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Abstract

Dianionic oxyphosphorane intermediates have been suggested as good models for studying the mechanisms of self-cleavage
reactions undergone by some RNA molecules (the so-called RNA enzymes or ribozymes). We report here the results of a hybrid
quantum and molecular mechanical (QM/MM) free energy calculation for obtaining the reaction free energy profiles for such a
system. The reactions are simulated in the gas phase as well as within a water sphere in the presence and ab$eiure of Mg
The semiempirical quantum mechanical AM1 hamiltonian describes the oxyphosphorane species and the molecular mechanical
CHARMM force field describes the solvent and Kigwe find that, when compared with accurate ab initio calculations, the
present method shows a tendency to overestimate the stability of the intermediates. On the other hand, it correctly reproduces
the qualitative features, namely, the stabilization of the intermediate with solvation and destabilization in the presefite of Mg
It also shows a drastic lowering of the barrier for bond cleavage in the presence?afiMagreement with ab initio and
experimental results. We discuss possible means of increasing the accuracy of the method for subsequent application to
modelling the reactions within ribozyme®.1997 Elsevier Science B.V.
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1. Introduction In Tetrahymendype ribozyme reactions, trans-
esterification is initiated by the attack of thé-QH
Since the discovery of the catalytic powerTatra- group of the bound guanosine on a phospho—diester

hymenapre-rRNA for transesterification reactions of linkage [2]. The reaction proceeds with inversion of
phosphodiester bonds (reviewed in [1]), i.e., cleavage configuration at the phosphorus centre and thus the
and rejoining of its own nucleotide linkages, the listof ‘in-line Sy 2(P) mechanism’ is the most likely one
such RNA enzymes (ribozymes) is growing. Divalent [3,4]. Consequently, a pentacoordinate oxyphos-
Mg?" ion is commonly found to be indispensable as a phorane intermediate/transition state is postulated.
cofactor for these reactions. Such enzymes are Quite a few ab initio investigations have been
thought to be relics of the ‘RNA world’ and, as carried out employing oxyphosphorane compounds
such, attract considerable interest. However, the pos-to gain insight into the reaction mechanisms of ribo-
sibility of their practical application is also enormous. zymes [5-9]. The problem with these works is that the
effect of the bulk environment is not taken into
* Corresponding author. E-mail: ansu@csb.ki.se account at all. We are approaching the problem
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from a different perspective. Our ultimate objective is suitable from that point of view. However, a problem
to model the reaction within the ribozyme. Rigorous with them is that they can be quite unreliable for a
guantum calculations are not feasible with such a particular type of reaction. It is necessary to check
large molecule, although recently an approximate their behaviour thoroughly before embarking on a
method, where the contribution from the rest of the full-fledged simulation with the actual enzymic
enzyme other than the active site had been taken caresystem. In this report, we present such a test of the
of using an effective fragment potential, was proposed semi-empirical AM1 hamiltonian [28] with respect to
[10]. The method we are using is generally termed in the phosphodiester bond cleavage reaction, using a
the current literature as the hybrid quantum mechan- dianionic trimethoxyphosphorane compound as
ical molecular mechanical (hybrid QM/MM) method. model (Fig. 1).

In this method, the system is partitioned into a classi-

cal and a quantum region. The energies and the forces

on the quantum atoms are obtained from the expecta-2. Computational details

tion values of the QM hamiltonian and its derivatives.

The quantum hamiltonian includes electrostatic and  The initial optimized geometry of the intermediate
van der Waal's interactions with classical atoms. was generated using the AM1 hamiltonian in
Running molecular dynamics with this method, one MOPAC6.0 [29] without imposing any symmetry
can calculate ensemble-averaged thermodynamicconstraint. This geometry (Fig. 2) was used as the
guantities, such as free energy change in a chemicalstarting structure for further molecular dynamics
reaction. calculations.

Several hybrid QM/MM models have been Hybrid QM/MM runs were performed as imple-
advanced in the last few decades. Molecular mechan-mented in CHARMM [30]. The dianionic oxyphos-
ical force fields have been combined with semi- phorane species was treated quantum mechanically
empirical [11-16], density functional [17], valence and the surrounding water molecules and “Mipn
bond [18,19] or ab initio Hartree—Fock [20] methods. were treated classically. Umbrella sampling procedure
Their application focuses mainly on solvation [31] was employed to map the free energy change
phenomena (for a review see [21]), while investi- along the reaction coordinate. The ratio of the RO
gation of biochemical problems is also becoming distance to the P—{), distance was chosen as the
popular [22-27]. reaction coordinate for this study. The final free

Employing a very rigorous calculational procedure
for the quantum subsytem, although undoubtedly the
most accurate method, is not practicable for a mole-
cular dynamics calculation involving a macromole-
cule. One has to look for a less time consuming
alternative. The semi-empirical hamiltonians are
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Fig. 1. The dianionic trimethoxyphosphorane model compound. Fig. 2. The initial geometry for the intermediate.
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energy profiles were obtained using the weighted
histogram analysis method [32] to stitch together the
energy profiles obtained from different windows.

Molecular dynamics runs were performed at a
number of windows with suitable umbrella potentials )
applied on the reaction coordinate of each window. % _ . p
For the gas phase calculations, a total of 24 windows ; _“ \
was used. The initial structure was heated from 100 K "« ¥ .
to 300 K for 1 ps and then equilibrated for 1 ps at
300 K with a value of the reaction coordinate set to e
1. The resulting coordinates and velocities were used
for the production run of 6 ps duration with the same
reaction coordinate and force constant. The reaction
coordinate was then increased, the system with coor- perturbation calculation involving Cl+ CH3CI. Ho
dinates and velocities from the previous run was et al. [36] showed that a 10 ps production run gave
equilibrated for 2 ps, followed by a 6 ps production essentially the same result as a 5 ps run in their inves-
run. This procedure was followed for the rest of the tigation of proton and hydride transfer reactions in
windows. solution.

The solution simulations (both in the presence and
absence of M§) were done in an 11 Aadius sphere
of 179 water molecules with stochastic boundary con- 3. Results and discussion
ditions at 300K. The TIP3P model [33] was
employed for the waters andg&ist parameters were The results of the umbrella sampling procedure are
used for Mg" [34]. given in Fig. 4.

The number of windows used for the solution simu-  There is a deep minimum around the value of 1 for
lation in the absence of the divalent cation is 20. The the reaction coordinate, implying the existence of a
starting structure is the same as in the gas phase. Thestable intermediate. Solvation with water molecules
water was first energy minimized for 200 steps with increases the well depth and the stability by 7.9 kcal
the reaction system fixed. Then the whole system was mol™. On the other hand, M§ almost eliminates
equilibrated at 300 K for 5 ps with the reaction coor-
dinate set to 1 followed by a production run of 5 ps.
The coordinates and velocities from previous runs
were used for successive equilibration and production
runs at successive windows with increasing reaction
coordinate.

The simulation with M§" ion was essentially
similar. The Md* ion was placed at the bisector of
the Q,,.—P—-0 angle and at a distance of around 4 A
from the phosphorus atom before the reaction system
was immersed in the solvent sphere (Fig. 3).

The time spans used for equilibration and produc-
tion runs in each window were seen to be sufficient for

\

Fig. 3. A snapshot from a dynamics step involving the%vign.
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our small system, as revealed by checking the con- ot ) B L
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stancy of temperature and various energy components Reaction Coordinate

W!th time. These time scales may also be_ cpmpared Fig. 4. The free energy profiles for different reaction conditions. The
with those employed by other authors for similar pur- continuous curve is for the gas phase. Both the dashed curves repre-

poses. Bash et al. [35] employed 0.5 ps equilibration sent situations in the presence of solvent. The curve with short
and production runs for a hybrid QM/MM free energy  dashes has been obtained in the added presence of‘aidfg
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the intermediate and also shifts the position of the 36
minimum towards the side on which it resides. 34
The barrier heights from the dissociated state are
also strongly dependent on the environment. Solva-
tion alone helps to reduce the barrier by 15 kcal thol
whereas, in the presence of Rigit goes down by
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27 kcal mol* from the gas phase value and 12 kcal § 06 i
mol~ from that of the pure solvent. On the whole, the P
reaction free energy profiles depicted above show & 24 )

ape . (%]
very clearly the facilitation of the bond breakage pro- a 2.2 .
cess in the presence of Mg 2 4
Reduction in the energy barrier during solvation is 18 ) ) ) ) , )

understandable if one considers that both of the pro- 0 20 40 60 80 100 120 140

ducts resulting from the disintegration of the inter- Time

mediate are negatively charged. The water around Fig. 5. Distances (in pof the leaving group oxygen (squares) and
the reactive complex effectively screens the repulsive Mg?" ion (plus symbols) from the central phosphorus. Time is in ps.
coulomb interaction, resulting in a reduced energy
cost. The same water environment is also responsible stability. Stability is also seen to increase if, instead
for the stabilization of the intermediate relative to the of employing a dianionic species, one takes a mono-
gas phase. A more problematic aspect is the role of anionic or neutral one. Solvating the reactive complex
Mg?". Although this study clearly shows that its elec- with a few water molecules is also seen to induce a
trostatic effect is sufficient to cause a major reduction stable intermediate, which has been again ascribed to
in the barrier height (confirming the hypothesis put charge delocalization by the water molecules [9].
forward by Warshel [37], that electrostatic inter- Interestingly, our results show that water can stabilize
actions are the dominant factors in enzymic catalysis), the intermediate without reducing the charge on the
it is somewhat unclear why there should be a destabi- complex, presumably through dipolar reorientation.
lization of the intermediate in the presence of ¥ig To be able to extend the calculation to the actual
It is also of interest to look at the positional fluctua- enzyme system, one needs to investigate a few more
tion of the Mg ion as the simulation progresses. features. First of all, one needs to know the accuracy
Since, in the simulation, we did not fix its position of the semi-empirical hamiltonian in modelling the
or form any covalent linkages, it is free to move reaction. Secondly, one also has to take into consid-
about, restrained only by coulomb and steric interac- eration the fact that the force field parameters used in
tions. In Fig. 5 we have plotted the drift of the ion as the molecular mechanics part may not reproduce the
its distance from the central phosphorus. As the dis- interaction between the classical and quantum parts
tance between the leaving group oxygen and phos- very well. Recently, a method for accurate calibration
phorus increases, the Nlgis also seen to be a little  of the semi-empirical hamiltonian with respect to rig-
bit dragged along with the oxygen. orous quantum calculations for a particular type of
It is instructive to compare the results of our calcu- reaction was proposed and applied to study proton
lations with previously performed ab initio results for and hydride transfer reactions, using the hybrid QM/
similar oxyphosphorane compounds. The problem of MM free energy calculation [36,38]. We are at present
the existence of the intermediate is a multifaceted one. working with a similar method for selecting and cali-
Onthe one hand, it shows a basis set dependence. Usingdprating the most suitable semi-empirical hamiltonian.
a minimal basis set reveals the existence of a substantial
minimum which disappears on using a higher level the-
ory for the same system [7]. On the other hand, the 4. Conclusions
stability of the intermediate is also dependent on the
effectiveness of charge delocalization. Replacing Inconclusion, two features of the Pgz®ond break-
hydroxyl groups by methoxyl groups increases the age reaction of a model oxyphosphorane compound
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have been identified by running hybrid quantum and

classical dynamics. It is found that the gas phase reac-

tion barrier is lowered in the presence of solvent and is
drastically reduced in the presence of #gt is also
observed that the stability of the intermediate
increases in pure solvent but in the presence of
Mg?*, on the contrary, it is reduced. All these obser-
vations are in qualitative agreement with previous ab
initio results. Interestingly, it appears that treating the
solvent and the cation classically is sufficient to pro-
duce the observed effects.
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