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Abstract: The hammerhead ribozyme is an RNA molecule capable of self-cleavage at a unique site within
its sequence. Hydrolysis of this phosphodiester linkage has been proposed to occur via an in-line attack
geometry for nucleophilic displacement by the 2′-hydroxyl on the adjoining phosphorus to generate a 2′,3′-
cyclic phosphate ester with elimination of the 5′-hydroxyl group, requiring a divalent metal ion under
physiological conditions. The proposed SN2(P) reaction mechanism was investigated using density functional
theory calculations incorporating the hybrid functional B3LYP to study this metal ion-dependent reaction
with a tetraaquo magnesium (II)-bound hydroxide ion. For the Mg2+-catalyzed reaction, the gas-phase
geometry optimized calculations predict two transition states with a kinetically insignificant, yet clearly defined,
pentacoordinate intermediate. The first transition state located for the reaction is characterized by internal
nucleophilic attack coupled to proton transfer. The second transition state, the rate-determining step, involves
breaking of the exocyclic P-O bond where a metal-ligated water molecule assists in the departure of the
leaving group. These calculations demonstrate that the reaction mechanism incorporating a single metal
ion, serving as a Lewis acid, functions as a general base and can afford the necessary stabilization to the
leaving group by orienting a water molecule for catalysis.

1. Introduction

The hammerhead ribozyme is a small, self-catalytic RNA
molecule that makes up the genome of several plant viruses
and virusoids1,2 and is composed of a single-stranded region of
15 nucleotides, flanked by three Watson-Crick base-paired
stems.3,4 In this central consensus region,5 the cleavage of the
phosphodiester backbone occurs at a discrete location; and, as
with some protein enzymes that catalyze biochemical reactions
or transformations in nucleic acids, requires divalent metal ions
as cofactors to promote activity at physiological conditions.6

In the absence of divalent metal ions, the half-life of the
hydroxide-catalyzed solvolysis of the RNA backbone as been
estimated to be approximately 110 years at pH7 and 25°C;7

however, in their presence, these rates are reduced to the order
of seconds to minutes.3,8 The metal ion typically utilized by

the organisms to activate the phosphate moiety in the phos-
phodiester linkage for catalysis of hydrolysis in this ribozyme
is Mg2+, although other metal ions have been shown to promote
catalysis in vitro.9-12

The mechanism of nucleophilic displacement at the phos-
phorus has been proposed to be SN2(P) with an in-line geometry,
where the approach of the 2′O- to the phosphorus is at a 180°
angle relative to the leaving 5′-oxygen13 with inversion of
configuration about the phosphorus (Scheme 1).14-19 The other
plausible mechanism for nucleophilic displacement at the
phosphorus, the adjacent attack geometry, is unlikely as the
steric requirement associated with pseudorotation of the leaving
group prior to its departure is made quite difficult due to the
structure of the RNA molecule.13 The log of the cleavage rate
between pH 5.7 and 8.9 was shown to increase linearly with a
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slope approximately equal to one,11,20,21 suggesting a single
deprotonation event is required for cleavage. It has also been
shown experimentally that a metal ion ligates to thepro-RP

oxygen of the-O-(PO2
-)-O- group undergoing reaction, a

feature crucial in the metal ion catalysis of phosphodiesters as
cancellation of the negative charge allows for nucleophilic
addition to phosphorus (Scheme 2).6,14,15,22-24 The metal ion
can provide a ligated hydroxide to remove the proton from the
2′OH to generate the nucleophile (general base catalysis) or the
nucleophile can be generated by a lyate HO- (specific base
catalysis) and the metal ion has an alternate role in the reaction.
This divalent metal ion, or possibly another, can provide the
necessary stabilization to the leaving group either by direct
interaction with the leaving-group oxygen or by orienting a water
molecule such that a proton can be donated to this group. The
way in which stabilization of the leaving group is achieved is
a subject of debate.25-27 Thus, despite the numerous experiments
performed on many different hammerhead ribozyme motifs, the
precise details of the mechanism of hydrolysis and the number
of metal ions essential in the cleavage reaction of the ham-
merhead ribozyme are not known.

Crystal structures of the hammerhead ribozyme as inhibitor,
substrate, or modified substrate complexes have been solved.28-31

These structures have provided invaluable information regarding
the structure of the hammerhead ribozyme as well as additional
insight into the metal ion binding sites of this molecule. Of these
metal ion binding sites, at least one appears necessary to achieve

proper folding and to stabilize or position other essential
functional groups, while one or more additional divalent metal
ions participate in the cleavage reaction.12 None of these crystal
structures, however, show the 2′-hydroxyl group poised for an
in-line displacement of the 5′-leaving group. In an effort to
discover the structural rearrangements that would lead to
conformations consistent with an in-line displacement, these
crystal structures have formed the basis of molecular dynamics
(MD) simulations on this system.32-37 Of these MD studies,
only one37 showed the spontaneous rearrangement of the
hammerhead ribozyme from the published crystal structure to
give near in-line attack conformations (NACs,38,39Figure 1) and
revealed the potential roles of the conserved core residues. We
refer the reader to ref 37 for additional details.

Several groups have performed quantum mechanical studies
on the hydrolysis of phosphodiesters in an effort to provide a
detailed description of the mechanism in the hammerhead
ribozyme.40-43 A transition state has been located which depicts
the P-O bond cleavage as the rate-determining step along the
reaction coordinate; however, it was characterized by rotations
of P-O bonds, an event that is highly improbable in the
hammerhead ribozyme system. In addition, none of these
investigations into the base-catalyzed reaction incorporated a
tetraaquo Mg(II) ion which completes the first coordination
sphere and is likely the state of the metal ion in solution.
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Incorporation of explicit water molecules has resulted in an
improved representation of the computational model in theoreti-
cal investigations of acid-catalyzed phosphodiester hydrolysis.44

Using Car-Parinello combined DFT-molecular dynamics cal-
culations, Boero et al. examined reaction mechanisms for a
model phosphodiester in a system, which also contained 62
water molecules. For this ribose phosphodiester in water, as a
1- anion, the authors found a very high reaction barrier (∼57
kcal/mol) when the system was driven through the P-O2′ bond-
formation reaction coordinate. When Mg2+ was incorporated
in the system, as Mg2+(H2O)5, in contrast to our model
Mg2+(HO-) (H2O)4 shown in Scheme 3, Boero et al. find that
the Mg2+ ion is ineffective in phosphodiester hydrolysis,
although the activation energy for deprotonating the O2′ is
lowered.

In our quantum mechanical investigation, we expand upon
the results of our previous molecular dynamics studies and those
of previous quantum mechanical studies on this system. We
utilize the neutral chemical model, a mixed phosphodiester of
methanol and 3,4-dihydroxytetrahydrofuran (charge) -1) with
a [Mg2+(HO-) (H2O)4]1+ bound to thepro-RP oxygen (I ,

Scheme 3) using the B3LYP density functional theory (DFT)
method to investigate the rate-determining step in the ham-
merhead ribozyme reaction, cleavage of the P-OCH3 (P-OR)
bond. This study focuses on the plausibility of a mechanism
involving one metal ion catalysis of hydrolysis in the ham-
merhead ribozyme and includes an Mg2+ ion with a complete
first-coordination sphere to represent the immediate environment
of this divalent metal ion at the active site.

2. Methods

All geometries and subsequent energies calculated in this study were
performed using the B3LYP density functional theory45-47 method
implemented in the Gaussian98 program package.48 Geometry optimi-
zations utilized the double-ú plus polarization basis set 6-31G(d,p),
followed by single-point energy calculations using the 6-311+G(2d,-
2p) basis set. The calculations performed were spin restricted as
expected for Mg2+, as it is redox innocent and not a transition metal.
Hessians were calculated at the B3LYP/6-31G(d,p) level of theory and
allow for the evaluation of zero-point vibrational effects on the energy.
The Hessians indicate that the located stationary points are correct,
such that no imaginary frequencies exist for minima and one imaginary
frequency exists for transition states. The effect of solvent was modeled
with the conductor-like solvation model COSMO49 at the B3LYP/6-
31G(d,p) level. In this model, a cavity around the system of interest is
surrounded by a polarizable continuum dielectric, here chosen to be
the standard for aqueous solutionε ) 80, and a single-point calculation
was performed on the gas-phase geometry. With the exception of the
dielectric constant, default values were used in the COSMO calculations.
A Mulliken population analysis was used for the charge densities. All
energies discussed below include the zero-point energy (ZPE) correc-
tion, entropy, and solvation effects. Typical errors reported for B3LYP
are about 2-3 kcal/mol for reaction barriers and energies for complexes
without transition metals.50-52 However, this performance is variable,
depending on the type of system and reaction. Experimental and
computational data for reaction barriers are both less reliable and less
available, in general.

3. Results and Discussion

The effect of general base catalysis (Scheme 2) in the
hammerhead ribozyme self-cleavage reaction was examined
using a model compound,I , given in Scheme 3. The starting
structure for this study was taken from a near in-line attack
conformation (NAC)38,39 obtained during molecular dynamics
studies37 performed using the 3.0 Å resolution crystal structure
solved by Scott et al.31 The Mg2+-ligated hydroxide group was
generated by removing a proton from a Mg2+-bound water
adjacent to the 2′-OH in the NAC structure (ref 37, Figure 4).
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Figure 1. Global conformation of a hammerhead ribozyme obtained during
molecular dynamics simulations37 in a near in-line attack Conformation
(NAC) displaying a relative orientation of the Watson-Crick base-paired
stems as found in the X-ray crystal structure solved by Scott and
co-workers.31 The starting geometry ofI for the geometry optimizations
performed in this study was taken from the coordinates of the ribose ring
of Residue C17 and the adjacent phosphate (A1.1). The arrow indicates
the site where cleavage takes place.

Scheme 3

Mg2+-Catalyzed Hydrolysis in the Hammerhead Ribozyme A R T I C L E S
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The use of Mg2+(HO-) reflects the proposal that a metal-bound
hydroxide acts as the base in metal ion-catalyzed reactions of
the hammerhead ribozyme.11 This chemical model is charge
neutral and incorporates an octahedrally coordinated Mg2+ (aq)
ion.25 This chemical model also incorporates the basic features
and necessary functional groups to adequately model the
proposed hydrolysis reaction for the hammerhead ribozyme.44,53

A NAC for this system was defined previously as having an
attack distance (oxygen-phosphorus) ofe3.25 Å and attack
angle ofg150°.36,37

3.1. Reactant Species.Geometry optimizations on the starting
structure obtained from molecular dynamics simulations pro-
vided the reactant species shown in Figure 2. Here, the O4 to
P distance is 3.51 Å and the O4-P-OCH3 angle is 143.1°
(Table 1) with the five-membered furanose ring in theS
puckering domain as seen in ribo- and deoxyribonucleosides.54

MD simulations performed on crystal structures and model
systems of the hammerhead ribozyme have suggested that it is
necessary for the furanose ring to be in theS (C2′-endo)
puckering domain for nucleophilic attack on the scissile
phosphate to proceed.32,34-37 The furan ring remains in theS
puckering domain throughout the geometry optimizations (vide
infra). This structure is no longer a NAC structure as previously
defined for this system.36,37 Here, a hydrogen bond occurs
between the negatively charged oxygen atom of the Mg2+(HO-)

(aq) and the proton of the O4 moiety. The hydrogen to be
transferred is still bound to the O4 of the substrate with an O-H
distance of 0.98Å, and the P-OCH3 distance associated with
the eventual departure of the leaving group is 1.65Å. There is
a very weak hydrogen-bonding interaction55-58 between the trans
water molecule, adjacent to the methoxy oxygen of the leaving
group, with an oxygen-oxygen distance of 3.54 Å.

3.2. Generation of Nucleophile, Transition State 1.Per-
forming a transition state search resulted in the location of the
first transition state (TS1, Figure 3) in this reaction. Here, the
ring of the transition-state structure (as well as for the intermedi-
ate and second transition-state structure, vide infra) spans one
apical and one equatorial position in accord with the proposed
mechanism for hydrolysis in cyclic phosphate esters.59 This
structure has one imaginary frequency at-137 cm-1 corre-
sponding to the transfer of the proton from O4 to the Mg2+-
bound HO- group that is coupled with the nucleophilic attack
of the O4- on the scissile phosphate. The energy of this
structure,∆Etotal, is calculated to be+18.6 kcal/mol, relative
to the Reactant (Table 2). In this asymmetric transition-state
structure, the O4-P distance (attack distance) is 2.06 Å and
the O4-P-OCH3 angle (angle for nucleophilic displacement)

(53) Lyne, P. D.; Karplus, M.J. Am. Chem. Soc.2000, 122, 166-167.
(54) Saenger, W.Principles of Nucleic Acid Structure.; Springer: New York,

1984.
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(57) Gerlt, J. A.; Gassman, P. G.J. Am. Chem. Soc.1993, 115, 11552-11568.
(58) Gerlt, J. A.; Gassman, P. G.Biochemistry1993, 32, 11943-11952.
(59) Haake, P. C.; Westheimer, F. H.J. Am. Chem. Soc.1961, 83, 1102-1109.

Figure 2. Optimized structure of the Reactant,I .

Table 1. Relevant Distances (in Å) and Angle (in degrees) for the
Structures in the Catalysis of Hydrolysis for Compound I

species O4−P P−OCH3 H4−-OH Hwat−OCH3 O4−P−OCH3

reactant 3.51 1.65 1.77 2.57 143.1
TS1 2.06 1.78 1.07 1.65 157.5
intermediate 1.98 1.80 1.05 1.61 157.4
TS2 1.84 1.96 1.00 1.28 157.8
product 1.69 5.57 0.98 1.00 100.4

Figure 3. Optimized structure of the first transition state (TS1) located
depicting proton-transfer coupled with nucleophilic attack on the scissile
phosphate.

Table 2. Summary of the Energies (in kcal/mol) in the
Base-Catalyzed Nucleophilic Attack on Phosphorus in Compound I

species ∆E ∆EZPE ∆Esolv ∆Eentropy ∆Etotal

reactant 0 0 0 0 0
TS1 29.8 -0.9 -9.7 -0.6 18.6
intermediate 30.1 -0.7 -10.3 -0.5 18.6
TS2 31.0 -1.9 -7.9 -0.4 20.8
product -6.5 0.9 1.3 2.0 -2.3

A R T I C L E S Torres et al.
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is 157.5° (Table 1). It was found that the phosphorus and
equatorial oxygen atoms are nearly planar (+5.8° phosphorus
deviation above plane) in contrast to that observed in the
Reactant (+24.0° deviation). The proton (H4) on O4 is nearly
completely transferred to the general base, at a distance of 1.45
Å from the oxygen on C4 and 1.07 Å from the oxygen of the
Mg2+-bound hydroxide ion. This results in a more negative
partial charge developing on the O4 atom of TS1 compared
with the reactant,-0.61 vs-0.44 e, respectively. In addition,
the charge on the oxygen atom of the Mg2+-bound HO- is less
negative by 0.19 e. A slight increase in the charge on the Mg2+

and P atoms between TS1 and the Reactant (+0.03 and+0.06,
respectively) also occurs while the charge on thepro-RP oxygen
remains unchanged. A hydrogen bond between a Mg2+-bound
water molecule (trans to the starting Mg2+-bound HO- group)
and the oxygen of the leaving-OCH3 group develops with a
distance of 1.65Å and the P-OCH3 distance has increased to
1.78 Å. This pattern of hydrogen bonds between the internal
nucleophile and the departing-OCH3 moiety is dictated by the
octahedral coordination geometry preferred by Mg2+ ions and
allows for the specific orientation of the HO- and H2O for
catalysis. Further, the change in these hydrogen-bonding interac-
tions relative to the reactant structure indicates a considerable
strengthening which is maintained in the intermediate structure
(vide infra). The negative charge on the departing oxygen has
increased to-0.65 e. These results show that this transition
state is early with respect to O4-P bond formation yet late with
respect to proton transfer.

3.3. The Pentacoordinate Intermediate.A trigonal bipy-
ramidal (TBP) intermediate was distinguished along the reaction
coordinate, linking TS1 and TS2 (vide infra). The energy of
the intermediate was 18.6 kcal/mol (Table 2) above that of the
Reactant, and there were no imaginary frequencies associated
with this structure. The intermediate structure is shown in Figure
4 and is characterized by an O4-P distance of 1.98 Å, a
P-OCH3 distance of 1.80 Å, and an O4-P-OCH3 angle of
157.4° (Table 1). The deviation of the phosphorus from the plane

defined by the equatorial oxygen atoms is+4.0°, indicating that
inversion of configuration about the phosphorus has not yet
occurred. The lengths of the hydrogen bonds of the Mg2+-bound
water molecules to the O4- nucleophile and the oxygen of the
OCH3 leaving group are 1.50 and 1.61 Å, respectively. There
were only slight deviations in the charges on the Mg2+ ion and
phosphate group atoms in the intermediate structure vs TS1 (and
TS2), suggesting that little charge transfer occurs between the
Mg2+ cation and the phosphate of compoundI (data not shown).
The location of a pentacoordinate intermediate is consistent with
the observations by Westheimer13 who found that endocyclic
hydrolysis of cyclic phosphate esters proceeds via an intermedi-
ate structure that is similar to an SN2 process. In addition,
exocyclic cleavage in the pH range of 4-1160 has been proposed
to occur through an intermediate structure similar to that
obtained here. Support for the presence of a TBP intermediate
was provided by the determination of a stable pentaoxyphos-
phorane species via X-ray crystallography.61

3.4. The Rate-Determining Step, Transition State 2.The
search for a transition state corresponding to departure of the
-OCH3 group of compoundI resulted in the location of a
second transition state (TS2) shown in Figure 5. The activation
energy (∆Etotal) for this structure was calculated to be 20.8 kcal/
mol higher in energy than the Reactant (Table 2). The TS2
structure has one imaginary frequency at-395 cm-1, which
corresponds to a P-OCH3 bond-breaking event coupled with a
transfer of a proton from Mg2+-bound water, to assist in the
departure of the leaving group as methanol. TS2 is also an
asymmetric transition state with an O4-P distance of 1.84 Å,
a P-OCH3 bond distance of 1.96 Å, and an O4-P-OCH3 angle
of displacement of 157.8°, slightly larger than in TS1 and the
intermediate structure (Table 1). In TS2, the deviation of the

(60) Kluger, R.; Covitz, F.; Dennis, E. A.; Williams, L. D.; Westheimer, F. H.
J. Am. Chem. Soc.1969, 91, 6066-6072.

(61) Hamilton, W. C.; LaPlaca, S. J.; Ramirez, F.J. Am. Chem. Soc.1965, 87,
127-128.

Figure 4. Optimized structure of the pentacoordinate phosphorane inter-
mediate. Figure 5. Optimized structure of the second transition state (TS2): the

rate-determining step for phosphodiester hydrolysis.
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phosphorus atom from the plane defined by the equatorial
oxygen atoms is-3.5°, indicating that inversion of configuration
about the phosphorus has taken place. The hydrogen bond
between the transferred proton and the internal nucleophile
(O4-) has lengthened to 1.76 Å, while the hydrogen bond
between the trans Mg2+-bound water molecule and the oxygen
of the-OCH3 leaving group has shortened considerably, to 1.28
Å, to assist in its departure. There was no change in the charge
on thepro-RP oxygen or phosphorus atoms between TS1 and
TS2, while only slight charge changes (maximum+0.02 e) were
evident in the remaining phosphate oxygen atoms. Here, O-P
bond breaking appears to be late, while the proton transfer is
early.

3.5. Hydrolysis Product.Following proton transfer from the
trans Mg2+-bound water molecule, regenerating the Mg2+(HO-)
(aq) cofactor, the oxygen of the methanol product has migrated
5.57 Å away from the phosphorus atom (Table 1) of the cyclic
phosphate of 3,4-dihydroxydihydrofuran product containing the
bound cofactor. The free energy of the hydrolysis products was
found to be 2.3 kcal/mol below that of the reactant (Table 2),
thus, the overall reaction including solvation and entropy effects
is exergonic. Here, the phosphorus atom is below the plane
defined by the equatorial oxygen atoms by 23.2°. In addition,
hydrogen bonds involving the important functional groups are
maintained and shown in Figure 6.

3.6. Reaction Coordinate.The rate-determining step in the
divalent metal ion-catalyzed hydrolysis of the hammerhead
ribozyme has been determined to be the departure of the 5′O-

leaving group.11,12,14The rate-limiting step corresponds to the
highest point (TS2) on the potential energy surface in our
calculations of compoundI , as shown in Figure 7. The total
accumulated activation energy barrier is 20.8 kcal/mol. The
tightening of hydrogen bonds in the transition states suggests
that they provide considerable assistance in the catalysis of
hydrolysis.55-58 Examination of the curve suggests that the
lifetime of the intermediate structure is very limited, and would
appear to be kinetically insignificant62,63 along the reaction
pathway. From TS1 to TS2, substantial changes in geometry
occur with only a small change in energy (∼2 kcal/mol). It can

be seen that the structure of TS1 corresponds to the transition
state for endocyclic cleavage, while the structure of TS2
corresponds to that for exocyclic cleavage. Therefore, this
reaction does not appear to proceed by a simple concerted
mechanism. Experimental studies on methyl ethylene phosphate
have determined that the activation energy for its hydrolysis is
ca. 7.5 kcal/mol greater than that for the hydrolysis for trimethyl
phosphate.64 The calculated energy difference, including sol-
vation effects, between the two transition states ofI (2.1 kcal/
mol) is comparable to these experimental findings, although the
calculations slightly underestimate this barrier. In addition, the
calculated overall energy barrier is consistent with the reported
value of the rate-determining step of approximately 1 min-1

(∼20 kcal/mol) found in vitro for the autocatalysis reaction
involving divalent metal ions for hammerhead ribozyme.3,8

4. Conclusions

In the current study, metal-ligated water is involved in
creating the nucleophile and assisting the departure of the
leaving group, suggested by experimental9,10,14,15,22-24 and
molecular dynamics studies.36,37 The divalent metal ion serves
as a Lewis acid to assist in nucleophilic addition by associating
with the pro-RP oxygen of the negatively charged phosphate
moiety of the substrate. Our calculations also provide evidence
for the additional postulated roles of metal ions in catalysis.65

These include the following: (1) orienting the ligated water
molecules for catalysis and providing hydrogen bonds to
stabilize the developing negative charges on the internal
nucleophile and the leaving group, (2) providing a hydroxide
ion near the scissile phosphate to generate the nucleophile and
promote catalysis, and (3) facilitating the loss of leaving group
via donation of a proton from a metal-ligated water molecule.
Molecular dynamics studies32-37 have suggested that a pucker
in the S domain (C2′-endo in nucleosides) is necessary for
catalysis by the internal nucleophile, which is confirmed by our
calculations. It can be seen that in this model nucleophilic
displacement is facilitated by a divalent metal ion binding to
phosphate and the reaction proceeds with the required proton

(62) Dejaegere, A.; Lim, C.; Karplus, M.J. Am. Chem. Soc.1991, 113, 4353-
4355.

(63) Taira, K.; Uchimaru, T.; Storer, J. W.; Yliniemela, A.; Uebayasi, M.;
Tanabe, K.J. Org. Chem.1993, 58, 3009-3017.

(64) Kaiser, E. T.; Panar, M.; Westheimer, F. H.J. Am. Chem. Soc.1963, 85,
602-607.

(65) Benkovic, S. J.; Shray, K. J. InTransition States of Biochemical Processes;
Gandour, R. D., Schowen, R. L., Eds.; Plenum Press: New York, 1978;
pp 493-527.

Figure 6. Structure of the optimized product of the hydrolysis reaction.

Figure 7. Relative energies, including solvation effects, for the transes-
terification reaction for the model phosphodiester compoundI .
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transfers. Little additional electrostatic stabilization is afforded
to the reactant compared to the transition states (TS1 and TS2)
or the intermediate by the divalent metal ion during the reaction,
although it appears that the divalent metal ion mediates the
charge changes that occur. In addition, applying solvation, zero-
point, and entropy corrections to the gas-phase activation
energies results in a lowering of the activation energy barrier
to make the reaction accessible. The rate-determining transition
state, TS2, located in this study shows that one metal ion is
sufficient to catalyze the self-cleavage of the hammerhead
ribozyme. Although gas-phase calculations alone are limited in
their significance to the reaction in solution, these calculations
plus corrections provide structures and final energies consistent

with experimental results and indicate that, at the present level
of theory, the reaction is stepwise. The possibility of two metal
ions participating in the cleavage reaction, however, cannot be
eliminated. It is hoped that these results will aid in the
development of antisense therapeutics.
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