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Abstract
This work outlines a new on-line database of quantum calculations for RNA catalysis (QCRNA) available via the worldwide web at http://
theory.chem.umn.edu/QCRNA. The database contains high-level density functional calculations for a large range of molecules, complexes and
chemical mechanisms important to phosphoryl transfer reactions and RNA catalysis. Calculations are performed using a strict, consistent protocol
such that a wealth of cross-comparisons can be made to elucidate meaningful trends in biological phosphate reactivity. Currently, around 2000
molecules have been collected in varying charge states in the gas phase and in solution. Solvation was treated with both the PCM and COSMO
continuum solvation models. The data can be used to study important trends in reactivity of biological phosphates, or used as benchmark data for
the design of new semiempirical quantum models for hybrid quantum mechanical/molecular mechanical simulations.
# 2006 Elsevier Inc. All rights reserved.
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1. Introduction
An understanding of the molecular mechanisms of RNA
catalysis is important from a fundamental biological perspective, and also for the design of new medical therapies that target
genetic disorders [1–3], as well as the development of new
biotechnology [4–11]. Much of what is known about
phosphoryl transfer reactions have been derived from a wide
spectrum of experimental data for reactions in solution ranging
from the study of kinetics, pH and ion dependence, isotope and
thio effects, along with information gained from spectroscopic
techniques [12–15]. The understanding of the mechanisms of
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RNA catalysis [16,17] has been greatly facilitated by the
availability of structural information derived from X-ray
crystallography and related mechanistic studies of small
prototype ribozymes such as the hammerhead [18,19], hairpin
[20,21] and hepatitis delta virus [22,23] ribozymes that catalyze
a cleavage transesterification reaction (Scheme 1) several
orders of magnitude faster than non-enzymatic RNA molecules. Although no single experiment is able to conclusively
provide a detailed mechanistic picture, a general consensus of
the key factors that regulate biological phosphate reactivity and
influence mechanism has emerged through analysis of the large
accumulated body of experimental data.
Theoretical models have found widespread application by
providing aid to the interpretation and refinement of experimental data. In principle, molecular simulations have the
potential to unlock the catalytic modus operandi and unveil the
mechanisms of allosteric control of catalytic RNA molecules.
In order for modern theoretical chemistry methods to reliably
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Scheme 1. Schematic illustrating typical transesterification (top), migration (middle) and hydrolysis (bottom) reactions that occur in RNA.

address large-scale problems of RNA catalysis, highly accurate
and sufficiently fast quantum models are required that can be
used with linear-scaling electronic structure methods [24,25]
and hybrid quantum mechanical/molecular mechanical (QM/
MM) simulations [26–28]. One approach is to develop socalled semiempirical quantum models that are specifically
parameterized to obtain accurate results over a relevant range of
chemical processes. In the case of RNA catalysis, the
quantitative predictive capability of the semiempirical quantum
models [29–32] must encompass a broad range of biological
phosphate chemistry, and hence need to be parameterized
against a large dataset of model compounds, complexes and
phosphoryl transfer reactions calculated with high-level
electronic structure methods.

Over the past two decades, biological phosphates and their
reactions have been studied fairly extensively [13] with a
variety of quantum chemical methods, both in the gas phase
[33–37] and in solution [38–46], including studies of the nature
of associative and dissociative paths [47–49]. However, as a
dataset for training new semiempirical quantum models for
RNA catalysis, available information collected from the
literature is grossly inadequate in that:
(1) The literature data is incomplete in terms of the availability
of detailed electronic, structural, and thermodynamic
information.
(2) The literature data is inconsistent in that disparate
theoretical/computational protocols have been employed
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by different groups that severely limit meaningful
quantitative cross-comparison.
(3) The range of biological phosphate model reactions found
in the literature data is not sufficiently extensive or
systematic to capture many of the phosphate reactivity
trends important in RNA catalysis.
The purpose of this paper is to introduce a new on-line
database of quantum calculations for RNA catalysis
(QCRNA) [50]. The QCRNA database contains an extensive
set of calculations of molecules, complexes, and chemical
mechanisms involving a wide range of phosphoryl transfer
reactions relevant to the study of RNA catalysis. The
database was constructed using a strict computational
protocol and level of theory that allows for a robust set of
comparisons to be made and internal consistency to be
maintained. This database can be used to identify key factors
that influence biological phosphate reactivity [51–55],
derive linear free energy relations [56–59] and train nextgeneration semiempirical quantum models [60–62] for
linear-scaling electronic structure calculations [63–65] and
hybrid QM/MM simulations [66–68] of RNA catalysis. The
use of databases in quantum chemistry has gained considerable interest in recent years, and has been the focus of
considerable effort and progress [69–71], although none to
date has the same broad application to RNA catalysis as that
of the present work.
2. Methods
The QCRNA database utilizes a strict computational
protocol to determine optimized molecular structures, electronic structure properties and thermodynamic quantities including estimates of the solvation free energy and solventpolarization using continuum models. Checks on both the
wave function and nature of the stationary points are performed
to insure reliability of the calculations. All calculations were
performed using the GAUSSIAN 03 [72] software package. A
summary of the QCRNA protocol is as follows:
 B3LYP/6-31++G (d,p) geometry optimization to a stationary
point on the adiabatic potential energy surface;
 B3LYP/6-31++G (d,p) wave function stability check;
 B3LYP/6-31++G (d,p) vibrational frequency analysis
(including enthalpic and free energy corrections to the
energy at 298.15 K) and polarizability calculation;
 B3LYP/6-311++G (3df,2p) gas-phase single point energy
refinement, evaluation of multipole moments, natural bond
orbital (NBO) analysis, and ChelpG atomic charges;
 B3LYP/6-311++G (3df,2p) solution-phase single point
energy refinement with COSMO solvation, evaluation of
multipole moments, natural bond orbital (NBO) analysis,
and ChelpG atomic charges;
 B3LYP/6-311++G (3df,2p) solution-phase single point
energy refinement with PCM solvation, evaluation of
multipole moments, natural bond orbital (NBO) analysis,
and ChelpG atomic charges.
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Details of the calculations in the gas phase and in solution
are provided in Sections 2.1 and 2.2, respectively.
2.1. Gas-phase calculations
All structures were optimized in the gas phase with Kohn–
Sham density functional theory (DFT) methods using the
hybrid exchange functional of Becke [73,74] and the Lee, Yang,
and Parr correlation functional [75] (B3LYP). Integrals
involving the exchange-correlation potential used the default
numerical integration mesh with a maximum of 75 radial shells
and 302 angular quadrature points per shell pruned to
approximately 7000 points per atom [76].
Geometry optimizations were performed in redundant
internal coordinates with default convergence criteria [77]
using the 6-31++G (d,p) basis set and the stability of the
restricted closed shell Kohn–Sham determinant for each
final structure were verified [78,79]. Frequency calculations
at the optimized geometries were performed to establish the
nature of all stationary points and used to calculate
thermodynamic quantities. Electronic energies and other
properties of the density, such as moments of the density
and natural bond order (NBO) analysis [80] were further
refined via single point calculations at the optimized
geometries using the 6-311++G (3df,2p) basis set and the
B3LYP hybrid density functional. All single point calculations were run with convergence criteria on the SCF wave
function tightened to 108 au to ensure high precision for
properties sensitive to the use of diffuse basis functions
[76].
2.2. Solvation calculations
Solvation effects were treated by single point calculations
based on the gas-phase optimized structures using the
polarizable continuum model (PCM) [81–83] and a variation
of the conductor-like screening model (COSMO) [84] as
implemented in GAUSSIAN 03. The solvation free energy, DGsol,
is defined as:
DGsol ¼ Gaq  G

(1)

where G and Gaq are the molecular free energies in the gas
phase and in solution, respectively. In the present work, the
approximation is made that the gas-phase geometry, entropy,
and thermal corrections to the enthalpy do not change upon
solvation. Within these approximations, the solvation energy is
given by:
DGsol ¼ ðE½csol  þ Esol ½rsol Þ  E½cgas 

(2)

where E[cgas] and E[csol] are the Kohn–Sham energy functionals that take as arguments the Kohn–Sham single-determinant wave function optimized in the gas phase (cgas) and in
solution (csol), and Esol[rsol] is the solvation energy that takes
as argument the polarized electron density in solution rsol(r)
(which can be derived from csol).
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In the PCM and COSMO models, the solvation energy
functional, Esol[rsol], can be written

Z
X
1
3
Za nRF ðRa Þ
Esol ½r ¼
rðrÞnRF ðrÞd r 
2
a
þ Gdisp-rep þ Gcav

(3)

where nRF(r) is the solvent reaction-field potential, Za is the
nuclear charge of atom a located at position Ra. Gdisp-rep and
Gcav represent the dispersion–repulsion and cavitation contributions, respectively [82].
2.3. Thermodynamic quantities
The QCRNA database provides several thermodynamic
quantities other than the internal electronic energy and are
summarized below:
G ¼ H  TS

(4)

H ¼ U þ RT

(5)

U ¼ E0 þ Evib þ Erot þ Etrans

(6)

E0 ¼ ðEelec þ ENN Þ þ EZPV ¼ E þ EZPV

(7)

where G, U, H, S, and T are the Gibbs free energy, internal
energy, enthalpy, entropy, and temperature, respectively, R the
universal gas constant, and Eelec, ENN, EZPV, Evib, Erot, and Etrans
are the electronic energy, nuclear–nuclear repulsion energy,
zero-point vibrational energy, thermal vibrational energy correction, rotational, and translational energy components,
respectively, and E is the adiabatic energy (i.e., E = Eelec + ENN).
The expression for the enthalpy (Eq. (5)) assumes the ideal gas
law for 1 mol of particles. The internal energy and entropy were
derived from standard statistical mechanical expressions for
separable vibrational, rotational and translational contributions

within the harmonic oscillator, rigid rotor, ideal gas/particle-in-abox models in the canonical ensemble [85], and have been
described in detail elsewhere [51]. Thermodynamic properties
were calculated using unscaled vibrational frequencies and a
standard state in the gas phase of 1 mol of particles at
T = 298.15 K and 1 atm pressure.
The free energy in solution was calculated as a solvation free
energy correction to the gas-phase free energy as:
Gaq ¼ G þ DGsol

(8)

where G and Gaq are the Gibbs free energy values in the gas
phase and aqueous phase, respectively, and DGsol is the solvation free energy (Eq. (1)) [81,86]. The standard state in solution
was taken to be at 298.15 K and 1 M concentration.
3. Results and discussion
The database contains three large bodies of information:
molecule/complex (Section 3.2), chemical mechanism (Section
3.3), and potential energy surface (Section 3.4). Each of these
bodies of data is individually searchable (Section 3.5), and can
be manipulated with comparison tables (Section 3.6) and
graphical interfaces (Section 3.7).
3.1. Overview
The main types of information that can be found in the
database include:






molecular properties;
relative conformational energies;
hydrogen bond energies;
metal ion binding energies;
proton affinities/gas-phase basicities;

Scheme 2. General schematic showing typical types of acyclic and cyclic phosphates and phosphoranes important to the study of phosphoryl transfer in RNA systems
and in small model systems studied with experiment, including isotope effects and thio effects.
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Scheme 3. General schematic showing idealized associative, concerted and dissociative mechanistic extremes for a typical phosphate monoester reaction.

 tautomerization energies;
 chemical mechanisms.
The molecular properties include the geometrical structure
(either of a minimum or transition state), along with the host
of electronic structure, thermodynamic, and solvation properties
mentioned previously in Section 2. A main focus of the database
involves the last item, chemical mechanisms. Phosphoryl transfer
mechanisms relevant to RNA catalysis include not only reaction
models of the native ribozyme systems (Scheme 1), but also of a

host of other small model reactions with enhanced leaving groups
and chemical modifications that have been well characterized
experimentally. Of the mechanisms relevant to RNA catalysis
contained in the database are those that involve:
 acyclic and cyclic phosphates;
 linear free energy relations that involve different nucleophiles
and leaving groups;
 phosphate mono-, di- and triester systems;
 different protonation and charge states;

Fig. 1. A portion of the QCRNA database page displaying the gas and solvation energetics and thermochemistry data for protonated metaphosphate, P(O)(O)(OH).
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 experimentally relevant thio effects;
 phosphorane pseudorotation reactions;
 metal-catalyzed reactions.
A general scheme of some of the acyclic and cyclic
phosphates and phosphoranes contained in the database are
illustrated in Scheme 2. The nature of the phosphates and
phosphoranes involved in the reaction effect the chemical
mechanism, which can proceed via a predominantly associative, concerted or dissociative pathways, as illustrated in
Scheme 3 for an idealized phosphate monoester reaction.
3.2. Molecule/complex information
At the time of this writing, there are approximately 2000
molecules and complexes, more than half of which contain
phosphorus, in the QCRNA database. Each molecule/complex
contains the following energetic and thermodynamic information: E, E0, TS, H, G in the gas phase (Section 2.3), Gaq and
DGsol for both COSMO and PCM implicit water solvent
(Section 2.2). Electronic properties are calculated in the gas
phase and in solution treated with both the COSMO and PCM

implicit solvent models. These properties include: the dipole
moment components mx, my, mz and magnitude jmj, eigenvalues
of the quadrupole moment tensor Qxx, Qyy, Qzz, the molecular
orbital energies of the highest occupied and lowest unoccupied
molecular orbitals HOMO and LUMO, respectively, the
Koopman ionization potential IP, and related vertical excitation
energy, Vertical E* (under Koopman’s approximation, i.e.,
Vertical E* = eLUMO  eHOMO) In many cases, gas-phase and
solution polarizability data is also available. Full structural and
vibrational frequency information is also available in raw form
or through the graphical interfaces (Section 3.7). An example
portion of a screen-shot containing some of the molecule
information is shown in Fig. 1.
3.3. Chemical mechanism information
There are currently over 250 chemical mechanisms in the
QCRNA database. A chemical mechanism is a particular
pathway leading from reactant to product. For each reaction
mechanism, the structures of each stationary point along the
reaction path have been calculated and collected. If a particular
reaction contains more than one mechanistic path, these also

Fig. 2. Mechanism table for the dissociative path of phenyl phosphate dephosphorylation: PO3  C6H5O.
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Fig. 3. Potential energy surface and animation for the dissociative path of phenyl phosphate dephosphorylation: PO3  C6H5O.

are collected. The same information described for the
molecule/complex are available for each stationary point
along a particular path via a link, and hence reaction energetics
can be compared in the gas phase and in solution modeled by
either COSMO or PCM.
This hierarchy of information lends to the construction of
a mechanism table as a collection of path tables (Fig. 2),
which contain a row for each step in the path and columns: DE,
DH, TDS, DG, DDGsol, and DGaq, which are the relative

differences in energy, enthalpy, entropy, Gibb’s free energy,
change in solvation free energy, and change in free energy in
solution, respectively, between a step and a reference step.
3.4. Potential energy surface information
There are approximately 50 potential energy surfaces
(PESs) currently in the QCRNA database. Each system contains
at least a single potential energy surface; however, many

Fig. 4. A ‘‘reaction comparison table’’ comparing thio substitution effects on in-line dianionic and monoanionic mechanism of nucleophilic substitution of ethylene
phosphate in the gas phase and in implicit solvent.
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special cases exist that contain multiple potential energy
surfaces corresponding to different basis sets and levels of
theory, or that contain non-energetic surfaces, e.g., dipole and
polarizability surfaces. Figures of the potential energy surface,
interactive animations of the molecular coordinates (Fig. 3)
and XYZ coordinate files for each point along the potential
energy surface are available for each potential energy surface.
A complete description of each system and the methods
employed in the creation of the potential energy surfaces are
provided for each system. Increasing the PES data for
phosphoryl transfer mechanisms for use in developing new
semiempirical quantum models for linear-scaling electronic
structure and combined QM/MM applications is an area of
active effort.
3.5. Search utilities
The size and complexity of the diverse set of phosphoryl
transfer molecules, reactions and PESs makes it critical to
have flexible search tools in order to find and access important
data. The molecule/complex, chemical mechanism, and
potential energy surface portions of the database are
searchable by name, name substring, charge, chemical
formula and by simple regular expressions. The simple
regular expressions refer to the use of quantifying wildcards,
e.g., an asterisk (*) is equivalent to ‘‘zero-or-more’’ and a plus
(+) is equivalent to ‘‘one-or-more’’. For example, C+H+
would return a list of all hydrocarbons in the database,
whereas H*O+P would return all molecules which contained
zero-or-more H atoms, one-or-more O atoms and exactly 1 P

atom. Mechanisms contain the additional ability to search by
nucleophile or leaving group, thio substitution, and other
reaction descriptor indexes.
3.6. Comparison tables
The QCRNA database contains a set of tables comparing
reactions of significant interest to phosphoryl transfer and
RNA catalysis. The relational design of the database allows the
user to quickly traverse from any of these tables to the
mechanism information tables (Section 3.3), from which one
can reach the information on individual molecules (Section
3.2). These tables include comparisons of thio effects on inline dianionic and monoanionic mechanism of nucleophilic
substitution of ethylene phosphate (Fig. 4), the effect of
nucleophile on in-line dianionic and monoanionic mechanism
of nucleophilic substitution of ethylene phosphate with sugar
ring, the effect of nucleophile on in-line dianionic mechanism
of nucleophilic substitution of dimethyl phosphate, the gasphase proton affinity of common leaving groups in transphosphorylation reactions, the degree of esterification on
pseudorotation of cyclic and acyclic phosphates, the thermodynamics of nucleic acid base-pair interactions and Mg2+
binding energies on biologically relevant phosphates. Reactions not contained in these tables can be constructed with a
custom reaction builder that allows the user to construct
individual reactions (not necessarily mechanisms) from
molecules/complexes already in the database and compare
relative thermodynamic values.
3.7. Graphical interfaces
Geometrical information for any molecule/complex can be
retrieved by a link that returns Cartesian coordinates in XYZ
format.1 The XYZ file can be converted into other file formats,
including internal coordinates, with the use of the OPEN
BABEL software program [87]. A screen-shot of the molecule
information page for protonated metaphosphate, PO3H, is
shown in Fig. 1.
Molecular structures can be viewed with the JMOL [88,89] or
MOLDEN [90,91] programs as viewers for chemical MIME
types. If the web browser is JAVA-enabled, then the JMOL
software will automatically load as a web applet. Both programs
allow the structure to be manipulated, i.e., rotated, scaled, and
translated, and allow for measurement of internal coordinates,
e.g., bond lengths, angles, and dihedral angles. Similarly,
animations of the vibrational frequencies are available and can be
viewed with either program. Using the provided output files,
MOLDEN can also be used to construct electrostatic potential
maps (Fig. 5).
1

Fig. 5. MOLDEN picture of the electrostatic potential of the transition state for
in-line dianionic methanolysis of dithio-substituted ethylene phosphate.

The XYZ format contains a 2-line header with the first line an integer
number of atoms, N, and the second a comment line. The following N lines
contain atom information, separated by white space: atomi, Xi, Yi, Zi, for atom i,
where ‘‘atom’’ is the atomic symbol, and ‘‘X’’, ‘‘Y’’, and ‘‘Z’’ are Cartesian
coordinates.
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4. Conclusion
This paper introduces the new on-line QCRNA database [50]
used for collecting and analyzing high-level quantum chemical
data related to phosphoryl transfer and RNA catalysis. The
database captures a broad range of biological phosphate
chemistry at a consistent level of theory that allows extensive
cross-comparisons to be made. Calculations are performed in
the gas phase and with solvation treated with the COSMO and
PCM solvation methods. The data can be used to study
important trends in reactivity of biological phosphates, or used
as benchmark data for the design of new semiempirical
quantum models for linear-scaling and hybrid QM/MM
simulations of RNA catalysis. Future work will involve further
extension of the database, enhancement of graphical tools, and
implementation of methods that enable more powerful
chemical classification, comparative modeling and data mining
capabilities [92,93].
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[25] W. Yang, J.M. Pérez-Jordá, Linear scaling methods for electronic structure
calculation, in: P.R. von Schleyer (Ed.), Encyclopedia of Computational
Chemistry, John Wiley and Sons, New York, 1998, pp. 1496–1513.
[26] A. Warshel, M. Levitt, Theoretic studies of enzymatic reactions: dielectric
electrostatic and steric stabilization in the reaction of lysozyme, J. Mol.
Biol. 103 (1976) 227–249.
[27] R.A. Friesner, M.D. Beachy, Quantum mechanical calculations on biological systems, Curr. Opin. Struct. Biol. 8 (1998) 257–262.
[28] M. Garcia-Viloca, J. Gao, M. Karplus, D.G. Truhlar, How enzymes work:
analysis by modern rate theory and computer simulations, Science 303
(2004) 186–195.
[29] W. Thiel, Perspectives on Semiempirical Molecular Orbital Theory, in: I.
Prigogine, S.A. Rice (Eds.), Adv. Chem. Phys., vol. 93, John Wiley and
Sons, New York, 1996, pp. 703–757.
[30] T. Clark, Quo vadis semiempirical MO-theory? J. Mol. Struct. (Theochem.) 530 (2000) 1–10.
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