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Who stole the proton? Suspect general base
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The pistol ribozyme (Psr) is one among the most recently discovered classes of small nucleolytic ribo-
zymes that catalyze site-specific RNA self-cleavage through 2'-O-transphosphorylation. The Psr contains
a conserved guanine (G40) that in crystal structures is in a position suggesting it plays the role of the
general base to abstract a proton from the nucleophile to activate the reaction. Although some functional
data is consistent with this mechanistic role, a notable exception is 2-aminopurine (2AP) substitution
which has no effect on the rate, unlike similar substitutions across other so-called "G + M" and "G + A"
ribozyme classes. Herein we postulate that an alternate conserved guanine, G42, is the primary general
base, and provide evidence from molecular simulations that the active site of Psr can undergo local
refolding into a structure that is consistent with the common “L-platform/L-scaffold” architecture ident-
ified in G + M and G + A ribozyme classes with Psr currently the notable exception. We summarize the
key currently available experimental data and present new classical and combined quantum mechanical/
molecular mechanical simulation results that collectively suggest a new hypothesis. We hypothesize that
there are two available catalytic pathways supported by different conformational states connected by a
local refolding of the active site: (1) a primary pathway with an active site architecture aligned with the
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L-platform/L-scaffold framework where G42 acts as a general base, and (2) a secondary pathway with the
crystallographic active site architecture where G40 acts as a general base. We go on to make several
experimentally testable predictions, and suggest specific experiments that would ultimately bring closure

rsc.li/obc to the mystery as to “who stole the proton in the pistol ribozyme?”.
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1. Introduction

The ground-breaking discovery that molecules of RNA'>, and
later molecules of DNA", can act as catalysts has inspired a
generation of scientists to explore new applications in biotech-
nology and medicine,” and gain a deeper understanding of
biology® and the origins of life itself.””® It remains a fascinating
puzzle how these molecules, with their limited set of building
blocks and lack of diversity of chemical functional groups, are
able to catalyze complex reactions with rates that often rival
those of more common protein enzymes. Nonetheless, these
remarkable biomolecules are able to find ways of taking advan-
tage of their environments and folding into 3D structures able
to scaffold and position residues in the active site, recruit
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solvent components and shift pK,s to participate in catalysis
and achieve rate enhancements over a million-fold.”™**

The intriguing mystery behind the catalytic capabilities of
nucleic acids has attracted many a scientific explorer, experi-
mental and theoretical alike. Experiments provide critical
insight into truths of nature through measurements, however
these measurements often provide somewhat veiled answers to
the intended questions. Nowhere is this more apparent than
in studies of enzyme catalysis, where the critical entity that
controls the reaction rate is a transient mirage nearly imposs-
ible to observe directly - the transition state ensemble.'?
Theoretical methods, on the other hand, promise an almost
limitless wealth of atomic level detail into catalytic pathways
and the transition states they pass through. Nonetheless, as
these methods must ultimately take recourse into approximate
models to be made practical, results should be viewed with an
appropriate level of skepticism until validated experimentally.

We have long endeavored to break down barriers between
experiment and theory'*™*® and forge new paths for interdisci-
plinary collaborations to study mechanisms of biocatalysis.
The vast majority of collaborative papers reported in the litera-
ture in this area have used theory and computation mainly to
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aid in the interpretation of experiments. We feel it is critical
that theory break out of this traditional supporting role and
evolve into a tool to gain predictive insight that inspires new
experiments and guides new technology design.'”"'®

To achieve this, we strived to develop design principles for
nucleic acid enzymes that can be used to make experimentally
testable predictions,'® and in the present work, we put these
principles, and our models, humbly to the test to make a new
hypothesis.

Hypothesis: The primary general base that abstracts a proton
from the nucleophile in the pistol ribozyme to initiate the reaction
is not G40 as implicated by numerous crystal structures, but
rather G42 that hitherto has not been a suspect in the mechanism.

Herein we discuss currently available experimental data
supporting and/or refuting G40 or G42 as the general base,
and report a new model three-dimensional structure of the
pistol ribozyme that supports G42 as the general base. The
model was obtained through molecular simulations that
involved local refolding of the active site into a common “L-
platform/L-scaffold” framework'® without disturbance to other
structural components. We present the model evidence and
reasoning behind our hypothesis in the form of an unsolved
mystery:

“Who stole the proton in the pistol ribozyme?”

Background: the facts in the case
RNA cleavage catalyzed by the pistol ribozyme

The pistol ribozyme (Psr) catalyzes site-specific RNA strand
cleavage via 2'-O-transphosphorylation®**' that involves a
nucleophilic attack of a 2"-hydroxyl group to the adjacent scis-
sile phosphate and departure of the 5'O leaving group to
produce a 2',3"-cyclic phosphate (Fig. 1). The ribozyme draws
from four fundamental catalytic strategies'>*? to achieve speed
limits® of roughly million-fold rate enhancement for the reac-
tion: (1) alignment of the nucleophile, phosphorus and leaving
group (o catalysis), (2) activation of the 2'OH nucleophile by
abstraction of the proton by a general or specific base (y cataly-
sis), (3) electrostatic stabilization of the localized negative
charge on the non-bridging phosphoryl oxygens (NPOs) in the
transition state (p catalysis), and (4) facilitation of O5' leaving
group departure by donation of a proton from a general or
specific acid.

Pioneering structural and functional studies by
Breaker,”?®> Micura and Patel,**® Lilley and Wilson,*® and
others,*® and supported by theoretical studies,*’* have made
clear that a metal ion plays an important role in the acid step
of the reaction, and further established a functional link with
the hammerhead ribozyme®' and the 8-17 DNAzyme,"
although ultimately their mechanisms are distinct.

The pistol ribozyme belongs to a set of ribozymes classes,
including the hairpin, Varkud satellite, twister, glmS, and ham-
merhead ribozymes, that utilize a guanine residue as a general
base.'" This strategy for nucleophile activation is also shared
by artificially engineered DNAzymes, including the 8-17
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Fig. 1 RNA cleavage via 2'-O-transphosphorylation by the pistol ribo-
zyme. It is generally accepted that a Mg?* bound at the active site acts
as the general acid (5 catalysis) and also provides electrostatic stabiliz-
ation (B catalysis); and further that nucleophile activation (y catalysis) is
achieved by an active site guanine residue (deprotonated at the N1 posi-
tion). Up until now, it has generally been assumed that G40 acts as the
general base to abstract the nucleophile proton, but the current work
brings this assumption into question, and forms a hypothesis that
perhaps an alternative suspect guanine, G42, acts as the proton bandit.

DNAzyme.**® Abundant structural evidence, along with some
functional data, implicates G40 as the general base in Psr cataly-
sis, and up until this point, this role has been generally
accepted (or at least not loudly debated). A recent computational
study has reported the possibility of specific base mechanism,
as they observed better inline fitness when G40 was protonated
and hydrogen bonded to 0O2'.*” Proton abstraction by solvent
has been proposed for ribozymes before,*® and discussed as a
viable mechanism for the HDV ribozyme®® where the active site
lacks a guanine positioned to act as the base. While a specific
base mechanism in Psr can, as yet, not defintively be excluded,
as discussed below the current body of evolutionary and func-
tional data suggest the strong possibility that one or more
guanine residues play a role in general base catalysis.

We now summarize the experimental evidence in support
of G40 as the general base, and make new computational pre-
dictions, supported by some functional data, that raise suspi-
cion about a different possible nucleobase of interest, G42, as
the proton bandit.

G40, a highly conserved residue, plays a functional role

When the pistol ribozyme class was first revealed by compara-
tive genomics,>**> G40 was identified early on as a highly con-
served residue that might play an important functional role.
The conservation of G40 is 100% and a double mutant
G40U/C41A showed no activity.

A comparison of relative cleavage rates (k/k’) for different
ribozyme variants involving mutants and chemical modifi-
cations to the presumed general base guanine across different
ribozyme classes is shown in Table 1. Mutation of G to A has a

This journal is © The Royal Society of Chemistry 2022
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Table 1 Summary of relative cleavage rates (k/k’) for different ribozyme variants involving mutants and chemical modifications to the presumed
general base guanine across different ribozyme classes and 817 DNAzyme?

PK, VS Hairpin (ref. 40) Twister (ref. 41) Hammerhead 8-17 DNAzyme Pistol
G638 G8 G33 G12 G14 G40
G 9.4 (ref. 42) 1 1 1 1 1 1
A 3.8 (ref. 42) 7300 (ref. 42) 304 263 12500 (ref. 43) >2000 (ref. 44) NA (ref. 26)
I 8.7 (ref. 42) 27 (ref. 16) 12 430 333 (ref. 45) 75 (ref. 34) 8 (ref. 29),
229 (ref. 28)
diap 5.1 (ref. 42) 1600 (ref. 42) 6 10 (ref. 34)
P 2.1 (ref. 42) 8000 (ref. 42)
6sG 8.1 (ref. 16) 7 (ref. 16) 2 (ref. 44) 0.79 (ref. 29)
2AP 3.8 (ref. 42) 8500 (ref. 42) 130 72 1000 (ref. 45) 500 (ref. 34) 0.98 (ref. 28)

“Relative cleavage rates, reported as fold decrease (k/k'), are with respect to the wild type guanine (G), modified to adenine (A), inosine (1), 2,6-dia-
minopurine (diAP), purine (P), 6-thioguanine (6sG), and 2-aminopurine (2AP). Value marked as “NA” was reported as no cleavage and rates were
not determined. Also shown for reference in the second column are the pK, values for the free nucleobases in aqueous solution.

large effect for all ribozymes, with the smallest effects occur-
ring for the hairpin and twister ribozymes, neither of which
has an explicit divalent metal ion requirement for catalysis.
Inosine substitution has largely varying effects ranging from
12-fold in the hairpin to 430 in twister, with the Psr G40I
values of 8 (ref. 29) and 229 (ref. 28). The 6-thioguanine (6sG)
substitution effects were relatively small ranging from 0.8 to
2.7 for the 3 systems that were measured. Due to the lack of
6sG data for the other systems, it is not clear whether Psr’s
speed up compared to the slow down in VS and 8-17
DNAzyme is suspicious. Overall, there has not been a great
deal of functional studies involving G40 in Psr, but surveying
the available data, with the exception of 2-aminopurine (2AP)
which will be discussed in more detail below, the Psr G40 var-
iants do not appear to be outliers with regard to analogous var-
iants across other ribozyme classes and the 8-17 DNAzyme.

G40 is found near the scene of the crime

In order to act as a general base, a guanine residue in ionized
form (deprotonated at N1) must be in close proximity to the
nucleophile and positioned in such a way to be able to abstract
the proton from the 2'OH nucleophile. An abundance of valu-
able crystallographic data is available for the pistol
ribozyme,****?%*¢ and in all available crystal structures
(Table 2), the G40:N1 is within 4 A of the C2’ - the attachment
point of the 2O nucleophile (which has been artificially
removed to prevent the reaction in the crystals). In some ribo-
zymes, the general base guanine is observed to interact with
one of the NPOs of the scissile phosphate through the N2 exo-
cyclic amine. In all available crystal structures, G40:N2 is
within 4 A of one of the NPOs (usually the pro-Rp). These dis-
tances are consistent with the corresponding distances in the
HHEr crystal structure’” (Table 2). Taken together, this suggests
that G40 is in a viable position to act as general base in the
crystal structures, and by induction, is strongly suggestive that
G40 acts in this capacity in Psr.

G40 does not fit the criminal profile

As a result of a series of studies that applied a “computational
enzymology” approach,'® often in collaboration with experi-

This journal is © The Royal Society of Chemistry 2022

Table 2 Comparison of G40 and G42 active site distances (A) to the
nucleophile and scissile phosphate in crystal structures of Psr?

Nucleobase of interest

G40 G42
PDB ID Ref. N1-C2' N2-Rp N1-C2' N2-Rp
5K7C 26 3.85 3.89 6.41 5.15
5KT] 46 3.50 2.70 6.48 7.11
6R47 29 3.58 (3.93) 6.39 5.70
6UEY 28 3.23 3.35 6.39 5.73
*2.45 *7.33

“Shown are the distances between the G:N1 and N-1:C2' in A. The
value in parentheses for 6R47 indicates the N2-Sp distance (the N2-Rp
distance is 5.10 A), which is the only case where the Sp is the NPO
closest to the N2 atom. An asterisk “*” indicates distances to the O2'
(which for most structures are absent in order to deactivate the ribo-
zyme for crystallization) only the 6UEY structure has O2' in the crystal
as it was for the vanadate transition mimic structure. For reference,
the corresponding values in full-length HHr crystal structure®” for the
general base G12 are 4.24, 3.26 and 5.24 A for N1-C2/, N1-02' and N2-
Ry, respectively.

mental groups,'>?**° we developed an L-platform/L-scaffold

framework," extending the L-platform motif originally
described by Suslov and coworkers,”" as a blueprint for site-
specific RNA-cleaving nucleic acid enzymes that employ an
active site guanine as a general base. The generic framework is
illustrated in Fig. 2, as well as specific examples of ribozymes
and a DNAzyme that belong to the G + M ribozyme class that
contain a divalent metal ion at the active site that plays a
chemical role in catalysis."* The “L” of the L-platform is
formed from a four-residue motif, N-1 and three sequential
residues from the enzyme strand, arranged such that first two
residues stack on top of and the third is shifted over to base-
pair N-1 forming the base of the “L” (see Fig. 2.) The conserved
general base guanine is sandwiched between the first and
third residues of the base stack, where it can be held vertically
in position adjacent to the scissile phosphate and poised to
activate the nucleophile. The L-scaffold helps to stabilize the
L-platform though base-pairing interactions, and contains two
key constituent elements: the L-anchor and the L-pocket. The
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Fig. 2 Symbolic secondary structure representation of the L-platform/L-scaffold framework™® for G + M classes of nucleic acid enzymes. A generic
(ideal) representation is shown in addition to specific frameworks for the hammerhead ribozyme*’ (HHr), 8-17 DNAzyme®® (8-17dz) and the pistol
ribozyme?6-282946 (psr) pased on crystallographic data. The Psr crystal structures with G40 positioned as the general base do not fit into this frame-
work. Base-pair interactions are indicated by symbols and abbreviations for edge-to-edge base-pairing families taken from the work of Leontis and
Westhof*® and Leontis et al.,*®> where circle, square and triangle refer to Watson—Crick, Hoogsteen and sugar edges; and blank and filled-in depic-
tions refer to trans and cis orientations of the nucleobases, respectively. Residues flanking the scissile phosphate are denoted in pink, general base in
blue, general acid in yellow, general base anchoring and metal ion pockets in green, N-1 anchoring in gray, and residues without a role in white.
Number of hydrogen bonds each base pair can make in the specified type of interaction is reported near each symbol. In the generic case, the
general base is anchored by three hydrogen bonds whereas the interactions holding G40 in Psr in all crystal structures can only afford a single
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hydrogen bond.

L-anchor forms a non-canonical base pair with the general
base guanine and anchors it in a position laterally within the
base stack to activate the nucleophile. The L-pocket is a
guanine residue that enables the formation of a divalent metal
ion binding site through interaction at the O6/N7 positions.
Structurally, the L-pocket is immediately 3’ to the L-anchor
and stacks on top of it, and forms a base-pair with the residue
immediately 5’ to the general base and stacked on top of it at
the top of the “L”.

Both the hammerhead ribozyme and 8-17 DNAzyme
adhere closely to the L-platform/L-scaffold framework with
minor variation (Fig. 2), however the pistol ribozyme with G40
designated as the general base does not. The L-pocket residue
in Psr is G33, where the catalytic Mg®" ion has been estab-
lished to bind*® as indicated by a roughly 10*-fold decrease in
rate in the G33(7cG) mutant where the N7 position was
replaced by carbon to inhibit metal ion binding to that posi-
tion. In the crystal structures, the L-pocket G33 forms a base
pair with C41, but does not stack well with A/G32 immediately
5' to it, which in the L-platform/L-scaffold framework should
serve as the L-anchor. Instead G42 stacks midway C41 and
G33. The general base G40, also not numerically 3’ to C41 as
the motif has, appears to be somewhat wedged between C41
and G42. In essence, from the crystal structures, Psr does not
fit the L-platform/L-scaffold framework at all.

And then we noticed Psr did not fit another pattern, this
time for functional data. All the other G + M and G + A ribo-
zymes are sensitive to 2AP modification at the general base
position, with the effects ranging from 72-fold in the twister

6222 | Org. Biomol Chem., 2022, 20, 6219-6230

ribozyme to 8500-fold in the VS ribozyme. In the G + M class
Psr is a member of, hammerhead and 8-17 DNAzyme have
1000-fold and 500-fold effects, respectively. In fact, recently the
rate reduction of 2AP has been used as a tool for getting the
full pH-rate profile of 8-17 DNAzyme in presence of the faster
divalent metal ion Pb*", still yielding a 50-fold decrease at the
fastest point for the 2AP variant at pH 6.5.>”> The G40(2AP)
variant in Psr reported by Teplova et al.>® not only did not sig-
nificantly decrease the rate, but slightly increased it at pH 7.5
(k/k' = 0.98, highlighted as bold in Table 1). This data point
was clearly a huge outlier across ribozyme classes.

Results and discussion

QM/MM simulations suggest G40(2AP) does not have the
means to abstract the proton

The significant rate decrease with 2AP variants as seen in the
rest of the G + M and G + A class ribozymes is expected, as the
pK, value of 2AP is 3.8, roughly the same as adenine, repre-
senting a downshift of 5.6 pK, units from guanine which has a
pK, value of 9.4. This amounts to approximately 7.5 kcal mol™*
in free energy for which it would be more favorable to proto-
nate an ionized guanine (G™) at the N1 position as opposed to
2AP at the same position. At pH 7 (assuming unshifted pkK,
values), 2AP substitution of the general base guanine would
amount to an approximately 1500-fold reduction in rate.
Simply put, 2AP is chemically unfit to act as an effective
general base.

This journal is © The Royal Society of Chemistry 2022
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Enzyme environments and active sites are known to shift
pK,s of nucleobases so we set to find out if Psr can shift the
pK, of G40(2AP) to be as or more favorable than the wild type
G40 and explain the slight positive experimental rate effect.
We calculated the free energy profile®® and reaction barrier for
the nucleophile proton abstraction by G40~ and G40(2AP)
through ab initio quantum mechanical/molecular mechanical
(QM/MM) simulations for Psr in solution (Fig. 3). Our results
suggest G40(2AP) to be 7.5 kcal mol™" higher in free energy,
and inherently unstable; i.e., there is no stable minimum for
the abstracted proton to be covalently bound to the N1 of G40
(2AP) as opposed to transferring back to the nucleophile.
Taken together, we felt there was very compelling evidence
that G40 might not act as the primary general base in Psr.

These calculations were carried out with the active site held
in the active state established by experimental data,®® with
Mg>" direct coordinating G33:N7 (and five water molecules),
where it is far enough from the nucleophile activation step
(>5.5 A from both N1 and 02') that it is not expected to chemi-
cally affect the nucleophile activation. For this reason the Mg**
ion and the directly coordinating water molecules were not
included in the QM region.
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Fig. 3 Free energy profile for abstraction of the nucleophile proton by
G40 and G40(2AP) along a proton transfer reaction coordinate that is
the differences in the O2'-H and H—N1 distances. Reaction coordinate
values <—0.5 A correspond to proton fully bonded to O2'. The transfer
occurs between —0.5 to 0.3 A. The dotted line marks the position where
the proton becomes fully bonded to the N1 (i.e. fully transferred), which
in the case of G40(2AP) is not predicted to be a stable stationary point
(meaning the proton would spontaneously transfer back to the nucleo-
phile). Points beyond 0.3 A correspond to activated O2' losing the stabi-
lizing hydrogen bond. The difference in free energy between G40 and
G40(2AP) is 7.5 kcal mol™, which is consistent with the expected free
energy difference estimated from relative pK, values for guanine (9.4)
and 2-aminopurine (3.8): AG = (9.4-3.8)/(kgT) ~ 7.5 kcal mol™ (where
kg is the Boltzmann constant and T = 298.15 K). Profile was produced by
QM/MM free energy calculations performed on Psr in solution using
PBEQ/6-31G* functional. See Computational methods for further details.

This journal is © The Royal Society of Chemistry 2022
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G42 emerges as a nucleobase of interest

If not G40 then who? If Psr were to follow the L-platform/
L-scaffold motif, the general base would be immediately 3’
from C41 at position 42, which is another highly conserved
guanine in Psr**** and could potentially fit into the framework
in the role of the general base (Fig. 2). If G42 were actually the
general base in Psr, then it should be stacked with C41, and
form a non-canonical base-pair with A/G32, the position
immediately 5 of and stacked under the L-pocket G33 as
depicted in Fig. 4 (top center). Clearly, from the crystallo-
graphic data, this would require local refolding of the residues
in the active site. We thus became intrigued by the question:
What if G42 was the general base in the pistol ribozyme?

The first stage of our investigation involved data collection.
We set out to examine what functional data had been reported
for G42 to see whether it would pass a “litmus test” in terms of
expected sensitivity to chemical modifications. In the paper of
Ren et al.,*® both G40A and G42A mutants were studied, and
in both cases no activity was reported. The only other relevant
G42 single variant we could find was, reported by Wilson,
Lilley and co-workers,*® for G42(2AP) which showed a large
700-fold effect on rate, and implicates either the O6 or a
proton at the N1 position as having functional importance.
This value also falls within the range of the G + M classes
(Fig. 2). Hence, given the limited data available, G42 seemed
to pass the “litmus test” as the possible general base in Psr.

We thus set out to further investigate our hypothesis by
using molecular simulations to see if we could induce local
refolding of the active site into a stable conformation aligned
with the L-platform/L-scaffold architecture that implicated G42
as the general base.

Computer simulations predict that G42 had the motive, means
and opportunity

We investigated local refolding of the Psr active site to examine
whether we could achieve a stable structure that fit the
L-platform/L-scaffold architecture with G42 in the role of the
general base. We made rearrangements by hand and through
employing distance and angle restraints in accord with the
base-pair interactions of the generic L-platform/L-scaffold
(details are provided in computational methods). After many
revisions, and structure refinement using molecular dynamics
simulations, we were able to achieve a stable structural ensem-
ble in accord with the L-platform/L-scaffold framework that we
designate as the model L-P/S (Fig. 4).

In the model L-P/S structure, G42 is positioned to act as the
general base, and is stabilized by base-stacking interactions
with C41 and G-1, and anchored in position by A32. The
generic L-platform/L-scaffold would have the residue immedi-
ately 3’ of general base (U/G43) anchor N-1. However when we
tried to achieve this in our refolding attempts we only got
strained high-energy structures. Upon investigation we saw
that A31 preferred to stay stacked under A32. Therefore we let
A31 fall into place of anchoring G-1, and U/G43 quickly
responded to stably stack under it. A31, yet another highly con-
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Fig. 4 Symbolic secondary (top) and 3D atomic (bottom) structure representations of the Psr active sites for crystals and model fold for L-platform/
L-scaffold motif (model L-P/S). The symbolic secondary structures are extended to include additional level of stacked bases to help visualize the
local refolding. In the crystal structures (left) G40 is most closely positioned to act as the general base. Proposed theoretical model from molecular
dynamics simulations (middle) depict a locally re-folded active site that fits the generic L-platform/L-scaffold architecture (right), and G42 plays the
role of the general base. The model L-P/S structure is the average of last 10 ns of simulation. A rotated 3D structure is also included to show the
stacking of the residues including the G40—-C22 and A39-U6 base pairs atop the L-platform/L-scaffold.

served residue in Psr,>*** was not positioned in the crystals to

suggest any essential structural or functional role that would
explain its conservation. Having A31 anchor G-1 also resulted
in maintaining the crystallographically observed enzyme sub-
strate base pairing for U/G43 and all other substrate residues,
with the exception of G-1. This refolding tidied up the active
site and is in agreement with L-platform/L-scaffold framework.
But what about G40?

We looked into finding an alibi for G40 and saw three poss-
ible options for its whereabouts: (1) maintaining its relative
position to C41 and G42 from the crystals, (2) stacking
between A39 and C41 as would be its position in a stem, and
(3) forming AUG base-triple with A39 and U6. Only the first
two were stable. In the first position the exocyclic amine of
G40 hydrogen bonds to Sp of the scissile phosphate. In this
position, one might expect this hydrogen bond to play a role in
B catalysis to stabilize the charge on the phosphate, but thio
substitution experiments at Sp indicate no such effect is
observed,>® suggesting any hydrogen bond (or direct Mg>* ion
coordination) at that site is not essential. In the second posi-
tion, when stacking between A39 and C41 and alone, the O6 of
G40 formed an outer-sphere contact with the Mg”* ion. In this
scenario, one might infer that the O6 plays an important role
in forming the Mg”" ion binding pocket, but again experi-
ments indicate when O6 is replaced with S (6sG), Psr is actually
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faster,>® again suggesting there is no hydrogen bond or direct
Mg>" ion coordination at the 06 position that is essential for
activity.

We then increased our search perimeter, and looked for
other residues that in the crystals seemed to not have a key
structural or functional role. In all of the available crystal
structures the position 22 (C or U) right after the highly con-
served A-minor motif (A19, A20, A21),>*** was unpaired and
pointing out to the solvent. The possibility of forming canoni-
cal G-C (or non-canonical G-U) base pairs between the
Watson-Crick edges of these two positions (i.e. cis Watson—
Crick/Watson-Crick*®) was very intriguing. By visual inspection
it was not evident that this C22 residue could move over and
stably base-pair with G40 without affecting the A-minor motif
or disrupting the G5-C12-G24 base-triple where G5 and R24 (G
or C) are also conserved.>**® To our pleasant surprise, we were
able to find a stable structure with G40-C22 base paired and
stacked between A39-U6 and C41-G33 pairs. Initially the
A-minor motif seemed perturbed with A21 pointing out at the
solvent, but it was able to reorient and point back at the stem.
With C22 changing orientation, A23 also had to change in
concert, leaving the stable A-minor motif intact. Despite all
this rearrangement, the model L-P/S structure we arrived at
maintains all the important structural motifs seen in the crys-
tals, tidies up the active site, and leaves no nucleobase

This journal is © The Royal Society of Chemistry 2022


https://doi.org/10.1039/d2ob00234e

Published on 14 April 2022. Downloaded by Rutgers University Libraries on 8/18/2022 11:02:10 AM.

Organic & Biomolecular Chemistry

unpaired. It is remarkable that Psr has the flexibility to allow
such refolding to form a new stable active site structure that
does not disrupt the rest of the architecture.

Critical assessment of the model. It should be noted that for
achieving these local structural rearrangements we applied a
manual knowledge-based approach through use of experi-
mentally motivated distance and angle restraints followed by
MD refinement. In this way, we have used restraints as a way to
guide the system to form the interactions of the L-platform/
L-scaffold framework.'® The use of half harmonic potentials
(i.e. one sided penalty) gave the system the flexibility to find
favorable free energy basins that satisfied the restraint con-
ditions, oftentimes not incurring any restraint penalty by the
end of the simulation. Care was given to ensure the structure
we arrived at was a local free energy minima by running mul-
tiple independent unrestrained simulations for 100-200 ns to
check that the system was in a stable fold (full details are pro-
vided in the ESIt). Nonetheless, it should be emphasized that
the structural re-arrangement did not occur spontaneously,
and the final structure we describe herein not only depends on
the force field models employed (described in Computational
details), but may also not be the only structure that satisfies
the restraint conditions imposed.

What if ... G40 and G42 had a conspiracy and there are two
available general base mechanisms?

Up until this point, there are two suspects, G40 and G42,
implicated as the general base in the pistol ribozyme. A
summary of the pros and cons in the case against each suspect
is summarized as follows.

G40 as the general base. « Pros: G40 is found in all the
crystal structures at the scene of the crime, and mutational
data and activity-pH profiles are largely consistent with its role
as a general base.

+ Cons: G40(2AP) variant has slightly increased rate, a dis-
tinct outlier across G + M and G + A ribozyme classes that is
further contested by QM/MM simulations presented here, for
which no clear mechanistic explanation is apparent.

G42 as the general base. + Pros: G42(2AP) variant has large
effect on rate consistent with other G + M and G + A ribozyme
classes, fits the theoretically predicted L-platform/L-scaffold
design framework, and is supported by simulations that ident-
ify a stable refolded active site where G42 is positioned to act
as general base.

« Cons: G42 is not observed crystallographically at the scene
of the crime.

There is thus compelling evidence that argues for either
suspect nucleobase to act as the general base in the reaction,
begging the question: Is there a single explanation that fits all
the currently available data?

The wealth of high-quality and consistent structural data
available demonstrates beyond a reasonable doubt that there
exists a stable thermally accessible active site structure where
G40 is in a position to act as general base. Nonetheless, RNA is
known to exhibit a high degree of conformational
heterogeneity,”* >’ and the active state of ribozymes capable of

This journal is © The Royal Society of Chemistry 2022
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performing catalysis are often not the most probable ground
states in solution.'®?*!*>38 Simulation results presented here
support the supposition that there exists a plausible alternative
active site structure that positions G42 as the general base, fits
the L-platform/L-scaffold framework and has a catalytically
relevant occupancy in solution. In this scenario, it is possible
that both states are accessible and can contribute to catalysis
via different pathways. The 2AP experiment results for G40 and
G42 suggest that the primary (most efficient) pathway leads
through the predicted L-scaffold/L-platform state with G42
acting as general base. This does not, however, preclude the
possibility that the crystallographically observed state can also
convey catalytic activity with a reduced rate through a different
pathway where G40 acts as the general base.

In this scenario, G40 and G42 may be conspirators in estab-
lishing multiple routes to general base abstraction of the
nucleophile proton. A rough free energy estimate of 2AP substi-
tution for the general base guanine based on assumed
unshifted pK, values (ApK, = 9.4-3.8 = 5.6, adjusted to pH 7 is
7-3.8 = 3.2) would suggest a roughly 1500-fold effect on rate at
pH 7. The insensitivity of the observed rate to the G40(2AP)
variant is consistent with the G40 pathway not being the
primary catalytic route for the wild type under normal con-
ditions. The observed 700-fold effect of G42(2AP) substi-
tution® is somewhat lower than the corresponding substi-
tution in VSr (8500-fold) and HHr (1000-fold). This observation
is consistent with the supposition that the G42(2AP) variant
might eliminate the primary G42 pathway, enabling the crystal-
lographically observed G40 pathway to become rate-controlling
(albeit with reduced rate). While this “conspiracy theory” is
more complicated than a single dominant pathway, it is plaus-
ible, is consistent with all existing data, and can be experi-
mentally tested as described below.

Burden of proof is upon experiments to demonstrate G42’s
guilt beyond a reasonable doubt

Having achieved what we feel is a plausible and stable active
site structure that fits the L-platform/L-scaffold framework and
positions G42 to play the role of general base, we turn to
experiments to ultimately confirm or refute our hypothesis
that G42 acts as the general base in Psr either as the sole
pathway, or as the primary pathway with an alternative second-
ary pathway available with reduced rate that is consistent with
crystallographic data where G40 plays the role of the general
base. Toward this end, we suggest several experiments with
predicted outcomes that may distinguish these different scen-
arios and shed light into this mechanistic mystery.
2'-Bromoacetamide affinity label experiments. Affinity labels
have been used in the past to study general base catalysis in
RNase A,*® and later adapted by Thomas and Perrin®® for ribo-
zymes and applied to the hairpin ribozyme®® and hammer-
head® ribozymes. In this technique, an electrophilic 2"-bromo-
acetamide affinity label is designed to replace the nucleophilic
2'0OH group. This affinity label can undergo an alkylation reac-
tion with a nearby Lewis base, the most likely candidate being
the catalytic general base, which is subsequently identified by
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footprinting analysis. Hence, such affinity label experiments
on the pistol ribozyme would enable the determination of
whether G40 and/or G42 became alkylated at the N1 position.
If there is a clear discrimination, this strongly implicates the
alkylated residue as the general base. Alternatively, if both
alkylated products are observed, it would support the hypoth-
esis that both G40 and G42 pathways are available.

Activity-pH profiles and linear free energy relationships
(LFER). Measurement of the activity-pH profiles, i.e., log(kops)
versus pH, for acid-base catalysts provide insight into the
nature of the protonation events that are correlated with
rate.®>”®* The fundamental assumption in the interpretation of
activity-pH profiles is that the rate is proportional to the prob-
ability of observing the system in an “active state”, which due
to the protonation state requirements of the general acid and
base, is pH-dependent. Data for k.,s can be fitted to simple
single or double ionization models®® (or more rigorous
models'®®!) to determine “apparent pK,” values, the most
straight-forward interpretation of which is that they should be
closely related to the actual pK, values of the general acid and
base. Hence, systematic modulation of the pK, of the general
base residue should correlate with the associated changes in
the apparent pK, values. Among the most subtle modifications
are “isofunctional” purine analogs that preserve the guanine
Watson—-Crick face and exocyclic substituents, but provide a
range of pK, values.'® Ideally, although often not practical, an
additional 5-thio substitution is made at the leaving group
position (introducing an enhanced leaving group) so as to
ensure that the rate-controlling step of the reaction is shifted
to the general base step.

In this case, the intrinsic rate constant should depend log-
linearly on the pK, of the general base.®® This is known as a
“linear free energy relationship” (LFER). A plot of k., versus
pK, of the modified general base yields a so-called Brgnsted
plot,®® the slope of which corresponds to a Brensted f coeffi-
cient that measures the sensitivity of the reaction to base
strength and reflects the extent of proton transfer in the rate-
controlling transition state.®” Hence, the measurement of
activity-pH profiles and LFERs using isofunctional purine
analogs to substitute alternatively for G40 and G42 in Psr, and
identification of which of these positions exhibits the expected
pH sensitivity, would provide convincing evidence that this
residue acts as the general base.

In the scenario that both G40 and G42 pathways are avail-
able, the interpretation of activity-pH and LFER data becomes
more complicated in that at some point, there can be an inver-
sion of the G42 and G40 pathways as being rate-controlling.
For example, in the case of 2AP substitution, if there were only
one general base, one might expect a greatly reduced rate
accompanied by a large down-shift of the apparent pK, such as
is observed in the 8-17 DNAzyme®* where the wild type appar-
ent pK, is shifted from 9.0 to 5.5 in the G14(2AP) variant.
Alternatively, if there is an alternative pathway available
through G40, one might expect that the shape of the activity-
pH profile for G42(2AP) to remain largely the same, but with
correspondingly lower ko,s values. This could be further
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explored by examining the pH-dependent kinetics of the G40
(2AP)/G42(2AP) double substitution. If these modifications are
independent, one would expect the result to closely resemble
that of the G42(2AP) variant since the G40(2AP) variant had
negligible effect (0.98). However, if the observed 700-fold effect
was due to a secondary G40 pathway, then one would expect
the double substitution to have a greater effect on the rate, and
possibly force the reaction to proceed through a specific base
mechanism. Hence, more detailed functional studies that
quantitatively examine activity-pH profiles for doubly substi-
tuted variants would produce important new insight into the
Psr mechanism.

Further experiments. It is possible that further experiments
such as the measurement of kinetic isotope effects of isotopi-
cally labelled guanine (e.g., ‘%0 at the 06 position and "°N at
the N1 position) at G40 and alternatively at G42 might provide
aditional insight. These atomic positions would be expected to
undergo changes in bonding environment upon protonation/
deprotonation at the N1 position if acting as a general base in
the transition state, and thus exhibit a kinetic isotope effect.

Conclusion

Having investigated a series of experimental and compu-
tational clues, we are ready to make our final accusation as to
the crime of “who stole the proton in the pistol ribozyme?”:

We accuse G42 of abstracting the proton in the model
L-platform/L-scaffold active site using a pK, tuned N1.

There remains solid structural and functional evidence that
support the generally accepted alternative that G40 plays the
role of the general base. However, this evidence remains cir-
cumstantial and is called into question by the lack of sensi-
tivity to 2AP substitution at the G40 position (having large
downshift in pK, at the N1 position,) that is inconsistent with
the rates of analogous variants across G + M and G + A ribo-
zyme and 8-17 DNAzyme classes, and the instability and bar-
riers predicted by QM/MM calculations reported in this study.
Our L-platform/L-scaffold design framework points to G42 as a
plausible general base, which is supported by preliminary
functional data and computational models presented herein.
Specifically, we show that local refolding of the active site can
lead to a stable architecture that fits the L-platform/L-scaffold
framework, and anchors G42 in a position to act as general
base. Further, quantum mechanical simulations suggest that
G40~ is able to abstract the nucleophile proton with signifi-
cantly lower barrier than the corresponding 2AP variant, con-
sistent with the expected G to 2AP pK, shift. Ultimately, the
hypothesis that is consistent with all the current data is that
there are two available catalytic pathways enabled by different
thermally accessible conformational states connected by a
local refolding of the active site: (1) a primary pathway with an
active site architecture aligned with the L-platform/L-scaffold
framework where G42 acts as a general base, and (2) a second-
ary pathway with the crystallographic active site architecture
where G40 acts as a general base. Our computationally tested
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hypothesis suggests a number of experimentally testable pre-
dictions that, it is our hope, might inspire new collaborative
experimental/theoretical work in order to confirm or refute. In
this way, we hope to prove beyond a reasonable doubt that
both G42 and G40 conspired to commit the crime, and solve
the mystery as to who stole the proton in the pistol ribozyme.

Computational methods
Classical molecular dynamics simulations

Pistol system was built departing from 6R47 crystal structure.>®
Residue 33, reported as A in the PDB, was changed to G as is
in the crystal sequence. C30 was mutated to U30 as that posi-
tion is observed as U in >90% of the sequences.”® G32 was
mutated to A, as most of the mutational studies are performed
with A in position 32. The nucleophile, which was not expli-
citly present in the crystal structure, was added based on
internal coordinates of the sugar ring. Ions were added to
balance the system charge and achieve a bulk ion concen-
tration of 0.14 M NaCl. The solvated system was equilibrated
(as described in ref. 17), and simulated for 100 ns, for overall
system relaxation in solution.

In simulations investigating the local refolding, G42 was
deprotonated at N1 position to enable productive hydrogen
bonding with the nucleophile. In all simulations nucleophile
to G42:N1 hydrogen bond, and O2-P-O5’ inline angle were
restrained to maintain an active state in order to arrive at a
fold that can accommodate it. To influence local refolding, dis-
tance and angle restraints were employed between various resi-
dues to achieve base pairing and stacking, including but not
limited to G42-A32 and G40-C22 base pairs and G40 C41 and
G42 stacking. Additional restraints were used to maintain sig-
nificant base pairs in the structure such as C41-G33. A com-
plete list of restraints and simulation steps taken to achieve
the model L-P/S fold are available in ESI,} as well as a separate
pdb file for the final structure, an average of the last 10 ns,
with residue numbers corresponding to the 6R47 crystal
structure.>®

The classical MD simulations were carried out using
AMBER20,°® employing ff990L3 RNA force field,**’® TIP4P/Ew
water model”* and corresponding Na“/Cl™ ions”* and 12-6-4 3
Mg”* ions specifically tuned to have balanced interactions
between solvent and nucleic acids.”*”> The RNA force field has
been reviewed and shown to be remakably robust,”® and the
Mg”* ion parameters are able to reproduce structural, thermo-
dynamic, kinetic and mass transport properties in bulk solu-
tion,”* as well as experimental site specific binding free energies
to nucleic acids derived from potentiometric pH titration data.”

Simulations were performed under periodic boundary con-
ditions at 300 K using an 12 A nonbond cutoff and PME
electrostatics.”””® The Langevin thermostat with y = 5 ps~" and
Berendsen isotropic barostat with 7 = 1 ps were used to main-
tain a constant pressure and temperature. A 1 fs time step was
used along with the SHAKE algorithm to fix hydrogen bond
lengths.”®
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QM/MM simulations

Nucleophile activation proton transfer reaction was investi-
gated using the crystal fold of the pistol ribozyme, with G40
positioned to act as the base, departing from the solvent
relaxed structure described above. Two systems, G40~ and G40
(2AP) were created. The QM region comprised 30 atoms includ-
ing: the scissile phosphate, N-1 sugar, and the nucleobase of
residue 40 as G~ or 2AP. The QM region was treated with the
PBE0/6-31G* hybrid density functional method.*>®" The
remainder of the system was treated with the molecular
mechanical force field, described above.

The reaction coordinate was defined as the difference in
distances Ry_o»—Rni-n, and was evaluated from —1.2 to 1.2 A
with 0.1 A steps yielding total of 25 umbrella window QM/MM
simulations. The production simulations were performed at
constant volume and temperature (298 K) using a Langevin
thermostat. A 100 kcal mol™ A~ umbrella potential force con-
stant was used, and each simulation was performed for 20 ps
using a 1 fs timestep. The reaction coordinate was saved every
25 frames. The Lennard-Jones potential was cutoff at 10 A and
a long-range tail correction was used to model the LJ inter-
actions beyond the cutoff. The ambient potential composite
Ewald method was used to compute the ab initio QM/MM
electrostatic interactions.*” The DFT molecular quadrature
grid is a union of atomic grids composed of Laguerre radial
and Lebedev angular quadrature points.**®” The atomic grids
of hydrogen are composed of 30 radial shells, whose largest
radius is 12 A, and the number of angular points vary as a
function of radius to yield a net total of 4272 atomic grid
points. The heavy atoms are composed of 60 radial shells,
whose largest radius is 16 A, and the angular points are
pruned to yield 5580 atomic grid points. The molecular quad-
rature grid is the union of atomic grids partitioned using the
Becke’s decomposition scheme.’® These grids have been
shown to adequately conserve energy in PBE0/6-31G* QM/MM
simulations using a 1 fs timestep.®> The free energy surfaces
were generated by analyzing the reaction coordinate time
series using the variational free energy profile (VFEP)
method®>®° using in the FE-ToolKit software.>?
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