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Introduction

Carbonic anhydrase (CA, EC 4.2.1.1) is a widespread enzyme in all organisms, which catalyzes the hydration of CO2 to bicarbonate and protons. (Scheme 1). Carbonic anhydrase inhibitors are available or in advanced stages of development for the treatment of various diseases e.g. glaucoma and ocular hypertension, 1,2 cancer, [3][4][5][6][7] obesity, 8,9 epilepsy, 10 etc. Possible applications of carbonic anhydrase activators in Alzheimer's disease and other memory therapies are also currently under evaluation. 11 All these data evidence the importance of this enzyme, for mechanistic studies or drug design of selective inhibitors or activators.

Scheme 1. Chemical reaction catalyzed by carbonic anhydrase.

Molecular dynamics studies of metallo-enzymes in general, and of carbonic anhydrase in particular, were hampered by the lack of appropriate force field parameters within the commonly used software. These difficulties were overcome over the years, but presently the molecular modeling of carbonic anhydrase is somewhat underdeveloped compared to the explosive development that the carbonic anhydrase field has known during the last decades. [12][13][14][15][16] A number of force fields were used in the past for studies involving molecular dynamics simulations of carbonic anhydrase: GROMOS, [17][18][19] CHARMM [20][21][22][23][24] and AMBER. [25][26][27][28][29][30][31][32][33][34][35] A specific Zn AMBER force field was recently developed, 36 with direct applications for the carbonic anhydrase. The same force fields were used in the context of QM/MM studies, 24,[37][38][39] to take into account the formation and breaking of bonds during the enzymatic reaction. A general review of molecular dynamics simulations of metallo-proteins is also available. 40 A notable force field missing from the list presented above is OPLS-AA. 41,42 This force field was developed with a strong emphasis on reproducing condensed-phase properties of model compounds, is currently implemented in most of the commonly used molecular dynamics software packages and has been recently shown to give particularly good results in free energy calculations. [43][44][45][46] In these conditions, we decided to undertake the parameterization of CA binding site in the OPLS-AA force field and this paper describes the procedure that we followed, along with the topologies and parameters required to perform molecular dynamics simulations using Gromacs software. 47 

Results and discussion

The procedure used in this work involves three steps: i) charge calculation using quantum methods, ii) generation of bonding parameters, and iii) validation of these force field parameters using molecular dynamics simulations.

Charge calculation

For the charge calculations, the neutron structure of carbonic anhydrase II (PDB code 3KKX) 48 was used.

The choice of this structure was prompted by three criteria: the high quality of the atomic coordinates, the presence of the representative water molecules in the binding site and the unambiguous assignment of the protonation states for all residues. Two different representations of the binding site were considered: i) a minimal binding site (Figure 1), containing the side chains of three histidine residues (His94, His96 and His119), the zinc ion and the zinc-bound water molecule (either OH2 or OH -forms) and ii) an extended binding site (Figure 2), containing the residues from the minimal binding site and the neighbors of the zincbound water (the side chain of Thr199 and the DW and W1 water molecules). The charge calculation was performed with or without geometry optimization, and three different protocols can be distinguished: For each protocol and for the two forms of the binding site (OH2 or OH -), the charge calculation (and in the case of Protocol A, the geometry optimization) was performed with three different methods (HF, B3LYP and MP2) with either the 6-31G(d) or 6-311++G(2d,p) basis sets. Whereas the first basis set is generally used for charge calculations and force field parameterization of simple organic molecules, the second one is probably necessary for a better description of the zinc ion influence within this system. The charges were calculated for all binding site atoms, including the imidazole rings of His94, His96 and His119. The results for selected, representative atoms are presented in Tables 1 and2, where the calculated charges are compared with those already present in the OPLS-AA force field for the same residues (see the Supplementary Data file for the complete charge data set).

The analysis of the results from Table 1 (OH2 form of the binding site) shows that i) the geometry optimization (comparison of protocols A and B) has very little influence on the charges of the zinc ion and zinc-bound water, ii) the inclusion of the second sphere of coordination in the charge calculation (extended binding site, comparison of protocols B and C) leads to sensibly different charges, especially for the zincbound water, iii) the use of the 6-311++G(2d,p) basis set provides smaller absolute values for all charges and thus a smoother polarization of the binding site, iv) the B3LYP method provides significantly lower absolute values for the charges compared with HF and MP2, but this behavior is probably due to a methodspecific artifact 49 and v) very important differences are observed between the calculated charges and the OPLS-AA native charges for the same residues. Considering all these elements, the charges calculated at the HF/6-311++G(2d,p) level with the protocol C were selected as representative for this system (line highlighted in red in Table 1). Similarly, the analysis of the results from Table 2 (OH -form of the binding site) shows analogous trends, and the charges calculated at the HF/6-311++G(2d,p) level with the protocol C were also selected in this case as representative for the carbonic anhydrase binding site (line highlighted in red in Table 2). A comparison of the selected charges for the two systems (OH2 or OH -forms of the binding site) points out very important differences in charge distribution, especially for the histidine residues and for the hydrogen atoms belonging to the zinc-bound water. The charge difference for the zinc atom is important (~0.3), but most of the supplementary charge arising from the zinc-bound water deprotonation seems to be redistributed over the whole binding site.

Bonding parameters

The standard OPLS-AA bonding parameters implemented in Gromacs 47 were used in this work, except for those involving the zinc ion and the zinc-bound water, which were not available. In this latter case, the values for bonds, angles and dihedrals were extracted from the neutron structure 48 (OH2 form) or from quantum chemistry calculations (OH -form). The other parameters were adapted from those previously published by Maupin et al., 28 with the exception of the angle N-Zn-O for which the force constant was too weak to keep the binding site's geometry stable (data not shown). We used then a ~5-fold stronger force constant for this angle (see the Supplementary Data file) which led to stable simulations, as shown below.

Free rotation was allowed for dihedral angles involving Zn (X-Zn-N-X and X-Zn-O-X).

Molecular dynamics

Molecular dynamics simulations in explicit solvent were performed in order to evaluate the validity of the OPLS-AA force field parameters generated in this study. Two simulations, of 10 ns each, were carried out using the neutron structure of carbonic anhydrase II (PDB code 3KKX) 48 with both OH2 and OH -forms of the binding site.

The structure proved to be stable for the simulation time, with RMSD values of 1.5-1.9 Å for the whole protein and 0.25-0.35 Å for the binding site, which includes the three histidine residues (His94, His96 and His119), the zinc ion and the zinc-bound water. The distances between the zinc ion and its immediate neighbors are also very stable, with values of 1.80 Å for the Zn-O bond in the OH -form and 2.30 Å in the OH2 form. The Zn-N bonds have a mean value of 2.05 Å in both forms. The angles N-Zn-O are also stable using the new force constant, the angle average and angle distribution showing equilibrium values of ~117° and ~113° for the OH2 and OH -forms of the binding site, respectively. All these plots can be found in the Supplementary Data file.

Conclusions

In this work, the carbonic anhydrase binding site parameterization was performed using quantum chemistry calculations and these parameters were subsequently validated using molecular dynamics simulations.

Important differences in terms of atomic partial charges were obtained for the OH2 and OH -forms of the binding site, showing that the supplementary charge induced by the zinc-bound water deprotonation has a significant influence on residues from the entire binding site. The force field parameters and topologies generated in this work will be useful for future molecular dynamics studies of carbonic anhydrase using the OPLS-AA force field.

Materials and methods

Charge calculation

The geometry of each system was optimized in gas-phase using the Gaussian 09 package [START_REF] Frisch | Revision A.2[END_REF] using the Hartree-Fock method, 51 the Becke's three-parameter hybrid exchange functional (B3LYP) 52,53 or the Møller-Plesset perturbation method (MP2), 54 with either the 6-31G(d) or 6-311++G(2d,p) basis sets.

CHelpG charges were calculated at the same level, then a two-stage RESP fitting was carried out using using AmberTools. 55 This methodology has been previously used for heterocycles parameterization in the SAMPL3 dataset. 45 

Molecular dynamics

Molecular dynamics simulations were performed using GROMACS version 4.5.4 47 with the OPLS-AA 41,42 force field. The system was constructed by positioning the protein in a cubic periodic box of TIP4P waters, with a minimum distance of 1.0 nm on each side. The simulation box, obtained after hydration and neutralization with Na + and Cl -ions to physiological ionic strength (150 mM), contained about 62,000 atoms (protein, water and ions). The system was energy-minimized until convergence using a steepest descents algorithm to remove close contacts of water molecules with the solute. Molecular dynamics simulation with position restraints on the solute atoms was then performed for 200 ps to relax the water molecules around the solute, followed by the production run of 10 ns. During the position restraints and production runs, the Berendsen method 58 was used for pressure and temperature coupling. Electrostatics were calculated with the particle mesh Ewald method. 59,60 The P-LINCS algorithm 61 was used to constrain bond lengths, and a time step of 2 fs was used throughout. All simulations were performed using constant temperature, pressure, and number of particles (NPT) and periodic boundary conditions. The cut-off distance for Lennard-Jones interactions and electrostatic interactions were both set at 1.0 nm.

OPLS-AA force field topologies for the binding site residues were generated with an in-house developed script, using the charges presented in Tables 1 and2 and the parameters described in the Supplementary Data file.

Miscellaneous

Structure images were rendered using Chimera. 62 Molecular dynamics analysis plots were generated with XmGrace. 63 All calculations were performed using the high-performance computing (HPC) facilities at the Institut de Chimie des Substances Naturelles, Gif sur Yvette, France.

Modifications required for the PDB input files and for OPLS-AA files as implemented in Gromacs 4.5.4

PDB input files

Residues corresponding to HIS94, HIS96 and HIS119 should be renamed as following (example for the 3KKX structure). The zinc atom and the zinc-bound water should belong to the HIS119 residue. 

OPLS-AA Gromacs files

The following lines should be added to the files mentioned below, in the corresponding sections.

• aminoacids.rtp 

  Protocol A: minimal binding site, with geometry optimization, CHelpG charge calculation, two-stage RESP charge fitting. Protocol B: minimal binding site, without geometry optimization, CHelpG charge calculation, two-stage RESP charge fitting. Protocol C: extended binding site, without geometry optimization, CHelpG charge calculation, two-stage RESP charge fitting.

Figure 1 .

 1 Figure 1. Minimal representation of the carbonic anhydrase binding site (OH2 form), containing the zinc

Figure 2 .

 2 Figure 2. Extended representation of the carbonic anhydrase binding site (OH2 form), containing the zinc

  

  

  

  

  

  

  

  

Table 1 .

 1 QM charges calculated with different protocols and methods for the OH2 form of carbonic anhydrase binding site.

	Protocol	Method	HIS	94	HIS	96	HIS 119	ZN	ZS (O)	ZS	ZS
			(ND)		(ND)		(NE)			(H1)	(H2)
	A	HF/6-31G(d)	-0.291		-0.291		-0.285	0.745	-0.762	0.459	0.459
	A	HF/6-311++g(2d,p)	-0.236		-0.236		-0.216	0.676	-0.715	0.433	0.433
	A	B3LYP/6-31G(d)	-0.197		-0.197		-0.164	0.533	-0.670	0.432	0.432

a Generic OPLS-AA charges as implemented in Gromacs

47 

Table 2 .

 2 QM charges calculated with different protocols and methods for the OH -form of carbonic anhydrase binding site.

	Protocol

Method HIS 94 (ND) HIS 96 (ND) HIS 119 (NE) ZN ZS (O) ZS (H1) ZS (H2)

  

		311++g(2d,p)	0.003	0.003	-0.144	0.388 -0.836 0.306	-
	B	MP2/6-31G(d)	-0.088	-0.088	-0.243	0.576 -0.973 0.361	-
	C	HF/6-31G(d)	0.047	0.047	-0.228	0.430 -0.849 0.304	-
	C	HF/6-311++g(2d,p)	0.114	0.114	-0.152	0.376 -0.778 0.240	-
	C	B3LYP/6-31G(d)	0.097	0.097	-0.160	0.230 -0.716 0.275	-
	C	B3LYP/6-					
		311++g(2d,p)	0.148	0.148	-0.113	0.214 -0.670 0.220	-
	C	MP2/6-31G(d)	0.047	0.047	-0.228	0.430 -0.849 0.304	-
	-	OPLS-AA a	-0.564	-0.564	-0.564	2.000 -1.300 0.300	-
	A	HF/6-31G(d)	-0.162	-0.162	-0.328	0.624 -0.916 0.374	-
	A	HF/6-311++g(2d,p)	-0.105	-0.105	-0.291	0.600 -0.902 0.351	-
	A	B3LYP/6-31G(d)	-0.079	-0.079	-0.243	0.407 -0.762 0.336	-
	A	B3LYP/6-					
		311++g(2d,p)	-0.053	-0.053	-0.237	0.426 -0.798 0.331	-
	A	MP2/6-31G(d)	-0.165	-0.165	-0.323	0.613 -0.888 0.356	-
	B	HF/6-31G(d)	-0.088	-0.088	-0.243	0.576 -0.973 0.361	-
	B	HF/6-311++g(2d,p)	-0.041	-0.041	-0.189	0.566 -0.948 0.327	-
	B	B3LYP/6-31G(d)	-0.017	-0.017	-0.169	0.346 -0.828 0.340	-

a Generic OPLS-AA charges as implemented in Gromacs
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Supplementary data are available online, containing i) a detailed analysis of the molecular dynamics simulations and ii) the OPLS-AA force field parameters in the appropriate format for use with the Gromacs software.
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