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ABSTRACT: The catalytic properties of RNA have been a
subject of fascination and intense research since their discovery
over 30 years ago. Very recently, several classes of nucleolytic
ribozymes have emerged and been characterized structurally.
Among these, the twister ribozyme has been center-stage and a
topic of debate about its architecture and mechanism owing to
conflicting interpretations of different crystal structures and in
some cases conflicting interpretations of the same functional
data. In the present work, we attempt to clean up the
mechanistic “debris” generated by twister ribozymes using a
comprehensive computational RNA enzymology approach
aimed to provide a unified interpretation of existing structural
and functional data. Simulations in the crystalline environment
and in solution provide insight into the origins of observed differences in crystal structures and coalesce on a common active site
architecture and dynamical ensemble in solution. We use GPU-accelerated free energy methods with enhanced sampling to
ascertain microscopic nucleobase pK, values of the implicated general acid and base, from which predicted activity—pH profiles
can be compared directly with experiments. Next, ab initio quantum mechanical/molecular mechanical (QM/MM) simulations
with full dynamic solvation under periodic boundary conditions are used to determine mechanistic pathways through
multidimensional free energy landscapes for the reaction. We then characterize the rate-controlling transition state and make
predictions about kinetic isotope effects and linear free energy relations. Computational mutagenesis is performed to explain the
origin of rate effects caused by chemical modifications and to make experimentally testable predictions. Finally, we provide
evidence that helps to resolve conflicting issues related to the role of metal ions in catalysis. Throughout each stage, we highlight
how a conserved L-platform structural motif, together with a key L-anchor residue, forms the characteristic active site scaffold
enabling each of the catalytic strategies to come together for not only the twister ribozyme but also the majority of the known
small nucleolytic ribozyme classes.

L-plaform / L-anchor

KEYWORDS: RNA catalysis, twister ribozyme, molecular simulation, free energy, quantum mechanical/molecular mechanical,
kinetic isotope effects, L-platform motif

B INTRODUCTION

the last S years, the number of known naturally occurring
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The mechanisms whereby molecules of RNA can catalyze
chemical reactions in biology have been a topic of tremendous
interest and growing impact since its discovery over three
decades ago. A predictive understanding of the mechanisms of
RNA catalysis in natural biological contexts can ultimately be
transferred to synthetic systems such as xeno nucleic acids' or
Hachimoji DNA and RNA” that have promise for future
therapeutic and synthetic biological applications. Much of what
is known about these mechanisms has been gleaned from
detailed experimental and computational studies of small
nucleolytic ribozymes that catalyze site-specific cleavage (and
ligation) of RNA.>~> These ribozymes are widespread in both
bacterial and human genomes®™® where they likely play
complex roles in RNA processing and regulation of gene
expression and have impact in biotechnology,'”"" medi-
cine,"*™'* and theories into the origins of life itself.">™"7 In
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nucleolytic ribozyme classes has roughly doubled, sparking a
surge of experimental effort aimed toward their structural and
functional characterization.”” This wealth of new information
promises to reveal new insight into the diverse array of
catalytic mechanisms available to RNA,"® including common
themes and possible evolutionary connections between
ribozyme classes.

Among the newly discovered ribozyme classes, the twister
ribozyme stands apart as a system that has attracted a great
deal of attention and ignited several debates in the literature.
Recently, experts have brought to the forefront a critical barrier
to progress in the field: the “mechanistic debris” generated by
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Figure 1. Structure of the twister ribozyme and active site L-platform motif. (A) Sequence and secondary structure of the twister ribozyme (PDB
ID: 40JI*"), highlighting secondary structure elements (stems, loops, and pseudoknots) that are directly comparable across crystallographic
structures. (B) Simulation snapshot showing the global fold of the twister ribozyme in a catalytically active state in solution, with color scheme
matching that in part A. (C) Cartoon-block schematic showing active site base pairing that forms the L-platform motif for the twister ribozyme.
The general acid and base are highlighted in red and blue, respectively, with the scissile phosphate in magenta. The bold residues (U-1 and residues
32—34) form the “L” of this motif, while A2 and Y3 (gray) constitute the “L-anchor” that serves to anchor the general base. (D) Zoom in of the
snapshot from part B highlighting the base pairing and hydrogen bonding around the scissile phosphate characteristic of the L-platform motif in the
twister active site. Residues depicted are the same as in part C, with the addition of the phosphates of N16/17 shown anchoring Al in the syn

conformation.

twister ribozymes, created in the wake of the rush to unveil
details of its catalytic mechanism."® This debris arises from
diverse biophysical data sets that lead to divergent structural
models, conflicting interpretations of essentially the same
biochemical data, and inconsistent use of different terms to
discuss the same catalytic effects.

Twister ribozymes catalyze RNA transphosphorylation that
leads to site-specific cleavage of the RNA phosphodiester
backbone. This is a fundamentally important reaction in
biology that is catalyzed by naturally occurring nucleolytic
ribozymes (hammerhead,zo_22 hairpin,23’24 HDV,*>% v§,>728
glmS,29’30 twister, ™! pistol,g’32 TS,”** and hatchet’ ribozymes)
and protein enzymes (e.g, RNase A**) as well as artificially
engineered DNA enzymes (e.g, 8—17 DNAzyme™). In this
reaction, the 2’0 makes a nucleophilic attack on the
phosphorus atom of the adjacent scissile phosphate to form
a pentavalent transition state (or metastable intermediate),
followed by departure of the OS5’ leaving group to produce
2’,3'-cyclic phosphate and 5'OH cleavage products. To achieve
catalytic rate enhancements that range from 10° to 10°® for
RNA enzymes,”>*” and several orders of magnitude greater for
RNase A,”* enzymes employ up to four mutually enhancing
catalytic strategies (designated a, f3, 7, and §):*°

e ¢, arrangement of the O2’ nucleophile, P atom, and OS5’
leaving group in an active in-line attack geometry;

e f, electrostatic stabilization (neutralization/protonation)
of the negative charge accumulation on the nonbridging
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phosphoryl oxygens (NPOs) at the pentavalent
transition state;

7, activation (deprotonation) of the 2'OH to facilitate
nucleophilic attack;

5, stabilization (neutralization/protonation) of the
accumulating charge of the OS’ to facilitate leaving
group departure.

In the case of the twister ribozyme, there is strong evidence
from functional studies that y and J strategies occur through a
general base/acid mechanism involving two highly conserved
nucleobase residues: the N1 position of G33 and N3 position
of A1.*® The latter general acid strategy has never before been
implicated, as the most likely acid site on an adenine
nucleobase is at the N1 position rather than the N3, due
to the unperturbed microscopic pK, of N1 being significantly
closer to neutrality. The proposition of the N3 position of Al
as the general acid was initially met with some controversy,'”
primarily due to the interpretations of different sets of
crystallographic data and in some cases different interpreta-
tions of functional data sets. Further questions remained
unanswered, such as the following: How does the twister
ribozyme adopt a catalytically active conformation in solution?
What are the origins of the apparent pK, shifts of the general
acid and base, and how are they related to microscopic pK,
values? What elements serve to stabilize the transition state,
and how does this affect bonding? What is the role of solvent
components, including divalent metal ions, in the reaction?
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Figure 2. Comparisons of twister ribozyme P1 stem crystal packing. Cartoon representations of P1 stems of two symmetry-related monomers
colored in light blue and red for each of four crystallized sequences. (A) PDB ID: 4QJH* at 3.9 A. The 8 bp P1 stem with majority C-G pairs

remains intact and coaxially stacks in the crystal. (B) PDB ID: 40J1°!

at 2.3 A. The P1 stem is composed of all C-G base pairs, is fully intact, and

coaxially stacks in the crystal, similar to the 4QJH structure shown in part A. (C) PDB ID: 4RGE** at 2.9 A. The middle two U-A base pairs remain
intact, while U-2 and U-4 form base triples in the L1 internal loop. In addition to coaxial stacking, the position of A41 and A41’ appears to be an
average of two possible orientations for a WC/H base pair between those residues. (D) PDB ID: 4QJD* at 3.1 A. The 3’ strand of the P1 stem
(§'-UAUA-3') is complementary with the equivalent strand in a symmetry-related monomer (3'-AUAU-S’), leading to base pairing across the

monomers.

While new insight into these questions has been provided by
recent experiments,”® detailed answers must derive from
rigorous computational modeling that provides a unified
atomic-level interpretation of the current body of experimental
data.

Multiscale modeling/simulation provide powerful tools to
aid in the mechanistic interpretation of experimental data on
enzymes'”*" and ribozymes.*” However, it must be remem-
bered that even the most rigorous simulations, in the end, rely
on models and are only meaningful if they are able to explain a
broad range of experimental data for the system under study.
Here, we apply a comprehensive computational RNA
enzymology ::1pproach42 to clean up the mechanistic debris,
as defined previously, generated by twister ribozymes and
hopefully open the door to a unified interpretation of the
current body of structural and functional data such that a
consensus view of the mechanism can emerge.

In this approach, we first consider available crystallographic
structures to explore the origin of their structural differences
and perform crystal simulations to validate our simulation
models and provide a baseline for discussion of predicted
rearrangements that occur in solution. We then use molecular
dynamics (MD) simulations to derive a structural and
dynamical model of the catalytically active conformation and
protonation state in solution that is consistent with a wide
range of functional data. Using GPU-accelerated free energy
methods, we characterize the probability of observing the
ribozyme in its active state as a function of pH and validate the
model by comparison with the experimentally measured
activity—pH  profiles. Departing from the active state, we
determine the intrinsic reaction free energy barrier and
catalytic pathway for the chemical steps of the reaction using
ab initio combined quantum mechanical/molecular mechanical
(aiQM/MM) simulations.”*~** We then make experimentally
testable predictions of the heavy-atom kinetic isotope effects
based on the calculated transition state ensemble. We provide
resolution of issues regarding the catalytic role of a divalent
metal jon in the active site and make functional predictions
that can be further tested with experimental mutagenesis.
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Throughout, we discuss the twister ribozyme mechanism using
the simplified framework of four fundamental catalytic
strategies for RNA transphosphorylation discussed above and
draw important conclusions about how catalytic RNAs exhibit
both similarities and fundamental differences to RNA-cleaving
enzymes in the protein world. Finally, we demonstrate how the
combination of all four catalytic strategies is brought together
and enabled by the L-platform motif, which forms a
characteristic scaffold in the active site of not just the twister
ribozyme but also most currently known small nucleolytic
ribozyme classes.

B RESULTS

Discrepancies in Crystal Structures Stem from
Packing That Disrupts Weak Helices. The recent discovery
of the twister ribozyme from comparative genomics® sparked
the generation of a wealth of structural data from X-ray
crystalloﬁgraphyn’“_% that has been discussed in a recent
review.”® The twister ribozyme secondary structure (Figure
1A) consists of three alternating stems (P1, P2, and P4) and
loops (L1, L2, and L4) which are organized into a compact
fold (Figure 1B) by the tertiary contacts formed by two
pseudoknots T1 and T2. The scissile phosphate contained
within the L1 loop is then positioned in the center of the
ribozyme where, in addition to stacking interactions, a series of
nonstandard (i.e., not canonical WC) base pairs and hydrogen
bonds form the active site (Figure 1D). The architecture of the
functional active site is supported by an L-platform/L-anchor
motif (Figure 1C) that acts as a central scaffold for positioning
key nucleobase residues and enabling all four catalytic
strategies to come together.

Currently, there are five different crystal structures (PDB
IDs 4QJH,* 40J1,*' 4RGE,* SDUN,* and 4QJD*), four of
which are significantly distinct (4RGE and SDUN differ only
in the deactivating mutation, 2'-deoxy and 2'O-methyl,
respectively), available of the twister ribozyme (Figure 2), all
of which require a conformational rearrangement to arrive at a
catalytically active state. The two major areas of difference in
the structures involve the folding of the P1 stem and the
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Figure 3. Crystal simulation of PDB ID: 4O]JI twister ribozyme. (A) Unit cell of the 40JI structure containing 12 asymmetric units used for crystal
simulation viewed along a 6-fold symmetry axis. (B) Comparison of simulated and experimental B-factors, from 270 ns of MD crystal simulation. B-
factors are calculated for each residue from a single combined trajectory where the full ensemble of structures (12 asymmetric units) is considered
after applying the appropriate symmetry operations. (C) Overlay of average simulation (colored) and experimental (black) structures for the active
site residues considered as part of the L-platform/L-anchor motif. (D) Crystal packing contact between U-1 and G14’ that stabilizes the
conformation of U-1 where it is displaced from the heel of the L-platform.
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Figure 4. In-line fitness of the twister ribozyme. Plots of nucleophilic attack parameters: O2'—P—05’ angle vs O2'—P distance, with the red box in
the upper left corner indicating high “in-line fitness”. Representative structures corresponding to each plot are shown, highlighting the alignment of
the active site residues and scissile phosphate. Reactive atoms shown as spheres (oxygens in red and phosphate in magenta). General acid and base
colored light blue and red, respectively. (A) Results from 270 ns crystal simulation of the 4OJI structure; the nucleophile was modeled in at each
frame for analysis alone. Results for the 40]JI sequence in a solution environment with the nucleophile included in the 75 ns simulation, where U-1
is restrained either to be (B) extruded from the active site (similar to the crystal) or (C, D) forming a base triple within the L1 loop. In simulations
A—C the presumptive acid and base are in the neutral protonation state, whereas the results shown in panel D are from a simulation of the active
state where the G33 is deprotonated at the N1 position, and Al is protonated at the N3 position. Contours are drawn to highlight the density of
overlapping data points, while the corresponding distributions are colored blue for angles or distances within the region indicating high “in-line
fitness” (02'—P—05’ angle >140° and O2'—P distance <3.5 A).

position of the uracil (U-1) immediately upstream of the
scissile phosphate. A comparative analysis of these crystal
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structures has been presented by Gebetsberger and Micura,*

and below we provide additional insight into the origins of
structural differences and their mechanistic interpretation.

Focusing first on the P1 stem, a clear trend emerges: the
major discrepancies in the structural models stem from crystal
packing that disrupts weak helices. The two sequences that
have the longest CG-rich P1 stems, 4QJH (Figure 2A) and
40J1 (Figure 2B) with 8 bp and S bp, respectively, are fully
intact and pack by coaxially stacking in the crystal, whereas the
two sequences 4RGE (Figure 2C) and 4QJH (Figure 2D) with
4 bp stems of exclusively weak base pairs (A-U or G-U) are
seen to have P1 stems whose 5’ strand is displaced (partially in
the 4RGE and fully in 4QJD) as a result of crystal packing. A
further distinction of the 4RGE sequence is that in the crystal
U-2 and U-5 form base triples involving trans WC/H and cis
WC/H base pairs with A34 and A3S, respectively; the 4QJD
sequence with guanines at positions —2 and 35 does not form
these additional base pairing interactions with the L1 loop.

Adding to the puzzle, recent FRET studies of both the Oryza
sativa®’ and env22*® twister ribozymes (corresponding to the
40JI and 4RGE structures, respectively) provided conflicting
evidence for the importance of the phylogenetically conserved
P1 stem in the folding of the ribozyme. For the 4OJI sequence,
folding of the critical T2 pseudoknot was correlated with a fully
intact and strongly base paired P1 stem, while for the 4RGE
sequence the P1 stem is essential neither for folding nor for
efficient cleavage activity (as show by studies where the P1
stem was eliminated in its entirety’’). As will be discussed
below, this data is reconciled by considering how a misfolded
P1 stem may interfere with local conformational rearrange-
ments that result in the formation of the essential L-platform
motif within the active site.

Moving now to the active site contained within the L1 loop
immediately adjacent to the P1 stem, it is observed that U-1 is
extruded from any helical stacking in every structure. Further,
none of the crystal structures, except 4RGE, have the U-1
residue positioned such that the O2’ nucleophile would be
reasonably in-line with the scissile phosphate. However,
computational studies’ departing from the 4RGE structure
suggest that, in solution, in-line fitness is not maintained, and
an active state is not achieved. Given that in-line attack by U-
1:02" is essential for catalysis, it is clear that some local
conformational rearrangement is required for each crystal
structure to form a catalytically active state in solution.

Toward this end, we depart from the 4OJI structure, which
not only is the highest-resolution structure at 2.3 A but also has
strong base pairing in the P1 stem that appears less perturbed
by crystal packing compared to the other crystal structures. To
validate our simulation models, we performed simulations in
the crystalline environment to compare the structure and
fluctuations directly to crystallographic data (Figure 3). The
simulated and experimental structures were overall very close
(root-mean-square deviation, RMSD 0.80 A), as were the B-
values (root-mean-square error, RMSE 12.98 A% R = 0.92).
These results lent credence to our simulation models and
bolstered confidence in our prediction of the conformational
rearrangements (described in the next section) that occur in
solution resulting from removal of crystal packing restraints.

Local Conformational Rearrangement Is Required To
Form a Catalytically Active State in Solution. In the 40JI
crystal structure, U-1 is observed to be involved in a crystal
packing contact with G14’ (symmetry-related monomer).
Crystal simulations (Figure 3b) indicate that hydrogen
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bonding between U-1 and G14’ locks U-1 in an extruded
state that prevents in-line fitness (Figure 4a). In solution, the
extruded state remains populated and becomes more flexible in
the absence of the packing restraints (Figure 4b). Long-time
simulations reveal that the twister active site can undergo a
local conformational rearrangement whereby U-1 stacks under
G33 and forms a tWH/tWW (U-1/A34/A19) base triple that
enables good in-line fitness to be achieved.’® There exists an
intermediate conformational state between the extruded and
triple states, whereby U-1 stacks with G33 but is not within
hydrogen bonding distance of A34 that also sufficiently enables
in-line alignment of the nucleophile with the scissile
phosphate. Over these unrestrained long-time simulations®’
all three states are sampled, demonstrating the conformational
flexibility of the U-1 residue in solution relative to in the crystal
structures. Connecting back to the discussion of the structural
data, the positioning of the U-1 residue at the heel of the L-
platform provides a model that can begin to unify the
interpretation of these experiments. For the positioning of the
inherently flexible U-1 residue in the base triple (U-1/A34/
A19 and stacked with G33) to occur, the Hoogsteen edge of
A34 must be accessible. The evidence suggests that this can be
achieved either with a strongly base paired P1 stem, as seen
with the Oryza sativa ribozyme, or by elimination of the P1
stem to prevent U-2 from competing for the triple with A34
and A19 observed with the env22 construct.

With U-1 in the base triple (with G33 and Al nucleobases in
their standard/neutral protonation states), a significant
sampling of conformations where the nucleophile is poised
for in-line attack (Figure 4C) is observed. When the general
base and acid residues are in their active protonation states
(G33:N1~ and A1:N3H"), there is a considerable enhance-
ment of the in-line fitness (Figure 4D) that is supported by
stable hydrogen bonding with the O2’ nucleophile and OS5’
leaving group. The same trend is seen with U-1 restrained to
stack with G33 without forming the base triple.”® It should be
noted that in solution the U-1 residue has been seen to
interconvert between these conformational states,’® and
therefore, this residue was restrained to focus on exploring
in-line fitness as a function of conformational and protonation
state. In either the “stacked” or base “triple” conformation,
G33:N1 is poised to act as the general base to activate the
nucleophile, and A1:N3 is positioned to act as a general acid
catalyst to donate a proton to the leaving group. In previous
work, both the “stacked” and “triple” states have been
considered and discussed in detail.’® Here, we focus on the
more structured U-1/A34/A19 base triple that, together with
the active G33:N17/A1:N3H" protonation state (Figure 4D),
defines the “active state” of the ribozyme. This state is used
later as a departure point for aiQM/MM simulations of the
chemical steps of the reaction. The observed rate of cleavage is
then directly proportional to the probability of observing the
ribozyme in its active state. Characterization of this probability
is challenging since both protonation and conformation state
elements are coupled to one another and strongly dependent
on pH and ionic conditions. In the next two sections we
consider each of these states and explore the nature of their
coupling.

Interpretation of Activity—pH and pK, Data. Activity—
pH data sets have been collected for a “wild-type” bimolecular-
type P3 twister ribozyme construct and a variety of mutants
over a wide range of pH values under ion concentrations of 10
mM MgCl,, 100 mM NaCl, and 0.05 mM EDTA.*"**®
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and 9.5 with 0.21 units of coupling. Blue: fraction of the active conformational state for the pH-dependent L-platform formation that produces an
apparent pK, shift of the general acid from S.1 to 6.83. (B) QM/MM reaction coordinates for general base (R1—R2, blue), phosphoryl transfer
(R3—R4, red), and general acid (RS—R6, green) steps. Two-dimensional ab initio QM/MM free energy profile for (C) the general base and
phosphoryl transfer steps and (D) general acid and phosphoryl transfer steps. The two profiles intersect at the local free energy minimum (ES,p)
and together indicate a stepwise nucleophile activation followed by a concerted nucleophilic substitution with partial proton transfer in the rate-
controlling transition state. (E) Estimated free energies (kcal/mol) for the proposed catalytic mechanism from both the conformational influencer

model (part A) and the QM/MM simulations (parts C and D).

Additionally, NMR measurements for the pK, of the
presumptive general acid (Al) have been collected by
measuring the chemical shift of *C2-labeled-Al both as part
of a bimolecular twister construct as well as the substrate
strand alone.*> For the twister complex, the measured
microscopic pK, is 5.1 and likely corresponds to the catalytic
N3 site (although the experiment is unable to distinguish
between protonation at either N1 or N3). Similar attempts
were made to measure the microscopic pK, of the general base
(G33) but were hindered by instability of the RNA at pH
values above 9.5; however, the current body of evidence
suggests that the pK, of G33 is unshifted toward neutrality in

the ribozyme.*’
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To aid in the interpretation of the experimental activity—pH
data, we consider a series of three successively more complex
models:*" (1) a simple, noncooperative model, (2) a
cooperative model that allows coupling of general acid and
base protonation states, and (3) an influencer model that
further couples protonation and conformational states. The
free energy differences for each leg of the thermodynamic cycle
(Figure S1) corresponding to the cooperative model were
calculated in an effort to estimate both the microscopic pK,
values for the general acid and base in the ribozyme
environment and the coupling between them. The predicted
pK, values for A1:N3 and G33:N1 are 5.75 + 0.23 and 9.24 +
0.18, respectively, with a coupling between them (ApK.,,,) of
0.21. While these estimates are reasonably consistent with the
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spectroscopic values, we opted to use the data from our
simulations in the most conservative fashion. Therefore, the
experimental pK, values were used as constraints, in addition
to the calculated coupling, such that each of these models has
three “free” parameters (Table S1) used to fit the data with the
same statistical quality (R* = 0.9894) and are described in
detail in the Supporting Information.

The only model that is able to fit the activity—pH data
with apparent pK, values of the general acid and base (6.8 and
9.5, respectively), while accounting for the microscopic pK,
values from NMR measurements (5.1 and 9.5, respectively)
and predicting responses to mutational effects, is the
conformational influencer model shown in Figure SA. This
model predicts that the rate constant associated with the pH-
independent rate of cleavage (a function of both the intrinsic
rate and any other pH-independent behavior), kg, is >200 000
min~, corresponding to a barrier of <12.6 kcal/mol. It is
important to note that the activity—pH data considered in this
analysis®"*® was collected for a twister construct with guanine
at the —1 position, rather than the strongly preferred uracil
(90% conserved identity).” This mutation was necessary for
accurate kinetics measurements as the sequences with uracil
cleaved too rapidly to be accurately measured (T. J. Wilson
and D. M. J. Lilley, personal communication). As such, the
estimate for the intrinsic barrier for the wild-type twister
ribozyme with uracil at the —1 position is expected to be less
than 12.6 kcal/mol, the upper bound predicted for the pH-
independent rate of the G-1 mutant.

In addition to explaining a broader range of experimental
data, our simulations provide support for the conformational
influencer model. As demonstrated above, and in previous
work,” the positioning of U-1 at the heel of the L-platform is
critical to forming a catalytically active state in solution.
Therefore, we hypothesize that a pH-dependent equilibrium
between the extruded and triple states (or at the very least
stacking of U-1 with G33) of U-1 may provide the underlying
physical basis for the conformational influencer. Given that this
proposed model for the active conformation of U-1 is
characterized not only by hydrogen bonding with A34 but
also by stacking G33, this hypothesis could be tested with 2-
aminopurine fluorescence spectroscopy. Twister ribozyme
constructs that have a weak base pairing P1 stem or no P1
stem at all have already been shown to cleave with 2-
aminopurine as the —1 residue with only a mild decrease in the
observed rate.*” Therefore, it is reasonable to propose
extending these fluorescence experiments to explore the pH
dependence with the twister ribozyme construct that contains
a strongly base paired P1 stem (and for which the kinetics data
was collected, and subsequent computational modeling was
performed), as they could directly assess whether the local
rearrangement that completes the L-platform is in fact the
conformational influencer. In any event, this conformational
influencer model enables the consistent interpretation of the
currently available experimental data and, when combined with
our simulations, establishes a model for the active state in
solution that serves as a departure point to further probe the
catalytic chemical steps of the reaction.

Quantum Free Energy Simulations Predict Stepwise
Nucleophile Activation Followed by a Concerted
Mechanism of Nucleophilic Substitution with Partial
Proton Transfer in the Rate-Controlling Transition
State. In studying the twister ribozyme chemical mechanism,
we consider the general reaction scheme:

31,38
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AGy AG,cgive
= ES$; —=
AGb’p
— [ES > EP=—E + P

AG, e N
E+ S+—ES, ES; — [ES]] — ESyp

(1)

where “E”, “S”, and “P” represent the enzyme, substrate, and
product, respectively, and the subscripts “u” and “f” represent
unfolded and folded states, respectively. In the case of the self-
cleaving twister ribozyme, we omit discussion of substrate
binding and product release and depart from the folded ground
state (ES;). This folded state is in equilibrium with the rarely
populated, reactant active state (ES¥) that is catalytically
competent to carry out chemistry. The reaction then proceeds
through a first transition state ([ESTH) corresponding to
activation of the 2’OH nucleophile by the general base to
arrive at an “activated precursor” (ES,p) intermediate. From
the ES,p intermediate, the reaction follows a pathway
proceeding through a second transition state ([ES]}) to arrive
at the 2/,3’-cyclic phosphate and 5'OH product (EP).

In the previous section, we used molecular dynamics and
alchemical free energy simulations together with activity—pH
and NMR data to establish bounds for the experimentally
estimated free energy for forming the active state in solution at
optimal pH (AG,q. > 6.18 kcal/mol) and the pH-
independent free energy barrier that includes the rate-
controlling chemical step of the reaction (<12.61 kcal/mol).
In the present section, we use multiscale quantum mechanical
simulations to explore the free energy surfaces corresponding
to the chemical steps of the reaction, enabling prediction of
pathways and free energy barriers, and froviding an atomic-
level interpretation of the mechanism.*”*" Specifically, we use
ab initio combined quantum mechanical/molecular mechanical
simulations**~** with rigorous long-ranged electrostatics under
full periodic boundary conditions’> to determine 2D free
energy profiles® along relevant reaction coordinates (see the
Methods section for details). Similar 2iQM/MM methods have
been applied very recently to gain insight into mechanisms of
phosphoryl transfer in RNA polymerase IL.>* For the twister
ribozyme, we consider three general reaction coordinates
(Figure SB): a phosphoryl transfer, general base, and general
acid reaction coordinate. The phosphoryl transfer coordinate
(Ry — Ry) is the difference of the P—OS’ leaving group (R;)
and O2'—P nucleophile attack (R,) distances. Analogously, the
general base (R; — R,) and acid (Ry — Ry) coordinates are the
corresponding difference distances involving proton transfer
from the nucleophile to G33:N1 and from Al:N3 to the
leaving group, respectively. We consider separately coupling of
the phosphoryl reaction coordinate with the general base
(Figure SC) and general acid (Figure SD and Table S2)
coordinates.

As discussed earlier, MD simulations predict both a
“stacked” and base “triple” state that exhibit high in-line
fitness.”” The “stacked” state lacks the tWH base pairing
interaction between U-1 and A34 present in the base triple,
making the former more conformationally dynamic. As
discussed earlier, we have adopted the base triple conforma-
tion, along with the active G33:N17/A1:N3H" protonation
state, as the departure point for aiQM/MM simulations. To
map out the free energy profiles for the chemical steps of the
reaction, many computationally intensive aiQM/MM simu-
lations need to be carried out, and each of these simulations is
conducted over a much shorter time scale than the long-time
classical MD simulations used to study the conformational
dynamics of the system. As such, the more structured base
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Figure 6. Experimental predictions of mutational and kinetic isotope effects. (top) Predictions of mutational effects on the balance of free energy
for adoption of the catalytically active state in solution and the intrinsic rate of reaction. AG,,. is derived at pH 7 from the conformational
influencer model and thus only provides a lower bound, while AG,, is derived from the QM/MM simulations. For the WT and general base

mutants the predicted pK, for the N1 of residue 33 is listed in parentheses. Free energies are in kcal/mol, while rate constants have units of min™".

1

(bottom left) The PBE0/6-31G* optimized transition state structure of twister ribozyme. (bottom right) Predictions of kinetic isotope effect values
calculated at the PBE0/6-31G* level of theory along with experimental values for the nonenzymatic model reaction and RNase A.>

triple state is better suited as a departure point for the aiQM/
MM simulations. Further, tests of the initial (general base) step
of the reaction departing from both the stacked and base triple
states indicate that the free energy barrier for nucleophile
activation is ~1 kcal/mol lower for the base triple than the
stacked state.

The first free energy profile (Figure SC) shows the coupling
of the general base activation (Y-axis) with progression of
phosphoryl transfer (X-axis) along the minimal free energy
pathway. It is clear that the general base activation of the
nucleophile is essentially fully complete prior to the initial
nucleophilic attack of the phosphoryl transfer. This is evident
from the vertical line in the 2D map that connects ES¥ =
[ES]f = ES,p and indicates that this step occurs with no
contribution from the phosphoryl transfer coordinate. From
linear free energy relations,” this would correspond to a
Bronsted coeflicient, # ~ 1, resulting from activation of the
nucleophile in a pre-equilibrium step. Given the stepwise
nature of this part of the reaction, general base activation of the
nucleophile can be separated from phosphoryl transfer
progression, and this step makes an additive free energy
contribution of 2.29 kcal/mol to arrive at the activated
precursor intermediate (ESap)-

The second free energy profile (Figure SD) shows the
coupling of the proton donation to the leaving group from the
general acid (Y-axis) with progression of phosphoryl transfer
(X-axis) along the minimal free energy pathway. Unlike the
general base activation, the general acid and phosphoryl
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transfer steps are concerted, as indicated by the sigmoidal
shape of the minimum free energy path and finite slope at the
transition state [ES]}. The barrier to arrive at the transition
state from the ES,p intermediate is 7.34 kcal/mol. The rate-
controlling transition state [ES] occurs at a phosphoryl
transfer coordinate slightly greater than 0, indicating that P—
OS5’ bond cleavage is very slightly more progressed in terms of
bond order relative to O2'—P bond formation and that these
processes are nearly synchronous in the transition state. As will
be discussed below, this is in contrast to nonenzymatic RNA
cleavage under alkaline conditions and to a lesser extent
cleavage catalyzed by RNase A as predicted by theoretical
calculations® and supported by kinetic isotope effect measure-
ments.”’

Combining the free energy estimates for the general base
activation and phosphoryl transfer/general acid steps, the
simulations predict an overall intrinsic reaction free energy
barrier of 9.63 kcal/mol to arrive at the rate-controlling
transition state departing from the active state (i, ES} =
[ES]3). This is less than the upper bound (<12.61 kcal/mol)
estimated from modeling of the activity—pH data in the
previous section. It is not unexpected that the QM/MM
simulations of the 4OJI sequence predict that the intrinsic
reaction barrier is well below the bound derived from the
activity—pH data, because the kinetics were measured with a
slower G-1 construct, as discussed previously. The important
implication of the calculated free energy barrier falling below
the estimated bounds is that the predicted pathway from QM/
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MM simulations corresponds to a feasible mechanism
consistent with experimental constraints.

It should be pointed out that one of the hi§h-resolution
crystal structures (4RGE) of Patel and Micura® identifies a
Mg2+ ion bound at the active site, whereas the other high-
resolution structure (40JI) of Lilley”" had an active site devoid
of Mg’" ions. Stereospecific phosphorothioate substitution
experiments with thiophilic metal ion rescue have been
generated by both of these laboratories, in addition to the
Breaker lab,”*** and discussed in a recent perspective by
Breaker'” that concluded that the pro-R NPO of the scissile
phosphate does not require innersphere coordination of a
divalent ion for catalysis (but likely is stabilized by hydrogen
bonding with the exocyclic amine of G33), consistent with our
simulations. The pro-S position also does not appear to require
innersphere coordination of a metal ion for catalysis, as
substitution of sulfur at this position has essentially no effect
on maximum rate,'” although this position does appear to
exhibit a modest thiophilic rescue.*

Our simulation results provide insight into this important
observation. Simulations predict that the electrostatic environ-
ment created by the active site strongly attracts Na* ions from
solution that interact with both G33:06 and the pro-S NPO of
the scissile phosphate and on average follow the developing
charge as it migrates from the nucleophile to the leaving group
along the reaction coordinate (Figure S2). In this way, our
simulations support the notion that the pro-S NPO may be
electrostatically stabilized by metal ions in solution (including
Mg*" as observed in the 4RGE structure™) but not in such a
way that requires direct innersphere coordination as confirmed
by the phosphorothioate/metal rescue experiments.'” It is
nevertheless possible that phosphorothioate substitution at the
pro-S NPO creates a thiophilic divalent ion binding site that
modestly enhances the electrostatic stabilization of the
transition state (f catalysis), leading to a modest “rescue”
enhancement, but is not strictly required for the native
substrate. In the next section, we develop experimental tests
that can serve to further validate our mechanism and pathway.

Simulation Models Lead to Experimentally Testable
Mutation and Kinetic Isotope Effect Predictions. The
molecular simulation models for the active state and catalytic
pathway presented here provide a foundation from which to
make experimentally testable predictions. Toward that end, we
consider a set of mutations to the catalytic nucleobases (G33
and A1) that, to our knowledge, have not been measured and
make predictions of how those mutations would affect both the
pH-dependent probability of forming the active state and the
intrinsic reaction barrier (Figure 6, top). Here we propose
chemically precise nucleobase modifications that shift the pK,
of G33:N1 while preserving the hydrogen bond interface at the
Watson—Crick edge so as not to directly impact hydrogen
bonding within the active site. Changes in the pH-dependent
active state probability can be directly predicted from the pK,
shift using the influencer model fit to the activity—pH data.
Changes in the intrinsic rate can be determined from repeating
QM/MM simulations of the relevant steps of the reaction and
measuring the free energy differences.

The G33(7cG) mutation (i.e., 7-deazaguanine-33) shifts the
pK, of N1 up by 1.1 pK units, lowering the probability of the
active protonation state and thus raising the AG for adopting
the active state by 1.5 kcal/mol. However, by shifting the pK,
of the general base up, away from neutrality, the difference
between its pK, and that of the nucleophile is reduced. This is
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reflected in a slightly lower free energy difference between the
ES}¥ and ES,p states and a reduction of the intrinsic barrier by
0.24 kcal/mol. The end result is a predicted kyp,, < 93 min™" or
an 8.5-fold reduction in the rate constant compared to the
wild-type twister ribozyme. Similar competing effects are seen
with the G33(6sG) mutation (i.e., 6-thioguanine-33), with the
pK, being shifted toward neutrality by 1.1 pK units instead of
toward the nucleophile. The increased probability of the active
protonation state is overshadowed by a significant increase in
the free energy associated with the intrinsic rate, leading to a
predicted 9-fold decrease in the observed rate. These modest
perturbations to the pK, of the general base correspond to
modest decreases in the predicted rate constant. As an
additional validation of our model, a more extreme shift in
the pK, (—5.9 units) of the general base was tested, via
mutation to 2-aminopurine. Our prediction of a 63-fold
reduction in k., matches closely with the experimentally
measured value, at pH 7, corresponding to a 72-fold decrease
in the rate.’!

The interpretation of the predictions of the intrinsic barrier
for the mutations of the general acid are more straightforward
compared to the general base. The A1(3cA) general acid
knockout mutation results in a predicted intrinsic barrier of
roughly 30 kcal/mol (Figure 6, top). An intrinsic barrier of this
magnitude is on par with the background rate of cleavage.’®
When this mutation is measured experimentally’® the rate is 4
orders of magnitude slower at neutral pH and undetectable at
low pH, as predicted from the simulations. Further, A1(7cA)
mutation led to enhanced activity and a shift in the activity—
pH profile aligned with the expected microscopic pK, shift of
the N1 and N3 endocyclic nitrogens. We performed QM/MM
simulations with the A1(3cA) knockout mutation, recapitu-
lated the expected activity loss, and then repeated simulations
with an A1(3cA) knockout in addition to a 5’ thio enhanced
leaving group chemical modification, which was predicted to
rescue activity (Figure 6).

As a final prediction, kinetic isotope effects (KIEs) for the
WT mechanism of the twister ribozyme were calculated
(Figure 6, bottom). KIEs report on the relative reaction rate
constants k/k’ between isotopologues where k and k' are the
pseudo-first-order rate constants for the light and heavy
isotopologues, respectively.”’ Measurement of KIEs offer the
most sensitive mechanistic probe of changes in bonding that
occurs in proceeding from the reactant state minimum through
the rate-controlling transition state. KIEs arise from subtle
nuclear quantum effects that are responsive to changes in
electronic potential energy surfaces and especially bond order
and typically require computational approaches to provide a
meaningful atomic-level interpretation.””%' =%

Phosphoryl transfer reaction mechanisms have been studied
extensively with KIEs,”%°% particularly with %0 isotope
substitution at the nucleophile and leaving group positions (1°
isotope effects) and nonbridge phosphoryl oxygen (2° isotope
effect positions). The most straightforward interpretation of
these KIEs (Figure S4) is that if the bonding environment of
an isotopologue becomes more “loose” in proceeding from
reactant to transition state (e.g, if the average bond order
associated with an isotopic position decreases), differences in
the zero-point energy will cause the reaction to be slower for
the heavier isotopologue, leading to a “normal” KIE value (k/k’
> 1). Conversely, if progression to the transition state leads to
a more “tight” bonding environment, this will lead to an
“inverse” KIE value (k/k’ < 1).
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The RNA cleavage (2’-O-transphosphorylation) reaction
catalyzed by the twister ribozyme is also catalyzed by the
protein enzyme RNase A.>* Recently, KIEs have been
measured/calculated for the uncatalyzed reaction®"** as well
as cata?fzed by RNase A*7°*® and in the presence of Zn**
ions.”>®® These reactions proceed via a largely associative
mechanism, as is typical for transesterification and hydrolysis
of phosphate diesters,””°>’ involving nucleophilic attack of
the O2’ that proceeds through a dianionic pentavalent
transition state. The large inverse O2’ and large normal OS’
1° KIEs for the uncatalyzed reaction under alkaline conditions
have been interpreted to suggest a considerably late transition
state characterized by an almost fully formed O2'—P bond and
an almost fully broken P—OS’ bond. Catalysis by RNase A
leads to a less pronounced inverse O2" and normal OS5’ KIEs
and a transition state characterized by less P—OS5’ bond
cleavage and partial proton transfer from the general acid
His119 to the OS’ leaving group. Catalysis by Zn** ions has a
similar KIE signature.®®

In the case of twister ribozyme, we predict even less
pronounced inverse O2’ and normal OS5’ KIEs than in RNase
A, corresponding to a transition state that has a slightly less
fully formed O2'—P bond and less fully broken P—OS’ bond
with significant degree of proton transfer to the leaving group.
The explanation for this prediction is fairly simple when put
into the context of general acid catalysis. In RNase A, the
general acid is a histidine residue with unshifted pK, of around
6.°° In twister, the general acid is the N3 position of an
adenine residue which is much more acidic (unshifted pK, less
than 2). The greater acidity of the general acid in twister
ribozyme makes it more reactive, causing the proton transfer to
the leaving group to occur more readily and thus earlier along
the reaction coordinate. Consequently, the twister ribozyme
catalyzed reaction has less O2’—P bond formation and less P—
OS5’ bond cleavage and more advanced proton transfer in the
transition state relative to that of the reaction catalyzed by
RNase A.

B DISCUSSION

Overall, the computational results presented here provide a
detailed dynamical model of twister ribozyme catalysis that
unifies the interpretation of the current body of structural and
functional data, and makes several experimentally testable
predictions. Like other nucleolytic ribozymes, the twister
ribozyme catalyzes RNA cleavage with an impressive rate
enhancement relative to the uncatalyzed background rate,
nearly on par with its protein enzyme counterparts such as
RNase A that have evolved to promote multiple turnover
reactions. A striking feature is that this rate enhancement arises
from a fast (RNase A-like) intrinsic cleavage rate counter-
balanced by slow (low probability) formation of the catalyti-
cally active state itself.

The observed rate constant for UpA bound RNase A is 8.4 X
10* min~' (approximate activation free energy, AG* ~ 13.2
kcal/mol), which is at least 2 orders of magnitude faster than
the estimated maximum rate constant for twister.’” To
estimate the probability of the active state, molecular
simulations of RNase A at constant pH have been used to
interpret the activity—pH profiles and have led to the
conclusion that there is minimal cooperativity between
protonation states of the general base and acid in this
system.”® Using a simple, noncooperative model for RNase A
with apparent pK, values of 4.88 and 6.95, adoption of the
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catalztically active state (ES; = ES¥) represents 2.83 kcal/
mol.”” The intrinsic rate according to this model would
correspond to a AG value of 10.3 kcal/mol, which is on par
with the estimates for the twister ribozyme. A similar analysis
for the VS ribozyme” shows that this same balance is critical
for the mechanism of that ribozyme. Even with imperfectly
tuned microscopic pK, values for the acid and base (at least
two units removed from neutrality in the case of twister), the
predicted intrinsic rate of these RNA enzymes is comparable to
that of the protein enzyme analogue RNase A.
_ Additionally, as a valuable compliment, the work of
Swiderek et al. presents estimates for the “intrinsic rate” of
the twister ribozyme for a mechanism departing directly from
the crystallographically observed (most probable, but catalyti-
cally inactive) state.”' Their explored mechanism relies on
using one of the NPOs as proton shuttle, since, in the most
probable conformational and protonation state, neither G33
nor Al are poised to act in a catalytic role. The calculated
intrinsic barrier to reaction for this mechanism is ~30 kcal/
mol. This is equivalent to the uncatalyzed/background rate of
cleavage,”® further highlighting the need for the ribozyme to
adopt an improbable but catalytically active state in solution.
The realization that the catalytically active state of ribozymes
often may be highly improbable demands caution in the
interpretation of structural data. X-ray crystal structures of
nucleolytic ribozymes have been critically important to the
field in advancing our understanding of the mechanism.
However, since X-ray data depicts static structures of
deactivated ribozymes in crystalline environments, the degree
to which they represent a dynamic active state in solution is, at
best, speculative. In the case of the twister ribozyme, all of the
available crystal structures require at least a local rearrange-
ment to adopt a catalytically active conformation. As discussed
previously, molecular simulations*’ and quantum mechanical
calculations”' departing from the crystal structure and not
realizing a catalytically active state led to negative or conflicting
results. Indeed, the recent review by Breaker outlining
“mechanistic debris generated by twister ribozymes”'® warns
that theoretical investigations departing from disparate
structural models yield different predictions about the
mechanism and thwart efforts to unify conclusions. The
present study thus pays special attention, and indeed sheds
light on, the origin of the differences in the currently available
X-ray crystal structures (e.g., weak base pairing that can lead to
disruption of the P1 stem in the crystal) and goes on to
identify a local conformational rearrangement that leads to a
catalytically active state that is consistent with known general
catalytic strategies.”®

B METHODS

The present work takes a comprehensive computational RNA
enzymology approach® to study the catalytic mechanism of
the twister ribozyme that combines (1) long-time molecular
dynamics simulations both in a crystalline environment”* and
in solution at several stages along the catalytic reaction
pathway, (2) GPU-accelerated alchemical free energy simu-
lations, (3) multidimensional ab initio combined quantum
mechanical/molecular mechanical (QM/MM) simulations,
and (4) computational mutagenesis and kinetic isotope effect
calculations. All molecular dynamics simulations were
performed using the AMBER 18 package,” in particular the
GPU-accelerated simulation engine (PMEMD),”* using the
AMBER fl990L3 RNA force field which includes a/ )/7 and
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#'¢ dihedral modifications to the standard AMBER ff99 force
field.”””® The solvent environment was modeled using TIP4P-
Ew waters”~ with ion parameters for both monovalent™ and
divalent ions®' designed for use with this water model.
Alchemical free energy simulations were performed using the
GPU-accelerated thermodynamic integration (T1)**** method
recently implemented into AMBER 18 by our group.”* The ab
initio QM/MM simulations were performed using code
implemented in-house within a development version SANDER
MD program’® and were conducted in explicit solvent under
full periodic boundary conditions using the recently introduced
ambient potential composite Ewald method>” for rigorous
long-ranged electrostatics. Two-dimensional profiles were
analyzed using the 2D variational free energy profile (VFEP)
method.” QM/MM simulations and kinetic isotope effect
calculations were performed using the ab initio PBE0/6-31G*
density functional quantum model.**** Simulations were
performed using a wide array of national production cyber
infrastructure provided by the NSF, NIH, and Rutgers
University. Full details for all computations in this work are
provided in the Supporting Information.
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