DETERMINATION OF PROTON TRANSFER RATE CONSTANTS USING AB INITIO, MOLECULAR DYNAMICS AND DENSITY MATRIX EVOLUTION CALCULATIONS.

DAVID VAN DER SPOEL and HERMAN J.C. BERENDSEN BIOSON Research Institute, Department of Biophysical Chemistry, University of Groningen, Nijenborgh 4, 9747 AG Groningen, The Netherlands

In this work we give an overview of the methodologies required to compute the rate of proton transfer in hydrogen bonded systems in solution. Using ab initio or density functional methods we determine proton potentials of a truncated system as a function of proton-donor proton-acceptor distance as well as nonbonding parameters. By classical molecular dynamics we evaluate a swarm of proton potentials with the proton fixed in the reactant well. The rate of proton transfer is calculated perturbatively using the Density Matrix Evolution (DME) method, going beyond the Born-Oppenheimer approximation. The method is illustrated by two examples: hydrogen malonate and the active center of HIV-1 protease.

1 Introduction.

Hydrogen bonding is of prime importance in chemistry and biochemistry. Intramolecular hydrogen bonds stabilize the folded form of proteins as well as small organic molecules. Intermolecular hydrogen bonding is often important for specificity of binding between molecules in a complex^1 and it determines the structure and properties of water and many other polar molecules such as alcohols. For molecular dynamics (MD) and Monte Carlo simulations of liquid water, where we are interested in thermodynamics and structure, hydrogen atoms can be described classically and statically^{2−4}. When proton dynamics is of interest, eg. when proton transfer from donor to acceptor is non-negligable, a quantum mechanical description of the proton is required^5. It was recently proposed for instance, that hydrogen bonds in a β-sheet may be of N^− ... HOC^+ character rather than NH ... OC^6. Hydrogen bonds in small organic molecules, such as hydrogen malonate, have been studied extensively by spectroscopic techniques^7 as well as theoretical methods^8, and see below.

Proton transfer is often important in chemical reactions, especially in biological systems such as proteins where hydrogen bonds are numerous. An interesting example of the latter are the aspartic proteases, proteins which have a strong hydrogen bond between a charged and uncharged aspartate residue in the active site. It is thought that proteolysis is initiated by a proton transfer reaction in this hydrogen bond^9. Experimental determination of proton transfer rates is difficult, although it has been done for some cases, eg. the association of H_3O^+ and OH^− in water^{10}, benzoic acid dimers in a crystal^{11} or in deuteron glasses^{12}. In this work we will show how the rate of proton tranfer can be determined, even in complex systems such as an enzyme, by a combination of classical MD and quantum mechanical methods, taking solvation into account.

It is in principle possible to couple classical mechanics (in this case, molecular dynamics) and quantum dynamics directly^{13−17} and compute the rate of proton transfer by counting the number of proton transfers during a long simulation or using the reactive flux correlation mechanism^{18}. This is however not practical for many highly polar systems like proton transfer in aqueous solution and enzymatic environments, because very long simulations, O(μs), would be necessary to get a reliable estimate of the rate constant. We have therefore used a perturbational approach, in which an entirely classical simulation is performed where the proton is fixed in the reactant well. The simulation then delivers an ensemble of proton potentials that we use as starting point for the quantum-dynamical computation of the rate constant by the Density Matrix Evolution (DME) method^{19}.

The hydrogen bonds in systems such as hydrogen malonate and the active site of HIV-1 protease are essentially symmetric. The proton potential in such a system may be single well or double well depending on the distance between donor and acceptor atoms. However, when a proton is bound to one of the oxygen atoms that can function as proton donor, the symmetry will be broken due to polarization of the environment. There are two contributions to this phenomenon, first solvent molecules will stabilize the hydrogen bond by orientational as well as electronic polarization, second the C-O bond length of the proton acceptor will be elongated because of the hydrogen bond. For the proton this means that the reactant well is stabilized with respect to the product well. This environment-induced asymmetry is not constant however. Thermal fluctuations in the solvent around the hydrogen bond and in O-O distance may lead to a (temporarily) decreased stabilization of the reactant well. Since a proton is essentially a quantum particle, it may tunnel through a barrier and the product well will be populated significantly.

In this paper we will give a schematic overview of the computational procedure without going into details which have been published elsewhere^{19−22}. The procedure will be illustrated with two examples that we have studied recently, hydrogen malonate^{22} and HIV-1 protease^{23}.

2 Methodology.

Five basic computational tools are essential for our work:

Figure 1: Structure of the active site of HIV-1 protease, of both monomers residues Leu24- Asp25-Thr26 are plotted. Carbon atoms are black, nitrogen atoms are dark grey, oxygen atoms are light grey, the proton is white. The plot was made using MOLSCRIPT 27

1. Ab Initio calculations which we performed using the Gaussian-92 suite of programs^{24}.

2. Molecular dynamics simulations using the GROMACS software^{25, 26}. 3. Computation of the classical contribution to the proton potential. 4. Computation of the total proton potential. 5. Computation of density matrix evolution^{19}.

Each of these has its own specific problems such as the selection of level of theory for the ab-initio computations, the force field for the MD simulations and the basis functions for the DME calculation. Although these questions are important, we will not discuss them here; it is clear that methodological improvements or improved parametrization of force fields and basis sets will enhance the accuracy of the result.

Instead, we will focus on a “recipe” for computing the rate of proton transfer in hydrogen bonded systems. One of our example systems, (HIV-1 protease), is depicted in Figure 1. It can be seen here that the system is very symmetric. A flow chart that gives a quick overview of the procedure is given in Figure 2. The computational units in the flowchart can almost be used like a black box. If one is aware of the limitations and possibilities of each of them, they can be used without deep insight in algorithms etc. We will describe these

Figure 2: Flowchart for computation of the rate constant of proton transfer in hydrogen bonded systems. dOO is the distance between proton donor and acceptor, dOH is the distance between proton and proton donor. The five boxes denote the basic computations in our scheme.

5 items below.

Step 1. Ab Initio

Ab Initio calculations were performed on the complete hydrogen malonate ion, for the HIV-1 protease it was necessary to truncate the system to hydrogen diformate, which is similar to hydrogen malonate. It is well known that the calculated proton potentials are very much dependent on the applied level of theory. Flexible basis sets are required and inclusion of electron correlation is especially important^{28}. Density functional theory calculations are very attractive since they yield results close to the MP2 level of theory at only a fraction of the computational cost. In hydrogen malonate ab initio calculations were not conclusive about the height of the barrier for the proton potential, for hydrogen diformate we used B3LYP/6-311+G(2d,2p)^{29, 30} as implemented in the Gaussian-92 suite of programs^{24}. Proton potentials V_{vac}(dOO, dOH), i.e. the proton energy as a function of oxygen-oxygen distance (dOO) and protonoxygen donor distance (dOH) were computed for 3 different dOO and 7-9 different dOH distances. At each point the angle̸ DHA was optimized while the other degrees of freedom were frozen because the proton is much faster than the other nuclei. The resulting in vacuo proton potentials are plotted in Figure 3 for the HIV-1 protease truncated system.

There are several methods to compute point charges from ab initio data, the most well known being the Mulliken population analysis. For the charges on hydrogen malonate we used the method that conserves the dipole moment^{31}. In the truncated system of HIV-1 protease we used the Merz-Kollman procedure, that fits the charges to the electrostatic potential^{32} using a solvent reaction field. We think the latter method is the method of choice at this point in time. For the purpose of the computing the classical part of the proton potential the charges were computed for 3 different dOH at an average dOO distance, since the charges do not depend on dOO very much, but they strongly depend on dOH.

Step 2. Molecular Dynamics

MD calculations of the hydrogen bonded system in explicit solvent (SPC water^2) were performed, using periodic boundary conditions. We used the GRO- MOS forcefield^{33} with modifications as suggested in^{34, 35} and explicit hydrogen atoms on aromatic residues in the HIV-1 simulation^{36}. The complete hydrogen malonate system contained 255 water molecules in a truncted octahedron box, while the HIV-1 protease dimer was dissolved in a rectangular box with 5795 water molecules giving rise to 19290 atoms. Full details of the MD simulations are given in refs.^{20} and^{23}. For the computation of the proton potentials it is necessary to have a large number of time origins, therefore the coordinates of all atoms including solvent were stored every 10 fs during 70 ps MD (HIV-1) resp. every 2 fs during 100 ps MD (hydrogen malonate). The highest frequencies that can be extracted from the molecular dynamics trajectory of a protein simulation are typically not higher than 3000 cm^{−1} which corresponds to about 10 fs. Therefore it is not useful to store coordinates more often. The MD simulations of the solvated HIV-1 protease dimer took 30h/10 ps on a SGI Indigo^2 computer.

Figure 3: Proton potentials for the hydrogen diformate for various OO distances calculated on the B3LYP/6-31+G(2d,2p) level. Orientation of the carboxylic groups was corresponding to the x-ray structure. Note the asymmetry because of the separation of time scales, because the proton is much faster than the other particles. The calculations were performed at OO distances of 2.350Å (ffi), 2.537 Å (5) and 2.815Å (2). 6

Step 3. V_{classical} Using the coordinate frames from MD and the charges from ab-initio computations, the classical contribution V_{class} to the proton potential was determined as follows:

At each coordinate frame the coulomb interaction of the truncated HIV-1 system resp. hydrogen malonate were computed with the surrounding solvent, while the donor-proton distance (dOH) was varied. The charges from ab initio were interpolated using a spline procedure since more points (different dOH) on the proton potential were computed than charges. Note that in the HIV-1 case solvent includes the remainder of the protein and water molecules. This leads to a table of time-dependent classical proton potentials V_{class}(t,dOH). When the proton hops from donor to acceptor, electronic polarization will be immediate, i.e. the proton is much slower than electrons. The solvent on the other hand is much slower than the proton, so that we can safely assume that solvent is frozen during proton transfer. In our classical calculation the electronic polarization is not taken into account, although its contribution is non-negligable. Inclusion of electronic polarization would require polarizable force fields for proteins which are currently not available, although a promising method based on polarizable shell model is under development in our laboratory^{37}. Therefore we derived an analytical correction to V_{class} based on the Onsager reaction field model (see ref.^{23} for details) which implies a simple scaling of V_{class} by a factor 0.583.

Step 4. V_{total}

The time-dependent in vacuo proton potential is computed by filling in dOO(t) from the MD simulation in V_{vac}(dOO, dOH): V_{vac}(t, dOH) = V_{vac}(dOO(t), dOH) (1) Then this term is summed to V_{class}(t,dOH) to yield the total time dependent proton potential V_{tot}(t,dOH): V_{tot}(t, dOH) = V_{class}(t, dOH) + V_{vac}(t, dOH) (2) Since we computed V_{vac}(t, dOH) at fewer different dOH than V_{class} we apply spline interpolation to get the proton potential at intermediate dOH. This procedure delivers a table V_{tot}(t, dOH) which can be used in the subsequent quantum dynamical calculation.

Step 5. Density Matrix Evolution

Recently the Liouville-Von Neuman equation ∂æ ∂t = �^i_{h̄}[æ, H] (3)

was coupled with classical equations of motion in a consistent way to allow for simultaneous integration of classical- and quantum- degrees of freedom and the method was called Density Matrix Evolution^{15, 19−23, 38−40}. Here we have used the DME method in a perturbational way: the classical system was considered frozen and the time evolution of the quantum subsystem (i.e. the proton) was computed using many different time origins. Thus, we solve the time-dependent Schrödinger equation by the DME method for all the proton potentials obtained before. Starting from each time origin, the proton is put in the reactant well and the Schrödinger equation is integrated for 1-2 ps with a time step of 1 fs. Since the time-dependent proton potentials do not have such high time-resolution we have used a spline interpolation to obtain the potential at intermediate points. In the hydrogen malonate case two basis functions for the proton were used in the first attempt to compute the rate constant^{20}. Later, the calculations were redone with five basis functions, yielding a thirtyfold increase of the rate constant^{22}. It was concluded that five flexible basis functions suffice to describe the quantum dynamics of the proton; therefore we have also used five basis functions for the proton in the active site of HIV-1 protease.

The initial increase of the product population Θ can be computed as the expectation value of the heavyside operator concerning the population of the product well: Θ = Z_∞ R Ψ Ψ^∗dr (4)

where R is the dOO/2. Θ averaged over many thousand time origins is shown in Figure 4 for the case of HIV-1 protease.

From the slope the rate constant for the proton transfer can be estimated. This part of the calculations was described in great detail in ref.^{22}. It is worth to stress that when the swarm of proton potentials is determined, the quantum dynamical calculations could be performed by the DME method, but also by other quantum dynamical methods like wave packet dynamics^{13, 41}, real time path integration^{14, 42} or surface hopping^{16, 43}.

Figure 4: Time course of population of product state Θ in the active site of HIV-1 protease, calculated by the Density Matrix Evolution method obtained by averaging solutions over 6000 time origins.

3 Results & Discussion

With our methodology we are able to calculate the rate of proton transfer in hydrogen bonded systems. For hydrogen malonate^{22} we found the rate constant to be (4.0�0.9) � 10^8s^{−1}, for the active site of HIV-1 protease^{23} (see Figure 1) we found (6.7�0.9) � 10^8s^{−1}. Both rate constants imply that proton transfer happens on the nanosecond time scale. It should be noted that in the computation of the rate constant in the case of hydrogen malonate the polarization correction to V_{class} (see Step 3 above) was not taken into account; since electronic polarization stabilizes population of the product well, proton transfer will be enhanced and the rate constant will be higher. Although the rate constants of proton transfer depend on many factors, the fact that we find about the same rate constant for the proton transfer between the carboxylates in aqueous solution and in the protein environment indicates that the HIV-1 active center is comparable to water as concerns polarity.

Several other methods are available for the calculation of proton transfer rate in complex systems such as path integral^{14, 42}, wave packet dynamics^{13, 41} and surface hopping^{16, 43}. Like path integral and wave packet dynamics, DME using n basis functions giving rise to n levels, represents an approach which takes into account ground state and excited state proton transfer simultaneously. It would be interesting to see whether any of these methods applied to our test systems would yield similar rate constants. If so, this would seriously strengthen the confidence in combined classical-quantum mechanical calculations.

Outlook

A challenging application of our method is in the design of inhibitors (or catalysts) for systems where proton transfer is crucial. From the calculated rate constant for proton transfer between Asp-25 and Asp-125 in the active center of HIV-1 protease, it is evident that the proton transfer takes place on the nanosecond timescale. The hydrogen bond is therefore highly polarizable and the equilibrium can be shifted by binding of an inhibitor. The high polarizability of the hydrogen bond should be taken into account by future design of HIV-1 protease inhibitors using molecular dynamics simulations and thermodynamic integration methods. A number of such studies on the molecular mechanics level have already been done^{9, 44−46}. Another application of the combination of the methods above, currently being done in our laboratory, is the computation of the rate of proton transfer from H_3O^+ to OH^− when in contact in aqueous solution^{47}.

Acknowledgements

DvdS acknowledges support from the Netherlands Foundation for Chemical Research (SON) with financial aid from the Netherlands Organization for Scientific Research (NWO). We are grateful to Dr. Janez Mavri for many stimulating discussions.

References

1. D. Hadži, J. Kidrič, J. Koller, and J. Mavri. The role of hydrogen bonding in drug-receptor interactions. J. Mol. Struct., 237:139–150, 1990.

2. H. J. C. Berendsen, J. P. M. Postma, W. F. van Gunsteren, and J. Hermans. Interaction models for water in relation to protein hydration. In Intermolecular Forces, pages 331–342. D. Reidel Publishing Company, Dordrecht, 1981.

3. W. L. Jorgensen, J. Chandrasekhar, J. D. Madura, R. W. Impey, and M. L. Klein. Comparison of simple potential functions for simulating liquid water. J. Chem. Phys., 79:926–935, 1983.

4. H. J. C. Berendsen, J. R. Grigera, and T. P. Straatsma. The missing term in effective pair potentials. J. Phys. Chem., 91:6269–6271, 1987.

5. D. Hadži. Proton transfer in biological mechanisms. J. Mol. Struct., 177:1–21, 1988.

6. G.J. Kearly, F. Fillaux, M.H. Baron, S. Bennington, and J. Tomkinson.

A new look at proton transfer dynamics along the hydrogen bonds in amides and peptides. Science, 264:1285–1289, 1994.

7. C.L. Perrin. Symmetries of hydrogen bonds in solution. Science, 266:1665–1668, 1994.

8. J. Mavri, M. Hodošček, and D. Hadži. Ab-initio SCF and Möller-Plesset calculations on the hydrogen bond in hydrogen malonate. Effects of neighbour ions and polarizable medium. J. Mol. Struct. (THEOCHEM), 209:421–431, 1990.

9. David C. Chatfield and Bernard R. Brooks. HIV-1 protease cleavage mechanism elucidated with molecular dynamics simulation. J. Am. Chem. Soc., 117:5561–5572, 1995.

10. M. Eigen and L. de Maeyer. Untersuchungen über die Kinetik der Neutralisation. I. Zeitschrift für Elektrochemie, 59:986–993, 1955.

11. A. Stockli, B. H. Meier, R. Kreis, R. Meyer, and R. R. Ernst. Hydrogen bond dynamics in isotopically substituted benzoic acid dimers. J. Chem. Phys., 93:1502–1520, 1990.

12. J. Dolinšek, B. Zalar, and R. Blinc. O-D ... O deuteron intra- and interbond exchange and frequency-dependent order parameter in deuteron glasses studied by two-dimensional exchange NMR. Phys. Rev. B, 50:805–821, 1994.

13. P. Bala, B. Lesyng, T.N. Truong, and J.A. McCammon. Ab initio studies and quantum-classical molecular dynamics simulations for proton transfer processes in model systems and in enzymes. In J. Bertran, editor, Molecular Aspects of Biotechnology: Computational Models and Theories, pages 299–326. Kluwer, Dordrecht, 1992.

14. J. Åqvist and A. Warshel. Simulation of enzyme reactions using valence bond force fields and other hybrid quantum-classical approaches. Chem. Rev., 93:2523–2544, 1993.

15. J. Mavri and H.J.C. Berendsen. Dynamical simulation of a quantum harmonic oscillator in a noble gas bath by density matrix evolution. Phys. Rev. E, 50:198–204, 1994.

16. S. Hammes-Schiffer and J.C. Tully. Proton transfer in solution : Molecular dynamics with quantum transitions. J. Chem. Phys., 101:4657–4667, 1994.

17. A. Staib, D. Borgis, and J. T. Hynes. Proton transfer in hydrogen-bonded acid-base complexes in polar solvents. J. Chem. Phys., 102:2487–2505, 1995.

18. T. Yamamoto. J. Chem. Phys., 33:281, 1960.

19. H.J.C. Berendsen and J. Mavri. Quantum simulation of reaction dynamics by density matrix evolution. J. Phys. Chem., 97:13464–13468, 1993.

20. J. Mavri, H. J. C. Berendsen, and W. F. van Gunsteren. Influence of solvent on intramolecular proton transfer in hydrogen malonate. Molecular dynamics simulation study of tunneling by density matrix evolution and nonequilibrium solvation. J. Phys. Chem., 97:13469–13476, 1993.

21. J. Mavri and H.J.C. Berendsen. Treatment of nonadiabatic transitions by density matrix evolution and molecular dynamics simulations. J. Mol. Struct., 322:1–7, 1994.

22. J. Mavri and H.J.C. Berendsen. Calculation of the proton transfer rate using density matrix evolution and molecular dynamics simulations : Inclusion of proton excited states. J. Phys. Chem., 99:12711–12717, 1995.

23. J. Mavri, D. van der Spoel, and H. J. C. Berendsen. The rate of proton transfer in the active site of HIV-1 protease. (submitted), 1995.

24. M. J. Frisch, G. W. Trucks, H. B. Schlegel, P. M. W. Gill, B. G. Johnson, M. W. Wong, J. B. Foresman, M. A. Robb, M. Head-Gordon, E. S. Replogle, R. Gomperts, J. L. Andres, K. Raghavachari, J. S. Binkley, C. Gonzalez, R. L. Martin, D. J. Fox, D. J. Defrees, J. Baker, J. J. P. Stewart, and J. A. Pople. Gaussian 92/DFT, Revision G. 1. Gaussian, Inc., Pittsburgh PA, 1993.

25. David van der Spoel, Herman J. C. Berendsen, Aldert R. van Buuren, Emile Apol, Pieter J. Meulenhoff, Alfons L. T. M. Sijbers, and Rudi van Drunen. Gromacs User Manual. Nijenborgh 4, 9747 AG Groningen, The Netherlands. Internet: http://rugmd0.chem.rug.nl/¸gmx/gmx.cgi, 1995.

26. Herman J. C. Berendsen, David van der Spoel, and Rudi van Drunen.

Gromacs: A message-passing parallel molecular dynamics implementation. Comp. Phys. Comm. (in press), 1995.

27. Per J. Kraulis. MOLSCRIPT: a program to produce both detailed and schematic plots of protein structures. J. Appl. Cryst., 24:946–950, 1991.

28. R. V. Stanton and K. M. Merz Jr. Density functional study of symmetric proton transfers. J. Chem. Phys., 101:6658–6665, 1995.

29. A. D. Becke. Density-functional thermochemistry. III. The role of exact exchange. J. Chem. Phys., 98:5648–5652, 1993.

30. C. Lee, W. Yang, and R. G. Parr. Development of the colle-salvetti correlation-energy formula into a functional of the electron density. Phys. Rev. B, 37:785–789, 1988.

31. B. T. Thole and P. Th. van Duijnen. A general population analysis preserving the dipole moment. Theor. Chim. Acta., 63:209, 1983.

32. Brent H. Besler, Kenneth M. Merz Jr., and Peter A. Kollman. Atomic charges derived from semiempirical methods. J. Comp. Chem., 11:431– 439, 1990.

33. W. F. van Gunsteren and H. J. C. Berendsen. Gromos-87 manual.

Biomos BV, Nijenborgh 4, 9747 AG Groningen, The Netherlands, 1987. 34. A. R. van Buuren, S. J. Marrink, and H. J. C. Berendsen. A molecular dynamics study of the decane/water interface. J. Phys. Chem., 97:9206– 9212, 1993.

35. Alan E. Mark, Steven P. van Helden, Paul E. Smith, Lambert H. M.

Janssen, and Wilfred F. van Gunsteren. Convergence properties of free energy calculations: α-cyclodextrin complexes as a case study. J. Am. Chem. Soc., 116:6293–6302, 1994.

36. David van der Spoel, Aldert R. van Buuren, D. Peter Tieleman, and Herman J. C. Berendsen. Chemical shifts in oligopeptides reproduced by molecular dynamics simulations. (submitted), 1995.

37. P. C. Jordan, P. J. van Maaren, J. Mavri, D. van der Spoel, and H. J. C.

Berendsen. Towards phase transferable potential functions: Methodology and application to nitrogen. Chem. Phys., 103:2272–2285, 1995.

38. J. Mavri, M. Lensink, and H.J.C. Berendsen. Treatment of inelastic collisions of a particle with a quantum harmonic oscillator by density matrix evolution. Molec. Phys., 82:1249–1257, 1994.

39. H.J.C. Berendsen and J. Mavri. Approach to nonadiabatic transitions by density matrix evolution and molecular dynamics simulations. Int. J. Quant. Chem. (in press), 1995.

40. M. Lensink, J. Mavri, and H. J. C. Berendsen. Simultaneous integration of mixed quantum-classical systems by density matrix evolution equations using interaction representation and adaptive time-step integrator. (submitted), 1995.

41. P. Bala, B. Lesyng, and J.A. McCammon. Applications of quantumclassical and quantum-stochastic molecular dynamics simulations for proton transfer processes. Chem. Phys., 180:271–285, 1994.

42. J.K. Hwang, Z.T. Chu, and A. Warshel. Simulations of quantum mechanical corrections for rate constants of hydride-transfer reactions in enzymes and solutions. J. Phys. Chem., 95:8445–8448, 1991.

43. S. Hammes-Schiffer and J.C. Tully. Vibrationally enhanced proton transfer. J. Phys. Chem., 99:5793–5797, 1995.

44. A. Tropscha and J. Hermans. HIV-1 protease complex with inhibitor, TI study. Prot. Eng., 5:29–33, 1992.

45. B.G. Rao and M.A. Murcko. Reversed stereochemical preference in binding of Ro 31-8959 to HIV-1 proteinase : A free energy perturbation analysis. J. Comp. Chem., 15:1241–1253, 1994.

46. R.W. Harrison and I.T. Weber. Molecular dynamics simulations of HIV- 1 protease with peptide. Prot. Eng., 7:1353–1363, 1994.

47. A. van der Vaart, J. Mavri, and H. J. C. Berendsen. The rate of proton transfer from H_3O^+ to OH^− in aqueous solution. To be published, 1995.