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Density functional theory has been used to predict the structures of a variety of active site models for the unready
statesNi-A andNi-SU, of the [NiFe] hydrogenase fromesulfaibrio gigas By comparing available experimental
results onNi-A, Ni-SU, andNi-SI with the computational results on these model complexes, we have been able
to identify the most likely formulas and structures for the active siteNiefA andNi-SU. Ni-A is predicted to

be a Ni(lll)—Fe(ll) species with the bridging hydroxo ligand, rather than the expected oxo ligand, Mit&)

is predicted to be a Ni(llyFe(ll) species with a water molecule coordinated to the Fe center. Both have one of
the terminal S atoms (cysteines) protonated.

Introduction

Hydrogenases are enzymes that catalyze the reversible
reaction H < 2H™ + 2e. The [NiFe] hydrogenase from
Desulfaibrio (D.) gigas as aerobically isolated in the inactive
form, has been characterized by X-ray crystallography, at 2.85 y
Aland 2.54 R resolution. From these crystallographic analyses TS : “Cys533
and infrared (IR) spectroscopic studfgsan image of the active s
site of the oxidized form of [NiFepP. gigashydrogenase has
emerged, as shown in Figure 1. It should be noted that the
additional bridging ligand between Fe and Ni (X ligand in Figure
1) is not known for certaintyu-oxo or hydroxo has been
suggested:4

EPR9 and IR“4 experiments showed that tHe. gigas
enzyme can exist in six different redox states, caled\, Ni-

B, Ni-SU, Ni-SI, Ni-C, and Ni-R. The crystals used for the
X-ray structure determination of the enzyme were grown from Ni—Fe: 2.94

a solu'gion that was mginIW.i-A. A proposed activation and. Figure 1. X-ray crystal structure of [NiFeP. gigashydrogenasé?
catalytic cyclé1%-14is given in Scheme 1, where each state is The bridging X ligand may be oxo or hydroxo.
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1, one can see that tidi-A, Ni-SU, andNi-B are involved in

activation/inactivation processes of the enzyme, whereasithe
Sl (Slig14 and Sli934), Ni-R, andNi-C participate actively in

the catalytic cycle of th®. gigashydrogenase. Furthermore,
Ni-A andNi-SU are called unready statésbecause they need
long incubation under (or a reductant) for activation, while
Ni-B is called the ready stdt&because it is activated rapidly.

Determination of the molecular structures of the six redox

states is crucial to understanding the activation and catalytic

mechanism of the enzyme. Combinations of experimental
methods such as X-ray absorption, ENDOR, EPR, and IR

spectroscopies have provided some insight into the nature of

these redox states. The IR spectra in t#€0) andv(CN)
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Therefore, it is unclear whether the bridging ligand\bfA is

oxo or hydroxo. In addition, one (or more) of the cysteine
residues oNi-A could be protonated. Furthermofdi-SU has

not been explored by theoretical calculations. The characteriza-
tion of Ni-A andNi-SU should help us understand the activation
step of the enzyme and provide verification of the structures of
Ni-Sl1g14andNi-Sl1934 Which are critical for understanding the
catalytic cycle ofD. gigashydrogenase.

Computational Details

The first step to computationally model the active site®ofjigas
enzyme is to choose appropriate active site models for various enzyme
forms. Although the protein backbone was found to have some influence

regions of these species were obtained by reductive activationg, the active sité? it is generally believed that the key features of

of the as-purified enzyme with molecular hydrogen and
subsequent controlled oxidatidriThese IR experiments indi-
cated that the transition froMi-SU to Ni-Sl is a slow process
and might involve the loss of the oxygen-containing bridging
ligand? The °"Fe ENDOR measuremeftssuggested that the

various redox states can be obtained without including the protein in
modeling the hydrogenad@!”?'So in our calculations, we neglect the
protein backbone and replace the four cysteine groups of the protein
with SCH; groups. This has proved to be a very effective technique in
obtaining active site geometries that can be correlated with the measured

Fe center has the same formal charge in the three EPR-active~© frequencies?

statesNi-A, Ni-B, andNi-C, and that the Ni is in the trivalent
state. These and other experiments provide essential informatio
for constructing the molecular structures of the active sites of
these six redox states.

All the calculations have been performed with the Gaussigd 98

rPackage. Density functional theory is employed with the three-parameter

hybrid exchange functional of Beckeand the Lee, Yang, and Parr
correlation function& (B3LYP). Relativistic effective core potentials
(ECPsJ® for iron, nickel, and sulfur are employed in all B3LYP

On the basis of these experimental results, several theoreticaka|culations. In the ECP for Fe and Ni, the 3s and 3p orbitals are treated

attempt&5-1° to predict the structures of these species and the

explicitly along with the 3d, 4s, and 4p valence orbitals. The basis set

associated catalytic mechanism have been reported. All usedfor Fe and Niis a modified LANL2DZ doublé-basis set plus an f-type

density functional theory (DFF) because DFT methods can

polarization functior?® (341/341/41/1), in which the two 4p functions

treat quite large systems and have accuracy close to the mos@f the standard LANL2DZ have been replaced by a (41) split of the

advanced ab initio methods, which are only applicable to much
smaller systems. Pavlov et ®lprobed possible reaction paths
for H, activation and proposed that the activation gfisllikely

to occur at the Fe center. The calculations carried out by De
Gioia et al'” showed that the active site structures proposed by
Dole et all® are in reasonable agreement with available
experimental data. Niu, Thomson, and Halhave made the
most thorough investigations on the possible structureblifor

B, Ni-SI, Ni-C, and Ni-R by correlating the measured CO
frequencies with the calculated CO bond lengths. Amara’ét al.
investigated the possible structuresNifA, Ni-SlI, Ni-C, and
Ni-R in a study, where the protein backbone was included in
modeling through a hybrid density functional/molecular me-
chanics method. Despite all these efforts, there is not total
agreement concerning the nature of all redox states.

The aim of this work is to characterize the active site of the
unready states oD. gigas enzyme, Ni-A and Ni-SU, by
performing DFT calculations and correlating the calculated CO
bond lengths with experimental CO frequencies. Previous
geometry optimizations oNi-A assumed that the bridging
oxygen-containing ligand is an oxo ligahtk'°However, X-ray
crystallography,2 even at a resolution much higher than 2.54
A, is not able to detect the positions of hydrogen atoms.
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Although a relatively large basis set is chosen for these active site

models, the calculated CO stretching frequencies are not yet accurate

enough to directly compare with corresponding experimental frequen-

O
Ni-Fe: 2.9274

cies. For example, the frequency of free CO at the B3LYP/6-31G(d) Ni=Fe: 2.808A

level is calculated to be 2208 cy 65 cni® higher than the V(CO): 1983 cm”! V(CO): 1967 e’
experimental value of 2143 cth® A straightforward way to improve T

the accuracy of calculated CO frequencies is to scale the calculated 2[-2,1/2] 3[-2,1/2]

frequencies with the scaling factor obtained for some organometallic
model complexes containing an FettO bond, electronically similar

to the active site oD. gigas hydrogenase. Such model complexes,
CpFe(CN)(CO)~, CpFe(CN)(CNCH)(CO), CpFe(CNCH),(CO)t, and
Cp*Fe(CN)(CO), have been synthesized, and their CO frequencies
are knowne435For these compounds, we have obtained their B3LYP-
optimized structures and performed analytical frequency calculations

at these structures (the basis set for hydrogen atoms and carbon atoms

in methyl groups of Cp* is 3-21G; for other atoms the same basis set

as described above is used). Our calculations show that there exists an
excellent linear relationship between the calculated CO frequencies and

corresponding experimental values (in £&HN), v(COF*? = 229.9+
0.83383(CO)°ac, with a correlation coefficient??) of 0.989. Besides

this scaling method, a simpler method for predicting the CO frequencies
in systems with a single FeCO bond is based on the recognition that
the CO frequency is proportional to the CO bond len§fs. An
excellent correlation between the optimized CO bond lengths and the
natural logarithm of corresponding experimental frequencies;-In
(COy = 10.706— 2.7028cc°%¢, with a correlation coefficientR?)

@,

Ni—Fe: 2.637A
V(CO): 2021 cm’!

4[-1, 172

of 0.980, is found for these model compounds. Therefore, we have Figure 2. B3LYP-optimized structures of candidatéa,b and2—4

two strategies available to give relatively accurate predictions of the for Ni-A.

CO stretching frequencies in various active site models: (1) scale the

directly calculated CO frequencies; (2) use the optimized CO bond Previous work® because the basis set used here is larger than that
lengths for predicting CO frequencies. We will prefer the second method Used previously. This basis set is expected to produce bond lengths in
(unless stated explicitly) because it is simpler and gives predictions Petter agreement with the experimental values and therefore give more
almost identical with those of the first one. accurate predictions of CO frequencies in organometallic model

It should be mentioned that the slope and intercept of the above complexes and active site models.

bond length/frequency relationship are different from those derived in
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Results and Discussion

To assign the correct structures f-A and Ni-SU, it is
important to reconcile some of their properties with available
experimental facts:

(1) ForNi-A, the unpaired electron should be mainly localized
on the Ni center, whileNi-SU should be diamagnetk?

(2) For Ni-A, the optimized structure should be in good
agreement with the X-ray structure @f gigasenzyme, in which
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Table 1. Mulliken Spin Densities in Various Active Site Models—8 for Ni—A2

la 1b 2 3 4 5 6 7 8

Ni 1517 0.147 —0.025 —0.015 —0.032 0.919 0.829 1.445 —0.071

Fe —0.249 0.244 0.673 0.717 0.813  —0.020 —0.093 —1.073 1.066
Su(L) 0.044 —0.010 0.018 —0.008 —0.003 —0.055 —0.062 0.195 0.160
Sy(R) 0.078 0.070 0.073 0.097 0.143 0.238 0.334 0.076 —0.051
S(R) 0.114 0.006 0.025 —0.003 0.048 —0.077 —0.037 0.055 0.043
S(L) 0.069 —0.001 —0.002 —0.002 —0.001 —0.044 0.005 0.180 —0.016

Oy —0.620 0.604 0.317 0.304 0.249 0.037 0.016 0.058 —0.074
0 1.762 0.771 0.975 1.074 1.294 0.843 0.865 1.781 1.604

aS, and S are bridging and terminal sulfur ligands, respectively. L(R) means the sulfur atom on the left (right) side of the strlatu8es,
given in Figures 2 and 3. (s the bridging oxygen atom.

Scheme 3
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Ni-A is thought to be the single largest component, but which
has someNi-B and is~50% EPR silerit?

(3) The predicted CO frequencies should be close to the
measured values1947 cnm! in Ni-A and 1950 cm?® in Ni-
SU. However, considering that the environment of the binuclear 7[-1, 1/2] 810, 1/2]
Ni—Fe active site in the enzyme is influenced by the protein Figure 3. B3LYP-optimized structures of candidatgs8 for Ni-A.
backbone, the hydrogen bonding to the Cigands, and water
molecules, we would not expect that the predicted CO frequen- suggested by IR experimerftand protonating the X ligand will
cies of active site models would be, in absolute magnitude, weaken its bond(s) to the metal(s).
exactly the same as corresponding experimental values even if In the following, the results and discussion of various models
the correct models are assigned. This means that a systematifor Ni-A are given first followed by those folNi-SU.
error should be taken into account. Our limited experiéhte Ni-A with Oxo as the X Ligand. EPR~° and ENDOR®
would suggest that the predicted frequencies based on organoexperiments indicated th&ti-A almost certainly corresponds
metallic models would be somewhat larger than those measuredto a Ni(lll)—Fe(ll) species. Previous calculations showed that
for the enzyme. However, since our experience is very limited, protonation on a bridging sulfur atom leads either to unrealistic

Ni—Fe: 2.832 4
v(CO): 2026 cm’!

Ni-Fe: 2.739 4
V(CO): 2048 e}

we will only assume that our predictions should be withiB0

changes in the coordination sphere of the metallfoosto a

cm~1 of the measured CO frequencies in the enzyme. Accord- structure much less stable than that from protonation on a

ingly, for Ni-A and Ni-SU those structures with predicted
frequencies of(CO) = 1947+ 30 cnT! andv(CO) = 1950+

terminal sulfur!® So in our calculations, we only need to
consider those candidates with 0, 1, or 2 protons on the terminal

30 cnT?, respectively, will be considered as potential candidates. sulfur atoms. Thes&li-A candidates are shown in Scheme 2

(4) In the reduction oNi-A to Ni-SU (one proton and one

and are labeledl [qg, §, whereN is the speciesy the overall

electron are involved, as shown in Scheme 1), the most plausiblecharge, ands the total spin.1 is the unprotonated speciez,
mechanism, we think, is that the proton goes to the bridging X and3 are protonated on only one of the terminal sulfur atoms,

ligand. The reason is that the conversion frbiirSU to Ni-Sl
likely involves the removal of the bridging X ligand, as

(37) Cao, Z.; Hall, M. B.J. Am. Chem. Socsubmitted.

and4 has both terminal sulfur atoms protonated. The B3LYP-
optimized geometries df—4 are displayed in Figure 2 (the CO
frequency, predicted by the bond length/frequency relationship
derived in the preceding section, is also given for each species).
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Interestingly, full geometry optimizations starting with two
slightly different structures forl resulted in two different
converged structureg¢aandlb. The spin density distributions Ni—Fe: 3.258 4

for 1a—4 are reported in Table 1.

Among the five optimized structures shown in Figure 2, the
unprotonated structuréa, is the one that is most similar to the 11[-1,0]
X-ray structure. Like the X-ray structuréa has an octahedral
Fe center and a square-pyramidal Ni center with a vacancy transFigure 4. B3LYP-optimized structures of candidat®s 11 for Ni-
to one of the bridging sulfur atoms. The calculated—Re Su.
distance, 2.943 A, is also very close to the experimental value
2.900 A. Although the spin contamination I is severe [0
= 1.762), the spin-density distribution shows that the unpaired
electron is mainly localized on the Ni center (1.517e) and the
bridging oxygen atom-0.620e). In addition, the predicted
(CO) in 1ais 1925 cntl, within acceptable range of the
experimental value. However, the bridging oxygen atorfidn
is significantly closer to Fe than to Ni, a result inconsistent with
the experimental observation. Furthermdtb,is 2.4 kcal/mol :
more stable thada frequency qul-A. These results are strong support $as

In 1b, the bridging oxygen ligand is closer to the Ni atom, the appropriate m,Odel fawi-A. .
but the unpaired electron is mainly ore (0.604€) and one However, the singly protonated speciésappears to be a
of Ni—Surigge bonds is totally broken. The predicted CO competitive model foNi-A and_shovv_s structural feature_zs similar
frequency forlb, 1915 cnt?, is also beyond the acceptable to those o5 except that the NiFe distance (2_.819 A)is 0.106
range. On the basis of the predicted CO frequencies (1983A shorter and the CO bond length (1.155 A) is 0.007 A shorter.
cmYfor 2, 1967 cnl for 3), 3 is acceptable foNi-A but2 is The predicted CO frequency, 1967 Thnis within the accept-
not. However, botl2 and 3 have large Fe spin densities and able range. The spin density distribution®is also very similar

long Ni—Suriage bond length, characteristics that eliminate both {0 that ons.

O H(CO): 1972 em!

to Fe (2.032 A), and the remaining geometrical features are in
good agreement with the X-ray structure obtaineddogigas
hydrogenase. The spin density bris localized mainly on the

Ni atom (0.919¢e) and one of the bridging S atoms (0.238e), a
result compatible with EPR experimentsMifA . Both methods

for predicting the CO frequency yield results that are similar
(1930 and 1925 cni) and in agreement with the experimental

as suitable models fd¥i-A. Although4 is geometrically similar Another singly protonated specieg, seems an unlikely

to 1a, the large spin density on Fe and the high predicted CO candidate folNi-A. First, the Ni-S bond between the Ni and

frequency precludé as an appropriate model foti-A. the protonated terminal sulfur is 0.52 A longer than the
Ni-A with Hydroxo as the X Ligand. Candidates foNi-A experimentally measured value. Second, the calculated CO bond

with a u-hydroxo ligand are shown in Scheme 3. Like the length is only 0.005 A longer than that of free CO, leading to
systems discussed above, these species are unprotoBpted ( & very high predicted CO frequency, 2026 ¢nfar beyond
singly protonatedf and7), and doubly protonated) on the the acceptable range.

terminal sulfur(s). The B3LYP-optimized geometries {8 Species8 has both terminal sulfur atoms protonated. The
are shown in Figure 3. The spin density distributionsin8 calculated Ni-Fe bond distance (2.739 A) is 0.16 A shorter
are also collected in Table 1. than the experimental value. The CO bond length is calculated

In the unprotonated structube the Ni—Fe distance is 2.925 to be 1.140 A, like7, close to that of free CO, and the CO
A, the bridging hydroxo ligand is closer to Ni (1.939 A) than frequency is predicted to be the highest among these hydroxo
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Ni-Fe: 3.2404
V(CO): 1930 cm’!

12 [-2,0] 13 [-1, 0]

Figure 5. B3LYP-optimized structures df2 (candidate folNi-Sl1914)
and 13 (candidate foNi-Slig34).

models b—8). Clearly, these characteristics elimin&eas a
suitable model foiNi-A.

Generally, the CO distance and theNe distance become

gradually shorter as the degree of protonation of the terminal

sulfur atoms is increased. This trend was observed previusly
in an investigation of the structures of active site models for
Ni-B, Ni-Sl, Ni-C, andNi-R. From the above discussions, we
conclude that three structurelsa (with the u-oxo bridge) and
5 and6 (both with theu-hydroxo bridge), could be considered
as suitable models fdMi-A. However, the following discussions
on Ni-SU will further narrow the possible models fbli-A since
the correct model foNi-A must correlate with the interpretation
of the observed transition fromi-A to Ni-SU.*

Ni-SU. Three potential candidates fiti-SU, 9—11, are
constructed by reducing Ni(lll) to Ni(ll) and protonating the
u-oxo ligand of 1a and theu-hydroxo ligand of5 and 6,

respectively (Scheme 4). Their B3LYP-optimized structures are

displayed in Figure 4.

In 9, one of Ni-Syrigge bONds is completely broken and the
predicted decrease ofCO) fromlato 9 (36 cnT?) cannot be
reconciled with the 3 cmt increase observed froii-A to Ni-
SU. Additionally, the bridging hydroxo ligand will be very
difficult to remove since it is covalently bonded to Fe and Ni.
Thus,9 can be excluded as a suitable modeN&SU, implying
that 1a would not be a good model faxi-A.

Both specieslO and 11 show a square-planar Ni and an
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Figure 6. Relationship between the optimized CO bond lengths and
experimental frequenciésf the intermediates db. gigashydrogenase.

coordinated water molecule to be eliminat@®-Sl exists in
two forms# and according to our previous WéPKNi-Slig14is
unprotonated anhi-Slg34is singly protonated on the terminal
sulfur. If 10is Ni-SU, eliminating the water molecule frod0
leads to specied2 for Ni-Sli914 Since none of the cysteine
ligands are protonated ih0. But if 11 is Ni-SU, eliminating
the water molecule from1 leads t013 for Ni-Slig34

The optimized structures fdr2 and 13 are shown in Figure
5, structures which are similar to those previously prediéted
to be the correct models fdti-Sl1914andNi-Sl1934 respectively.
Speciesl2 and 13 are structurally very similar td0 and 11,
respectively. The binding energy between the water molecule
and the Fe center is calculated to be 22.5 kcal/mddnand
21.2 kcal/mol in11 (the basis set superposition error is not
included). These results are in reasonable accord with the fact
that the rate-determining step for activation DB gigas
hydrogenase is a slow process in whidkihSU is converted into
Ni-SI.# However, thev(CO) shift from10to 12 is predicted to
be —11 cn1?, while the experimental(CO) shift fromNi-SU
to Ni-Slig14 is —36 cnTl. The poor agreement between the
calculated and observed(CO) changes indicates that the
assignment o0 to Ni-SU and, correspondinglyg to Ni-A is
questionable. On the other hand, t{€O) shift from11to 13
is predicted to be-10 cnT?, a value in good agreement with
the experimental shift of-16 cnt! from Ni-SU to Ni-Sl934

octahedral Fe. The water molecule generated from protonating  t1,us our final models foNi-A and Ni-SU are 6 and 11.

the u-hydroxo ligand is only bonded to the Fe center in these
two species. The NiFe distance in0 and 11 is lengthened
by 0.347 and 0.427 A, relative tband6, respectively. Although
the protein may prevent the full expansion of the-IRe bond
length, previous work has shown that the CO frequency, one
of our key links to the experiments, depends only weakly on

respectively. These predictions are internally consistent 1dth
beingNi-Sl1g914and13 beingNi-Sl1g34 as predicted previoush.

Conclusions

Density functional calculations have successfully predicted

this distance. Experimentally, the CO frequency is increased the structures and CO stretching frequencies of the observed

by 3 cnttin going fromNi-A to Ni-SU, while the predicted
v(CO) increase is 11 cni for 5to 10, and 5 cn1t for 6to 11

states of [NiFeD. gigashydrogenaseNi-A has been identified
as a Ni(lll)—Fe(ll) species with a hydroxo bridge and a

Therefore, on the basis of the known experimental information
about theNi-A/Ni-SU transition, it is still difficult to judge
which one (0 or 11) is a better model foNi-SU.

In order to resolve this ambiguity, we can examine e
SUINI-SI transformation. IR experimeritsuggested that the
Ni-SU/Ni-SI transformation is slow and might involve the loss
of the bridging ligand, adli-SI reacts rapidly with H In our
calculations, the conversion frohi-SU to Ni-SI requires the

protonated terminal cysteiné&)( The fully optimized structure
shows remarkable agreement with the X-ray structure, including
a square-pyramidal Ni with a vacant coordination site trans to
a bridging S. TheNi-A to Ni-SU transformation corresponds
to reduction of Ni and protonation of the bridging hydroxo,
which produces a Ni(lb-Fe(ll) species with a kD coordinated

to Fe. When this KO molecule dissociates, the system
transforms taNi-Sligz4
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Finally, for the active site models identified heidi-A, Ni- different from that in the selected organometallic model

SU, Ni-Sl1914 andNi-Slie34 a very good correlation between complexes, as explained in a preceding section.
their calculated CO distances and the natural logarithm of

corresponding measured CO frequencies, as shown in Figure - acynowledgment. We would like to thank National Science

6, corroborates our assigned structures. This relationship is VerYeoundation (Grant CHE 9800184) and the Robert A. Welch
similar to that derived from the organometallic model com- . : '
plexes. The slight difference reflects the fact that the environ- Foundation (Grant A-648) for their generous support.

ment of the Fe(CNJCO) unit in the enzyme is somewhat 1C0001715



