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Ni—Fe Hydrogenases: A Density Functional Theory Study of Active Site Models
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Possible intermediates in the mechanism of dihydrogen activation by the-nickekenter of Ni-Fe hydrogenases,

as proposed by Dole et al. (Dole, F.; Fournel, A.; Magro, V.; Hatchikian, E. C.; Bertrand, P.; Guigliarelli, B.
Biochemistryl997, 36, 7847-7854), have been investigated using quantum chemical methods. Results obtained
on models of the Nt A, Ni—B, Ni—SlI, Ni—C, and Ni-R forms of the enzyme show that (i) despite valence state
changes of the nickel ion, the electron density on this metal is very similar in all these forms, (ii) in paramagnetic
species, the spin density is mainly localized on the nickel atom and its sulfur ligands, which confirms the diamagnetic
nature of the iron ion in the [NiFe] cluster, (i) in the Ni-C and Ni-R states, a hydrogen atom can bridge the

two metal ions without major structural reorganization, apart from a shortening of thEeNdistance, which
becomes equal to 2.67 A. The good agreement between these results and the experimental data obtained on
hydrogenases supports the active site structures proposed by Dole et al. for the various states of the enzyme.

Introduction A, Ni—B, and Ni~C.® The Ni—A form corresponds to the
Hydrogenases are enzymes that catalyze the oxidation ofSOlved X-ray structufeand is activated very slowly in the
dihydrogen according to the reversible reaction<H 2H+ + presence of B whereas the NiB form is rapidly activated

2e” which plays a key role in bacterial metabolism and may under the same conditioisThe Ni—C form of the enzyme is
have a great relevance in bioenergetics and fuel production. EverCtive and is two electrons more reduced than theBNone?
if hydrogenases that use onlyF8 centers are known, the most It is generally considered as a form where hydrogen species
extensively studied are those also containing a Ni cérifére such as H, H*, or H, interact with the metal clustérin
X-ray structure of the NiFe-hydrogenase frdbesulfaibrio addition, EPR-silent forms called NSI, Ni—Su, and NFR
gigashas been recently reportédt; contains a hetero-dinuclear have b(_een identified, an_o_l the proton exchanges associated with
[Ni—Fe] cluste? where a Ni atom coordinated by two terminal  the various redox transitions have been charactefizéd.
cysteine residues is bridged to an Fe atom by two other cysteine Other important characteristics of NiFe-hydrogenases can be
residues. The Fe atom is also coordinated by three nonproteinconsidered well grounded; X-ray absorption spectroscopy (XAS)
ligands? namely, two CN and one C.In the as-purified form experiments have indicated that no significant electron density
of the enzyme fromD. gigas? the two metal ions are also  changes take place on the Ni atom when as much as three
bridged by an oxygenic nonprotein ligand. electrons are accepted by the active sitg¢2Moreover, EPRE
Several spectroscopic techniques have shown the existence

of three paramagnetic forms of the NiFe enzymes called Ni ~ (6) Albracht, S. P. J.; Kalkman, M. L.; Slater, E. Biochim. Biophys.
Acta 1983 724, 309-316. LeGall, J.; Ljungdahl, P. O.; Moura, |.;
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and ENDOR* experiments have shown that the iron ion remains  reduction of8 andC to Sl andR, respectively, no extra protons were
diamagnetic, likely in an I'-”elow-spin state, in all the enzyme added to the latter complexes (Figure 1). Concerning the investigation
forms. However, a general agreement concerning the mechanisn®f the Ni—A state, two sets of calculations have been carried out. In
of dihydrogen activation and the nature of the various inter- the first model fxz), all distances and angles have been kept fixed
mediates has not yet been reach&¥®15Assuming that the and equal to the corresponding X-ray values, while in the second model
Ni—C form is an intermediate specieé the presence in this form (A) the geometry was fully optimized with no external constraints;$H

. .. and HS groups have been used to mimic the cysteine ligandsdn
of photolyzable hydrogen species bound to the Ni ion or located andA, respectively. It should be noted that the negative total charges

in its vicinity'® led Dole et al® to propose a catalytic cycle  of the complexes investigated are not unrealistic since they are similar
model which takes into account all available experimental data. to those carried by ironsulfur clusters in proteint.

In this model, H activation is considered to occur in the-Ni The calculations were carried out with the Gaussian94 set of
Sl to Ni—C steps, according to the mechanism proposed by programs? All complexes were subjected to a full geometry optimiza-
Marganian et al3*in which the heterolytic cleavage ohlbkes tion without any symmetry constraints. The atomic basis set on first-
place after binding on the Ni site by involving the basic row atoms was of doublg-quality (D95°). Ne cores of S, Fe, and Ni
properties of its terminal thiolate ligands, which act as proton @atoms were replaced by Los Alamos ECP operataad the associated
acceptors. In contrast, in a recent ab initio investigation, Pavloy double< basis functions were adoptédThe SCF calculations were
et al. have proposed, by using a model of the active site of carried out accordmg to the_ density functional theory, using the
NiFe-hydrogenas¥, that the Fe center plays a major role in ext(:jhgnge and cort_relalltloréfl_unctlonals proposed by Becke and Lee, Yang,
the catalytic process. However, despite the high quality of the and Parr, respectively (BLY).

calculations, the model does not fully agree with the available Results and Discussion

experimental data, especially those concerning the magnetic ) .

properties of the various forms of the enzyme. Therefore, its ~The geometrical parameters obtained for feB, SI, C,

relevance to the mechanism of ldctivation by NiFe-hydro- ~ and R complexes are reported in Table 1, where they are
genases remains unclear. compared to the X-ray data for tHe. gigas enzyme? The

To shed some light on the intriguing properties of the differences observed in corresponding bond distances reflect

dinuclear [Ni-Fe] cluster of hydrogenases, we have carried out the asymmetry of the complexes (see Figure 2) and indicate
guantum mechanics (QM) calculations on-¥fie complexes that_ the local environment plays a role, affecting dlffgrently
modeling the active site of the enzyme, which were derived similar bonds. However, the general structure of the dinuclear
from the intermediate species involved in the catalytic cycle COre is very similar in theA and Axr complexes, as deduced
proposed by Dole et 48 The aim of these calculations was DY angles (Table 2) and torsion values (data not shown),
also to verify whether these active site models are energy- |nd|cat|r_19 that it is not drastically affected by the protein moiety.
minima structures and whether their electronic properties are /N addition, the computed FeCO, Fe-CN, and Ni-Fe
consistent with the available experimental data. In addition, we distances are very close to the experimental values. Our results

have also carried out calculations on models of the Alform show also that the NiFe distance should strongly depend on
of the enzyme to compare the geometry obtained by QM the nature of the bridging ligands in the various enzyme forms.
calculations to that given by the X-ray crystal structure. Such variations in the NiFe distance have been effectively
observed by EXAFS for several enzyméghe differences in
Methods metal-sulfur bond distances between thgr andA complexes

are likely due to the modeling of cysteinate ligands by simple

To perform the calculations using a high level of theory, the protein SH groups and to steric effects of the protein backbone, here

backbone was neglected and the four cysteine ligands of the protein . . .
were replaced by SH groups, following the work of Paviov et’al. neglected. The influence of these differences on the electronic

(Figure 1). The protein is, of course, expected to play a role in properties of the .Cll_JSter 'S.d_'scussed below. L

modulating the properties of the bimetallic cluster. However, as a first Apart from variations arising from changes of the bridging

and necessary step toward a complete understanding of the enzymatidigands, the structure of the Fe center is very similar in all

system, it is crucial to investigate the structural and electronic properties complexes, whereas a modification of the geometry of the Ni

of the isolated [Ni-Fe] cluster. In the following, the model complexes center from a distorted square planar geomeBy %) to a

used in this study are termed according to the nomenclature of the distorted trigonal bipyramidal geometryC( R) is clearly

corresponding enzyme states proposed by Dole €t(Bigure 1). The  ghserved (Figure 2). However, due to steric constraints such a

p][otonation state of the:oelscompledxes was (k:)hosendaC(I:ordrg to trlle resu“?earrangement may not necessarily take place in the protein.

of titration experiments?1°@Besides, as observed also by Pavlov et . .

al.'” only the terminal thiol ligands can be protonated without leading Most importantly, the optimized structures of th]—:-_and R .

to unrealistic changes in the coordination sphere of the metal ions. complexes show that a hydrogen atom can eff(_ectlvely bnd_ge

Actually, to better study the localization of the electron added in the the two metal centers, which leads to a shortening of the Ni
Fe distance of about 0.2 A comparedigz andA and of about
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Figure 1. Intermediates in the activation of dihydrogen by NiFe-hydrogenases proposed by Dolé &b detter follow the localization of the
electron in the reduction @ andC to S| andR, respectively, no extra proton has been added to the latter complexes. In model complexes, R is
a hydrogen atom i\, B, SI, C, andR and a methyl group ifxg.

Table 1. Computed Interatomic Distances in the CompleRes, with the values deduced from EXAFS experiments carried out
SI, C, andR* on the corresponding enzyme for#aMoreover, a recent X-ray
AxgP Ab B SI C R crystallographic study performed on a strongly reduced state

Ni—S, 26 2465 2375 2378 2480 2583 of the D. gigashydrogenase has revealed a 0.3 A shortening of
Ni—S, 26 2631 2375 2373 2473 2457 the Ni—Fe distance by comparison with the-NA state!® The

Ni—S 22 2479 2278 2326 2298  2.393 good agreement between our results and these data strongly
Ni—S 23 2436 2277 2328 2492 2334 supports the existence of a bridging hydrogen atom in theNi
’;"_g: 2229 22-34327 23413‘}5’ 23-22339 22-“132637 22)(1566; and Ni-R states of the enzyme. Actually, structures character-
Fg:so 55 2609 2426 2432 2432 2486 ized by hydrogen bridges are quite common in inorganic
Fe-CO 17 1763 1717 1708 1734 1722  compound$?with metakhydrogen-metal angle values falling

Fe-CN(1) 1.9 1.913 1.888 1.904 1.900 1.919 in the range 78124°24 to be compared with values of 181
Fe-CN(2) 19 1915 1.889 1.905 1.902 1911 103 calculated for th&C andR model complexes. Interestingly,

Ni—H 1552 1521 C andR are among the few cases of “semibridged” hydritfes,
E.EFH 1850 1.930 with a Ni—H bond distance much shorter than the-fFeone.

i—O 1.7 1.857 : ;
Fe-O 21 1913 It can be noted that the two bond distances between the Ni atom

s and § terminal and bridai ifur ligand iivel and the bridging sulfur atoms are rather differenfirand R,

ag an are terminal and bridging sulfur ligands, respectively. ; : N : :
b ComplexesAxgr andA contain CHS and HS as ligands of the metal dlrjle Lo (?r Ver)r/] Wf?:i Ir}tfr:actmmq;f ?g?_'b”rdgi;g nsd ligand with
atoms, respectively (see Figure 1¥his atom is bound to two  ON€ Nydrogen atom or the termina 0 and.

hydrogens inC andR.

. 23) Cotton, F. A., Wilkinson, GAdvanced Inorganic Chemistrpth ed.;
0.4 A compared to the unbridge®l and SI complexes. Note (23) John Wiley & Sons: New Yollfk, 1988. ’ i

that the Ni-Fe distances obtained i@ and R compare well (24) Jayasooviya, A.; Skinner, fhorg. Chem 1986 25, 2850-2852.
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Table 3. NPA Net Atomic Charges for the Complexésg, A, B,

SI, C, andR?
AxgP AP B SI Cc R
Fe N Ni 0.65 0.84 0.62 0.51 0.57 0.46
Fe -0.24 0.04 0.05 -0.01 -0.16 -0.13
S -0.21 -054 -0.38 -0.43 -045 -0.58
A S -0.18 -0.58 —0.37 —043 -0.44 —0.67
S -0.35 -0.77 -046 -062 —049 —051
S -0.30 -0.67 —-042 -0.62 -02r -0.1&

CN() -055 -051 -040 -048 —0.40 —0.49
CN(2) -054 —049 —040 -048 —-0.40 —0.47

CcoO —0.02 -0.04 0.16 0.05 0.17 0.06
Fe Ni Fe Ni H —0.01 —0.06
O —-0.69 -0.70
B SI aNatural population analysis (NPA, see ref 28)a®d S are terminal

and bridging sulfur ligands, respectiveRComplexesAxg and A
contain CHS and HS as ligands of the metal atoms, respectively (see
Figure 1).° This atom is bound to two hydrogen atomsGnand R.

electron density values, and the electron density on CN and
CO groups varies little. However, it is worth noting that the
redox transitions fromB to S| and fromC to R are both

" " e N accompanied by a small increase of the electron density on these
diatomic ligands (Table 3), in agreement with the lowering of
R c the stretching frequencies observed by IR spectroscopy in the
Figure 2. Structures of the complexs, B, SI, C, andR obtained enzymed+1%|n fact, in these transitions, the extra electron is
from DFT full geometry optimization. mainly accepted by the sulfur ligands, as already observed in

the case of irorsulfur cluster$826Thus, the electron density

Table 2. Computed Valence Angles in the ComplexesB, SI, C, on the terminal sulfur increases significantly upon reduction of

andR® B to SI, whereas in the reduction &f to R the electron density
Axg® AP B Sl C R change is mainly observed on the bridging sulfur (Table 3). It
S—Ni—S 89 88.76 92.00 9056 98.72 96.62 Mmust also be pointed out that the partial charges observed for
S—Ni—S, 85 85.24 8259 8191 80.89 80.75 Axr andA are very similar, indicating that the differences in
S—Fe-CO 91 91.64 99.00 92.47 105.70 102.86 pond lengths observed between the two complexes do not affect

S—Fe—CN(1) 171 172,41 166.34 160.41 163.39 169.59 <iynifi ; ; ;
CO-Fe-CN(1) 83 9242 9451 9405 9066 9254 Sidnificanty their electronic properties. o
CO—Fe-CN(2) 04 9317 9224 9224 9015 9131 Paramagnetic intermediates in the reversible activatiorpof H

CN(1)-Fe-CN(2) 91 9257 9516 94.29 93.00 92.62 by NiFe-hydrogenases have been extensively characterized by

Ni—S,—Fe 74 70.67 81.83 7884 6575 6552 EPR spectroscopyt®@However, the origin of their magnetism
Ni—S,—Fe 74 6270 8171 79.05 65.99 6193 has been subject to debate since Bie= 1/, ground-states
Ni—H—Fe 102.89 101.06

observed by EPR could arise either from the coupling between
two paramagnetic metal ioffsor from the Ni center alon&
. 2§ and $ are terminal and bridging sulfur ligands, respectively. Moreover, the formation of sulfur radical species has been
ComplexesAxr andA contain CHS and HS as ligands of the metal  jnyoked to explain some experimental d&d.0 address some
atoms, respectively (see Figure 1). of these points, the spin density distribution was calculated by
One of the most debated questions concerning the variousNPA for the low-spin paramagnetic complexess, A, B, and
forms of NiFe-hydrogenases is the formal oxidation state of C@nd the results are reported in Table 4. We first observe that
the two metal iond. To investigate this point, the natural the spin density is always mainly localized on the Ni ion, in
population analysis (NF%) has been carried out on the electron 29reement with EPR experiments performed®dii-enriched
densities associated with the complexes. NPA has been showrlydrogenasesin contrast, a negligible spin density is found
to produce more reliable and less basis set dependent result9" the Fe ion in theAxz, A, and C complexes, which is
when compared to the Mulliken analy8fThe atomic partial ~ consistent with the results of’Fe ENDOR spectroscopy
charges for the various investigated complexes are reported in€Periments: A significant spin density is carried by teoxo
Table 3. The values associated with the metal ions and theaom in theAxg and A complexes, which explains th€O
ligands differ largely from those corresponding to the formal NYPerfine coupling observed in the oxidized forms of the
oxidation states, which underlines the covalent character of the €ZYMe? Itis worth noting that the spin density distribution is
metak-ligand bonds and shows that a discussion in terms of not greatly affected by the_small structural d_|fferenc¢s observed
formal charges is inappropriate for this metal cluster. In PEWeemMxr andA. According to our calculations, an important
particular, the Ni atom is characterized by very similar electron fraction of the spin density is localized on the sulfur ligands in
density values in all the complexes, and upon reduction from &ll complexes. Thus, in theé complex, the sizable spin density
B to R, the partial charge change does not exceed 0.16 electro gund on one of the terminal sulfur ligands may explain the
charge, which could explain the very small Ni K-edge shift ' >€ hyperfine coupling observed by EPR in NiFeSe hydroge-
observed by XAS upon reduction of the enzytie!?Likewise,
in all complexes, the Fe atom is characterized by very similar

Ni—O—Fe 97 102.35

(26) Mouesca, J.-M.; Noodleman, L.; Case, D. A.; LamottdnBrg. Chem.
1995 34, 4347-4359.

(27) Fontecilla-Camps, J. Q. Biol. Inorg. Chem1996 1, 91—98.

(25) Reed, A. E.; Weinstock, R. B.; Weinhold, F. Chem. Phys1985 (28) Van der Zwann, J. W.; Coremans, J. M. C. C.; Bouwens, E. C. M,;
83, 735-746. Albracht, S. P. JBiochim. Biophys. Actd99Q 1041, 101-110.
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Table 4. NPA Spin Densities ifAxz, A, B, andC? does not appear to be fully consistent with the lacké®fe
Axe? Ab B C hyperfine coupling observed in the NB form of theD. gigas
enzyme'* This could result either from the influence of the

Ni 0.392 0.576 0.428 0.527 . . . . .
Fe 0.001 0.004 0.186 0.083 protein environment on the magnetic properties of the Bli

S, —0.002 0.047 0.006 0.128 state or from a slight difference in the coordination of the metal
S 0.166 0.165 —0.003 0.139 center between the NiB form and theB model. In this respect,

S 0.032 —0.015 0.172 0.192 it should be noted that an oxygenic ligand was proposed to be
E" 0.000 0.016 0.217 o gé’gl present in this form on the basis of the effect@ enrichment

o 0414 021F : on the Ni-B EPR spectrum?

(5 0.750 0.753 0.750 0.750

Conclusions
@ Natural population analysis (NPA, see ref 25)asd $ are terminal ) o . .
and bridging sulfur ligands, respectiveComplexesAxz and A The present QM investigation shows that, with the possible
contain CHS and HS as ligands of the metal atoms, respectively (see exception of theB complex, the structural and electronic
Figure 1).° This atom is bound to two hydrogens @ ¢ Hydrogen properties of the active site models proposed by Dole &al.
ﬁ‘ltio"(‘)'”"ézht’)?% metfhEeXNg(t{;tli:Oent\)lr;cljl?:.(e) f?ﬁé’%erl‘] ::gg“s'"i‘r’] O(Lvee?a'l?otrh?he for the various forms of NiFe hydrogenases are fully consistent
values are ver;}J closeqo 0.75, which correspc?nds to appurepdoublet stateyv'th the avallable experimental data. Thls Sn.qu confirms that:
in all the enzyme forms that have been identified spectroscopi-
cally, the Fe ion remains in the same valence state. It shows
nases in which a terminal cysteine ligand is replaced by a seleno-also that the redox chemistry between these forms is not centered
cysteine® Interestingly, in this complex, the bridging H atom  on only one of the metal ions but involves the whole cluster,
which is directly bound to the Ni ion carries almost no spin especially the sulfur ligands. Further refinements using an
density, which accounts for the smallness of the proton hyperfine improved description of the cysteine ligands are in progress to
coupling measured in ENDOR experimefits. enable a more quantitative analysis of the experimental data
The small spin density carried by the Fe ion in Bxeomplex and a better understanding of the-NB structure.
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