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Abstract

[NiFe] hydrogenases catalyse the reversible conversion of molecular hydrogen to protons and
electrons. This seemingly simple reaction has attracted much attention because of the
prospective use of H> as a clean fuel. In this paper, we have studied the full reaction
mechanism of this enzyme with various computational methods. Geometries were obtained
with combined quantum mechanical and molecular mechanics (QM/MM) calculations. To
get more accurate energies and obtain a detailed account of the surroundings, we performed
big-QM calculations with 819 atoms in the QM region. Moreover, QM/MM thermodynamic-
cycle perturbations (QTCP) calculations were performed to obtain free energies. Finally,
density matrix renormalisation group complete active space self-consistent field (DMRG-
CASSCEF) calculations were carried out to study the electronic structures of the various states
in the reaction mechanism. Our calculations indicate that the Ni-L state is not involved in the
reaction mechanism. Instead the Ni-C state is reduced by one electron and then the bridging
hydride ion is transferred to the sulfur atom of Cys546 as a proton and the two electrons
transfer to Ni ion. This step turned out to be rate-determining with an energy barrier of 58
kJ/mol, which is consistent with the experimental rate of 750490 s! (corresponding to ~52
kJ/mol). The cleavage of H-H bond is facile with an energy barrier of 33 kJ/mol according to
our calculations. We also find that the reaction energies are sensitive to the size of QM
system, the basis set and the density-functional theory method, in agreement with previous
studies.

Keywords: [NiFe] hydrogenase, reaction mechanism, density-functional theory, DMRG-
CASSCF, QM/MM, big-QM, QTCP.



Introduction

Hydrogenases are metalloenzymes that catalyse the reversible conversion of protons and
electrons to Hz. As H> has a promising potential as a non-carbon energy carrier, hydrogenases
have attracted much interest and have been studied extensively.! The hydrogenases can be
classified into three groups based on the metal content of the active site, viz. [Fe], [FeFe] and
[NiFe] hydrogenases.

Numerous crystallographic studies have presented structures of hydrogenases.* For
[NiFe] hydrogenases, the active site contains one Ni and one Fe ion. The iron ion is
coordinated by one carbon monoxide and two cyanide molecules. In addition, two thiolates
from Cys84 and 549 (residues are numbered according to the enzyme from Desulfovibrio
vulgaris Miyazaki F°) bridge the two metals. The nickel ion has two additional cysteine
ligands (Cys81 and 546) that are terminally coordinated. Typically, the [NiFe] hydrogenases
also contain three FeS clusters and an octahedral Mg?* site.

Glu34

His88

9
Figure 1. The active site of the [NiFe] hydrogenases with Hz binding to the Ni ion (QM/MM
structure of the Ni-H2 state).

Three spectroscopic states have been found to participate in the catalytic cycle of the
[NiFe] hydrogenases, viz. the Ni-SI,, Ni-C and Ni-R states.! The Ni-SI, state is EPR-silent®
and it is widely accepted that both metals are in the +II oxidation state (in fact, the iron ion
remains in the low-spin +II state throughout the reaction cycle’> ). Moreover, it probably
does not contain any extra ligands in the active site, i.e. the iron ion is penta-coordinate and
the nickel ion is tetra-coordinate. The Ni-SI, state is ready to react with the hydrogen
molecule. The Ni-C state is generated during the activation of Hz and it is paramagnetic with
a Ni(IIT) ion.” In this state, a hydrogen species (a hydride ion) probably bridges the two
metals.” One-electron reduction of the Ni-C state leads to the Ni-R state. The Ni-R state is
also EPR-silent with the same oxidation state of the two metal ions as in the Ni-SI, state, i.e.
Fe(II) and Ni(II). A recent high-resolution (0.89 A) X-ray structure of Ni-R shows that a
hydride ion is bridging the Ni and Fe ions and the terminal Cys546 residue is protonated.!”

Moreover, an additional state, called Ni-L, can be generated from Ni-C by
illumination.!!"!> In this paramagnetic state, the bridging hydride ligand has dissociated, most
likely as a proton.'* However, the oxidation state of the Ni ion is unclear. On the one hand, it
has been suggested to be +I by EPR experiments!? 1416 and this is also the expected state if a
proton dissociates from a Ni(Ill)-hydride complex. On the other hand, X-ray absorption
studies indicate that it is closer to Ni(IIT) than to Ni(I).!” Recently, the Ni-L state was found
also in dark environment, indicating that the Ni-L state may be involved in the catalytic
cycle.!$ 19



In our previous studies, we have studied the protonation states of the cysteine residues
in the active site of [NiFe] hydrogenase for the Ni-Sl,, Ni-R, Ni-C and Ni-L states, as well as
H> binding to Ni-SI,.2%22 These studies showed that Cys546 is the most easily protonated
residue for all states during the reaction and that H> binds to the Ni ion in the singlet state.
However, the full reaction mechanism is still unclear.

Early theoretical studies of the reaction mechanism of [NiFe] hydrogenases proposed
that H» binds to Fe ion and is cleaved heterolytically.?*:2* Hall and coworkers suggested that
that cleavage of H» is more favourable if the nickel ion is oxidised to Ni(III) than with Ni(II)
(shown with orange arrows in Figure 2)?* and later that Ni is in the high-spin state.?> On the
other hand, in 2009, Siegbahn and coworkers suggested an oxidative addition mechanism
(shown with yellow arrows in Figure 2), in which H> binds to Ni ion of Ni-L and is cleaved
in the Ni(I) state, because the heterolytic cleavage of the H-H bond by Ni(Il) gave a rather
high energy barrier, 67 kJ/mol, whereas it was 49 kJ/mol with Ni(I).2° Thus, they suggest that
the Hz binding to Ni-Sl. is just as an initial step to generate the Ni-L state, whereas the actual
reaction cycle involves Ni-R, Ni-C and Ni-L, but not Ni-Sl..

Moreover, in two recent theoretical studies, three different reaction mechanisms were
suggested, as shown in Figure 2.27-2% In the mechanism suggested by Sun and coworkers
(shown with black arrows in Figure 2), H> binds to Ni-SI,, forming a Ni-H2 state, which is
still in the Ni(II) oxidation state.?” Then, the H-H bond is cleaved, forming the Ni-R state
directly with one proton on Cys546 and a bridging hydride ion: The activation energy was 38
kJ/mol and the reaction was exothermic by 15 kJ/mol. Next, the proton dissociates to the
solvent and the active site is oxidised, giving rise to the Ni-C state. In the following step, Ni-
C is converted to Ni-L by the movement of the bridging hydride ion to Cys546, i.e. by
converting the hydride ion to a proton and reducing the Ni ion from +III to +I. They obtained
an energy barrier of 64 kJ/mol for this step and the reaction was endothermic by 29 kJ/mol.?’
Finally, the proton dissociates again to the solvent and the site is oxidised to form the starting
Ni-Sl, state.
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Figure 2. Reaction mechanisms suggested by theoretical studies. All the hydrogen species
binding to Ni are supposed to be hydride ions.



Bruschi and coworkers studied the reaction mechanism for the H> cleavage from the
Ni-H2 state to the Ni-R state.”® They could not obtain any direct conversion between these
two states, but instead studied two mechanisms with one intermediate each, viz. Ni-H2—I-A
(intermediate state A)—>Ni-R and Ni-H2—I-B—>Ni-R, as shown with red and green arrows in
Figure 2. In the former mechanism, the calculated energy barriers of the two steps were 52
and 13 kJ/mol, respectively, and the two reactions were endothermic by 5 kJ/mol and
exothermic by 26 kJ/mol, respectively. In the other mechanism, involving the I-B state, the
activation energies were lower, viz. both 5 kJ/mol. The reactions of the two steps in the latter
mechanism were both exothermic, by 0.4 and 21 kJ/mol, respectively. Thus, the reaction
mechanism involving I-B was found to be more favourable than that involving I-A. However,
they did not study the remaining part of the reaction mechanism.

Thus, the suggested reaction mechanisms obtained by QM-cluster methods differ in
several aspects: a) Is the Ni-H2 state oxidised before the cleavage of Hz; b) Does an extra
intermediate exist between the Ni-H2 and Ni-R states.?’”- 8 Moreover, for the remaining part
of the reaction, from Ni-C to Ni-SI,, several additional reaction mechanisms (shown with
blue arrows in Figure 2) have not been examined. In particular, it is not clear whether the Ni-
L state is involved in the catalytic cycle or not.!® ' Moreover, it is unclear how the protein
surroundings affect the reaction mechanism — several studies have suggested major effects of
the surrounding protein and most recent QM-cluster studies employ large models (122—
363).20-22:2732 1 this paper, geometries were obtained with the QM/MM approach and the
effect of the surroundings was estimated by big-QM calculations with 819 atoms in the QM
system. QM/MM thermodynamic cycle perturbation (QTCP) calculations were carried out to
obtain free energies between the various states. In addition, the DMRG-CASSCF approach
was employed to investigate the electronic structure of some species.

Methods

The protein

The calculations were started from our previous QM/MM structure of the Ni-H2 state of
[NiFe] hydrogenase, shown in Figure 1.2! It was based on the 1.4-A crystal structure from D.
vulgaris Miyazaki F (PDB code 1H2R).> The protonation states of all residues were the same
as in the previous structure and the fully protonated and solvated structure contained a total of
56 989 atoms.

OM calculations

DFT calculations were performed with the Turbomole 7.1 software.>*> The TPSS** and
B3LYP*-7 functionals were used, combined with the def2-SV(P),*® def2-TZVP,** def2-
TZVPD* and def2-QZVPD?3% %0 basis sets. The calculations were sped up by expanding the
Coulomb interactions in an auxiliary basis set, the resolution-of-identity (RI)
approximation.*!> 4> Empirical dispersion corrections were included with the DFT-D3
approach, standard zero-damping and optimised parameters for each DFT method,*: % as
implemented in Turbomole. The DFT calculations used a QM system consisting of the Ni
and Fe ions with first-sphere ligands (CO, two CN-, and four cysteine residues, modelled by
CH3S), as well as an acetic-acid model of Glu34 and an imidazole model of His88, as shown
in Figure 1. Glu34 and His88 were included in the QM system because they form hydrogen
bonds to the S ligands of the active-site metal ions and therefore tune their properties. Our
previous studies have shown that they strongly influence the reaction energies.* Glu34 is also
a putative proton acceptor of the active site. In most calculations, it was modelled in the



protonated form, donating a hydrogen bond to Cys546, because otherwise two negatively
charged atoms are in close contact (cf. Figure 1).* However, when studying transfer of
protons away from Cys546, Glu34 was deprotonated. All DFT calculations were performed
with a point-charge model of the protein surroundings. All models were studied in their
lowest spin state, viz. a singlet or doublet state, which according to our previous studies with
multiconfigurational and coupled-cluster methods is the ground state of Ni-SI, and Ni-H2.2!:
22,46 As can be seen in Table S2, we also checked the triplet or quartet states for the other
intermediates and some transition states, and they were in general higher in energy, although
in some cases, the two states are nearly degenerate. In future studies, we will study the spin-
state ordering with more accurate methods.

DMRG-CASSCF calculations*’>* were performed with the BLOCK code*® 51-53
interfaced with MOLCAS 8.1.58 They were performed to analyse the electronic structure of
the 1-B, Ni-R, Ni-C and I-D states. Thus, only single-point calculations in vacuum were
performed. We used a small model for these calculations, obtained by replacing the four
methyl groups on the Cys models by a proton, employing an S—H bond length of 1.34 A, and
removing the models of Glu34 and His88 in Figure 1, resulting in a QM region of 18 atoms.
The calculations employed the ANO-RCC basis sets: [7s6p4d3f2glh] for Ni and Fe,*
[5s4p2d1f] for S,°0 [4s3p2d1f] for C, N, and O, and [3pls] for H.®! The number of
renormalized states (m) was 1000 in all calculations. We used the default sweep schedule
implemented in BLOCK, i.e. the initial DMRG iterations were done with a small m value to
approximately converge the DMRG wavefunction, whereas the later iterations were carried
out with the full m. A small amount of perturbative noise (¢ = 10*) was added to the
wavefunction in the initial iterations to prevent it from being trapped in a local minimum.
The orbital ordering was automatized by minimising the quantum entanglement using a
genetic algorithm.®? Scalar relativistic effects were included using the second-order Douglas—
Kroll-Hess Hamiltonian. An active space of 22 electrons in 22 orbitals was employed (details
are given in the Results and Discussion section).

OM/MM calculations

The QM/MM calculations were performed with the ComQum software.®* * In this approach,
the protein and solvent are split into three subsystems: System 1 (the QM region) was relaxed
by QM methods and it consisted of the same atoms as in the DFT calculations (Figure 1).
System 2 consisted of all residues or water molecules within 6 A of any atom in system 1.
System 2 was optionally relaxed by a full MM minimisation in each step of the QM/MM
geometry optimisation (otherwise it was keep fixed at the crystal coordinates). Finally,
system 3 consisted of all the remaining parts of the protein and the solvent. It was kept fixed
at the original (crystallographic) coordinates.

In the QM calculations, system 1 was represented by a wavefunction, whereas all other
atoms were represented by an array of partial point charges, one for each atom, taken from
MM libraries. Thereby, the polarization of the QM system by the surrounding protein is
included in a self-consistent manner. When there is a bond between systems 1 and 2 (a
junction), the hydrogen link-atom approach was employed: The QM system was capped with
hydrogen atoms (hydrogen link atoms, HL), the positions of which are linearly related to the
corresponding carbon atoms (carbon link atom, CL) in the full system.%* %5 All atoms were
included in the point-charge model, except the CL atoms.>!

The total QM/MM energy in ComQum was calculated as®*- ¢4

_ pHL CL HL
Equmm = EqMi+ptchzz + ENiMi123,q;=0 — EMM1,q,=0 (1)



where Edji14ptenz3 is the QM energy of the QM system truncated by HL atoms and embedded
in a set of point charges modelling systems 2 and 3 (but excluding the self-energy of the point
charges). EﬁhLm:O is the MM energy of the QM system, still truncated by HL atoms, but

without any electrostatic interactions. Finally, EI\C,III(,[123'Q1=O is the classical energy of all atoms

in the system with CL atoms and with the charges of the QM system set to zero (to avoid
double counting of the electrostatic interactions). Thus, ComQum employs a subtractive
scheme with electrostatic embedding and van der Waals link-atom corrections. 5

The geometry optimisation was continued until the energy change between two
iterations was less than 2.6 J/mol (10°% a.u.) and the maximum norm of the Cartesian
gradients was below 107 a.u. The QM calculations were performed with Turbomole 7.1
software.®> Geometry optimisations were performed with the TPSS** functional in
combination with def2-SV(P)* basis set, including empirical dispersion corrections with the
DFT-D3 approach.” The MM calculations were performed with Amber software,*® using the
Amber ff14SB force field.*

Big-OM calculations

Previous studies of [NiFe] hydrogenase have shown that both QM-cluster and QM/MM
energies strongly depend on the size of QM system.?®:31:32 To avoid this problem, we have
developed the big-QM approach:?® We use a very big QM system consisting of all chemical
groups with at least one atom within 4.5 A of a minimal QM system (that shown in Figure 1,
but without the Glu34 and His88 group) and junctions were moved at least two residues away
from the minimal QM system. In addition, all charged groups buried inside the protein were
included, but the three iron—sulfur clusters were omitted to avoid convergence problems,
which according to our previous calculations can be done without compromising the
energies.?” 3% This gave a QM system of 819 atoms, shown in Figure 3.22 All big-QM
calculations were performed on coordinates from the QM/MM calculations and with a point-
charge model of surroundings, because this gave the fastest calculations in our previous
tests.?” They also employed the multipole-accelerated resolution-of-identity J approach (marij
keyword). The TPSS functional with the def2-SV(P) or def2-TZVP basis set were used in
big-QM calculations.

To this big-QM energy, we added the DFT-D3 dispersion correction, calculated for
the same big QM system with Becke-Johnson damping,** third-order terms and default
parameters for the TPSS functional.**+ %7 We also included a standard QM/MM correction
for this large QM system (Eqn. 1, but with the big-QM region).
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Figure 3. Atoms included in the big-QM calculations

QTCP calculations

The QTCP approach (QM/MM thermodynamic cycle perturbation) is a method to calculate
free energy difference between two states, A and B, with a high-level QM/MM method, using
sampling only at the MM level.”%7? It employs the thermodynamic cycle in Figure 4, showing
that the free-energy difference is obtained from three terms:

AGgrcp(A - B) = —AGym-qmmm () + AGym (A = B) + AGvymoqmmm(B)  (2)

The QTCP calculations were performed as described before:’% 7!- 73 First, each state of
interest was optimised with QM/MM, keeping system 2 fixed at the crystal structure. Then,
the protein was further solvated in an octahedral box of TIP3P water molecules,’* extending
at least 9 A from the QM/MM system. For one of the states, the system was first subjected to
a 1000-step minimisation, keeping the atoms in the QM region fixed and restraining all heavy
atoms in the crystal structure with a force constant of 418 kJ/mol/A2. Then, two 20-ps MD
simulations were run with the heavy atoms still restrained. The first was run with a constant
volume and the second with a constant pressure. Next, the size of the periodic box was
equilibrated by a 100-ps MD simulation with a constant pressure and only the heavy atoms in
QM region restrained to the QM/MM structure. Finally, for all states, an equilibration of 200
ps and a production simulation of 400 ps were run with a constant volume for each state.
During the production run, snapshots were collected every 2 ps.
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Figure 4. The thermodynamic cycle employed in the QTCP calculations

Based on these 200 snapshots, three sets of free-energy perturbations (FEPs) were
performed, as shown in Figure 4. First, FEPs were performed at MM level in the forward and
reverse directions along the reaction coordinate by changing the charges and coordinates of
the QM region to those of the QM/MM calculations.”® The charges were first modified in
nine steps, keeping the coordinates at those of the A state. Then, the coordinates were
modified in five steps to those of the B state (with the charges of the B state). Second, MM
— QM/MM FEPs were performed for both the A and B states, keeping the QM regions
fixed, as has been described before.”® ! All FEP calculations were performed with the local
software calcqtcp. Further details of the QTCP calculations can be found in
http://signe.teokem.lu.se/~ulf/Methods/qtcp.html.

Reported total energies are the big-QM energies, including dispersion and the MM

contributions (Eﬁzzshé%(;) or Eﬁzzshﬁ\z,[‘ﬁ). This energy was extrapolated to the B3LYP method

(which normally gives more accurate energies for both organic and bioinorganic systems)
and the def2-QZVPD basis set using QM calculations of the standard QM system in Figure 1,

including a point-charge model (EglgvlLYP/ SVP) _ Eg;ss/ SV(P) and E(TZE,[SS/ QZVPD _ Eg;ss/ SV(P) ,

where each energy term is Ey; in Eqn. 1, calculated with different DFT methods and
gy QM1+ptch23 q

basis sets, omitting the “def2-“ prefix).”> 7¢ Finally, the QTCP correction was added
TPSS/SV(P) _ TPSS/SV(P)

(Eqrep — Eqmmm ), giving the final total energy:
_ TPSS/SV(P) TPSS/QZVPD B3LYP/SV(P) TPSS/SV(P) TPSS/SV(P) TPSS/SV(P)
Eror = EbngM/MM + EQM + EQM - ZEQM + EQTCP - EQM/MM
3)

Results and Discussion

In this paper, we have studied the full reaction mechanism of [NiFe] hydrogenase by several
QM methods, viz. the QM/MM, big-QM, QTCP and DMRG-CASSCF approaches. In the
QM/MM calculations, the influence of the protein surroundings was taken into account by
MM part. Big-QM calculations were employed to obtain converged and accurate energies
based on the QM/MM-optimised geometries. All energies presented here are based on Eqn. 3
(big-QM energies, extrapolated to the B3LYP/def2-QZVPD basis set and including QTCP
free-energy corrections) if not otherwise stated. In order to study the electronic structure of I-
B, Ni-R, Ni-C and I-D, we used the DMRG-CASSCF method with a large active space. In
this investigation, the Ni-H2 state was used as the starting state.

H> cleavage
As can be seen from Figure 2, cleavage of the H-H bond in Ni-H2 could give rise to the Ni-R
state directly or go through the I-B state (the path via the I-A state was ignored because



previous studies indicated that the activation energy was 47 kJ/mol higher than for I-B).?7-28
In the previous calculations, an energy barrier of 38 kJ/mol was obtained for the one-step
reaction from QM-cluster calculations with 40 atoms, whereas for the rate-determining step
of the two-step reaction, a barrier of 5 kJ/mol was obtained from QM-cluster calculations
with 122 atoms.

With our QM/MM calculations, we could not find any direct reaction from Ni-H2 to
Ni-R. Instead, cleavage of H> resulted in the I-B state, in agreement with the study by Bruschi
and coworkers.?® The energy barrier was 33 kJ/mol and the reaction was endothermic by 6
kJ/mol. The geometries were obtained from QM/MM optimisation with system 2 fixed. In I-
B, the distances between the bridging hydrogen atom (Hpy) and the two metals, Ni—-Hy and
Fe-Hyp, were 1.59 and 1.73 A, respectively, and the distance between terminal hydrogen (H,)
and Ni ion, Ni-H;, was 1.47 A. We also tried calculations with system 2 relaxed and these
gave nearly identical results with an energy barrier of 27 kJ/mol and a reaction energy of 10
kJ/mol. Our calculations indicate that the cleavage of H-H bond can take place with the
Ni(II) ion, which is in agreement with the recent studies.?”?® In particular, the energy barrier
of this step with Ni(Il) ion is lower than in the previous studies with the Ni(IIl) or Ni(I)
states, giving activation barriers of 36 and 49 kJ/mol, respectively.?: 2

In the I-B state, one of two hydrogen atoms bridges the two metals and this should be
a hydride ion (H"). However, the nature of the other hydrogen atom, which binds terminally
to Ni with a Ni-H distance of 1.47 A, is less clear: If it is also a hydride ion, the oxidation
state of the Ni ion would be +1V, whereas if it is a proton, the Ni ion would remain in the +II
state. In order to describe the electronic structure of the I-B state, we performed DMRG-
CASSCEF calculation with an active space of 22 electrons in 22 active orbitals, composed of
two hydrogen s orbitals, three c-bonding orbitals between the metal atoms and the
coordinating ligand atoms, five Ni 3d, five Fe 3d and a second set of correlating 3d orbitals
for each occupied metal orbital (which is often referred to as 3d') to account for the so-called
double-shell effect (four on Ni and three on Fe), as shown in Figure 5.77 It can be seen that
three non-bonding 3d Ni orbitals are doubly occupied whereas both the fourth (mixed with
the 1s orbital of the terminal hydrogen atom) and the fifth orbitals (6*ni-s) are empty. The
orbital of the bridging hydride ion is mostly localised on the hydride ion and on the other
ligands of the two metals, but with small contributions from the metals. Fe has three doubly
occupied 3d orbitals, in accordance with an Fe(II) oxidation state. The natural populations on
the two hydrogen atoms are similar. Therefore, the I-B species is best described as two
hydride ions binding to a Ni(IV) ion, but with significant covalent character, especially for
the terminal hydride ion.

10
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Figure 5. Active natural orbitals and their occupation number in the DMRG-CASSCF

calculation of the I-B state.

Next, the terminal hydride ion was moved from Ni to the S atom of Cys546 to
generate the Ni-R state with similar Ni—-Hp and Fe—H, distances as in the I-B state (1.60 and
1.71 A). In Ni-R state, the oxidation state of Ni is back to +II (four of the 3d orbitals are
doubly occupied) with a hydride bridging the two metals (Figure S1), indicating that the
hydrogen moved to the Cys residue as proton coupled with the transfer of two electrons to Ni.
The energy barrier is 18 kJ/mol and the reaction is exothermic by 44 kJ/mol. The full energy
profile for the H»-cleavage reaction is shown in Figure 6. Finally, the proton on Cys546
transfers to Glu34 (if the latter is deprotonated) without any barrier and a with a downhill
QM/MM reaction energy of 101 kJ/mol, and it can then be transported out of the protein.

11



Ni-H2 TSI I-B TS2 Ni-R

Figure 6. The reaction energy profile relative to the Ni-H2 state. Energies are Ewt (Eqn. 3) in
kJ/mol obtained from QM/MM structures with system 2 fixed.

Reaction mechanism from Ni-C to Ni-Sl,

The Ni-C state is generated by a one-electron oxidation of the Ni-R state and dissociation of a
proton (Figure 2). As is shown in Figure S2, three of Ni 3d orbitals are doubly occupied, one
orbital is singly occupied and the fifth is empty. Thus, the oxidation state of Ni is +III and a
hydride ion bridges the two metals. In the reaction of Ni-C—Ni-SI,, it is unclear whether Ni-
L is an intermediate state. In this work, we examined two possibilities.

First, we tried a reaction mechanism involving the Ni-L state. Following our previous
study of the most favourable protonation state of Ni-L,?> we assumed that the proton is on
Cys546. For this mechanism, two pathways are conceivable (Figure 2), viz. a) that the
hydride transfers directly to the S atom of Cys546, with a concomitant two-electron transfer
to Ni, generating the Ni-L state with the Ni ion in the +I state or b) that the bridging hydride
first moves to bind only to Ni, forming the I-C state, followed by its transfer from Ni to the S
atom of Cys546.

In the previous study by Sun and coworkers using QM-cluster calculations with 180
atoms, the former mechanism was found to have an energy barrier of 64 kJ/mol and was
endothermic by 29 kJ/mol.2” However, in our QM/MM calculations, we could not locate any
transition state or product (Ni-L). Instead, the energy increased monotonically as the H-Ss46
distance was decreased, reaching 159 kJ/mol (relative to Ni-C state) at a distance of 1.3 A. If
the restraint was removed, the hydrogen atom moved back to bridge the two metals.

The energy profile of the latter mechanism, involving the I-C state, is shown in Figure
7. The total reaction is endothermic by 23 kJ/mol and the energy barrier is 89 kJ/mol. In the
I-C state, the Ni—H bond length is 1.47 A, i.e. the same as in the I-B state. The spin
populations of 0.6, 0.2 and 0 on Ni, Fe and the hydrogen atom indicate that the hydrogen
atom remains a hydride ion and the oxidation state of Ni is +III. An X-ray absorption study
suggested that the oxidation state of Ni ion in Ni-L state is close to Ni(IIl).!” Thus, the I-C
species might be a candidate for this observed state. However, our results indicate that is
unlikely that the Ni-L state can be formed from the Ni-C state, because the calculated
activation barrier of 91 kJ/mol is too high when compared to the experimental net rate of the
reaction, 750+90 s~! 7® which corresponds to ~52 kJ/mol, according to transition-state theory
(with a prefactor of 5.8-10'? s7! and a temperature of 277 K).” Still, the results show that Ni-
L is a local minimum on the potential-energy surface. Therefore, we tried the direct backward
reaction from Ni-L to Ni-C. However, the results showed that also the backward reaction
needs to go over the I-C intermediate state.
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89,0 82.0 N

Ni-C TS3 I-C TS4 Ni-L

Figure 7. The reaction energy profile relative to the Ni-C state. Energies are Eiwt (Eqn. 3) in
kJ/mol.

Therefore, a reaction mechanism that does not involve the Ni-L state was also
investigated. As shown in Figure 2, another electron and proton need to be removed from Ni-
L to reach Ni-Sl.. Of course, it is then possible that the electron is first removed from the Ni-
C state, before the hydride ion is converted to a proton on the Cys ligand. In the first
intermediate of such a mechanism (after one-electron oxidation, called the I-D state), the Ni—
H and Fe-H bond lengths are 1.63 and 1.67 A, which are similar to those in the Ni-C state
(1.62 and 1.69 A). Interestingly, it can be seen from DMRG-CASSCF result (Figure S3) that
one electron is transferred from the Fe ion to the Ni ion, indicating that the oxidation states of
Ni and Fe ions in I-D are both +III. However, in our DFT calculations, this state, which
corresponds to an open-shell singlet or a triplet state is 5—16 kJ/mol higher than the closed-
shell (Ni*") state.

As shown in Figure 2, two possible mechanisms exist for the I-D—I-F reaction. Our
QM/MM calculations indicate that cleavage of the Fe—H bond leads directly to I-F. In this
reaction, the energy barrier is 58 kJ/mol relative to the I-D state and the I-F state is 31 kJ/mol
more stable than I-D state. For the TS5 species, the Fe—-H and H—Ss46 bond lengths are 2.6
and 1.9 A. We also located the I-E state, but it is higher in energy than TS5 and therefore this
indirect pathway is unfavourable. Finally, the proton is transferred from I-F to the
deprotonated Glu34 without any energy barrier (if that residue is deprotonated), generating
the Ni-Sl. state that is ready for the next cycle.

58.3

Figure 8. The reaction energy profile relative to the I-D state. Energies are Ew (Eqn. 3) in
kJ/mol.
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Compared to the mechanism involving Ni-L (Figure 7), the I-D—I-F reaction gave lower
reaction and activation energies, —31 and 58 kJ/mol, compared to +23 and 89 kJ/mol,
respectively. Thus, according to our calculations, the most plausible reaction mechanism
(shown in Figure 9) can be described as: 1) H» binds to the Ni(Il) ion in the Ni-SI, state; 2)
the H-H bond is cleaved to generate the I-B state with a Ni(IV) ion and two hydride ions; 3)
the hydride ion terminally bound to Ni moves to the S atom of Cys546 as a proton, coupled
with a two-electron transfer to Ni, generating the Ni-R state with a Ni(II) ion; 4) one electron
and one proton are removed from the system to form Ni-C state with a Ni(Ill) ion; 5) another
electron is removed from Ni-C to generate the I-D state with a Ni(Ill) ion; 6) the bridging
hydride ion transfers to the S atom of Cys546 as a proton and the two electrons transfer to Ni
ion; 7) the second proton is removed from the system, resulting in the Ni-Sl. state to
complete the catalytic cycle. Thus, the Ni-L state is not involved in this reaction mechanism.
Based on our calculations, all hydrogen species bound to metal ions are best described as
hydride ions, although the bonds involve a significant covalent character.

S H\ H
N/ H S HS H- (3
NiZ_ Fe N N NN N,
N . 3N
s N \ s7 T %Ss/ T~ /N'ws/
H*e )
Ni-H2 - B Ni-R Ni-C
H2 e
S\ 2+ H* HS\ S\ H-
N 45" \
S / s~ - '4
N|-Sla I-F I-D

Figure 9. Reaction cycle of [NiFe] hydrogenase suggested by the present calculations.

Effects of the protein surroundings, basis set and DFT functional

According to previous studies, the reaction energies for [NiFe] hydrogenase are very
sensitive to the size of the QM system.?!-22-27-2931 [ this work, we compared energies from
QM/MM, QM-cluster, big-QM and QTCP calculations (Table 1). It can be seen that the big-
QM calculations change the energies by —2 to 11 kJ/mol, except for the I-F state, for which
the correction is 60 kJ/mol. Thus, QM calculations with a large-size model are necessary to
understand the reaction mechanism. The MM contribution of the big-QM energies is small
(~1 kJ/mol) and the QTCP corrections are —12 to 2 kJ/mol.

The basis-set correction from def2-SV(P) to def2-QZVPD is —34 to 10 kJ/mol,
indicating that the basis set has large effect on energy. We also tried to do QM calculations
with the def2-TZVPD and def2-TZVP basis sets, and our results indicate that the energies are
converged to within 2 kJ/mol at def2-TZVPD level and to within 3 kJ/mol with the def2-
TZVP basis set.

The effect of the B3LYP method is varying. The largest effects were found for the I-B
and I-F states, 24 and —78 kJ/mol respectively, whereas they are —15 to 7 kJ/mol for the other
states. The large effect might be caused by the two-electron transfer from the hydride to Ni
ion. In particular, for the reaction of I-D—I-F, the B3LYP method gives a high barrier for
backward reaction. Thus, this process is very sensitive to the DFT methods.
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Table 1. Relative energies (kJ/mol) obtained with the various methods (corresponding to the
various terms in Eqn. 3). For clarity, the “def2-* prefix has been omitted for the basis sets.

Eowmm  Eqtcp Equ1 = EQM1+ptch23 EBig-oMmm Etot

TPSS TPSS TPSS B3LYP TPSS TPSS TPSS TPSS MM
SV(P) SV(P) SV(P) SV(P) TZVP TZVPD QZVPD SV(P)

Ni-H2 0 0 0 0 0 0 0 0 0 0
TS1 4.2 6.2 5.4 127 123 12.5 127 16.1 -02 325
I-B 304  -36.5 -24.8 0.8 -162  -15.7 -148 205 -1.0 64
TS2 262 272 304 33.0 109 10.6 94 413 03 24.1
Ni-R 23.8 114 273 11.7 -39 5.2 64 254 -16 -37.8
I-D 0 0 0 0 0 0 0 0 0 0
TS5 748 743 729 58.6  66.1 65.9 655 814 -1.0 583
I-F 39.9 275 305 477 1.2 0.4 -12 907 0.7 -31.0
Conclusions

In this paper, we have studied the full reaction mechanism of [NiFe] hydrogenase by means
of a number of advanced computational methods, viz. QM/MM, big-QM, QTCP and DMRG-
CASSCF. Geometries were optimised by QM/MM at the TPSS/def2-SV(P) level of theory.
The effect of the protein surroundings was taken into account by big-QM calculations with
819 atoms in the QM system. Finally, the energies were extrapolated to the B3LYP/def2-
QZVPD level by QM-cluster calculations with point-charge models and the QTCP
corrections were added.

The calculations give many interesting clues for the reaction of [NiFe] hydrogenase.
First, they indicate that the Ni-L state is not involved in the catalytic cycle of the hydrogen
evolution reaction in [NiFe] hydrogenases. Instead, the Ni-C state needs to be oxidised by
one electron to generate the I-D state because this state gives a lower reaction barrier for the
transfer of the bridging hydride ion to Cys546 than the Ni-C state. In our calculations, this
step is rate-determining with an energy barrier of 58 kJ/mol. In addition, the H-H cleavage
involves an intermediate state I-B and the energy barrier is 33 kJ/mol for this process.

Second, our calculations suggest that metal-bound hydrogen species in all states in the
reaction mechanism are best described as hydride ions, with a significant covalent character.
The DMRG-CASSCEF calculations indicated that oxidation states of the Ni ion in I-B, Ni-R
and Ni-C states are +I1V, +1I1, and +I1I, respectively.

Finally, our results showed that some of the reaction energies are sensitive to the size
of the QM system for the [NiFe] hydrogenases. Therefore, it is currently not clear how
transferable the present results are to [NiFe] hydrogenases from other organisms. Moreover,
the basis-set effects (from def2-SV(P) to def2-QZVPD) were quite large (-32 to 9 kJ/mol),
but the energies are converged to within 3 kJ/mol with the def2-TZVP basis set and the effect
of diffuse functions in the basis set is small, ~2 kJ/mol. In addition, for the [-D—I-F reaction,
the difference between the B3LYP and TPSS energies is very large, —78 kJ/mol. Thus,
energies for reactions involving two-electron transfer to the metals may be very sensitive to
the DFT methods. Consequently, high-level methods are required to obtain more accurate
energies and such studies are currently performed in our group.
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Supporting Information. Natural orbitals and occupation numbers for the Ni-R, Ni-C and I-
D states. Energy components for the Ni-C — Ni-L reaction. Relative QM/MM energies of
the high-spin states for all intermediates and TSS5.
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We have studied the reaction mechanism of [NiFe] hydrogenase with QM/MM, big-QM,
QTCP and DMRG-CASSCF calculations. The results indicate that the Ni-L state is not
involved in the mechanism. Instead the Ni-C state is reduced by one electron before the
bridging hydride ion is transferred to Cys546 in a rate-determining step with a barrier of 58
kJ/mol. The energies are sensitive to the size of QM system, the basis set and the density-
functional theory method.
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