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ABSTRACT: Shifting of pK,’s in RNA is important for many
biological processes; however, the driving forces responsible
for shifting are not well understood. Herein, we determine
how structural environments surrounding protonated bases
affect pK, shifting in double-stranded RNA (dsRNA). Using
*'P NMR, we determined the pK, of the adenine in an A*-C
base pair in various sequence and structural environments. We
found a significant dependence of pK, on the base pairing
strength of nearest neighbors and the location of a nearby
bulge. Increasing nearest neighbor base pairing strength shifted
the pK, of the adenine in an A*-C base pair higher by an
additional 1.6 pK, units, from 6.5 to 8.1, which is well above
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neutrality. The addition of a bulge two base pairs away from a protonated A*-C base pair shifted the pK, by only ~0.5 units less
than a perfectly base paired hairpin; however, positioning the bulge just one base pair away from the A™-C base pair prohibited
formation of the protonated base pair as well as several flanking base pairs. Comparison of data collected at 25 °C and 100 mM KCl
to biological temperature and Mg** concentration revealed only slight pK, changes, suggesting that similar sequence contexts in
biological systems have the potential to be protonated at biological pH. We present a general model to aid in the determination of the
roles protonated bases may play in various dsSRNA-mediated processes including ADAR editing, miRNA processing, programmed
ribosomal frameshifting, and general acid—base catalysis in ribozymes.

S ingle-stranded DNA and RNA nucleobases are typically
uncharged, with pK, values of 3.5 and 4.2 for A and C,
respectively, and 9.2 for G and T/U." Watson—Crick base pairing
shifts the pK, values even further away from physiological pH
because the protons are engaged in hydrogen bonding.”’ In
some noncanonical base pairs, however, pK, values are shifted
toward neutrality,* thereby allowing these nucleobases to play
important roles in biological processes, such as general acid—base
catalysis* and programmed ribosomal frameshifting.” For
example, in the HDV ribozyme, the pK, of C75 is shifted to
neutrality,*® whereas a pseudoknot element in beet western
yellows virus has a pK, greater than neutrality,”'® and a number
of double-stranded DNA (dsDNA) elements have pK, values
near neutrality.'"”'" In addition, miRNA and adenosine
deaminase (ADAR) processing act on double-stranded RNA
(dsRNA) substrates'> ¢ that contain motifs that likely ionize
and regulate function, such as A*-C wobbles. Although significant
research has been done to determine how protonated bases
participate in these processes, many protonated bases likely
remain unidentified.

Numerous studies reveal that RNA and DNA stability depends
on the identity of nearest neighbors.'”*® In addition, pK, shifting
has been linked to changes in RNA folding.19 However, the
influence of nearest neighbors on pK, shifting in dsRNA has
received only limited attention. In this study, we investigate the
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effect that the structural environment surrounding a protonated
base pair has on pK, shifting in RNA. Using *'P NMR with a
phosphorothioate-labeled RNA sample,®® we analyze how
changing the strength of nearest neighbor base pairing and the
addition of a bulge at various positions affects the pK, of an A*-C
wobble.

B MATERIALS AND METHODS

Preparation of RNA Samples. RNA oligonucleotides were
synthesized by the manufacturer (Dharmacon, Lafayette, Colorado)
and deblocked according to the manufacturer’s protocol. Oligo-
nucleotides were dialyzed as previously described."" Purity of
RNA samples was confirmed by denaturing PAGE with SYBR
Gold staining after completion of an entire pH titration. Samples
migrated as expected relative to one another and to a size marker.
RNA sequences were as provided below.

After dialysis, RNA was brought up in a 500 xL volume that
contained between 0.88 and 1.26 mM RNA in 100 mM KCl
and 10% D,O. Titrations were conducted in the absence of
buffer so as to allow for small pH changes upon addition of acid
or base. Slight buffering of the system was provided by the high
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WW: 5’ CGU AAG ACU UCG GUC UCA CG
WW' : 5’ CGU AUG ACU UCG GUC ACA CG
SW: 5’ CGG AAG ACU UCG GUC UcCC cG
SW’ : 5’ CGG AUG ACU UCG GUC ACC CG
SS: 5’ CGG ACG ACU UCG GUC GCC cG
Bulge-0(=8S’): 5’ CGG AGG ACU UCG GUC CCC CG
Bulge-1: 5’ CGG AGA CGC UUC GGC GCC ccCG
Bulge-2: 5’ CGG AGC AGC UUC GGC GCC cCcG

concentrations of RNA itself. The sample was renatured by
heating at 90 °C for 2 min and then cooled on the benchtop for
15 min. The pH was measured using a Hach IQ 160 meter with
an NMR tube microprobe. The probe was calibrated before pH
determination with pH 7 and 10 standards (BDH General-
VWR), which were replaced periodically. After renaturation of
the RNA, the pH was adjusted to the desired alkalinity with small
volumes of KOH to begin the titration in the range of pH 9-10.
Higher pH values were avoided so as to not alkaline denature or
hydrolyze the RNA.

1P NMR Titration of RNA. NMR spectra were collected on a
Bruker AV-3-600 MHz NMR spectrophotometer using previously
described parameters'" and analyzed using TopSpin software. An
internal coaxial tube containing 1% trimethyl phosphate (TMP)
in 5% D,0O was used as a reference and set to 0 ppm for each
spectrum. For each pH data point, the pH was determined in the
NMR tube; the internal coaxial tube was reinserted; and an NMR
spectrum was collected at 25 °C (unless otherwise noted). After
each spectrum was acquired, the coaxial tube was removed and
the pH was redetermined. The pH value used in analysis was
the average of the two recorded values. Small volumes of
concentrated HCI were used to increase the acidity of the
solution throughout the titration. While NMR spectra were
being collected, the pH probe remained submerged in pH 7
standard. If the observed pH varied by more than 0.05 pH units
from the standard value, the probe was recalibrated. Once the
pH values being reported reached approximately 7, the probe
was recalibrated with the pH 4 and 7 standards (BDH
General-VWR). For each pH value, the chemical shifts of the
two phosphorothioate resonances were monitored as a function of
pH and fit to the Henderson—Hasselbalch equation (1) using
KaleidaGraph software, and the pK, and Hill coefficient were
determined and are provided in Table 1.

Sua = Sa

S=5, +

1 + 10"(PH—PK) 1

'H NMR of RNA. To identify base pairing in various RNA
constructs, one-dimensional (1D) imino proton ("H) spectra were
collected on a Bruker AV-3-600 MHz NMR spectrophotometer
with a CTT cryoprobe. The temperature was held at 276 K to reduce
proton exchange and promote sharpness of peaks. Water sulppression
pulse programs were employed, as described previously."" Samples
for "H NMR were ~0.25—0.5 mM RNA, 100 mM KCl, and 10%
D,0. Data were analyzed with TopSpin software.

UV Melts of RNA. RNA (~1.5 uM) was melted in the back-
ground of 100 mM KCl and 10 mM buffer (Bis—Tris—propane
pH 5.03 and 8.79 or 9.22, or MES pH 6.13; pH was determined
at room temperature) in 1 cm path length quartz cuvettes.
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Table 1. pK, Values of RNA Oligonucleotides with Varying
Nearest Neighbors or Proximity of Bulges to the A™C Wobble

construct pK.* Hill coefficient®
ww 6.51 + 0.04” 1.01 + 0.07°
wWw’ 7.09 + 0.03° 091 + 0.06”
SW 7.28 + 0.08” 0.86 + 0.27°
SW’ 7.84 + 005" 1.00 + 0.12°
SS 8.10 + 0.06° 1.09 + 0.16°
SS' (=Bulge-0) 8.00 + 0.06 134 + 023
Bulge-0 (=SS’) 8.00 + 0.06 1.34 + 023
Bulge-2 746 +0.17 1°
Bulge-1 no pKad no Hill coefficient”

“Curves were fit to the Henderson—Hasselbalch equation (eq 1) to
determine pK, values and Hill coefficients. bPI<a values and Hill
coefficients listed are the averages from the two diastereomer peaks. If
a value is not superscripted, only one peak showed sufficient change in
signal to yield a pK,. Error is from the fits and propagated conservatively as
the average of the errors of each measurement. The number of reliable
significant figures in pK, values is two, but an extra figure is provided to
avoid round-off errors in calculations. “For fitting Bulge-2, the Hill
coefficient was set to 1 in the Henderson—Hasselbalch equation. “No PK,
was reported due to either a linear or noisy response to pH. All values
in this table were measured at 100 mM KCI and 25 °C. Titrations are
provided in Figures 2, S1, S4, and S$ of the Supporting Information.

Buffer pH values were chosen such that the pH was at least 1 unit
removed from the pK, of the construct as measured above, so as
to favor the protonated or deprotonated states as desired.
Samples were renatured by heating to 90 °C for 2 min and then
cooling to room temperature for 15 min. UV monitored thermal
denaturation experiments (melts) were conducted at 260 nm on
a Gilford Response II spectrophotometer equipped with a tem-
perature controlled microcuvette assembly. Absorbances were
collected from S to 95 °C in 0.5 °C increments. Data were
analyzed using KaleidaGraph software as previously described.”!
Five-point smoothing was done prior to taking first derivatives.
Values for AG® were calculated at 37, 50, and 70 °C to facilitate
comparisons amongst different constructs at various temper-
atures. All thermodynamic parameters are provided in Table S1
of the Supporting Information, and select values at 50 °C are
provided in Table 2 because this temperature is close to, but
below, the T,,.. Errors in free energy are typically 0.1 kcal/mol.**
The melting temperature (T,) was independent of RNA
concentration at both low and high pH (see Table S2 of the
Supporting Information), supporting that the RNA was melting
as a monomer.

B RESULTS AND DISCUSSION

Nearest Neighbor Base Pairing Strength Has a Strong
Effect on pK, Shifting. To investigate the effect of nearest
neighbor base pairing strength on pK, shifting, we determined
the pK, of adenine in an A*-C wobble with two weak (A—U) W—
C base pairs (“WW”), one strong (G—C) and one weak (A—U)
W—C base pair (“SW”), or two strong (G—C) W—C base pairs
(“SS”) as the nearest neighbors (Figure 1). Initial experiments
are in 100 mM KCl and at 25 °C. Representative NMR titrations
are shown in Figure 2, full titrations are provided in Figure S1 of
the Supporting Information, and pK, and Hill coefficient values
are given in Table 1. An A*-C wobble with two weak (A—U) base
pairs as nearest neighbors (in WW) had a pK, of 6.51. This value
is shifted ~3 units upward from free adenine but was still the least
shifted in this series. The combination of a strong (G—C) and a
weak (A—U) base pair (in SW) resulted in an intermediate pK,
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Table 2. Thermodynamic Parameters from UV Monitored
Thermal Denaturation

construct pH” T, (°C)* AG®, (keal/mol)®
WwWw 5.03 66.4 + 0.17 —2.40
8.79 68.2 +0.32 —-1.52
SW 6.13 77.7 £ 0.08 —4.97
8.79 72.6 + 0.07 —-3.58
SS 6.13 89.7 + 1.73 —-5.81
9.22 77.0 + 0.04 —4.69
SS’ 6.13 87.2 +0.57 —6.27
9.22 80.3 + 0.08 —5.81

“Melts were conducted at the specified pH, which was determined at
room temperature. °T,, and AG°s, values were determined from fits
of absorbance curves. Error in T, is from the fits. Typical error in AG®
values are ~0.1 kcal/mol. Full thermodynamic parameters are
provided in Table S1 of the Supporting Information.

of 7.28, suggesting a dependence of pK, on nearest neighbor
base-pairing strength. Continuing this trend, flanking the A*-C
base pair with two strong (G—C) base pairs (in SS) gave the
largest pK, of 8.10. Notably, changing the nearest neighbors from
two A—U base pairs to two G—C base pairs caused an upward
pK, shift of 1.6 units. We conclude that additional structural
stability contributed by neighboring base pairs may enable a
more shifted pK..

Overlay of the titration curves of the WW, SW, and SS RNA
constructs reveals distinct differences in the range of the chemical
shift (Figure 2). For the upfield-shited diastereomer peak, the
WW curve shows an increase in normalized chemical shift upon
deprotonation of 0.807 ppm, the greatest of the three constructs,
whereas the SS curve shows a chemical shift increase of just 0.234
ppm. Likewise the SW construct with the intermediate pK,, has
an intermediate range of 0.453. (Similar trends are found for the
downfield-shifted diastereomer (Figure S1 of the Supporting
Information)). We infer that the lesser chemical shift ranges
of the SW and especially SS constructs are due to the structural
rigidity conferred by the stronger G—C base pairs. This rigidity may
limit the change in the chemical environment of the phosphor-
othioate reporter. Likewise, the two weak A—U nearest neighbors
in the WW construct may promote flexibility and thus a larger
difference in chemical environment between the protonated and
deprotonated states, thus leading to a larger chemical shift range.

To understand the thermodynamic driving forces for the
nearest neighbor dependence observed in pK, shifting, UV-
monitored thermal denaturation experiments were performed on
the WW, SW, and SS constructs. Thermodynamic parameters
are provided in Tables 2 and S1 of the Supporting Information
and melts are given in Figures S2 and S3 of the Supporting
Information. In all constructs, a more favorable AG°y, is
observed at the lower pH, consistent with protonation and base
pair formation of the A™-C wobble. In addition, at both low and
high pH, there is an increase in stability upon going from WW to
SW to SS constructs, as found for pK, shifting. Thus, addition of
G—C base pairing contributes both to the stability of the
construct and shifting of the pK..

So far, we have described pK, and stability eftects due to large
differences in base pairing strength, going from weak to strong
base pairs. We also wished to examine the dependence of these
parameters on sequences within the same types of base pairs.
Parameters of WW, SW, and SS were thus compared to WW’,
SW', and SS’ constructs in which the base pair below the A*-C
wobble remained constant and the base pair above the A*-C
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Figure 1. Protonated RNA oligonucleotides used in *'P-detected pH
titrations. To test the dependence of the pK, on nearest neighbors,
constructs WW and WW’ with two weak A—U base pairs neighboring
the A*-C wobble were compared, SW and SW’ with one strong G—C
and one weak A—U base pair neighboring the A™C wobble were
compared, and SS and SS’ with two strong G—C base pairs neighboring
the A™-C wobble were compared. To assess effects of a structural defect
on the pK,, constructs with a bulge two (Bulge-2) or one (Bulge-1) base
pair(s) away from the A*-C wobble, along with an analogous RNA with
no bulge (Bulge-0, also referred to as “SS’”), were compared. The
asterisks denote the position of the phosphorothioate substitution used
for detection by *'P NMR.

wobble was reversed in order (Figures 1, S4, and S5 of the
Supporting Information). The pK, values for this set of six
sequences are provided in Table 1. For all constructs, there was a
distinct clustering of pK, values, with WW and WW" having the
least shifted pK, values of 6.51 and 7.09, respectively, SW and
SW’ having intermediate shifted pK, values of 7.28 and 7.84,
respectively, and SS and SS’ possessing the most shifted pK,
values of 8.10 and 8.00, respectively. This clustering of pK, values
with base pairing strength fully supports the conclusion that
nearest neighbor base pairing strength affects pK, shifting. We
also measured thermodynamic parameters for SS’, and its AG®,
and Ty values were similar to those for SS (Table 2), consistent
with similar pK, values (Table 1).
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Figure 2. Overlay of >'P NMR-detected pH titrations of WW (pink), SW (purple), and SS (green) RNA constructs. The upfield-shifted diastereomer
peak is shown, whereas both diastereomer peaks are provided in Figure S1 of the Supporting Information. Titration curves were fit to the Henderson—
Hasselbalch equation, and the pK, and Hill coeflicient are provided in Table 1. Actual changes in chemical shift between the protonated and
deprotonated states for the upfield-shifted diastereomer peak are given in the figure; similar trends were found for the downfield-shifted peak (see Figure

S1 of the Supporting Information). All values are at 100 mM KCI and 25 °C.
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pH 9.21 pH9.10 pH 8.88
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Figure 3. Exchangeable 'H NMR of Bulge-0 (left), Bulge-2 (middle), and Bulge-1 (right) from 9.6 to 15 ppm. Spectra were collected at 3 °C to limit
exchange of imino protons at the indicated low pH (top row) and high pH (bottom row). All spectra are in the background of 100 mM KCI.

pK, Shifting Is Dependent upon Bulge Proximity. In
addition to different nearest neighbors, many biological dsSRNAs
have bulges proximal to A*-C wobbles. To examine the effect
of disruption of helical structure near a protonated base,
we determined the pK, in three constructs: “Bulge-1” with an
A-bulge one base pair away from an A"-C wobble, “Bulge-2” with
an A-bulge two base pairs away from an A"™-C wobble, and
“Bulge-0”, an analogous RNA construct with no bulge near
the A*-C wobble. The pK, values for this set of sequences
are provided in Table 1. Bulge-0 (=SS’) has a highly shifted
pK, of 8.00, as described above, and Bulge-2 has a fairly similar
pK, of 7.46 (Figure SS of the Supporting Information). Thus,
positioning the bulge two base pairs away from the A"-C has
a relatively minor effect on the pK,, lowering it just ~0.5 units
from the perfectly double-stranded construct, with a value still
above neutrality. Strikingly, no pK, was observed for Bulge-1.
This effect was further investigated using '"H NMR.

Base pairing in Bulge-0, Bulge-1, and Bulge-2 constructs was
analyzed by 'H NMR at both low (~6) and high (~9) pH
(Figure 3). G—C and A—U imino 2protons resonate at ~12—13
and ~13—15 ppm, respectively.”” Of the three constructs
analyzed, only Bulge-0 (Figure 3) has a resonance near 14.4 ppm
in spectra at both low and high pH, consistent with its unique
A—U base pair. An intense resonance near 10 ppm in all three
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bulge constructs at both low and high pH is due to an imino
proton from position 4 of the cUUCGg loop (closing base pair in
lower case) and a weaker resonance near 11.8 ppm at low pH
(where there is less chemical exchange) is from an imino proton
at position 1 of the cUUCGg loop.”** These resonances, which
are diagnostic of a hairpin UUCG tetraloop but not a duplex
UUCG internal loop, confirm the formation of a hairpin rather
than a duplex.”>~*> This observation is in line with lack of
dependence of the T,, from UV melts on RNA concentration
(Table S2 of the Supporting Information) and shows that the
monomeric state of the RNA extends to NMR concentrations.
Inspection of the imino proton spectra also reveals an increase
in chemical shift dispersion upon lowering pH for the Bulge-0
and Bulge-2 samples (Figure 3). This behavior is indicative of
base pairing adjacent to and at the base paired A™-C wobbles, as
described 2previously for DNA hairpins with an A*-C wobble in
the stem.”” Bulge-1, on the other hand, has distinctly fewer
resonances in the imino region of the spectrum, both at low and
high pH, correlating to fewer base pairs and lack of an observed
pK, in the *'P NMR-detected pH titration. Apparently,
positioning the bulge one base pair away from the A*-C wobble
is disruptive to the stem, likely prohibiting formation of the G—C
base pairs below and above the A*-C wobble. Indeed, the imino
resonances for the Bulge-1 construct at low pH are consistent

dx.doi.org/10.1021/bi400768q | Biochemistry 2013, 52, 7470—7476
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with the two most upfield resonances coming from the UUCG
tetraloop (see above), while the three more downfield
resonances likely arise from those G—C base pairs that are
most protected from solvent: the two nearest the UUCG
tetraloop and possibly the central G—C in the lower stem. As
stated above, these data support partial or complete loss of
multiple base pairs in the Bulge-1 construct.

Table 3. Comparison of pK, Values of RNA Oligonucleotides
at Various Temperatures

construct T (°C) pK.* Hill coefficient”
Ww’ 25 7.09 + 0.03 0.91 + 0.06
37 7.04 £+ 0.03 1.01 + 0.0
Sw’ 25 7.84 + 0.0 1.00 + 0.12
37 7.69 + 0.04 0.96 + 0.05
SS PA) 8.10 + 0.06 1.09 + 0.16
37 8.14 + 0.07 093 +0.12

“Curves were fit to the Henderson—Hasselbalch equation (eq 1) to
determine pK, values and Hill coefficients. The pK, values and Hill
coeflicients listed are the averages from the two diastereomer peaks.
Error is from the fits and propagated conservatively as the average of
the errors of each measurement. Values are at 100 mM KCl and either
25 or 37 °C as indicated. Titrations are provided in Figures 2, S1, S4,
S6, and S7 of the Supporting Information.

pK, Shifting Is Maintained at Biological Temperature
and Mg?** Concentration. In an effort to test if the pK,, values
change under biological conditions, we compared the pK, results
above measured under our standard experimental conditions of
100 mM KCl and 25 °C to more biological conditions of 100 mM
KCland 37 °C or 0.5 mM Mg**/100 mM K*. The dependence of
pK, value on temperature is provided in Table 3. Titrations under
these conditions showed no significant dependence of the pK, on
the temperature or magnesium concentration (Figures 4, S6, and
S7 of the Supporting Information). For example, increasing the
temperature from 25 to 37 °C shifted the pK, from 7.09 to 7.04
in the WW’ construct, from 7.84 to 7.69 in the SW’ construct, and
from 8.10 to 8.14 in the SS construct. The SW’ construct displayed
the largest, yet still fairly minimal, temperature dependence, in
which increasing the temperature to 37 °C from our standard
experimental temperature of 25 °C decreased the pK, by only
0.15 units. The very similar pK, values observed at 25 and 37 °C
for all three constructs supports the conclusion that, even though
their melting temperatures vary, all hairpins are fully formed at
both 25 and 37 °C, as expected given that the T, values for weak—
weak to strong—strong constructs are all above 65 °C (Table 2).

Adding magnesium to 0.5 mM Mg“, which is near the
intracellular biological concentration of Mg>" in mammals,>*™2°
while maintaining the standard experimental temperature of
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Figure 4. Comparison of standard experimental conditions to biological temperature and Mg** concentration with *'P NMR-detected pH titrations.
The downfield-shifted diastereomer peak is shown, whereas both diastereomer peaks are shown in Figure S6 and S7 of the Supporting Information. (A)
pH titration at 37 °C of SS RNA construct. (B) pH titration at 25 °C and biological magnesium concentrations (0.5 mM Mg**) of SS RNA construct.
(C) pH titration at 37 °C of WW' RNA construct. (D) pH titration at 37 °C of SW' RNA construct. All titrations are in the background of 100 mM KCL
The pK, and Hill values are provided in the figure.
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25 °C in the SS construct gave a pK, of 8.14 (Figure S6 of the
Supporting Information). This pK, differs by only 0.04 pK, units
from the Mg*'-free pK, value at 25 °C, indicating a little to no
dependence of pK, values on physiological Mg** concentration.
The overall absence of a temperature or magnesium dependence
for the observed pK, values suggests that the pK, values in
Table 1 at 25 °C and 100 mM KClI are relevant to physiological
temperature and Mg>* conditions.

Potential Roles for pK Shifting in Biological Processes.
Appreciation of dsRNA’s importance in bi010§ical processes such
as regulation of gene expression by miRNAs,'>™'* RNA editing,'>'**°
and ribosomal frameshifting®" is steadily increasing. In RNA
editing by ADARSs, a preference for editing A’s opposite C’s has
been reported.>® Wong et al. indicated that the AC preference is
due to sterics, selectivity, and the strength of base pairs formed.
Positioning an A opposite a purine disfavors editing due to the
bulk of the purine, whereas facile editing of an A—U base pair is
disfavored because it would lead to nonselective editing. More
recently, Kuttan and Bass observed a nearest neighbor
dependence of editing the A opposite the C in which an AC
with two strong nearest neighbors is edited much more slowly
than an AC with one strong and one weak nearest neighbor.16
They further showed that editing is correlated with the ability
of the adenine to be flipped out. We have shown in the present
study that a construct in which an A*-C wobble is flanked by
two strong nearest neighbors has a high pK,, suggesting that an
elevated pK, may lead to less flipping and hence less editing. This
suggests the interesting possibility that editing could be tuned by
pK, shifting of an A*-C wobble as well as by local pH. Additionally,
a proton transfer has been proposed between adenine, ADAR
residue E396, and a hydrated intermediate, and the pK, of the A"
C wobble could affect this process.'> We hope that the trends
presented in the present study will help elucidate the contributions
protonated bases make in various dsRNA-mediated processes.

B CONCLUSIONS

In this study, we have observed a significant dependence of pK,
shifting on nearest neighbors in RNA. Altering the nearest
neighbors from two weak A—U base pairs to two strong G—C
pairs increased the pK, by 1.6 units, up to a pK, value of 8.1.
Addition of a bulge two base pairs away from the protonated base
pair shifted the pK, only slightly, but positioning the bulge one
base pair away from the protonated base pair perturbed the
helical structure and prohibited the protonated base pair from
forming. The pK, values measured herein are shifted well above
neutrality, which suggests the possible participation of a protonated
adenine in numerous biological processes such as A-to-I editing,
miRNA processing, programmed ribosomal frameshifting, and
general acid—base catalysis in ribozymes.
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