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Motivation: 

Preparation of DhaA in a complex with products (chloride, Cl-, and (R/S)-2,3-dichloro-1-propanol, R/S-DCL) of dehalogenation of 1,2,3-trichloropropane (TCP) for study of product export routes.

___________________________________________________________________________

Methods:


Preparation of Structures. Structures of DhaA.(Cl-).R/S-DCL were prepared previously by molecular docking using AUTODOCK 3.05 programme: R-DCL and S-DCL were docked into the active site cavity of free DhaA wild type (wt) structure and DhaA.Cl- complex (Table 1). The chloride was bound between two halide-stabilising residues W107 and N41. Coordinates for the chloride were taken from 1CQW X-ray structure of DhaA with two iodide anions (one of them located between the two halide-stabilising residues, another one close to C176). The former iodide was replaced by single water molecule in DhaA.R/S-DCL. The latter iodide was replaced by single water molecule in DhaA.(Cl-).R-DCL and DhaA.Cl-.S-DCL; or was removed in DhaA.S-DCL. Crystallographic water molecules were added to the structures. Water molecules making steric clashes with the ligands were removed. Sodium counterions (17 Na+ for the systems without and 18 Na+ with Cl-) and rectangular parallelepiped box of TIP3P water molecules with closeness of 10 Å were added to the solutes using LEAP programme of AMBER 8.0 package (1).

Table 1. DhaA with products of dehalogenation of TCP.
	Complex
	Protein
	Products

	DhaA.R-DCL
	DhaAwt
	R-DCL

	DhaA.S-DCL
	DhaAwt
	S-DCL

	DhaA.Cl-.R-DCL
	DhaAwt
	Cl- and R-DCL

	DhaA.Cl-.S-DCL
	DhaAwt
	Cl- and S-DCL


Equilibration Molecular Dynamics (MD). First, 300 steps of steepest descent method of energy minimisation was applied on hydrogen atoms of protein, ligands, counterions and all water molecules with the rest of the system restrained. The energy minimisation was followed by 20 ps molecular dynamics on counterions and all water molecules. Next, whole system was minimised in 4x300 steps of steepest descent with decreasing restraint on protein backbone (500, 125, 25 and 0). Finally, molecular dynamics was applied to the whole system with slow heating from 0 to 300 K during initial 200 ps using 2 fs time step. The SANDER module of AMBER 8.0 with the Cornell et al. force field (2) was used for all simulations. The particle-mesh Ewald method was employed for treatment of electrostatic interactions. The simulations were run under periodic boundary condition. The SHAKE algorithm was applied to fix all bonds containing hydrogen atoms. A 10.0 Å cutoff was applied for Lennard‑Jones interactions. Coordinates were written into the trajectory files after each 0.5 ps. Stability of the systems were monitored by root-mean-square-deviation (RMSD) from X-ray structure and radius of gyration (GR). Systems were considered in equilibrium when both RMSD and GR curves were flat for hundreds of picoseconds. Three starting structures were selected for the study of export routes for each complex. The starting structures were taken from last 300 ps of the MD, one starting structure per 100 ps. Time interval for the selection was extended to 600 ps for DhaA.Cl-.S-DCL  (see Results).

Results:

DhaA.R-DCL. Total length of MD was 2.8 ns. RMSD was stable for last 900 ps with average value 1.45 Å2 (Figure 1) and GR with average value 17.80 Å (Figure 2). R-DCL was stably bound and its hydroxyl group was making a hydrogen bond to D106-O(1 during the whole simulation. Orientation of the catalytic water molecules was stable during MD as well. Three water molecules entered the active site cavity at ~230 ps (4843), ~1140 ps (473) and ~2600 ps (6457), and three water molecules left from the active site cavity at ~275 ps (692), ~1545 ps (4843) and ~2755 ps (6457). Water 473 was initially located in the slot, 692 in the active site cavity nearby C176; 4843 and 6457 were entering/leaving the active site cavity from/to bulk solvent through the main tunnel (4843) and the slot (6457). Starting structures for the study of export routes are snapshots at 2597 ps (A), 2699 ps (B) and 2791 ps (C). Structure A has open the main tunnel but closed the slot with W141, V245 and L246. Structure B has open both the main tunnel and the slot; there is one water in the slot (6457). Structure C has only the main tunnel.  There are two water molecules in the active site cavity (309 and 473) in A, B and C structure.


DhaA.S-DCL. Total length of MD was 2.8 ns. RMSD was stable for last 900 ps with average RMSD 1.38 Å2 (Figure 1) and GR 17.74 Å (Figure 2). R-DCL was bound by hydrogen bond between its hydroxyl group and D106-O(1 during the whole simulation but it was less stable compared to R-DCL. Orientation of the catalytic water molecules was stable during MD. One water molecule entered the active site cavity through the slot at ~2202 ps (10202) and two water molecules escaped from the active site cavity through the slot at ~2030 ps (475) and ~2600 ps (10202). Water 475 was initially located in the slot. Starting structures for the study of export routes are snapshots at 2589 ps (A), 2700 ps (B) and 2800 ps (C). Structure A has open main tunnel but the slot is closed. Structure B has closed the main tunnel with T148 and K175 as well as the slot (there is only vesicule with water 474). Similarly, structure C has closed the main tunnel with A145 and C176 as well as the slot; there is just vesicule with water 474. There are two water molecules in the active site cavity (309 and 473) in A, B and C structure like in DhaA.R-DCL.


DhaA.Cl-.R-DCL. Total length of MD was 2.8 ns. RMSD was stable for last 800 ps with average RMSD 1.56 Å2 (Figure 1) and GR 17.80 Å (Figure 2). R-DCL was stably bound by its hydroxyl group to Cl- which is bound between the two stabilising residues W107 and N41 during the whole simulation. Orientation of the catalytic water molecules was stable only first 600 ps. The catalytic water (473) moved from its functional site at ~870 ps but water 1986 immediately (~875 ps) took its place for next ~55 ps. At ~930 ps 1986 moved away from the catalytic site. After ~1830 ps the site for the catalytic water became definitely occupied by water 693; its stability is, however, lower in comparison to the systems without Cl- in the active site. Total of eleven water molecules entered the active site cavity and eight water molecules left the active site cavity throughout the simulation. Six out of 11 waters entered the active site cavity through the slot at ~240 ps (476), ~500 ps (475), ~725 ps (1986), ~425 ps (4455), ~710 ps (4348) and ~1425 ps (1997). Four out of 11 waters entered the active site cavity via main tunnel at ~220 ps (5496), ~595 ps (2412), ~1400 ps (5406) and ~2210 ps (3907). One water molecule (473) entered the active site cavity from the cavity for catalytic water molecules at ~870 ps. Six out of eight water molecules escaped from the active site cavity via main tunnel at ~860 ps (2412), ~1260 ps (1986), ~1175 ps (4348), ~1255 ps (476), ~1425 ps (5406) and ~2325 ps (1997). Two water molecules left the active site cavity through the slot at ~1970 ps (473) and ~2605 ps (475). Starting structures for the study of export routes are snapshots at 2600 ps (A), 2700 ps (B) and 2800 ps (C). Structure A has open the main tunnel and the slot is missing. Structure B has open the main tunnel partially closed and the slot is missing. Structure C has open the main tunnel and closed slot by I135 and P210. Beside Cl- and R-DCL, active site cavity of the structure A, B and C is occupied by four water molecules (693, 4455, 5496 and 3907).


DhaA.Cl-.S-DCL. Total length of MD was 2.2 ns. RMSD was stable for last 800 ps with average RMSD 1.39 Å2 (Figure 1) and GR 17.85 Å (Figure 2). R-DCL formed temporary hydrogen bonds either with D106-O(1 or Cl- during the first 250 ps only. Afterwards, S-DCL was free to move in the active site cavity till the end of MD. S-DCL was mostly located either between F149 and C176 or close to H272 imidazole ring. Position of Cl- between the halide-stabilising residues W107 and N41 was retained first ~1735 ps. Afterwards, interestingly, Cl- left its binding site and the active site cavity through the main tunnel while S-DCL remained there. The process of Cl- export took ~185 ps from ~1735 to ~1920 ps. After ~335 ps the catalytic water (473) moved from its functional cavity to Cl- bound in the active site. Free space became occupied by another water (475; originally in the slot) at ~635 ps and kept its position till the end of the simulation. Total of nine water molecules entered the active site cavity and five water molecules left the active site cavity throughout the simulation. Three out of eight waters entered the active site cavity through the slot at the very beginning of MD: ~255 ps (474), ~275 ps (475) and ~280 ps (476). Five water molecules entered the active site cavity via the main tunnel at ~250 ps (3078), ~640 ps (5518), ~900 ps (7412), ~1405 ps (2795). One water molecule (694) escaped from the active site cavity before MD. Two water molecules did so via main tunnel at ~1750 ps (2795) and ~1925 ps (474). One water molecule  left the active site cavity through the slot at ~1860 ps (5518). Starting structures for the study of export routes are snapshots at 1601 ps (A), 2125 ps (B) and 2200 ps (C). Structure A has main tunnel open and closed slot. The water 5518 is located in the bulge made of closed slot. Structure B has open the main tunnel and the slot is missing. Structure C has open the main tunnel and closed slot by I135, W141 and L246. Structure A contains both Cl- and S-DCL in the active site cavity, and six water molecules (473, 474, 476, 2795, 3078 and 7412) plus one water in the bulge (5518). Structures B and C do not contain Cl-; active site cavity of B and C is occupied by S-DCL and four water molecules (473, 476, 3078 and 7412).
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Figure 1. RMSD plots for MD. DhaA PDB-ID 1CQW with V172A+I209L+G292A was used as a reference structure. RMSD curves are coloured in black (R-DCL) and red (S-DCL).
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Figure 2. GR plots for MD. GR curves are coloured in black (R-DCL) and red (S-DCL).

Discussion:

Equilibrated complexes without Cl- contain two water molecules in the active site cavity whereas systems with Cl- have four water molecules in the active site. Cl- bound in the active site strongly attracts water molecules first from slot then from main tunnel.      DhaA.Cl-.S-DCL simulation provided supportive evidence for an assumption that Cl- leaves the active site before alcohol. This obervation is in agreement with kinetic data determined with 1,3-dichloropropane) that export of  an alcohol, but not Cl-, is the rate limiting step of the overall reaction (3). Export of Cl- from the active site is facilitated by several water molecules interacting with Cl- via hydrogen bonds. Relevance of this observation is supported by flat RMSD curve indicating stable system. Average RMSD of the equilibrated DhaA.Cl-.S-DCL was 1.39 Å compared to 1.56 Å for analogous system with R-DCL and the RMSD is almost the same as for DhaA.S-DCL (1.38 Å). In distinction to Cl-, S-DCL stucked in the active site cavity probably because of favourable interactions with H272 imidazole ring and too narrow mouth of the main tunnel formed predominantly by C176 and F149.

In case of DhaA.Cl-.R-DCL such a striking escape of Cl- was not observed most probably due to different orientation of R-DCL from molecular docking: R-DCL is oriented towards the slot reducing conformational freedom of the molecule. Unlike R-DCL, S-DCL is oriented towards the main tunnel thus it is much more free to move in the active site cavity. Indeed, S-DCL interacts with D106-O(1 and Cl-, respectively, only during first 250 ps enabling access of waters to Cl- and destabilisation its position between the halide stabilising residues. A question arises whether the difference between R-DCL and S-DCL is just an artefact of the docking procedure or whether it has a natural foundation. 

The most attractive complex for study of export routes is DhaA.Cl-.S-DCL system without Cl-, i.e. only with S-DCL located freely in the active site cavity enabling use of much smaller acceleration constant compared to other complexes containing R/S-DCL bound via hydrogen bond to either Cl- or D106-O(1. Furthermore, the product of TCP dehalogenation is expected to stack  on H272 ring as observed for S-DCL from DhaA.Cl-.S-DCL system. The expectation has a substantation in experimentally solved X-ray structure of LinB with R-DCL (4) in which the most striking interactions of R-DCL with the active site residues are the contacts with the catalytic histidine that must provide strong van der Waals interaction between the ligand molecule and H272 ring. The same interaction will be present also in DhaA based on identical position and orientation of catalytic histidine within the tunnel opening. Product molecule makes also van der Waals contact with L177 in LinB, that is equivalent to C176 in DhaA, the residue mentioned several times above. DhaA.Cl-.S-DCL system after release of Cl- seems to be most relevant though all four systems will be used for identification of all possible export routes for DCL. 

Conclusions:

· DhaA in complex with products (Cl- and (R/S)-2,3-dichloro-1-propanol) of dehalogenation of 1,2,3-trichloropropane (TCP) was prepared for study of product export routes using several steps of energy minimisations and MD simulations.

· All four prepared complexes are suitable for study of export routes. However, the most  relevant complex  seems to be DhaA.Cl-.S-DCL after release of Cl-.

· R/S-DCL from DhaA.R/S-DCL complexes established a hydrogen bond with D106-O(1 the active site cavity, while R-DCL from DhaA.Cl-.R-DCL complex formed stable hydrogen bond with Cl-. S-DCL from DhaA.Cl-.S-DCL complex moved from the hydrogen bonding interactions with D106-O(1 and Cl- about 50 ps after heating phase of the equilibration MD. Then it stacked on H272 ring for the rest of the MD simulation. 
· Cl- in DhaA.Cl-.S-DCL complex (but not in DhaA.Cl-.R-DCL) left its binding site and the active site cavity through the main tunnel.
· Proper position and orientation of catalytic water molecule is retained in DhaA.R/S-DCL complexes while in DhaA.Cl-.R/S-DCL systems the catalytic water molecule moved towards Cl-. Its place became immediately occupied by another water molecule. Such exchange occcured once in DhaA.Cl-.S-DCL and twice in DhaA.Cl-.R-DCL.
· The active site cavity is connected to the surface via the main tunnel and the slot. Both of them could adopt open and closed state during various simulations. Residues involved in closure of the main tunnel are F144, A145, F149, A172 and C176. The slot can be blocked by R133, I135, W141, P210, V245 and L246. 
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