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Molecular simulations of the pistol ribozyme: unifying the
interpretation of experimental data and establishing
functional links with the hammerhead ribozyme
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ABSTRACT

The pistol ribozyme (Psr) is among the most recently discovered RNA enzymes and has been the subject of experiments
aimed at elucidating the mechanism. Recent biochemical studies have revealed exciting clues about catalytic interactions
in the active site not apparent from available crystallographic data. The present work unifies the interpretation of the ex-
isting body of structural and functional data on Psr by providing a dynamical model for the catalytically active state in sol-
ution from molecular simulation. Our results suggest that a catalytic Mg?* ion makes inner-sphere contact with G33:N7 and
outer-sphere coordination to the pro-Rp of the scissile phosphate, promoting electrostatic stabilization of the dianionic
transition state and neutralization of the developing charge of the leaving group through a metal-coordinated water mol-
ecule that is made more acidic by a hydrogen bond donated from the 2’OH of P32. This model is consistent with experi-
mental activity-pH and mutagenesis data, including sensitivity to G33(7cG) and phosphorothioate substitution/metal ion
rescue. The model suggests several experimentally testable predictions, including the response of cleavage activity to mu-
tations at G42 and P32 positions in the ribozyme, and thio substitutions of the substrate in the presence of different diva-
lent metal ions. Further, the model identifies striking similarities of Psr to the hammerhead ribozyme (HHr), including
similar global fold, organization of secondary structure around an active site three-way junction, catalytic metal ion binding
mode, and guanine general base. However, the specific binding mode and role of the Mg?* ion, as well as a conserved 2'-
OH in the active site, are interrelated but subtly different between the ribozymes.
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INTRODUCTION et al. 2009; Saragliadis et al. 2013) and therapeutics
(Famulok et al. 2007; Krug et al. 2015).

Tremendous insight has been gained about mecha-
nisms of RNA catalysis through the study of small nucleo-
lytic ribozymes that catalyze site-specific cleavage (and in
some cases ligation) of the RNA phosphodiester backbone
(Bevilacqua et al. 2004; Bevilacqua and Yajima 2006;
Wilson and Lilley 2013; Ward et al. 2014; Wilson et al.
2016b) and their nuanced dependence on divalent cations
(DeRose 2003). In this reaction (formally a 2’O-transphos-
phorylation), a 2’-OH nucleophile becomes activated and
makes an in-line attack to the adjacent scissile phosphate,
proceeding through a pentavalent phosphorane transition
state (or metastable intermediate) to form 2’,3'-cyclic
phosphate and 5'OH cleavage products. These ribozymes

Ribozymes are molecules of RNA that act as catalysts, and
their discovery in 1982 had profound implications into the-
ories of evolution (Gilbert 1986; DeRose 2002; Chen et al.
2007). In biology, ribozymes are known to play important
roles in gene regulation, RNA processing and peptide
synthesis (Steitz and Moore 2003; Winkler et al. 2004;
Scott 2007). However, the function of many ribozymes
has yet to be unveiled, and new ribozymes continue to
be discovered, for example through comparative geno-
mics (Weinberg et al. 2015). Further, synthetic ribozymes
and even DNAzymes (Gu et al. 2013; Ponce-Salvatierra
etal. 2016; Liu et al. 2017) have been engineered that ex-
tend the range of known reactions nucleic acids are able to
catalyze (Sengle et al. 2001; Fusz et al. 2005; Serganov
et al. 2005), and have great promise in the design of new
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use a number of different catalytic strategies to facilitate
RNA cleavage that can be described using the frame-
work suggested by Breaker and coworkers (Emilsson
etal. 2003) illustrated in Figure 1. These general strategies
are designated alpha () for the in-line fitness of the 2-OH’
nucleophile, beta (B) for the electrostatic stabilization/pro-
tonation of the nonbridging phosphoryl oxygens (NPOs)
of the dianionic phosphorane transition state, gamma (y)
for the deprotonation (activation) of the 2’-OH nucleophile
(e.g., by a general base), and delta (8) for the electrostatic
stabilization (neutralization/protonation) of the 5'-OH leav-
ing group (e.g., by a general acid). Recently, we stratified
Breaker's framework into a more precise ontology for dis-
cussion of RNA-cleaving enzymes by decomposing the B,
v, and & strategies into primary (1°), secondary (2°), and ter-
tiary (3°) contributions (Bevilacqua et al. 2019). Pivotal to
these delineations is the concept of primary atomic posi-
tions, that is, atoms directly involved with the chemical
space of covalent or ionic bonds associated with a partic-
ular catalytic strategy (Bevilacqua et al. 2019). A primary
catalytic effect results from changes in the identity of one
or more primary (B, v, 8) atoms (e.g., general acid or base
knockout), whereas a secondary catalytic effect is caused
by a perturbation of the electronic environment of the
primary atom(s) resulting from changes in the identity of
nonprimary atoms (e.g., pK, tuning). A tertiary catalytic ef-
fect is caused by alteration of the position of the primary
atoms resulting from modification of the structural scaffold
or hydrogen bond network that organizes the enzyme
active site.

As afield, we are now for the first time at the point where
there are a sufficient number of nucleolytic ribozyme clas-
ses that have been discovered and characterized structur-
ally that we can begin to unveil common themes, possible
evolutionary connections and general principles about

FIGURE 1. The four strategies that shape discussions of catalysis by
small nucleolytic ribozymes (Emilsson et al. 2003): (&) in-line fitness
of the 2-OH’ nucleophile, (B) electrostatic stabilization/protonation
of the NPOs in the transition state, (y) deprotonation (activation) of
the 2'-OH nucleophile (e.g., by a general base), and () stabilization/
protonation of the 5'-O leaving group (e.g., by a general acid).
Recently, an ontology has been introduced that extends this frame-
work for more precise discussion of mechanisms of RNA-cleaving en-
zymes by decomposing the B, v, and 8 strategies into primary (1°),
secondary (2°), and tertiary (3°) contributions (Bevilacqua et al. 2019).
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catalysis to guide the design of new biomedical technolo-
gy and therapeutics. The Psr has been recently discovered
through comparative genomics (Weinberg et al. 2015),
and subsequently characterized by biochemical studies
(Harris et al. 2015; Ren et al. 2016; Neuner et al. 2017;
Wilson et al. 2019) and X-ray crystallography (Ren et al.
2016; Nguyen et al. 2017; Wilson et al. 2019). Initial inter-
pretations of crystallographic data (Ren et al. 201¢;
Nguyen et al. 2017) differed to some degree, and in
some cases were inconsistent with interpretations of bio-
chemical data (Harris et al. 2015), particularly with respect
to the identification of the putative general acid, and the
role of metal ions in catalysis. Subsequent functional stud-
ies helped to clarify these roles, and provided strong evi-
dence against initial interpretations that general acid
catalysis was affected through the N3 position of an active
site adenine residue (Neuner et al. 2017), as had at the
time been suggested for the twister ribozyme (Liu et al.
2014). The role of A1:N3 in twister as the general acid
has subsequently been convincingly demonstrated by mo-
lecular simulations that provide a dynamical ensemble of
the active state in solution (Gaines and York 2016), and a
rigorous atomic-level model from which to interpret con-
currently reported functional studies (Wilson et al.
2016a). While this work was under review, a very compre-
hensive biochemical and structural study was reported by
Wilson et al. (2019) that provided deep insight into the
mechanism of Psr and its relation to the hammerhead ribo-
zyme (HHr).

Recently Breaker has discussed several caveats in the
elucidation of ribozyme mechanisms from theoretical,
structural and biochemical data that potentially lead to
conflicting interpretations (Breaker 2017). These include
(i) inconsistent terminology used to discuss the same cata-
lytic effects, (i) diverse biophysical data sets and divergent
structural models, and (iii) conflicting/nonunique interpre-
tations of essentially the same biochemical functional data.
Ultimately, the path forward involves recognizing these ca-
veats and developing physics-based models that provide a
structural and dynamical picture of catalysis that is consis-
tent with available data, and that can be validated with fur-
ther experiments. Molecular simulations in principle
provide such a tool, and when carefully applied, can pro-
vide a unified interpretation of a wide range of structural
and biochemical data (Panteva et al. 2015a).

The goal of the present work is to establish a molecular
simulation model (i.e., a dynamical ensemble of structures)
that connects experimental crystallographic and biochem-
ical data and provides greater clarity into the mechanism of
the pistol ribozyme (Psr) class. We will frame our discussion
of catalytic effects in Psr using the four catalytic strategies
for RNA cleavage (Fig. 1; Emilsson et al. 2003), using a re-
cent ontology that further decomposes these strategies
into primary, secondary, and tertiary contributions for
more precise discussion (Bevilacqua et al. 2019). We
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perform simulations at several points along the catalytic
pathway (including a transition state mimic model), depart-
ing separately from both of the currently available X-ray
crystal structures (Ren et al. 2016; Nguyen et al. 2017)
such that a unified set of conclusions can be drawn. Our re-
sults are compared with biochemical data (Harris et al.
2015; Neuner et al. 2017), including very recent data which
have appeared during the review of this work (Wilson et al.
2019), in order to provide a consistent structural and
dynamical interpretation of the active state of Psr in solu-
tion. Finally, we describe several experimentally testable
predictions, some of which have been validated by the
very recent experiments that have now appeared.

Thus, while the current body of experimental work on the
Psris extremely important and enlightening, the only struc-
tural model of the catalytically active state that has been
proposed is based on modeling a divalent ion in a position
indicated by the anomalous scatter of a Mn®* ion in the
most recent crystal structure (which at the time of this writ-
ing is not yet publicly available) and coordinated water
molecules placed to be most consistent with mutagenesis
data from the same study (Wilson et al. 2019). While such a
model is quite reasonable to speculate, it remains to test
whether the model can be supported energetically, and
to ascertain its probability of being observed in the solution
given realistic dynamical freedom. Further, as pointed out
by the authors, the model does not explain all the available
functional data, and there is likely a need for models of the
transition state to complete the interpretations.

The present theoretical/computational modeling study
is of considerable value as a complement to this recent
experimental work, as it provides the first detailed struc-
tural ensemble of the Psr, derived from rigorous physical
simulation models, for both the active state and transition
state in solution. These results enable a more precise,
quantitative and complete atomic-level interpretation of
existing experimental data, and motivate new experi-
ments. It is also of interest that the present results, depart-
ing from two crystallographic structures reported by
different groups, converge to a common model for cataly-
sis that also explains the most recent experimental results
(Wilson et al. 2019) that were not considered in the simula-
tions. Finally, the present work enables a detailed compar-
ison of functional links between the pistol and HHrs, the
latter for which an active state has been proposed from
molecular simulation (Lee and York 2010; Lee et al.
2008, 2013) involving a metal-activated G8:02'H acting
as the general acid, the feasibility for which was later con-
firmed by experimental studies (Thomas and Perrin 2009)
and further supported by very recent work (Wilson et al.
2019). While there is experimental support for this HHr ca-
talysis model, it should be pointed out that alternative
mechanisms have been suggested based on experimental
evidence (Ward and DeRose 2012; Ward et al. 2014; Mir
and Golden 2016; Mir et al. 2015) and it is possible that un-

der different conditions multiple reactive channels are
available (Frankel et al. 2017).

RESULTS

Current body of experimental structural and
functional data on Psr

The Psr has been characterized structurally through X-ray
crystallography, and at the time this work was submitted,
two laboratories have published crystallographic struc-
tures: PDB ID 5K7C (Ren et al. 2016) and 5KTJ (Nguyen
etal. 2017). During the initial review of this manuscript, a re-
port of a third crystal structure, as well as related biochem-
ical experiments, has appeared online (Wilson et al. 2019).
Hence, the initial focus will concentrate on the 5K7C and
5KTJ structures, and later in the discussion, a section is de-
voted to bringing the present work into the context of the
most recent report (Wilson et al. 2019). The sequences
and tertiary structures for each of the crystal structures are
compared in Figure 2. Both constructs (5K7C and 5KTJ)
are trans-acting ribozymes consisting of enzyme and sub-
strate strands and have very similar sequence conservation,
tertiary contacts, and architecture of the active site. The Psr
structures contain three stems (P1-P3) and one pseudoknot
(PK) that is flanked by stems P2 and P3, and coaxially
stacked with stem P1. The active site is located at the
three-way junction formed by stems P2, P3, and the C41-
G33 base pair near the PK.

The Psr cleavage site is located between a GU base step
of the substrate strand (G53/U54 in 5K7C and G10/U11 in
5KTJ) with the scissile phosphate belonging to the U(+1)
residue. The G and U nucleobases flanking the scissile
phosphate are held in a splayed-out conformation that fa-
cilitates an active in-line attack geometry by interactions
with conserved nucleobases U29 and G42 of the enzyme
strand. Specifically, a U-U wobble base pair is formed be-
tween the cleavage site U(+1) and U29, and a bifurcated
hydrogen bond interaction occurs between the exocyclic
amine of cleavage site G and the O6 atom of G42.

The active site hydrogen bonding patterns in 5K7C and
5KTJ share common features for which mechanistic inter-
pretations agree; however, they also contain differences
that have led to some discrepancies. While both 5K7C
and 5KTJ point to G40 as the likely general base candidate
fory catalysis, the respective candidates for stabilization of
the NPO positions (B catalysis) are somewhat inconsistent,
and explanations of general acid (5 catalysis) are still un-
clear. The neutralization of charge buildup on the NPOs
has been attributed to a hydrated Mg®* ion in the 5K7C
structure (Ren et al. 2016), whereas analysis of the 5KTJ
structure produced a hypothesis where only contributions
to B catalysis were on the part of G40’s exocyclic amine and
transient binding of divalent cations from the solvent
(Nguyen et al. 2017). Similar issues arose with attempts
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FIGURE 2. Tertiary structure schematics of the 5K7C (Ren et al. 2016) and 5KTJ (Nguyen et al. 2017) crystal structures, with boxes marking the ten

residues of >97% sequence conservation.

to clarify Psr's § catalytic strategies. The original & interpre-
tation, based only on the crystallographic and biochemical
data available at the time (Harris et al. 2015; Weinberg
et al. 2015; Ren et al. 2016), concluded that both the N3
and 2'-OH of A32 were likely proton donors for activation
of the 5-OH leaving group. This seemed reasonable, fol-
lowing the discovery of an adenine N3 acting as the gene-
ral acid of the recently discovered twister ribozyme (Liu
etal. 2014), and a more recently reported crystal structure
that provided further structural evidence consistent with
this & hypothesis (Nguyen et al. 2017).

In an insightful follow-up functional study (Neuner et al.
2017), both the N1 and N3 positions of purine 32 (A32 in
5K7C, G32 in 5KTJ) were convincingly eliminated as candi-
dates for the general acid, modifying previous specula-
tions based on crystallographic data, but also leaving
open new questions about the specific mechanism for &
catalysis. The 2'-OH position of purine 32 was also consid-
ered as a candidate as a general acid, but chemical prob-
ing studies (Neuner et al. 2017) suggest the more likely
role of this functional group was structural. A new § hypoth-
esis has been proposed (Neuner et al. 2017), attributing
the role of general acid to water directly coordinated by
a Mg?* ion that was crystallographically resolved within
outer-sphere contact distance (5 A) of the 5-OH in both
5K7C and 5KTJ. In this hypothesis, water bound to the
same Mg?" is expected to play a catalytic role, contribut-
ing to B and & catalysis. In support of this model, the sub-
stitution of the N7 position of G33, 7-deazaguanosine-33

1442 RNA (2019) Vol. 25, No. 11

or simply G33(7cG), which would disrupt inner-sphere co-
ordination of a Mg?" bound at this position, has a drastic
effect on cleavage (Neuner et al. 2017). The most recent
functional studies have further clarified the importance of
the G33(7cG) mutation, which is reported to have a 1.3 x
10*-fold decrease in rate (Wilson et al. 2019). Hence, the
recent atom-specific mutagenesis data called into ques-
tion some key mechanistic interpretations of the original
crystallographic data, and provided new insight into the
importance of key functional groups and metal ion cofac-
tors in the active site.

The purpose of the current work is to develop a simula-
tion model of the Psr active state and transition state mimic
in the solution that provides a detailed, atomistic structural
and dynamical picture of catalysis that aids in the refine-
ment and interpretation of the current body of structural
and functional data. Breaker has recently warned that vast-
ly different predictions about ribozyme mechanisms can
arise from computer simulations that are built upon dispa-
rate structural models (Breaker 2017). It has been suggest-
ed that as starting points, computer simulation campaigns
should consider all available structural and biophysical
data sets and work to unify conclusions, and avoid embrac-
ing only a single incomplete or potentially flawed model.
Toward this end, we perform simulations departing from
both currently available crystallographic structures (Ren
et al. 2016; Nguyen et al. 2017), and considering active
site interactions and metal ion binding scenarios implicat-
ed by functional studies (Harris et al. 2015; Weinberg et al.
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2015; Ren et al. 2016; Neuner et al. 2017), in order to pro-
vide a structural and dynamical model that unifies the cur-
rent body of experimental data, and makes experimentally
testable predictions. A summary of the evolution of catalyt-
ic hypotheses (within Breaker's suggested framework
[Emilsson et al. 2003]) developed by interpretation of the
original crystallographic and recent functional data, and
refined in the current work, are illustrated in Figure 3.
Subsequent sections delve into quantitative details of
the simulation results that establish the identity and role

X-ray (5K7C)

of key residues and functional groups that participate in
each catalytic strategy, and form connections with catalytic
strategies of other known ribozymes, particularly the HHr.

Promiscuous Mg?* binding in the Psr active site
supports catalysis

The 5K7C (Ren et al. 2016) and 5KTJ (Nguyen et al.
2017) crystal structures both contained an Mg®* ion in the
binding pocket at the active site (herein designated as
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FIGURE 3. Comparison of catalytic hypotheses derived from interpretation of pistol X-ray crystal structures, 5K7C (Ren et al. 2016) and 5KTJ
(Nguyen et al. 2017), and recent functional data (Neuner et al. 2017), as well as refined in the current work with MD simulation that considers
all available structural and biophysical data sets. Discussion of the most recent structural and functional data (Wilson et al. 2019) that appeared
during an initial review of this manuscript is deferred to a special section of the Discussion.
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the C-site), directly coordinating the G33:N7 position (2.1
and 2.3A, respectively). Inthe most recent structure, a diva-
lent ion was modeled in a similar position indicated by the
anomalous scatter of a Mn?* ion (Wilson et al. 2019).
However, inner-sphere binding of Mg2+ to the N7 position
of guanine is exceptionally rare (and sometimes misas-
signed from the electron density) (Leonarski et al. 2017),
and it is not clear whether the divalent metal ion binding
mode observed crystallographically is the one required to
support catalysis. Nonetheless, while the binding mode
of Mg?* to N7 of guanine is expected to be very infrequent-
ly observed as the most stable binding mode, it should
be pointed out that such coordination does exist in the
RNA literature and appears in structural databases, albeit
sparsely.

It should be emphasized that the active state of Psr in
solution is likely an improbable (rarely visited) state, differ-
ent from that of the crystals, with requirements for G40 to
be activated (deprotonated at N1), in an in-line attack con-
formation, and with a Mg2+ binding mode positioned to
support the catalytic chemical steps of the reaction. MD
simulations and molecular solvation theory/electrostatic
(3D-RISM) calculations indicate the Psr active site, like
the HHr (Lee et al. 2009), is highly electronegative, and
able to recruit and bind divalent metal ions. In addition
to G33:N7, there are a number of negatively charged
phosphates positioned in close proximity to the Mg?*
ion in both 5K7C and 5KTJ crystals so as to possibly
make indirect (or direct) coordination in the active state, in-
cluding the pro-Re of G33, U35 and U(+1), as well as
A/G32:02" and U(+1):05'.

In order to ascertain the Mg?* binding mode(s) capable
to support catalysis, several possible binding modes were
considered and are listed in Table 1. Long-time MD simu-
lations were performed departing from each of the Mg?*
binding modes, but during the course of the simulations,
it was observed that there was interconversion between
different inner/outer sphere binding modes in the C-site
binding pocket. In this way, the specific coordination envi-
ronment of the Mgz+ at the C-site (although overall quite
similar) was observed to be somewhat promiscuous, with

several specific binding modes able to support the key
catalytic strategies departing from both crystallographic
structures.

Of key relevance was the observation that direct coordi-
nation was often observed at G33:N7, in agreement with
the crystallographic data, and also functional data for
G33(7cG) mutation that has a significant impact on activity.
In addition, direct (inner-sphere) coordination was also ob-
served with partial occupancy at the pro-Rp positions of
G33 and occasionally U35, butnot at the scissile phosphate
U(+1). Rather outer-sphere Mg?* binding was observed at
the pro-Rp of the scissile phosphate. This is consistent with
phosphorothioate substitution experiments that indicate
that nonstereospecific thio effects at U(+1) are not rescu-
able by titration with thiophilic metal ions (Neuner et al.
2017). More recent functional studies have identified the
pro-Rp of U(+1) as exhibiting a 4.5 x 10*fold thio effect,
that is, only partially (150-fold) rescuable by titration with
Mn?* ions (Wilson et al. 2019). Taken together, this sug-
gests that direct metal coordination at the scissile phos-
phate is not strictly required for catalysis.

In the next two sections, clustering will be used to iden-
tify which metal ion binding mode(s) are catalytically im-
portant. We first examine metal ion binding modes that
support o.and y catalysis based on an “active state” model
with the guanine general base deprotonated. Next, we
examine metal ion binding modes that support p and & ca-
talysis based on a dianionic pentavalent phosphorane
“transition state mimic” model. In the final section, these
results are used to interpret functional data and suggest
new experiments.

Multiple Mg?* binding modes are able to promote
a and v catalysis

In this section, we present results of the Psr “active state”
having G40 deprotonated at the N1 position, and a Mg?*
ion bound in the active site (C-site) in order to make infer-
ences about o and y catalysis. Table 2 provides a summary
of active site interactions that support o and vy catalysis for
the Mg®" binding modes listed in Table 1.

TABLE 1. Simulated binding modes of the hydrated C-site active site Mg?* ion, defined using the contacts listed as columns

Binding mode G33:N7 G33: pro-Rp
None o o
G33:N7* i o
G33:pro-RP o i
G33:N7 and G33:pro-RP i i
G33:pro-RP and U35:pro-RP o i
G33:N7 and U35:pro-RP i o

U35:pro-Rp A/G32:02 U+1):05 U(+1):pro-Re
o o o o
o o o o
o o o o
o o o o
i o o o
i (¢} o (e}

Letters “i” and “o"” denote an inner-sphere and outer-sphere coordination, respectively (defined as <3.5 A, and 3.5 A-5.0 A, chosen from the approximate
first and second minima in Mgzto radial distribution functions). Note that both crystal structures (5K7C and 5KTJ), as well as the most recent 6R47 structure,
were resolved with a C-site Mg?* in a “G33:N7"” binding mode as defined here and marked with an asterisk.
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TABLE 2. Percentage of MD frames where the nucleophile is inline (o), and/or where it is hydrogen bonding with the N1 atom of G40 (y)

5K7C

5KTJ

()

() (o)

GB-Nu H-bond Nucleophile inline GB-Nu H-bond Nucleophile inline
Binding mode occupancy (%) occupancy (%) occupancy (%) occupancy (%)
None 4.6 2.6 15.4 36.4
G33:N7* 21.8 30.0 29.2 36.2
G33:pro-Re 55.4 67.8 47.8 8.4
G33:N7 and G33:pro-Re 1.2 68.8 5.6 95.4
G33:pro-Re and U35:pro-Re 23.7 0.0 64.0 14.4
G33:N7 and U35:pro-Re 1.4 1.8 68.0 46.6

Frames that count toward the ¥ occupancy are those with a U(+1):02'-U(+1):HO2'-G40:N1 (Donor-Hydrogen—Acceptor) angle >135° and a G(-1):02'-G40:
N1 (Donor-Acceptor) distance <3.5 A. Frames that count toward the o occupancy are those with a U(+1):05'-U(+1):P-G(~1):02' (Leaving Group-
Phosphorus-Nucleophile) angle >140°. Frames are clustered according to the binding mode contact distances defined in Table 1. The G33:N7 mode was
observed crystallographically in both 5K7C and 5KTJ, as well as the most recent 6R47 structure, and is marked with an asterisk.

a Catalysis

The concept of “near-attack conformations” (Torres and
Bruice 1998) and “in-line fitness” (Soukup and Breaker
1999) as a prerequisite for catalysis in 2'O-transphosphor-
ylation reactions has been well established, and herein is
framed under the category of o catalysis (Emilsson et al.
2003). Selectively stabilizing the 2’-OH nucleophile in its
most active in-line geometry is partially accomplished by
the global fold of the typical self-cleaving ribozyme.
Base-pairing, in addition to tertiary interactions, leads to
the splaying of the two bases that flank the scissile phos-
phate, which in turn places the nucleophilic 2’-OH group
in a reactive conformation. The Mg®* binding mode that
best supports a. catalysis in both Psr constructs is the simul-
taneous direct coordination of G33:N7 and G33:pro-Rp,
producing nucleophile inline occupancies of 68.8% in
5K7C and 95.4% in 5KTJ simulations (Comparison with
other binding modes is available in Table 2).

y Catalysis

Crystallographic data indicate that G40 is in a position to
act as a general base through the N1 position to deproto-
nate the nucleophile in all crystallized constructs (Ren et al.
2016; Nguyen etal. 2017; Wilson et al. 2019). These results
are supported indirectly by biochemical analysis (Harris
etal. 2015; Neuner et al. 2017), and convincingly demon-
strated by recent activity-pH data on the wild type and a
G40l mutant (Wilson et al. 2019). Our MD simulation re-
sults suggest, as with o catalysis, that Mg?* binding at
G33:N7/pro-Re supports y catalysis, in addition to binding
at the U35:pro-Rp position in the 5KTJ construct. The
Watson—Crick edge of G40 in its N1-deprotonated form
(active state) has two adjacent hydrogen bond acceptors
(N1 and O6) that increase the likelihood of the nucleophile
adopting a conformation suitable for proton abstraction.

This structural stabilization of the active site so as to posi-
tion the deprotonated G40:N1 to abstract the proton
from the 2’-OH nucleophile is designated tertiary y cataly-
sis (Bevilacqua et al. 2019).

Further, the Hoogsteen edge of G40 is exposed to sol-
vent in an electronegative pocket, making the O6 position
available to bind (perhaps transiently) monovalent or even
divalent metal ions that can tune the pK, at the N1 posi-
tion. Figure 4 illustrates that G40:06 of Psr interacts with
Na™ ions in solution considerably more than other guanine
residues, and this interaction increases markedly when the
general base is activated (deprotonated at the N1 posi-
tion, causing delocalized charge to distribute to the O6
position). This lowers the pK, of the general base making
the active state more probable near-neutral pH (Ward
et al. 2014). This feature has been observed crystallo-
graphically (Mir and Golden 2016; Mir et al. 2015) and

+ 2,
e — [G40]~
o 1 — G40
2 —— Other G
=
Sl
+m2_
=2
~
=z1
s A
C\O : .

2 3

r (4)

FIGURE 4. Radial distribution function of Na* ions about the O6 (top
plot) and N7 (bottom plot) atoms of G40 in its active state (blue) and
native protonation state (black), compared to the average radial distri-
bution function for the other 15 guanines in the 5K7C ribozyme (red),
with the standard deviation shaded in pink. The average coordination
number of the first Na* ion shell about the O6 is 1.0 for G40~, 0.8 for
G40, and 0.3 for Other G. The coordination number of the first sodium
shell about the N7 is 0.7 for G40—, 0.4 for G40, and 0.2 for Other G.
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quantified computationally (Chen et al. 2017) for a Mg?*
ion in the HHr. MD simulations indicate placement of a
Mg?®* ion in this position in Psr, either directly or indirectly
coordinating G40:06, is at least transiently stable, lending
support to the hypothesis that Psr, like HHr, has engi-
neered a cation recruiting site (e.g., Na™ or Mgz+) able to
tune the general base pK, and facilitate y catalysis. This
tuning of the general base G40:N1 pK, by remote metal
ion binding at G40:06 is designated as a form of second-
ary vy catalysis (Bevilacqua et al. 2019).

C-site Mg?* binding enables p and § catalysis through
metal-bound water molecules

In this section, we extend results of the Psr "active state” to
also include analysis of the “transition state mimic” (similar
to a vanadate TS mimic, but with structure and charge dis-
tribution of a true dianionic phosphorane TS), assuming an
SN2-like, associative reaction mechanism. Figure 6 exam-
ines simulation results with respect to contact occupancies
relevant to o and y (active state) and g and & (TS mimic) cat-
alytic strategies as a function of Mg®* binding mode
(Table 1). Here, the pentavalent TS mimic corresponds to
an assumed associative mechanism, as is characteristic of
nucleolytic ribozymes that presumably utilize a guanine
nucleobase to activate the nucleophile (Wilson et al.
2016b). It should be pointed out that under certain circum-
stances, metal-aided catalysis in RNA might proceed
through a dissociative pathway that does not require nu-
cleophile activation by a catalytic nucleobase, and has
been predicted for group Il introns (Casalino et al. 2016)
and may also occur for the Hepatitis Delta Virus ribozyme
(Ganguly et al. 2014; Thaplyal et al. 2015; Lee et al. 2016).

B Catalysis

It is not immediately clear from the 5K7C or the 5KTJ crys-
tal structures which chemical groups in the active site are
responsible for  catalysis. The pro-Re NPO of the scissile
phosphate appears to interact with the hydration shell of
the C-site Mg2+ jon in 5K7C, but in 5KTJ this NPO is in-
stead accepting a hydrogen bond from the exocyclic
amine of the general base (G40:N2). TS mimic simulations
(of each crystal structure construct) suggest that the pro-Re
NPO of the scissile phosphate is simultaneously stabilized
by the exocyclic amine of the general base (G40:N2), and
water (outer-sphere contact) of the C-site Mgz+. Both of
these contacts help to explain the detrimental effects of
the phosphorothioate substitution Psr’s activity (Neuner
et al. 2017), specifically at the pro-Re position (Wilson
et al. 2019), since a larger sulfur would either sterically
clash, or bind less favorably to each of the two hydrogen
bond donors. The lack of a strong thiophilic metal rescue
effect suggests the participation of a nucleobase function-
al group (e.g., G40:N2) and/or indirect coordination with a
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metal ion plays a role. The indirect coordination of a metal
ion or hydrogen bonding of a nucleobase functional group
to the scissile phosphate NPOs to provide electrostatic sta-
bilization is designated as a form of secondary B catalysis
(Bevilacqua et al. 2019).

Especially enlightening is the eightfold decrease in activ-
ity of a G40l mutant (which removed the N2 exocyclic
amine of G), despite that the expected pK, shift of inosine
(~0.4 pK, units lower than guanine) alone might be expect-
edto lead to an ~2.5-fold increase in rate (y catalysis) in the
log-linear pH regime expected at pH 7. This suggests that
the effect of removing the N2 exocyclic amine on second-
ary B catalysis may be as high as ~20-fold (although this
could also affect positioning of the general base, which is
a form of tertiary y catalysis). In the case of the Rp thio sub-
strate, G40l has a ~140-fold mutational rescue effect, (ko/
ks) VT /Ako/ks) 940 ~ 140, reflecting the sensitivity to stericin-
teractions and disruption of hydrogen bonding between
the G40:N2 and pro-Rp positions (Wilson et al. 2019).

o Catalysis

Previously, based on the crystal structures, it was proposed
that the N3 atom of the purine residue located at position
32 may act as the general acid, similar to the twister ribo-
zyme (Liu et al. 2014; Wilson et al. 2016a; Gaines et al.
2019). Our MD simulation results suggest that the N3 of
purine 32 is not favorably positioned to hydrogen bond
to the OY’ leaving group and act as a general acid (Fig.
5B,D). This is consistent with recent experimental data
that shows the deaza modification at the N3 position in pu-
rine 32, P32(3cP), does not substantially impact catalysis,
definitively eliminating it as the general acid (Neuner
et al. 2017). Simulations indicate the active site of Psr be-
comes compact and rigid upon binding of a hydrated met-
al ion in the C-site pocket defined by the scissile
phosphate (outer-sphere and possibly inner-sphere to
the pro-Rp), the Hoogsteen edge of G33 (inner-sphere to
N7), and the phosphate of G33 or U35 (possibly inner-
sphere to the pro-Re NPO). A tight and stable hydrogen-
bonding network arises from these conserved contacts.
When the solvated metal ion is in this position, it is ideally
suited to mediate § catalysis through a stable, high-occu-
pancy outer-sphere contact with the 5'-OH leaving group
(Fig. 6), suggesting a pivotal role of a metal-bound water
molecule acting as a general acid. These results are consis-
tent with very recent cleavage rate measurements in the
presence of different divalent metal ions (Co?*, Mn?*,
Mg?*, and Ca®*) that yield an almost perfect log-linear re-
lationship with pK, of the metal ion (Wilson et al. 2019).
Under a model whereby a metal-bound water molecule
acts as the general acid in a manner consistent with pK,
trends, the variation of the identity of the metal ion itself
(all other factors unchanged) is designated as a form of sec-
ondary & catalysis (Bevilacqua et al. 2019). It would be of
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Active State

B Transition State Mimic

G40

alpha catalysis gamma catalysis

beta catalysis

Active State

D -

5K7C | Transition State Mimic | 5KTJ

FIGURE 5. The four MD models studied in this work (top and bottom show different views). The active state model (A,C) contains a general base
guanine deprotonated at the N1 position and is useful for investigating the o and y catalytic strategies. The transition state mimic model (B,D)
contains a pentacoordinate phosphorane in place of the scissile phosphate and is useful for investigating the p and 8 catalytic strategies. A struc-
turally important hydrogen bond was observed between the O2’ position of purine 32 and the exocyclic N2 amine of G42.

great interest to reexamine this divalent metal ion depen-
dence in the presence of an enhanced leaving group such
as a 5’ thio-substituted substrate that presumably does not
require a general acid for activity. If the divalent metal ions
are acting as a general acid through a coordinated water
molecule, such a substrate should produce a much-re-
duced slope with respect to pK, of the metal ion.

DISCUSSION

Critical comparison of similarities and differences
between Psr and HHr

With the recent discovery of four new classes of nucleolytic
ribozymes from comparative genomics (Breaker 2011;
Weinberg et al. 2015), it is of great interest to understand
the structural and mechanistic relationships between ribo-
zymes. This would not only help unveil the necessary and
sufficient requirements for the activity to guide design,
but also provide hints as to possible evolutionary connec-
tions between them. In the present context, of the known
nucleolytic ribozymes, the Psr bears the greatest resem-
blance to the HHr (Martick and Scott 2006; Martick et al.
2008; Ward and DeRose 2012; Lee et al. 2013; Mir and
Golden 2016; Mir et al. 2015; Chen et al. 2017).

The purpose of this section is to make a critical compar-
ison of some striking similarities and important distinctions
between the Psr and HHr classes. At this point, molecular
simulations have been performed previously on the HHr
constructs 20EU (Martick et al. 2008; Lee and York 2010;
Wong et al. 2011; Lee et al. 2013) and 5DI2 (Mir et al.

2015; Chen et al. 2017), and in the present work simula-
tions have been reported for the Psr based on the 5K7C
and 5KTJ constructs, enabling a comprehensive compari-
son of structural and dynamical features. Analysis of the Psr
simulations has led to the reexamination of original sec-
ondary structural assignments (Fig. 7D), and their reevalu-
ation reveals striking similarities to those of the HHr as
shown in Figure 7. As we establish below, the Psr and
HHr have both structural and functional links, and yet ex-
hibit some distinguishing features in their catalytic mecha-
nisms, particularly in the acid step.
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FIGURE 6. Data on a.and y contact occupancy came from active state
simulations of the 5K7C and 5KTJ constructs, while data on 1, 82, and
5 contact occupancies came from transition state mimic simulations of
the 5K7C and 5KTJ constructs. Each pair of bars in the upperand low-
erplots correspond to the 5K7C construct as the left bar and the 5KTJ
construct as the right bar. The gray bars in the upper plot indicate the
portion of simulation data (out of 500,000 frames, equal to 1.0 psec for
each bar) that was found to satisfy catalytic occupancy regardless of
the C-site binding mode. The B1 contact is U(+1):pro-Re—Mgc:HOH,
and the B2 contact is U(+1):pro-Re—G40:N2.
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FIGURE 7. Comparison of the structural features of Psr and HHr discussed in this work. The common stem-loops are color-coded and the com-
mon metal binding sites are identified in both the three-dimensional structures and secondary structures of HHr (A: 20EU [Martick et al. 2008]
and B: 5DI2 [Mir et al. 2015]) and Psr (C: 5K7C [Ren et al. 2016] and E: 5KTJ [Nguyen et al. 2017]) crystal structures. The secondary structure
depiction published in all works on Psr to date (Harris et al. 2015; Weinberg et al. 2015; Miiller et al. 2016; Ren et al. 2016, 2017; Kobori et al.
2017; Lee and Lee 2017; Neuner et al. 2017; Nguyen et al. 2017; Nomura et al. 2017; Seith et al. 2018) is color-coded (D) to show how it relates
to the new HHr-style depiction of the Psr secondary structure (A-E). The pink spheres denote crystallographic manganese ions in the HHr struc-
tures and magnesium ions in the Psr structures. The three binding sites common to both HHr and Psr are the C, G, and E sites. The Csite ion is
positioned ideally to act as a general acid to the O5’ leaving group, while the G site ion is likely to influence the general base guanine through its
Hoogsteen edge (Chen et al. 2017). Cobalt hexammine is resolved in place of hydrated metal ions for some binding sites of the SKTJ Psr

structure.

Psr and HHr have similar global folds, metal ion binding
sites, and active site architectures

Both Psr crystal structures, 5K7C (Ren et al. 2016) and 5KTJ
(Nguyen et al. 2017), show remarkable similarity in global
fold to the HHr, 20EU (Martick et al. 2008) and 5DI2 (Mir
et al. 2015), with active sites located at the three-way junc-
tion, and similar Mg®* ion binding near the active sites (Fig.
7). Previously, no secondary structure diagram of Psr has
depicted the conserved G33-C41 base pair that is crucial
for recognition of the three-way junction as we have in
Figure 7. Upon inclusion of this base pair, the secondary
structures of Psrand HHr crystal structures become remark-
ably similar (Fig. 7).

1448 RNA (2019) Vol. 25, No. 11

Comparing the HHr to Psr, the HHr L1 stem-loop is lik-
ened to the Psr P2 stem-loop, the HHr L3 stem-loop is lik-
ened to the Psr P3 stem—loop, and the small, yet-unnamed
stem—loop formed by residues G33 through C41 in Psris
likened to the HHr L2 stem—loop, especially in its formation
of a sequence-conserved pseudoknot with the P1(Psr)/L1
(HHr) stem—loop. In support of this striking structural link
between the two ribozymes, an unusual HHr variant was
discovered by the Breaker group (Weinberg et al. 2015)
with an L2 stem—loop nearly identical in nature to the sin-
gle base pair stem—loop that makes up the active site
side of the pseudoknot in Psr, and an L1 stem-loop com-
prised of two helices separated by a short single-stranded
stretch of nucleotides.
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The active site of Psris located at the three-way junction
formed by stems P2, P3, and the C41-G33 base pair near
the PK, similar to the conserved three-way junction of the
HHr (Martick and Scott 2006; Martick et al. 2008). For
Psr, there were only two Mg?* ions observed to be bound
crystallographically in common sites between 5K7C and
5KTJ, and these are remarkably similar to the two most
physiologically relevant and most commonly occupied
metal-binding sites in other HHr crystal structures: the “C
site” catalytic cation and the "E site” structural cation
(Fig. 7A; Martick et al. 2008). Further, Psr crystal structures
5K7C and 5KTJ have a Mg®* and cobalt hexammine, re-
spectively, in a position similar to the to "G site” in HHr
at the Hoogsteen edge of the general base. To facilitate
comparison, we propose a naming scheme for Mg®* bind-
ing sites in Psr to follow that of the HHr as described above
and illustrated in Figure 7B.

Molecular simulations reveal that Psr and HHr have re-
markably similar active site architectures (Fig. 8). Both Psr
and HHr contain a conserved L-platform (Suslov et al.
2015) that enables positioning of the general base gua-
nine via an L-anchoring residue, and recruitment of a diva-
lent metal ion in the active site (C-site) using the
Hoogsteen edge of a flanking guanine. The C-site binding
in Psrand HHr is overall highly comparable, although spe-
cifics of the Mg?* binding mode differ slightly and give rise
to subtle differences in the mechanism of general acid
catalysis.

The y catalysis strategy is identical in Psr and HHr

Both Psr and HHr utilize an active site guanine (G40 in Psr
and G12 in HHr) to promote v catalysis by activating the
nucleophile. In order to be functional as a general base,
this guanine needs to be deprotonated at the N1 position.
The unshifted pK, of guanine in aqueous solution is
around 9.2. Naively, one might expect the electrostatics
in the active site to shift the pK, considerably upward,
away from neutrality, reducing the probability of observing

HHr (20EU)

Psr (5KTJ)

FIGURE 8. MD models of each crystal equilibrated in a water box as a
transition-state-mimic with Mg®* bound at each ribozyme’s C-site.
Color-coding corresponds to Figure 7, where the general base gua-
nine is gray. The v, B2, and & interactions are labeled with red dashed
lines.

the active deprotonated state. Rather, the apparent pKj is
estimated for different variants to be between 7.2 and 9.9
in both Psrand HHr (Harris et al. 2015; Frankel et al. 2017),
with most recent measurements in the presence of 1 mM
Mg?* and 2 M Na™ is 9.2 (HHr) and 9.8 (Psr) (Wilson et al.
2019).

The HHr utilizes a divalent metal ion binding at the
Hoogsteen edge of the general base, involving either di-
rect or indirect coordination with the Oé position, to in-
duce a pK, shift toward neutrality. This has been
suggested by Golden and co-workers (Mir and Golden
2016; Mir et al. 2015) in a study that demonstrated the ap-
pearance of a divalent metal ion at the G-site in HHr at an
elevated pH of 8.5, where presumably the general base
guanine would be deprotonated at the N1 position.
Subsequent molecular dynamics and free energy simula-
tions, together with quantum mechanical calculations, pro-
vide quantitative support for the crystallographic results
and their interpretation (Chen et al. 2017). Examination
of the resonance structures of deprotonated guanine indi-
cates a formal —1 charge is distributed between the N1
and O6 positions, making the divalent metal binding at
O6 a strong stabilizing factor on the ionized residue.

In the crystal structures, a Mg®* ion is positioned 3.9 A
(5K7C) and a cobalt hexammine ion is positioned 4.3 A
(5KTJ) from the G40:06. These outer-sphere contacts
were stably maintained by Mg®* on the time scale of our
MD simulations. Further, our simulations illustrate that
the G-site pocket is electronegative, and in the absence
of Mg2+ attracts monovalent ions (e.g., Na™) in the solution
that have elevated binding occupations with the G40:N7/
O6 positions (Fig. 4). It is known that the inner-sphere
binding of Mg®* ions to the N7 position of guanines in
RNA is quite rare (Leonarski et al. 2017), and in the case
of Psr, it is likely that divalent metal ion binding is outer-
sphere with G40:N7/06 and overall weaker than in HHr.
Nonetheless, it is clear from both crystallographic data
(Ren et al. 2016; Nguyen et al. 2017; Wilson et al. 2019)
and simulations that Psr and HHr utilize a similar strategy
of creating an electronegative binding pocket at the G-
site that is able to recruit cations from solution to tune
the pK, and activate the guanine general base, and there-
by promote y catalysis.

The role of Mg?* ions in B and & catalysis subtly differs
in Psr and HHr

In HHr, a Mn?" ion (PDB ID: 20EU [Martick et al. 2008]), and
a Mg®* ion (PDB ID: 5EAO [Mir and Golden 2016]), has
been observed crystallographically directly coordinated
to the N7 of G10.1, as well as the pro-Rp of A9.
Phosphorothioate-thiophilic metal ion rescue experiments
on atruncated HHr (Wang etal. 1999; Osborne et al. 2005),
supported by molecular simulations (Lee etal. 2007, 2008),
suggest that in the active state (but not necessarily the
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ground state) the scissile phosphate acquires a functionally
important inner-sphere coordination with a divalent metal
ion that has yet to be observed crystallographically. The
A9:pro-Re position also showed a significant thio effect
on both the rate of cleavage and the Ky of binding in the
ground state (and additionally was sensitive to the G10.1:
N7 position), suggesting this pro-Rp position acquires di-
rect coordination from a divalent ion in the ground state
that is important also for catalytic activity. Titration experi-
ments involving a doubly substituted truncated HHr were
consistent with a single metal ion model (Wang et al.
1999). and subsequent reexamination of an extended
HHr construct that had enhanced activity in lower (e.g.,
10 uM) concentrations of Mg?* ions revealed similar puta-
tive metal-binding sites as the less-active truncated HHr
(Osborne et al. 2005). In the first “full-length” (tertiary sta-
bilized) HHr structure where the solvent was resolved
(Martick et al. 2008), a divalent metal ion (Mn®" in the crys-
tal) was observed bound in the C-site position where it co-
ordinates the A9 at pro-Rp and the N7 of G10.1. In this
structure, the pro-Rp positions of the A9 and scissile phos-
phates were 4.3 A apart, and subsequent computational
studies strongly suggest that, upon deprotonation of the
nucleophile or formation of a dianionic transition state, a
Mg?* ion bound at the C-site will migrate into a bridging
position (B-site), consistent with catalytic metal-rescue
measurements of the truncated HHr (Wang et al. 1999).

However, more recent metal-rescue effect data sug-
gests that in the extended HHr, a Mg2+ ion occupies a B-
site binding mode even in the ribozyme's ground state
(Ward and DeRose 2012). To date, a divalent metal ion
has not been observed crystallographically bound in the
B-site binding mode in HHr, despite the wealth of experi-
mental evidence for its importance for catalytic activity
(Vogt et al. 2006). It should be noted that statistically,
Mg®* only rare binds at the N7 position of guanine in
RNA (Leonarski et al. 2017), whereas Mn?* binding in
this position is stronger (Sigel and Sigel 2010). More recent
theoretical work (Panteva et al. 2015c) using specially de-
veloped models for Mg®* binding to sites in RNA exam-
ined the free energy for the Mg”* ion migration in the
extended HHr, and found that, while there was stable
binding at the C-site (G10.1:N7 position), the slightly
favored binding mode in the ground state was at the
B-site, and this preference drastically increased upon
deprotonation of the nucleophile. Hence, there seems
compelling evidence that Mg?* binds in the B-site in the
ground state of the extended HHr, despite the fact that it
has not yet been observed crystallographically in this
position.

In any case, there is a general consensus that B-site
Mg?* binding occurs in the HHr active state, and is the
mode required for catalysis. Once positioned in the B-
site, the divalent metal interacts with the 2/-OH of GS8,
which has been proposed to act as a metal-activated
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acid to promote § catalysis in HHr (Martick et al. 2008;
Lee et al. 2013), although other studies have suggested
that a metal-bound water molecule may act as the general
acid (Ward and DeRose 2012; Mir and Golden 2016; Mir
et al. 2015) and it is possible that under different condi-
tions multiple pathways are available (Frankel et al. 2017).

Our previous extensive simulation work (Lee et al. 2013;
Chen et al. 2017) are collectively consistent with the inter-
pretation that the primary catalytic mode available to HHr
under near-physiological conditions of monovalent and
Mg?* ion concentrations is one whereby a metal-activated
2-OH of G8 acts as the acid. This supposition is supported
by recent activity-pH profiles of an extended HHr with
2'NH2 modification at G8 (Wilson et al. 2019) that illustrate
convincingly that the shape of the profile is predictably in-
fluenced by the pK, of the functional group at the 2’ posi-
tion in G8, suggesting its role as a general acid. Further,
comparison of activity-pH profiles in both the presence
and absence of Mg®" ions support the supposition that
the divalent metal ion helps to activate the 2’OH group
(Wilson et al. 2019). In the presence of 2 M Na* ions and
the absence of Mg®", the apparent pK, corresponding to
the general acid was 8.7. Upon addition of 1 mM Mg®",
the apparent pKj shifts downward by 1.5 units to 7.2, con-
sistent with our theoretical predictions that the catalytic
divalent ion activates (increases the acidity of) the 2'OH
of G8. For these reasons, theory from our group predicts,
and experiments support the hypothesis that the primary
mode of catalysis in HHr under near-physiological condi-
tions is a metal-activated 2’OH of G8 that acts as the gen-
eral acid.

Nonetheless, it is likely that there is a competing path-
way that involves a metal-bound water molecule that can
act as the acid. Close examination of recent activity-pH
profiles of an extended HHr (Wilson et al. 2019) is consis-
tent with this interpretation. Specifically, it is observed
that in the absence of Mg®* ions, the activity of a G8(dG)
mutant (eliminating the 27OH of G8) at high pH (~9.5,
where the rate reaches its plateau), leads to a dramatic re-
duction (>103-fold) in cleavage rate relative to the wild
type. In the presence of Mg?*, on the other hand, where
presumably the alternative metal-bound water pathway is
available, the cleavage rate is reduced only by ~10-fold
with respect to the wild type. Further, the G8(dG) mutant
causes a considerable shift in the activity-pH profile toward
higher pH, consistent with the substitution of a general
acid with a higher pK,. One might expect this from a
Mg®* ion that has a pK, considerably upshifted by inner-
sphere coordination to two phosphates, as opposed to a
guanine 2’OH that has a pK, considerably downshifted
by interacting with a Mg?* ion.

In Psr, stereospecific phosphorothioate substitution ex-
periments indicate thio substitution at the pro-Re NPO of
the scissile phosphate disrupts cleavage activity by 4.5 x
10%fold in the presence of Mg®*, and can only be partially
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(150-fold) rescued by Mn?* ions (Wilson et al. 2019). This
lack of activity rescue differs substantially from the effect
in HHr, in which a roughly 4000-fold Re thio effect is almost
completely rescued by the addition of 2 mM thiophilic Cd?
"ions (Wang etal. 1999). Thio substitution in Psr at the pro-
Sp NPO, on the other hand, has less than a twofold effect.
An interpretation of this data is that sulfur substitution dis-
rupts contact with a functional group from RNA (Harris
et al. 2015; Wilson et al. 2019) rather than a directly coor-
dinated divalent metal ion. We point out that Psr has a
highly compact active site relative to HHr, and it is possible
that thio substitution could also disrupt binding a divalent
metal ion indirectly bound through a water molecule to the
pro-Rp of the scissile phosphate in a way that was not res-
cuable due to steric occlusion of the bulky sulfur atom. Itis
noteworthy to mention that methylation at the 2’ position
of A32 leads to a 1.8 x 10°-fold rate reduction, whereas the
A32(dA) deoxy mutation produces only a 65-fold effect
(Wilson et al. 2019). Our simulation results indicate that
the 2’0OH donates a hydrogen bond to inner-sphere water
coordinating the C-site Mg®* ion that is poised for § catal-
ysis (Fig. 9), and in this fashion, may serve to increase the
acidity of the water. This is discussed in more detail below.

In addition, the N7 position of G33 appears to directly
coordinate a divalent metal ion in the Psr crystal (Ren
et al. 2016) and has been identified as functionally impor-
tant after the G33(7cG) mutant showed hardly any activity
in the presence of Mg2+ (Neuneret al. 2017). The most re-
cent structural and functional studies also identify a Mn?*
ion with the same G33:N7 direct coordination, and report
that G33(7cG) mutation leads to a 1.3 x 10*-fold decrease
in rate (Wilson et al. 2019). This differs considerably from

FIGURE 9. A hydrogen bonding network discovered in the course of
a transition state mimic MD simulation, whereby the 2'-OH of P32
acidifies metal-bound water that is poised to protonate the leaving
group. Another metal-bound water donates hydrogen bonds to
both the pro-Re NPO of the scissile phosphate and the O6 of G33.
The Mgc metal coordinates three additional waters that are hidden
for clarity.

the 30-fold effect of G10.1(7cG) mutation in HHr
(Nakamatsu et al. 2000). While this binding mode is likely
important for Mg®*, itis noteworthy that Psr retains modest
activity in the presence of the exchange-inert cobalt hex-
ammine as the sole multivalent cation (Harris et al. 2015).
Conditions of T mM cobalt hexammine in the absence of
Mg2+ lead to a 390-fold rate reduction (relative to 1 mM
Mg®*), which is consistent with the participation of a
Mg?*-bound water molecule acting as acid in Psr
(Neuner et al. 2017; Wilson et al. 2019), but perhaps sug-
gesting the recruitment of the less suitable 2’-OH of purine
32 as a general acid (similar to the 2’OH of G8 proposed as
an acid in HHr) in the absence of Mg?".

The roles of a conserved active site 2’-OH are distinctly
different in Psr and HHr

In the HHr, the 2’-OH of G8 has been implicated as func-
tionally important (Blount and Uhlenbeck 2005; Nelson
and Uhlenbeck 2008), and in the full-length (extended)
HHr crystal (Martick and Scott 2006; Martick et al. 2008),
is also in close proximity to the O5 leaving group. This
led to the suggestion that the 2’-OH of G8 may act as a
general acid in HHr, but objections were raised by the ar-
gument that the pKj of this position (estimated to be >12)
was likely too high to act as an acid. As described above,
computational studies first predicted that in HHr, a Mg?*
ion occupies a bridging (B-site) position between the
pro-Re NPOs of A9 and the scissile phosphate (Lee et al.
2007, 2008), both of which have been implicated as func-
tionally important from phosphorothioate-thiophilic metal
rescue experiments. In this position, the Mg?" ion interacts
with the 2-OH of G8, increasing its acidity. Subsequent
combined quantum mechanical/molecular mechanical
simulations of the chemical steps of the reaction indicated
that the Mg?* ion stabilizes the accumulating charge of the
leaving group and facilitates the 2'-OH of G8 to ultimately
act as a general acid to promote § catalysis (Wong et al.
2011).

In the case of the Psr, the 2’-OH of purine 32 exhibits dif-
ferent behavior. In initial crystal structure interpretations,
the hydroxyl group was identified as a possible general
acid because of its proximity to the leaving group (5.1 A).
Rate data of a deoxy-32 mutant seemed to support this hy-
pothesis when its activity was found to be significantly re-
duced (Neuner et al. 2017). Further probing of this
functional group, including 2'-H, 2'-OMe, and 2'-NHj sub-
stitution motivated the hypothesis that the likely role of this
functional group is in forming a hydrogen bonding scaffold
that ultimately positions the general base G40. However,
more recent experiments that examine mutations at posi-
tion 42 provide a more refined interpretation (Wilson
et al. 2019). In particular, the G42| mutation (removal of
N2 exocyclic amine) has almost negligible (1.2-fold) effect
on cleavage rate, demonstrating that the hydrogen bond
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between G42:N2 and the P32:02’ is not critical. On the
other hand, G42(AP) mutation (removal of guanine O6)
has a 700-fold rate reduction. Chemical modifications at
A32 provide more detailed insight into the role of P32:
O2'. Specifically, whereas 2’NH2 modification of G8 in
HHr produces an expected apparent pKj, shift in accord
with a role as general acid, the 2’"NH2 modification of
A32 in Psr leads to deviation from linearity at low pH,
that is, wavy activity-pH profile (Frankel and Bevilacqua
2018), with apparent pK, 5.2 that is consistent with the in-
terpretation that this group has an influence on cleavage
rate but that does not participate directly in proton transfer
in the acid step (Wilson et al. 2019). Taken together, these
results provide strong evidence that the roles of the con-
served 2'OH groups in the active sites of HHr and Psr
play different mechanistic roles. The simulation results re-
ported here establish detailed atomic-level models from
which to interpret these mechanistic distinctions.

Our Psr simulations indicate that the 27OH of P32, in ad-
dition to receiving a hydrogen bond from G42, can form an
outer-sphere contact with the Mg®* ion (Fig. 9). In the TS
mimic simulation, the 2’OH of P32 can donate a hydrogen
bond to a metal-coordinated water molecule thatisin a po-
sition to act as the general acid. In this way, the 2’OH of P32
may play a structural role in forming part of the Mg®* ion
binding pocket, but also in increasing the acidity of a met-
al-bound water molecule to facilitate & catalysis. This is like-
ly important for an Mg®* ion in order to downshift its pK,
value from solution (11.4) to the apparent pK, value of
9.2 derived from the experimental activity-pH profile
(Wilson et al. 2019). This model is consistent with the
very large (>10%*fold) decrease in cleavage rate of 2’0
methylation of A32 (Wilson et al. 2019), as our model sug-
gests this would disrupt the inner-sphere water poised to
act as the general acid (Fig. 9), and might also disrupt
Mg®* binding altogether in the compact Psr active site
through steric occlusion. It is also possible that 2’0 meth-
ylation of P32 alters the sugar pucker to favor a C3’-endo
conformer (which in the simulations is sometimes held in
a C3’-endo conformation due to H-bonding interaction
with G42 seen in Fig. 9), and hence it would be valuable
to experimentally examine the effect of 2'F and locked nu-
cleic acid residues at P32 in order to gain further insight
into the importance of the sugar pucker and hydrogen
bond donor/acceptor ability at this key position.

In this scenario suggested by our simulations, the roles
of the divalent metal ion and conserved 2’OH in the active
sites of Psrand HHr are closely related, but subtly reversed.
In HHr, a plausible mechanistic hypothesis is that a Mg**
ion directly coordinated to the pro-Re acts to increase
the acidity of the 2’OH of G8 that then can act as the gene-
ral acid in & catalysis. In Psr, on the other hand, we predict
thata Mg?" ion indirectly coordinated to the pro-Rp acts as
the general acid through a coordinated water molecule,
and the 2’0OH of P32 acts to increase the acidity of the wa-

1452 RNA (2019) Vol. 25, No. 11

ter making it more effective in & catalysis. Experimental
support for this hypothesis can be gleaned from a compar-
ison of the activity-pH profiles for the HHr G8(dG) mutant
and the wild-type Psr in the presence of 1 mM Mg®*
(Wilson et al. 2019). In the present model, the G8(dG)
HHr mutant must revert to a catalytic pathway that uses a
metal-bound water molecule as acid, which has a mea-
sured apparent pK, of 8.9. This value is considerably shift-
ed from the apparent pK, value (7.8) of the wild-type Psr
that also uses metal-bound water as the general acid.
One can reconcile the 1.1 pK, unit shift in the apparent
pK; values to the presence of the 220OH of A32 in Psr that
can donate a hydrogen bond to the general acid water
as indicated in Figure 9, whereas the G8(dG) mutant in
HHr lacks this capability. This prediction establishes the
atomic-level origin of a functional link between HHr and
Psr, and hints at the possibility of an evolutionary connec-
tion between the ribozymes.

Open questions and future work

The present simulations make several experimentally test-
able predictions. First, simulations suggest that the catalyt-
ic divalent metal ion may make inner-sphere contacts with
the pro-Rp NPO of G33 or possibly U35. The G33:pro-Re
contact would be analogous to the A9 contact in HHr,
which exhibits a strong stereospecific thio effect that can
be rescued by thiophilic metals. Hence, probing these re-
mote NPO positions stereospecifically may lead to more
detailed insight into the catalytic Mg?" ion binding
mode. Further, given the hypothesis that it is the 2’OH of
P32 that donates a hydrogen bond to the metal-bound wa-
ter molecule to increase its acidity, it would be interesting
to explore the metal-ion dependence of A32(dA) and/or
G32(dG) mutants to see if the mutational effect was corre-
lated with the pK of the metal ion. Comparison of the ac-
tivity-pH profile of the wild type and G32(dG) mutant with
a series of metal ions with varying pK,, values (e.g., Mg**,
Mn?*, Co?*, and Zn?*) would provide insight into the role
of the 2OH of P32 in tuning the pK, of the general acid.
Second, the intriguing results of 2’NH2 chemical modi-
fication to A32 could be further explored. The interpreta-
tion of functional results led to the supposition that the
2’ position of A32 required the ability to receive a hydro-
gen bond from G42:N2 in order to maintain the hydrogen
bond network that positions G40, leading to high activity
(Neuner et al. 2017). However, subsequent mutational
studies that examined the G42| mutant, showed that cleav-
age rate decreased negligibly (1.2-fold decrease), indicat-
ing this is not the origin of the observed reduced activity
(Wilson et al. 2019). Nonetheless, at pH below 6.2, the
2'-NH; group is likely protonated (2'-NH3™) and can no lon-
ger receive a hydrogen bond from the N2 exocyclic amine
of G42. As shown in Figure 5, this network is observed in
simulations and does appear to provide organization to
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the active site, including the positioning of G40 to actiny
catalysis.

There remain several open questions that require addi-
tional study to answer. In particular, details surrounding
the very large, partially rescuable stereospecific thio effect
still need to be clarified. Further, the origin of the 1.8 x
10%fold effect of methylation of the O2' position of A32 re-
mains unclear. An understanding of how these, and other
chemical modifications already performed in the active
site such as thio substitutions, affect metal ion occupancy
through electrostatic perturbation or steric occlusion is of
paramount importance. Finally, rigorous examination of
the chemical steps of the reaction using quantum mechan-
ical methods will provide needed clarity on the interpreta-
tion of structural and functional data, and deep insight into
the Psr catalytic mechanism.

Conclusions

We present a model for the active state of the Psr in solu-
tion from molecular dynamics simulations at different stag-
es along the reaction pathway. The resulting structural
ensemble represents a model that unifies the existing
body of structural and functional data, provides new in-
sight into the catalytic chemical mechanism, and establish-
es important functional connections with the HHr. Results
indicate that multiple Mg®* binding modes in the active
site, including outer-sphere coordination to the scissile
phosphate (C-site binding) consistent with experimental
thio effects, can promote in-line fitness (o catalysis), elec-
trostatic stabilization of the dianionic transition state (B ca-
talysis) and neutralization of the developing charge of the
leaving group (8 catalysis) through a metal-coordinated
water molecule. Further, metal ion binding at the G-site
(G40:06) tunes the pK, of the general base in order to pro-
mote y catalysis. The molecular simulation models explain
the current body of functional data, including mutagenesis
data involving P32(3cP) and G33(7cG), chemical modifi-
cation of the 2-OH of P32, and phosphorothioate sub-
stitution/metal ion rescue experiments at the scissile
phosphate. Simulation results suggest a number of exper-
imentally testable predictions, including metal ion titration
experiments to probe the pH-dependence of the general
acid, stereospecific thio substitution to test sensitivity at
the pro-Rp position of scissile phosphate, and A32(2'nA)/
G42X double mutation to examine the pH-dependence
and test the functional importance of a proposed hydro-
gen bond network that helps to position the general
base and scissile phosphate for catalysis. Finally, analysis
of the Psr simulations has led to the reexamination of orig-
inal secondary structural assignments, and their reevalua-
tion reveals striking similarities to those of the HHr. The
present study helps to establish new functional connec-
tions between the Psr and HHr, including their remarkably
similar global folds, metal ion binding sites, active site ar-

chitectures, and y (general base) catalysis strategies. The
Psr and HHr have subtle differences in their & (general
acid) strategies, and have distinctly different roles for a
functionally important active site 2’-OH group.

MATERIALS AND METHODS

Setup for molecular dynamics simulations

All molecular dynamics simulations were performed using the
AMBER 16 packages (Case et al. 2016) and GPU-accelerated en-
hancementsin AMBER 18 (Lee et al. 2018) using the AMBER FF14
force field (Maier et al. 2015), which includes corrections to a/y
conformers (Pérez et al. 2007) and glycosidic torsions (Zgarbova
et al. 2011) in nucleic acids.

Both crystal structures, 5K7C (Ren et al. 2016) and chains C and
D of 5KTJ (Nguyen et al. 2017), were stripped of all crystallo-
graphic waters and ions except the C- and E-site Mg®" ions,
then solvated in a truncated octahedral TIP4P-Ew water box
(Horn et al. 2004) with a minimum of 15 A between the ribozyme
and box edge. Monovalent (Joung and Cheatham Il 2008) and
divalent (Li et al. 2013) ion parameters were selected for compat-
ibility with the water model. This model for ions enables implicit
first-order pairwise polarization effects that provide a better de-
scription of structural, thermodynamic, kinetic and mass transport
properties (Panteva et al. 2015b). Next, Na* ions were added to
balance the total system charge (50 in the case of 5K7C, and 57
in the case of 5KTJ), and a number of NaCl ion pairs was added
(33 for the 5K7C box, and 40 for the slightly larger 5KTJ box) to
mimic a physiological salt concentration of ~140 mM.

Both systems underwent 2000 cycles of solvent minimization
before heating and annealing over 12 nsec to bring the system
temperature to 300 K and density to roughly 1.0 g/cm? (which re-
quired alternating between the NVT and NPT ensembles), all
while keeping the ribozymes and Mg?* ions constrained to their
respective crystallographic coordinates. These harmonic force co-
ordinate constraints were slowly reduced to a value of zero over
~0.5 nsec, after which the ribozyme was allowed to undergo
equilibration for 20 nsec in the NVT ensemble. In each of the
two systems, the resulting structure represented the native pro-
tonation state, and served as a starting point for all following sim-
ulations. All subsequent simulations were run with a 12 A cutoff for
nonbonded interactions and particle mesh Ewald (Darden et al.
1993) for electrostatics outside the cutoff.

Probing binding mode effects on a and vy catalysis

Each of the two equilibrated ribozymes was transformed into the
"active state,” which entails an anionic general base G40 depro-
tonated at its N1 position, and a neutral, protonated nucleophile.
After deletion of the G40:N1 hydrogen, the G40 was assigned a
new charge-set previously developed in our laboratory (Chen
et al. 2017), prioritizing consistency with the AMBER FF14 force
field. Distance restraints were applied to enforce a particular C-
site Mg?* binding mode at the outset of each simulation, with re-
straints turned off at 20 nsec before running a subsequent 100
nsec of unrestrained dynamics. Each binding mode was simulated
in this way ten times, with independent regions of phase space

www.rnajournal.org 1453


http://rnajournal.cshlp.org/
http://www.cshlpress.com

Downloaded from rnajournal.cship.org on November 15, 2019 - Published by Cold Spring Harbor Laboratory Press

Kostenbader and York

accessed by enforcing different metal-RNA contacts and hydro-
gen bonding patterns during each restrained 20 nsec.

Probing binding mode effects on B and & catalysis

Each of the two equilibrated ribozymes was transformed into the
“transition state mimic,” which entails a dianionic pentacoordi-
nate phosphorane at the scissile phosphate, where a new bond
has been made between the nucleophile and the adjacent phos-
phorus. After deletion of the G(—1):02’ hydrogen, both G(-1) and
U(+1) were assigned new charge-sets previously developed in our
laboratory (Heldenbrand et al. 2014), prioritizing consistency with
the AMBER FF14 force field. Distance restraints were applied to
enforce a particular C-site Mg?* binding mode at the outset of
each simulation, with restraints turned off at 20 nsec before run-
ning a subsequent 100 nsec of unrestrained dynamics. Each bind-
ing mode was simulated in this way 10 times, with independent
regions of phase space accessed by enforcing different metal-
RNA contacts and hydrogen bonding patterns during each re-
strained 20 nsec.

Radial distribution functions

The radial distribution functions plotted in Figure 4 were ob-
tained by binning G40:06-Na™ (top plot) and G40:N7-Na™ (bot-
tom plot) distances over a 100 nsec simulation of 5K7C with G40
in the active state (blue and red curves), and a 100 nsec simula-
tion of 5K7C with G40 in its standard protonation state (black
curves). The average coordination numbers were calculated as
a running sum of bins up to and including the edge of the first
Na™ ion shell.
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