://doi.org/10.1038/s41586-021-04225-4
https://doi.org/10.1038/nature16471
https://doi.org/10.1093/nar/gkz773
https://doi.org/10.1093/nar/gkz773
https://doi.org/10.1093/nar/gkz773
https://doi.org/10.1261/rna.5205404
https://doi.org/10.1146/annurev.biophys.34.040204.144511
https://doi.org/10.1073/pnas.221234598
https://doi.org/10.1073/pnas.221234598
https://doi.org/10.1039/C8CP03602K
https://doi.org/10.1039/C8CP03602K
https://doi.org/10.1016/j.bpj.2022.07.020
https://doi.org/10.1016/j.bpj.2022.07.020
https://doi.org/10.1073/pnas.1114859109
https://doi.org/10.1073/pnas.1114859109
https://doi.org/10.1073/pnas.221456598
https://doi.org/10.1073/pnas.221456598
https://doi.org/10.1021/bi002887h?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bi002887h?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bi011102k?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bi011102k?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bi011103c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bi011103c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1093/nar/gkf641
https://doi.org/10.1093/nar/gkf641
https://doi.org/10.1002/bab.2244
https://doi.org/10.1002/bab.2244
https://doi.org/10.1038/nprot.2010.66
https://doi.org/10.1021/bi00443a017?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bi00443a017?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bi00443a017?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/S0167-4781(01)00327-X
https://doi.org/10.1016/S0167-4781(01)00327-X
https://doi.org/10.1016/S0167-4781(01)00327-X
https://doi.org/10.1016/j.jinorgbio.2008.01.011
https://doi.org/10.1016/j.jinorgbio.2008.01.011
https://doi.org/10.1126/science.1989074
https://doi.org/10.1126/science.1989074
https://doi.org/10.1073/pnas.1911632116
https://doi.org/10.1073/pnas.1911632116
https://doi.org/10.1073/pnas.1911632116
https://doi.org/10.1021/acs.jpcb.4c06122?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcb.4c06122?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcb.4c06122?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.1c06167?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.1c06167?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/nmeth945
https://doi.org/10.1038/nmeth945
https://doi.org/10.1021/ja207907d?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja207907d?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja503864v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja503864v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja503864v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr0783840?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr0783840?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.7b00617?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.7b00617?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja034040p?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja034040p?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bi301195f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bi301195f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bi980274n?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bi980274n?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.0c00209?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.0c00209?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.0c00209?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.cplett.2017.07.038
https://doi.org/10.1016/j.cplett.2017.07.038
https://doi.org/10.1021/acs.jpcb.2c07605?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcb.2c07605?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1073/pnas.1705586114
https://doi.org/10.1073/pnas.1705586114
https://doi.org/10.1073/pnas.2025054118
https://doi.org/10.1073/pnas.2025054118
https://doi.org/10.1016/bs.mie.2020.04.014
https://doi.org/10.1016/bs.mie.2020.04.014
https://doi.org/10.1039/C9CC01152H
https://doi.org/10.1039/C9CC01152H
https://doi.org/10.1016/S0076-6879(09)69009-1
https://doi.org/10.1016/S0076-6879(09)69009-1
https://doi.org/10.1002/bip.360281011
https://doi.org/10.1002/bip.360281011
https://doi.org/10.1080/02648725.1992.10647893
https://doi.org/10.1080/02648725.1992.10647893
https://doi.org/10.1073/pnas.92.13.6052
https://doi.org/10.1073/pnas.92.13.6052
https://doi.org/10.1073/pnas.92.13.6052
https://doi.org/10.1021/bi960914r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bi960914r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bi960914r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1093/nar/gkt1171
https://doi.org/10.1093/nar/gkt1171
https://doi.org/10.1021/ja036082j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/jacsau?ref=pdf
https://doi.org/10.1021/jacsau.5c00146?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Interactions at atomic detail from combination of experiment and
computer simulation. J. Am. Chem. Soc. 2003, 125 (47), 14564—
14572.

(77) Mascotti, D. P.; Lohman, T. M. Thermodynamics of single-
stranded RNA binding to oligolysines containing tryptophan.
Biochemistry 1992, 31 (37), 8932—8946.

(78) Ahmed, 1. A; Acharyya, A; Eng, C. M,; Rodgers, J. M,;
DeGrado, W. E; Jo, H.; Gai, F. 4-Cyanoindole-2’-deoxyribonucleo-
side as a Dual Fluorescence and Infrared Probe of DNA Structure and
Dynamics. Molecules 2019, 24 (3), 602.

(79) Passow, K. T.; Harki, D. A. 4-Cyanoindole-2’-deoxyribonucleo-
side (4CIN): A Universal Fluorescent Nucleoside Analogue. Org. Lett.
2018, 20 (14), 4310—4313.

(80) Wang, G.; Wang, A.-J; Hu, K.-S. Tryptophan fluorescence
quenching by alkaline earth metal cations in deionized bacterio-
rhodopsin. J. Photochem. Photobiol. B Biol. 2000, 59 (1-3), 38—41.

(81) Abramson, J.; Adler, J.; Dunger, J.; Evans, R.; Green, T.; Pritzel,
A.; Ronneberger, O.; Willmore, L.; Ballard, A. J.; Bambrick, J.; et al.
Accurate structure prediction of biomolecular interactions with
AlphaFold 3. Nature 2024, 630 (8016), 493—500.

(82) By, F,; Adam, Y.; Adamiak, R. W.; Antczak, M.; de Aquino, B.
R. H,; Badepally, N. G.; Batey, R. T.; Baulin, E. F,; Boinski, P,;
Boniecki, M. J.; et al. RNA-Puzzles Round V: blind predictions of 23
RNA structures. Nat. Methods 2025, 22 (2), 399—411.

(83) Miao, Z.; Adamiak, R. W.; Antczak, M.; Boniecki, M. J.;
Bujnicki, J.; Chen, S.J.; Cheng, C.Y.; Cheng, Y.; Chou, F. C.; Das, R;;
et al. RNA-Puzzles Round IV: 3D structure predictions of four
ribozymes and two aptamers. RNA 2020, 26 (8), 982—995.

(84) Nithin, C.; Kmiecik, S.; Blaszczyk, R.; Nowicka, J.; Tuszynska,
I. Comparative analysis of RNA 3D structure prediction methods:
towards enhanced modeling of RNA-ligand interactions. Nucleic Acids
Res. 2024, 52 (13), 7465—7486. .

(85) Martinovi¢, L; Vlasi¢, T.; Li, Y.; Hooi, B.; Zhang, Y.; Siki¢, M. A
Comparative Review of Deep Learning Methods for RNA Tertiary
Structure Prediction. bioRxiv, 2024.

(86) McDonnell, R. T.; Henderson, A. N.; Elcock, A. H. Structure
Prediction of Large RNAs with AlphaFold3 Highlights its Capabilities
and Limitations. J. Mol. Biol. 2024, 436 (22), 168816.

(87) Das, R; Watkins, A. M. RiboDraw: semiautomated two-
dimensional drawing of RNA tertiary structure diagrams. NAR Genom.
Bioinform. 2021, 3 (4), 1qab091.

(88) Buchmueller, K. L.; Webb, A. E.; Richardson, D. A.; Weeks, K.
M. A collapsed non-native RNA folding state. Nat. Struct. Mol. Biol.
2000, 7 (S), 362—366.

(89) Russell, R.; Millett, I. S.; Doniach, S.; Herschlag, D. Small angle
X-ray scattering reveals a compact intermediate in RNA folding. Nat.
Struct. Mol. Biol. 2000, 7 (5), 367—370.

(90) Teplova, M.; Falschlunger, C.; Krasheninina, O.; Egger, M,;
Ren, A. M,; Patel, D. J; Micura, R. Crucial Roles of Two Hydrated
Mg Ions in Reaction Catalysis of the Pistol Ribozyme. Angew. Chem.,
Int. Ed. 2020, 59 (7), 2837—2843.

(91) Lee, T.-S; Lépez, C. S.; Giambasu, G. M.; Martick, M.; Scott,
W. G.; York, D. M. Role of Mg®* in Hammerhead Ribozyme Catalysis
from Molecular Simulation. J. Am. Chem. Soc. 2008, 130 (10), 3053—
3064.

(92) Suga, H; Cowan, J. A; Szostak, J. W. Unusual Metal Ion
Catalysis in an Acyl-Transferase Ribozyme. Biochemistry 1998, 37
(28), 10118—10125.

(93) Vaidya, A.; Suga, H. Diverse roles of metal ions in acyl-
transferase ribozymes. Biochemistry 2001, 40 (24), 7200—7210.

(94) Zhang, Y.; Zhang, J.; Wan, H,; Wy, Z,; Xu, H; Zhang, Z;
Wang, Y.; Wang, J. New Insights into the Dependence of CPEB3
Ribozyme Cleavage on Mn>* and Mg?*. J. Phys. Chem. Lett. 2024, 15,
2708-2714.

(95) Wang, T.-P.; Su, Y.-C,; Chen, Y.; Severance, S.; Hwang, C.-C,;
Liou, Y-M; Lu, C.-Hj; Lin, K-L; Zhu, R. J; Wang, E.-C.
Corroboration of Zn(ii)—Mg(ii)-tertiary structure interplays essential
for the optimal catalysis of a phosphorothiolate thiolesterase
ribozyme. RSC Adv. 2018, 8 (57), 32775—32793.

2185

(96) Sweeney, K. J.; Han, X.; Muller, U. F. A ribozyme that uses
lanthanides as cofactor. Nucleic Acids Res. 2023, 51 (14), 7163—7173.

(97) Zhang, J.; Lau, M. W.; Ferré-D’Amaré, A. R. Ribozymes and
Riboswitches: Modulation of RNA Function by Small Molecules.
Biochemistry 2010, 49 (43), 9123—9131.

(98) Jucker, F. M,; Phillips, R. M.; McCallum, S. A.; Pardi, A. Role of
a Heterogeneous Free State in the Formation of a Specific RNA—
Theophylline Complex. Biochemistry 2003, 42 (9), 2560—2567.

(99) Frankel, E. A; Strulson, C. A.; Keating, C. D.; Bevilacqua, P. C.
Cooperative Interactions in the Hammerhead Ribozyme Drive pKa
Shifting of G12 and Its Stacked Base C17. Biochemistry 2017, 56 (20),
2537-2548.

(100) Bingaman, J. L.; Zhang, S.; Stevens, D. R.; Yennawar, N. H,;
Hammes-Schiffer, S.; Bevilacqua, P. C. The GIcN6P cofactor plays
multiple catalytic roles in the glmS ribozyme. Nat. Chem. Biol. 2017,
13 (4), 439—445.

(101) Yamagami, R.; Bingaman, J. L.; Frankel, E. A.; Bevilacqua, P.
C. Cellular conditions of weakly chelated magnesium ions strongly
promote RNA stability and catalysis. Nat. Commun. 2018, 9 (1),
2149.

(102) Skilandat, M.; Rowinska-Zyrek, M.; Sigel, R. K. O. Secondary
structure confirmation and localization of Mg** ions in the
mammalian CPEB3 ribozyme. RNA 2016, 22 (5), 750—763.

(103) Hung, C.-L; Lin, Y.-Y; Chang, H.-H; Chiang, Y.-W.
Accessing local structural disruption of Bid protein during thermal
denaturation by absorption-mode ESR spectroscopy. RSC Adv. 2018,
8 (60), 34656—34669.

https://doi.org/10.1021/jacsau.5c00146
JACS Au 2025, 5, 2172-2185


https://doi.org/10.1021/ja036082j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja036082j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bi00152a033?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bi00152a033?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.3390/molecules24030602
https://doi.org/10.3390/molecules24030602
https://doi.org/10.3390/molecules24030602
https://doi.org/10.1021/acs.orglett.8b01746?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.8b01746?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/S1011-1344(00)00132-9
https://doi.org/10.1016/S1011-1344(00)00132-9
https://doi.org/10.1016/S1011-1344(00)00132-9
https://doi.org/10.1038/s41586-024-07487-w
https://doi.org/10.1038/s41586-024-07487-w
https://doi.org/10.1038/s41592-024-02543-9
https://doi.org/10.1038/s41592-024-02543-9
https://doi.org/10.1261/rna.075341.120
https://doi.org/10.1261/rna.075341.120
https://doi.org/10.1093/nar/gkae541
https://doi.org/10.1093/nar/gkae541
https://doi.org/10.1101/2024.11.27.625779
https://doi.org/10.1101/2024.11.27.625779
https://doi.org/10.1101/2024.11.27.625779
https://doi.org/10.1016/j.jmb.2024.168816
https://doi.org/10.1016/j.jmb.2024.168816
https://doi.org/10.1016/j.jmb.2024.168816
https://doi.org/10.1093/nargab/lqab091
https://doi.org/10.1093/nargab/lqab091
https://doi.org/10.1038/75125
https://doi.org/10.1038/75132
https://doi.org/10.1038/75132
https://doi.org/10.1002/anie.201912522
https://doi.org/10.1002/anie.201912522
https://doi.org/10.1021/ja076529e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja076529e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bi980432a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bi980432a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bi0102757?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bi0102757?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.3c03221?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.3c03221?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C8RA05083J
https://doi.org/10.1039/C8RA05083J
https://doi.org/10.1039/C8RA05083J
https://doi.org/10.1093/nar/gkad513
https://doi.org/10.1093/nar/gkad513
https://doi.org/10.1021/bi1012645?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bi1012645?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bi027103+?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bi027103+?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bi027103+?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.biochem.7b00174?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.biochem.7b00174?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/nchembio.2300
https://doi.org/10.1038/nchembio.2300
https://doi.org/10.1038/s41467-018-04415-1
https://doi.org/10.1038/s41467-018-04415-1
https://doi.org/10.1261/rna.053843.115
https://doi.org/10.1261/rna.053843.115
https://doi.org/10.1261/rna.053843.115
https://doi.org/10.1039/C8RA06740F
https://doi.org/10.1039/C8RA06740F
pubs.acs.org/jacsau?ref=pdf
https://doi.org/10.1021/jacsau.5c00146?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

