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ABSTRACT: Ribonucleases and small nucleolytic ribozymes are  Kinetic Isotope Effects
both able to catalyze RNA strand cleavage through 2’-O-
transphosphorylation, provoking the question of whether protein . fLNH 4

and RNA enzymes facilitate mechanisms that pass through the ) olN/&O LJ J
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ribozyme catalysis that reveal a dissociative, metaphosphate-like 90 tekyeg

transition state in stark contrast to the late, associative transition g0 = 2 1,022

states observed for reactions catalyzed by specific base, Zn>" ions, Ho="N AP ) et e

or ribonuclease A. This new information provides evidence for a N\NHNH §§

discrete ribozyme active site design that modulates the RNA ’ " BKkyuc N
cleavage pathway to pass through an altered transition state. Reaction progress substate

B INTRODUCTION platforms for the design of new biomedical technology'* and

therapeutics'"'> and as models for understanding RNA
catalysis'” and its implications for theories of evolution.'®
The KIE measurements reported here are the first for any
nucleolytic ribozyme and afford a unique opportunity to
determine whether the catalytic pathways of RNA enzymes
pass through transition states like those of protein
ribonucleases. In this way, insight can be gained into the
degree to which the transition state structure can vary in these
distinct catalytic environments.

The 2'-O-transphosphorylation reaction comprises two main
bonding events: association of the 2'O nucleophile (Ay) and
dissociation of the 5'O leaving group (Dy). The order and
extent of these two events leading to the transition state can
vary and are illustrated within these two dimensions in Figure
la."” Mechanisms are referred to as associative (or
dissociative) when the primary association (or dissociation)
event proceeds first and as concerted when they occur
simultaneously. Purely associative/dissociative mechanisms
are stepwise with a metastable intermediate separating two

Enzymes stabilize reaction transition states;l therefore, a
predictive understanding of the transition state structure and
bonding is essential to gain insight into the catalysis and to
guide the design of inhibitors or new enzymes for
biotechnology, diagnostics, or therapeutics.z’3 Both RNA and
protein enzymes can stabilize the transition states for
phosphoryl transfer reactions and are proposed to use similar
catalytic strategies.”> However, there are relatively little
experimental data that directly report on the transition states
of RNA transphosphorylation reactions catalyzed by either
ribonucleases or ribozymes. Only comparative analysis at the
level of transition state structure can resolve a fundamental
question: are the pathways for RNA transphosphorylation
restricted by the free energy landscape of the reaction such that
biology converged on a single catalytic solution, or do multiple
biologically feasible routes to cleavage exist that pass through
fundamentally different transition states?

Highly sensitive experimental probes of transition state
structure and bonding are kinetic isotope effects (KIEs) on the
reaction rate.’”® Herein, we report the primary and secondary
80 KIEs for RNA cleavage catalyzed by the hepatitis delta
virus ribozgme (HDVr). RNA cleavage by 2’-O-transphos-
phorylation is ubiquitous in biology, shapes the terrestrial
transcriptome,*”'? and has far-reaching implications for Received:  September 21, 2022
medicine.'”'* A predictive understanding of the catalytic Published: January 27, 2023
mechanisms of RNA cleavage reactions is thus important from
a fundamental scientific perspective as well as from the
standpoint of engineering novel catalysts.'”'* HDVr is a
representative class of nucleolytic ribozymes'*'® that serve as

transition states, whereas a purely concerted mechanism will
pass through a single transition state. Transition states along a
given mechanistic path are described as “early” or “late” based
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Figure 1. Transition states for RNA cleavage and where to find them. (a) Two-dimensional reaction coordinate diagram with 5'O—P bond
breaking and 2'O—P bond formation proceeding along the horizontal and vertical axes, respectively. Regions of transition states for associative
versus dissociative (red diagonal) pathways having early versus late (blue diagonal) character are shown inside the box, whereas metastable
intermediates are depicted outside the box. Potential concerted reaction pathways are shown as gray dashed lines. Stepwise mechanisms with either
phosphorane or metaphosphate intermediates proceed sequentially along individual axes. (b) Two classes of the transphosphorylation mechanism:
stepwise with an intermediate (Int.) and two transitions states (TS1 and TS2) and concerted with a single TS1. (c—e) Experimentally guided,
computationally derived transition state models of RNA 2'-O-transphosphorylation consistent with *O KIEs reported previously (Table 1) for
reactions catalyzed by (c) specific base (OH™), (d) Zn** ions, and (e) RNase A. Key distances in A are indicated. (f) Catalytic mechanism of HDVr
showing the proposed roles of protonated C75 acting as a general acid and active site Mg>* ion coordinated to a non-bridging phosphoryl oxygen
and participating in catalysis via coordination of the 2'O (red) or as general base via a coordinated hydroxide (orange).

on whether they are closer to the reactant or product states, (Figure lc—f) and computationally predicted for classes of
respectively. However, distinctions between pure mechanisms small self-cleaving ribozymes™® that employ a guanine general
are not always clear; for example, when a metastable base.'**’

intermediate on the free energy surface is not kinetically

distinguishable from a “shoulder” formed from the coalescence B RESULTS AND DISCUSSION

of two transition states into one. Based on Brensted analyses, RNA 2’-O-Transphosphorylations Catalyzed by OH"
KIEs, and quantum mechanical (QM) calculations,”® the Zn?* lons. and RNase A Proceed byy Associative'
mechanisms of transphosphorylation reactions can be con- Mechanisn’15. A powerful method to gain insight into the
certed with early transition states for substrates with reactive mechanism and transition state structure is to determine KIEs
(enhanced) leaving groups like p-nitrophenol with low pK,; on reacting substrate atoms and use the results as benchmarks
however, the high pK, of RNA's 5'O leaving group typically for evaluating alternative mechanisms and transition states.’

results in mechanisms with more associative character, in The rate effect of isotopic substitution reports directly on

which leaving group departure through cleavage of the S'O—P changes to the bonding environment around the substituted
bond is rate-limiting and the corresponding transition state is atom between the ground state and transition state (for '*O
late (Figure 1b). substitutions, mainly due to differences in vibration zero-point
As will be revealed in this study, the HDVr-catalyzed RNA energies).” KIEs in model systems, together with QM
cleavage reaction proceeds through a dissociative-like pathway calculations, provide guidance on how to interpret enzyme
and transition state characterized by minimal bond formation KIEs.'””* KIE analysis has been applied to RNA catalysts that
between the O2’ nucleophile and the scissile phosphate. This catalyze chemistry at carbon centers, including the ribosome™®
is in stark contrast to the late, associative-like transition states and the pyrimidine-forming ribozymezg but not yet to
characterized by nearly complete O2'—P bond formation endonucleolytic ribozymes that catalyze RNA-2'-O-trans-
experimentally observed for reactions catalyzed by a specific phosphorylation. Importantly, KIEs were previously measured
base,”** Zn** ions,”>** and ribonuclease A*"*° (RNase A) and interpreted by computational simulations for the reactions
2831 https://doi.org/10.1021/jacs.2c10079
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Table 1. Available Experimental and Calculated KIE Values for RNA Backbone Cleavage by 2’-O-Transphosphorylation

Reactions”

substrate catalyst pH e
UpG H,0* 1° 0.990 (4)
UpG OH~ 12° 0.996 (2)
UpG OH~ 12° 0.997 (1)
UpG OH~ 14° 0.984 (3)
UpG Zn* 7° 0.986 (3)
UpG RNase A 7 0.994 (2)
HPPNP OH™ 12 1.0327 (8)
UpG OH"™ (Calc. Assoc.) 0.977
UpG Zn** (Calc. Assoc.) 1.001
UpG RNase A (Calc. Assoc.) 0.993

11 mer HDVr (RL) 1.024 (1)
11 mer HDVr (MS) 1.026 (6)
9 mer HDVr (Calc. Dissoc.) 1.025

9 mer HDVr (Cale. Assoc.) 0.999

a« »

n’ is

n e e n e n refs
1.005 (4) 0.991 (1) 21
1.037 (2) 0.999 (1) 21
1.034 (3) 0.999 (1) 24
1.034 (4) 21
1.015 (1) 1.007 (2) 24
1.014 (3) 1.001 (1) 21
1.0064 (9) 49
1.042 1.004 26
1.032 1.002 23
1.028 1.002 26

93 1.017 (3) 26 0.994 (4) 27 cw

4 cw
1.018 1.003 cw
1.006 1.002 cw

the number of experimental replicates. “RL” and “MS” correspond to KIE obtained by remote label and mass spectrometry methods,

respectively. The standard error in the last significant figure for the experimental KIEs is given in parenthesis. Calculated '®0 KIE values (Calc.) for
associative-like and dissociative-like HDVr mechanisms were obtained from the Bigeleisen—Mayer equation® using vibrational frequencies
obtained with PBE0/6-31G* QM/MM Hessians. “CW” indicates new measurements presented in the current work. YKIEs were measured at 1 M
Na* adjusted with NaCl at 37 °C. “The KIEs for Zn** and (OH~) catalysis compared at 0.1 M NaNO; at 90 °C.

catalyzed by H,0%*" OH7,”"** Zn>* ions,”*** and RNase
A% a5 summarized in Table 1.

In solution, RNA 2’-O-transphosphorylation at low pH
occurs via an associative stepwise mechanism (Ay + Dy)
beginning with protonation of a non-bridging phosphoryl
oxygen in the ground state and proceeding through a
phosphorane monoanion intermediate, as evidenced by the
formation of isomerization products.’”® The rate-limiting
breakdown of phosphorane is reflected in inverse KIE values
for the nucleophile ("*kyyc ~ 0.990) and non-bridging
oxygens (NPOs) (*®*kypo ~ 0.991) and a small normal leaving
group KIE (*®k; ¢ ~ 1.005). In contrast, base catalysis proceeds
by an (asynchronous) concerted (AyDy) mechanism® with
associative character and a late product-like transition state
(Figure 1c). For this mechanism, inverse KIE values for '*O-
substitution of the nucleophile ("*kyyc ~ 0.98) and normal
leaving group KIEs (**k g ~ 1.03) are observed.””’’
Experimental and computational evidence shows that RNA
cleavage catalyzed by RNase A proceeds via a similar
mechanism and transition state marked by a slightly less
normal leaving group KIE (**k g ~ 1.014) that is similar to
catalysis by Zn”* ions despite over 10'’-fold rate enhancement
by the enzyme.”' In each case, the reaction is initiated with the
association of the nucleophile, and the transition states are
characterized by advanced O2'—P bond formation, consistent
with inverse KIE values ("*kyyc < 1) (Table 1). Only in the
case of hydroxypropyl p-nitrophenol phosphate (HPPNP), in
which an enhanced leaving group is introduced, is the
transition state early (relatively less O2'—P bond formation)
and the "®kyyc normal.

Kinetic Isotope Effect Measurements Suggest That
HDVr-Catalyzed RNA 2’-O-Transphosphorylation Pro-
ceeds by a Dissociative-like Mechanism. Due to the lack
of data reporting directly on the transition states for RNA
enzymes, it remains an open question in the field as to whether
nucleolytic ribozymes, having more limited chemical diversity
from which to enable different catalytic strategies,”” navigate
this mechanistic landscape in similar or distinct ways compared
to their protein enzyme counterparts (ribonucleases). A well-

2832

studied example, HDVr, also catalyzes 2’-O-transphosphor-
ylation (Figures 1f and 2a). A wealth of data including high-
resolution crystal structures’”>* and computational mod-
els* ™ support a mechanism involving C75 (genomic)/C76
(antigenomic) acting as a general acid analogous to His119 of
RNase A. Key biochemical support is derived from the rescue
of C75/76 mutants by cytosine and imidazole analogues*’ as
well as by a S’-phosphorothiolate modification linking
nucleobase protonation to leaving-group stabilization.”" Thio-
effects, metal ion rescue, and Raman crystallography*~*
experiments suggest inner-sphere contact between the pro-R;
non-bridging phosphoryl oxygen and a metal ion***’ that is
likely also to play a role in the activation of the
nucleophile.”** Bronsted analysis suggests that 2O develops
a negative charge in the transition state, implying that
deprotonation precedes 2'O—P bond formation.” Although
much is known about the functional interactions that facilitate
catalysis, there is little experimental information about the
HDVr transition state itself, which would serve to validate
proposed catalytic pathways.””*” To resolve this limitation, we
measured the 2’0, 5’0, and non-bridging phosphoryl oxygen
KIEs for HDVr and used known mechanistic features together
with computational methods to interpret the transition state
structure and bonding.

KIEs for HDVr were measured by internal competition® in
reactions containing mixtures of '°O- or '*O-labeled substrates.
We synthesized HDVr 11-mer RNA substrates enriched with
80 at the 2’0, 5’0, and NPO positions to measure *kyyc,
Bk 6, and "*kypo, respectively (Figure 2b). To detect changes
in isotope ratios, we first used a remote label method in which
the heavy or light isotope is distinguished by radioactive 5" end
labeling with either **P or **P. The products and residual
precursor were isolated by PAGE and isotope ratios
determined by liquid scintillation counting. To validate the
method, we reproduced KIE measurements for base-catalyzed
hydrolysis in an 11 mer oligonucleotide substrate containing a
single ribose linkage at the isotopically enriched phosphate.
The pH dependence and pK, for cleavage of the 11 mer agree
with those measured for the dinucleotide model system

https://doi.org/10.1021/jacs.2c10079
J. Am. Chem. Soc. 2023, 145, 2830—-2839
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Figure 2. Normal '®kyyc for HDVr-catalyzed RNA 2'-O-transphosphorylation determined by two alternative methods (a) sequence and secondary
structure of HDVr (black), the wildtype substrate (blue), and the mutant substrate with low binding commitment (red, see the Supporting
Information). (b) Positions of '*O-substitution for measurements of '*kyyc (red), '®k. (green), and "®kypo (black). (c) Distribution of individual
measurements of 8kyyc by the *P/*P remote label. The data set is fit to a Gaussian distribution (dotted line) with a peak centered at 1.019
matching the observed KIE (Table S1). The intrinsic '*kyyc corrected for commitments and isotopic enrichment of the '*O substrate is reported in
Table 1. (d) Comparison of the distribution of "*kyyc measurements for opposite remote labeling orientation with 3?P labeled 2'-'°O substrate
(red) versus with 3P labeled on the 2'-'30 substrate RNA (blue). (e) ESI-TOF mass spectrum of a mixture of 2'-'%0 and 2’-'°0 substrate RNA
reacting with HDVr at f = 0.9 (magenta) and f = 0.3 (blue) demonstrating enrichment in 2'-'%0 in the residual substrate consistent with a normal
Blguc (f) Determination of 'kyyc from fitting the change in the isotope ratio of the residual substrate (R, = '*0/*O ratio in the 11 mer substrate
starting population; Rg = 80/ ratio in the residual 11 mer substrate at a fraction of reaction f) as a function of reaction progress, f. Simulated
data for KIEs of 0.99, 1.0, 1.022, 1.03, and 1.04 are shown as dotted lines. Fitting of the experimental data to In(Rs/Ry) = (1/"% — 1)In(1 — f) +
In(R,), where 'k is the isotope effect and f is the fraction of the substrate consumed as determined by HPLC (solid line).

(Figure S1). KIEs measured by remote label match previous
measurements by mass spectrometry, although a less normal
k. value was obtained for the 11 mer oligonucleotide
compared to the dinucleotide system (Table S1). The '®k;
was measured to be 1.037 (2) in 1 M Na* at 37 °C and 1.034
(3) in 0.1 M NaNO; at 90 °C, while the 11 mer effect was
1.019 (3) in 1 M Na* at 25 °C. Potentially, the greater local
charge density in the oligonucleotide may preferentially
accumulate cations able to offset negative charge accumulation
to alter the observed KIE. Nonetheless, while the origin of the
differences in "*k; ; remains unclear, the remote label approach
returns substantial normal and inverse values for '®k; g and
Bkwue, respectively, for the non-enzymatic base-catalyzed
reaction of the 11 mer oligonucleotide, which serve as a
reference for the HDVr results. Importantly, pairing of remote
labels with substrates did not affect the KIE measurement
(3*P-"0/%P-"80 or reverse) (Figure 2¢,d).

For enzyme KIEs measured by competitive methods,
substrate binding steps may interfere with measurements.® If
substrate dissociation is slow relative to the chemistry, resulting
in a “commitment” of the bound substrate to undergo chemical
transformation, this will attenuate the observed KIEs relative to

2833

their intrinsic values. Therefore, conditions where substrate
dissociation is fast relative to the chemistry are preferred. To
increase the rate constant for substrate dissociation and
decrease the forward commitment to catalysis, two base pairs
distal to the cleavage site were disrupted (Figure 2). Product
formation was quantified using 5'-**P end-labeled 11 mer
substrate RNA resolved by PAGE. Single turnover pulse-chase
experiments showed that dissociation is rapid with respect to
catalysis for the 11 mer substrate (Figure S2). The KIEs for
HDVr (Table 1) indicate that the chemical step is at least
partially rate-limiting and consistent with minimal binding
commitments.

The remote label method permits determination of sufficient
trials to fit the data to a normal Gaussian distribution (Figure
2c). Remarkably, we observed a normal KIE of 1.024 (1) for
the 2’0 nucleophile. Importantly, the same normal "*kyy for
HDVr is observed for the opposite remote labeling scheme,
demonstrating that the identity of the remote label does not
contribute to the observed KIE. A normal nucleophile KIE was
surprising since '*kyyc for non-enzymatic reactions and RNase
A are characteristically inverse (Figure le and Table 1),
suggestive of advanced 2'O—P bond formation in the

https://doi.org/10.1021/jacs.2c10079
J. Am. Chem. Soc. 2023, 145, 2830—-2839
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Figure 3. Comparison of idealized free energy surfaces for RNA 2’-O-transphosphorylation reactions catalyzed by RNase A (a) and HDVr (b).
Experimental KIEs and calculated TS distances are depicted on the left. Transition state locations that correspond to the maxima of the one-
dimensional substrate-to-product coordinate (blue) and the minima on the orthogonal coordinate (red), with the corresponding ideal non-
enzymatic path (i.e., passing through a symmetric dianionic phosphorane TS) used for reference (transparent dotted lines), are illustrated on the
right. (a) RNase A provides extraordinary rate enhancement by using acid/base catalysis to stabilize a transition state that is similar to non-
enzymatic reactions under alkaline conditions as inferred by KIEs. (b) HDVr provides rate enhancement using a combination of nucleobase and
metal jon catalytic interactions. The free energy surface is distorted relative to ideal non-enzymatic reactions and RNase A toward a dissociative
path and metaphosphate-like transition state marked by limited 2'O—P bond formation. These surfaces and pathways are meant to be illustrative,
with the relative heights of the enzymatic and ideal non-enzymatic TSs normalized such that their locations on the surface are clearer.

transition state. Additionally, a normal *kyyc for trans-
phosphorylation is only observed for reactions of HPPNP in
which the transition state is early due to a more reactive leaving
group. Therefore, we determined '*kyyc independently using
direct analysis of isotope ratios by mass spectrometry. The
residual precursor RNAs were analyzed by electrospray
ionization time of flight mass spectrometry (ESI-TOF MS),
and the isotopic envelope of the entire ion cluster was used to
determine the isotope ratios (Figure 2e). The sensitivity and
precision of the ESI-TOF MS measurements were established
by dilution of natural abundance 11 mer RNA (Figure S3).
The KIE is observed as a change in the relative ratios of the
product ions containing only natural abundance 'O at all
oxygens (M) and those enriched in '®O at one of the reacting
phosphoryl oxygens (M + 2). Figure 2f shows the
determination of KIEs for HDVr-catalyzed 2'-O-transphos-
phorylation relative to simulations of '*0/'®0 ratio vs f (the
fraction of substrate 11 mer reacted to form a product) for a
range of potential '®0 KIEs. The measurement of '$kyy using
direct determination of isotope ratios using mass spectrometry
confirms the normal nucleophile KIE for the HDVr.

The "8kyyc for HDVr catalysis is 1.024 and contrasts to
0.984 for the non-enzymatic reaction catalyzed by specific base
(Table 1). The large inverse value for the non-enzymatic
reaction reflects an oxyanion ground state and advanced bond
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formation in the transition state, consistent with a large fyuc
for hydroxide-catalyzed cleavage and computation.””" With
respect to metal ion interactions, coordination by divalent
metal ions may result in a stiffer binding environment for the
interacting oxygen atom,”” which would also contribute to an
inverse KIE. However, secondary '®0 isotope effects for
hexokinase-catalyzed phosphoryl transfer show that for Mg**
coordination, the effect may be no larger than 1.001.>
Deprotonation of the 2’0 will make a normal contribution to
the observed KIE offsetting contributions due to O-P
bonding. A value of 1.024 for the equilibrium isotope effect
(EIE) on 2'OH deprotonation ('*K,,) was reported by
Humphry et al. from ab initio calculations on the
deprotonation of the hydroxyl of 2-hydroxypropyl-p-nitro-
phenyl phosphate.”” This value matches the estimate for the
18Keq for 2'OH of ribose based on the difference in the
observed pH dependence of "*kyyc for specific base catalysis of
RNA-catalyzed 2’-O-transphosphorylation above and below its
pK,.”* A breakpoint in the pH dependence of the reaction rate
above pH 13 is observed for RNA cleavage that reflects the pK,
of the 2O nucleophile. Above the breakpoint (pH 14), the
ground state for the reaction is the 2’ oxyanion and the *kyyc
is 0.984 (Table 1). A smaller nucleophile KIE is observed at
pH 12 (0.997) that is the combined effect of the EIE on 2’OH
deprotonation (ca. 1.02) and the intrinsic KIE on the
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PBEO0/6-31G* QM/MM Optimized Structures
Dissociative Transition State

b Associative Transition State

4

C75

Figure 4. Summary of computational results. Structural description of the transition states obtained by the dissociative (a) and associative (b)
reaction pathways found by string simulations and further geometry optimized using PBE0/6-31G* for QM description.

nucleophilic addition step (0.981). The observed HDVr “¥ky;c
of 1.024 is therefore likely to correspond to a large normal
contribution from deprotonation, consistent with observations
from substituent effects.”® Given the large normal "*kyyc of
1.024 for HDVT, a significant inverse contribution due to O—P
bond formation would require an offsetting EIE due to
deprotonation of 3% or greater. However, EIEs of only 1-2%
for deprotonation of a range of compounds have been
documented.”* > For example, the EIE for deprotonation of
nitrophenol was reported as 1.0153 and values in the range of
1.014—1.019 were measured for phosphoric acid and glucose
phosphate.*®

Using the remote label method, we measured an '*k for
HDVr of 1.017, which can be compared to the results from
non-enzymatic reactions of UpG and an 11 mer oligonucleo-
tide catalyzed by hydroxide (Tables 1 and S1). The values of
1.034 for UpG and of 1.019 for the 11 mer in reactions
catalyzed by hydroxide represent late transition states with
advanced 5'O—P bond cleavage and no offsetting contribution
from proton transfer. These values contrast with the '*k; g of
1.0064 measured for an activated nitrophenol leaving group
reflecting an early TS.* Additionally, the '*k;; measured for
non-enzymatic catalysis at a low pH (Table 1, pH 1) of 1.00S
reflects an early TS for breakdown of a stable phosphorane
intermediate.”"”*> Thus, the value of 1.017 for HDVr indicates
significant bond cleavage in the transition state compared to
results for non-enzymatic reactions catalyzed by hydroxide.
Importantly, there is strong evidence that 5'O is acted on by
C75 as the general acid."' Formation of a new $'O—H bond
due to general acid catalysis, as suggested by Bronsted
effects,"””’ would result in an inverse contribution to the
observed "8k, partially offsetting contributions from 5'O—P
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bond cleavage. Consequently, the observed '*k;; for HDVr
underestimates the extent of bond cleavage in the transition
state.

Both bonding and bending vibrational modes can influence
the observed KIE on the nonbridging oxygens.” The substrate
for measurement of "®kypg is a mixture of diastereomers, so the
observed KIE of 0.994 represents an average contribution of
the fractionation for each NPO atom. This small inverse
secondary KIE is consistent with an increased bond order to
the NPO atoms, consistent with a transition state with partial
metaphosphate-like character® that is more commonly
associated with the reactions of phosphate monoesters."’

Together, normal primary KIEs on the leaving group and
nucleophile combined with an inverse secondary isotope effect
on the nonbridging oxygen(s) are consistent with a
dissociative-like transition state where 5'O—P bond cleavage
is more advanced than the formation of the 2’O—P bond.
Moreover, the magnitudes of these KIEs in comparison to
base-catalyzed cleavage impose significant offsetting contribu-
tions from proton transfers for the nucleophile and leaving
group. This transition state is therefore distinct from non-
enzymatic reactions and RNase A (Figure 3). RNase A
provides rate enhancement by using acid/base catalysis to
stabilize a transition state that is similar to non-enzymatic
reactions under alkaline conditions as inferred by KIEs.”"** In
contrast, HDVr provides rate enhancement using a combina-
tion of nucleobase and metal ion catalytic interactions. The
KIE data demonstrate that the free energy surface for the
HDVr reaction is distorted relative to ideal non-enzymatic
reactions and RNase A toward a dissociative path and
metaphosphate-like transition state marked by limited 2'O—P
bond formation.
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Figure 5. HDVTr active site comparison. (a) HDVr active state and (b) HHr active state. HDVr and HHr active states use similar Mg** binding

«

modes to enable different catalytic strategies (general base

y” catalysis in HDVr and general acid “5” catalysis in HHr).

Ab Initio QM/MM Calculations Confirm That Exper-
imental KIEs Correspond to a Dissociative-like Tran-
sition State. Combined QM/molecular mechanical (MM)
calculations were previously used to study the HDVr
mechanism by Ganguly et al.’’ They concluded that HDVr
employs a concerted mechanism that is synchronous with
proton transfer and O2'/05’-P bond breaking/forming
occurring simultaneously and passing through a phosphor-
ane-like transition state where the O2'—P and OS5'-P distances
are ~1.8 and ~2.2 A, respectively.”” In search for alternative
mechanisms,”” that study also reported another phosphorane-
like transition state, 5 kcal/mol higher in the barrier, which had
02'—P and OS'—P bonds roughly equidistant (~2.1 A). KIE
predictions were not reported, which is reasonable as there
were no available experimental data at the time.

The goal of the calculations presented herein is to provide
an interpretation of the experimentally measured KIEs in terms
of the structure and bonding of the transition state. To achieve
this, we first performed classical molecular dynamics
simulations to identify the catalytically active state in solution,
which serves as a departure point for the chemical steps of the
reaction. Next, we used combined QM/MM free energy
simulations to determine associative and dissociative pathways
for the reaction. We found that the most plausible active state
involved the Mg** ion making inner-sphere coordination to
both the 2’0 nucleophile and the pro-R, NPO of the scissile
phosphate, while C75 was protonated at the N3 position and
forming hydrogen bonds with the pro-R, NPO and the OS5’
leaving group. Details are discussed in the Supporting
Information and results shown in Figures S6 and S7. Finally,
departing from the observed transition state ensembles of the
QM/MM simulations, we performed ab initio QM/MM
calculations (e.g, transition state optimizations) to pinpoint
representative transition state structures for each pathway.

The two ab initio QM/MM optimized TS structures differ
in both the bonding around the central phosphorus atom and
the degree of proton transfer to the OS’ leaving group from the
general acid, C7S (Figure 4). The associative TS is
characterized by similar O2'—P and P—OS5’ distances (1.86
and 1.97 A, respectively) and bond orders (0.45 and 0.50,
respectively) and partial proton transfer to the leaving group
(H—OS’ bond order 0.35). The dissociative TS has a
considerably longer O2'—P distance (2.51 A) with a markedly
lower bond order (0.21), and proton transfer to the leaving
group is slightly more complete (H—OS’ bond order 0.41).
Each TS yields substantially different KIEs calculated by
vibrational frequency analysis (Table 1). The calculated
primary KIEs for the dissociative mechanism agree very closely
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with the experimental values in terms of normal versus inverse
direction and the magnitudes for both the primary nucleophile
and the leaving group KIEs. Whereas the experimental
secondary KIEs for the NPOs are mildly inverse and consistent
with partial metaphosphate-like character (increased P—O
bond order),® the calculated KIEs are closer to unity. Our
computational findings support a model consistent with
experiment where the O2’ directly coordinates the Mg,
enabling the enzyme and substrate to be in position to react. In
this binding mode, Mg*" acidifies the nucleophile, facilitating
proton abstraction by specific base catalysis while stabilizing
the activated nucleophile in the TS. This stabilization by Mg**
is also likely the main factor causing the shift to a dissociative
transition state, although further experimental and computa-
tional mechanistic work is needed before that can be
definitively concluded.

Implications for Ribozyme Catalysis. HDVr is not the
only ribozyme active site that contains a Mg®* ion coordinated
to both an NPO and a 2'OH, facilitating its deprotonation.
The hammerhead ribozyme (HHr) appears to use this feature
in leaving group stabilization (through_activation of the 2'OH
of G8 for general acid catalysis)>**” as opposed to the
nucleophile activation seen in HDVr (Figure S). Examples of
common catalytic devices shared across ribozyme classes are
beginnin§ to emerge, as suggested from comlparative structure
analysis®” and in-depth mechanistic studies.”” One implication
of these shared features is that ribozymes, with their limited
repertoire of building blocks and available chemical functional
groups, evolved distinct active site designs that stabilize altered
transition states. Protein enzymes such as RNase A, on the
other hand, have a richer set of building blocks and functional
groups for catalytic optimization and may have diverged
comparatively further.

B CONCLUSIONS

Here we have shown that biomolecules capable of phosphoryl
transfer transition states have not universally converged on
catalytic pathways that proceed through a common distinct
transition state; rather, multiple biologically feasible routes to
RNA cleavage are possible, which can navigate through
different transition states. The ability to obtain a chemically
detailed description of 2’-O-transphosphorylation transition
states through KIE analysis provides an opportunity to advance
our understanding of biological catalysis. A broader analysis of
isotope effects for ribozymes that bear precise atomic
modifications and for other classes of ribozymes that have
different active site configurations would unveil the link
between transition state interactions and transition state
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structure, providing unique insights into the diverse catalytic
strategies found in biology.
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