4468 J. Am. Chem. S0d.999,121,4468-4477

A Hybrid Density Functional Theory/Molecular Mechanics Study of
Nickel—Iron Hydrogenase: Investigation of the Active Site Redox
States

Patricia Amara,’ Anne Volbeda Juan Carlos Fontecilla-Camps,* and Martin J. Field* -t

Contribution from the Laboratoire de Dynamique Maoldaire and Laboratoire de Cristallographie et
Cristallogense des Prdtiaes Institut de Biologie StructurateJean-Pierre Ebel, CEA/CNRS 41,
rue Jules Horowitz, F-38027 Grenoble Cedex 01, France

Receied Naember 17, 1998. Résed Manuscript Receeéd March 9, 1999

Abstract: We have investigated using theoretical methods some of the redox states of the active site of
Desulfaiibrio gigas NiFe hydrogenase, which is a metalloprotein that catalyzes the reversible reagtion H

2H* + 2 €. A hybrid potential that combinesb initio density functional theory and a molecular mechanics
energy function was employed. Starting from the X-ray structure of the oxidized form refined at 2.54 A
resolution, we have optimized the structures of the active site redox states, believed to be involved in the
activation and the catalytic cycle of the enzyme, and compared them with the available X-ray data. We have
also tested various hypotheses concerning the oxidation states oftke Himetallic center and the protonation
states of the active site by comparing calculated spin densities and vibrational frequencies with EPR and IR
spectroscopic data. The good agreement we have obtained with experiment allows us to identify more precisely
those structures that are likely to be important in the enzymatic reaction mechanism.

1. Introduction a larger region, comprising the remainder of the atoms, which

Numerical methods, such as molecular dynamics and Monte is treated with a simpler MM potential. For reviews on the wide
Carlo simulation techniques, are increasingly important tools Variety of hybrid potentials that have been developed see, for
for studying the structure and function of biomacromolectités. ~ €X@mple, refs 9 and 10.

Owing to the complexity and the size of macromolecular M this work, we have employed a hybrid QM/MM potential
systems, it is common practice to use empirical potentials or method for the investigation of some of the redox states of the

molecular mechanics (MM) force fields to calculate the system's Nydrogenase from the sulfate-reducing bade'”“.’“””‘”‘b”‘i
energy and the forces on its atofgVith these approximate  (D-) 9igas,which catalyzes the reversible reactiop + 2H

functions, it is possible to study systems comprising thousands T 2€ under anaerobic conditions. Until a few years ago, it
of atoms. Modeling chemical reactions in which bonds are Was believed that the active site of the enzyme consisted of a

broken and formed is, however, not straightforward using Mckel atom with either pure S or S, (N,0) mixed coordinagién.
empirical potentials because of the difficulties of choosing an N 1995, however, with the solution of the first X-ray structlgre
analytic form for the energy surface and parametrizing it. In of hydrogepase fronD. gigas (an OXIdIZ.ed fprm at 2.85
contrast, quantum mechanical (QM) methods do, in principle resolution), it became evident that the active site, which appeared
allow an accurate description of reactive processes because the be dee_ply buried in the enzyme at approx.|mately 30 A from
can determine changes in a molecule’s electron density as itst'€ Protein surface, was not mononuclear; rather, there was
geometry changes. The problem with these methods, though another unidentified transition metal close to the nidkéthe

is that they are expensive, and so it is impractical to treat mac- 14€ntity of the second mgtal was proven to be iron using X-ray
romolecular systems routinely even though there have been sig-dat@ collected g; 3.00 A resolution on both sides of the Fe
nificant recent algorithmic advances and computers are continu-ab_sor5|[;t'Orl“leaIg » and this was later confirmed by ENDOR
ally improving in speed.A solution to this dilemma has been YS9 Fe_. Another crystallographic analysis, this time at 2.54
to develop hybrid QM/MM potentials in which a system is A resolution, revealed a second unusual characteristic of the
partitioned into two or more regiorfs® For the simplest case active site, namely the presence of three nonproteic, diatomic
of two regions, there will be a small region in which the reaction (6) Warshel, A.; Levitt, M.J. Mol. Biol. 1976 103 227—49.

i i (7) Singh, U. C.; Kollman, P. AJ. Comp. Cheml198§ 7, 718-30.
occurs and whose atoms are treated with a QM potential, and (8) Field. M. J- Bash, P. A Karplus, ML, Comp. Chem1990 11,
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Nickel-Iron Hydrogenase

ligands bound to the iro¥ It was inferred that these ligands
were probably responsible for the three, exceptionally-high-

J. Am. Chem. Soc., Vol. 121, No. 18, 199%9

form, is activated within second8.The crystals used for the
initial D. gigasX-ray structure determination contained mainly

frequency, infrared (IR) bands that were earlier reported for the Ni—A.*2 Under hydrogen pressure, the EPR signal of Ni(S

NiFe hydrogenase dEhromatiumzinosum® and then for the

D. gigasenzyme'3-16Later, Happeet al. identified the ligands
as two CN and one CO after studying the shifts in the IR bands
in enriched!*C and!®*N samples’ These ligands are believed
to stabilize both low redox and low spin states of the iron.

= 1/,) disappears and a new EPR signal called-®i(S = %/,)

is detected after a transition, involving several EPR silent forms,
Ni—SU, Ni—SlI1, and Ni-SI2 as revealed by IR titrations of
the different redox states &f. gigas!®16Further reduction leads

to the most reduced stable form of hydrogenase, calleeR\li

Despite the recent controversy about the identity of these ligandswhich is also EPR silent. When the active site was supposed to
raised by the resolution of a NiFe hydrogenase structure from be mononuclear, several mechanisms were proposed, namely,

D. wulgaris Miyazaki'® we believe that there is sufficient
experimental evidence for the presence of two Cid one
CO in D. gigasand in very similar hydrogenases frob
fructosaorans® andDesulfomicrobium baculatuthito warrant
their inclusion in the model of the active site that we have
adopted for our simulations.

(a) the Ni went from Ni(lll) to Ni(0)} (b) only Ni(ll) and Ni-

(1) were involved2:27 and (c) the sulfurs from the cysteines
of the active site could form radica??® However, some of
these proposals are difficult to reconcile with XAS experiments
that seem to indicate that the Ni center does not undergo major
electron density changes through the catalytic cycle as there

In addition to the metals at the active site, the enzyme containsare no significant shifts of the Ni absorption edge except for

one [3Fe-4S] cluster and two [4Fe4S] clusters that are likely

the Ni—A — Ni—SI transition3° In addition, such mechanisms

to be involved in the transfer of the electrons resulting from could not consider a redox role for the Fe as it was not known
the redox reaction at the active site because they are reducedo exist at the time. Redox changes at the Fe atom have been
during hydrogen uptak®. In this work, we have not studied suggested to be responsible for the shifts of the high-frequency
the redox changes of these clusters and have focused on théR bands that are observed for different enzyme intermedi-
active center instead. The center of the proximal cluster is ates'3'6However, these shifts could also be due to changes in
located approximately 13 A away from the nickel atom, and the environment of the Fe atom. There are also other questions
there is some debate about whether it could be directly involved that remain to be clarified concerning, for example, the nature
in the catalytic mechanis/:22We have not addressed this issue of the active site hydrogen species involved in the mechanism,
here as it would have been computationally intractable for us because the catalysis proceeds through a heterolytic cleavage
to treat so many atoms quantum mechanically in our calcula- of Hy?! and so the active site must contain binding sites for
tions. The structural model also includes a NiFe bridging ligand, hydrides and protons. Two putative binding sites have been
possibly an oxo anion which has been proposed to disappeamproposedf that correspond to two coordination sites of the Ni,

upon reductive activation of the enzyf The active site of
the 2.54 A resolution structure is shown in Figure la.

one of which is axial and the other of which is shared with the
Fe (see Figure 1a). It is also possible that the thiolate ligands

Although numerous experiments have been and are beingact as bases. Because of these uncertainties, many mechanisms
conducted to elucidate the mechanism of the enzyme, no uniqueare conceivable which differ in the number of bound hydrides

picture has yet emerged. EPR experim¥ms24showed that

in the different stable reaction intermediates and in the charges

the enzyme can exist in many different redox states. This was and spin states of the metal centers and their ligands.

later confirmed by IR experiments on the nonproteic ligands of
the iron. Two oxidized forms of the enzyme give rise to two
distinct nickel EPR signals called NA and Ni—B.?5 Ni—A

The first theoretical attempt to model the mechanism of
hydrogenase was performed by Pavit\al 32 They used density
functional theory (DFT) calculations with the B3LYP func-

corresponds to an unready inactive form of the enzyme that tionaP334to study a model of the active site in vacuum and

needs a long reductive activation.\B, the so-called ready

(13) Volbeda, A.; Garcin, E.; Piras, C.; De Lacey, A. L.; Fernandez, V.
M.; Hatchikian, E. C.; Frey, M.; Fontecilla-Camps, J.JJAm. Chem. Soc.
1996 118 12989-96.

(14) Huyett, J. E.; Carepo, M.; Pamplona, A.; Moura, |.; Moura, J. J.
G.; Hoffman, B. M.J. Am. Chem. S0d.997, 119 9291-92.

(15) Bagley, K. A.; Duin, E. C.; Roseboom, W.; Albracht, S. P. J.;
Woodruff, W. H. Biochemistryl995 34, 5527-35.

(16) De Lacey, A. L.; Hatchikian, E. C.; Volbeda, A.; Frey, M,;
Fontecilla-Camps, J. C.; Fernandez, V. M.Am. Chem. S0d.997 119
7181-89.
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K. A. Nature 1997 385, 126.
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tosovorans et de ses mutants par cristallographie des rayons'¥e Tee
I'Université Joseph Fourier, Grenoble, France, 1998.
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proposed a mechanism for the molecular hydrogen uptake.
However, as the structural environment was not taken into
account, their mechanism exhibited rather large movements of
the ligands (i.e., a cyanide ligand going from a terminal to a
position bridging the bimetallic center) which would seem to

(25) The formalism that labels the different redox states asA\iNi—
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Figure 1. (a) Active site ofD. gigashydrogenase; dashed lines are the possible hydrogen bonds of the cyanides, which are ligands of the Fe atom,

to the protein. The figure is based upon the X-ray structural data of the oxidized, inactive form of the enzyme. The question mark indicates the
presence of a bridging ligand which has been putatively assigned to an oxo anion. There is a vacant binding site of the Ni atom trans to Cys 533.
(b) Stereographic view of the hydrogenase active site cavity map calculated with a probe radius of 1 A, after omitting all the active site atoms, i.e.,

the Ni, Fe, and their ligands, from the refined model. The main chain atoms of the cysteine ligands were not omitted and the protein main chain
is shown as a ribbon. The calculation shows that the active site is connected via the nickelgasaadcessible channel going to the surfaaed

the diatomic iron ligands are completely buried in the protein environment with little freedom for movement.

be precluded in the enzyme. Figure 1b shows that such a transfeto use high-levelab initio molecular orbital methods to study such
would require major conformational changes of the active site systems? it has become increasingly apparent thhtinitio methods
environment, i.e. the rest of the enzyme. We will show here based upon density functional theory offer an alternative that is often
that the inclusion of the environment of the active site seems @S Precise and yet more efficiefi€®* In contrast, empirical and
to be crucial for a good representation of the system. In our S€Miempirical QM methods for studying transition metals are much
. . . less well developed. In our hybrid potential we have chosen to combine

Work’ we have applied a hybrid DFT/MM algo”thm to the a DFT Kohn-Sham (KS) method with a MM potential. We follow
simulation of several redox states of hydrogenase to investigatey,e same basic procedure as that used by one of us (M.J.F.) in the
the structural and electronic changes that occur in the catalytic gevelopment of a semiempirical QM/MM hybrid potential.
cycle of the enzyme. The problem we have addressed is the We divide the system up into two regions, a QM region and a MM
role of the different atoms at the active site, i.e., which atoms region (see Figure 2). The total enerdy,will be a functional of the
among the Fe, Ni, and the sulfur atoms are involved in the electron densityp, in the QM region and can be written as
catalytic redox chemistry of hydrogenase. Because of the size
and complexity of the hydrogenase system, these calculations Elp] = Equle]l + Eum + Equmulel (2.1)
represent an especially challenging application of the hybrid
potential approach.

The outline of this paper is as follows. Section 2 describes
the theoretical techniques that we have used to study the system,
section 3 discusses the results we obtained, and section 4 gives Equle]l = Tdpl + Jlp] + Eile] + f dr p(r)Vou(r) (2.2)
the conclusions.

The first term on the right-hand side of this equati&aw, is the
usual DFT energy expressiSrand is

whereTs, J, andE,. are the kinetic, Coulomb, and exchange-correlation

2. Modeling and Simulating the Enzyme (35) Hehre, W. J.; Radom, L.; Schleyer, P. v. R.; Pople, JABInitio

. . . . Molecular Orbital Th J. Wiley & Sons: New York, 1986.
2.1. The Hybrid Potential. The description of the electronic structure o(gg)u garllar:ulbaDAdeu(.)r(%hem.l gyhyslg%r;SGQ 3\4’1\17_ or

of atoms rich in electrons and, in particular, transition metals is a (37) Stephens, P. J.; Devlin, F. J.; Chabalowski, C. F.; Frisch, NI. J.
demanding task for quantum chemical methods. Although it is possible Phys. Chem1994 98, 11623-27.
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to devise methods in which the electron density along the bonds between
the QM and MM atoms is terminated. Several such schemes have been
proposed including methods based upon hybrid orBftélsand
embedding techniquégHere, we use the simple “link atom” method
which has been shown to be reasonably effectiia this technique,
extra link atoms (usually hydrogens) are introduced along the QM/
MM bonds at an appropriate distance (of the order of 1 A) from the
QM atom. Because extra unphysical atoms have been introduced into
the system, the interactions between these atoms and the rest of the
system have to be parametrized (as, incidentally, is the case with all
the other methods). In this study, we use the following scheme that
works well® The link atoms are invisible to the MM atoms but are
included in the QM calculation as normal. All the other QM atoms
including those bound to the link atoms feel the full electrostatic
potential due to the MM atoms.

The link atoms are QM atoms and are included only in the QM
calculation. The extra MM terms (the third componenEgfywm) arise
because there are MM bond, bond angle, and dihedral terms between
QM and MM atoms at the boundaries of the QM and MM regions.
The criterion for including these terms is that an MM term is retained
Figure 2. A schematic diagram of the partitioning of a system inthe Whenever it involves at least one MM atom. Note that, whereas all the
QM/MM formalism. electrostatic interactions between QM and MM atoms are calculated

even at the boundaries, the Lennard-Jones terms are treated in the
energies, respectively. The last term on the right-hand side is the normal way. That is, they are calculated only for atoms separated by
interaction energy between the electron density and the potential duethree or more covalent bonds.
to the nuclei of the QM atoms/qu. I is a position vector. With the energy expression of eq 2.1 fully defined, the KeBam

The second term of eq 2.Euw, is the energy of the atoms in the  procedure can be applied to obtain the KS orbitals, the electron density,
MM region and is independent of the electron density. For the type of and, thus, the energy of the system. If the KS orbitals are dersted
force field that we are using, it is the sum of energies due to covalent andg’ for the electrons ofc andf spin respectively, the electron density
interactions (the bonds, bond angles, proper and improper dihedralis
angles) and nonbonding interactions (Coulomb and Lennard-Jones),
ie.

EMM = Ebond+ Eangle+ Edihedral+ Eimproper+ ECoqumb+
ELennard—Jones (2'3)

Active Site

Ng

N
p(r) =" lo(r)1* + Zmﬁ(rnz (2.8)
1= 1=

whereN, and Ny are the numbers of spim and spinj electrons.

The third term of eq 2.1Eqwmmm, iS the interaction energy between It is normal to expand the KS orbitals in terms of a basis set (in our
the QM and MM regions. It consists of three parts: case, Gaussians) and then variationally optimize the energy expression
) of eq 2.1 with respect to the basis set expansion coefficients. The one-
Eommmle] = EeQ'M/MM[p] E(LQJM/MM + Eomimm (2.4) electron equations that result and that need to be solved for the KS

orbitals are little changed from the normal KS equations with the
There will be an electrostatic enerdy,,. due to the interactions ~ exception of the extra termiounm, in the effective potential. Once
between the partial charges on the atoms in the MM region and the the KS orbitals are known, the total energy of the system and the

electrons and nuclei of the atoms in the QM region. This will have the derivatives of the energy with respect to the atomic positions (both
form QM and MM) can be calculated in the normal way.

2.2. The Starting Model. The X-ray structure of hydrogenase

«Qm determined at 2.54 A resolution with structural waters incligiacs
E%'M,MM = Z + f dr p(r)Vommm (1) (2.5) chosen as t_he startirig model for our simulations. We first pe_rfornied a
& Tam pKa calculation to assign the protonation states of all amino acid residues
] ) ) in the system using the program UHBEand the “cluster method
whereZ is a nuclear charg® is a charge on an MM atom argh, is Our calculations gave an isoelectric point of 5.2 which compares well

an interparticle distance. The subscriptandm refer to nuclei and  with the experimental value of 69Having determined the protonation
MM atoms, respectivelWowmu is the potential due to the charges on  states, the coordinates of all the hydrogens were determined using the

the MM atoms and takes the form option HBUILD* in version 23 of the molecular modeling program
CHARMM# and the all-atom CHARMM force fieléf To validate the
Qm molecular mechanics model we performed a 300 ps molecular dynamics
Vommm (1) = — z o (2.6) simulation of the protein at a temperature of 308’Rhere is a good

m |r_rm|

(38) Thay, V.; Rinaldi, D.; Rivall, J.-L.; Maigret, B.; Ferenczy, G. G.
The second and third components of the QM/MM interaction are J. Comp. Chem1994 15, 269. _
independent of the electron density. The second term is a Lennard- (39) Gao, J.; Amara, P.; Alhambra, C.; Field, M.JJ.Phys. Chem. A

; ; 998 102 4714.
Jones interaction between the QM and MM atoms that has the standardt (40) Svensson, M.: Humbel, S.: Morokuma, K.Chem. Phys1996

form 100, 19357-63.
(41) Davis, M. E.; Madura, J. D.; Luty, B. A.; McCammon, J.@omp.
L Aum  Bum Phys. Comm1991, 62, 187.
Eommm = z —_——— (2.7) (42) Antosiewicz, J.; McCammon, J. A.; Gilson, M. K. Mol. Biol.
Gl [ S 1994 238 415.

(43) Cammack, R.; Fernandez, V.M.; Hatchikian, EM&th. Enzymol.

; ; ; 1994 243 43-68.
The third term of eq 2.4 comprises miscellaneous MM terms and (44) Bringer, A. T.: Karplus, MProteins: Struct. Funct. Genet988

arises in those cases, such as hydrogenase, where a single molecule i§ 14g 5g.
partitioned between the QM and MM regions. In these instances there  (45) Brooks, B. R.; Bruccoleri, R. E.; Olafson, B. D.; States, D. J.;
will be covalent bonds between QM and MM atoms and it is necessary Swaminanathan, S.; Karplus, M. Comp. Chem1983 4, 187-217.
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Figure 3. Atomic fluctuations for hydrogenase obtained from a 300
ps molecular dynamics simulation (dots) compared with the crystal-
lographically refined temperature factors of the X-ray structure (line).

Active Site:
30 atoms
D

Figure 4. A schematic diagram of our modeled hydrogenase system
(radii are given in A). The solvent in the outer part is omitted after the
initial molecular dynamics.

correlation between the fluctuations in the atomic positions arising
during the simulation and the crystallographically refined temperature
factors (see Figure 3).

For our calculations with the hybrid potential, we solvated the protein
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Figure 5. Starting models for the different states of the enzyme that
were simulated® Two models are proposed for the N$I12, Ni—C,
and Ni-R forms.

27 A to the center of the active site the whole residue or molecule was
kept. This ensured that the resulting model had an integer charge and
that problems caused by “dipole-splitting” were minimized. The QM
region consisted of about 30 atoms (depending upon the redox state)
and was composed of, at least, the NiFe center, the 4 cysteine side
chains bound to the nickel and iron atoms, and the 3 nonproteic diatomic
ligands. Four hydrogen link atoms were introduced at the boundary of
the QM and MM regions and were placed along each of tH&Nl)—
C.(MM) bonds of the cysteines bound to the nickel. The remainder of
the atoms were treated with the CHARMM all-atom MM force field.
All electrostatic and Lennard-Jones interactions between the atoms of
the QM and MM regions were calculated without truncation. In all
our hybrid potential calculations on this system, atoms placed further
than 7 A from the iron atom were fixed. That is, they were not allowed
to move although they did, of course, interact with the atoms within
the 7 A sphere. This gave about 300 free MM atoms in addition to 30
QM atoms.

2.3. The Proposed MechanismWe have concentrated our cal-

by placing it inside a sphere of water molecules of 45 A radius and culations on a mechanism that has already been partially suggested
performing a 20 ps molecular dynamics simulation at a temperature of @nd is mainly based upon data derived from X-ray crystallography
300 K. This system was reduced from 36 000 to about 10 000 atoms and spectroscopic studi€s® The choice of reaction intermediates was
by removing all atoms lying further away from the active site than 27 based on the idea of minimal conformational changes because the
A (see Figure 4). The removal was done in such a way that if an atom active center is deeply buried within the protein (see Figure 1b).

in a particular amino acid residue or water molecule was closer than Consequently, in our simulations we started from the X-ray structure
of the oxidized form (the only one that was available at the beginning

of this study) and introduced the changes on the active site required
. Ml ' _ >+ to mimic the redox transitions. The scheme of the catalytic cycle that
miﬁmy Csc.a ﬁg)é DT lﬁlugwgn L|5 K+J9Z§:§arlfd’rnl‘a§’.Fl'qgi'h}é'r’ wttgs’ ﬁ." we tested, together with the corresponding redox and coordination
Roux, B.. Schlenkrich, M.; Smith, J. C.; Stote, R.. Straub, J.E.; Watanabe, changes for both metals, is shown in Figure 5. From the most oxidized
M.; Wibkiewicz-Kusczera, J.; Yin, D.; Karplus, M. Phys. Chem. B998§ to the most reduced form, the redox states we have studied are as

(46) Mackerell, A. D., Jr.; Bashford, D.; Bellott, M.; Dunbrack, R. L.,
Jr.; Evanseck, J. D.; Field, M. J.; Fischer, S.; Gao, J.; Guo, H.; Ha, S

102 3586-616.

(47) Montet, Y.; Amara, P.; Volbeda, A.; Vernede, X.; Hatchikian, E.
C.; Field, M. J.; Frey, M.; Fontecilla-Camps, J.ature Struct. Biol1997,
4, 523-6.

follows:

(48) Montet, Y.; Garcin, E.; Volbeda, A.; Hatchikian, E. C.; Frey, M.;
Fontecilla-Camps, J. QRure Appl. Chem1998 70, 25-31.
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Ni—A is the most oxidized form of hydrogenase that is obtained in, calculations we adopted a fairly lax convergence criterion for the
as-prepared, aerobic conditions and is inactive. EPR experiments ofoptimization process which was that the RMS gradient should fall below
this state, in which the reduced form of hydrogenase was exposed t00.5 kcal mot? A-2, Typically, 100 energy and derivative calculations
170,, had suggested that there was an oxygenated species closely boundiere required per structure for the optimization to converge. After the

to the nickel In the 2.54 A resolution X-ray structure of NA, a optimization of the complete structure, the positions of the three
bridging ligand between the two metals is found which, based on the nonproteic ligands bound to the iron were further optimized with all
shape of the electronic density, is probably monoatdiollowing the remaining atoms fixed (RMS gradient below 0.2 kcal Thél~2).

the crystallographic evidence, we have advanced the hypothesis thatThe frequencies for these six atoms were then calculated by finite
there is a bridging oxo group in this state. In the X-ray model, the oxo differences using the standard procedure for a normal mode analysis.
refined to an asymmetric position which is closer to the nickel than to It should be emphasized that the hybrid potential for the full 10 000

the iron!® This unusual arrangement has been observed before by atom system was used in the last two steps even though all but six
Churchill et al5° although only for the higher row transition metals, atoms were fixed. As a check of this reduced normal mode calculation,

tungsten and osmium. a normal mode calculation was performed for one structure for all the
Ni—SI (Ni—SI1 and Ni~SI2) has been found in IR experiments to QM atoms. The relevant frequencies proved to be very similar (to within

be an intermediate in the transition from the-Mi to the Ni—C state. 0.5 cnm?) to the ones obtained with all but the three diatomic ligands

Ni—SI2 is the form that may bind theHnolecule and lead to NiR. fixed.

It also appears to arise from the protonation of-1Si1.16 In addition to the structure and frequency calculations, we also

Ni—C is one of the most studied forms experimentally and the only analyzed the spin populations and charges on the atoms in the QM
EPR active form in the catalytic cycle. It arises when the “as-prepared” region resulting from the optimizations. Spin populations and Mulliken
enzyme is reduced under hydrogen. Two types of exchangeablecharges were determined in the usual Wags Mulliken charges are
hydrogen nuclei in the vicinity of the Ni atom have been revealed by known to give unreliable values in many cases, charges derived by a

ENDOR experiment&! fitting of the electrostatic potential (ESP) were also determined. We
Ni—R is the most reduced form and results from the binding of a used the following three-step procedtfe:
H* and a H (the reaction products) to NiSI2. (1) A set of points was chosen randomly around the active site with

The main uncertainty we had in building some of the structures the constraint that the points should be placed no closer to any atom
concerned those states in which there was a choice of protonation sitethan its Born radius and no further away than 57AVe found that
at the active center (i.e., the cysteines as well as the empty binding 4000 points per structure was appropriate for our calculations.
sites of the Ni atom). It appeared unlikely that either Cys 68 or Cys (2) The electrostatic potential was calculated at each point using
533 would act as such sites as they bridge the bimetallic center (seethe same DFT approximation and electron density as in the hybrid
Figure 1a) and consequently split their electronic density between the potential calculations.
two metals. This leaves Cys 65 and Cys 530 as possible candidates so (3) The charges on the atoms in the QM region were fit to the

we tried both in our calculations. electrostatic potentials using a standard linear least-squares algorithm.
2.4. The Simulation Protocol. All hybrid potential calculations were In the fitting procedure the sum of the fitted charges was constrained
performed using the quantum mechanical CADPAC pro@tdinat we to be equal to the actual total charge of the structure in the hybrid

modified by adding appropriate MM routines. For the DFT calculations potential model.

we used a doublé-quality basis sét for all non-metal atoms. For the

transition metals, we employed effective core potentials to model the 3. Results and Discussion

1s, 2s, and 2p electrons (neon-like core) and the corresponding basis ] ] )

set for the valence electrofsB3LYP/ECP DFT calculations have 3.1. Influence of the Protein Matrix on the Active Center.
already been performed for other iron complexes and shown to give There has been some debate as to whether it is really necessary
good result$®> We employed the B3LYP exchange-correlation func- to include the protein when modeling the hydrogenase active
tional and used a relatively dense grid, of approximately 20 000 points site. In our view, we think it reasonable to suppose that the
per atom, for the integration of the exchange-correlation energy and protein matrix will have an influence on the active site of
potential terms. hydrogenase which is deeply buried inside the protein. This

For each redox state, the protons and bridging ligands were addedinfi ence could manifest itself in a number of ways. Some
to the active site when relevant (see section 3). The energy of the startlngexampl es are as follows:

structure corresponding to a particular redox state was then calculated . . .

with the hybrid DFT/MM potential for different multiplicities and spin (a) Itis evident by analyzing the crystal structure that there
states. The spin states were typically very close in energy and whenWill be severe steric cqnstrgmts that make certain conﬂgurauops
possible we have kept the one corresponding to the EPR experimentalof the atoms in the active site unlikely. Thus, for example, steric
value of the spin. We will describe the problems we encountered in effects strongly suggest that the three ligands of the Fe atom
doing so in the next section. Once the DFT Ket8ham orbitals were ~ are non-exchangeabléThey would also seem to preclude the
obtained for a particular redox and spin state, the structure was model proposed by Pavlov et al. in which a cyanide ligand

optimized with the hybrid potential. Because these are CPU intensive |egves its pocket to become a bridging ligand of the bimetallic
(49) Van Der Zwaan, J. W.. Coremans, J. M. C. C.. Bouwens, E. C. M. center (lack of experimental evidence, see Figure 1b).

Albracht, S. P. JBiochim. Biophys. Actd99Q 1041, 101-10. (b) Another important feature constraining the cyanide ligands
(50) Churchill, M. R.; Bueno, C.; Park, J. T.; Shapley, JirRrg. Chem. is their hydrogen bonds to the protein (see Figure 1a).

19%1)2,3:’;8107:%2}%"& M.; Moura, J.; Moura, I.: Huynh, B. H.: Le Gall, (c)_Ther_e isa s_in_gl_e entrance to the acti\_/e site th_at points to

J.; Peck, H. D. J.; Hoffman, B. Ml. Am. Chem. S0d.991, 113 20-24. the nickel in the vicinity of Cys 536748 Entering species, such

(52) The Cambridge Analytic Derivatives Package Issue 6, Cambridge as H, are likely to encounter the Ni atom before the Fe atom.

1995. A suite of quantum chemistry programs developed by R. D. Amos ; ;
with contributions from I. L. Alberts, J. S. Andrews, S. M. Colwell, N. C. In some Ni-Fe hydrogenases Cys 530 is replaced by a

Handy, D. Jayatilaka, P. J. Knowles, R. Kobayashi, K. E. Laidig, G. Laming, S€leénocysteine indicating its unique character compared to the
A. M. Lee, P. E. Maslen, C. W. Murray, J. E. Rice, E. D. Simandiras, A. other three cysteines at the active site. This residue and its

J. (Ség?%uwh-ilr?g S}F' ﬁ‘d JDr-.JH;;Z‘g- Modern Theoretical Chemistry: protonation state seem to play a crucial role in the enzymatic

BN = X : : :
Methods of Electronic Structure Theg§chaefer, H. F., Ill, Ed.; Plenum: reactions® and so it is important to include it entirely in the

New York, 1977; Vol. 3. simulation.
(54) Hay, P. J.; Wadt, W. Rl. Chem. Phys1985 82, 270-83, 299~
310. (56) Hinsen, K.; Roux, BJ. Comp. Cheml1997, 18, 368-80.
(55) Glukhovtsev, M. N.; Bach, R. D.; Nagel, C.Jl. Phys. Chem. A (57) Mouesca, J. M.; Chen, J. L.; Noodleman, L.; Bashford, D.; Case,

1997, 101, 316-23. D. A. J. Am. Chem. S0d994 116, 11898-914.
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CH; to the complexity of the system. Here we summarize our
N i, | attempts in our _simu_lations to _match the spin states to the EPR
sz RN S %, e data. The atomic spin populations of several spin 5@652
C_ (2'551\‘:\16 ’/;? 1248 S —CH;, = Y S+ 1)} for the different redox forms are given in Tz_able
L S G ik, %, 258 The common feature of all states is that there is no
den N7 et TN - S ES significant spin population on the Fe, a result that is in agreement
D YSCUIRPHERNI i § with a recent ENDOR stud¥. This can be explained by the
% C ([1%}7%1\@‘ &31% % '2"1/2/,,/ presence of the two CNand the CO molecules which are strong
N Fur C& exl e I 7 §—cun, ligands and maintain the iron in a low spin and low oxidation
Oy f state, most probably Fe(ll), in all cas€There is also no major
CH, change in the spin of the sulfur atoms, and this suggests that

Figure 6. Comparison of the distances in the active site of the Ali there is n.o_sulfur radlcgl fgrmaﬂoﬁ ) . .
form: (1) the X-ray data (no brackets), (2) active site simulated inthe 1 he oxidized form Ni-A is EPR active with a total spir§,

protein matrix (square brackets), and (3) active site simulated in vacuum Of /2. As shown in Table 2, we considered spins/afand?,

(curly brackets). in our study. We encountered some spin contamination problems
) for the S = 1/, case and the final structure hasSavalue of
Table 1. Percentage Bond-Stretching Character of the Three 1.37. Test calculations on the molecule [NiO~""]*, however,

Frequencies Identified as Belonging to the 3 Nonproteic Ligands
Bound to the Fe Atom of the Active Site

environment  vsm (cm™?) % CO % CN~ % CN;~

show that both the value & and the way in which the spin is
partitioned are very sensitive to the-ND distance. In contrast,
the S= 3/, case is not contaminated. The atomic spin population

in the protein 1907 96.7 0.2 0.2 on the Ni atom is perhaps smaller than could be expected (it
maitrix 2083 0.1 91.5 7.4 should be around 3 for Ni(lll)) with the remainder of the spin
in vacuumt ig% ggg Z)'i gé:g spread onto the bridging oxo group and, to a lesser extent, on
2076 0.4 61.0 37.7 the sulfur atoms. Th& = 3/, form is not observed experimen-
2081 0.0 37.8 61.2 tally. For theS = 1/, state, the spin of/, on the nickel atom

@ Values are given for a model of the NA structure in vacuum (Spin populatioln around ;I') CO.UId imply Ni(1) as well as Ni(lll),
and in the protein matrix§ = ). ® Methyl blocked cysteines (all Y€t it is more likely that in this oxidized form of the enzyme,
minimized). the formal charge of Ni is IIl*

The spin states of NiSI2 and Ni-R are, in principle, easy
to deal with as both forms are EPR silent. However, owing to
some problems with convergence of the DFT calculations at
the beginning of the study we looked, in the end, at$tve O

(d) The electrostatic field produced by the amino acid residues
surrounding the active site could have considerable influence
on the energetics of any reaction process taking place at the

active site. This effect would seem to be difficult to reproduce and 1 states for both forms. The zero spin on each atom of the

In vacuum calculations, active center implies a Fe(H)Ni(ll) center bound to a hydride

e s o e (0 bth the N SI2 and he N R = O stte). o reasons
p ! P P which will become clear in the next section it seems unlikely

ﬁnglggg?g(;&eaﬁg?iZ'SF"?rt:]geh\;%(;%ugtt:ii’avlvfn333?;2;isamethat model 1 of Ni-R (see Figure 5) is correct as the proton
but left out all the MM atoms. Figure 6 shows the optimized p.lac.e.d on Cys. 65. migrated away from the S-atom .W'th a
. : : g significant hydride ion character. As NC has a total spin of
isr:r\ljgétrfri V‘ﬁ}ggi'gegiz;;ggm Iﬁ;mz (SSAI?IE rsézgﬁti)n/%o del 15, two different structures witl$ = 1/, were studied and were
for the oxidized formyare also shown Vécuum-based Olistancesdiscrimina’ted between using the results of the IR analysis (see
d the Ni at | th tﬁ b din the X below). The atomic spin populations for both models are quite
g:O:tgllo ‘rea Li%ﬁﬂirgngfé ini?]e s(,)tfjc(t)ursee;vetin:inzedeus-iaaySimilar; most of the spin is located on the Ni and corresponds
ystatograp P Y to Ni (S= ), i.e., Ni(l) or Ni(lll).

the hybrid potential. We have observed the same trend for ) . .
vacuum calculations of the NiSI2 and the NiR forms. In ESP and Mulliken charges for most atoms of the active site

addition, the Fe C—N and the Fe C—O angles are linear for &€ given in Table 3. The most obvious point is the difference

the in vacuum structures whereas this is not so for the structuredn the values of the ESP and Mulliken charges. This is well
which included the protein. established and consequently care must be taken when analyzing

We have also determined frequencies for the three nonproteict€ charges in order not to assign too much weight to their
ligands for the optimized structure in vacuum as well as the aPsolute values. There are, however, a number of trends that
structure in the protein. These values are shown in Table 1 alongt@n Pe noted. The hydrogen species bridging the bimetallic
with the percentage bond stretching character for each ligand.CENter are always hydrides. Thus, for the-SI2 state, given
It is clear that the in vacuum frequencies are very different, the SPin analysis and t|i|1e charge of the brldglng.flgan.d, the
being lower, than those resulting from the DFT/MM calcula- arrangement Fie-H™—Ni" is favored over Pe-H"—Ni'. This
tions. The values of the percentage stretching for each frequency/€SUlt supports recent EPR studiéZhe charge analysis shows
indicate that the calculations in vacuum introduce an artificial that Pridging t,h'OIateS are, in general, Iess.negatlvlely charged
symmetry for the cyanide ligands that does not exist in the than the terminal ones (due to a stronger interaction with the
protein. With the hybrid potential, the three frequencies cor- Metals), and that, between the different redox states, the major
respond strictly to the stretching of one particular bond. changes in the sulfur charges occur whe_n a cysteine goes frqm

In summary, we concluded that the protein has a significant &" unprotonated to a protonated form. Finally, we note that, in
influence on the active site and so all our subsequent work wasCONtrast to the ESP charges, the shifts of the Mulliken charges

done '“C".Jd'”g it . L. . (58) If the total spinSis located on one atom then the spin population
3.2. Spin and Charge Analysisinvestigating the spin state  of that atom should be twice the value ${typically around 70% of that
of the active center of hydrogenase is a delicate matter owing value).
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Table 2. Atomic Spin Analysis for Each Redox State of the Hydrogehase

spin analysis

S S Fe Ni Ss Hes Ses Ss30 Hazo Sss3 Lbrigge
A 1/2 1.37 —0.12 1.17 0.04 N/A 0.07 0.07 N/A 0.19 —0.48

3/2 3.76 0.06 1.35 0.09 N/A 0.22 0.27 N/A 0.17 0.86
SI2 0 0 0 0 0 0 0 0 0 0 0

1 2.01 0.05 1.31 0.11 N/A 0.09 0.22 N/A 0.19 0.02
C(H;’3 1/2 0.77 0.03 0.90 0.03 N/A 0.03 0.02 0.00 0.00 0.01
C(H;’S) 1/2 9.87 0.01 1.05 —0.05 —0.16 0.02 0.05 N/A 0.09 0.01
R(1) 1 2.01 —0.02 1.11 0.22 0.54 0.06 0.01 0.01 0.05 0.00
R(2) 0 0 0 0 0 0 0 0 0 0 0

aNotes: (1) The lowest value for the total spin corresponds to the experimental value; (2) the spin populations of the 3 nonproteic ligands were
all very close to zero and so are not given in the tablégand bridging the bimetallic center: 20(Ni—A), H~ (Ni—SI2, Ni—C, Ni—R). ¢In the
simulation, this proton did not stay on the sulfur.

Table 3. ESP and Mulliken Charges (the First and Second Numbers, Respectively) of the Main Atoms of the Active Site (No Significant
Changes Were Found for the Charges of the GNd CO Ligands)

charge

S Fe Ni Ss Hes Sss Ss30 Hezo Ss33 L bridge
A 1/2 0.46,0.00 1.02,0.29 —0.88,—0.44 N/A —0.51,-0.20 N/A —0.09,—-0.14 —0.90,—0.14 —0.90,—0.66

3/2 0.15,0.01 0.81,0.32 —0.78,—0.44 N/A —0.39,-0.17 —0.49,—0.18 N/A —-0.31,—-0.18 —0.70,—-0.61
SI2 0 0.72-0.20 0.68,0.01 —0.79,—0.41 N/A —0.42,-0.14 —0.57,—0.15 N/A —0.40,—-0.18 —0.57,—-0.12

1 0.26,—-0.22 0.98,0.10 —0.90,—0.44 N/A —0.42,—0.19 —0.46,—0.18 N/A —0.29,—-0.13 —0.58,—-0.13
C(530) 1/2 0.50;-0.24 0.52,0.02 —0.86,—0.53 N/A —0.41,-0.21 —0.29,0.06 0.20,0.13 —-0.32,—0.19 —0.65,—-0.17
C(65) 1/2 0.43-0.23 0.41,0.00 —0.16,0.06 —0.28,—0.27 —0.57,—0.22 —0.62,—0.22 N/A —-0.37,—0.19 —0.49,-0.17
R(1) 1 0.43-0.24 0.51-0.01 —0.44,—0.25 —0.45,—0.38 —0.60,—0.21 —0.40,0.06 0.20,0.13 —0.31,—-0.17 —0.43,—0.11
R(2) 0 0.51-0.20 0.87-0.26 —0.97,—0.43 —0.41,-0.08 —-0.60,—0.22 —0.11,0.04 0.12,0.09 -0.28,—0.15 —0.55,-0.10

2 Ligand briding the bimetallic center: 20 (Ni—A), H™ (Ni—SI2, Ni—C, Ni—R). P In the simulation, this proton did not stay on the sulfur and
took a hydride charactet.This is the charge of the hydride placed on the axial binding site of the Ni.

Table 4. Active Site Bond Distances for the Optimized Structures

for the Ni agree very well with the XAS results on the Ni of the Ni—A, Ni—SI2, Ni~C, and Ni-R forms of hydrogenase

absorption edgé’

3.3. Structural Results. Some interatomic distances deter- dd

mined using the optimized structures of the different redox Ni—A:  Ni=si2:  Ni=C: Ni—Re Ni—Rd
intermediates for the hydrogenase active site are presented in X—ray 1/2,3/2 01  Hsso Hes 0
Table 4. The most striking structural change between the statesNi—S65 212 232,238 227,241 245,255 234 2.35
is the shortening of the NiFe distance on going from the most H::gggo %31 g-ggv ggg %gi %g% ggg ggg ggi g-;g
oxidized to t_he most reduced form. This dn‘fere;nce IS N \i_S533 2,63 2.50 2.46 2.82.2.44 2.64 241 247 250
agreement with crystallograpfftand EXAFS experiment¥. Ni—Fe 205 2.89,2.99 2.74.2.74 2.77.2.73 2633 2.68
Part of this change, although by no means all, is due to the Ni—Lpigd 1.64 1.86,1.93 1.64,1.79 1.82,1.93 1.78 1.61
steric effect of the bridging ligandan oxo group will keep the Eg_;rérgge 22-1269 12%18 12-%20 12-7492 12&% 12-7409, 12-%91 1211% 127571
metals further apart than a hydride. Fe-S533 222 246,252 2.40,2.46 2.42,2.49 253  2.39

The distances in Table 4, calculated for the-Iiform, are

similar to those for the X-ray “as-prepared” oxidized structure.

Both spin states§ = 1/, and?/,) are broadly similar although
there are two principal differences:

(1) The Ni—Fe distance is 2.89 A in th8 = Y/, form and
2.99 A in theS = 3/, form. Both these values are within the

range of those observed for the X-ray structures of the oxidized

form of the hydrogenases frol. gigas,2.94 A3 and from
D. fructosaorans,2.90 A1°

in the S= 3/, form while it is slightly asymmetric (closer to the
Ni) in the S= %, form. A stronger asymmetry was observed in
the X-ray structure oD. gigas hydrogenase and the higher
resolution structure dd. fructosaoranshydrogenase. The angle
Fe—O—Ni of 100° also compares well with the experimental
data.

The structures of the NiSI2 forms & = 0 and 1) have

aFe—C (CN) distances are within 1.92 and 1.96 A while-F@
(CO) are within 1.78 and 1.90 A. The-@\ and G-O distances are
1.20 and 1.18 A, respectively Ligand bridging the bimetallic center:
0% (Ni—A), H™ (Ni—=SI2, Ni—C, Ni—R). ¢ This form had originally

a H* on Cys 65 which takes a hydride charactegs(3$~ = 2.31 A).

dThis form has a hydride in the vacant axial coordination site of the
nickel (Ni-H- = 1.52 A).

exogenous bridging ligand). This, however, results in a structure
ran . o with a very long Ni-Fe distance of 3.23 A and longer bond
(2) The bridging oxo group is equidistant from both metals distances in the rest of the structure as well, compared to the

other redox forms.
We investigated two possibilities for the NC state (either

protonated Cys 530 or Cys 65) and both give reasonable

structures. One indication in favor of the second model (Cys
65 protonated) is the larger NH~ distance of 1.93 A (as
opposed to 1.82 A) which could explain the low hyperfine
coupling observed in the NiC EPR signaf! To really

identical Ni—Fe distances which are intermediate between those discriminate between the structures, however, the IR data
of the Ni—A and Ni—R forms. The major differences lie in the described in the next section are needed.

bond length of Ni to the sulfur of Cys 533 and in the position Model 1 of Ni-R seems to be chemically unlikely as the
of the bridging hydride which is closer to the Ni atom in the  proton that we had placed on Cys 65 moves away and ends up
= 0 state. We also optimized a structure for a model of Ni  at 2.31 A from the sulfur with a negative charge (see Table 3).
SI1 (S= 0) (the model we used for NiSI1 is Fé—Ni' with no Model 2 with a hydride in the second vacant binding site of
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Table 5. Infrared Frequencies Corresponding to the 3 Nonproteic Ny
Ligands (2 CN and 1 CO), of the Fe Atom in the Active Site N S Ss30
N oo, /
IR freq /‘Fe(ll)'-u-»»»--‘-\ Ni(lID) Ni-A
normal mode anal.: Z S s s
redox states form CO,CNy Vem? ° o
Ni—A exp 1947, 2083, 2093 "HO | H + e ©
S=1/2 1896, 2081, 2091
S=23/2 1907, 2083, 2097
Ni—SI2 exp 1934, 2075, 2086
S=0 1886, 2058, 2073 Ni-SI2
S=1 1900, 2076, 2086
Ni—C exp 1952, 2073, 2086
(Heso) S=1/2 1884, 2051, 2079

(H2) S=1/2 1903, 2065, 2081

Ni-R exp 1940, 2060, 2073 0
(1) s=1 1884, 2059, 2072 le,
o) S=0 1895, 2061, 2078 i,

the Ni atom appears to be more favorable as will become
apparent when we consider the results of the normal mode

N
calculations. N\, ”\95533 sfo @ N /”\\ 533 S 530
In all the optimized structures, the hydrogen bonds to the \Fﬁxwé © \Fe]I)%NM/UI)
cyanide ligands of the Fe atom that are observed in the X-ray /c/\ NS, le %c( \ /
structure are preserved. Due to the van der Waals interactions" 4 Ses "8 N & Ses '$65 0
with the protein environment, the F€—N and Fe-C—O Ni-R N e

angles are never at 180ut always slightly bent.
3.4. Normal Mode Analysis.The IR frequencies of the CN
and CO ligands are shown in Table 5. It is apparent that the

frequencies corresponding to the ClHond stretching modes the second model of NiR, in which a hydride binds to the

are in excellent agreement with experimental data. Both the - . S .
shifts between the different redox states and the absolute values . 219 Ni coordination site, appear to us the most probable

of the frequencies are well reproduced. The results for CO are and give frequency shifts that are in the best agreement with
not as good. Whereas the directions of the shifts in the experiment. . )
frequencies between states are correct, their magnitudes are too 3-5- Catalysis. The results of our calculations lead us to
small. In addition, the absolute values of the CO frequencies SU9gest the catalytic cycle that is shown in Figure 7-Ai
are systematically underestimated. This underestimation isconsists of a Fe-Ni" bimetallic center asymmetrically bridged
probably a result of the DFT method that we have used (free BY @n oxo group. This form, although it is not part of the
CO: calculated 2027 cnversus 2143 cmi experimentally) catalytic cycle, is important as it is the form that was first
but it could also be due to inaccuracies arising from the QM/ obtained by crystallography and it is believed to participate in
MM interaction part of the hybrid potential for the CO molecule. the activation/inactivation process of the enzytheJpon
In contrast, the CN environment is well modeled as the reduction of the enzyme, the loss of the oxo bridge leaves an
hydrogen bonds with the protein matrix are conserved in all €mpty binding site for the hydrogen species which are produced
our calculations. from the H redox chemistry at the active site. The-N8I2

The frequencies for our model of NAA for both theS = Y/, form is well modeled as a Fe-Ni" center with a bridging

and?, states are in good agreement with experiment although hydride. We have not been so successful with the $Iil form
the S = 1/2 state wavefunction has a h|gh degree of Spin and we think that part of the prOblem resides in whether there

Figure 7. The most probable mechanism suggested by our simulations.

For the remaining forms, NiC with Cys 65 protonated and

contamination. is a ligand bridging the bimetallic center or not. The product of
Given the structural results we obtained for the-8i1 (S the heterolytic cleavage ofzinamely H and H, binding to

= 0) state, we expected that the frequencies would not compareNi—SI2 gives the Ni-R form by protonation of Cys 530 and

well with experimental data. Indeed, we foune= 1734, 2010, binding of a hydride to the vacant axial coordination site of the

2024 cnt! which are far from the experimental valueswof= nickel (model 2 of Ni-R). Thus, as expected, the thiolate of

1914, 2055, 2069 cmt. These results are not in the table. Cys 530 acts as a base that assists the Ni in binding molecular

For the Ni-SI2 state, we studied tH&= 0 and 1 spin states. ~ hydrogen. The EPR active NIC form is obtained from Nt
Whereas thés = 1 results are comparable to the experimental SI2 by reduction of Ni(ll) to Ni(l) together with protonation of
values for the Ni-SI2 state, thé&= 0 results are in surprisingly ~ Cys 65. We note that for the NIC form, the charge of the
good agreement with the NiSI1 experimental values. This  proton placed on Cys 65 is actually negative on the optimized
result, together with the poor results we obtained for our model structure. This suggests the electron density is delocalized on
of the Ni—SI1 state, casts doubt on the hypothesis of a$lil the proton of Cys 65 which would be in agreement with XAS
form consisting of a Pe-Ni' cluster with no bridging ligand  experiments that do not see significant electron density changes
surrounded by deprotonated cysteines. It implies that a bridgingat the Ni aton® Going from Ni-R to Ni—C, one electron
hydride could also be present in the-N8I1 form and that an presumably goes to the proximal 4~4S cluster, the axial
additional proton on NiSI2 is located elsewhere. The presence hydride moves to Cys 65, and the first proton to leave the active
of a hydrogen species tightly bound to the Ni atom in both S| site is located at Cys 530, close to the substrate entrance to the
forms could explain the high activation energy observed for active sité® and to Glu 18, a plausible component of a proton
their anaerobic oxidation to form 8. transfer channel (unpublished).
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4. Conclusion an extra proton in the active site for all the redox forms in the

In this work, we have studied several redox intermediates of cata_llyt|c cycle. ) ) )
hydrogenase that are believed to be involved in the catalysis of Finally, we would like to emphasize that, owing to the
molecular hydrogen to obtain insights into the enzymatic €xpense of these calculations, we did not perform an exhaustive
reaction. The hybrid DFT/MM potential that we used appears investigation of all possible binding sites and spin states for
to model remarkably well this complex metalloenzyme as the €ach redox form. However, the quantitative agreement that we
results of our simulations are, by and large, in good agreementhave obtained with the experimental data shows that we have
with the available experimental X-ray, EPR, and IR data. The a reasonable picture of some of the structures that constitute
assumption that we made in devising the catalytic cycle of the catalytic cycle of hydrogenase.
minimal conformational changes for the active enzyme with  There are a number of extensions to this work that can be
respect to the X-ray structure of the oxidized inactive form has envisioned. These include a study of the dynamics.dfiHding
been recently confirmed by the crystal structure of a reduced to the active site and an investigation of the redox states of the
form of the NiFeSe hydrogenase froesulfomicrobium  Fe-S clusters. From an experimental point of view, high-reso-
baculatun?® ) lution X-ray data for the different redox states of the enzyme,

Our results lead us to the following remarks: (1) The which would provide a more detailed picture of the structure
“special” role of Cys 530, located at the;léntrance of the  of the active site at various points along the catalytic cycle,
active site, is confirmed in our calculations as its protonation cqyig help further theoretical calculations.

(which is not equivalent to the protonation of Cys 65) seems to
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