CHAPTER TWO

Bridging the Gap Between Theory
and Experiment to Derive a
Detailed Understanding of
Hammerhead Ribozyme Catalysis

Tai-Sung Lee™’, Kin-Yiu Wong™'*, George M. Giambasu™",
Darrin M. York™"

*Center for Integrative Proteomics Research and BioMaP$ Institute for Quantitative Biology, Rutgers, The
State University of New Jersey, Piscataway, New Jersey, USA

TDepartment of Chemistry and Chemical Biology, Rutgers, The State University of New Jersey, Piscataway,
New Jersey, USA

*Department of Physics, High Performance Cluster Computing Centre, Institute of Computational and
Theoretical Studies, Hong Kong Baptist University, Kowloon Tong, Hong Kong

Contents
1. Introduction 26
2. A Metal lon Story with a Happy Ending 29
2.1 Discrepancies between biochemical and crystallographic data 29
2.2 The crystal structures of the full-length (extended) HHR 31
2.3 Probing metal ion-binding modes in HHR with molecular simulation 32
2.4 Results 37
2.5 The big picture 41
3. Finding the Catalytic Reaction Path Through Multidimensional Free-Energy
Surfaces 42
3.1 Results 43
3.2 Summary 47
3.3 Simulation setup and protocol 47
4. HHR Uses Specific Cation-Binding Modes to Reach Its Catalytically Active
Conformation 49
4.1 Results 49
4.2 Discussion 60
4.3 Simulation setup and protocols 62
5. Computational Mutagenesis of Key Residues of HHR 63
5.1 Results 64
5.2 Discussion 79
5.3 Simulation setup and protocol 83
6. Conclusion 83
Acknowledgments 84
References 84
Progress in Molecular Biology and Translational Science, Volume 120 © 2013 Elsevier Inc. 25
ISSN 1877-1173 All rights reserved.

http://dx.doi.org/10.1016/B978-0-12-381286-5.00002-0



26 Tai-Sung Lee et al.

Abstract

Herein we summarize our progress toward the understanding of hammerhead ribozyme
(HHR) catalysis through a multiscale simulation strategy. Simulation results collectively
paint a picture of HHR catalysis: HHR first folds to form an electronegative active site pocket
to recruit a threshold occupation of cationic charges, either a Mg? ™ ion or multiple mono-
valent cations. Catalytically active conformations that have good in-line fitness are
supported by specific metal ion coordination patterns that involve either a bridging
Mg?* ion or multiple Na™ ions, one of which is also in a bridging coordination pattern.
In the case of a single Mg?* ion bound in the active site, the Mg?" ion undergoes a migra-
tion that is coupled with deprotonation of the nucleophile (C17:0,). As the reaction pro-
ceeds, the Mg?" ion stabilizes the accumulating charge of the leaving group and
significantly increases the general acid ability of G&80,. Further computational mutagen-
esis simulations suggest that the disruptions due to mutations may severely impact HHR
catalysis at different stages of the reaction. Catalytic mechanisms supported by the sim-
ulation results are consistent with available structural and biochemical experiments, and
together they advance our understanding of HHR catalysis.

1. INTRODUCTION

In the past two and a half decades, revolutionary changes have been
seen in the original notion that the only function of RINA molecules was
as only messenger intermediates in the pathway from the genetic code to
protein synthesis. Now, the roles of RNA in cellular function are known
to be considerably more diverse, ranging from regulation of gene expression
and signaling pathways to catalyzing important biochemical reactions
including protein synthesis.' "> These discoveries have transformed our
view of RINA as a simple messenger to a more profoundly central molecule
in the evolution of life forms, our understanding and appreciation of which
is still in its infancy."” Ultimately, the elucidation of the mechanisms of
RNA catalysis'* will extend our understanding of biological processes
and facilitate the design of new RNA-based technologies.'”"’

Simulations of biological systems at the atomic level could potentially
offer access to the most intimate mechanistic details that may aid in the inter-
pretation of experiments and provide predictive insight into relevant drug
design or therapeutic efforts.'”* In particular, a quantum mechanical
description is ultimately required for reliable study of chemical reactions,
including reactions catalyzed by biological macromolecules such as RNA.
At the same time, a high-level fully quantum mechanical treatment of these
systems in molecular simulations is not yet feasible.
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Practical simulation approaches involve the use of so-called multiscale

2325
models

that integrate a hierarchy of models to work together to provide
a computationally tractable representation of a complex biochemical reac-
tion in a realistic environment. The most simple and widely applied multi-
scale model to study biochemical reactions is the use of a combined quantum

mechanical/molecular mechanical (QM/MM) potential.” "

As a specific
example, for enzyme systems, one typically treats the reactive chemical
events in a region localized around the active site with a sufficiently accurate
high-level QM model, the microscopic solvent fluctuations and changes in
molecular conformation using MM force field model, and the macroscopic
dielectric relaxation using a continuum solvation model.

Combined QM/MM methods have been widely applied to various bio-

#T RINA catalysis simulations, however, are particularly

logical systems.
laden with challenges not apparent for most other biological systems such
as protein enzymes. RINA molecules are highly negatively charged and
exhibit strong and often specific interactions with solvent.”’>*** This
requires special attention to the microscopic in silico model that requires con-
sideration of a very large number of water molecules, counter-ions, and
co-ions to be included. Electrostatic interactions need to be treated rigor-
ously without cutoff, and long simulation times are typically needed to
insure that the ion environment is properly equilibrated.” ~® These issues
are further complicated by the fact that RNA molecules bind divalent metal
ions that play an important role in folding, and that may also contribute
actively to the catalytic chemical steps.

The hammerhead ribozyme (HHR)’ " is an archetype system to study
the fundamental nature of RNA catalysis*’ "> and is arguably the best char-
acterized ribozyme due to its small size, known crystal structures, and the
wealth of biochemical and biophysical studies. HHR catalyzes the site-
specific attack of an activated 2’OH nucleophile to the adjacent 3’ phos-
phate, resulting in cleavage of the P-O5’ phosphodiester linkage to form
a 2/,3’ cyclic phosphate and a 5 alcohol. A detailed understanding of the

38,41

structure—function relationships in the HHR will ultimately aid in

the understanding of other cellular RNA catalysts such as the ribosome.

The HHR has gained attention as a potential anti-HIV-1 therapeutic
agent, ™ an inhibitor of BCR-ABL1 gene expression,” an inhibitor of

5

hepatitis-B virus gene expressions,”>” and as a tool in drug design and target

discovery for other diseases.”’”>>* The hammerhead-like motif is distrib-

55

uted throughout various genomes,”” and recently a discontinuous HHR

motif has been found embedded in the 3’ untranslated regions of a
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mammalian messenger RINA, suggesting HHR’s possible common role in
posttranscriptional gene regulation.”

However, the detailed reaction mechanism of HHR is still elusive
despite significant experimental and theoretical work.”®””*"#>7°1 Ope
aspect of the catalytic mechanism that has perplexed the community
involves the specific role of divalent metal ions in catalysis. Specifically,
one of the main puzzles involves the apparent inconsistency between the

62-66 . 61,6769
=% and mutational” """

interpretation of thio and metal ion substitution
experiments with available crystallographic structural information of the
minimal HHR (mHHR) sequence.””’> Biochemical experiments have
been interpreted to suggest that a pH-dependent conformational change
must precede or be concomitant with the catalytic chemical step, including
a possible metal ion bridge between the A9 and scissile phosphates. This is
inconsistent with the interpretations of crystallographic data for the mHHR

=72

motif, ""~"* where A9 and scissile phosphates are found to be about 20 A

apart. Moreover, the function of the 2-OH group of G8 remains
unclear from the data.”®*" Recent crystallographic studies of the extended
HHR (eHHR) have characterized the ground state active site architecture’”
and its solvent structure,”’ including the binding mode of a presumed
catalytically active divalent metal ion in the active site. These findings,
together with molecular simulation studies,””””” have reconciled a long-
standing controversy between structural and biochemical studies for this
system.””

In this chapter, we summarize our recent efforts to unveil the detailed
mechanisms of HHR catalysis, with emphasis on the characterization of
metal ion-binding modes and their relationship with structure and catalysis.
Through molecular dynamics (MD) simulations, we first examined metal
ion-binding modes in the HHR at various stages of progression along
the reaction coordinate, and the characterization of the electrostatic envi-
ronment of the HHR and its ability to recruit cationic charge, as well as
the relationship between the threshold occupancy of metal ions and the
formation of catalytically active conformations. Using QM/MM tech-
niques, we identified the most plausible reaction path of the HHR enzy-
matic reaction, and the correlation between the metal ion coordination
and the reaction path. To further clarify and verify the proposed mecha-
nisms, a systematic computational mutagenesis study of HHR on three
key residues was performed to provide atomic-level explanation of
experimentally observed mutational effects, as well as prediction of possible
rescuing mutations.
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2. A METAL ION STORY WITH A HAPPY ENDING

2.1. Discrepancies between biochemical and
crystallographic data
It is well known that mHHR sequences of only 43 residues retain almost full
catalytic activity, compared to the naturally found eHHR sequences with
~63 residues, if the conserved core region is kept. The mHHR sequence
consists of three base-paired stems (stems I, 11, and III) flanking a central core

752 as shown in Fig. 2.1.

ofaround 15 highly conserved nucleotide residues,”
The conserved central bases, with few exceptions, are essential for the ribo-
zyme catalytic activity. The mHHR exhibits a turnover rate (k) of about 1
molecule/min and a k,, in the order of 10 nM. The rate for cleavage and
ligation for the naturally occurring eHHR motifs are around 1000 and
2000 times faster, respectively, than the corresponding rates for
mHHR_ 5480

Due to its size, the mHHR had originally been the main target to study
HHR and has been exhaustively studied by biochemists and enzymologists
as well as by X-ray crystallographers, NMR spectroscopists, and other
experimentalists using various biophysical techniques. The first detailed

Stem Il Cleavage site Stem |

166 16.516.4 163 162 161 17 1.1 12 13 14 15 16 17
5-N NN NNU NNNNNNNN -3

3-N NNN NA N NN N N N N -5
15.6 15.515.4 15.3 15.215.1 21 22 23 24 25 26 27

14 3 4

A £ U
13a G?8

N7 A®

1ZG A9
niec g1

Stemll 112N N 102
13N N103

11.4 N N 10.4
L2.4 N N L2.1

L2.3 N N L2.2
Loop
Figure 2.1 The minimal functional HHR sequence (mHHR) with conserved core region

labeled with bold and italic letters. The letter N represents any RNA nucleotide (under
the complimentary sequence constraint).
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X-ray crystal structure of mHHR, an RNA/DNA hybrid, was published in
1994 by Pley et al.,”” followed shortly thereafter by an al-RNA mHHR
structure published in 1995 by Scott et al.*
papers,”””"* crystallographic structures of the mHHR were solved at differ-

In a pioneering series of

ent stages along the reaction coordinate, including unbound and Mg**-
bound systems, early and late intermediates, and a ribozyme product
structure.

These mHHR crystal structures were the departure point for many ini-
tial theoretical investigations, and initiated a significant amount of effort
toward detailed understanding of HHR mechanism. On the other hand,
it also ignited numerous mechanistic debates among research groups® that
had conflicting interpretations of structural and biochemical data. As the
crystal structures did provide the global positions of the distal termini of
all three flanking helical stems, many biochemical experiments designed
to probe transition-state interactions and the chemistry of catalysis appeared

61,90 . .
7Y Molecular simulations

to be irreconcilable with the crystal structures.
based on the mHHR only served to fuel speculation and further debate
without providing new insights. Some of the key issues that remained unre-

solved are summarized in the next sections.

2.1.1 Positions of the A9 and scissile phosphates were inconsistent
with interpretations from thio/rescue effect experiments

039192 suggest that
both the two oxygen atoms (A9:O2P) and the scissile phosphate oxygen

Thio-substitution and soft metal ion rescue experiments

(C1.1:02P) acquire key direct metal ion interactions in the transition state
for catalysis, and may be bound to a single active Mg ion simultaneously in
the transition state, requiring these residues to be in close proximity. In the
mHHR structure, however, the distance between these two oxygen atoms is
almost 20 A. Hence, it is not possible to explain the related thio-substitution
data if only one Mg>" ion is considered,”” unless a fairly large-scale confor-
mational change takes place or unless two Mg ions are involved and bind
to A9:O2P and C1.1:02P separately.

2.1.2 Crystal structures did not provide straightforward
interpretation of mutagenesis data

It has been shown that four totally conserved residues, G5, G8, G12, and C3,
were critical for the HHR catalysis, and they are extremely sensitive to any
modification. Even a small chemical modification of a single exocyclic func-
tional group on any one of these nucleotides could result in the nearly total
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83,94,95

loss of catalytic activity. Nevertheless, these mutational effects cannot

be explained from the mHHR structure based on the interruption of key

indices, such as Watson—Crick hydrogen bond interactions.”'

2.1.3 Lack of structural support for general acid and base candidates
identified from biochemical experiments

It has been recently suggested that the conserved residues G8 and G12 act as

the general acid and the general base, respectively, of the HHR reaction

mechanism.”® However, it was not clear from available crystallographic data

how these two residues could play such roles given they are distant from the

cleavage site in the mHHR structure.

2.1.4 Other concerns with the mHHR structure
NMR data and chemical mutation data suggest that U4 and U7 bases must
approach one another within about 6 A, although it did not appear to be

possible from the mHHR crystal structure.””®

Furthermore, in all publi-
shed mHHR structure, none has an in-line attack angle near 180 degrees,
which is required by the first nucleophilic attacking step of the HHR

reaction.

2.2. The crystal structures of the full-length (extended) HHR

The long-standing debate between structural and biochemical data of the
mHHR was finally resolved with the determination of the first crystal struc-
ture of the eHHR (63 residues) by Martick and Scott,”” and elucidation of
the details of its solvent structure.”* The eHHR crystal structure indicates a
significant rearrangement from the mHHR structures that allow extensive
new interactions between the loops of stem II and stem I, and almost all dis-
crepancies are resolved in this structure. The distance between the oxygen
atoms (A9:02P and C1.1:O2P) is around 4 A, C3 and G8 form a canonical
Watson—Crick pair, G5 holds hydrogen bonds interacting with the active
site (C1.1 and C17), G8 and G12 are in the ready positions as the general
acid/base, U4 and U7 are nearby, and the nucleophile (C17:02’) has an

68,99-101

in-line attacking angle around 160 degrees. The existing mutagen-

esis data also agree well with this eHHR crystal structure.”®

The eHHR structure successfully resolved a wealth of problems regard-
ing the basic architecture of the active site that had been points of (often
heated) contention. However, it also brought a new dimension to the prob-
lem regarding the identification of the role of divalent metal ions which,

under physiological ionic strength conditions, were known to be critical



32 Tai-Sung Lee et al.

for catalysis. In the first eHHR structure, no divalent metal ions were
resolved,”” and this left the burning question as to what was the specific role
of divalent metal ions in catalysis. Moreover, the roles of G8 and G12 as
plausible candidates as the general acid and the general base, respectively,
as supported by their positions in the active site, still lacked compelling evi-
dence as to how the ribozyme environment might induce the required
shifts in pK, values to be catalytically active. For example, in order for
G12 to act as a general base, it must be deprotonated at the N1 position
(solution pK, of 9.2). Further, the crystal structure revealed that it was
the 2’OH of G8 that was positioned to act as a general acid, which has
been estimated to have considerably elevated pK, values (>14). Conse-
quently, the pK, values of the implicated functional groups would require
considerable shifts toward neutrality to be consistent with the apparent pK,
values derived from pH-rate profiles. Therefore, a detailed investigation of
the roles of metal ions and the microenvironment around the active site is
desperately needed.

An initial theoretical study was communicated” that offered a prediction
that a divalent metal ion could stably occupy a position bridging the A9 and
scissile phosphates in the transition state of the eHHR. A subsequent joint
crystallographic and molecular simulation study of the ground state eHHR "*
revealed a single Mn>* bound directly to the A9 phosphate in the active site,
accompanying a hydrogen bond network involving a well-ordered water
molecule spanning N1 of G12 (the general base) and 2’OH of G8 (previ-
ously implicated in general acid catalysis). The crystallographic data for
the ground state solvent structure, however, did not show a divalent ion
in the bridging position in the transition state suggested by simulation.

2.3. Probing metal ion-binding modes in HHR with
molecular simulation

In the first eHHR crystal structure, the two presumably negatively charged
oxygen atoms, A9:O2P and C1.1:O2P, are around 4 A away, an ideal dis-
tance for direct coordination of a Mg ion in a bridging “B-site” position.
Hence, placing a divalent metal ion between them would be a reasonable
first attempt to explore the possible roles of the required metal ion,
although there is no metal ion resolved in the first eHHR crystal structure.””
Nevertheless, the solvent structure of eHHR " suggests a different site for
Mn>", which is defined as the “C-site” (Fig. 2.2). Hence, the first set of
simulations’>’® was performed to explore the possible positions and roles
of the Mg”".
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S

Figure 2.2 Possible catalytic role of Mg " in the eHHR. The C-site in the prereactive state
involves Mg>" binding at the N7 of G10.1 and the A9 pro-R phosphate oxygen. Activa-
tion of the 2'OH may occur through interactions with G12, the proposed general base.
Migration from the C-site to a bridging position between A9 and the scissile phosphates
occurs in proceeding to the transition state in which the Mg>" acquires additional inter-
action with the O5’ leaving group and the 2'OH of G8, the implicated general acid.

2.3.1 Simulation setup
2.3.1.1 Mg*" ion-binding modes in the active site

As mentioned, the Mg”-binding sites were not resolved in the original
eHHR RNA structure.”” To explore possible Mg” -binding modes in the
active site, two initial positions were selected based on biochemical, theoret-
ical, or crystallographic sources.””’*’> The first initial Mg” " -binding site, des-
ignated the “C-site,”
solvent structure of eHHR,”* in which a Mn®" cation directly coordinates
to both A9:02P and G10.1:N7. The second initial Mg>"-binding site, desig-
nated the “bridging” site or “B-site,” is one in which the Mg”" ion bridges the

is an implicated metal ion-binding site based on the

A9 and scissile phosphates, directly coordinating the two nonbridging O2P
atoms that are 4.3 A apart in the first eHHR crystal structure.”” This type
of coordination was inferred both from the O—O distance in the crystal struc-
ture and also the thio/rescue effect experiments that suggest a single divalent
63,74,75

No metal

ion at this position, however, has yet been observed crystallographically.

metal ion might bridge these positions in the transition state.
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2.3.1.2 Simulations performed

A total of eight classical force field MD simulations were performed that
involved different points along the catalytic reaction pathway including
the reactant state (RT), reactant state activated precursor where the
2'’OH nucleophile is deprotonated (dRT), early transition state (ETS),
and late transition state (LTS) mimics. In addition, the presence and initial
position of the Mg®" ion in the active site was also varied so as to include
Mg " ion bound at the C-site or in a bridging position (B-site) as described
above. The parameters for the Mg” " ion and the reactive intermediates in

75,102
and a sum-

the simulations have been described in detail elsewhere,
mary of the different simulations and their abbreviations are provided
in Table 2.1. All the simulations were performed with CHARMM '
(version c32a2) using the all-atom CHARMMZ27 nucleic acid force
field'">'"* with extension to reactive intermediate models (e.g., transition

state mimics)'"” and TIP3P water model.'"’

Table 2.1 Simulations performed in Section 2.3

Mg>" ion State Time (ns) Potential
RT-B B-site Reactant 12 CHARMM
RT-C C-site Reactant 12 CHARMM
dRT-C C-site Deprotonated 12 CHARMM
Reactant
ETS-B B-site ETS mimic 12 CHARMM
LTS-B B-site LTS mimic 12 CHARMM
ETS-C C-site ETS mimic 12 CHARMM
ETS-C C-site LTS mimic 12 CHARMM
QM-ETS-B B-site ETS 1 QM/MM
QM-LTS-B B-site LTS 1 QM/MM

Summary of simulations discussed in Section 2. Simulations for eHHR differ by their initial placement of
the Mg2+, protonation state of the 2'OH of C17, and progression along the reaction coordinate. A total
of eight 12-ns simulations were performed with the all-atom CHARMM?27 nucleic acid force field'"*'"*
with extension to reactive intermediate models,'’” and two 1-ns simulations using a QM/MM potential
using the AM1/d-PhoT Hamiltonian'"” for phosphoryl transfer. Initial Mg2+ placement was either in the
B-site (bridging position)”” coordinated to the A9 and scissile phosphates, or the “C-site” position’”

coordinating the A9 phosphate and N7 of G10.1.
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2.3.1.3 System preparation

Initial structures used in the simulations were based on the crystallographic
structure of the first eHHR structure.”” The positions of hydrogen atoms were
determined using the HBUILD facility in the program CHARMM ' (version
¢32a2). With hydrogen atoms built and the Mg”" cation position established,
the ribozyme was immersed in a rhombic dodecahedral cell of 10,062 pre-
equilibrated TIP3P water molecules centered about the active site, and pruned
such that any water molecule within 2.8 A from the solute was removed. The
ion atmosphere consisted of Na™ and C1~ ions that were added at random posi-
tions to neutralize the system and reach the physiologic extracellular concentra-
tion of 0.14 M. The ion positions were kept initially at least 4.7 A away from
any solute atoms. The resulting system (the reactant state) contained 9053 water
molecules, 82 Na™ and 23 Cl™ ions, and 2021 RNA atoms.

2.3.2 Simulation protocols
Periodic boundary conditions were used along with the isothermal-isobaric

ensemble (NPT) at 1 atm and 298 K using extended system pressure algo-
08

rithm'” with effective mass of 500.0 amu and Nosé—Hoover thermo-
stat' """ with effective mass of 1000.0 kcal/mol-ps’, respectively. The
smooth particle mesh Ewald method''"'"* was employed with a 4 value

of 0.35 A™', 80 FFT grid points for each of the lattice directions, and a
B-spline interpolation order of six. Nonbonded interactions were treated
using an atom-based cutoff of 10 A with shifted van der Waals potential.
Numerical integration was performed using the leap-frog Verlet algorithm
with 1 fs time step.''” Covalent bond lengths involving hydrogen were con-
strained using the SHAKE algorithm.'"”

2.3.2.1 Solvent/ion equilibration

The following equilibration procedures (total 1 ns) were applied to the sys-
tem prior to the production simulations in order to insure reasonable relax-
ation of the solvent and ion environment. The positions of the solute atoms,
including the Mg®" ion, were held fixed in the equilibration stages.

2.3.2.1.1 Pre-annealing stage Water and ion molecules were first
energy-optimized and then underwent a constant volume simulation
annealing for 50 ps. The temperature was increased from 0 to 298 K in a
7.5 ps period and then was kept at 298 K. The annealing simulations were
repeated twice with temperature increased from 298 to 498 K and then back
to 298 K.
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2.3.2.1.2 Annealing stage Four steps of constant volume simulations
(50 ps each) were performed in this stage. First step: The temperature in-
creased from 298 to 498 K in 7.5 ps and then was kept at 498 K. Second
step: The temperature increased from 498 to 698 K in 7.5 ps and then
was kept at 698 K. Third step: The temperature decreased from 698
to 498 K in 7.5 ps and then was kept at 498 K. Fourth step: The temper-
ature decreased from 498 to 298 K in 7.5 ps and then was kept at
298 K. The whole annealing stage was repeated three times before the
post-annealing stage.

2.3.2.1.3 Post-annealing stage Three steps of constant volume sim-
ulations were performed in this stage. First step (50 ps): The temperature
increased from 298 to 498 K in 7.5 ps and then was kept at 498 K. Second
step (50 ps): The temperature decreased from 498 to 298 K in 7.5 psand then
was kept at 298 K. Third step (150 ps): The temperature was kept at 298 K
for 150 ps.

2.3.2.1.4 Solute relaxation stage The solute atoms were energy-
optimized and then were allowed to move under harmonic restraints over
a 50 ps simulation at 298 K under constant pressure of 1 atm. The harmonic
force constant (in kcal/mol/ AZ) on each heavy atom was obtained from the
empirical formula k; =25+ 2 x 10°/ B; where k; is the force constant for atom i
and B; is the corresponding crystallographic B-value. The restraints were
exponentially released over 50 ps with a half-life decay parameter of 10 ps.
At the end of the 50 ps simulation, the restraints were reduced to about 3%
of the initial restraint values. Three harmonic restraints of 20 kcal/mol/A?
were added to keep the Mg ion in the middle of the C1.1:02P and A9:
O2P positions. Another harmonic restraint of 20 kcal/mol/A? was used to
force the distance between G8:H O2P and C1.1:05’ to be around 1.8 A,
which is to ensure that the HO2P of G8 is initially hydrogen bonded. All
restraints were then released prior to the production simulation.

2.3.2.2 Production simulation

After the 1 ns of solvent equilibration, the whole system was energy-
optimized and unconstrained dynamics simulation began from 0 K under
constant pressure of 1 atm. The temperature was increased to 298 K at
the rate of 1 K/ps and then kept fixed at 298 K. The same equilibration pro-
cess was applied for each simulation. A total of 12 ns of unconstrained
dynamics was performed for each of the eight simulations (reactant with
and without Mg®", ETS mimic, and LTS mimic), the last 10 ns of which
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were used for the analysis. The motions and relaxation of solvent and
counter-ions are notoriously slow to converge in nucleic acid simulations,'
and careful equilibration is critical for reliable simulations. In summary, for
each simulation, a total of 3 ns of equilibration (1 ns of solvent relaxation and
2 ns of solvent and structure relaxation) was carried out before 10 ns of data

sampling.

2.3.2.2.1 QM/MM simulation setup QM/MM simulations on the
ETS and LTS mimics were set up as follows. Initial structures were taken
from snapshots of the classical MD simulations after 2 ns production
simulation, and the C17:02'-P and P—C1.1:O5’ distances of the scissile
phosphate were harmonically restrained with a force constant of
1000 kcal/mol/A? and equilibrium  distances of 2.010 and 1.850 A,
respectively, for the ETS mimic and 1.856 and 2.382 A, respectively,
for the LTS mimic. The system is partitioned into a QM region consti-
tuting the active site that is represented by the AM1/d-PhoT Hamilto-

95 and the modified AM1 magnesium parameters of Hutter and

116

nian
coworkers. The total number of solute and solvent atoms, setup of
periodic boundary conditions, etc. were identical to the classical simula-
tions. The QM subsystem was defined as the 43 atoms around the active
site, and included the scissile and A9 phosphates, parts of the nucleophilic
and leaving ribose rings, and Mg” " ion and coordinated waters. The gen-
eralized hybrid orbital method''” is used to cut a covalent bond to divide
the system into the QM and MM region. Full electrostatic interactions
were calculated using a recently introduced linear-scaling QM/MM-

Ewald method.'"®

2.4. Results
2.4.1 A diverse set of Mg?*-binding modes along the reaction
coordinate

The key heavy-atom distances around the active site are listed in Table 2.2
for the simulations with Mg”" placed at the bridging position (B-site) and in
Table 2.3 for the simulations with Mg® ™" initially placed at the C-site posi-
tion. In both tables, a comparison with the crystallographic values is pro-
vided. Figure 2.3 shows a series of snapshots that illustrate the migration
of the Mg®". The Mg”" ion clearly migrates from the C-site to the bridging
position between the A9 and scissile phosphates (i.e., directly coordinating
A9:O2P and C1.1:0O2P) in both ETS and LTS mimic simulations (ETS-C
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Table 2.2 Comparison between crystallographic and simulation data for selected
heavy-atom distances in the HHR active site with Mg?" initially placed at the bridging
position (B-site, Fig. 2.2)

X-ray Simulation

2GOZ 20EU RT-B ETS-B LTS-B
C1.1:O2P --- A9:022P 4.33 4.28 3.36 (49) 4.00 (60) 4.01 (70)
Mg2+ - G802 3.04 3.14 397 (102) 2.24 (13) 3.21 (23)
Mg2+ -+ C1.1:05' 3.84 4.01 4.22 (21) 3.68 (35) 2.09 (50)
G8:02" -+ C1.1:05’ 3.19 3.51 4.29 (77) 4.41 (65) 2.91 (17)
C17:02" --- C1.1:P 3.18 3.3 3.61 (23) 1.89 (12)  1.76 (40)
G12:N1 --- C17:02 3.54 3.26 3.02 (27) 3.14 (28) 2.97 (13)
A9:NG6 --- G12:N3 2.63 322 3.27 (58) 3.15 (21)  3.17 (21)
A9:NG6 --- G12:02' 3.21 2.98 3.36 (86) 3.01 (18) 2.99 (16)
A9:N7 --- G12:N2 2.9 2.9 3.42 (93) 3.85 (44) 3.66 (33)

Average values are shown with standard deviations in the parentheses (divided by the decimal precision).
For simulation summary and abbreviations, see Table 2.1.

2GOZ: The eHHR crystallographic structure at 2.2 A resolution that was also used in this chapter as the
starting structure.”” 20EU: The eHHR crystallographic structure at 2.0 A resolution with resolved
Mn?" sites and solvent.”*

Table 2.3 Comparison between crystallographic and simulation data for selected
heavy-atom distances in the HHR active site with Mg®" initially placed at the C-site
(Fig. 2.2)

X-ray Simulation

2GOZ 20EU RT-C dRT-C ETS-C ETS-C
C1.1:02P - -- A9:022P 4.33 4.28 5.02 (97) 2.92 (26) 4.02 (6) 3.78 (27)
Mg2+ - G8:02 3.04 3.14 5.92(28) 4.84 (36) 3.66 (61) 2.9 (85)

Mgt .- C1.1:05’ 3.84 401 7.01(79) 4.23 (41) 3.59 (16) 2.09 (6)
G8:02' --- C1.1:05  3.19 351 4.54(59) 3.21 (35) 5.26 (72) 3.66 (73)
C17:02' ---C1.1:P 3.18 3.3  3.55(20) 3.57 (16) 1.86 (4) 1.76 (4)

GI2:N1 --- C17:02' 354 326 4.92(81) 2.99 (16) 2.95 (14) 3.66 (84)
A9:N6 - - G12:N3 263 322 3.11(17) 3.12 (21) 3.14 (18) 3.14 (21)
A9:NG6 --- G12:02' 321 298 3.07 (19) 3.36 (36) 3.03 (18) 3.09 (22)
A9:N7 - G12:N2 2.9 2.9  3.00 (14) 3.07 (20) 3.60 (44) 3.06 (23)

Average values are shown with standard deviations in the parentheses (divided by the decimal precision).
For simulation summary and abbreviations, see Table 2.1.

2GOZ: The eHHR crystallographic structure at 2.2 A resolution that was also used in this chapter as
the starting structure.”” 20EU: The eHHR crystallographic structure at 2.0 A resolution with resolved
Mn*" sites and solvent.”*
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Figure 2.3 The Mg?" positions from snapshots of simulations with Mg?" initially placed
at the C-site position. Snapshots shown are for the initial C-site position (upper
left), the reactant state with C17:02’ protonated (upper right), the reactant state with
C17:02' deprotonated (lower left), and the ETS mimic (lower right). The Mg2+ position
in the LTS mimic is similar to the ETS mimic (not shown). The Mg " ion migrates from the
C-site to the position bridging the A9 and scissile phosphates (i.e., directly coordinated
with the A9:02P and C1.1:02P) in the transition state mimic simulations and in the reac-
tant state simulation with Mg®" initially placed at the C-site position and with C17:02’
deprotonated, but not in the reactant state simulation with C17:02' protonated. The
distances shown are distances to MgZJr from A9:02P, C1.1:02P, and G10.1:N7.

and ETS-C) and in the reactant state simulation where the nucleophilic 02’
has been deprotonated (dR T-C). However, in the parent reactant state sys-
tem (RT-C), where C17:02' is protonated, the divalent metal ion stays in
the C-site in the course of the 12 ns MD simulation. The Mg2+ ion directly
coordinates to A9:O2P with a distance less than 2.5 A for all simulations
(data not shown).

2.4.2 Mg”" binding and migration in the reactant state

In the reactant simulations with Mg " at the bridging position (R T-B), the
Mg”" coordination between the C1.1 and A9 phosphate oxygens fluctuates
between axial-axial and axial-equatorial modes, resulting in a shorter
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average oxygen—oxygen distance (3.36 A) than that observed in the X-ray
structure (around 4.3 A; Table 2.2). The reactant simulation with the
Mg>" ion initially placed at the C-site (RT-C) shows that, although
Mg>" does not move to the bridging position during simulation time
(12 ns), its distance to G10.1:N7 varies from around 2.0 to around 4.5 A.
The distance between the A9 and scissile phosphates jumps to 6 A at the
beginning of the simulation and returns to around 4 A, resulting in an aver-
age of 5.06 A (Table 2.3).

In the deprotonated reactant state simulation (dRT-C), Mg®" migrates
from the C-site to the bridging B-site position after about 2 ns while
maintaining coordination in the axial-equatorial mode. This results in a
shorter average in the A9 and scissile phosphate distance of 2.92 A
(Table 2.3). In all three reactant simulations with Mg " ion present, the dis-
tances between the A9 and scissile phosphates remain within 1.5 A of the
crystallographic value of 4.3 A.

In the RT-B simulation, the Mg”" bridges the A9 and scissile phos-
phates, effectively tethering them at a distance of 3-4 A (Table 2.3),
whereas in the RT-C simulation the average distance is 5.06 A
(Table 2.3). In the deprotonated dRT-C simulation, the negative charge
facilitates the migration of the Mg”>" into a near-bridging position such
that results are quite similar to those of the RT-B simulation. Itis also note-
worthy that the interaction of the implicated general acid and base
becomes stronger with Mg>" in a bridging position (either in the RT-B
simulation, of after migration in the dR T-C simulation). These results sug-
gest that in the reactant state the preferred binding mode of Mg™" is at the
C-site, which is between A9 and N7 of G10.1 (through a water mole-

)’*#72%> and that the negatively charged environment near the scissile

cule
phosphate, formed after the initial pH-dependent general base reaction,
brings the Mg”" into a bridging position between A9 and scissile phos-

phates leading to the transition state.

2.4.3 Mg”" binding in the transition state

In both ETS and LTS mimic simulations with Mg”" at the bridging position
(ETS-B and LTS-B), the distance between the A9 and scissile phosphates is
around 4 A and the Mg coordination between the C1.1 and A9 phosphate
oxygens keeps an axial-axial position along the whole simulations
(Table 2.2). The distance between A9 and scissile phosphates in the crystal-
lographic structure is around 4.3 A, which is well suited for Mg®" bridging
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coordination. However, in both ETS and LTS mimic simulations with
Mg initially at the C-site position (ETS-C and ETS-C), the Mg ion
migrates from the C-site to the bridging B-site position in less than 0.5 ns
and remains at the B-site (bridging position) for the remainder of the sim-
ulation. A similar situation is found in the deprotonated dR T-C simulation
(see above). The migration is also indicated by the broken coordination
between the Mg”" ion and G10:N7 (details not shown here). This obser-
vation may again suggest that the B-site is the preferred position for
Mg>" when an additional negative charge is accumulated at the scissile phos-
phate in formation of the transition state.

2.5. The big picture

In this section, we present a series of MD simulations of the eHHR in solu-
tion to study the Mg® " -binding mode and conformational events at different
stages along the catalytic pathway. Our results suggest an HHR model
whereby the active site forms a region of local negative charge that requires
electrostatic stabilization to preserve its structural integrity, and that this sta-
bilization can be eftected by divalent metal ion binding at the C-site or the
B-site in the ground (prereactive) state. A Mg”" ion is observed to weakly
bind at the C-site position at solvent separation with G10.1, facilitating the
formation of near in-line attack conformations, particularly when in the
bridging position where there is increased interaction between the nucleo-
phile (C17:02’) and the implicated general base (G12).

Deprotonation of the nucleophile is correlated with the migration of the
Mg”" from the C-site into a bridging position (B-site), and with the forma-
tion of the dianionic transition state, suggesting that the accumulation of
negative charge around the scissile phosphate center is sufficient to induce
a change in the binding mode of the Mg®". Once in the bridging position in
the transition state, the Mgt ion interacts with the O5’ leaving group of
C1.1 and the 2’OH of G8, the implicated general acid catalyst. The
B-site Mg>" ion can act both as a Lewis acid catalyst to stabilize directly
the accumulating charge on the O35 leaving group and can induce a pK,
shift on the 2’OH of G8 to facilitate general acid catalysis. Upon proton
transfer from G8:02’ to C1.1:05', the Mg is poised to directly stabilize
the resulting 2’ alkoxide (which could occur synchronously). Combined
QM/MM simulations on two points (LTS and ETS) along the reaction
coordinates suggest that the barrier for the general acid proton transfer step
may be sufficiently low so as to occur on the nanosecond timescale.
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The mechanistic model evinced by these simulations is consistent with a
considerable body of experimental work, including (1) thio/rescue effect

63,92

experiments that support a mechanism in which a single metal ion bound

at the C-site in the ground state acquires an additional interaction with the

scissile phosphate in proceeding to the transition state; (2) kinetic studies,”

119 . 61,90
and mutational data”’

photocrosslinking experiments, that implicate
G8 and G12 as possible general acid and base, respectively; and (3) recent
metal ion titrations suggesting that the pK, of the general acid is down-shifted
by around 4-7 pK, units in a metal ion-dependent manner, correlated with
the metal ion pK,,'” and that divalent metal ions may play a specific chemical
role in catalysis.'*'*! The direct coordination of Mg®" and the 2’OH of G8
has been confirmed experimentally.”’

Although our simulation results are consistent with most available exper-
imental evidence, there remain caveats that have not yet been fully resolved.
The present work is suggestive that a bound divalent metal ion at the C-site
migrates to the B-site between the A9 and scissile phosphates in proceeding
to the transition state (one metal ion mechanism). However, at this point,
one cannot fully discount an alternate mechanism whereby there is no direct
participation of a metal ion at the scissile phosphate in the transition state (no
metal ion mechanism), or a mechanism whereby the metal ion at the C-site
does not migrate, but rather the scissile phosphate acquires an additional
metal ion interaction in proceeding to the transition state (the two metal
ion mechanism). In order to tully explore these alternate mechanistic scenar-
1os, full free-energy profiles of the chemical reaction steps are necessary, as
summarized in the next section.

3. FINDING THE CATALYTIC REACTION PATH THROUGH
MULTIDIMENSIONAL FREE-ENERGY SURFACES

In the previous section, we showed that the Mg®" metal ion may
migrate from the C-site to the B-site when C17:02" is activated
(deprotonated), and may be directly involved in the general acid step by
coordinating with the general acid, the 2’OH group of G8. Two 1 ns
QM/MM simulations on fixed reaction coordinate points, representing
early and LTSs, support such a picture.””’® In this section, we report our
effort to further extend our QM/MM calculations to obtain the free-energy
profile along the relevant reaction coordinates to explore the proposed metal
ion-assisted phosphoryl transfer and general acid catalysis mechanism in
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HHR. A preliminary communication of these results has been presented
elsewhere.””

The reaction mechanisms considered here, (see Fig. 2.4) assume that the
2'OH group of C17 has already been activated (i.e., deprotonated) and act as a
nucleophile to undergo in-line attack on the adjacent scissile phosphate, pass-
ing through a pentavalent phosphorane intermediate/transition state,
followed by acid-catalyzed departure of the O35’ leaving group of C1.1.
The general acid is assumed to be the 2’OH group of G8. The goal of the
work is to provide insight into two fundamental questions regarding the cat-
alytic mechanism: (1) to characterize and quantify the degree to which the
phosphoryl transfer step and general acid step are coupled (i.e., occur via a
stepwise or a concerted mechanism) and (2) to identify and quantify the spe-
cific role of a key divalent metal ion in each chemical step of the reaction.

In order to answer these questions, we have determined a minimum
free-energy reaction pathway by simulating a series of six two-dimensional
(2D) potential of mean force (PMF) or free-energy profiles, and 1D PMF
refinements along the minimum free-energy paths (MFEPs) that require
an aggregate of over 100 ns of QM/MM simulation.

3.1. Results
3.1.1 Phosphoryl transfer and general acid steps follow a stepwise
mechanism and depend on Mg®" coordination

Our initial attempts to study the chemical steps of the HHR reaction from
2D PMF profiles using phosphoryl transfer and proton transfer reaction
coordinates, but not considering a reaction coordinate associated with
Mg ion-binding mode, led to barriers that were unexpectedly high
(~37 kcal/mol). We extended the calculations so as to include 3D-PMF
profiles with a coarse-grained reaction coordinate associated with the
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Figure 2.4 The proposed HHR reaction pathway derived from the free-energy profiles
obtained in Section 3.1.
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Mg”"-binding mode, and confirmed the sensitivity of the barriers to the
Mg ion position along the reaction coordinate. A common feature of
the reaction mechanism derived from the 3D profile was that the phosphoryl
transfer and general acid steps were stepwise, demonstrated in Fig. 2.5A,
allowing these steps to be decoupled.

Since both the phosphoryl transfer and general acid steps of the reaction
were coupled with Mg®-binding mode, two separate 2D profiles were
generated for each step with a reaction coordinate corresponding to the
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Figure 2.5 (A) Selected 2D surface in 3D free-energy profile simulations, harmonically
restrained along the coarse-grained metal ion-binding coordinate at d(Mg, G8:02')=
25 A, where z,=d(C1.1:05',P) — d(P, G8:02), z,=d(G8:02, G&Ho2') — d(G8:Ho2,
C1.1:05'). (B) 2D PMF for Mgztbinding mode in phosphoryl transfer step, where
zs=d(Mg, 05') +d(Mg, G8:02). (C) 2D PMF for Mg?*-binding mode in general acid step,
where z; =d(Mg,05’) — d(Mg,G8:02'). d(x, y) denotes distance between x and y. TS is the
acronym of transition state.
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Table 2.4 Relative free energies and internuclear distances at various states of RNA
self-cleavage in HHR
Reactant TS1 Intermediate TS2 Product

C17:02'—Pp 3.50 (04) 1.76 (05) 1.66 (03)  1.67 (03)  1.68 (03)
P—C1.1:05' 1.65 (03) 2.11 (05) 451 (04) 424 (48)  3.63 (23)
G8:02'—H 0.96 (00) 0.96 (00)  0.96 (00)  1.78 (04)  3.75 (04)
H—C1.1:05’ 257 (51) 4.07 47)  4.13(73)  1.03(03)  1.00 (03)
Mg>t— C1.1:05 3.99 (18) 3.61 (17) 2.02(05) 2.83 (86)  4.48 (05)
Mgt —G8:02' 456 (18) 4.03 (18) 433 (06)  3.38 (86)  2.03 (05)
AG 0.0 (4) 244(6) —670) 13.7 (7))  —13.6 (9)

Free energies (A G) are in kcal/mol, which were extracted from 1D PMF profiles along the minimum
free-energy path in the 2D profiles. Average distances (X — Y) are in A. Standard deviations are listed in
parentheses divided by the decimal precision of the average values.

Mg**-binding mode as a second dimension. Table 2.4 summarizes key
average geometrical parameters and free-energy values for stationary points
along the minimum free-energy reaction paths derived from the two
separate 2D PMF profiles, which are the dark arrow in Fig. 2.5B and the
white arrow in Fig. 2.5C, respectively.

3.1.2 Phosphoryl transfer IS rate limiting and facilitated by electrostatic
stabilization by Mg*"

Figure 2.5B depicts the 2D free-energy profile for the Mg®-binding mode
during the phosphoryl transfer step. Comparing to the free-energy barrier in
another 2D PMF profile for the general acid catalysis (Fig. 2.5C), we con-
clude that this phosphoryl step is rate controlling. To further refine the sam-
plings in MD simulations, we generated a 1D PMF profile following the
minimum free-energy reaction path (Fig. 2.5B). The computed free-energy
barrier for this rate-controlling step is approximately 24.4 kcal/mol.

The minimum free-energy reaction path indicates that the position of
the Mg>" ion follows the negative charge along the phosphoryl transfer
reaction coordinate, in order to provide electrostatic stabilization. The
change in the Mg>" position is continuous and monotonic throughout
the phosphoryl transfer step (Fig. 2.5B), although it is most pronounced
in the initial and final stages when the nucleophile and leaving group have
the greatest negative charge. The transition state is late (Table 2.5 and
Fig. 2.5), having a P—C1.1:05’ distance of 2.11 A. As the P—C1.1:05’
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Table 2.5 Index of simulations performed in Section 4

Mg>" Simulation Analysis

Abbr. State of C17:2'0OH position (ns) (ns)
RT-C-Mg Neutral reactant C-site 300 250
RT-B-Mg Neutral reactant B-site 300 250
dRT- Deprotonated C-site <1 -
C-Mg precursor
dRT- Deprotonated B-site 300 250
B-Mg precursor
RT-Na Neutral reactant Absent 300 250
dRT-Na Deprotonated Absent 300 250

precursor

Each simulation is given an abbreviation (Abbr.) that is referenced in the text. The simulations differ in
the protonation state of the 2’OH nucleophile (State of C17:2’OH) being either in the “neutral reactant”
or “deprotonated precursor” state. The simulations also differed from the presence/absence and initial
placement of the Mg2+ ions in the active site. In the presence of a Mg2+ ion in the active site, initial
placement could be in the “C-site” coordinated to O2P of the A9 phosphate and N7 of G10.1, or in
the “B-site” position bridging between the O2P atoms of the A9 and scissile phosphates. In the
“dRT-C-Mg” simulation of the deprotonated precursor with Mg® " initially placed in the C-site, the
Mg?" ion quickly migrated to the B-site position, and exhibited dynamics essentially equivalent to
the dR T-B-Mg simulation, and thus was not carried out further or analyzed. All simulations were carried
outin 0.14 M NaClat 298 K and 1 atm pressure, and with the exception of the “dR T-C-Mg” simulation
mentioned above, were carried out to 300 ns, the last 250 ns of which was used for analysis.

bond breaks, the Mg®" ion forms an inner-sphere coordination, leading to a
Mg>*-bound O5’ alkoxide intermediate.

3.1.3 General acid catalysis is concerted with changes in
Mg?*"-binding mode

The 2D free-energy profile for the Mg*-binding mode during the general
acid catalysis is shown in Fig. 2.5C. The general acid step considered here
assumes that the 2’OH of G8 acts as a general acid catalyst to transfer a proton
to the C1.1:05' leaving group. Table 2.5 and Fig. 2.5C indicate that proton
transfer occurs after the formation of Mg -coordinated cleaved intermedi-
ate, but that proton transfer is concerted with changes in the Mg” " -binding
mode. Unlike the phosphoryl transfer step, participation of the Mg®" along
the reaction coordinate is most pronounced not at the endpoints of the step
but near the midpoint where the proton transfer occurs.

To further enhance the samplings in MD simulations, we generated a
1D-PMF profile following the minimum free-energy reaction path. The
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simulated free-energy value for the transition state of the general acid step in
Fig. 2.5C is 13.7 kcal/mol with respect to the activated precursor state. The
intermediate is only 6.7 kcal/mollower in free energy than the activated pre-
cursor, and has a 20.4 kcal/mol barrier to break down into the product state
with a proton transferred to the C1.1:05’ leaving group. We note that this
barrier is effectively reduced if proton-tunneling effects are included.

3.2. Summary

The QM/MM free-energy profile work presented here explores a specific
mechanistic scenario, departing from the activated precursor state, which
assumes the catalytic metal ion is in a position bridging the A9 and scissile
phosphates, and the 2'OH of G8 acts as a general acid catalyst. The former
metal ion-binding mode has not yet been observed experimentally, but has
been inferred from biochemical experiments, and predicted by molecular
simulations summarized in Section 2. The QM/MM results provide further
computational support for the plausibility of a cleavage mechanism where
phosphoryl transfer and general acid catalysis are stepwise, and that the cat-
alytic divalent metal ion plays an active role in the chemical steps of catalysis.
The results of these QM/MM simulations are of interest to compare with
very recent reports that use thio/Cd> " -rescue experiments to probe the gro-
und state coordination of a catalytic metal ion to the scissile phosphate of an
eHHR motif' > in a bridging mode identical to that proposed in the current
theoretical investigation. It is thus of great interest to extend our future the-
oretical studies to be more directly comparable to these experiments.

3.3. Simulation setup and protocol

The free-energy simulations performed here use the same settings and pro-
tocols as the QM/MM simulations in Section 2.3.2, with the following
additions and exceptions: The QM region includes G8, A9, C1.1, C17,
and an Mg™" ion with coordinated water molecules (81 atoms).
For Mg™", the AM1/d model parametrized by Imhof was utilized.'*” For
the MM region, the all-atom AMBER parmbscO force field was
employed,'** along with the TIP4P-Ewald water model'*” and the consis-
2% Multidimensional PMF profiles
were generated along reaction coordinates corresponding to phosphoryl

tent set of monovalent ion parameters.

transfer, proton transfer from the general acid to the leaving group, and diva-
lent metal ion-binding mode.
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3.3.1 Free-energy profile

To shed light on the HHR reaction mechanisms of the phosphorylation and
protonation steps in which the binding mode of Mg>" continuously
changes, we explicitly simulated the enzymatic reactions by generating a
series of six 2D PMF or free-energy profiles. Three of these 2D PMFs
were combined to form a course-grained 3D PMF (the coarse-grained
third dimension representing the coordinate associated with the Mg**-
binding mode).

Before the QM/MM simulations, we first performed classical MD sim-
ulations (i.e., the whole system was described by an MM force field) to fur-
ther equilibrate the entire system for more than 1 ns from the structure
which had already been equilibrated for more than 2 ns in the previous clas-

sical MD simulations.””’® Next, a series of umbrella samplings'”’ using
QM/MM MD simulations were carried out to span the entire range of

the 2D or 3D reaction coordinates.

3.3.2 Enhanced sampling efficiency

Harmonic biasing potentials along each reaction coordinate were applied
with a force constant ranging between 20 and 45 kcal/mol/A? in accordance
with different regions of the configuration samplings. The choices of the
force constants and the number of windows were made to ensure sufficient
overlap of the probability distributions with neighboring windows. Follow-
ing the initial 1 ns equilibration in classical MD simulations, each window
was further equilibrated with the QM/MM potential for more than 5 ps
after the system was equilibrated in the adjacent windows. Subsequently,
a 10 ps of QM/MM configuration sampling was performed in each
window.

3.3.3 Weighted histogram analysis method

Finally, the weighted histogram analysis method'**'*” was used to generate
unbiased PMFs as a function of different sets of reaction coordinates by com-
bining all the sampled configurations. All the configurations were collected
at every MD time step in a bin size of 0.1 A except for the third reaction
coordinate in the 3D PMF. In the 3D PMF, configurations along z3; were
collected in a bin size of 0.4 A at every time step. After determining the
MFEP from the 2D PMF profiles, we simulated a series of 1D PMFs follow-
ing the MFEP, in which 100 ps sampling was performed in each window
and the bin size of collecting configurations is 0.01 A.



Hammerhead Ribozyme Catalysis 49

4. HHR USES SPECIFIC CATION-BINDING MODES TO
REACH ITS CATALYTICALLY ACTIVE CONFORMATION

Simulations summarized in Sections 2 and 3 suggested that the diva-
lent metal ion can serve to stabilize active in-line conformations and interact
with key residues to facilitate acid/base catalysis. However, it is known that
under high non-physiological salt concentrations, the HHR and other
ribozymes remain catalytically proficient.”""'** Hence, a new question
arises whether divalent metal ion occupancy in the active site is strictly nec-
essary or just a sufficient condition to achieve efficient catalysis that might be
affected by other cations and solvent components.

As already mentioned, the modeling of ions in highly charged systems
such as RNA affords tremendous challenges with regard to simulation time-
scales. The reason is that the equilibration and sampling times of mass trans-
port/diffusion limited processes (such as ion migration) and subsequent
macromolecular structural relaxation are notoriously slow.' "

In this section, we summarize the results of a series of five 300-ns sim-
ulations of the eHHR, in both the reactant ground state and activated pre-
cursor state, in order to explore the relationship between cation-binding
"% The results indicate that the

HHR has an electronegative cation-recruiting pocket in the active site that,

modes and active in-line conformation.

upon threshold occupancy, stabilizes catalytically active in-line attack con-
formations via specific cation-binding patterns. These results provide a first
glimpse into a possibly common feature that might be exploited by other
ribozymes: the engineering of electrostatically pre-organized active sites that
are able to recruit solvent components to facilitate catalysis.

4.1. Results

MD simulations were set up to explore the metal ion-binding modes in
eHHR and their relationship to structure and catalysis. Specifically, we con-
sider the “C-site” (see also Section 2) derived from a recent joint crystallo-
graphic/molecular simulation study”* of the solvent structure of the eHHR
that indicates a Mn*" ion is coordinated to the O2P atom of the A9 phos-
phate and the N7 atom of G10.1, and the “B-site” inferred from thio/rescue
effects®>? and also predicted from molecular simulations’”’® where a diva-
lent metal ion bridges A9:O2P and the scissile phosphate (C1.1:O2P). Sim-
ulations, in the absence of divalent metal ions, were also performed since
HHR activity can be recovered by high concentrations of monovalent
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: 130-132,134
10ns.

Furthermore, the specific metal ion-binding modes in the

reactant state and the activated precursor state (with the nucleophile

C17:2’OH deprotonated) are also explored. Compared to the simulations

performed in Section 2, here we significantly extended the simulation time

in order to further study the long-time dynamics of eHHR. The detailed

differences of simulation setup and protocols are discussed in Section 4.2.
The following series of long-time simulations (300 ns each) were set up

(Table 2.3):

1. RT-C-Mg, the reactant state with Mg " at the C-site

2. RT-B-Mg, the reactant state with Mg”" at the B-site

3. dRT-C-Mg, the activated precursor with Mg”" at the C-site

4. dRT-B-Mg, the activated precursor with Mg at the B-site

5. RT-Na, the reactant state in the absence of Mg®" (presence of only
Na™)

6. dRT-Na, the activated precursor in the absence of Mg>" (presence of
only Na™)

The dRT-C-Mg simulation of the activated precursor with Mg>" initially

placed at the C-site quickly (less than 200 ps) leads to migration of the Mg”"

ion into the B-site position, as was observed in a previously simulation study

(Section 2 and Ref.”>’%), and afterward exhibited nearly identical behavior

asif the Mg ion was initially placed at the B-site (AR T-B-Mg). Therefore,

we only extended the dRT-B-Mg simulation to 300 ns and designated it

simply as dR T-Mg. All five simulations were carried out to 300 ns in a back-

ground of 0.14 M NaCl. The equilibration of each simulation was moni-

tored by the root-mean-square-deviation (RMSD) and reached steady

states after 30-50 ns. Hence, all analyses were performed over the last

250 ns of trajectories for each simulation.

4.1.1 Threshold occupancy and specific coordination patterns of ions
are highly correlated with catalytically active conformations

To understand the relationship between the active in-line conformation and
the metal ion-binding patterns, we first examine the metal ion occupation
and coordination numbers in the active site. Four key coordination sites are
used for characterizing metal ion binding (Fig. 2.6): G8:02', A9:O2P, C1.1:
O2P, and C17:02’. The averages of the following three quantities were cal-
culated for both Mg>" and Na™ ions: N is the number of ions with at least
one coordination to any one of the four key coordination sites, CN is the
total coordination number of ions with at least one coordination to any
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coordination site, and NB is the number of ions which coordinate to at least
two of the four coordination sites.

The active conformation can be examined by the distribution of the
nucleophile in-line attack angle and distance. Their distributions from all
simulations are shown in Fig. 2.7 and manifest two k-mean clusters'*: clus-
ter A (light gray) containing structures in the near in-line attack conforma-
tions, and cluster B (dark gray) containing structures not in the near in-line
attack conformations, with the exception of the dR T-Mg simulation where
only cluster A is found.

The metal ion occupation and coordination numbers were then ana-
lyzed for each cluster and the results are listed in Table 2.6. During all sim-
ulations, when present in the active site, one Mg®" ion remained stably
bound at full occupancy (NMg>t=1.00). In the reactant state simulations
(RT-C-Mgand R T-B-Mg), there is no significant population of Na™ ions
in the active site (NNa™ >0.1), which suggests that the Mg ion is suf-
ficient to neutralize the local charge of the A9 and scissile phosphates.
In the RT-C-Mg (Mg " at the C-site) simulation, the Mg”" ion directly
coordinates only A9:O2P of the RNA (CNMg>"=1.00), and thus is not
involved in a bridge (NBMg®" =0.00). Cluster A (in-line conformation)
represents approximately 21% of the sampled data over the last 250 ns of
simulation, whereas cluster B (not in-line conformation) represents the
remaining 79%.

The RT-B-Mg (Mg at the B-site) simulation, on the other hand, is
dramatically different. In this simulation, the Mg ion directly coordi-
nates both A9:O2P and the scissile phosphate C1.1:O2P of the RNA
(CNMg>"=2.00) as a stable bridge (NBMg”" =1.00). Cluster A, con-
taining a high degree of in-line near attack conformations, represents
the vast majority of the sampled data (over 99%), whereas cluster B is
observed less than 1% of the time. This suggests that a bridging Mg "
ion contributes to stabilization of catalytically active conformations in
the reactant simulations.

This feature is even more pronounced in the dR T-Mg simulations (acti-
vated precursor state with Mg>"). There is only a single cluster with in-line
conformation (0 =155). For dR T-Mg, an additional negative charge in the
active site arises from deprotonation of the nucleophile, and a single Na™ ion
is observed in the active site (NNa™ =0.97) that makes direct coordination
to only one RNA ligand (CNNa"=1.01) with essentially no bridging
interactions.
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at 3.25 A and 150 degrees indicate the near in-line attack conformation (NAC) region
defined by Torres and Bruice.'*
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On the other side, the simulations without an active site Mg”" ion are
considerably different than those with the divalent ion present. In the
reactant RT-Na simulation, cluster A is dominant (87% of the time)
and shows a high degree of in-line conformations (0 =153). Most of
cluster A population contains a single Na® ion in the active site
(NNa' =1.15), less frequently two Na' ions, and the average number
of bridging Na™ ions is 0.88. On the other hand, cluster B has a slightly
higher active site Na® occupation (NNa'=1.38), but a lower average
number of bridging ions (0.66).

In the activated precursor dR T-Na simulation, the average Na™ occu-
pancy (NNa™) increases to approximately 3 and 2.5 for clusters A and B,
respectively. Cluster B (not in-line conformation) is the dominate popula-
tion occurring 76% of the time. Cluster A (in-line conformation) occurs
24% of the time.

A striking feature that distinguishes cluster A from B is that it exhibits a
very high degree of bridging ion character in addition to higher Na™ occu-
pancy. For cluster A, the average number of these ions that coordinate at
least two RNA ligands (NBNa™) is 2.68, while the number is only 1.36
for cluster B. These results suggest that the bridging coordination patterns
are highly correlated with formation of in-line conformations for both cases
with and without Mg®" ions. Besides the above ion occupation and coor-
dination number analysis, we further look into the specific binding patterns
for both cases with or without the Mg>™" ion.

4.1.2 A bridging Mg*" ion maintains rigid coordination patterns
that stabilize in-line attack conformations

In this section, we compare the effect of different Mg -binding modes
in both the neutral reactant and activated (deprotonated 2’OH) precursor
states on the active site structure and fluctuations. Table 2.7 lists the aver-
ages of key in-line indexes, the A9/scissile phosphate—phosphate distance,
and Mg>t coordination distances for the RT-C-Mg, RT-B-Mg, and
dRT-Mg simulations. Figure 2.6 shows a general schematic view of
the active site metal ion coordination from the simulations. The distances
and standard deviations in Table 2.7 indicate that the Mg " ion retains
rigid coordination with the phosphate oxygens over the course of the
simulation, being directly coordinated to A9:O2P in all simulations. In
the RT-C-Mg simulation, the Mg>" ion coordinates G10.1:N7 indi-
rectly through one of four inner-sphere water molecules. However, this
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coordination pattern is not highly conducive to formation of an in-line
attack conformation. On the other hand, the RT-B-Mg simulation
shows a more rigid Mg®" coordination with both the A9 and scissile
phosphate oxygens and sustains a considerable population of in-line
attack conformations. These results suggest that the coordination pattern
found in the RT-B-Mg simulation is able to stabilize in-line attack
conformations more readily than Mg binding at the C-site as in the
RT-C-Mg simulation.

The dRT-Mg simulation is similar to the RT-B-Mg simulation with
regard to exhibiting rigid coordination with the A9 and scissile phosphate
oxygens and stabilization of in-line attack conformations. With the Mg
ion at the bridging position (RT-B-Mg and dRT-Mg simulations), there
is considerably reduced interaction with G10.1:N7, which is compensated
by interactions with the C17:02’ that occur through two water molecules in
the inner sphere of the Mg®" ion. This interaction is most pronounced in the
dRT-Mg simulation where the C17:02’ is deprotonated. In the ground-
state reactant simulations with Mg”" (RT-C-Mg and RT-B-Mg), no
Na™ ions were observed to infiltrate the active site. In the activated precur-
sor simulation, dRT-Mg, a single Na+ion was observed to be bound at
high occupancy to the deprotonated C17:02’ in a manner similar to the
M3 position in Fig. 2.6.

4.1.3 Na™* ions bind nonspecifically and exhibit different coordination
patters in the reactant and activated precursor states

In this section, we explore the monovalent metal ion-binding modes that are
correlated with formation of catalytically active in-line attack conforma-
tions. For the simulations with no Mg ions in the active site (RT-Na
and dR T-Na), binding of Na™ ions to the coordination sites exhibits larger
variation and exchange events occur giving rise to a fairly broad array of
coordination patterns.

Simulation results'”” suggest that two Na™ ions are present in the
active site and bind to both A9:O2P and C1.1:O2P at the same time
in the RT-Na simulation. Hence, two Na™ ions collectively act like a
single bridging Mg ion to hold the negatively charged A9 and scissile
phosphates together to maintain an in-line conformation. In the dRT-Na
simulation, we observe a high correlation between the Na™ ion coordi-
nation index and in-line conformation. When less than three Na™ ions
bind to the active site ligands, the in-line conformation is no longer held,
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which happens during most of the simulation. During the periods of sim-
ulation where three Na' ions bind to different ligand sites simulta-
neously, the in-line angle comes to a reaction-competent value (150°).
Figure 2.8 illustrates the different Na® binding patterns for cluster
A (defined in Table 2.6, in-line conformation, Fig. 2.8 lower panels)
and cluster B (not in-line conformation, Fig. 2.8 upper panels) from
the dRT-Na simulation. The in-line cluster A clearly exhibits three
Na™ bridges that involve C17:02'/C1.1:02P, C1.1:02P/G8:02/, and
C1.1:02P/A9:02P. For cluster B, on the other hand, the first two of
these bridges are absent with the third one being significantly less pro-
nounced. The above analysis suggests that the compensation of the neg-
ative charges of these three coordination sites, as well as the bridging
binding patterns of Na™ that bring them together, is necessary to keep
the in-line conformation in the deprotonated activated precursor state,
although the binding patterns are not as rigid as those of Mg”".

4.1.4 The HHR active site forms a local electronegative recruiting
pocket for cation occupation

In this section, we examine the preferential occupation of cations in the
HHR active site. The 3D density contour maps for the Na™ ion distribution
determined over the last 250 ns of simulation (Fig. 2.9) show that the Na™
ion density at a medium contour level (left panels, Fig. 2.9) is located near
the RINA’s phosphate backbone, whereas at high contour level (right panels,
Fig. 2.9) the highest probability Na™ occupation sites were all concentrated
in the active site for both the reactant and activated precursor. No explicit
Na" ions were initially placed in the active site, and Na™ ion exchange
events were observed to occur during simulations. This suggests that the
HHR folds to form a strong local electronegative pocket that attracts
Mg™" or Na™ ions. A similar case has been observed in the tetraloop-
receptor complex analyzed by NMR, where the divalent ions were exper-
imentally found to be located at strong electronegative positions formed by
the RNA fold."”” Together with the known divalent metal ion binding at
the C-site, these results provoke the speculation that perhaps the active sites
of some ribozymes such as the HHR have evolved to form electrostatic
cation-binding pockets that facilitate catalysis. In the case of the HHR, this
speculation is further supported by the simulated correlation of cation-
binding mode with the formation of active conformations discussed in detail
in the previous sections.
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Figure 2.9 The 3D density contour maps (white) of Na™ ion distributions derived from
the RT-Na (upper panels) and dRT-Na simulations (low panels) at different isodensity
contour levels (left panels: 0.1; right panels: 1.0). The HHR is shown in dark gray. The
figure shows that, although the Na™ ions distribute around the RNA phosphate back-
bone (left panels), the HHR folds to form a local electronegative recruiting pocket that
attracts a highly condensed distribution of the Na™ ions (left panels) both in the reactant
state and the deprotonated activated precursor state (deprotonated C17:02)
simulations.

4.2. Discussion

Our simulations suggest that in order to maintain the active in-line confor-
mation, the highly negative charged environment of the active site needs to
be balanced by a threshold cation occupancy. This can be accommodated in
the reactant state by either a single Mg ion, or one to two Na™ ions. In the
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activated precursor state, this is accomplished by an Mg®" ion and an addi-
tional Na™ ion, or three Na™ ions. Moreover, to form active in-line con-
formations, these ions must adopt specific bridging coordination patterns:
either a bridging Mg”" ion or specific patterns of bridging Na™ ions.

It has been well established that, in the absence of divalent ions, the
HHR retains activity at high concentration of monovalent ions.'”' The
properties of HHR cleavage in high concentrations of monovalent ions
are similar to those in the presence of divalent metal ions, which have been
interpreted to indicate that the major role of the cations is simple electro-
static stabilization of the phosphates to allow folding into an active confor-
mation. However, there remains some smaller contribution to the rate
enhancement that can be effected through a more active role played by at
least one divalent metal ion, as observed by the reduction in rate in the pres-
ence of only monovalent ions'”” or exchange inert ions.'””

There are notable exceptions whereby HHR cleavage differed signif-
icantly in the presence and absence of divalent metal ions. Disruption of
implicated divalent metal ion-binding sites at G10.1:N7, A9:O2P, and
C1.1:02P has significant deleterious effects on HHR cleavage in the pres-
ence of divalent ions, but not in high concentrations of Li*. For example,
both A9:O2P and C1.1:O2P exhibit significant catalytic thio effects that
can be rescued by thiophilic ions such as Cd**. Moreover, both G10.1:
N7 and A9:02P form a divalent metal ion-binding site as pinpointed by
electron spin-echo envelope modulation'”” and as observed crystallo-
graphically for the eHHR.”* The present simulation results are consistent
with experimental evidence and indicate that threshold occupancy and
specific coordination patterns of either Mg®" or Na™ can electrostatically
stabilize the active site and facilitate active in-line conformations. These
results provide detailed insight into the specific roles played by divalent
and monovalent ions.

It has been demonstrated that the sensitivity of HHR activity to divalent
ions is reduced upon introduction of tertiary stabilizing motifs.'*""*”~'**
A recent study of the tertiary stabilized RzB HHR has led to the suggestion
that HHR catalysis may occur through a multichannel mechanism that has
available both a divalent-dependent and divalent-independent pathways.'”'
These experiments, together with previous measurement of pH-rate
profiles,"*! are consistent with the interpretation that the divalent ion
may play a specific nonstructural role in catalysis. The present simulation
results provide insight into the nature of the different metal ion-binding pat-
terns that give rise to catalytically active conformations, and further support
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the previous supposition (Sections 2 and 3) that a Mg”" ion, in a bridging
position, plays an active chemical role by interacting with the leaving group
(C1.1:05") and general acid (G8:02').

4.3. Simulation setup and protocols

The simulation setup and protocols are similar to those in Sections 2.3.1 and
2.3.2, except the following modification and extension:

The all-atom Cornell et al. force field (parm94)'*’ in CHAR MM format
is provided in the AMBER 9 package.'** " The equilibration procedures
have been extended to total 10 ns as follows: the positions of the solute
atoms, including the Mg>" ion, were restrained by a harmonic potential
of 50 kcal/mole/A? in the equilibration stages.

4.3.1 Pre-annealing stage

Water and ion molecules were first energy-optimized for 2000 steps and
then underwent a constant volume simulation annealing: The temperature
was increased from 0 to 298 K at the rate of 1 K per ps. The system then was
kept at 298 K for 500 ps.

4.3.2 Solvent annealing stage

First step: The temperature increased from 298 to 600 K at the rate of 1 K/ps
and then was kept at 600 K for 500 ps with constant volume. Second step:
The temperature decreased from 600 to 298 K at the rate of 1 K/ps and then
was kept at 298 K for 1500 ps with constant volume. Third step: The system
was kept at 298 K for 3000 ps at a constant pressure (1 atm). The whole
annealing stage was repeated twice before the post-annealing stage.

4.3.3 Solute relaxation stage

After the annealing stage, the solute atoms were energy-optimized and then
were allowed to move under harmonic restraints over 500 ps simulation at
298 K with a constant pressure of 1 atm. The harmonic force constant (in
kcal/mol/A?) on each heavy atom was obtained from the empirical formula
k;=25+2 % 10°/B; where k; is the force constant for atom i and B, is the
corresponding crystallographic B-value. The restraints were exponentially
released over 500 ps with a half-life decay parameter of 100 ps. At the
end of the 500 ps simulation, the restraints were reduced to about 3% of
the initial restraint values.
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4.3.4 Production simulation

After 10 ns of solvent equilibration, the whole system was energy-optimized
and unconstrained dynamics simulation began from 0 K under constant
pressure of 1 atm. The temperature was increased to 298 K at the rate of
1 K/ps and then kept fixed at 298 K. The same equilibration process was
applied for each simulation. At the first 10 ns production simulation,
two harmonic restraints of 20 kcal/mol/A? were added to keep the
Mg ion binding to G10.1:N7 and A9:O2P position. Another three har-
monic restraint of 20 kcal/mol/A? were used: the distances between
G8:HO2P and C1.1:05, and between G12:H1 and C17:02/, were
kept around 1.8 A to ensure the initial hydrogen bonding; the distance
between A9: O2P and C1.1:02P was kept at 4.3 A (crystal distance). After
10 ns, all restraints were removed. The motions and relaxation of solvent
and counter-ions are notoriously slow to converge in nucleic acid
simulations,' ' and careful equilibration is critical for reliable simulations.
In summary, each simulation was carried out to 300 ns beginning with a total
of 20 ns of equilibration (10 ns of solvent/ion relaxation and 10 ns of solvent
and structure relaxation). Analysis was performed over the last 250 ns with
data collected every 10 ps.

5. COMPUTATIONAL MUTAGENESIS OF KEY RESIDUES
OF HHR

In this section, we report MD simulations to elucidate the origin of
mutational effects in the HHR. In a series of 24 100-ns molecular MD sim-
ulations, we explore the structure and dynamics of eHHR mutants involv-
ing C3, G5, U7, and G8 positions in both the reactant and activated
precursor (deprotonated 2’ OH) states. Simulations for each mutation are
compared with the wild-type (WT) simulation results. The activated pre-
cursor state, distinguished by the deprotonation of the 2’OH group of
C17, is already described in previous sections.

The U7 mutation has been known as a benign mutation, and hence is
used as a control simulation in this study. Single mutations at both the
C3 and G8 positions (C3U, G8A, G8I, and G8D) are explored, where
“D” indicates 2,6-diaminopurine, and “I” indicates inosine. In addition,
double mutants that exhibit a partial rescue effect have been examined,
including the isosteric C3U/G8D and hydrogen bond-preserving C3G/
G8C double mutation. A simulation of C3U/G8D mutations, for which
there currently exists, to our knowledge, no experimental measurement,
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predicts an almost complete rescue effect. Finally, a series of single mutations
at the G5 position have been studied, including G5I, G5A, and G5D.

The general structure of the HHR active site, including identification of
indexes used to characterize key hydrogen bond networks and base stacking
interactions involving conserved residues, is shown in Fig. 2.10. Represen-
tative hydrogen bond patterns observed in the simulations for the C3 and G8
mutants are shown in Fig. 2.11, and for the G5 mutants are shown in
Fig. 2.12. Averages and fluctuations for key indexes used to characterize
the active site are listed in Tables 2.8 and 2.10 for the reactant state and
Tables 2.9 and 2.11 for the activated precursor state. Table 2.12 lists indexes
used to characterize the base stacking interactions between G8 and C1.1 in
the wild type, benign U7C and G8]I single mutants, and double mutant sim-
ulations. A summary of the overall mutational eftects inferred from the MD
simulations are provided in Table 2.13 and compared to experimental values
for the relative catalytic rates.

In the following discussion, we will apply certain mechanistic assump-
tions in our analysis, in particular regarding the role of G12 and G8
2'OH as the general base and acid, respectively. These roles are supported
by structural datat,73’74 0 studies, but
have not been definitively proven. Assuming this plausible mechanistic

. 61,68 . . 159,
mutagenesis,” " and biochemical’

hypothesis, we then ask whether our simulation results can explain the ori-
gin of the mutational effects. It should be emphasized that the mechanistic
assumptions regarding G12 and G8 be incorrect, so must be the interpreta-
tions of the simulation data that invoke this model. Further study is needed
to resolve these details, for example, using molecular simulation of the cat-
alytic chemical steps of the reaction with combined QM/MM methods.

5.1. Results

5.1.1 Control simulations: wild type and U7C

As a precursor to the discussion of the origin of mutation effects on reaction
rate, a characterization of the key elements of the WT simulation that affect
catalysis is needed. Moreover, to lend credence to our simulation method-
ology and our mechanistic interpretation of simulation results, we perform
a control simulation of a U7C mutation that has been observed experi-
mentally to have no adverse effect on the relative rate of reaction as
determined by the ratio of rate constants for WT and mutant reactions,
ket = ke’ ko' The WT and U7C control simulation results are included
in all of the tables for reference and comparison.
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Figure 2.10 Schematic representations of the HHR active sites and the two potentially
important hydrogen bond networks between C3 and G8 and between G5 and C17. All
key structural indexes calculated are also labeled.

5.1.1.1 Characterization of the active site structure and dynamics
of the WT simulation

The active site scaffold and hydrogen bond networks for the WT simulation
are depicted in Fig. 2.10. The eHHR ribozyme catalyzes the site-specific
cleavage by transesterification of the phosphodiester bond with a rate
enhancement up to 10°-fold relative to the rate of non-catalyzed cleavage.”
The rate for cleavage and ligation for the naturally occurring eHHR motifs
are around 1000 and 2000 times faster, respectively, than the corresponding
rates for mHHR ribozymes.”"

Catalysis is generally believed to proceed by a general acid and base
mechanism. In this mechanism, the endocyclic amine of G12 (G12:N1)
in deprotonated form acts as the general base to abstract a proton from
the 2’OH of C17 (the nucleophile) to form an activated precursor. The acti-
vated precursor then proceeds by in-line attack on the adjacent scissile phos-
phate to form a pentacovalent phosphorane transition state. The 2’OH
group of G8 (G8:02’) acts as a general acid catalyst to donate a proton to
the 5’ oxygen of C1.1 (the leaving group) to facilitate breakdown of the
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Figure 2.11 Schematic representations of the mutants and the hydrogen bonding net-
work of the C3 and G8 positions. ki is the experimental cleavage constant relative to
the wild type. The relevant references are listed in Table 2.13.
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Figure 2.12 Schematic representations of the mutants of the G5 position and the
hydrogen bonding network between the G5 and C17 positions. k. is the experimental
cleavage constant relative to the wild type. The relevant references are listed in
Table 2.13.

phosphorane and phosphodiester bond cleavage. The pK, of the general acid
is believed to be shifted toward neutrality through interaction of a divalent
metal ion that bridges the phosphoryl oxygens of A9 and the scissile phos-
phate. These oxygens are positioned approximately 4.3 A away from one
another in the crystal structure, and both exhibit significant catalytic thio
effects in the presence of Mg®" ions that can be rescued by titration with
thiophilic Cd*" ions. Simulation results indicate that the divalent metal
ion migrates from a distal binding site involving A9 and G10 in the reactant
state to a bridging position between A9 and scissile phosphates upon forma-
tion of the activated precursor.
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Table 2.8 Characterization of the active site structure and fluctuations for the C3 and G8
mutants in reactant states

c3v/ @Gu/  C3G/
WT  U/C (U GSA G8A G8l GS8D GSD  G8C
me 407 378 388 32 335 396 41  3.63 42
(0.25) (0.43) (0.42) (0.1) (0.36) (0.35) (0.17) (0.45) (0.13)
0, 1243 1333 132 1555 1502 125.6 1237 1404 122
8.6) (15.1) (12.8) (7.6) (141) (12)  (8.6) (16.3) (4.2)
F 025 038 034 068 06 029 023 046 021
0.11) (0.2)  (0.18) (0.09) (0.19) (0.15) (0.06) (0.22) (0.03)
dy 397 427  6.64 426 412 417 5.86 4.68 4.6
(0.39) (0.63) (1.59) (0.34) (0.45) (0.57) (1.65) (0.63) (0.44)
has 207 21 2.88 2 244 205 254 211 2.5
(0.25) (0.28) (0.85) (0.15) (0.57) (0.26) (1.00) (0.37) (0.72)
Oups 1527 153.6 1369 1639 150 1557 1495 158.8 1452
(13.4) (13.4) (22.5) (8.5) (15.7) (12.1) (18.4) (12.8) (19)
% 98 97 52 100 82 98 77 95 76
% 62 64 34 93 51 71 55 78 46
ma 275 341 588 297 361 285 574 43 284
0.45) (1.02) (2.4) (0.34) (0.6) (0.71) (1.81) (1.38) (0.5)
Oua 1157 1074 689  118.1 1367 1159 583 837  108.5
(18.6) (36.3) (47.5) (14.9) (23.8) (26.2) (38.3) (48.7) (16.2)
% 28 19 19 33 6 32 5 15 17
% 4 2 10 1 1 7 0 1 2
mn 298 296 3.65 539 294 296 3.69 3.1 293
(0.09) (0.09) (0.22) (0.57) (0.14) (0.12) (0.28) (0.18) (0.09)
no 201 202 - - - - 258 232 19
0.17)  (0.18) (0.74) (0.4)  (0.13)
0, 1629 1632 - - - - 156.7 157  163.5
) (8.8) (15.4) (13.4) (8.8)
no 201 20.1) 217 - 1.97 199 230 214  1.98
(0.1) (0.27) (0.16)  (0.13) (0.67) (0.22) (0.11)
0, 162.1 161 1564 - 161.9 163.1 1513 160.7 158.9
8.7) (8.8 (12.8) 9.8) (84) (17.0) (11.6) (11.8)
rs 1.89 1.88 189 208 21 201 - 191  2.05
(0.13) (0.12) (0.13) (0.31) (0.22) (0.21) 0.14)  (0.2)
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Table 2.8 Characterization of the active site structure and fluctuations for the C3 and G8
mutants in reactant states—cont'd

c3v/ U/ 36/
WT  UC (U GSA G8A G8I G8D G8D GSC

0, 1635 1644 1621 1493 1627 1638 - 155.9  161.3
8.8) (83) (95 (148 (9.6) (8.9) (10.4) (10.2)

This table lists key structural indexes fluctuations for the C3 and G8 mutants, along with the control
mutant U7C in reactant states. Data analysis was performed over the last 65 ns of each simulation
with a 10 ps sampling frequency. Distance and angles (Fig. 2.10) are in A and degrees, respectively.
SDs are listed in parentheses. Boldface font is used to highlight key quantities that are significantly al-
tered with respect to the wild-type (WT) simulation upon mutation and that are discussed in the text.
F is the in-line fitness index.'™ The ryy distance is between nucleobases in the 3 and 8 positions. ryp
and Oy are the hydrogen bond length and angle for the general base step; defined by G12:N1—C17:
HO2'—C17:02'. rga and 0Opa are the hydrogen bond length and angle for the general acid step;
defined by C1.1:05'—G8:HO2'—G8:02'. The hydrogen bond contact percentage for the above
entries, defined as the percentage of the snapshots in which r<3.0 A and 0>120°. The hydrogen bond
contact percentage for the above entries, defined as the percentage of the snapshots in which r<2.5 A and
0>150°.

From this mechanistic picture, several conditions for catalytic compe-
tency of the HHR can be inferred. First, the general base must be correctly
positioned to abstract a proton from the nucleophile to form the activated
precursor. Second, the structure of the active site must allow the
activated nucleophile to be in-line with the scissile phosphate, and fluctua-
tions must sample conformations that have a high degree of in-line fitness.
Third, the integrity of the active site, and in particular, the proximity of the
A9 and scissile phosphates must be conducive to binding a bridging
divalent metal ion. Fourth, the general acid must be poised to donate a
proton to the leaving group to facilitate cleavage. In order to satisty these
conditions, a specific network of hydrogen bonds and base stacking interac-
tions must be in place. Indexes correlated with each of these conditions are
depicted in Fig. 2.10. The average values and fluctuations of these
indexes for the WT simulation are listed in the tables for reference, and
representative hydrogen bond networks involving conserved residues are
shown in the figures.

5.1.1.2 U7C control simulation satisfies all of the conditions
for WT catalysis

The U7C mutant has a catalytic rate virtually identical to that of the WT
(ko1 = 1.1).]47 Comparison of the WT and U7C control simulations shows
no major differences in the indexes likely to be key for catalysis
(Tables 2.8-2.13). The general base forms a stable hydrogen bond with
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Table 2.9 Characterization of the active site structure and fluctuations for the C3 and G8
mutants in activated precursor states

d-C3U/ d-C3U/ d-C3G/
d-WT d-U7C d-C3U d-GS8A G8A d-G8I d-G8D GS8D  GSC
e 359 364 365 373 3.6 369 364 334 361
0.17) (0.17) (0.16) (0.2) (0.16) (0.23) (0.21) (0.13) (0.17)
0,1 1568 153.6 1549 1481 1557 149 1525 164.1 155.4
(7.9 (87) (75 (89 (7.6) (127) (104) (74) (8.2
F 049 046 046 041 048 043 046 065 0.48
(0.09) (0.09) (0.08) (0.1) (0.08) (0.12) (0.11) (0.1)  (0.09)
dy 294 293 293 295 293 293 3 297 295
0.13)  (0.12) (0.13) (0.12) (0.12) (0.13) (0.13) (0.13) (0.13)
rs 203 194 193 193 195 195 191 186 1.96
0.37) (0.14) (0.14) (0.2) (0.14) (0.18) (0.13) (0.1)  (0.15)
Oup 1546 1558 155.6 158.4 1555 157.2 158.1 1612 156
(11.9) (9.4 (94 (920 (93) 9.8 (93) (84 (9.2)
% 95 100 100 99 100 100 100 100 100
% 72 73 73 82 74 77 81 91 75
ma 261 25 263 413 2.6 244 246 3.53 242
0.77)  (0.79) (0.76) (0.63) (0.9) (0.52) (0.44) (0.74) (0.57)
Oua 1318 1355 1223 826 1305 1373 139.6 1172 138
(345) (35.2) (34.3) (21.4) (3%) (27.7) (24.6) (31.2) (29.3)
% 69 75 57 1 69 74 81 20 77
% 35 44 24 0 41 37 34 1 41
mN 296 296 378  6.68 3.04 292 357 303 297
0.1)  (0.09) (0.21) (0.42) (0.15) (0.11) (0.19) (0.12) (0.09)
no 192 202 - - - - 198 223 19
(0.15)  (0.17) 0.11)  (0.28) (0.13)
0, 1609 1638 - - - - 163.1 1579 1637
10)  (8.5) ©.1)  (13.1) (8.3)
n o 198 199 191 - 208 194 206 206 201
0.1  ©0.1) (0.15) 0.17) (0.11) (0.16) (0.14) (0.1)
0, 1632 1623 160.6 - 1608 163.9 160.7 163.1 160.1
8.3)  (8.8) (10.7) (10.1) (8.3) (10.8) (9.8)  (8.6)




Hammerhead Ribozyme Catalysis 71

Table 2.9 Characterization of the active site structure and fluctuations for the C3 and G8
mutants in activated precursor states—cont'd

d-c3U/ d-C3U/ d-C3G/
d-WT dU7C d-C3U d-GSA GS8A d-G8I d-G8D G8D  G8C
o2 188 196 277 196 213 - 19 194
0.19) (0.11) (0.17) (0.4) (0.17) (0.24) (0.13)  (0.15)
0; 1637 164 1611 1068 1603 162.8 — 156.1 1622
©) 85 (9.7 A1) (105) (9.6) (10.4)  (9.9)

This table lists key structural indexes fluctuations for the C3 and G8 mutants, along with the
control mutant U7C in activated precursor states. Data analysis was performed over the last 65 ns
of each simulation with a 10 ps sampling frequency. Distance and angles (Fig. 2.10) are in A and
degrees, respectively. SDs are listed in parentheses. Boldface font is used to highlight key quantities
that are significantly altered with respect to the WT simulation upon mutation and that are discussed
in the text. F is the in-line fitness index.'”” The ryn distance between nucleobases in the 3 and 8 posi-
tions. g and Oyp are the hydrogen bond length and angle for the general base step; defined by G12:
N1—C17:HO2'—C17:02". ryys and Oy are the hydrogen bond length and angle for the general acid
step; defined by C1.1:05'—G8:HO2'—G8:02'. The hydrogen bond contact percentage for the
above entries, defined as the percentage of the snapshots in which r<3.0 A and 6> 120°. The hydro-

gen bonud contact percentage for the above entries, defined as the percentage of the snapshots in which
r<2.5 A and 0>150°.

the nucleophile in the reactant state (rgp=2.1 A), the distance between
the A9 and scissile phosphates (dy) in the reactant state is around 4.3 A as
in the crystal structure, and the activated precursor maintains in-line fitness
comparable to the WT simulation and significant hydrogen bonding
between the general acid and the leaving group. In addition, the base stac-
king interactions are very similar between the WT and U7C simulations
(Table 2.12).

Perhaps, the most notable difterence is that the U7C simulation of the
reactant state does not exhibit a strong hydrogen bond between the
general acid and leaving group (rya=3.41 A in the U7C simulation,
whereas the corresponding value is 2.75 A in the WT simulation). How-
ever, the general acid step occurs at a point farther along the reaction coor-
dinate from the reactant state, and examination of the hydrogen bond of the
general acid in the activated precursor state indicates a comparable, slightly
stronger hydrogen bond interaction (174 =2.50 and 2.61 A in the U7C and
WT activated precursor simulations, respectively). Overall, the U7C
simulation results indicate very comparable integrity of the active site,
in-line fitness, and positioning of the general base and acid that are condu-
cive for catalysis.
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Table 2.10 Characterization of the active site structure and fluctuations for the G5
mutants in reactant states

wT u7C G5l G5A G5D
e 407 (025) 378 (0.43)  4.18 (0.14)  3.84 (0.46)  3.94 (0.39)
0. 1243 (8.6) 1333 (15.1) 1183 (9.2) 129.8 (15.2) 128.1 (14.1)
F 025(0.11) 038(0.2)  02(0.04  0.35(0.19 031 (0.17)
dy  3.97 (0.39) 427 (0.63)  4.64 (0.56) 4.95 (0.8) 5.2 (0.43)
rs 2.07 (025) 2.1 (028)  222(0.76)  2.08 (0.33)  2.31 (0.64)
Oup 1527 (13.4)  153.6 (13.4) 1555 (14.4) 156.9 (12.7) 149.5 (18)
% 98 97 91 97 84

% 62 64 72 75 56

ma 275 (0.45)  3.41(1.02) 5.1 (1.1) 3.48 (1.35)  5.22 (0.63)
Oua 1157 (18.6) 107.4 (36.3) 40 (38) 93.8 (45.7)  43.9 (25.7)
9% 28 19 5 33 1

% 4 2 1 11 0

o 2.11(021) 217 (0.27)  4.99 (0.64) 2.04 (0.28)  2.18 (0.58)
0, 153.0 (12.9) 1542 (12.5) 159.1 (10.7) 159.5 (11.0) 155.0 (13.4)
rs 298 (058) 277 (0.67) - - 3.13 (0.96)
0;  119.1 (16.8) 1302 (20.2) - - 129.4 (31.3)
re 2.08(022) 207 (0.19) - - 2.31 (0.79)
0,  153.4 (10.9) 150.1 (11.3) - - 149.4 (16.0)

This table lists key structural indexes fluctuations for the G5 mutants, along with the control mutant U7Cin

reactant states. Data analysis was performed over the last 65 ns of each simulation with a 10 ps sampling
frequency. Distance and angles (Fig. 2.10) are in Aand degrees, respectively. SDs are listed in parentheses.

Boldface font is used to highlight key quantities that are significantly altered with respect to the WT sim-

ulation upon mutation and thatare discussed in the text. F is the in-line fitness index. 150 s and Oy are the

hydrogen bond length and angle for the general base step; defined by G12:N1—C17:HO2'—C17:02’.

r11a and Opy4 are the hydrogen bond length and angle for the general acid step; defined by C1.1:05'—GS8:

HO2'—G8:02'. The hydrogen bond contact percentage for the above entries, defined as the percentage of
the snapshots in which r<3.0 A and 8>120°. The hydrogen bond contact percentage for the above
entries, defined as the percentage of the snapshots in which r<2.5 Aand 0 >150°.

5.1.2 Single mutations at the C3 and G8 positions

The C3 and G8 positions form a Watson—Crick base pair in the eHHR
structure’”’* and they are important in stabilizing the active site structure
and positioning the 2’OH of G8 for acid catalysis. Here, we consider a series
of single mutations (C3U, G8A, G8I, and G8D) for which representative

hydrogen bond patterns are shown in Fig. 2.11.
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Table 2.11 Characterization of the active site structure and fluctuations for the G5

mutants in activated precursor states

d-WT d-uzc d-Gsl d-G5A d-G5D
e 359 (0.17)  3.64 (0.17)  3.63(0.15)  4.15 (0.11)  3.58 (0.24)
0.1 156.8 (7.9) 153.6 (8.7) 156.5 (7.6) 128.6 (5.8) 139.7 (9.8)
F 049 (0.09)  0.46 (0.09)  0.47 (0.08) 024 (0.03)  0.43 (0.11)
dy 294 (0.13) 293 (0.12) 3 (0.13) 2.9 (0.12)  2.88 (0.12)
ras 2.03(0.37)  1.94(0.14) 193 (0.13)  1.92(0.15)  2.62 (0.96)
O 154.6 (11.9) 155.8 (9.4)  155.2 (9.4)  153.6 (8.9)  152.5 (11.9)
% 95 100 100 100 79

% 72 73 72 67 52

ma 261 (0.77) 25079 3.6 (0.3) 3.67 (1.09)  2.66 (0.6)
Oua  131.8 (34.5) 1355 (35.2) 622 (11.4) 742 (55.6)  128.1 (34)
% 69 75 0 30 62

% 35 44 0 12 24

o 197 (0.14)  1.97(0.15)  1.99 (0.16) 2.1 (0.30)  2.66 (0.97)
0, 160.0 (10.5) 159.3 (9.8)  158.1 (10.2) 148.1 (13.7) 155.4 (14.8)
rs 256 (0.46) 256 (0.49) — - 2.91 (0.87)
05 1353 (12.7) 135.6 (13.4) - - 130.7 (18.0)
e 212(0.20)  2.09(0.17) - - 2.09 (0.21)
0,  148.8 (10.5) 149.9 (10.8) -— - 150.2 (13.0)

This table lists key structural indexes fluctuations for the G5 mutants, along with the control mutant U7C
in activated precursor states. Data analysis was performed over the last 65 ns of each simulation with
a 10 ps sampling frequency. Distance and angles (Fig. 2.10) are in A and degrees, respectively. SDs
are listed in parentheses. Boldface font is used to highlight key quantities that are significantly altered
with respect to the WT simulation upon mutation and that are discussed in the text. F is the in-line fitness
index."" iy and Oy are the hydrogen bond length and angle for the general base step; defined by G12:
N1—C17:HO2' —C17:02". rys and 0ya are the hydrogen bond length and angle for the general
acid step; defined by C1.1:05'—G8:HO2'—G8:02". The hydrogen bond contact percentage for
the above entries, defined as the percentage of the snapshots in which r<3.0 Aand 0>120°. The hydro-
gen bond contact percentage for the above entries, defined as the percentage of the snapshots in which
r<2.5 A and 0> 150°.

5.1.2.1 C3U mutation disrupts the active site in the reactant

The C3U mutation reduces the catalytic rate by a factor ~3 x 10~*.'**
ulation results indicate this mutation disrupts the normal Watson—Crick
hydrogen bonding with G8 (Fig. 2.11 and Table 2.8), causing a base shift
that disrupts the active site structure in the reactant state. The average

Sim-
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Table 2.12 Structural indexes characterizing the relative positions between C1.1 and G8
WT u7C G8l C3U/G8A C3U/G8D C3G/G8C

r, 417 (0.38) 4.15 (0.35) 4.19 (0.36) 4.70 (0.69) 4.89 (0.49) 4.24 (0.33)
0, 110.2 (11.3) 109.3 (9.6) 111.6 (9.8) 116.8 (13.1) 123.7 (9.0) 111.1 (8.1)
rs 3.82 (0.34) 3.84 (0.37) 3.86 (0.36) 4.06 (0.45) 4.27 (0.50) 4.11 (0.43)
0s 47.6 (8.5) 454 (8.3) 43.8(7.3) 61.1(20.8) 61.4 (11.9) 32.5 (9.0)

d-WT d-uzc d-Gsl d-C3U/G8A d-C3U/G8D  d-C3G/G8C
r; 4.04 (0.25) 3.98 (0.25) 4.13 (0.34) 4.00 (0.26) 4.40 (0.36) 4.23 (0.32)
0, 111.6 (7.1) 105.7 (7.9) 111.8 (8.7) 108.8 (7.9) 108.6 (10.5) 115.1 (9.1)
rs 3.76 (0.31) 3.62 (0.29) 3.65 (0.34) 3.51 (0.27) 4.13 (0.38) 3.56 (0.27)
Oy 49.4 (6.6) 47.6 (6.1) 54.1 (7.3) 51.2(6.9) 54.0 (7.0)  55.6 (7.3)

This table lists key structural indexes to characterize base stacking between G8 and C1.1 for different
mutants. Data analysis was performed over the last 65 ns of each simulation with a 10 ps sampling fre-
quency. Distance and angles (Fig. 2.10) are in Aand degrees, respectively. 17 1s r(C1.1:N1, G8:N9); 07 is 0
(C1.1:C2, C1.1:N1, G8:NY); rg is (C1.1:04', G8:C1"); and the torsion angle Og is 0 (C1.1:C1’, C1.1:
O4',G8:C1’, G8:NY). SDs are listed in parentheses. Boldface font is used to highlight key quantities that
are significantly altered with respect to the WT simulation upon mutation and that are discussed in the
text. The notation “d-" denotes the activated precursor state simulations having the C17:02" deprot-
onated. When G8 is mutated to a C, G8:N9 is replaced by C8:N1.

distance between the A9 and scissile phosphates (dy) increases by 2.67 A rel-
ative to the WT simulation, breaking key hydrogen bonds between the O2/
nucleophile of C17 and N1 of G12 (the implicated general base). These per-
turbations in the reactant state would prevent activation of the nucleophile
and progress toward the transition state.

5.1.2.2 G8I mutation is relatively benign
The G8I mutation does not significantly alter catalytic activity, where the

94,96
> The removal of

measured rate reduction is less than a factor of two.
the exocyclic amine at the C2 position weakens the hydrogen-bonded base
pair with C3, but does not alter the structure (Fig. 2.11 and Table 2.8).
None of the structural features derived from the simulations in either the
reactant state or activated precursor state show any marked differences from
the WT simulations. Overall, the marginal effect on catalysis is likely a
consequence of modest weakening, but not disruption of the base pair

between C3 and G8.
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5.1.2.3 G8A mutation blocks the general acid step in the activated
precursor

The catalytic rate of the G8A mutant is reduced to less than 0.004.™ Sim-
ulation results indicate that G8A mutation considerably weakens the base
pair with C3 such that only one weak hydrogen bond remains intact
(Fig. 2.11 and Table 2.8). In the reactant state simulation, G8A does not
appear to dramatically alter the active site contacts relative to the WT
simulation, with the exception that A8:N1—C3:N3 distance increases
due to a shift in the hydrogen bond pattern.

In the activated precursor state (Table 2.9), however, the hydrogen bond
between G8:H2" and C1.1:05’ is significantly disrupted relative to the WT
simulation. The breaking of this key hydrogen bond (14 =4.13 A) in the
G8A mutation and movement of the general acid away from the leaving
group eftectively block the general acid step of the reaction. The G8A muta-
tion has the largest effect on catalysis of all the single mutations at the G8
position considered here.

5.1.2.4 G8D mutation alters the active site structure and weakens the
interaction of the nucleophile and general base
1% or to 2,6-diaminopurine (G8D)”

reduces the reaction rate by approximately three orders of magnitude.

Mutation of G8 to 2-aminopurine

The effect of this mutation in the reactant state is to weaken the hydrogen
bonding between G8D and C3 relative to the WT simulation. This results in
corruption of the active site structure (d, increases by 2.89 A relative to the
WT simulation) and impairs hydrogen bonding of the 2’OH nucleophile
with the general base.

5.1.3 Double mutations at the C3/G8 positions

In order to better understand the role played by individual residues on ribo-
zyme structure and function from mutagenesis data, it is useful to consider
the effects of double mutations that are able to restore, at least in part, activity
lost by deleterious single mutations. Here, we consider a series of double
mutations (C3G/G8C, C3U/G8A, and C3U/G8D), for which representa-
tive hydrogen bond patterns are shown in Fig. 2.11.

5.1.3.1 C3G/G8C double mutation has a partial rescue effect
The C3G/G8C double mutation preserves strong hydrogen bond interac-
tions between the 3 and 8 positions and has a partial rescue effect relative to
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the C3G and G8C single mutations. It, nonetheless, still reduces the activity
150-200-fold relative to the WT.”"'*” The purine/pyrimidine substitutions
alter the local stacking environment and lead to subtle structural changes in
the active site. As a consequence, the average distance between the A9 and
scissile phosphates increases by 0.29 A relative to the WT simulation, and
the hydrogen bond between the 2’OH nucleophile and general base is
weakened (rgp decreases from 2.07 A in the WT to 2.50 A in the C3G/
G8C mutant).

5.1.3.2 C3U/G8A double mutation is relatively benign

The C3U/G8A double mutation is an isosteric substitution that slightly
weakens the base pair hydrogen bonding, and it has a relatively benign
effect on activity (k. around 0.5—0.012).(’7’149 The simulation results
for C3U/G8A are similar in hydrogen bond pattern to the relatively
benign G8I single mutation and the WT base pair. The C3U/G8A muta-
tion is a slightly larger perturbation than G8I, and the C3U/G8A simula-
tion results indicate correspondingly more significant deviations from the
WT. The C3U/G8A double mutation is overall similar to the C3G/G8C
double mutation. Although the pyrimidine/purine pattern is reversed in
C3G/G8C, it preserves the same number of base pair hydrogen bonds
as the WT. The average distance between the A9 and scissile phosphates
increases by 0.15 A in the C3U/G8A mutant relative to the WT simula-
tion, and the average hydrogen bond distance between the 2’OH nucle-
ophile and general base is increased by 0.37 A. This is expected to only
moderately retard the efficiency of the general base step of the reaction.
No other notable effects on the structure or dynamics were observed as
a result of this mutation.

5.1.3.3 C3U/G8D double mutation is predicted to have a rescue effect
The results of the hydrogen bond-preserving C3G/G8C double mutation
and isosteric C3U/G8A double mutation both show partial to strong rescue
effects on HHR activity. Computationally, we performed simulations of an
isosteric C3U/G8D double mutation that also preserved the number of
native base pair hydrogen bonds. Despite the corresponding single muta-
tions having significant deleterious effects on activity, the double mutation
is predicted by our simulations to have a rescue effect.

The only significant deviation from the WT was in d; in the reactant state
simulation, which increased by around 0.7 A, but did not lead to disruption
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of any of the key hydrogen bonds or in-line fitness indexes. However, a
closer examination reveals some differences in the base stacking of C3U/
G8D relative to the WT and control simulations (Table 2.12). The alteration
of the relative position between C1.1 and G8, in particular the increase in
the r; stacking distance, shifts the position of the A9 phosphate leading to the
modest increase in dy. Consequently, the simulation results predict this dou-
ble mutation to have a significant rescue eftect, but not necessarily fully res-
cue to the WT activity.

5.1.4 Single mutations at the G5 position

The G5 position forms an important element in the structural scaffold of the
active site that helps hold the scissile phosphate in position via hydrogen
bond interactions with the sugar and base functional groups of C17, and
with the nucleobase of A14 (Fig. 2.10). These include hydrogen bonds
between the G5:N1 endocyclic amine and C17:02 (ry), and the G5:N2
exocyclic amine and C17:04 (r5) and A14:N1 (rs). Here, we consider a
series of single mutations (G5I, G5A, and G5D), representative hydrogen
bond patterns for which are shown in Fig. 2.12.

5.1.4.1 G5l mutation retards the general acid step

Experimental rate measurements for the G5 mutation suggest a reduction of
the catalytic rate by 0.006”* to <10>,”° respectively. This mutation elim-
inates the exocyclic amine of guanine, and hence the hydrogen bond with
C17:06 and A14:N1. As a result, in the reactant state (Table 2.10), the
integrity of the active site is somewhat disrupted (dy increases by 0.67 A).
In the activated precursor state (Table 2.11), the hydrogen bond between
G8:H2' and C1.1:05’ is lost (rya=3.6 A), which would severely impair
the general acid step of catalysis.

5.1.4.2 G5A mutation severely disrupts the active site integrity and in-line
fitness

The G5A mutation leads to no detectable activity in the HHR.®” This muta-
tion eliminates both the endocyclic and exocyclic amines at the 1 and 2 posi-
tions of guanine that hydrogen bond with C17 and A14, and replaces the O6
carbonyl group with a new exocyclic amine at the 6 position. The result
(Table 2.10) is that the nucleobase shifts such that the exocyclic amine at
the 6 position of inosine hydrogen bonds with C17:04’, previously hydro-
gen bonded to the endocyclic amine at the 1 position. The other hydrogen
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bonds to C17 and A14 are eliminated. This results in considerable degrada-
tion of the active site (dy increases by 0.98 A in the reactant state), poor
in-line fitness in the activated precursor state (F decreases by 50%), and
greatly reduces hydrogen bonding interaction between G8:H2' and C1.1:
O5' (rya increases by 1.1 A). Overall, the active site structure and position-
ing of the general acid in the activated precursor are not conducive for
catalysis.

5.1.4.3 G5D mutation severely disrupts the active site integrity and in-line
fitness

The G5D mutation leads to reduction of catalytic rate by four orders of mag-
nitude.” The hydrogen bond pattern for this mutation is not as severely
perturbed as that for the G5A mutation. Nonetheless, in the reactant state
(Table 2.10), the average distance between the A9 and the scissile phosphates
(do) increases to 5.2 A, and the hydrogen bond between the 2OH nucleo-
phile and G12:N1 (the implicated general base) is less pronounced. In the
activated precursor state (Table 2.11), the general base hydrogen bond is dra-
matically weakened (ryp=2.62 A), and the average in-line attack angle,
Oina, 1s reduced to 139.7 degrees. These structural deviations are expected
to hinder the attack of the nucleophile on the scissile phosphate.

5.2. Discussion
5.2.1 In the reactant state, shifted residue positions stabilized by
hydrogen bond networks disrupt the active site integrity
Simulation results (Table 2.8) show that among the C3 and G8 mutants, d,
exhibits the greatest deviation for C3U (dy=6.64 A) and G8D (dy,=5.86 A)
compared to the WT (dy=3.97 A) and U7C control simulation
(dy=4.27 A). In these two mutants, the C3/G8 base pairs are held together
by two hydrogen bonds and the bases are shearer relative to the WT
(Fig. 2.11). In other mutants, including C3U/G8A, G8I, and C3G/G8C,
all dy values are similar to WT and U7C. In the case of the C3U/G8D dou-
ble mutation, subtle changes in base stacking produce a slight shift in the rel-
ative positions of C1.1 and G8 (Table 2.12), and this deviation is stabilized
by a strong hydrogen bond network leading to a modest increase in dy
(dy=4.68 A) In the case of mutations at G5, the G5D mutant has the largest
value for dy (dy=5.2 A) The G5D mutant also displays a significant shift in
the orientation of D5 with respect to C17 (Fig. 2.12) that is stabilized by a
fairly strong hydrogen bond network.
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Thus, the mutants that exhibit large shifts in the relative positions of key
residues in the active site scaffold and that are locked by hydrogen bonding
networks (i.e., C3U, G8D, and G5D) generally display the largest disrup-
tions of the active site architecture. Alternately, mutants that do not exhibit
shifts of the relative positions of residues (i.e., G8I, C3U/G8A, and C3G/
G8C) or that have weakened hydrogen bond networks (G8A, G5A, and
G5I) have dj values more similar to the WT and control simulations.

5.2.2 In the activated precursor state, strong hydrogen bond
networks stabilize the active site architecture

In all of the activated precursor simulations, the relative positions of the A9
and scissile phosphates are very similar (d, values of around 3.0 A). Thisis a
result of the bridging Mg”" ion that locks the A9:O2P and C1.1 O2P posi-
tions. The general base indexes are also similar between the different simu-
lations due to the strong hydrogen bond that forms between G12:N1 and
the deprotonated C17:02 nucleophile. The one exception is for d-G5D,
where the loss of a hydrogen bond between D5 and the C17:04’ causes
the position of the sugar to shift and the hydrogen bond between the acti-
vated nucleophile and G12 to be less populated.

The orientation of the implicated general acid, G8:02', which is poised
to donate a proton to the C1.1:05’ leaving group, is important for catalytic
competency. Alterations in the hydrogen bond network that disrupt the
position of G8:02/, particularly the base pair hydrogen bonds between
C3 and G8, will have an adverse eftect on the general acid step. These alter-
ations can be tracked by monitoring the hydrogen bond distance ra
(Tables 2.9 and 2.11) and indicate that activated precursor simulations gen-
erally have similar general acid indexes (rga and Opa) with a few notable
exceptions. In the d-G8A simulation, the C3—G8 hydrogen bond network
is lost. In the d~-C3U/G8D simulation, the C1.1-G8 base stacking is signif-
icantly different from other mutants. In the d-G5I and d-G5A simulations,
the hydrogen bond network between G5 and C17 is disrupted.

Hence, in the activated precursor state, the two strands are brought
together by the bridging divalent metal ion and a strong C3—G8 hydrogen
bond network is necessary to keep G8 in position so that the general acid
(G8:02') is poised for catalysis. The interaction between G5 and C17 is
important since G5 stabilizes the orientation of both the nucleobase and
ribose of C17, and it helps position the nucleophile in-line with the scissile
phosphate. Disruption of G5—C17 hydrogen bonds will either prevent
in-line attack (d-G5A and d-G5D) or alter the position of the general acid
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(d-G5I). For the double mutant d-C3U/G8D, although all U3-D8 hydro-
gen bonds are maintained (Table 2.9), the C1.1-G8 base stacking distance is
slightly elongated as indicated by larger r; and rg in Table 2.12. As a result,
the general acid, G12:02’ is shifted away from the leaving group C1.1:05’
(rga in Table 2.9).

5.2.3 C3/G8 mutations may induce structural changes that have
remote consequences at the general base step

There is evidence that mHHR motifs are conformationally variable, and that
there is an equilibrium between active and inactive conformational
states.”™'*”'>? It has been hypothesized that mHHR and eHHR may utilize
a similar dynamic reaction mechanism for catalysis, and that observed cor-
relations between mutations at C17 and C3/G8 may be explained by tran-
sient pairing between residues 3 and 17 and 8 and 13 arising from
interactions in the inactive conformation.'*” This supposition was based
in part on the observation that C3/G8 are distant from C17 in the eHHR
structures, making it difficult to rationalize the observed correlations
between mutations at C17 and C3/G8 in an active conformational state,
as in the inactive mHHR structures, C3 pairs with C17 and G8 pairs with
A13.27287

Our simulation results of the active eHHR, on the other hand, suggest
that mutations at C3/G8 in some cases may induce remote changes in the
structure and dynamics at C17 that affect the general base step of the reac-
tion. Recent kinetics studies have indicated that the native eHHR con-
structs exhibit less conformational variability than the mHHR motifs, and
they maintain a higher population of active conformations.”'>> Hence,
the present simulation results afford an alternative interpretation of experi-
mentally observed correlations between mutations at C17 and C3/G8 posi-
tions that do not rely, at least as heavily, on the assumption that mutants of
the eHHR are in a dynamic equilibrium that populate an inactive confor-
mation with contacts resembling that of the mHHR.

5.2.4 Variation of base stacking interactions of G8 and C3 with C1.1
and G2.1 may lead to new HHR motifs with modified activity

Our results suggest that the identities of nucleotides at C3 and G8, including
some double mutants that preserve base pairing, can adversely effect HHR
catalytic activity. This implies that the environmental effect due to base stac-
king interactions between G8/C1.1 and C3/G2.1 may be important to hold
G8/C1.1 in the proper relative position for the general acid step of HHR



82 Tai-Sung Lee et al.

catalysis (Table 2.12). In recent studies on various HHRs, it has been shown
that the tolerance of mutations at C3 and G8 is dependent on the identities of
surrounding nucleotides, including C1.1 and G2.1. Residues C1.1 and G2.1
are not conserved,”””>">? and hence it may be possible to exploit variations
in C1.1 and G2.1, along with correlated mutations at G8 and C3, to design

new HHR motifs with modified activity.

5.2.5 Long-time simulations are required to understand some
mutational effects

The current study reports 100 ns simulations for a series of HHR mutants in
the reactant and activated precursor states. As previously discussed,””'””
long-time simulations are necessary to relax the mutations and sufficiently
sample the conformational space required to observe the mutational effects.
As shown in Fig. 2.13, the simulation of the activated precursor state of G8A
reaches a stable relaxed state after 30 ns. However, on this timescale, we do
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Figure 2.13 The time series of general acid hydrogen bond indexes, rya and Oy, as well
as the hydrogen bond distance r; (see Figs. 2.10 and 2.11), from wild type and G8A acti-
vated precursor state simulations. The distances are in A and the angles are in degrees.
These results indicate that the timescale for equilibration and stable fluctuation in some
cases exceed 30 ns (shown by vertical dashed line).
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not observe for the eHHR an equilibrium between proposed active and
inactive states that involve changes in stem contacts, as has been inferred
from biochemical studies.' "

Recent time-resolved NMR spectroscopic investigations have indicated
that an ensemble of conformations sensitive to the presence of Mg”" are
accessible to mHHR, and that dynamic transitions localized around the cat-
alytic core occur on the ms timescale.'”” This timescale extends beyond that
which has been probed in the current work for the eHHR. Nonetheless, it
remains important to address the question of dynamic conformational equi-
librium and its role in catalysis in future work.

The present molecular simulation results provide insight into the origin
of mutational effects in the eHHR that are not easily derived from available
experimental structural data. We report results of MD simulations of the
native and mutated eHHR in the reactant state and in an activated precursor
state. A key result from this work is that in performing computational muta-
genesis simulations of ribozymes, one must consider timescales greater than
30 ns for relaxation of mutant structures and in some instances look beyond
the reactant state along the catalytic reaction coordinate in order to reconcile
the origin of mutational effects. The present study makes predictions and
offers new insights into the understanding of the HHR mechanism as inter-
preted through mutational data.

5.3. Simulation setup and protocol

MD simulations were set up with protocols identical to that described in
Section 4.3. The mutants are generated from the VMD package.'”*

6. CONCLUSION

In this chapter, we summarized our progress toward understanding
HHR catalysis through a multiscale simulation strategy that employs MD
simulations with classical MM and combined QM/MM potentials, using
linear-scaling electrostatic methods and specialized MM residues and semi-
empirical QM models derived from density-functional calculations of phos-
phoryl transfer reactions.

So far, simulations collectively paint a picture of HHR catalysis that
includes a novel role for a catalytic metal ion: the HHR first folds to form
an electrostatic negative pocket to recruit a threshold occupation of cationic
charge, either an Mg®" ion or multiple monovalent ions when Mg”" ions
are not present. The position and coordination pattern of these ions are
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important for formation of active in-line attack conformations. In the case of
single Mg®" ion bound in the active site, the Mg” " ion initially stays at the
C-site in the reactant state and migrates to the B-site after the nucleophile
(C17:02') is deprotonated. As the reaction proceeds, the Mg ion can sta-
bilize the accumulating charge of the leaving group and bind to the general
acid (G8:02"), significantly increasing its ability to act as a general acid cat-
alyst to transfer a proton to the leaving group (C1.1:05’). Our QM/MM
studies demonstrate that the Mg®" ion not only facilitates the protonation
of the leaving O5’, but it also plays an important role in the final dissociation
step of catalysis.

The mutational simulation results are consistent with observed muta-
tional data and suggest that the active site fold is well tuned for the reaction,
and most disruptions due to mutations have severe impact on HHR catalysis
that can affect different stages of the reaction. Our simulation results propose
mechanisms consistent with available experimental evidence, and have
motivated new experimental work. The insight gained from these studies
provides guiding principles into catalysis of an archetype ribozyme that
may ultimately facilitate the design of new RINA based technologies.
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