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Jirí̌ Šponer,†,§,∥ and Pavel Banaś*̌,†,§
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ABSTRACT: X-ray crystallography can provide important
insights into the structure of RNA enzymes (ribozymes).
However, the details of a ribozyme’s active site architecture are
often altered by the inactivating chemical modifications
necessary to inhibit self-cleavage. Molecular dynamics (MD)
simulations are able to complement crystallographic data and
model the conformation of the ribozyme’s active site in its
native form. However, the performance of MD simulations is
driven by the quality of the force field used. Force fields are
primarily parametrized and tested for a description of canonical
structures and thus may be less accurate for noncanonical RNA
elements, including ribozyme catalytic cores. Here, we show
that our recent reparametrization of ε/ζ torsions significantly
improves the description of the hairpin ribozyme’s scissile phosphate conformational behavior. In addition, we find that an
imbalance in the force field description of the nonbonded interactions of the ribose 2′-OH contributes to the conformational
behavior observed for the scissile phosphate in the presence of a deprotonated G8−. On the basis of the new force field, we obtain
a reactive conformation for the hairpin ribozyme active site that is consistent with the most recent mechanistic and structural
data.

■ INTRODUCTION

RNA enzymes, or ribozymes, are catalytic noncoding RNAs.1,2

The small ribozymes, e.g., the hairpin ribozyme, are
autocatalytic RNA molecules that catalyze site-specific cleavage
of their own sugar−phosphate backbone.1−4 This reaction
participates in several biological processes such as self-splicing
processes or replication of viral satellite RNAs.5−8 Studies of
ribozyme mechanisms are complicated by difficulties in
crystallizing the precleavage forms due to their inherent
reactivity.1,9 Therefore, chemical modifications are usually
introduced into the active site to inhibit self-cleavage in
structural studies, often altering a catalytically important
nucleotide. A common approach is inactivation of the native
2′-OH nucleophile by replacing it with a 2′-OMe group or 2′-H
hydrogen, yielding methoxy or deoxy modifications, respec-
tively.10 Therefore, although X-ray crystallography can provide
decisive insights into the structures of ribozymes, the required

modifications often perturb the conformation of the active site
and complicate interpretation of the structural data.1,11−13 In
addition, RNA crystal structures deposited in the Protein Data
Bank (PDB) may suffer from local geometrical, conformational,
and steric errors that need to be corrected.14

Molecular dynamics (MD) simulations can complement
experimental structures of ribozymes, e.g., by modeling the
arrangement of their active sites in the reactive form.12,15−21

Sufficiently long simulations starting from the crystal structure
but without the modifications should relax the active site to
help correct local errors and eliminate the biases associated
with any inhibiting modification.12,20,22−25 Thus, MD simu-
lations effectively are able to model and potentially refine the
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native (reactive) conformation of the active site on the basis of
available crystallographic data. To fully live up to their
potential, however, MD simulations need to overcome two
potentially limiting factors: (i) approximations of the force field
(in the case of RNA, mainly the description of the noncanonical
conformation of the sugar−phosphate backbone)26−29 and (ii)
limited sampling, which may be insufficient to overcome the
errors and biases of the starting structure.20,30−33 The former
limitation is indeed critical for an accurate description of the
conformation of the scissile phosphate as the in-line-attack
(IAA) conformation required for the self-cleavage reaction can
only be achieved by noncanonical and relatively rarely
populated conformations of the sugar−phosphate backbone,
particularly via specific combinations of the ε/ζ torsions and
the ribose pucker. Empirical force fields are usually para-
metrized and tested with canonical structures in mind and
therefore do not always provide a balanced description of
noncanonical regions, including conformations of the scissile
phosphates in ribozymes.
Like other small ribozymes, the hairpin ribozyme does not

require metal ions in the active site to achieve catalysis.4,10,34,35

A wealth of mechanistic data has shown that two key
nucleobases are required for catalysis: guanine 8 (G8) and
adenine 38 (A38).13,36−45 These experimental measurements,
together with theoretical calculations, strongly support the
hypothesis that A38 is protonated and acts as a general acid by
protonation of the O5′ leaving group.13,22,46−51 The G8 may be
deprotonated and act as a general base by accepting a proton
from the 2′-OH nucleophile and/or it may assist in attack of
the 2′-OH group on the scissile phosphate by electrostatic
stabilization of the transition state (Scheme 1).46,50−52 Thus,

one set of mechanistic data suggests that the reactive form of
the hairpin ribozyme may be a rarely populated protonation
state that is, however, sufficiently reactive to compensate for the
thermodynamic penalty of being a minor protonation state.
This hypothesis has been supported by hybrid quantum
chemical molecular mechanical (QM/MM) calculations.51,53

Such a state is expected to include A-1(2′-OH)···G8−(N1) and
A38H+(N1H)···G+1(O5′) hydrogen bonds (H-bonds) accom-
panied by a high value of the IAA, i.e., the A-1(O2′)−G+1(P)−
G+1(O5′) angle.
Despite the progress in understanding hairpin ribozyme self-

cleavage, several questions remain concerning the catalytic
mechanism. In particular, until now neither experimental
structural data nor MD simulations have revealed any
conformation of the hairpin ribozyme active site that would
be fully preorganized for catalysis. Most crystal structures of the
hairpin ribozyme precursor are inhibited by a A-1(2′-OMe)
methoxy modification and consistently exhibit a C2′-endo

pucker for the 2′-methoxylated A-1 ribose.38,54−56 In contrast,
MD simulations (using the older f f 9957,58 and f f 99bsc059

versions of the AMBER force field) of the native precursor
state, i.e., with a starting structure based on the 2′-OMe crystal
structures but with native 2′-OH ribose, showed a rapid
repuckering of the A-1 ribose from the original C2′-endo to
C3′-endo, i.e., to the ribose pucker typical for A-form RNA
duplexes. This caused a significant displacement of the 2′-OH
nucleophile, significant decrease of the IAA (Figures 1 and 2A),

and a loss of the G8(N1H)···A-1(O2′) H-bond.12,22 This
simulation behavior was tentatively explained as a consequence
of removal of the 2′-OMe mutation.22 However, we could not
rule out that the force field may be biased to excessively
stabilize the canonical C3′-endo pucker. Recently, substantial
reparametrizations of the torsional terms of the AMBER nucleic
acids force field were suggested (for a review, see ref 60). The
RNA-specific χOL3 modification

61 is essential to prevent high-
anti χ abnormalities of the RNA structures and also improves
description of the χ syn region. The εζOL1 modification was
then introduced to improve the helical twist and the BI−BII
balance of B-DNA and the structural dynamics of DNA
quadruplexes.62 The latter reparametrization could in principle
improve also the performance of RNA simulations, although
substantial testing for a wide range of systems will be needed to
confidently utilize it for RNA.
Here, we test the possibility that a force field bias affects

details of the conformational dynamics of the active site
observed in older force fields and that the behavior can be
improved with the above-noted recent force field versions,
which until now have not been used for the hairpin ribozyme.
Indeed, we show that the ε/ζ DNA backbone torsion
modification62 coupled with the essential χ modification61

significantly improves the description of the backbone
conformation of the hairpin ribozyme active site in the
presence of a canonical G8. In addition, we find that the
departure of the deprotonated G8− from the active site is
driven by the orientational preferences of the A-1(2′-OH)
hydroxyl. Finally, we use more accurate QM/MM calculations
in the presence of the deprotonated G8− to benchmark the
force field and propose directions for future force field
improvements.

■ METHODS
Setup for MD Simulations. Starting structures were based

on the crystal structure of a minimal, junctionless hairpin
ribozyme grown at pH 6.0 and determined at 2.05 Å resolution
(PDB ID 2OUE, original PDB code 1ZFR).55 We tested two
different protonation forms of G8 at the active site, i.e., a
canonical G8 and an N1-deprotonated G8−. The canonical

Scheme 1. A38H+/G8− General Acid/Base Mechanism
Suggested for Self-Cleavage of the Sugar−Phosphate
Backbone of the Hairpin Ribozyme

Figure 1. Swift repuckering of A-1 ribose observed in MD simulations
of the hairpin ribozyme with the default f f 99bsc0χOL3 force field, in
which the nucleophilic 2′-OH group is displaced from G8(N1) to
A38(N6).12,22
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form of G8 was used for three different MD simulations: (i) an
unrestrained simulation with the f f 99bsc0χOL3 force field
(AMBER f f 99 Cornell et al. force field57,58 corrected by the
Barcelona α/γ59 and Olomouc χOL3

61 reparametrizations), (ii) a
f f 99bsc0χOL3 simulation with soft flat-well restraint on the A-1
ribose pucker, and (iii) an unrestrained simulation with the
f f 99bsc0χOL3εζOL1 force field.

62 The flat-well potential restraint
was applied on the A-1 ribose pucker: the τ2 torsion (C1′−
C2′−C3′−C4′) was unrestrained below the value of −20°,
harmonic restraining potential with a force constant of 10 kcal/
(mol·rad2) was applied from −20° to 0°, and a linear extension
of this potential was used for positive values of the τ2 dihedral.
Such a restraining potential retains the C2′-endo pucker
conformations while providing a rather soft penalization for the
O4′-endo and C3′-endo puckers (with an ∼3−4 kcal/mol bias
disfavoring a C3′-endo pucker).
Additionally, seven f f 99bsc0χOL3εζOL1 simulations were

performed with a deprotonated G8−: (i) three unrestrained
simulations with various ionic conditions (see below), (ii)
simulation with distance restraint applied to the G8−(N2)···U
+2(O4) H-bond, (iii) simulation with distance restraint applied
to G8−(N1)···A-1(O2′), and finally (iv) two simulations with
flat-well restraint applied to the orientation of A-1(2′-OH)
hydroxyl (C1′−C2′−O2′−HO2′ torsion), the first with
restraint applied only for the initial 10 ns and the second
restraining the dihedral for the entire simulation. All these
restraints aimed to stabilize the G8− in the active site to

investigate the reasons for its expulsion from the active site in
unrestrained simulations (see the Supporting Information for
details).
In the first two simulations without εζOL1 correction, the

hairpin ribozyme was net-neutralized with Na+ counterions
(well-depth ε = 0.0028 kcal/mol, radius R = 1.8680 Å)63 and
immersed in a rectangular water box with a layer of TIP3P
water molecules at least 10.0 Å thick around the RNA solute.
The starting structures of the simulations with εζOL1 correction
were based on a representative snapshot from the f f 99bsc0χOL3
simulation that used a soft flat-well restraint to keep the active
site in reactive conformations. In these simulations, we used a
slightly larger simulation box with a layer of TIP3P water
molecules at least 15.0 Å thick around the RNA solute and
∼0.2 M KCl excess salt; exceptions were two additional
unrestrained simulations with G8−, wherein we tested the effect
of ionic conditions on the behavior of the deprotonated G8−

nucleotide using ∼0.2 M NaCl excess salt or net-neutralizing K+

concentrations (K+ well-depth ε = 0.1937 kcal/mol, radius R =
1.705 Å; Na+ well-depth ε = 0.0874 kcal/mol, radius R = 1.369
Å; Cl− well-depth ε = 0.0355 kcal/mol, radius R = 2.513 Å).64

In all simulations, the solute−solvent system was minimized
prior to MD simulation as follows. Minimization of the
ribozyme hydrogen atoms was followed by minimization of
counterions and water molecules, while the positions of the
RNA molecule remained constrained. Subsequently, all RNA
atoms were frozen and the solvent molecules with counterions

Figure 2. Structural dynamics of the active site as observed in 500 ns MD simulations (A) with the default f f 99bsc0χOL3 AMBER RNA force field,
(B) with the same force field with restrained A-1 C2′-endo ribose pucker, and (C) in an unrestrained simulation using the f f 99bsc0χOL3εζOL1 force
field. The time courses of the A-1 pucker, ε, and ζ torsions that together determine the conformation of the scissile phosphate are shown in the plots
on the left; the occurrences of G8(N1H)···A-1(O2′) and A38H+(N1H)···G+1(O5′) H-bonds (with heavy atom distance below 3.5 Å) and favorable
IAA (above 140°) are shown by the bars at the bottom of the plots with percent of total population indicated. The structures illustrate the
dominantly populated active site conformations during the respective MD simulations. (D) Histograms of IAA (A-1(O2′)−G+1(P)−G+1(O5′)
from the f f 99bsc0χOL3 and f f 99bsc0χOL3εζOL1 simulations.
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were allowed to move during a 500 ps long MD run under NpT
conditions (p = 1 atm., T = 298.16 K) to relax the total density.
After this, the solute and nucleobases were relaxed by several
minimization runs with decreasing force constants applied to
the sugar−phosphate backbone atoms. After relaxation was
completed, the system was heated in two steps: the first step
involved heating under NVT conditions for 100 ps, whereas the
second step involved density equilibration under NpT
conditions for an additional 100 ps. The particle-mesh Ewald
(PME) method for treating electrostatic interactions was used,
and all simulations were performed under periodic boundary
conditions on the NpT ensemble at 298.16 K using the weak-
coupling Berendsen thermostat.65 The SHAKE algorithm was
applied to all bonds containing hydrogen atoms. The length of
each of the three simulations involving a canonical G8 (i.e.,
unrestrained f f 99bsc0χOL3, restrained f f 99bsc0χOL3, and unre-
strained f f 99bsc0χOL3εζOL1) was 500 ns, and the length of the
remaining simulations with a deprotonated G8− was 100 ns for
each of three unrestrained simulations and 50 ns for others,
except for one that was extended to 500 ns with the A-1(2′-
OH) orientation restrained over the entire simulation.
Setup for QM/MM Calculations. QM/MM calculations

were used as a benchmark to test the accuracy of the force field
description of 2′-OH orientation within the active site. We used
the same combined quantum mechanical/molecular mechanical
(QM/MM) setting as reported in refs 51 and 53 for the
dianionic reaction pathway (with deprotonated guanine G8−

and protonated A38H+ adenine). A two-layer ONIOM
method66 with electronic embedding implemented in Gaus-
sian0967 was used for the QM/MM calculations. The MM
region was treated by the f f 99bsc0χOL3εζOL1 force
field.57−59,61,62 The QM region was described by the density
functional theory (DFT) MPW1K functional68,69 with the 6-
31+G(d,p) basis set.
The QM region (63 atoms) comprised the A-1/G+1 sugar−

phosphate backbone and the N9-methyl-capped nucleobases
G8− and A38H+ (see Figure 1B in ref 51). Dangling bonds at
the interface between the QM and MM regions were capped by
hydrogen atoms. In all QM/MM calculations, the ribozyme was
surrounded by a ∼10 Å thick layer of water molecules forming
a water droplet. The initial structure including the initial
positions of counterions for the QM/MM calculation was taken
from a representative snapshot of the MD simulation using the
f f 99bsc0χOL3εζOL1 force field with canonical G8 (see the
Supporting Information for structure). A ∼5 Å thick layer of
water molecules on the surface of the droplet and counterions
outside the droplet were fixed during QM/MM calculation to
prevent reorganization of the hydrogen bonding network on
the top of the water droplet that might result in discontinuities
of the potential energy unrelated to the structural changes in
QM region. The entire system contained ∼13 000 atoms,
∼5200 of which were fixed; i.e., the majority of atoms were
unconstrained.
The energy profile of the 2′-OH group rotation was explored

by a flexible scan modifying the A-1(C1′)−A-1(C2′)−A-
1(O2′)−A-1(HO2′) dihedral. Scans were performed with 10°
steps using flexible scanning; i.e., all remaining degrees of
freedom relaxed at each point (except for the fixed atoms
indicated above). The MM scan aimed to test the accuracy of
the force field description (with the QM/MM data used as the
benchmark) was performed on the same system (containing
∼13 000 atoms) as the QM/MM calculations using Gaus-
sian09.67 In the MM scans we used the f f 99bsc0χOL3 and

f f 99bsc0χOL3εζOL1 force fields as well as the f f 99bsc0χOL3εζOL1
force field with modified van der Waals parameters of
phosphate oxygens originally suggested by Case et al. for
phosphorylated amino acids.70

■ RESULTS AND DISCUSSION
We performed three 500 ns long and seven (three 100 ns long,
three 50 ns long, and one 500 ns long) explicit solvent MD
simulations of the hairpin ribozyme with canonical and
deprotonated guanine G8, respectively, using different force
fields and simulation settings (see Methods). We aimed to
carefully analyze the effects of the approximate force field
description on the structural dynamics of the hairpin ribozyme
active site and identify the force field biases. The f f 99bsc0χOL3
version of the AMBER Cornell et al. force field (internally
abbreviated as f f10, f f12, or somewhat confusingly f f14SB in
the recent AMBER code versions)71 is a well-performing and
the most widely tested RNA force field. The χOL3 is a crucial
RNA correction of the older f f 99/f f 99bsc0 force field as it
prevents formation of spurious ladderlike RNA struc-
tures.22,26,61 To investigate the role of the A-1 ribose pucker
in the structural dynamics of the hairpin ribozyme active site,
we performed an unrestrained f f 99bsc0χOL3 simulation with
the canonical form of G8 and then performed a simulation with
an applied dihedral restraint on the τ2 torsion of the A-1 ribose
ring to maintain its C2′-endo pucker (for details see Methods).
The third simulation with a canonical G8 and all simulations
with a deprotonated G8− used the f f 99bsc0χOL3εζOL1 force
field corrected by the Olomouc εζOL1

62 reparametrization of
the ε/ζ torsion angles.

Rapid Reconformation of the A-1 Ribose During MD
Simulations with a Canonical G8. Consistent with previous
f f 99bsc0 simulations,22 we observed a rapid repuckering of the
A-1 ribose from the C2′-endo to the C3′-endo conformation
when the f f 99bsc0χOL3 force field was used, leading to loss of
the G8(N1H)···A-1(O2′) H-bond and a decrease of the IAA
(Figure 1). In the C3′-endo state, we observed fast fluctuations
between two conformations of the scissile phosphate (Figure
2A) with only a marginal population of conformations suitable
for the self-cleavage reaction, i.e., those having higher values
(above ∼140°) of the IAA accompanied by A38H+(N1H)···G
+1(O5′) and G8(N1H)···A-1(O2′) H-bonds (Figure 2D). In
the earlier MD studies we hypothesized, on the basis of the
available structural data, that the swift A-1 repuckering was
related to the removal of the 2′-methoxy modification in the
active site.12,22 This was because the available precleavage
crystal structures with A-1(2′-OMe) modification had a C2′-
endo pucker of the A-1 ribose,38,54,55,72 whereas those bearing
the native A-1(2′-OH) group (albeit being modified by
nucleobase replacements at the critical positions of either G8
or A38) suggested variable sugar puckers, including O4′-exo,
C3′-exo, O4′-endo, and C3′-endo.13,54,55 Thus, although
experimental data clearly supported a C2′-endo ribose pucker
in structures with A-1(2′-OH) modification, an ambiguous
ribose pucker was observed in structures with the native A-1(2′-
OH) ribose.
We then performed restrained f f 99bsc0χOL3 simulation

biased in favor of the C2′-endo pucker of the A-1(2′-OH)
ribose. After a few tens of nanoseconds, the scissile phosphate
flipped into a conformation well-suited for catalysis. This
allowed the firm H-bonds between the scissile phosphate and
the catalytically important nucleobases G8/A38H+, namely
G8(N1H) · · ·A-1(O2 ′ ) , G8(N2H) · · ·G+1(p ro -S P ) ,
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A38H+(N1H)···G+1(O5′), and A38H+(N6H)···G+1(pro-RP).
Furthermore, high values of the IAA were populated, with a
mean value of ∼140° and fluctuations up to 170° (Figure 2D).
Nonetheless, the simulation maintained this geometry only for
∼150 ns. Then the scissile phosphate lost the reactive
conformation and adopted another fluctuating (bistable) state
(Figure 2B). Deeper analysis of the trajectory indicates that the
rarity of observing a reactive conformation in earlier simulations
may have been caused by an inaccurate description of the
ribose pucker or ε/ζ torsions (or a combination of both). This
is because the reactive conformation of the active site
temporarily sampled in our f f 99bsc0χOL3 simulation with
restrained C2′-endo pucker was characterized by a +gauche/
trans (g+/t) conformation of the A-1 ε/ζ torsions. This is a
rare, noncanonical conformation of the RNA sugar−phosphate
backbone that does not correspond to any annotated suite in
the database of RNA backbone conformations.73,74 However,
some occurrences of this sugar−phosphate backbone can be
found in the PDB database (Figure 3B in ref 73). Formation of
such a very rare backbone topology in the catalytic center of a
ribozyme would not be surprising.
Reparametrized ε/ζ Torsions Have a Significant Effect

on the Conformation of the Sugar−Phosphate Back-
bone and the A-1 Pucker. Recently, a reparametrization of
the ε/ζ torsions was introduced and shown to significantly
improve the simulation behavior of DNA systems,62 in
particular the balance between the populations of BI and BII
states and the helical twist in B-DNA. Notably, this
reparametrization stabilizes the ε/ζ g+/t conformation of the
sugar−phosphate backbone relative to the earlier force field
versions (Figure S1 in the Supporting Information). As the
Cornell et al. force field variants (without the εζOL1 correction)
share the same ε/ζ parameters for both DNA and RNA, we
expected that the εζOL1 reparametrization may also affect RNA
as it is supposed to generally improve the description of the
conformational behavior of the sugar−phosphate backbone in
both DNA and RNA. Initial testing of the εζOL1 correction on a
canonical A-RNA duplex yielded stable simulations where the
simulated dihedral and nucleobase structural parameters
corresponded well with a crystal structure reference.62 Thus,
we decided to test the εζOL1 correction for the hairpin
ribozyme.
With the f f 99bsc0χOL3εζOL1 force field we indeed found

remarkable improvement of the structural dynamics of the
hairpin ribozyme active site. In particular, when started from
the reactive state temporarily sampled by the restrained
simulation (see above), the hairpin ribozyme maintained the
reactive active site conformation including the high values of
the IAA over the entire 0.5 μs simulation (Figure 2C). It is
worth noting that in this simulation, the A-1 ribose pucker
dominantly populated the C2′-endo conformation (despite the
fact that we did not apply any restraining potential). Thus, it
seems that the preference for the C3′-endo conformation in the
f f 99bsc0χOL3 and prior f f 99bsc022 and f f 9912,22 simulations
was dictated by the local conformation of the scissile
phosphate. Once the ε/ζ torsions adopt the g+/t conformation
upon introduction of the εζOL1 correction, the A-1 ribose stably
fluctuates in the C2′-endo region.
The simulations indicate that the pucker is a rather soft

(passive) structural parameter, at least in this particular case.
The pucker preference appears to follow the local conformation
of the attached downstream phosphate, particularly the values
of its ε/ζ torsions. Therefore, we suggest that the εζOL1

correction may be essential for simulating the proper structural
dynamics of the scissile phosphates in ribozymes. In contrast to
the earlier simulations11,12,22 and similarly in contrast to the
available structural data,13,38,54,55 the f f 99bsc0χOL3εζOL1 force
field spontaneously stabilizes geometry of the catalytic center
that appears to be well-poised to support the catalysis. Previous
crystal structures of the hairpin ribozyme with an inhibiting A-
1(2′-OMe) modification13,38,54,55 revealed t/t states of the ε/ζ
torsions. In such a conformation, the scissile phosphate adopts
a geometry where G8(N2)···G+1(pro-SP) and A38(N6)···G
+1(pro-RP) H-bonds are not established and the key
A38(N1)···G+1(O5′) interaction is weakened. ε/ζ t/t geo-
metries similar to this (with a modest shift toward t/g+) have
been reported in 2′-OMe inhibited crystal structures of the
hammerhead75,76 and glmS ribozymes.77,78 It should be noted
that these and other RNA crystal structures are typically
obtained with only medium resolution (∼2 Å) so that it is
possible that such fine structural details are beyond the current
refinement accuracy.14

The reac t i ve con format ion pred i c t ed by the
f f 99bsc0χOL3εζOL1 force field for the hairpin ribozyme active
site features two H-bonds between the catalytically important
G8 and the scissile phosphate, namely G8(N1H)···A-1(O2′)
and G8(N2H)···G+1(pro-SP). The other catalytically essential
active site nucleotide, A38H+, forms two additional H-bonds to
the scissile phosphate, A38H+(N1H)···G+1(O5′) and
A38H+(N6H)···G+1(pro-RP). All four of these interactions,
together with the high values of the IAA (A-1(O2′)−G+1(P)−
G+1(O5′)) fluctuating up to ∼170°, arrange the active site in
an architecture that is structurally preorganized for the
nucleophilic attack of the A-1(2′-OH) group and thus the
self-cleavage reaction (see the Supporting Information for
details of this reactive conformation).

Deprotonated G8− Does Not Favor the Reactive
Conformation Observed in Simulations with a Canon-
ical G8. As shown in the preceding section, simulations using a
refined version of the force field (and assuming a canonical
protonation state of the G8) support a geometry of the catalytic
center of the hairpin ribozyme that is consistent with catalysis.
Such an active site arrangement is catalytically competent for
the monoanionic reaction pathway, where the proton is
shuttled from the 2′-OH nucleophile toward the O5′ leaving
group via a nonbridging oxygen of the scissile phosphate,
whereas the canonical G8 contributes to catalysis only by
electrostatic stabilization of the transition state.51 However, the
alternative combined general base (G8−)/general acid (A38H+)
mechanism would require a reactive conformation of the active
site that involves a deprotonated guanine G8−. This mechanism
was suggested46 on basis of the first crystal structures,
supported by recent experiments50,52 as well as QM/MM
calculations,51,53 and is currently believed to be the biochemi-
cally most relevant. As it is difficult to imagine that guanine
would become deprotonated while being bound to the
nucleophile, we assume that it is deprotonated in an inactive
conformation and then has to return (at least as a rare, transient
conformation) to the catalytic architecture. This constitutes a
so far unresolved problem, as G8− decisively departed from the
catalytic center in all our simulations so far.22

Given the substantial improvements observed with the ε/ζ
torsion correction for simulations with the canonical G8, we
decided to reinvestigate the structural dynamics of G8− in the
active site using the f f 99bsc0χOL3εζOL1 force field. We
anticipated that G8− may form H-bonds with the 2′-OH
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nucleophile and the scissile phosphate, i.e., A-1(2′-OH)···
G8−(N1) and G8−(N2H)···G+1(pro-SP), respectively. This
would imply the same arrangement of the active site as revealed
by our simulation with canonical G8, except for reorientation of
the 2′-OH nucleophilic group (Figure 3A). However, the

f f 99bsc0χOL3εζOL1 force field improved the conformational
behavior of the deprotonated G8− only partially. In all
unrestrained simulations, the A-1(2′-OH)···G8−(N1) H-bond
was disrupted immediately during the equilibration phase
because the A-1(2′-OH) group reoriented toward the G
+1(pro-SP) nonbridging oxygen, forming the A-1(2′-OH)···G
+1(pro-SP) H-bond instead. The second key G8−(N2H)···G
+1(pro-SP) H-bond was also lost within the first ns of MD
simulation due to reconformation of G8− in the active site. This
relocation was characterized by weakening of the single
G8−(N2H)···U+2(O4) H-bond (∼3.5 Å) stabilizing the
G8−/U+2 base pair, and by subsequent formation of a new,
transient G8−(N2H)···A-1(O2′) H-bond. In the simulation
with excess KCl salt, both G8−(N2H)···U+2(O4) and
G8−(N2H)···A-1(O2′) H-bonds were broken after ∼45 ns of
MD simulation and G8− left the active site, subsequently
residing at a distance of ∼8 Å from the scissile phosphate.
To examine the effect of ionic conditions on the expulsion of

the G8−, we performed two additional unrestrained simulations
with G8− and different types or concentrations of ions,
particularly one simulation with ∼0.2 M excess NaCl salt, i.e.,
with the same concentration but an altered type of ion, and the

other using K+ net-neutralized conditions. We found that
although the behavior of G8− was insensitive to the type of ion,
the lower concentration of counterions in net-neutralizing
conditions partially reduced the tendency of the G8− to leave
the active site. Namely, we found that the population of the
close contact G8−(N1)···A-1(O2′) distance (below 3.5 Å) was
3 ± 1% and 4 ± 3% in KCl and NaCl excess salt simulations,
respectively, but increased to 15 ± 5% in the simulation with K+

net-neutralization (see Figure S2 in the Supporting Informa-
tion). However, these close contacts were not necessarily
accompanied by the corresponding H-bond between the two
heavy atoms due to an unsuitable orientation of the 2′-OH
group. In both excess salt simulations, the 2′-OH group was
permanently oriented toward the G+1(pro-SP) nonbridging
oxygen, suggesting that the close contact between G8−(N1)···
A-1(O2′) was opportunistic and stabilized by the G8−(N2−
H)···A-1(O2′) H-bond. However, in the net-neutralized
simulation we also observed a minor (2%) population of the
G8−(N1)···A-1(O2′-H) H-bond.
To identify the interactions involved in expulsion of the

deprotonated G8− from the active site (besides the electrostatic
repulsion between the negatively charged G8− and the scissile
phosphate and the electrostatic attraction between G8− and
cations surrounding the RNA), we performed two MD
simulations with distance restraints aimed to keep G8− within
the active site. Harmonic restraints were applied either to the
G8−(N2)···U+2(O4) or to the G8−(N1)···A-1(O2′) distance
during the equilibration phase and the first 10 ns of the
production part of the MD simulations. However, none of
these two restrained MD simulations affected the G8− behavior
so that we observed similarly rapid relocation of G8− from the
active site as in the unrestrained MD simulation with G8− (see
the Supporting Information for details of the setup and results
of these MD simulations). Nevertheless, the simulations
strongly suggested that the first event in the chain of
rearrangements is a reorientation of A-1(2′-OH) toward the
G+1(pro-SP) nonbridging oxygen. This appears to initiate the
vigorous expulsion of the G8− due to disruption of the A-1(2′-
OH)···G8−(N1) H-bond and its replacement by repulsive
interaction between G8−(N1) and A-1(O2′), which is further
amplified by the attractive interaction between G8− and the
cations surrounding the polyanionic RNA. This indicated that
there may be additional force field imbalances at work in the
catalytic center that bias the simulations and cause swift
overpowering of the catalytic H-bond by the intrastrand sugar−
phosphate H-bond. Therefore, subsequent calculations focused
on the architectural role of the A-1(2′-OH) group within the
active site.

QM/MM Calculations Reveal Sizable Error in the MM
Description of the A-1(2′-OH) Orientation in the
Catalytic Core of the Hairpin Ribozyme. In all our MD
simulations we observed that the A-1(2′-OH) functional group
generally favored an orientation toward the G+1(pro-SP)
nonbridging oxygen rather than the G8−(N1) nitrogen
(notably, in simulations with both G8− and excess salt this
preference was absolute). The A-1(2′-OH)···G+1(pro-SP)
interaction was the dominant H-bond during extended MD
simulations with both canonical G8 and deprotonated G8−. We
note that, due to the nonpolarizable nature of the force field, an
accurate description of interactions involving two closely
spaced polarizable anions (G8− and phosphate) may represent
a particular force field challenge. To further check the accuracy
of the force field description of conformational substates of the

Figure 3. Comparison of the potential energy profiles along the
orientation of the A-1(2′-OH) group in the hairpin ribozyme
containing a deprotonated G8− and a protonated A38H+. (A) The
A-1(2′-OH) donates a H-bond to either the G+1 phosphate or the
deprotonated G8−. (B) The QM/MM calculation favors the A-1(2′-
OH)···G8−(N1) H-bond. The MM calculations (using f f 99bsc0χOL3,
f f 99bsc0χOL3εζOL1, and f f 99bsc0χOL3εζOL1 with modified van der
Waals parameters of the phosphate nonbridging oxygens suggested by
Case et al.70) significantly stabilize the alternative A-1(2′-OH)···G
+1(pro-SP) H-bond and thus destabilize the binding of G8− in the
active site. The colored areas correspond with the orientation of the A-
1(2′-OH) group (establishing either the A-1(2′-OH)···G+1(pro-SP)
(gray) or the A-1(2′-OH)···G8−(N1) (beige) H-bond).
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A-1(2′-OH) functional group (Figure 3A), we performed
flexible energy scans along the A-1(C1′)−A-1(C2′)−A-1-
(O2′)−A-1(HO2′) dihedral using both the empirical potential
and the QM DFT approach (see Methods for details). The
DFT description is expected to be significantly more accurate
than the approximate empirical force field, allowing us to use it
as a benchmark to test the validity of the force field description
of the conformation preferences of the A-1(2′-OH).
The QM/MM calculations predicted an orientation with the

A-1(2′-OH) donating a H-bond to the N1 nitrogen of G8− to
be the most stable. In contrast, the empirical force field
consistently showed a very different preference toward the G
+1(pro-SP) nonbridging oxygen (Figure 3A,B). These results
indicate an influence of some force field imbalances that
significantly bias the conformational behavior of the A-1(2′-
OH) in the presence of the deprotonated G8−.
We speculated that such an imbalance may be caused by an

inaccurate parametrization of the van der Waals terms and their
influence on the accuracy of H-bonding interactions. To test
this hypothesis, we performed an additional MM scan using
modified van der Waals parameters for the phosphate oxygens.
Specifically, we used the reparametrization of these van der
Waals parameters as suggested by Case et al. for phosphory-
lated amino acids.70 Case et al. found that the phosphate
oxygens were (at least in the case of phosphorylated amino
acids) too small in contemporary force fields, and a larger van
der Waals radius resulted in a better description of their
solvation energies.70 We thus transferred these parameters to
RNA and found that they indeed improve the MM profile but
are not sufficient to entirely conform the orientation preference
of the 2′-OH to that found in our benchmark QM/MM
analysis (Figure 3B). Thus, a more detailed analysis of the
origin of this imbalance is warranted before any force field
corrections are introduced. In addition we would like to stress
that the modified van der Waals parameters are not directly
applicable to MD simulations as they may significantly affect
torsional profiles via 1−4 van der Waals interactions. More

specifically, the modified van der Waals parameters of
phosphate oxygens will affect α, γ, δ, and ζ torsions.

G8− Keeps Its Reactive Conformation Once A-1(2′-
OH) Is Properly Positioned toward It. As a practical
solution for the observed force field deficiency in the
description of the A-1(2′-OH) orientation in the presence of
the deprotonated G8−, we restrained the A-1(C1′)−A-1(C2′)−
A-1(O2′)−A-1(HO2′) dihedral (see the Supporting Informa-
tion for details) to examine the conformational behavior of G8−

with the A-1(2′-OH) group oriented toward its Watson−Crick
edge (as suggested by our benchmark QM/MM DFT
calculations, Figure 3A). The restraint was sufficient to
maintain the reactive conformation of G8−. Once the restraint
was released (after 10 ns), the A-1(2′-OH) immediately
reoriented (as expected) toward the scissile phosphate and G8−

moved out of the active site, as in the unrestrained simulation.
In contrast, when we kept the dihedral restraint for the entire
simulation (in this particular case we extended the simulation
to 500 ns), the active site preserved a stable contact between
the deprotonated G8− and the backbone around the scissile
phosphate, represented by the A-1(2′-OH)···G8−(N1) H-bond
and transient G8−(N2H)···G+1(pro-SP) H-bond (Figure
4A,D). However, the reactive conformation was maintained
for only ∼13 ns, after which we observed a flip of the scissile
phosphate, presumably caused by the electrostatic repulsion
between G8− and the phosphate (Figure 4B,D). The phosphate
reconformation was similar to that described above for the
f f 99bsc0χOL3 simulation with canonical G8 and restrained A-1
C2′-endo pucker (Figure 2A). This phosphate flip was
accompanied by disruption of the G8−(N2H)···G+1(pro-SP)
and A38H+(N6H)···G+1(pro-RP) H-bonds. The phosphate
transiently flipped back and reestablished the reactive
conformation of the active site for ∼5 ns but then remained
flipped for the remainder of the simulation. Notably, we also
observed repuckering from C2′-endo to C3′-endo sugar similar
to that observed in the f f 99bsc0χOL3 simulation with canonical
G8 (Figure 4C,D). However, the deprotonated G8− remained
situated in its position in the active site and was capable of

Figure 4. Conformational behavior of the f f 99bsc0χOL3εζOL1 simulation with deprotonated G8− and restrained orientation of the A-1(2′-OH)
toward the Watson−Crick edge of G8−. (A) Reactive conformation of the active site, (B) the conformation with flipped scissile phosphate, and (C)
the conformation with flipped phosphate and repuckered A-1 ribose. (D) The course of the crucial H-bonds: G8−(N1)···A-1(2′-OH) in black,
G8−(N2H)···G+1(pro-SP) in red, and G8−(N2H)···U+2(O4) in green. The conformational states corresponding to panels A, B, and C are denoted
via the bar diagram situated above the graph in red, blue, and green, respectively.
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reestablishing its A-1(2′-OH)···G8−(N1) H-bond when the A-1
sugar pucker returned to C2′-endo (Figure 4D).
We need to emphasize that the discrepancy between QM/

MM and MM energy profiles of the A-1(2′-OH) hydroxyl
rotation does not necessarily imply incorrect parametrization of
the hydroxyl group dihedral term of the force field. The overall
energy profile is also affected by the nonbonded terms as
shown by the partial improvement observed with modified van
der Waals parameters for the nonbridging phosphate oxygens.
The error may be specific for the catalytic core of the hairpin
ribozyme conformation, including its unusual backbone
conformation. Correcting such problems by force field
modifications is not straightforward, and it is not even certain
whether a generally valid (i.e., broadly applicable) correction
exists within the simple formalism of presently used force fields.

■ CONCLUSIONS
The preceding MD simulations of the hairpin ribozyme indicate
two problems in the accurate description of its catalytic center:
(i) inability of the force field to stabilize reactive conformation
of the scissile phosphate and (ii) instability of the G8− in the
catalytic center.
The first problem can be, in the presence of canonical G8,

eliminated by adding the εζOL1 correction of ε/ζ torsion
angles62 to the current standard AMBER RNA f f 99bsc0χOL3
force field. The RNA self-cleavage reaction requires a rare
noncanonical conformation of the scissile sugar−phosphate
backbone. As empirical force fields are primarily designed to
describe canonical regions,31 a description of noncanonical
RNA conformations is challenging. In the case of the
conformational behavior of the scissile phosphate, key
parameters are the dihedrals affecting the ribose pucker and
ε/ζ torsions. As we found that the ribose pucker is a rather
passive structural parameter, an accurate parametrization of the
ε/ζ torsions appears to be essential for MD simulations of
ribozymes. With the f f 99bsc0χOL3εζOL1 force field version we
for the first time achieved a stable population of a reactive
active site conformation of the hairpin ribozyme, particularly
with high IAA in the catalytic ground state on the submicro-
second time scale. Such a conformation is fully compatible with
the monoanionic reaction pathway, where a canonical G8 is
involved in electrostatic stabilization of the transition state.
The alternative mechanism in which G8 acts as a general

base would require deprotonation of G8. We found that the
instability of G8− in the catalytic center remains a problem even
when the f f 99bsc0χOL3εζOL1 force field is used. It is worth
noting that the observed instability of the G8−(N1)···A-1(O2′-
H) H-bond may not necessarily represent a force field artifact
as we cannot rule out the possibility that G8− is not fully stable
within the hairpin ribozyme active site, due to its repulsion
from the like-charged scissile phosphate, and a reactive
conformation with G8− ready to activate the 2′-OH nucleophile
may occur only transiently. Nevertheless, reference QM/MM
computations revealed a sizable bias in MM description of the
interaction between the deprotonated G8− nucleobase and the
scissile phosphate. The nucleophilic A-1(2′-OH) group clearly
favors the G+1(pro-SP) nonbridging oxygen as the proton
acceptor during MD simulations as well as in MM scans with
both canonical and deprotonated states of G8. Thus, the
conformational state with the A-1(2′-OH)···G+1(pro-SP) H-
bond is significantly (and incorrectly) favored by the empirical
force field over the state with the A-1(2′-OH)···G8−(N1) H-
bond. We propose that this imbalance most likely contributes

to the observed expulsion of the deprotonated G8− from the
active site in MD simulations, even with the best state-of-the-art
force field. If this is true, this conformational aberration is
caused by a yet-unidentified deficiency in force field para-
metrization. It is unlikely that such an imbalance is caused
primarily by the corresponding dihedral term of the force field.
It instead may be related to certain van der Waals parameters or
a lack of polarization energy terms, as we observed a significant,
albeit incomplete, improvement of the energy profiles of the 2′-
OH orientation upon adaptation of the phosphate van der
Waals parameters suggested by Case and co-workers.70

Development and testing of an adequate correction is a very
complex task that is clearly beyond the scope of the current
work. A partial ad hoc improvement of such a conformational
behavior is obtained by imposing a specific restraint on the A-
1(2′-OH) group dihedral term, together with application of the
f f 99bsc0χOL3εζOL1 force field.
In summary, we suggest that the improvement of the

architecture of the hairpin ribozyme’s catalytic core through the
f f 99bsc0χOL3εζOL1 force field version is significant and
represents an important step toward an optimal description
of the reactive conformation of the active site in the presence of
a catalytically important guanine, both in deprotonated G8−

and in canonical G8 forms, corresponding to the general base
and electrostatic stabilization roles of the G8, respectively. It
should be noted, however, that the εζOL1 correction has been
primarily developed for DNA and, although its transfer to RNA
appears promising, extensive testing for a much wider range of
RNA systems will be necessary to establish ranges of its
applicability to RNA simulations. An accurate description of
G8− in the catalytic center of the hairpin ribozyme remains a
particular challenge.
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