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Abstract: The catalytic mechanism of hammerhead ribozymes (HHRzs) attracted great attention in
relation to the chemical origin of life. However, the basicity (pKa) of the catalytic sites of HHRzs has
not been studied so far. As a result, the investigation of the currently assumed mechanism from an
experimentally derived pKa value has been impossible. In HHRzs, there exists a highly functionalized
structural unit (A9-G10.1 site) with a catalytic residue (G12) for the nucleophile activation and metal
ion-binding residue (G10.1). As inferred from this fact, there might be a possibility that HHRzs may
utilize specific functions of the A9-G10.1 motif for the catalytic reaction. Therefore, here we studied
the basicity of G12/G10.1-corresponding residues using RNA duplexes including the A9-G10.1 motif
without other conserved residues of HHRzs. From the pH-titration experiments with NMR spectra,
we have obtained the intrinsic basicity of the G12/G10.1-corresponding residues in the motif, with
pKa > 11.5 (N1 of G12) and pKa 4.5 (N7 of G10.1) for the first time. Based on the derived irregular
basicity, their correlation with a catalytic activity and a metal affinity were investigated. In total, the
derived thermodynamic properties are an intrinsic nature of the exclusive catalytic unit of HHRzs,
which will be an outstanding pivot point for the mechanistic analyses.

Keywords: hammerhead ribozyme; mechanism; pKa; pH-titration; NMR spectroscopy; G12; G10.1

1. Introduction

The discovery of a catalytic RNA [1,2] such as the hammerhead ribozyme (HHRz) [3–8]
stimulated research on the chemical origin of life. Accordingly, HHRzs are a suitable can-
didate to study one of such topics, namely, how catalytic RNAs can promote chemical
reactions (mechanistic studies). Through the mechanistic studies of HHRzs, there have been
several breakthroughs. For example, the discovery of HHRzs with peripheral loop–loop
interaction (the extended HHRz or the full-length HHRz) [9–14] advanced the understand-
ing of the catalytic mechanism; the loop–loop interaction was found to activate full-length
HHRzs (Figure 1) [15–19]. The crystal structure of the full-length HHRz [20–25] revealed a
possible active conformation that was consistent with the biochemical experiments [26–28].
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Consequently, the reaction mechanism of HHRzs has been discussed on the basis of the
structural background [20–25,28–32].
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Figure 1. Summary of hammerhead ribozyme (HHRz). (a) Secondary structure and sequence of full-
length HHRz (extended HHRz) from Schistosoma mansoni. (b) Crystal structure (PDB ID: 2OEU [21])
of the catalytic unit (metal ion-binding motif), which would activate the deprotonation of 2′-OH(C17)
(X = C in Schistosoma mansoni). Names of the catalytically important residues are shown in the panel,
and hydrogen bonds are depicted as broken lines. Methyl groups on the O2′(C17) are omitted for
clarity, and the broken lines between O2′(C17) and pro-RP/pro-SP oxygen atoms represent the putative
hydrogen bonds for the native 2′-OH form. W1 and W2 are the crystallographically observed water
molecules. (c) Schematic representation of catalytically important residues and their most probable
interactions. (d) Secondary structure and sequence of minimal HHRz. (e) Sequence of model RNA
duplex 1. (f) Sequence of model RNA duplex 2. In all panels, G12/G12-corresponding (G12*) residue,
G10.1/G10.1-corresponding (G10.1*) residue and C17 residue are colored in red, magenta and green,
respectively. In (a), (d–f), each metal ion-binding motif (A9-G10.1 motif) is surrounded by a blue
box. In (f), the second A9-G10.1 motif in RNA duplex 2 is highlighted by a gray background. In the
main text, residue numbers of HHRzs are applied to relevant residue in the model RNA duplexes
with asterisk (*).

In a general sense, the cleavage reaction by HHRz proceeds as shown in Scheme 1 [23,32].
Initially, the 2′-OH at the cleavage site (the 17th residue X in HHRz, where X = C or U or A)
is deprotonated (Scheme 1). Consequently, the pentacoordinated phosphorane intermediate
is formed due to the nucleophilic attack of the deprotonated 2′-oxygene atom (O2′) to the
neighboring phosphorus atom at the 3′ side. Finally, the leaving 5′-oxygen atom (O5′) of
the 1.1th residue (N1.1) in HHRz leaves from the phosphorus atom to generate a 2′,3′-cyclic
phosphate and 5′-OH at the respective cleaved ends (Scheme 1). To fully understand all of the
important details of the mechanism, the catalytic role of the conserved core residues must be
revealed. In particular, it is essential to determine what residues or cofactors work as acid and
base to deprotonate the 2′-OH group and to protonate the leaving O5′ atom, respectively.
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Scheme 1. Organochemical mechanism of small ribozymes.

The crystal structures of a full-length HHRz provided essential information on the
function of catalytic residues [20–25]. Importantly, the nucleophile, O2′ of the X17 residue
(O2′(X17)), was hydrogen bonded with the imino proton (H1) of the G12 residue (Figure 1b,c).
On the basis of the crystal structures, the G12 residue is suggested to work as a base cata-
lyst for the initial deprotonation of 2′-OH of the X17 residue (2′-OH(X17)) (the G12 base
mechanism) [20–25,30–32]. However, the basicity (pKa) of the G12 residue is currently
unknown, and this property has become a missing link for the mechanistic study of HHRzs
for a long time.

The assumed base catalyst of the G12 residue is included in a highly functionalized
structural unit (the A9-G10.1 metal ion-binding motif), which is constituted with a sheared-
type G12-A9 pair and G10.1-C11.1 pair [33–40]. Notably, our NMR studies [37–39] and a
later work [40] on the A9-G10.1 motif revealed that this motif in model RNA duplexes 1
and 2 (Figure 1e,f) possessed a metal ion-binding ability independently from any other
conserved residue of HHRzs. This independently expressed ability of the exclusive A9-
G10.1 motif stimulates a concept that this motif itself may have a specific property, and
HHRzs might simply utilize its property, employing the A9-G10.1 motif as a catalytic unit.
In this case, once the pKa value of the G12-corresponding residue (hereafter denoted as
G12*) is revealed, the basicity of the base catalyst in HHRzs will be determined. Even
if it is not the case, the derived pKa value of the G12 residue will be regarded as the
baselines (starting points) for a further modulation of the pKa value in a whole HHRz
system. Consequently, it is obviously important to study the intrinsic basicity (pKa) of
G12*, which is embedded in RNA duplexes 1 and 2. In addition, the intrinsic basicity (pKa)
of G10.1* (G10.1 corresponding residue) is also an interesting topic to explore its metal
ion affinity.

Furthermore, the “8–17 DNAzyme” also utilizes the sheared-type G-A pair as its
catalytic unit, where its G residue works as a possible base catalyst [41,42]. Thus, it is
obviously important to reveal the intrinsic basicity (pKa) of the functionally important
guanine base in the sheared-type G-A pair.

In regard to the detection of proton association/dissociation processes, those of a
guanine base can be monitored spectroscopically [43–48]. The NMR chemical shift of a non-
exchangeable H8 proton of purine bases is a useful probe for protonation/deprotonation
processes [44]. For example, the deprotonation at N1 of guanosine residues in dinucleotides
induces ~0.1 ppm upfield shift of their H8 resonances, while the protonation at N7 nitrogen
induces ~1 ppm downfield shift of H8 resonances [44]. Therefore, by using H8 resonances
of RNA duplexes 1 and 2, which were already assigned [33,37–39], the pKa values of the
G12* and G10.1* residues can be analyzed.

Based on these facts, we performed pH-titration experiments of the model RNA
duplexes 1 and 2 for monitoring the protonation state of the G12* and G10.1* residue
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with NMR spectroscopy. From the data, in conjunction with the pre-existing kinetic and
structural data, we discussed the possible relationship between catalytic activity and the
derived physicochemical properties.

2. Results
2.1. pKa Determination of G12-Corresponding Residue

To reveal the basicity of the N1 of G12* (N1(G12*)) within RNA duplex 1, one-
dimensional 1H NMR spectra were recorded at various pH levels ranging from 6.60 to
10.48 (Figure 2). The resonance of H8 of G12* (H8(G12*)) was unequivocally identified
owing to the assignment of all base protons and anomeric protons in the RNA duplex 1
in the previous work [33]. The H8(G12*) resonances within 1H NMR spectra were labeled
with an asterisk (Figure 2).
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Figure 2. One-dimensional 1H NMR spectra of the model RNA duplex 1 against various pH levels
(basic region) in the absence of CdCl2. The H8(G12*) resonance is labeled with a red asterisk in
each spectrum. Although chemical shift perturbations for several resonances were observed, these
resonances were assigned to terminal residues. To assure the trace of the NMR signals of base
protons, 1H-1H NOESY and natural abundance 1H-13C HSQC spectra were recorded at pH 8.18
(Figures S2 and S3).

Unexpectedly, the H8(G12*) resonance was not perturbed until pH 10.48, the pH upper
limit of the duplex formation (Figures 2 and 3). The deprotonation of the N1 site (N1-
deprotonation) generally results in an upfield shift of the H8 resonance, as inferred from the
titration data of guanosine 5′-monophosphate (5′-GMP) (Figure 3, open circles). However,
the upfield shift of H8(G12*) did not occur, and deprotonation of the G12* residue was
thus not evidenced. Correspondingly, the pKa of the G12* can be confined as pKa >> 10.48.
When compared with the corresponding pKa for 5′-GMP (pKa (5′-GMP) 9.4) (Figure 3) [49],
the basicity of the G12* residue was notably higher than that of a normal guanine base.

We further confirm whether the pKa of N1(G12*) is affected by the presence of a
divalent metal cation because the HHRz can be activated in the presence of divalent metal
cation [15–17,50–54]. For this purpose, titration experiments were carried out under the
Cd2+-excess condition against the G10.1-A9 motif (two molar equivalents) within the
pH range from 6.02 to 10.67 (Figure 4). As a divalent metal cation, Cd2+ was selected,
since it is a strong binder for the A9-G10.1 motif with an NMR-compatible “diamag-
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netic” character [37–40] and has been used for several kinetic experiments [53,55,56]. The
H8(G12*) resonance was again unperturbed, except for the insignificant downfield shift
above pH 9.22 (Figures 3 and 4). Since the direction of the chemical shift perturbation
above pH 9.22 was opposite to that of N1-deprotonation for 5′-GMP (Figure 3, open circles)
and the theoretical values (Tables S1 and S2), the observed tiny downfield shift of H8(G12*)
(~0.015 ppm) was likely induced due to a transition other than the G12*-deprotonation.
In fact, many resonances were perturbed above pH 9.22 (Figure 4). These perturbations
are most likely attributed to Cd2+-dissociation upon the metal precipitation under basic
conditions judging from the similarity of the NMR spectra (+Cd2+) at pH 10.29 (Figure 4)
and the one (−Cd2+) at pH 10.21 (Figure 2).
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Red circle: H8(G12*) chemical shift in the absence of CdCl2. Blue diamond: H8(G12*) chemical shift
in the presence of CdCl2. Open circle: H8(5′-GMP) chemical shift in the absence of CdCl2. In the
respective titration data, their corresponding theoretical curves are indicated. In the theoretical curves
for model RNA duplex 1, extrapolated theoretical curves are presented as broken lines.

To sum up the reported results so far, the unperturbed chemical shift value of H8(G12*)
upon the pH changes in the absence/presence of CdCl2 indicated that the basicity of
G12* is considerably higher than that of a canonical guanine base such as 5′-GMP. The
pKa value of N1(G12*) should be much higher than 10.5, most likely above ~11.5 in
the absence/presence of CdCl2, assuming the theoretical titration curve. The current
experimental data demonstrated that the N1(G12*) site is highly basic, irrespective of
the presence or absence of Cd2+ cation. Thus, the guanine base of G12* involved in the
A9-G10.1 motif was found to be intrinsically very basic. This highly basic property of
G12* is notable, especially when considering that the imino proton of G12* is structurally
exposed to bulk solvent due to the sheared-type G-A pairing. In general, pKa alteration
is brought by structural factors (sequestration of the protonation/deprotonation-site), or
electronic effects (modulation of the electronic structure of acid/base-moiety), or by a
combination of both effects. In the case of the A9-G10.1 motif, the structural factor doesn’t
explain the pKa alteration as mentioned above. Here the distinguished pKa value may be
most likely attributed to the electronic effect caused by non-standard sheared-type G12-A9
base pairing and π-π stacking of the G12-A9 and G10.1-C11.1 base pairs.
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A9-G10.1 motif). The H8(G12*) resonance is labeled with a red asterisk in each spectrum. Although
chemical shift perturbations for several resonances were observed, these resonances were assigned to
terminal residues. Above pH 9.22, a metal-dissociation process due to the Cd2+-precipitation under
basic pH was observed.

To generalize the above observation (basicity enhancement of G12*), the basicity of
G12* was studied with another similar RNA duplex (RNA duplex 2), which also includes
the A9-G10.1 motif [37–39,57]. The pH-titration experiments of RNA duplex 2 in the basic
region (Figure 5) again showed negligible perturbation of the NMR chemical shift for
H8(G12*), irrespective of either the presence or absence of Cd2+. Thus, two independent
titration experiments for RNA duplexes 1 and 2 exhibited the unperturbed chemical shift
for H8(G12*) against pH, which strongly supports that no deprotonation of the N1(G12*)
site occurred. To summarize, the guanine base in the A9-G10.1 motif intrinsically possesses
notably basic property.

Next, theoretical calculations of the chemical shift perturbation of H8(G12*) upon the
N1-deprotonation were performed in order to explore its direction and degree. For the
calculations, the central four-base-pair region (two A9-G10.1 motifs) of the RNA duplex
2, r(CGAG)2, was used (Figure 1 and Figure S1). Upon N1-deprotonation, the theoretical
chemical shift of H8(G12*) was shifted 0.17 ppm upfield and that of 5′-GMP was shifted
0.20 ppm upfield. These theoretical values are consistent with the experimental obser-
vation (~0.1 ppm upfield shift for H8(5′-GMP)). More importantly, the theoretical data
clearly indicated that the H8(G12*) chemical shift should be notably affected upon the
N1-deprotonation, and the unperturbed chemical shift of H8(G12*) during the titration
experiments can be thus safely interpreted as the retention of the imino proton of G12* even
at the highest pH (pH ~10.5 in the titration experiments). Considering the theoretical titra-
tion curve, the highly basic nature (pKa > ~11.5) of the N1(G12*) site was fully supported
by the theoretical calculation.
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Figure 5. One-dimensional 1H NMR spectra of the model RNA duplex 2 against various pH (basic re-
gion) in the absence/presence of CdCl2 (two molar equivalents (2 mM) against the metal ion-binding
A9-G10.1 motif). The H8(G12*) resonance is labeled with a red asterisk in each spectrum. Although
chemical shift perturbations for several resonances were observed, these resonances were assigned to
terminal residues. Above pH 9.22, a metal-dissociation process due to the Cd2+-precipitation under
basic pH was observed. The 1D 1H NMR spectrum of denatured duplex 2 at pH 10.9 in the absence
of CdCl2 is shown in Figure S4 in the Supplementary Materials.

2.2. pKa Determination of G10.1-Corresponding Residue

Next, we examined the basicity of the metal ion-binding site, N7 of G10.1(N7 (G10.1*)),
to provide the chemical reason for the affinity of metal. The binding of N7(G10.1*) to
a metal cation due to coordination-bond (Lewis acid–Lewis base interaction) is strongly
correlated with the Brønsted basicity of N7(G10.1*). Therefore, the titration experiments
were also performed within the acidic region. Correspondingly, the 1H NMR spectra were
recorded for pH that ranged from 7.36 to pH 3.57 (Figure 6). Below pH 4.25, the duplex
1 most likely underwent denaturation, which prevented the further titration experiment.
Accordingly, the titration data between pH 7.36 and pH 4.40 were used for the pKa analysis
(Figure 7).
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Figure 6. One-dimensional 1H NMR spectra of the model RNA duplex 1 against various pH (acidic
region) in the absence of CdCl2. The H8(G10.1*) resonance is labeled with a magenta asterisk in
each spectrum. Although chemical shift perturbations for several resonances except for H8(G10.1*)
resonance were observed, these resonances were assigned to terminal residues. Below pH 3.70,
denaturation of the duplex was evident. To assure the trace of the NMR signals of base protons, a
natural abundance 1H-13C HSQC spectrum was recorded at pH 4.40 (Figure S5).

The best-fit theoretical curve indicated that the pKa value for N7(G10.1*) was 4.4
(Figure 7). This value was higher than pKa 2.4 for a normal guanine base [49] by approx-
imately two pKa units. Accordingly, the N7(G10.1*) metal ion-coordination site is more
basic than a normal guanine base. This enhanced Brønsted basicity should increase the
Lewis basicity of N7(G10.1*), which likely explains its strong metal affinity. The existence of
another metal ligand of the phosphate group of the A9-corresponding residue (PO4(A9*))
further makes the A9-G10.1 motif a well-organized metal ion-binding motif due to the
chelation effect. In total, the enhanced basicity of N7(G10.1*) and the existence of the
phosphate group of the A9 residue as the second ligand are the chemical reasons for the
extraordinary metal affinity of the A9-G10.1 motif.
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Figure 7. Plot of the chemical shift of H8(G10.1*) of the model RNA duplex 1 against pH (acidic
region) in the absence of CdCl2. Red circle: H8(G10.1*) chemical shift. Open circle: H8(5′-GMP)
chemical shift. In the respective titration data, their corresponding theoretical curves are indicated.
In the theoretical curves for model RNA duplex 1, extrapolated theoretical curves are presented as
broken lines.

In total, we have characterized the basicity of two functionally important guanosine
residues, G12* and G10.1*, and demonstrated the extraordinarily basicity of N1(G12*)
and N7(G10.1). It means that we obtain the intrinsic basicity of these sites in an isolated
functional unit extracted from HHRzs.

3. Discussion
3.1. Experimental pKa Values of Functionally Important Residues

We have explored the pKa values of two functionally important guanosine residues,
G12* and G10.1*, in the catalytic unit of HHRzs to characterize their intrinsic physico-
chemical properties in relation to the catalytic mechanism of HHRzs. From the results,
N7(G10.1*) was found to exhibit pKa 4.4, which is approximately two pKa units higher
than a normal guanine base. This enhanced Brønsted basicity is likely one of the reasons
for the high metal affinity of N7(G10.1*) (=increased Lewis basicity). Next, in regard
to the basicity of the catalytic site, N1(G12*) was found to be pKa >> 10.48. Assuming
the theoretical titration curve, its pKa value would be higher than 11.5, which is two
pKa units higher than a normal guanine base. We would like to emphasize that pKa
11.5 is the minimum value, and its actual value could be higher. It is noteworthy that
the mutual correlation between the chemical shifts of H8(G12*) and H8(G10.1*) was not
observed. This implies that the direct interaction of G12* and G10.1* residues is very
weak and the altered pKa values of N1(G12*) and N7(G10.1*) are most likely due to
some effect(s) other than the direct interaction of the two residues. As a remark, current
analyses rely on the 1H NMR chemical shift perturbations, which may, in principle, be
affected by various structural effects. For more solid pKa analysis, an 15N NMR study
would be desirable in the future, although there is no obvious inconsistency between the
experimental data and the current interpretation.

Based on the derived data from the RNA duplexes 1 and 2, the intrinsic pKa values
of G10.1* and the minimal pKa value of G12* were obtained for the exclusive catalytic
unit itself. The pKa values of the functionally important guanosine residues, G12* and
G10.1*, deviated significantly from the standard values. Such modulations are often
observed in catalytic residues of enzymes, and in general, the modulated properties are
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efficiently used in their catalysis [48]. Therefore, the derived property of G12* and G10.1*
in RNA duplexes 1 and 2 might be an intrinsic nature of the catalytic unit, although their
pKa values within the full-length HHRz could be further modulated owing to additional
interactions in the whole HHRz system. Even in this case, the derived physicochemical
values can be regarded as the baselines (starting points) for the further modulations in
the whole HHRz system.

3.2. Ground State Structure Inferred from the Crystal Structure

Next, we would like to discuss the relationship between the catalytic mechanism
and the newly determined physicochemical property of G12* on the basis of the three-
dimensional (3D) structure of the full-length HHRz. When several possible mechanisms
are considered, a common ground state should be defined. Otherwise, their comparison
becomes impossible due to the lack of an energetic reference.

In the 3D structure of full-length HHRz [20–25], the hydrogen-bond network around
the cleavage site can be drawn as shown in Figure 1c. The relevant ground state (before the
catalysis) was drawn accordingly (Scheme 2), assuming normal pKa values for the imino
proton of guanine and the 2′-hydroxy group of ribose [43,49]. In the assumed ground state,
the imino proton of the G12 residue (H1(G12)) is bound for N1 of G12 (N1(G12)), and
hydrogen-bonded with O2′(X17). As a result, the hydroxy proton, H2′(X17), may point to
the non-bridging oxygen atoms (pro-RP/pro-SP oxygen atoms) of the scissile phosphate
group. In fact, O2′(X17) was found within a possible hydrogen-bonding distance with the
pro-RP/pro-SP oxygen atoms in crystal [20]. Thus, the structure of the assumed ground
state looks reasonable, and the energetic standard with the relative potential energy for
comparing the respective possible mechanisms was obtained.
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Scheme 2. Ground state of HHRzs before the catalysis. The cleavage site (X17) and the nucleophile
activator (G12) are colored in green and red, respectively.

3.3. Two Major Possible Mechanisms

Historically, two kinds of mechanisms were proposed (Figure 8). One is the mechanism
where the G12 residue works as a base for proton abstraction from 2′-OH(X17) (G12 base
mechanism, Figure 8a) [20–25,30–32]. The other is the so-called triester-like mechanism
(Figure 8b) [58–60].
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Figure 8. Schematic representation of possible reaction pathways based on the crystal structure (PDB
ID: 2OEU [21]). (a) Possible reaction pathway of the G12 base mechanism. (b) Possible reaction
pathway of the triester-like mechanism. In all panels, the positions of hydrogen atoms are estimated
from the crystal structure, assuming typical pKa values for the respective sites [43,44,49]. Crystallo-
graphically observed water molecules, which may participate in the catalysis, are drawn. Even after
the proton transfer, the colors of protons are retained in their original residue’s/molecule’s colors.

In the G12 base mechanism, the imino proton of G12 is deprotonated, and the subse-
quent proton abstraction from 2′-OH(X17) with the nucleophilic attack of O2′(X17) occurs
to give the pentacoordinated phosphorane intermediate. The leaving group of O5′ of N1.1
(O5′(N1.1)) is dissociated from the intermediate with the aid of a proton donation from the
2′-OH group of G8 (2′-OH(G8)). As a result, the substrate RNA strand is cleaved.

In the case of the triester-like mechanism, H2′ of X17 (H2′(X17)) moves to a non-
bridging oxygen of the scissile phosphate with simultaneous nucleophilic attack of O2′(X17)
to the phosphorus atom to give the pentacoordinated phosphorane intermediate. Subse-
quent reactions are similar to the G12 base mechanism.

3.4. Correlation of Possible Reaction Mechanisms with Kinetic Data

From the kinetic studies, pH-dependent catalysis was reported, in which the catalytic
activity of HHRzs was enhanced with the increase of pH [16,27,31]. It is interpreted that
the pH increase brings the increase in the concentration of the deprotonated base (active
form of the base catalyst), which results in the reaction rate enhancement. Therefore, when
the crystal structure revealed the existence of the hydrogen bond between H1(G12) and
O2′(X17) (Figure 1b,c), the G12 residue was postulated as the base catalyst (the G12 base
mechanism) [16,20–25,31]. The existence of the base catalyst in the G12 base mechanism is
consistent with the existing kinetic data. On the other hand, the triester-like mechanism
does not include an explicit base catalyst, which may contradict the kinetic observation.
However, even without a base catalyst, the pH dependence can be explained as follows.
Firstly, protons can work as a mask for the non-bridging oxygens of the scissile phosphate as
a reaction blocker. Upon the pH increase, the concentration of protons in a bulk is lowered,
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and this decrease in the concentration of the reaction blocker may facilitate the proton
transfer of H2′(X17) to the phosphate oxygen. In addition, a possible base catalyst was
found for the triester-like mechanism (see Section 3.6 for details). Thus, the pH-dependent
reaction rate enhancement can be explained, even in the triester-like mechanism.

In reference [32], an observable rate constant, kobs, is thought to be proportional to
both the fraction of the deprotonated base (active form of base catalyst) and the acid catalyst
(the proton donor to the leaving oxygen atom).

kobs = kcat•fB•fA (1)

where kcat, fB and fA represent an intrinsic rate constant, a fraction of a deprotonated base
(0 < fB < 1) and a fraction of a protonated acid (0 < fA < 1).

For fB = 1 and fA = 1, the maximum activity is observed, and Equation (1) becomes
kobs = kcat. In the case of HHRzs, the acid catalyst is thought to be the 2′-OH (G8). Therefore,
under the experimentally examined pH range, the fraction of a protonated acid (fA) can be
assumed fA ≈ 1, and Equation (1) becomes

kobs ≈ kcat•fB (1a)

Based on Equation (1a), we would like to investigate the two possible mechanisms. As
for the G12 base mechanism, a fraction of the N1-deprotonated G12 base (fB) is increased
upon the pH increase, and it is consistent with the observed rate enhancement. However,
caution must be taken for the absolute value of fB. If we assume that the pKa value of the
G12 residue in full-length HHRzs is the same as or higher than that of G12* in the model
system, a fraction of the deprotonated G12 base could be significantly lowered, which may
result in a decrease in the observed rate constant kobs. To maintain a reasonable kobs value,
the intrinsic rate constant kcat should be enlarged.

From the energetic point of view, the energetic increase due to the N1-deprotonation,
Edep, can be formulated as follows:

Edep = −RTlnKa (2)

Assuming pKa = 11.5 for N1(G12) in a full-length HHRz and the temperature = 298 K,
Edep becomes 65.6 kJ•mol−1 (15.7 kcal•mol−1). Thus, the possible high pKa value of
N1(G12) may bring large Edep and a significant increase in the activation energy of the first
transition state (TS1), as shown in Figure 9, which may not be feasible for the cleavage
reaction. However, in this case, the possible large kcat value in Equation (1a) due to the
highly basic nature of the G12 base may compensate for this situation. Thus, the accurate
estimation of the final observable rate constant, kobs (kcat•fB product), is not easy.

Next, in the triester-like mechanism, such a deprotonation process is not included.
During the course of the triester-like mechanism, the G12 residue does not experience
deprotonation. Instead, H1(G12) is hydrogen-bonded with O2′(X17), whose negative
charge is transiently accumulated in TS1. As a result, the potential energy of the TS1 may
be lowered, and this would be the catalytic role of G12 in the triester-like mechanism. A
similar electrostatic stabilization mechanism was proposed for the hairpin ribozyme from
several experimental results [47,61]. There might be a possibility that a common cleavage
strategy might be utilized by small ribozymes.
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3.5. Correlation of Possible Reaction Mechanisms with Thio-Effect

Before entering thio-effect, the related structural features must be described. On the ba-
sis of the crystal structure [21], a water molecule (W1) bridged the pro-RP oxygen atom and
2′-OH(G8) (Figure 1b,c and Scheme 2). This 2′-OH(G8) is also known to work as “an acid
catalyst”, which facilitates the proton transfer from 2′-OH(G8) to the leaving O5′(N1.1) [32].
Therefore, in the triester-like mechanism, once the pro-Rp oxygen atom captures the 2′-
hydroxy proton, H2′(X17), the captured proton would be efficiently transferred to the final
destination of O5′(N1.1) via W1 through the hydrogen bond network (Figure 8b).

With regard to the thio-effect, the thio-substitution of the pro-Rp oxygen of the scissile
phosphate group diminished the reaction rate of HHRzs [55,56,62]. Based on this obser-
vation, when the pro-RP oxygen atom is thio-substituted, the proton transfer step from
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O2′(X17) to the sulfur atom and/or that from the sulfur atom to W1 could be inhibited
due to a steric effect or basicity change of the pro-RP atom, as was pointed out in the litera-
ture [58]. Next, the thio-substitution of the pro-Sp oxygen did not affect the cleavage rate as
much [55,56,62]. This observation is also consistent with the triester-like mechanism, since
the pro-Sp position does not participate in the hydrogen bond network between the pro-RP
oxygen atom and O5′(N1.1). Thus, the triester-like mechanism can reasonably explain the
thio-effect. In the case of the G12 base mechanism, by the oxygen–sulfur substitution at the
pro-Rp site, the acidity of W1 may be affected through the sulfur–W1 hydrogen bond. It
may eventually affect the proton relay from 2′-OH(G8) to leaving O5′(N1.1). In this way,
the relationship between the G12 base mechanism and thio-effect also can be rationalized.
Thus, the thio-effect does not become solid evidence to exclude one of the mechanisms.

3.6. Correlation of Possible Reaction Mechanisms with Their Intermediate and Product States

Firstly, the intermediate state of the respective mechanisms is considered. In the G12
base mechanism, the chemical structure of its pentacoordinated phosphorane intermediate
is a dianionic form. This structure elevates its potential energy inferred from the pKa

1

(6.5–11.0) and pKa
2 (11.3–15.0) of the pentacoordinated phosphorane intermediate [63]. On

the contrary, the chemical structure of the pentacoordinated phosphorane intermediate
for the triester-like mechanism is a monoanionic form due to the proton transfer from
2′-OH(X17). This protonation of the intermediate brings stabilization of the intermediate.
Though this stabilization of the intermediate may not necessarily be related to the reaction
rate, this intermediate stability of the triester-like mechanism could lower the activation
energies before and after the intermediate state. In addition, because the pentacoordinated
phosphorane intermediate possesses more basic property (higher pKa values) than a normal
phosphodiester group [63], it can be regarded that the phosphate group at TS1 on the way
to the pentacoordinated phosphorane works as “the base catalyst”. Such a hidden base
thus exists even in the case of the triester-like mechanism.

Secondly, the product state of the respective mechanisms is considered. In the G12
base mechanism, chemical structures of W1 and W2 become a hydroxide anion and an
oxonium cation, respectively (Figure 8a). This ionic charge-separated state would increase
the potential energy of the product. On the other hand, in the triester-like mechanism, the
chemical structures of W1 and W2 in their product state retain their initial state (Figure 8b),
and no energetic increase due to W1 and W2 is expected.

3.7. Possible Reaction Mechanisms

Based on the discussion in this study, both the G12 base mechanism and the triester-
like mechanism were found to be rationalized against the currently available experimental
data. As an interesting remark, a reasonable energetic profile of the catalytic reaction of
the hairpin ribozyme was also shown for the triester-like mechanism from the theoretical
calculation [64]. Accordingly, in addition to the currently assumed G12 base mechanism, the
triester-like mechanism should also be regarded as a possible candidate of the mechanism
of HHRzs.

3.8. Conclusions

The current spectroscopic study revealed the intrinsic pKa values of functionally
important sites of the G12/G10.1-corresponding residues in the catalytic unit of HHRzs. The
G10.1-corresponding residue showed a notably basic character compared to a guanosine
monomer by ~2 pKa unit, which is responsible for high metal affinity (=Lewis basicity).
More interestingly, the pKa value of the G12-corresponding residue is extraordinarily
basic, and a fraction of the deprotonated G12 residue can be calculated under an arbitrary
pH, which could be a benchmark for evaluating the reaction mechanisms of HHRzs in
the future. Thus, thermodynamic/equilibrium analyses and careful reconsiderations of
existing experimental data illuminated that the triester-like mechanism is also a possible
one, besides the currently assumed G12 base mechanism. Through the consideration in
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this study, it is reasonably concluded that a thermodynamic/equilibrium approach would
provide an independent measure that can be an outstanding pivot point to evaluate the
possible mechanisms of HHRzs.

4. Materials and Methods
4.1. Preparations of RNA Oligomers and NMR Measurements

The RNA oligomers used in this study were synthesized and purified as described in
the literature [33,65].

The solution for the titration experiments of RNA duplex 1 contained 1 mM RNA
duplex 1, and 100 mM NaCl in D2O. In the titrations under basic conditions without
CdCl2, 2 mM Na-phosphate pH 6.94 was initially added, and further basic pH conditions
were adjusted by the direct titrations with NaOD in D2O. In the titrations under basic
conditions with 2 mM CdCl2, no buffer was added so as not to precipitate Cd2+ cation,
and further basic pH conditions were adjusted by the direct titrations with NaOD in D2O.
In the titrations under acidic conditions without CdCl2, the pH conditions were adjusted
by the direct titrations with D2SO4 in D2O. The 1D 1H NMR spectra at the respective pH
values were recorded on a Bruker Advance III HD 500 MHz spectrometer equipped with a
BBO cryogenic probe at 303 K (Bruker, Billerica, MA, USA). Each spectrum was recorded
with 327,68 complex points for a spectral width of 16,025.641 Hz.

The solutions for the titration experiments of RNA duplex 2 contained (solution 1)
1.0 mM RNA duplex 2, 50 mM NaCl in D2O and (solution 2) 0.25 mM RNA duplex 2,
50 mM NaCl, 1.0 mM Cd(NO3)2 in D2O. In both solutions, no buffer was added in the
titration experiments, and the pH conditions were adjusted by the direct titrations with
D2SO4 in D2O for acidic conditions and NaOD in D2O for basic conditions, respectively.
The 1D 1H NMR spectra at the respective pH values were recorded on a JEOL ECA600
spectrometer at 298 K (JEOL, Japan). Each spectrum was recorded with 8192 real points for
a spectral width of 6600 Hz.

4.2. Equilibrium Analyses for Titration Data

In the case of titration experiments, experimentally observed chemical shifts, δobs,
follows the theoretical Equation (3) shown below.

δobs = (δprotonated + δdeprotonated•10(pH−pKa))/(1 + 10(pH−pKa)) (3)

where δprotonated, δdeprotonated and pKa denote the theoretical limiting value of the chemical
shift for the protonated state, the theoretical limiting value of the chemical shift for the
deprotonated state and the pKa value for the corresponding reaction. The respective
titration data were fitted to Equation (3), using δprotonated, δdeprotonated and pKa as variable
parameters for the least square fitting. All calculations were performed using Microsoft
Excel for Mac version 16.44.

4.3. Theoretical Calculations of NMR Chemical Perturbations

The model RNA molecule for the chemical shift calculations was derived using the
structure of RNA duplex with PDB ID 1YFV [66] that involved the same as the central
four base pairs of RNA duplex 2. The four-base-paired RNA fragment r(CGAG)2 from the
1YFV including two Watson–Crick G-C and two sheared-type G-A pairs was geometry
optimized with the QM/MM (B3LYP/6-31G++**:OPLS2005) method as implemented in
the Jaguar 8.2, Impact 6.1 and Qsite 6.1 computational programs (Figure S1) [67–74]. The
energy-minima structures were confirmed with the vibrational frequency calculations. The
NMR chemical shift of the H8 of the guanine base in the G-A pair was calculated for the
paired G-A nucleotides that were derived from the QM part within the geometry optimized
r(CGAG)2 model (Figure S1). The model of the 5′-GMP derived from the G-A pair involving
both the neutral and the N1-deprotinated guanine base (G) was geometry optimized with
the B3LYP method, 6-311+g(d,p) basis [75] and the SMD implicit water solvent [76]. The
calculations of NMR chemical shielding of the H8 atom of G, σ(H8), both in the G-A pair
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and in 5′-GMP, employed the GIAO approach [77], B3LYP method, 6-311+g(d,p) basis and
the SMD implicit water solvent. The NMR chemical shift change of H8 in G, ∆δ(H8), due
to the N1-deprotoantion of G, was calculated assuming the same NMR reference for the
two states of G in accordance with the experiment as follows (Tables S1 and S2):

∆δ (H8) = δ (H8 in N1-deprotonated G) − δ (H8 in neutral G) (4)

=σ(H8 in neutral G) − σ(H8 in N1-deprotonated G). (5)

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/biophysica2030022/s1, Figure S1: The four-base-paired RNA duplex derived from the 1YFV
RNA duplex, Figure S2: The 1H-1H NOESY spectrum of the RNA duplex 1 at pH 8.18 in the absence
of CdCl2. Figure S3: The natural abundance 1H-13C HSQC of the RNA duplex 1 at pH 8.18 in the
absence of CdCl2. Figure S4: The 1D 1H NMR spectra of duplex 2 under pH 10.9, 10.4 and 10.9.
Figure S5: The natural abundance 1H-13C HSQC of the RNA duplex 1 at pH 4.4. Table S1: Chemical
shielding calculated for H8 atom in G in ppm, Table S2: Chemical shielding calculated for H8 atom in
G in ppm.
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