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Fe-only hydrogenases are enzymes that catalyze dihydrogen production or oxidation, due to the presence of an
unusual FegSg cluster (the so-called H-cluster) in their active site, which is composed of a Fe,S, subsite, directly
involved in catalysis, and a classical Fe4S4 cubane cluster. Here, we present a hybrid quantum mechanical and
molecular mechanical (QM/MM) investigation of the Fe-only hydrogenase from Desulfovibrio desulfuricans, in order
to unravel key issues regarding the activation of the enzyme from its completely oxidized inactive state (Ho™)
and the influence of the protein environment on the structural and catalytic properties of the H-cluster. Our results
show that the Fe,S, subcluster in the Fe''Fe' redox state—which is experimentally observed for the completely
oxidized form of the enzyme—hinds a water molecule to one of its metal centers. The computed QM/MM energy
values for water binding to the diferrous subsite are in fact over 70 kJ mol~%; however, the affinity toward water
decreases by 1 order of magnitude after a one-electron reduction of He™<, thus leading to the release of coordinated
water from the H-cluster. The investigation of a catalytic cycle of the Fe-only hydrogenase that implies formation
of a terminal hydride ion and a di(thiomethyl)amine (DTMA) molecule acting as an acid/base catalyst indicates that
all steps have reasonable reaction energies and that the influence of the protein on the thermodynamic profile of
H. production catalysis is not negligible. QM/MM results show that the interactions between the Fe,S, subsite and
the protein environment could give place to structural rearrangements of the H-cluster functional for catalysis,
provided that the bidentate ligand that bridges the iron atoms in the binuclear subsite is actually a DTMA residue.

1. Introduction The active site of Fe-only hydrogenases consists of a
epeculiar FeSs iron—sulfur cluster, referred to as the “H-
cluster”, which is composed of a classic,Becluster and a
FeS; subsite that is directly involved in catalysis (Scheme
1) 5 The two subclusters are bridged by the sulfur atom of a

cysteine residue. The coordination environment of the iron

Fe-only hydrogenases are enzymes that catalyze th
reversible oxidation of molecular hydrogen and are expressed
by a large variety of anaerobic microorganisms able to use
protons as electron acceptors for their redox metabdlism.
In particular, Fe-only hydrogenases are very efficient as

(1) Adams, M. W. W.Biochim. Biophys. Actd990 102Q 115-145.

hydrogen-evolving enzymes in vivattracting the attention

of theoretical and experimental chemists interested in
understanding the basis of the catalytic efficiehand in
reproducing it in synthetic assemblies.
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Scheme 1. Structure of Fe-Only Hydrogenase Binuclear Subsite as
Observed through X-ray Diffraction (left sidé)ithe Geometry of the
Synthetic Complexy(-PDT)[Fe(CO3}]. (right side)
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Moreover, redox titrations showed that th&,/"2 form
initially converts, in a reversible one-electron step, to a so-
calledHans form, which converts irreversibly into theg, 2t
state in a step most likely involving two electrons, which
do not end up on Fe atoms of the H-clustein addition to

the H-cluster, Fe-only hydrogenases also contain othet-iron
sulfur assemblies; for example, the X-ray crystal structure
of the hydrogenase fromesulfaibrio desulfuricangDdH)
showed that it contains two accessorySeclusters’

Besides the X-ray structure of DdH, additional crystal
structures of Fe-only hydrogenases are currently available,
viz., the enzyme fronClostridium pasteurianur(Cpl), both
in its carbon monoxide inhibited forA%, which bears an
additional CO group bound to keand in an oxidized form
showing a solvent molecule coordinated to the same iron
center’®12Unfortunately, it has in no case been possible to
unambiguously assign the redox state of the H-cluster in the
crystals.

To date, several alternative hypotheses for the catalytic
cycle of Fe-only hydrogenases have been investigated. Some

atoms in the binuclear subsite is completed by three CO andstydie4? have explored pathways in which a hydride group

two CN™ ligands and by a bridging ligand of formula-X3—

bridging the two iron ions of the binuclear subsite could play

S, which has been proposed to correspond to propanedithi-z role in catalysis. However, it was noted that the DTMA

olate (PDT) or di(thiomethyl)amine (DTMA)® The two iron
atoms of the F£5, subsite are commonly referred to as
“proximal” (Fep) and “distal” (Fe), depending on their
position with respect to the E®, subcluster.

Experimental® and computationl investigations suggest

ligand could conveniently act as an acid/base during cataysis.
Starting from this assumption, Liu and Hu and Fan and
Hall*%14 have reported, on the basis of QM investigations
of binuclear models, that a catalytic cycle involving two
proton-transfer reactions from DTMA to the distal iron ion,

that the binuclear subsite can attain at least three diﬁerenteach followed by a one-electron reduction’ provides a facile

redox states: Hée' for the completely oxidized, catalyti-
cally inactive form of the enzymeH(,,/"2Y), in which a HO
or a hydroxo group could be bound to the,Eesubsite
(Scheme 2), Fe=€ for the partially oxidized, active state of
the biocatalystl2), and F&€ for the reduced form of
the protein Heq). Notably, the Fg5, subsite has the same
redox state ([F£54]%") in the three forms of the protefh.
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path for hydrogen production or oxidation (see Scheme
3).1001415 Sych a mechanism involves the formation of
terminal hydride adducts, and notably, recent experimental
data on the biomimetic complex [K&,CoHa)(u-CO)(H)-
(CO)(PMe)4]* showed that a terminal hydride can be more
reactive than a bridging hydridé.

The formation of a terminal hydride during catalysis is
also supported by the crystal structure of the reduced Fe-
only hydrogenase fror®. desulfuricang® which shows that
the binuclear subcluster features a semibridging carbonyl
ligand. Moreover, the coordination position trans togh€0O
group on Fgis apparently vacant. Such a geometry of the
H-cluster-referred to as the “rotated” conformation, as
opposed to an “eclipsed” conformation characterized by all
terminal ligands, see Scheme-ik expected to favor the
formation of a terminal hydride species. There is no
experimental evidence of the possibility that the H-cluster
binuclear subsite can reside in an eclipsed conformation in
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Fe-Only Hydrogenases

Scheme 3. Steps of a Hypothetical Hydrogen-Evolving Path That Should Be Associated with a Favorable Energy Profile, Both at the Kinetic and
Thermodynamic Levefs
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aThis scheme summarizes the DFT results obtained by Liu an#’Hean and Halk* and Zampella et @° on DFT models of Fe-only hydrogenase
binuclear subsites.

physiological conditions. However, it is important to note site trans to the bridging CO, a hydroxo-bound form, and a
that all biomimetic di-iron clusters synthesized so far, which water-bound form. Both DTMA and PDT have been
are catalytically far less efficient than the enzyme, are considered as plausible bidentate ligands of the di-iron
invariably in the eclipsed conformation (see Schenédr)d subsite. The effects of one-electron reduction on the structure
their protonation leads to bridging hydride addué{Shere- of the hydroxo- and water-bound Sz subcluster were also
fore, it is of great relevance for the design of efficient investigated. Then, we have investigated the most plausible
biomimetic catalysts to understand if the peculiar structure catalytic mechanism of Fe-only hydrogenases, in which the
of the H-cluster depends only on the stereoelectronic amine group of DTMA acts as an acid/base group during
properties of the atoms forming the cluster or if the protein the proton-transfer reactions, to highlight possible roles
environment plays a role affecting its structural and electronic played by the protein environment.
properties. More generally speaking, the influence of the
protein environment on the structure and reactivity of the 2. Computational Details
FeSs cluster is largely unknown. i i 2.1. QM/MM Approach. All QM/MM optimizations were
Prompted by the above observations, we have carried out.g ried out with theCOMQUM program suité®2! In the current
a combined quantum mechanical and molecular mechanicalyersion, it usesTurbomole 5.7 for the QM part andAmber 83
(QM/MM) investigation of the activation and catalytic  (with the 1999 force fieléf) for the MM part. In such a hybrid
mechanism of the Fe-only hydrogenase frbmdesulfuri- approach, the protein and solvent are divided into three sub-
cans treating the whole R&s cluster at QM level, using  systems: System 1 is treated at the QM level and contains the
the broken-symmetry (BS) approximatihFirst, we have H-cluster atoms and relevant surrounding atoms (see below). System
studied the activation of the enzyme from kg, form, 2 consists of all residues with any atom within 12 A of any atom
considering three different forms of the '@ binuclear in system 1, and it is optimized by a full MM minimization in

subcluster: a rotated form showing a vacant coordination €2¢h step of the QM/MM energy minimization. Finally, the
remaining portion of the protein, together with the water molecules

(17) Tye, J. W.; Darensbourg, M. Y.; Hall, M. Baorg. Chem 2006 45,

1552-1559. (20) Ryde, U.J. Comput.-Aided Mol. Ded.996 10, 153-164.
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surrounding it, are included in system 3, which is kept fixed at the congruent disposition of proton(s) on the ring was then established.
crystallographic coordinates. Apart from system 1, which is As a result of such a procedure, we assigned protonation®dbf N
represented by a wave function during the QM/MM geometry for residues S89 (the letter S indicates the small subunit; residue
optimizations, each atom is represented by a partial point charge,numbers withotia S refer to the large subunit) and 75; protonation
taken from theAmberlibraries?* All such MM charges are included  of N¢ for residues 351 and 371; and protonation on both the
in the Hamiltonian of the QM calculations, and thus the quantum nitrogen atoms of the imidazole ring for residues S82, S85, S91,
chemical system is polarized by the atoms of system 2 and 3 in al4, 26, 58, 62, 141, and 196. All lysine and arginine residues were
self-consistent way. When the quantum and classical regions areconsidered in their positively charged state, while aspartate and
connected by a chemical bond, the link-atom approach is ap- glutamate sidechains were always included in the anionic form.
plied?°25i.e., the QM system is truncated by hydrogen atoms, the Finally, the iron-bound cysteine residues (i.e., amino acids 36, 38,
positions of which are linearly related to the corresponding carbon 41, 45, 66, 69, 72, 76, 179, 234, 378, and 382) were assumed to be

atom in the protein. deprotonated. All the ligands found in the PDB file were included
The total QM/MM energy is calculated as in the QM/MM model, except a water molecule bridging; éad
Feg,, which was replaced by a carbonyl group, following a more
Eommm = Eom T Evmizs — Evme 1) recent correctiot® of the crystal structuré.

As pointed out in the Introduction, the Fe-only hydrogenase from

Here,Eqy is the QM energy of the quantum system truncated by D. desulfuricansincludes two accessory irersulfur clusters in
hydrogen atoms, including the interaction between system 1 andaddition to the H-cluster. For these JSg sites, we used Merz
the surrounding point chargeEyw: is the MM energy of the Kollman electrostatic potential charg€d¢aken from QM calcula-
quantum system, still truncated by hydrogen atoms, but without tions at the B3LYP/6-31G* level for truncated models of each site.
any electrostatic interactions. FinalBui23 is the classical energy ~ One of the iror-sulfur clusters belongs to system 2 (i.e., the MM
of all the atoms in the system with carbon atoms at the junctions region that is free to relax), and thus, a set of MM parameters had
and with the charges of the QM region zeroed, to avoid double to be also defined in this case. To this end, a QM frequency
counting of the electrostatic interactions. Such an approach, which calculation was run, and force constants of all relevant bonds,
is similar to the one used in the Oniom met#8ahould lead to angles, and dihedrals were extracted from the Hessian matrix, using
the cancellation of errors caused by the truncation of the quantum the approach suggested by Seminé&ftibhe accessory &8 clusters
system. can reside in two alternative redox states. Following previous

Geometry optimizations were carried out in three steps. First, experimental result¥ce'we adopted the [R&]?" state for the
systems 2 and 3 were frozen and only the quantum system wasHox"® and Hp, ! forms of the enzyme, while in the case of the
optimized (geometries obtained at the end of this optimization step reduced forms of the enzyme (modél®*~, D3 (4-), andD2% (4~
will be referred to as Protein_Fixed). Second, both system 1 andin Figure 5), the [Fg5]* state was chosen. For the other
system 2 were allowed to relax. In the MM optimization of system intermediates in the catalytic cycle, QM/MM optimizations were
2, the charges on the quantum atoms were updated after eaclearried out using both the-1 and+2 redox states.

iteration of the QM/MM optimizatio#! This optimization was 2.3. Quantum Chemical Calculations.All QM calculations
performed with the looser convergence criterion of“8.u. for described in the present paper were carried out within the density
the change in energy and 10a.u. for the maximum norm of the  functional theory (DFT) framework, using the BP86 functidhal
Cartesian gradient (0.26 kJ méland 50 kJ (mol Aj1). Then, and an all-electron split-valence basis with polarization functions
system 2 was frozen again, and the geometry optimization wason all atoms (SVPY° Moreover, we applied the resolution of
continued with default convergence criteria (3@&nd 102 a.u.). identity (RI) techniquél-32 which sped up the calculations by a

If not otherwise stated, the discussion is based on the resultsfactor of~10. However, after all the QM/MM geometry optimiza-

obtained with the protein portion included in system 2 free to relax, tions carried out at the BP86/SVP-RI level, a single point calculation

because these structures are expected to be more realistic. at the B3LYP/TZVP level was performed. In fact, the use of the
2.2. The Protein.All QM/MM calculations were based on the  hybrid functional B3LYP in conjunction with the large triplgbasis

1.6 A resolution structure of the Fe-only hydrogenase fidm TZVP is expected to give more reliable QM energy values. In the

desulfuricangPDB code 1HFEY.This is a heterodimer composed present work, we report two different sets of QM/MM relative

of a large subunit that harbors the H-cluster and the two accessoryenergies, i.e., withAEomm) or without (AE,) the MM energy

Fe,S, assemblies, and a small subunit. This crystal structure was contributions resulting from the relaxation of system 2. The accuracy

selected because it has the highest resolution among the publisheih energy calculations is estimated to #&€5 and~40 kJ moi?

Fe-only hydrogenase structures. Hydrogen atoms were added tdor AE,,; and AEom Values, respectively.

the crystal structure, and the protein was solvated in a sphere of A theoretical investigation on the entire H-cluster is a challenge

water molecules with a radius of 48 A. To optimize the positions because the k8, cluster is composed of two F® layers of high-

of hydrogen atoms and solvent water molecules, a 90 ps simulated-

annealing molecular dynamics calculation was carried out, followed (27) Besler, B. H.; Merz, K. M.; Koliman, P. Al. Comput. Cherr1.99Q

by 10 000 steps of conjugate gradient energy minimization. The 11,431,

protonation state of the histidine side chains was chosen by (28) Seminario, J. Mint. J. Quantum ChemQuant. Chem. Syma99§

S . 30, 59-65. Nilsson, K.; Lecerof, D.; Sigfridsson, E.; Ryde, Acta
considering solvent exposure and a detailed study of the hydrogen-  crystallogr., Sect. D: Biol. Crystallogr2003 59, 274-289.
bond network around the residue; this means that, for each histidine(29) Becke, A. D.Phys. Re. A: At., Mol., Opt. Phys1988 38, 3098

side chain, all possible hydrogen-bond donors and acceptors in close g%ogégf_rgg\évﬁPhys' Re. B: Condens. Matter Mater. Phy$986
proximity of the imidazole nitrogen atoms were identified, and a (30) Schaefer. A Horn. H.: Ahlrichs. R. Chem. Phys1992 97, 2571

2574.
(25) Reuter, N.; Dejaegere, A.; Maigret, B.; Karplus, 31.Phys. Chem. (31) Eichkorn, K.; Treutler, O.; ®m, H.; Haser, M.; Ahlrichs, RChem.
200Q 104, 1720-1735. Phys. Lett.1995 240, 283-289.
(26) Svensson, M.; Humbel, S.; Froese, R. D. J.; Matsubara, T.; Sieber, (32) Eichkorn, K.; Weigend, F.; Treutler, O.; Ahlrichs, Rheor. Chim.
S.; Morokuma, K.J. Phys. Chem1996 100, 1935719363. Acta 1997 97, 119-124.
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Figure 1. QM/MM optimized structures of the hydroxo- (left) and water-bound (riglhg)nact forms of the PDT-containing H cluster. Selected distances
are given in A.

spin Fe atoms coupled antiferromagnetically to give an overall low- (antiferromagnetically coupled low-spin state). This gives a total
spin ground state. The ground-state wave function of such spin- of 57—60 atoms in system 1. System 2 consisted of 217 amino
coupled systems corresponds to a linear combination of multiple acids and 41 water molecules, whereas system 3 included the rest
determinants that cannot be treated within the single-determinantof the protein and water molecules (267 residues and 7044 water
DFT approach. However, in the framework of the unrestricted molecules).

formalism, these interactions can be modeled with the BS approach

introduced by Noodleman and Norman,'3The BS approach 3. Results and Discussion

consists of the localization of opposite spins of the monodeterminant . . o
wave function in different parts of the molecule. Before discussing the results of our work, it is worth

As noted by Brunold?the Fe atoms of K&, are not equivalent illustrating the details of the nomenclature that will be used

in the H-cluster, and therefore, six different BS configurations can In this paper for the various enzyme forms here investigated.
be generated for each species. However, we only considered ond2epending on the presence of PDT, DTMA, or protonated
of the six possible BS wave function variants. In fact, various QM/ DTMA in the binuclear subsite, the models will be termed
MM and QM calculations on the reduced form of the enzyme (data “P”, “D”, or “HD”, respectively; a superscript will be added
not shown) have indicated that the structural differences amongto each name, in order to specify the charge of the QM
H-cluster models characterized by different BS configurations are system. Finally, a subscript will be also present if the model

very small (the differences between corresponding bond lengths injcludes an exogenous ligand (OHH,0, H-, H,) bound to
the FeS; cluster were always below 0.02 A), and the QM/MM or in proximity of the distal iron atom.

energies never differed by more than 10 kJ ThdiVe also validated 3.1. Investigation of the PDT-Containing H,/™ct Form

the use of the BP86/SVP level of theory by carrying out BS QM/ .
MM geometry optimizations on models of thé, form of the of the Enzyme and Its Activation Route. The nature of

enzyme, in the context of the BP86/TZVP level of theory. The use theHo<"* form of Fe-only hydrogenases has been a matter
of the TZVP basis (a triplé- polarized basis set) gave place to Of recent debate. €' binuclear subclusters in which either
structures very similar to the ones obtained at the BP86/SVP level @ water or a hydroxo ligand is terminally bound to faee
(see the Supporting Information for details), thus supporting the good candidates fdl "2, In fact, X-ray diffraction datz1?
computational approach used in the rest of our work. and some DFT studi&ssupport this picture. However, a
2.4. Composition of the Model SystemsSystem 1, i.e., the  recent computational study suggests that a water molecule
QM system of the various Fe-only hydrogenase models here does not bind the diferrous F® subsite in Hggnact 34
considered, always included the iron and sulfide ions of th&d-e Moreover, despite insights obtained by theoretical and

H-cluster, a PDT or a DTMA ligand bridging f@and Fg, three o o imantal works, crucial details about the transition from
CO groups, two cyanide ligands, and four £3H groups that inact N . cat
. ) : Hox"2 to the mixed-valence HE€ active statei) are
represent the cysteine residues connecting th&sFduster to the 10113435
missing?9-1134.

rest of the enzyme large subunit (Cys-179, Cys-234, Cys-378, Cys- o o ) o
382). In addition, the side chain of Cys-178 was also included in  Investigation of the oxidized, inactivigo"** form of the

the QM region, in the form of a C}$H group. This residue is in ~ €nzyme was started from an active-site model including as
close proximity to the bidentate ligand of the binuclear subcluster, the chelating ligand a PDT group and formally corresponding
and it might act as the terminal element of the proton channel that to the [2F&2F€'"'] and FéFe' redox states for the 8, and
supplies protons to the H-cluster during the dihydrogen-evolving [2Fe}y clusters, respectively.

route _ _ ~In theHo,™ model containing a hydroxo group coordi-
The QM systems of the various QM/MM models considered in nated to Fg(P* on-; Figure 1), the Fe-O distance is 1.94
this paper differ in the composition of the f@ordination sphere. A and the hydroxo group does not interact with the protein
The coordination site trans to theCO group on Fgwas either . . .
environment. Notably, protonation of the hydroxo group in

vacant or occupied by an exogenous ligand like H,, OH™, or o . 1
H,0. Finally, when a DTMA residue is present in the model, the P*"(on-) is extremely favorable<220 kJ mol™, see Table

two possible protonation states of its amine group were considered.
The F@S, subcluster was always modeled in the2 state

(34) Motiu, S.; Dogaru, D.; Gogonea, ht. J. Quantum Chem2007,
107, 1248-1252.

(35) Parkin, A.; Cavazza, C.; Fontecilla-Camps, J. C.; Armstrong, B. A.

(33) Flieder, A. T.; Brunold, T. Clnorg. Chem.2005 44, 9322-9334. Am. Chem. SoQ006 128 16808-16815.
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Table 1. Computed Reaction Energies for Isomerizations,
ProtonatiorP and Water/Dihydrogen Binding

AEotvm AEq
reaction (kJ molt) (kJ mol?)

P2~ (1,0)— P2 + H,0 +72 +78
Pai(Hzo) — P+ H>O +29 -10
P (on-y + HT — P27 (1,0 —220 —103
P47(0H-) +H— P37(H20) —440 —283
D2 4,0y — D2~ + H,0 +122 +107
D% (1,0)— D3 + H;0 —40 +5
D3_(OH') + Ht— DZ_(HZO) —209 —89
D47(0H-) +Ht— D37(H20) —419 —296
HD3 — D3 -y —44 -35
D3 (v — D23~ (1) +52 +41
HD37(H-) nd D37(H2) +10 —-13
HD2 (4 — D2+ H, +167 +156
D3y — D3 + Hy -30 -14

Greco et al.

affinity of the OH™ group coordinated to keén P* (on- is
extremely large €440 kJ mot?; Table 1), indicating that
protonation of the hydroxo group of the cluster is spontane-
ous on both the P&€ and FdFe' species.

3.2. Investigation of the DTMA-Containing Hoynact
Form of the Enzyme and Its Activation Route. Next, we
studied how the replacement of PDT with DTMA affects
the Hyy"2t form. Initially, a DTMA-containingH "2t form
featuring a hydroxo group bound to f&as investigated.
Both the protonated and unprotonated forms of DTMA were
considered. In the optimized geometry of tHg/"t form
featuring unprotonated DTMADE on-); Figure 3), the
Fe,—O distance is 1.97 A and a hydrogen bond is formed
between the NH group of DTMA and the oxygen atom of

aEnergy values were obtained by considering the energy of a solvated the hydroxo ligand; in turn, the lone pair of the nitrogen

proton to be-1098 kJ mat1.37 b The relatively large discrepancies between
AEwommm andAE for protonation reactions are due to the different charge

of the QM system used to calculate such energy differences; the influence

atom in DTMA establishes a hydrogen bond with the thiol
group of Cys-178. QM/MM optimizations started from a

of charge variation in system 1 on the structure of system 2 can be accountedmodel with a protonated DTMA and a hydroxo ligand

for only when theAEonam values are computed, while it is neglected when
the AE; values are consideretlWater binding energies were obtained by

considering as the reference a water molecule in a waterlike continuum

coordinated to Realways resulted in proton transfer from
DTMA to the hydroxo group? (,0); Figure 3). This result

solvent. To discuss water binding reactions, it was also necessary to computeshows that there is no barrier for the proton-transfer process

the Ewotum and Eir energies for models that did not include any water
molecule in the QM region, i.e., mod&3~ (see Figure 7) and models
P2-, P3-, and D2~ (structures not shown). The energies associated with
dihydrogen binding to mode®3~ andD?~ were computed by considering
as the reference azHnolecule in a waterlike continuum solvent.

1), indicating that this process is spontaneous in the protein.

When a water molecule is bound to the bimetallic cluster,
the Fe—O distance increases to 2.10 B( y,0); Figure 1).
Moreover, the water binding energy B3~ (1,0, is quite large

and indicates that the hydroxo group bound tq iBemore
basic than DTMA. Thus, formation of a water molecule in
the Ho"t state, as a result of protonation of the corre-
sponding hydroxo-bound group, can take place on'&&e
binuclear subcluster also when the bidentate ligand includes
an amine group.

The water molecule coordinated togfe D? 4,0y forms
a hydrogen bond with the N atom of DTMA. The formation
of this hydrogen bond is accompanied by the inversion of

(72 kJ mot™; energy value obtained considering as reference ho NH group of DTMA (relative toD3 (oy-) and the

a water molecule in a waterlike continuum solvent), indicat- ¢,rmation of a hydrogen bond also between the NH group
ing that, even taking into account entropic effects (about 30 ¢ pTMA and the S atom of Cys-178 (Figure 3).

kJ mol1),3¢ a water molecule is bound to fi@ the Ho,/nact
state.

It was previously proposed that one-electron reduction of
the Ho"t form of the enzyme could lead to the release of
water from Fg, preparing the protein to bind its substrates
(i.e., protons or molecular hydrogeWy.Interestingly, QM/
MM optimization of a species?® ,0)) obtained by adding
one electron to the water-bound form of the enzyfigy,o)
led to the release of the water molecule frony Hee;—O
distance= 3.26 A; Figure 2). Note that the released water
molecule, even if not interacting directly with the H-cluster,
remains in the active site and forms a hydrogen bond with

Cys-178. This state may precede the definitive release of

H,O from the active-site cavity. In fact, the water binding
energy to the protein i3 u,0) is 29 kJ motf? (Table 1).
We have also investigated a'f& form in which a
hydroxo group is terminally coordinated to J¢** (on-y;
Figure 2). InP*~on-), the Fg—O distance is 1.99 A and the
Fe—Fe distance is significantly longer than thatR?r on-)
andP? 4,0y (2.57 A in P*(on-); see Figure 2). The proton

(36) Amzel, L. M. Proteins: Struct., Funct., Genet997, 28, 144-149.
Rul'sek, L.; Jensen, K. P.; Lundgren, K.; Ryde, J.Comput. Chem.
2006 27, 1398-1414.

(37) Kilots, C. EJ. Phys. Chenil981, 85, 3585-3588. Topol I. A.; Tawa,
G. J.; Burt, S. K.; Rashin, A. AJ. Phys. Cheml997, 101, 10075
10081.
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It should also be noted that the protonation of the OH
group coordinated to Ren D3 ou-) is thermodynamically
favorable (Table 1), further supporting the suggesfithat
a water-bound form of the H-cluster can be involved in the
activation of the enzyme from the catalytically inactive
Hoxnact state to the activédy,cat state.

A one-electron reduction dD® on-) and D? 4,0y leads
to the FéFé specieD* on-) and D3 (u,0), respectively. In
the hydroxo-bound speci€*~ on-), the Fe—O distance is
2.01 A and the OHNH—SH hydrogen-bond network is
even stronger than that iB% oy-), as deduced from the
shortening of the relevant interatomic distances going from
D3 (on-) to D% (on-) (Figures 3 and 4).

A one-electron reduced E& assembly showing a water
molecule bound to Re(model D* 4,0y, Figure 4) corre-
sponds to a minimum on the QM/MM PES of the DTMA-
containing H-cluster. This is most likely due to the strong
hydrogen bond (1.55 A) between the water molecule and
the amine group of DTMA; in fact, in the corresponding
PDT-containing addud®®*~ 4,0, no hydrogen bonds between
the water molecule and the H-cluster could be established,
and as a result, the B ligand detached from the partially
oxidized cluster. However, water binding to the H-cluster is
much weaker in thél 3 modelD3~ 4,0y than in the oxidized
Hox" modelD? 4,0, as indicated by the 0.12 A difference
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Figure 2. QM/MM optimized structures of the water-bound, partially oxidized forms of the PDT-containing H-cl@Stey.); left) and the corresponding
hydroxo-containing form of the active sit®{ (on-); right). Selected distances are given in A.
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Figure 3. On the left: QM/MM optimized structures of the hydroxo-bound, completely oxiditag"ect) form of the DTMA-containing H-cluster. On
the right: the oxidized H-cluster structure resulting from the QM/MM optimization of a guess geometry characterized by a DTMA residue with agrotonat
amine group and a hydroxo group bound tq.Felected distances are given in A

Cys-178 Cys-178
_—d p o ~,
j et
. S ~ WA
- Sy v g Rp-ai™
o T "
b ? ‘.»1\ ¢ ~d 2
<o O A f s ™ Loy
N *5{( ‘:u‘"’ Sy
g:f\ o y W]
v ® Y o
P! [ ]

D}

(OH)

Figure 4. QM/MM optimized structures of the hydroxo-bound, partially oxidized form of the DTMA-containing H-cluster (on the left) and the corresponding
water-containing form of the active site (on the right). Selected distances are given in A

in the Fe—O bond distances. The same conclusion can be Prompted by the above observations, as a first step of the
drawn from the computed binding energies of the water investigation of Fe-only hydrogenase catalytic cycle, we

molecules inD?” ,0) and D3~ 4,0y (122 and—40 kJ mot?, carried out the optimization of two different forms of the

respectively). enzyme in which the overall charge of the H-clusteri3.
3.3. Investigation of the Catalytic Cycle of Fe-Only In the first, which formally corresponds to a [2R#€"],

Hydrogenase.Release of the water molecule in thig,ca FeF€ redox state, DTMA is protonated and a coordination

state of the protein leads to the formation of a vacant site on Fgis vacant (Scheme 3, Figure 5, mo¢tD3); in
coordination site trans to the-CO group, where substrate the second, a proton has moved from DTMA tq;,Rfus
binding could initiate the catalytic cycle. In particular, along giving rise to a formal P&-€' subcluster with a terminal
the pathway to molecular hydrogen evolution, monoelectron hydride ligand (modeD3s-); Figure 5).

reduction ofHq, 3 leads to a [2P&F€"], FEFe species, Evaluation of QM/MM energies indicates that the hydride
which should correspond to the experimentally characterizedform D3 -) is 44 kJ mof! more stable thanHD3",
Hiq form. In fact, previous results obtained on binuclear suggesting that the crystallographic structure othg form
models suggested that a proton can bind to tHEd=éorm of DdH determined by Nicolet et &".could correspond to
of the binuclear subsite, and protonated DTMA could a hydride-bound form of the H-cluster. Comparison of
represent a convenient source of protons for the hydrogen-computed and experimental structures (the structure of the
evolving path (Scheme 31415 Hreq form is not available in the PDB, and only the distances
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Figure 5. QM/MM optimized structures of a Heed form of the H-cluster featuring a vacant coordination site op (F€D3~) and of the corresponding
hydride-bound isomersD~(4-) and D23~4-)). Selected distances are given in A.

Table 2. Comparison between the Available Experimental Interatomic Distances for the Reduced Form of theSEarghtiee Corresponding
Computed Values for the QM/MM Geometries Df~ -y and P>~

computed bond computed bond experimental bond
lengths for complex lengths for complex lengthsP in the two
distance considered D3 1 (A) P31 (B) independent molecules (A)
Fe—Fey 2.49 2.49 2.55;2.61
Fe,—C(u-CO) 2.01 2.01 2.40; 2.56
Fe;—C(u-CO) 1.89 1.89 1.69; 1.69
Fg—0Ou-CO) 2.99 3.00 2.91;3.12
Fey;—O(u-CO) 291 2.91 2.80; 2.80
N(DTMA)/C(PDT)—S(Cys-178) 3.17 3.37 F1

a20n the basis of the crystal structure of the reduced DdH obtained by Nicolet and co-workers, it is not possible to distinguish between the presence of
a PDT or DTMA ligand in the F£5, subclusteP? thus, in the present table, the interatomic distance between the central atom of the chelating ligand and
the sulfur atom in Cys-178 is indifferently attributed to the “N(DTMAJ(Cys-178)" and “C(PDT)S(Cys-178)” pairs of atoms.

collected in Table 2 are given in the original publicatidn  we have also optimized the PDT-containing version of
shows a reasonable agreement, keeping in mind that proteirD®~ -y (P® @, structure not shown); as summarized in

crystals at 1.85 A resolution (such as the structurel @f) Table 2, the comparison between the experimental and
typically exhibit errors in bond distances of about 0.1 A and computational interatomic distances evidenced Bfag-
errors of up to 0.3 A are frequently obser¥&¥ (indeed, is also compatible with the crystal structure of the reduced

the two independent molecules in the crystal show differ- enzyme (see Table 2). However, the distance between the
ences of 8-0.21 A in the reported distances). The only central atom of the chelating moiety and the sulfur atom of
significant discrepancy between the computed and experi-Cys-178 is better reproduced when DTMA is included in
mentalH,eq structures is the position of the semibridging the binuclear subsite. This result supports the previous
CO molecule; in particular, the difference between the observations by Nicolet et &°,who pointed out that a 3.1
computed and experimental J6C distances is as large as A distance between the central atom of the dithiolate ligand
0.37-0.53 A. Such a large difference stems from the flatness and the $ of Cys-178 is indicative of the presence of a
of the energy landscape associated to the movement of theDTMA residue in the H-cluster.
semibridging CO. In fact, in vacuum geometry optimizations  The QM/MM calculations also disclosed key details of
with the Fg—C distance constrained to either the experi- the catalytic cycle. In fact, the proton transfer from DTMA
mental or the QM/MM computed values resulted in an +to Fe,is concomitant with the inversion of the amine group
energy difference of less than 5 kJ mol of DTMA (HD3~ — D* -, Figure 5), a rearrangement that
With the aim of shedding light on the nature of the \as not observed in corresponding QM calculations without
chelating moiety in the binuclear cluster (PDT vs DTMA), the MM part in the model (not shown). The inversion leads
. to a structure oD%~ -y in which the remaining amine group
(38) §7ysde' U.; Nilsson, KJ. Mol. Struct. (THEOCHEN2003 632 259~ of DTMA forms a weak hydrogen bond with the sulfur atom
(39) Ryde, U.; Nilsson, KJ. Am. Chem. So@003 125 1423214233, of Cys-178 and with the hydride coordinated tq.R¢otably,
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Figure 6. QM/MM optimized structures of thelD?~-), HD3~(4-), and D3~ (4,) intermediates of the catalytic cycle. Selected distances are given in A.

a species where the side chain of Cys-178 (which has been
proposed to act as the terminal element of the proton channel

to the H-cluste®® forms a hydrogen bond with the DTMA
nitrogen atom D23~ ,-y; Figure 5) is 52 kJ mot* less stable
than D3 4-). Noteworthy, inD2% -y, the NH group of
DTMA strongly interacts with the terminal hydride group
(H—H distance= 1.95 A).

The next step in the catalytic cycle would be the proto-

nation of the DTMA ligand in the hydride-bound H-cluster,
leading to the intermediate specied? - (Scheme 3;
Figure 6)7° which could be in equilibrium with a species
showing a H molecule nonclassically bound to f@&nd a
deprotonated DTMA residug:®

Such an equilibrium would correspond to the crucial step

for catalysis, i.e., dihydrogen formation/splitting. However,
a H; bound, [2F&2F€"], Fe'F€' species does not correspond
to an energy minimum on the QM/MM potential energy
surface: in fact, optimizations carried out starting from
different plausible starting structures converge#ii? -

\J -

Figure 7. QM/MM optimized structure of modeD3~. Selected distances
are given in A.

indicate that dihydrogen formation is associated with a low-
energy barrier of 35 kJ mot. Noteworthy, the inversion of

This result is relevant because it suggests that dihydrogenthe DTMA amine group was observed during the optimiza-
formation occurs on a form of the binuclear subsite more tion of D (,; analogously to the case @3 -, this

reduced thanHD? y-). This is also confirmed by the
computation of the QM/MM energy associated with the
formation and release of Hrom HD?4-), which is as large
as 167 kJ mol* (see Table 1).

Monoelectronic reduction ¢iD?" -y gave rise tdHD>" -

rearrangement was not observed in corresponding QM
calculations without the MM part in the model (not shown).

The relative position of Cys-178 with respect to the binuclear
subsite (see Figure 6) suggests that the inversion of the amine
group in DTMA could facilitate the protonation step that

(Figure 6), an adduct characterized by a strong hydrogenprepares the enzyme for a new catalytic cycle.

bond between the Edound hydride and the protonated
amine group of DTMA.

Proton transfer from DTMA to Rewould then trigger H
formation (adducD3 (,), Figure 6);D3 . is only 10 kJ
mol™? less stable tharHD3 y-). Moreover, results from

To close the catalytic cycle, Hmust dissociate from
D% ,, giving rise to D3, which corresponds to the
Fe'Fe Hy form of the enzyme (Figure 7). Theidinding
energy to modeD?~ turned out to be endothermic by 30 kJ
mol~, indicating that H release from a Pé&€ species is

restrained optimizations along the proton-transfer path Spontaneous, in good agreement with previous QM results.

(40) All the structures reported in Figure 6 were obtained by QM/MM
optimizations of enzyme models in which both the additionalSre
clusters had &2 redox state. Analogous QM/MM optimisations with

4. Conclusions
In the present work, a QM/MM investigation of the

a+1 redox state for these clusters gave essentially identical structures. activation and catalytic mechanism of tBe desulfuricans
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Scheme 4. Enzyme Activation and Catalytic Mechanism for Fe-Only Hydrogerfases
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a As deduced from QM/MM calculations reported in the present paper. The names labeling the various models are assigned according to those appearing
in Figures 3, 5, 6, and 7.

Fe-only hydrogenase is presented. Our results show that acluster leads to the weakening of the interaction between
hydroxo group bound to Ren He"2 is more basic than  the distal iron of the subcluster and the water oxygen atom,
the DTMA ligand, and its conversion into a water molecule but the water molecule remains bound ta;,Heecause it
by means of a protonation step is facile. Moreover, the forms a hydrogen bond with the amine group of DTMA.
structural insights provided in the present work are useful However, it is likely that it would dissociate, since this water-
to rationalize the experimental data recently published by bound adduct corresponds to a local minimum on the QM/
Armstrong et af® On the basis of their electrochemical MM PES and the dissociation of the water molecule is
experiments, they were not able to exclude that the acid energetically favorableAEmv = —40 kJ mof?; see also
version of a DTMA-containing, oxidized H-cluster could Scheme 4).
correspond to a hydroxo-bound active site bearing a proto- Our QM/MM investigation of the catalytic cycle indicates
nated DTMA moiety. However, our data show that such a that the formation of K from a species with terminal
form of the enzyme would be unstable with respect to proton coordination of H to Fe(HD* (4-) — D3 4,), See Figure 6)
transfer from the protonated DTMA to the hydroxo group, is reversible with a small barrier.
thus supporting the alternative hypothesis that the acid form A comparison between the DFT calculations carried out
of the Hy,/"2t active site is water-bound. in a vacuum or in a continuum solvent model and the QM/
One-electron reduction of a water-bound F¢ binuclear MM results presented here allows us to show that the protein
subsite including a bridging PDT ligand leads to the release environment plays a subtle role in modulating the thermo-
of the water molecule from the H-cluster. The analogous dynamic profile of the catalytic cycle as well as the geometric
step of one-electron reduction of a DTMA-containing H- properties of key intermediates in the enzymatic process.

5920 Inorganic Chemistry, Vol. 46, No. 15, 2007



Fe-Only Hydrogenases

The calculation of the QM/MM energy difference associ-
ated with the first proton-transfer reactiotH@~ —
D3 -, see Figure 5) indicates that the hydride form is 44
kJ mol* more stable thadiD3"; notably, a very similar
energy value for the same reaction (40 kJ miplwas
obtained by Zampella and co-workers through DFT optimi-
zations carried out in a polarizable continuum medium with
a dielectric constant of #.1t is also important to emphasize
the point that dihydrogen formation in the QM/MM model
can take place only on the 'fee form of the H-cluster, while
H, evolution from a F&Fe' form of the binuclear subsite is
energetically hindered. Moreover, a, kholecule cannot

differences between the QM/MM results and previous DFT
data are not limited to the details of the $plitting/formation
step; in fact, we also observed an inversion of the proton of
the amine group in DTMA during the optimization of
D% - and D3 (4, (Figures 5 and 6 and Scheme 4). This
suggests that the interplay between the H-cluster and its
protein environment could have a functional relevance in
the catalytic H evolution, provided that the bidentate ligand
that bridges the iron atoms in the binuclear subsite is actually
a DTMA residue.

Supporting Information Available: Details related to the

remain nonclassically bound to the enzyme active site inthe >-F )
validation of the computational approach and Amberparameter

Fe'Fée' redox state, because it would immediately undergo ! : :
a heterolytic spliting process (see Figure 6, adduct file used for the modeling of &, cubanes at the MM level. This
HD2 (). The outcome of these results in mechani,stic terms material is available free of charge via the Internet at http://
is summarized in Scheme 4. The comparison between thepUbS‘aCS'org'

latter scheme and Scheme 3 provides evidence for how thelC062320A
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