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Abstract: Results of a series of 12 ns molecular dynamics
(MD) simulations of the reactant state (with and without a
Mg?* ion) and early and late transition state mimics are
presented based on a recently reported crystal structure
of a full-length hammerhead RNA. The simulation results
support a catalytically active conformation with a Mg2* ion
bridging the A9 and scissile phosphates. In the reactant
state, the Mg?* spends significant time closely associated
with the 2'0OH of G8 but remains fairly distant from the
leaving group Os position. In the early TS mimic simulation,
where the nucleophilic O» and leaving group Os are
equidistant from the phosphorus, the Mg?* ion remains
tightly coordinated to the 2'0OH of G8 but is positioned
closer to the Os leaving group, stabilizing the accumulating
charge. In the late TS mimic simulation, the coordination
around the bridging Mg?" ion undergoes a transition
whereby the coordination with the 2'0OH of G8 is replaced
by the leaving group Os that has developed significant
charge. At the same time, the 2'0OH of G8 forms a
hydrogen bond with the leaving group Os and is positioned
to act as a general acid catalyst. This work represents the
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first reported simulations of the full-length hammerhead
structure and TS mimics and provides direct evidence for
the possible role of a bridging Mg?* ion in catalysis that is
consistent with both crystallographic and biochemical data.

The hammerhead ribozyme' is an archetype system to
study RNA catalysis.>? A detailed understanding of the
hammerhead mechanism provides insight into the inner
workings of more complex cellular catalytic RNA machinery
such as the ribosome and ultimately may aid the rational
design of new medical therapies* and biotechnology.>*

Despite a tremendous amount of experimental and theo-
retical effort,'>78 the details of the hammerhead ribozyme
mechanism have been elusive. In particular, one of the main
puzzles involves the apparent inconsistency between the
interpretation of thio effect experiments®!? and mutational
data® with available crystallographic structural information
of the minimal hammerhead sequence.!' '3 Results from the
biochemical experiments suggest that a pH-dependent con-
formational change, inconsistent with crystallographic data,'' '3
must precede or be concomitant with the catalytic chemical
step. This includes a possible metal ion bridge between the
A9 and scissile phosphates that in previous crystal structures
were ~20 A apart. Moreover, the function of the 2'OH group
of G8 remains unclear.

Very recently, the crystallographic structure of a full length
hammerhead sequence has been determined at 2.2 A resolu-
tion.'* The naturally occurring full-length hammerhead
sequence exhibits enhanced catalytic activity and a different
metal ion requirement relative to the minimal motif.'> The
crystal structure has the A9 and scissile phosphates in close
proximity, consistent with the interpretation of thio effect
measurements,’ and the 2'OH of G8 and N; of G12 poised
to act as a general acid and base, respectively, consistent
with photocrosslinking experiments'® and mutational data.?
However, the divalent metal ions required for catalysis were
not resolved in this structure. This letter reports the first
simulations of the full-length hammerhead ribozyme in the
reactant, early, and late transition states along the reaction
coordinate. Results support the requirement for a bridging
Mg*" ion between the A9 and scissile phosphates in the
catalytically active conformation and provide evidence of a
role of the metal ion in catalysis that is consistent with both
crystallographic and biochemical data.

Simulations were performed with CHARMM!? (version
c32al) using the all-atom nucleic acid force field'®!° with
extension to reactive intermediates (e.g., transition state
mimics)? and TIP3P water model.?' Simulations of the
reactant state (with and without a Mg?* ion) and early and
late TS mimics were each performed at 298 K and 1 atm in
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Table 1. Key Distances (A) in the Hammerhead Active Site?
X-ray reactant early-TS late-TS
structure reactant w/o Mg?*+ mimic mimic
C1.1:0p2 < A9:0p2 4.27 3.36(49) 7.16(110) 4.00(06) 4.01(07)
Mg?+ < G8:0x 3.08b 3.97(102) 2.24(13) 3.21(23)
Mg?* <> C1.1:0x 4.04b 4.22(21) 3.68(35) 2.09(05)
G8:Hpz <= C1.1:05 4.57(135) 7.61(81) 5.09(74) 2.36(42)
C17:02 < C1.1:P 3.18 3.61(23) 3.83(19) 1.88(11) 1.75(04)

2 The simulation results were calculated over the last 10 ns with data collected every 1 ps. Shown are average values and standard deviations
in the parentheses. ? A proposed Mg?" site was assumed directly between the crystallographic positions of C1.1:0p2 and A9:Op,.

a thombododecahedral cell (with PME?? electrostatics) in the
presence of ~10 000 water molecules and 0.14 M NaCl and
carried out to 12 ns following 1 ns of solvent equilibration.
In three simulations, a single Mg?* ion was positioned so as
to bridge the A9 and scissile phosphates that in the
crystallographic structure are around 4.3 A, which is well
suited for Mg?*-bridging coordination.”> The Mg?" ion is
critical for stability and adopts different coordination states
along the reaction coordinate, verified by preliminary QM/
MM calculations (see the Supporting Information) that are
supportive of a catalytic role consistent with experiments.

A stable Mg®" ion bridge between the A9 and scissile
phosphates is formed in the catalytically active conformation.
The simulation results support a catalytic role for a Mg?*
ion bridging the A9 and scissile phosphates. In the simula-
tions with a bridging Mg?" ion, the average distance between
the A9 and scissile phosphates remain within the crystal-
lographic value of 4.3 A, whereas in the absence of Mg+
this key contact between stems I and II drifts to over 7 A
(Table 1). In the reactant state, the Mg?" coordination
between the C1.1 and A9 phosphate oxygens fluctuates
between axial—axial and axial—equatorial modes, resulting
in a shorter average oxygen—oxygen distance than that
observed in the X-ray structure. This may suggest that in
the reactant state the preferred binding mode of Mg>" is
different, e.g., between A9 and N; of G10.1,%*? and that a
conformational change brings Mg?" into a bridging position
between A9 and the scissile phosphate leading to the
transition state.” The present simulation results suggest that
the close proximity of the A9 and scissile phosphates
observed in the new full-length hammerhead structure'* can
be stabilized by a Mg?* ion bridge that brings together stems
I and II and facilitates formation of near-attack conformations
(see the Supporting Information) in a way different from
previous simulations based on the minimal sequence struc-
tures 26272829

In the early TS, the Mg>" ion is positioned to shift the
pK, of the 2’0OH of G8 to act as a general acid. In the
reactant state, the Mg?t spends significant time closely
associated with the 2'OH of G8 (Figure 1) but remains fairly
distant from the leaving group Os position. In the early TS
mimic simulation, where the nucleophilic Oy and leaving
group Os are equidistant from the phosphorus, the Mg?* ion
becomes directly coordinated to the 2’OH of G8, and is
positioned closer to the Os leaving group. The coordination
of the Mg?" ion in the early TS mimic simulation is
consistent with a role of shifting the pK, of the 2’OH in G8
so as to act as a general acid (Figure 2, left).

In the late TS, the Mg’" ion can act as a Lewis acid
catalyst to stabilize the leaving group and is poised to assist
proton transfer from the 2'OH of G8. In the late TS mimic
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Figure 1. Radial distribution functions of key oxygens around

Mg?" in the active site for the reactant, early, and late TS mimic
simulations.

Figure 2. Snapshots of the active site from the early TS mimic
(left) and late TS mimic (right) simulations depicting the Mg>*
ion direct coordination (green lines) and key hydrogen bonds and
indirect Mg?" coordination (dotted lines). For clarity, the water
molecules are not shown.

simulation, a transition occurs whereby the Mg?* coordina-
tion with the 2'OH of G8 is replaced by direct coordination
with the leaving group Os (Figure 1). In this way, the Mg>*
provides electrostatic stabilization of the accumulating charge
of the leaving group (i.e., a Lewis acid catalyst).” At the
same time, the 2'OH of G8 forms a hydrogen bond with the
leaving group Os and is positioned to act as a general acid
catalyst (Figure 2, right).

Comparison with Experiment. The present simulation
results, together with the crystallographic structure, tie
together several key experimental results relating to the role
of Mg?* in catalysis. Thio/rescue effect experiments® have
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suggested that a single metal bound at the P9/G10.1 site (the
A9 phosphate in the present work) in the ground state
acquires an additional interaction with the scissile phosphate
in proceeding to the transition state. Kinetic analysis*® along
with photocross-linking experiments'® and mutational data®
have implicated the roles of the 2’0OH of G8 and the N; of
G12 as a general acid and base, respectively, and have been
interpreted to be consistent with a transition into an active
conformation with appropriate architecture for acid—base
catalysis. However, recent kinetic analysis indicates the pK,
of the general acid is downshifted by around 4—7 pK, units
in a metal-dependent manner, correlated with the metal pK,.’!
The simulation results suggest that the Mg>t interacts
strongly with the 2’0OH of G8 in the early TS mimic and
could contribute to a significant lowering of the pK, value,
and in the late TS mimic the G8 2'OH is hydrogen bonded
to the leaving group and poised to act as a general acid
catalyst (Figure 2). The Mg?* ion may additionally play a
direct role in stabilizing the negative charge accumulated
by the leaving group in the late TS, and if a proton from the
G8 2'OH is ultimately transferred, the coordination of Mg?*
is positioned to revert back to stabilize the resulting G8 2
alkoxide.

The simulation results presented here are consistent with
the direct participation of a single bridging Mg?* ion in
hammerhead ribozyme catalysis, although the possibility of
involvement of a second ion cannot be definitively pre-
cluded.*>33 The Mg?* preserves the integrity of the active
site structure and may serve as an epicenter in the transition
state that coordinates the A9 and scissile phosphates, G8
2'0OH general acid and Os leaving group. The present work
underscores the need for further investigation of the chemical
reaction profile using combined QM/MM models.
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