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Abstract

A recent crystal structure of the precleaved HDV ribozyme along with biochemical data support a
mechanism for phosphodiester bond self-cleavage in which C75 acts as a general acid and bound
Mg?2* ion acts as a Lewis acid. Herein this precleaved crystal structure is used as the basis for
quantum mechanical/molecular mechanical calculations. These calculations indicate that the self-
cleavage reaction is concerted with a phosphorane-like transition state when a divalent ion, Mg2*
or Ca2*, is bound at the catalytic site but is sequential with a phosphorane intermediate when a
monovalent ion, such as Na*, is at this site. Electrostatic potential calculations suggest that the
divalent metal ion at the catalytic site lowers the pK, of C75, leading to the concerted mechanism
in which the proton is partially transferred to the leaving group in the phosphorane-like transition
state. These observations are consistent with experimental data, including pK,; measurements,
reaction Kinetics, and proton inventories with divalent and monovalent ions.
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RNA enzymes, or ribozymes, participate in a number of biologically critical reactions,
including tRNA maturation, splicing, and translation. The hepatitis delta virus (HDV)
ribozyme is widespread in biology and functions in viral processing in human cells through
its phosphodiester self-cleavage.! The HDV ribozyme undergoes a reaction in which a
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phosphodiester bond is formed between O2'(U-1) and P(G1) and broken between P(G1) and
O5'(G1). A recent structure of the HDV ribozyme trapped in the precleaved state was solved
in the presence of Mg2* with a C at position 75, and at low pH of 5.0 to maintain C75 in the
protonated state.2 In this structure, an active site Mg2* ion was clearly resolved. The
structure, along with a variety of biochemical data, suggest a plausible mechanism for this
reaction: C75 acts as a general acid and transfers a proton to the 5’-bridging oxygen leaving
group of G1, and a catalytic Mg2* ion serves as a Lewis acid to stabilize the 2’-oxyanion of
U-1 (Figure 1).23 We recently conducted several molecular dynamics (MD) studies on this
reaction,* leading to two main conclusions: (1) the catalytic Mg2* ion remains localized
(chelated) near the reverse G25¢U20 wobble, in contrast to a metal ion that is more diffuse
near the standard G1+U37 wobble, and (2) protonation of C75 keeps the active site primed
for the catalytic reaction through key hydrogen-bonding interactions and binding of Mg2*.
To our knowledge, this precleaved crystal structure has not yet been used to investigate the
mechanism of the self-cleavage reaction with theoretical methods.

In this Letter, we perform quantum mechanical/molecular mechanical (QM/MM)
calculations based on this precleaved crystal structure to examine the self-cleavage
mechanism of the HDV ribozyme. Our objective is to determine if this reaction is
sequential, potentially involving a phosphorane intermediate, or concerted and to examine
the role of the catalytic Mg2* in the mechanism. Our calculations indicate that the self-
cleavage reaction in the HDV ribozyme in the presence of bound Mg?2* is concerted with a
phosphorane-like transition state and that the catalytic Mg2* strongly influences the
mechanism. We find that the mechanism becomes sequential when the catalytic Mg2* is
replaced by a monovalent ion but remains concerted when the catalytic Mg?* is replaced by
another divalent ion, Ca2*. Our analysis suggests that the divalent metal ion lowers the pK,
of C75, leading to a concerted mechanism in which the proton is already partially transferred
to the leaving group in the phosphorane-like transition state. These results are consistent
with previous experimental mechanistic studies on the HDV ribozyme.5-2

Three prior quantum mechanical calculations were performed on the HDV ribozyme but
differ fundamentally from this study in that they used a starting model based on the crystal
structure of the HDV ribozyme with a C75U mutation,1° albeit mutated back to C in silico.
This C75U mutant structure does not appear to be reflective of the catalytic conformation of
the ribozyme for multiple reasons involving mis-positioning of functionalities and metal
ions, as discussed elsewhere.11 Moreover, these studies have provided conflicting results
regarding a stable phosphorane intermediate. In one study, density functional theory (DFT)
was used to perform geometry optimizations on two cutoff models, each containing 42 non-
hydrogen atoms, with the environment modeled as a dielectric continuum aqueous solvent.12
A stable phosphorane intermediate was found in a model with C75 acting as the general acid
but not in a model with C75 acting as the general base, and analysis based on the energy
barriers and estimated concentrations favored the C75 general acid mechanism. In a second
study, DFT geometry optimizations of similar, relatively small model systems favored the
C75 general acid mechanism but with no stable intermediate.13 In a third study, QM/MM
calculations of the solvated ribozyme favored the C75 general base mechanism with no
stable intermediate.14 Thus, there is no consensus among these three theoretical studies on
the formation of stable intermediates or whether C75 serves as the general acid or base in
the mechanism when the structure derived from the C75U mutant is probed. In addition, a
recent molecular dynamics study of the HDV ribozyme based on the C75U structure
supports C75 as the general acid.1>

In contrast to these previous studies, the QM/MM calculations in the present study are based
on the precleaved crystal structure (PDB 1D 3NKB) solved with wild-type sequences (i.e.,
with the C75 present and protonated) and with Mg2* bound.2 The upstream nucleotide and
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scissile phosphate were modeled as described previously.? Specifically, the U-1 nucleotide
was not fully resolved in that structure and was positioned based on analogy to the cleavage
site of the hammerhead ribozyme, in conjunction with the available experimental electron
density data for the HDV ribozyme. The resulting model of the precleaved HDV ribozyme
contains 73 nucleotides. Hydrogen atoms were added to the entire structure using Accelrys
Discover Studio Visualizer 2.0. C41 was protonated at N3 to maintain its hydrogen-bonded
base triple,16 and C75 was protonated at N3, as suggested by pK, measurements on the
precleaved form.8 The 11 Mg2* ions resolved in the crystal structure were included, and the
ribozyme was solvated with rigid TIP3P watersl’ in a periodically replicated orthorhombic
box. The system was neutralized with Na* ions, and physiological monovalent ionic strength
was added to the solvent to give ~0.15 M NaCl.

The starting configurations for the QM/MM optimizations were obtained from molecular
dynamics (MD) simulations of the solvent and Na* and CI~ ions according to the
equilibration procedure described in the Supporting Information. This MD equilibration was
performed with the Desmond8:1° program using the AMBER9920:21 force field. During
equilibration, the ribozyme and the Mg2* ions were fixed at the coordinates from the crystal
structure. Following the MD equilibration, the solvent-equilibrated system was truncated by
deleting all solvent molecules outside a cutoff distance of 10 A from the ribozyme. In
addition, the O2'(U-1) was deprotonated to drive its nucleophilic attack on the scissile
phosphate in the subsequent QM/MM calculations. Note that this study does not focus on
the mechanism of deprotonation of this oxygen or the identity of the general base.

The QM/MM calculations were performed using the Qsite program.22 The QM region was
treated with density functional theory (DFT) at the B3LYP/6-31G** level of theory,
including the LACVP* pseudopotential for the metal ions K*, Cs* and Ca?*, with an
ultrafine grid. The hydrogen-capping method was used for the residues at the boundary of
the QM and MM regions.?2 The MM region was described by the OPLS2005 force field,
and a 100 A residue-based nonbonded cutoff was used. Because we are interested mainly in
the changes that occur in the active site, all atoms outside a 20 A radius sphere centered at
the scissile phosphate were held fixed throughout the QM/MM calculations, although their
energetic influence on all atoms (QM and MM) was maintained throughout the study. Note
that conformational changes beyond this sphere will therefore not be observed in these
calculations. Prior to the full QM/MM geometry optimization, an initial MM geometry
optimization of the atoms within this 20 A radius sphere was performed with the QM region
fixed.

Four different QM regions were considered for this system. Each of these regions contains
the following key residues: C75 nucleobase, U-1 sugar, G1 phosphate (the scissile
phosphate), U23 phosphate, and the active site Mg2* ion with its three crystallographic
waters. These residues, as well as the additional residues included in each region, are
depicted in Figure S1. QM/MM geometry optimizations were performed with each of these
QM regions to enable comparison of key distances and angles in the active site. Table S1
provides a comparison of the important active site distances of the ribozyme after QM/MM
geometry optimization using the different QM regions. Based on this comparison, the QM
region chosen for the subsequent calculations contained 87 atoms and consisted of the U-1
nucleotide, G1 sugar and scissile phosphate, protonated C75 nucleobase, U23 phosphate,
C22 sugar, and catalytic Mg2* ion with its three water ligands (Figure 1).

While these types of QM/MM calculations provide useful qualitative mechanistic
information, they are also associated with known limitations. In complex systems, a large
number of related minima and transition states (i.e., first-order saddle points) are present on
the potential energy surface. The specific reactant, transition state, and product identified
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with QM/MM calculations depends on the starting configuration, which corresponds to the
crystal structure coordinates of the precleaved ribozyme immersed in equilibrated solvent in
the present work. The resulting reaction pathway is therefore not unique. Nonetheless, the
underlying assumption of these calculations is that the qualitative mechanism is
representative of a set of such reaction pathways. The energetics along the reaction pathway
are not quantitatively meaningful because entropic contributions are neglected, and
conformational sampling is required to average over the entire set of relevant reaction
pathways. Future work will utilize ab initio molecular dynamics methods to generate free
energy profiles along the dominant reaction coordinates?? or an approach such as transition
path sampling to obtain additional information about the mechanisms and the relative rate
constants.

In the present study, QM/MM calculations, in conjunction with experimental data from the
literature, provide insight into the qualitative mechanism of the self-cleavage reaction of the
HDV ribozyme. The specific objectives of this study were to determine if this self-cleavage
mechanism is sequential, potentially with a phosphorane intermediate, or concerted and to
understand the impact of the catalytic Mg2* ion on the mechanism. The reactant
(precleaved) and product (cleaved) structures were determined by placing the transferring
hydrogen from the general acid C75 near its donor or acceptor, respectively, prior to the
QM/MM geometry optimization using the methods described above. The reactant and
product structures, which are minima on the QM/MM potential energy surface, are shown in
Figures 2a and 2c, respectively. In the reactant structure, the proton (H3) is bonded to N3,
and the P-O5’ bond is formed, while in the product structure, the proton is bonded to O5’,
the P-O2’ bond is formed, and the P-O5’ bond is broken. The root-mean-square deviation
(RMSD) between the starting structure and the optimized reactant structure was 0.41 A.
These structural differences arise predominantly from a decrease in the N3(C75)-05'(G1)
distance (i.e., the proton donor-acceptor distance) from 3.6 A to 3.01 A.

Starting from the QM/MM-optimized reactant and product structures, we identified a
transition state (TS) using the quasi-synchronous transit (QST)2* method and confirmed that
the resulting stationary point has a single imaginary frequency. The transition state obtained
has a phosphorane-like structure, with the scissile phosphate penta-coordinated, the P-O2’
bond partially formed, and the P-O5’ bond partially broken (Figure 2b). To confirm that this
TS corresponds to the reactant and product of interest, we calculated the mass-weighted
minimum energy path (MEP) from the TS back to the reactant and product structures along
the intrinsic reaction coordinate (IRC). The energy along this MEP is depicted in Figure 3a.
The calculated energy barriers along the MEP are 25 kcal/mol and 15 kcal/mol in the
forward and reverse directions, respectively. We emphasize that these energies cannot be
used to estimate rate constants because they do not include entropic effects and only
represent a single reaction pathway. The RMSDs between the optimized TS and reactant and
between the optimized product and reactant are 0.15 A and 0.19 A, respectively, suggesting
only minor conformational changes along this portion of the overall reaction pathway.

According to the MEP shown in Figure 3, the mechanism of self-cleavage in the HDV
ribozyme is a concerted reaction with a phosphorane-like TS (i.e. there is no intermediate
along this reaction pathway). The relevant reaction coordinates in this process are the P(G1)-
0O5'(G1) and P(G1)-02'(U-1) distances, as well as the difference between the N3(C75)-
H3(C75) and O5'(G1)-H3(C75) distances. Figure 3b depicts the values of these distances
along the IRC. Although the overall self-cleavage reaction is concerted, with a single TS
connecting the reactant and product, it is asynchronous and can be visualized in three stages
along the IRC. Initially the O2' attacks the scissile phosphate to bring the local geometry
into a favorable conformation for the subsequent proton transfer and the bond formation/
cleavage processes. This initial attack is observed in the P-O2' distance decreasing without
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much change in P-O5' or proton transfer distances (Figure 3b). Next, the proton (H3) is
transferred from N3(C75) to O5'(G1), which is observed in the (N3-H3)-(05'-H3) distance
changing significantly and the P(G1)-O2'(U-1) and P(G1)-O5'(G1) distances remaining
virtually unchanged. In the last stage, the P(G1)-O2'(U-1) and P(G1)-O5'(G1) bonds are
completely formed and broken, respectively.

Although no stable intermediate was observed along the reaction pathway depicted in Figure
3, suggesting a concerted mechanism, we cannot rule out the possibility that a sequential
pathway also exists for this system. Formation of intermediate penta-coordinate
phosphorane species has been proposed in some other ribozyme catalyzed mechanisms.12
We searched for these intermediate minima by performing a series of constrained
optimizations along the P-O5’ and P-O2’ coordinates. These constrained optimizations were
performed for three different configurations at the proton transfer interface corresponding to
the reactant state, transition state, and product state. As shown in Figure S2, the three
resulting constrained potential energy surfaces do not show evidence of additional minima
corresponding to intermediate structures. Thus, although an exhaustive search of the many-
dimensional potential energy surface is not possible, the evidence provided by our
calculations is consistent with a concerted mechanism in the presence of a bound Mg?* ion.

As mentioned above, the structure of the precleaved HDV ribozyme contains a catalytic
Mg?2* ion interacting with one of the non-bridging (pro-Rp) oxygens of the scissile
phosphate. This Mg2* ion is depicted as a purple sphere in Figure 2. We hypothesized that
the absence of the phosphorane intermediate may be related to the presence of the Mg2* ion
at that position. Biochemical experiments indicate that the HDV ribozyme is active with a
wide range of divalent ions, especially Ca2*,2526 a5 well as monovalent ions alone at high
concentrations.5-27 To explore our hypothesis, we replaced the catalytic Mg2* ion with either
a single monovalent ion or another divalent ion (Li*, Na*, K*, Cs* or Ca2*) and investigated
the possibility of a phosphorane intermediate for each metal ion. We also examined the case
with no ion at the catalytic position. Our previous molecular dynamics simulations of the
precleaved HDV ribozyme in the absence of the catalytic Mg?* resolved in the crystal
structure? indicated that a single Na* ion interacts diffusely with this catalytic site for the
majority of the time but does not always remain in this region.> These previous simulations
support the replacement of the catalytic Mg2* by a single monovalent ion and also justify
exploring the case with no ion at the catalytic position.

For each of these modified systems, the starting point for the QM/MM optimization was the
TS obtained for the original system, converted to the modified system by replacing the
catalytic Mg2* with another ion or by removing it. In each case, we searched for both a
transition state and a minimum from this starting structure using a variety of constrained
optimization procedures. The results are summarized in Table 1, with the active site
structural details given in Table S2 and the relative energies of the stationary points given in
Table S3. For all cases with a monovalent ion or no ion at the catalytic position, a
phosphorane intermediate was obtained as a minimum on the potential energy surface. This
intermediate was ~4-9 kcal/mol higher in energy than the reactant. In contrast, for both
cases with a divalent ion at the catalytic position, no such intermediate was obtained (i.e., no
minima other than the reactant and product states were found), but a phosphorane-like
transition state was identified. The MEP with Ca2* at the catalytic site is provided in Figure
S5. Although we found a phosphorane intermediate for all cases with a monovalent ion at
the catalytic position, we were unable to find a phosphorane-like transition state for these
cases. In other words, for each case studied, we found either a phosphorane-like transition
state or a phosphorane intermediate, but not both.
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A second active site Mg2* ion has been suggested to interact with the standard G1eU37
wobble.28 Recent molecular dynamics studies suggest that this metal ion interacts diffusely
with the standard wobble and plays a structural rather than catalytic role.4> In the
calculations described above, only Na* ions were interacting with this standard GeU wobble.
We also performed calculations with a Mg2* at the standard wobble, and the results were
qualitatively the same as those obtained in its absence. Thus, this diffusely interacting Mg2*
ion does not appear to influence the qualitative mechanism of self-cleavage, providing
further evidence that it does not play a significant catalytic role.

The structures of the phosphorane-like TS with a divalent ion at the catalytic position and
the phosphorane intermediate with a monovalent ion at the catalytic position are very
similar. The most prominent difference between these two structures is the position of
H3(C75) (Figure S3, Table S2). In the phosphorane-like TS, this hydrogen is midway
between N3(C75) and O5’(G1), and in the phosphorane intermediate, this hydrogen is still
bonded to N3(C75). Quantitatively, the N3(C75)-H3(C75) and O5'(G1)-H3(C75) distances
are 1.32 A and 1.31 A, respectively, for the phosphorane-like TS obtained with the catalytic
Mg2* and 1.06 A and 1.86 A, respectively, for the phosphorane intermediate with Na*
(Table S2). Note that the N3(C75)-05'(G1) distance is ~0.3 A smaller in the phosphorane-
like TS than in the phosphorane intermediate. One plausible explanation for these structural
differences is that the higher charge of the Mg2* ion allows the divalent metal ion to
withdraw more electron density from C75, thereby increasing the acidity of the proton
H3(C75). Indeed, solution and crystallographic experiments reveal lowering of pKj, values
of C75 from 7.25 to 5.9 upon going from unbound to bound Mg?*, respectively, but
maintaining of a high pK value, near 7.5, in the presence of up to 1 M Na*.8:9.11 (Note that
all of these pKj, values are perturbed toward neutrality from the unshifted value of 4.2 for
free cytosine, and hence favor general acid catalysis.)

The lower pK, value of C75 with bound divalent metal ions as compared to monovalent ions
is supported by comparison of the electrostatic potentials generated for the reactant state
with a Mg2* ion or a Na* ion at the catalytic position (Figure 4). This figure suggests that
the electrostatic potential at C75 is more positive with the catalytic Mg?* in the active site,
resulting in a lower pK, value of C75. To determine whether this phenomenon was due to
differences between the divalent and monovalent metal ions or between the optimized
reactant structures, we also calculated the electrostatic potentials for each optimized
structure with the catalytic Mg?* replaced by Na*, or the bound Na* replaced by Mg2*.
These results, which are provided in Figure S4, indicate that the differences between the
electrostatic potentials shown in Figure 4 are due to the presence of the divalent versus
monovalent ion, rather than to structural differences.

In conclusion, our QM/MM calculations indicate that the self-cleavage reaction of the HDV
ribozyme is concerted with a phosphorane-like transition state in the presence of Mg2*.
When the catalytic Mg2* ion is replaced by a monovalent ion, the mechanism becomes
sequential with a phosphorane intermediate. On the other hand, when this catalytic Mg2* ion
is replaced by another divalent ion, the mechanism remains concerted. These results are
consistent with the experimental observations that the HDV ribozyme functions with
similarly fast reaction kinetics with Mg?* and Ca?* 2526 suggesting that these reactions
proceed by the same mechanism, but functions about 20-fold slower with Na*,29 suggesting
that this reaction may proceed by an altered mechanism. In addition, proton inventory
experiments support a stepwise reaction of the HDV ribozyme in the presence of Na* but a
concerted reaction in physiological concentrations of Mg2*.”:9 According to our
calculations, the main structural difference between the phosphorane-like TS and the
phosphorane intermediate is that the proton is partially transferred to the leaving group in
the former but not in the latter. Our analysis suggests that the catalytic Mg2* ion withdraws
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more electron density from C75 than does a monovalent metal ion bound at this site. As a
result, the pKj, value of C75 is lower in the presence of the divalent metal ion, leading to a
concerted mechanism with a phosphorane-like transition state in which the C75 proton is
partially transferred. This result is consistent with the experimental observation that the pKj,
value of C75 is lowered by more than 1 unit by bound Mg?* but is not affected by high
concentrations of Na*.8:911 Qur studies herein suggest unique ways in which the HDV
ribozyme uses communication between a metal ion and a nucleobase to help drive catalysis.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Schematic illustration of the QM region chosen for the QM/MM calculations used to
generate the results in this study. The atoms in red are included in the QM region, and wavy
lines indicate the QM/MM boundary. The region contains 87 QM atoms. The arrows
describe the self-cleavage reaction.
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Figure 2.

Cleavage site for the (a) reactant, (b) transition state, and (c) product states obtained from
the QM/MM optimizations. The active site Mg2* (purple) is coordinated to the pro-Rp
oxygen of the scissile phosphate and the nucleophilic O2' of U-1. In the transition state, the
transferring hydrogen is depicted as a gray ball. Catalytically relevant bond distances are
given.
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Figure 3.

Minimum energy path (MEP) for the self-cleavage reaction obtained using QM/MM
methods with Mg?* at the catalytic site. The energy (a) and relevant distances (b) are shown
along the intrinsic reaction coordinate.
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Figure 4.

Molecular electrostatic potential mapped onto the electron density isosurface. The QM
region is shown here for the reactant state with (a) a Mg2* ion and (b) a Na* ion at the
catalytic position. In both panels, the scale is from —0.5 to 0.5 kT/e at 298 K. The dotted
gray circle indicates the position of the metal ion in each case. These figures suggest that the
Mg?2* ion at the catalytic site withdraws greater electron density from C75, making the
residue more electron deficient and the transferring proton more acidic, as compared to the
case of a Na* ion at the catalytic site.
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Table 1

Results of exploring different cases of active site metal ions. Phosphorane intermediates were obtained in
cases with monovalent ions at the catalytic position but not in cases with divalent ions at the same site.
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Metal ion at catalytic position | Phosphorane intermediate obtained | Phosphorane-like TS obtained

Mg+ No Yes

Ca® No Yes

Li* Yes No

Na* Yes No

K* Yes No

Cs* Yes No

no metal ion Yes No
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