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In the present contribution, we report a theoretical investiga-
tion of the magnetic properties of the dihydrogen-evolving
enzyme [FeFe]-hydrogenase, based on both DFT models of
the active site (the H-cluster, a FesSg assembly including a
binuclear portion directly involved in substrates binding),
and QM/MM models of the whole enzyme. Antiferromag-
netic coupling within the H-cluster has been treated using
the broken-symmetry approach, along with the use of dif-
ferent density functionals. Results of g value calculations
turned out to vary as a function of the level of theory and of
the extension of the model. The choice of the broken-sym-

metry coupling scheme also had a significant influence on
the calculated g values, for both the active-ready (H,x) and
the CO-inhibited (Hox-CO) enzyme forms. However, hyper-
fine coupling-constant calculations were found to provide
more consistent results. This allowed us to show that the ex-
perimentally detected delocalization of an unpaired electron
at the binuclear subcluster in Desulfovibrio desulfuricans Hx
is compatible with a weak interaction between the catalytic
centre and a low-weight exogenous ligand like a water mole-
cule.

Introduction

[FeFe]-hydrogenases are dihydrogen-evolving/oxidising
enzymes that possess a peculiar FesS¢ complex in their
active site (the “H-cluster”, see Figure 1). The key steps
underlying catalysis take place at a specific binuclear por-
tion of the H-cluster. This binuclear subcluster, generally
referred to as [2Fe]y, is linked to the remaining tetranuclear
portion of the active site (which will be referred to as the
[4Fe-4S]y subcluster) by means of a cysteine sulfur atom
(S; in Figure 1).

The disclosure of the H-cluster structural features by
means of X-ray crystallography has allowed researchers to
investigate the enzyme structure in detail.l'~#l In this con-
text, spectroscopic investigations based on IR absorption
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Figure 1. Schematic representation of the H-cluster.

deepened our insights of the peculiar coordination environ-
ment of metal centres in the [2Fe]y; subcluster:>-71 the latter
features the biologically unusual presence of cyanide and
carbonyl ligands. One of the CO groups turned out to be
in bridging position between the two iron atoms in all the
enzymatic states, except for the completely reduced enzyme,
in which it moves to a terminal position.*”! The H-cluster
can attain different redox states: the partially oxidised, CO-
bridged form features a paramagnetic, mixed valence
Fe'Fe'! redox state at the [2Fe]y subsite,®1 while the [4Fe-
4S]y subcluster attains the 2Fe'2Fe!!! state.[>!% This form
of the H-cluster, usually referred to as “H,,”, is thought to
be able to bind exogenous H, at the vacant coordination
site indicated by an arrow in Figure 1 (this iron ion is
termed “distal”, Fey, while the second metal ion in the
subcluster is termed “proximal”, Fe,, based on their relative
HWILEY i
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positions with respect to the tetranuclear portion of the H-
cluster).[*11-12] Notably, the Feq center in H,, can also bind
exogenous CO, giving rise to the CO-inhibited form of the
enzyme, H,,-CO.3:¢13:14 Single-electron reduction of H,y
yields the reduced, H,.q form of the active site, which is able
to bind protons, thus starting the catalytic process of H,
evolution.>!>151 H 4 is a diamagnetic state of the H-clus-
ter, characterized by the Fe'Fe! and 2Fe2Fe!! states of the
[2Fe]y; and [4Fe-4S]y; subclusters, respectively.!

In this paper, which is focussed on the magnetic proper-
ties of the H-cluster, we present for the first time theoretical
results on the EPR parameters and hyperfine couplings of
the entire H-cluster in the paramagnetic forms H,, and
H,-CO. The models are geometry-optimized using density
functional theory (DFT), and the environment of the H-
cluster is represented by using either a continuum solvent
model (COSMO)!'®! or by means of an explicit all-atom
representation of the protein matrix based on molecular
mechanics (MM). The results are compared with those ob-
tained using simple Fe,S, models of the isolated [2Fe]y
subcluster,!417-191

As noted in previous studies, reproduction of the experi-
mental EPR g factors and hyperfine couplings of hydro-
genases is a challenging task;!!4!7-2% in particular, previous
theoretical studies based on simple models of the [2Fe]y
subsite gave only partially satisfactory results for the H,
and H,,-CO states.'*!7-1] This might be due to one or
more of the following reasons: (i) models of the isolated
[2Fe]y subcluster completely neglect the electronic effects
of the [4Fe-4S]y subcluster, which are thought to play a
relevant role in the [FeFe]-hydrogenase chemistry;!!>-21-22]
(i) a poor reproduction of the environment of the H-cluster
might prevent the fine reproduction of the geometrical and
electronic features of the latter, thus affecting the quality of
the magnetic properties calculations;'®2!1 (iii) from a meth-
odological point of view, the accuracy of electron densities
obtained by DFT methods is also a matter of concern for
the calculation of magnetic properties; (iv) finally, the pos-
sible presence of labile ligands such as metal-bound water
molecules might deeply affect the H-cluster electron density,
a point that has not been thoroughly investigated. The
above issues have been tackled in this paper, by performing
magnetic properties computation at different levels of
theory and by including in the models the effects of the
[4Fe-4S]y subsite and of the surrounding protein matrix.
The antiferromagnetic coupling characterizing the [4Fe-
4S]y subcluster was treated using the broken-symmetry
(BS) approach,*3 which is based on localizing opposite
spins on selected Fe,S, layers composing the tetranuclear
H-cluster subsite.l'>!"] The possibility that a water ligand
might be bound to the distal iron atom in H,, was also
taken into account.

Results and Discussion

1. H,,-CO Models

The calculated hyperfine couplings and g factors for the
H,,-CO form of the enzyme are reported in Table 1. Let us
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first analyze the isolated, FesS¢ models optimized in the
COSMO continuum solvent. Two models were considered:
1-FesSe®S! and model 1-FegSePS%, Figure 2. These models
differ in terms of broken-symmetry coupling scheme as de-
scribed in Methods. A comparison between the experimen-
tal g factors of Desulfovibrio desulfuricans hydrogenase
(DdH) (g, = 2.00; g, = 2.01; g5 = 2.07)?!1 and theoretical
B3LYP results for 1-FegSePS! (g, = 1.98, g5, = 2.02, g5 =
2.06) would indicate that g values can be accurately repro-
duced. However, it must be pointed out that the BS1 state
is higher in energy than the alternative BS2 state (AE =
12 kJ/mol), and switching to the latter wavefunction leads
to a quite large change in the computed g, and g5 values,
so that gz becomes as low as 2.03, while g, is now smaller
by 0.02. This illustrates how the choice of BS solutions is
non-innocent in terms of g factors calculations.

Table 1. g factors, hyperfine couplings and Mulliken populations
calculated at the B3ALYP/TZVP level on H,-CO models 1. Experi-
mental data are also included.l?!l

Model name g factors Hyperfine Mulliken
couplings spin
[MHz] population

1-FeS¢BS! g1 =198 Fe, =229 Fe, = 0.45
g =2.02 Fey = 13.0 Feyq = 0.37
g3 = 2.06 Cexg = 519

1-FeS¢BS? g1 =198 Fe, = 22.0 Fe, = 0.47
g =2.00 Feq = 11.9 Fey = 0.35
g3 =2.03 Cexg =493

1-Fe,S,TRUNC g1 =2.01 Fe, = 29.1 Fe, = 0.59
g, =2.02 Feq = 10.0 Feyq = 0.29
g3 =2.03 Cexg = 382

1-Fe,S,_surr g1 =2.01 Fe, = 25.1 Fe, = 0.53
g, =2.01 Feq=11.3 Feyq = 0.33
g3 =2.02 Cexg = 382

1-DdHMMM g1 =199 Fe, = 22.5 Fe, = 0.50
g =2.01 Feq = 12.1 Fey = 0.36
g3 =2.05 Cexg = 543

Exp. g1 = 2.00 Fe, = 4.0 -
g, =2.01 Feq = 0.8 -
g3 =2.07 Cexe = 17.1 -

Removing the Fe S, cluster from the model (1-Fe,-
S,TRUNC obtained by truncation of 1-FegS¢®S!) leads to a
quite large change in the computed g values (g; = 2.01, g»
= 2.02, g5 = 2.03). Now, the two theoretical g values that
better reproduce the corresponding experimental values are
g1 and g». In fact, the difference between theory and experi-
ment for g5 is as large as 0.04; notice also that the g factors
calculated for 1-Fe,S,"™8UNC are essentially indistinguish-
able from those previously obtained by Brunold et al. on
Fe,S, models truncated by the inclusion of a SHCH3; moi-
ety and studied using the BP86 functional and the zeroth-
order regular approximation (ZORA) Hamiltonian (in that
case, the g values calculated with ORCA were the following:
g1 =201, g, = 2.02, g5 = 2.03).[' The inclusion in the QM
model of the protein portion in the immediate neighbor-
hood of the [2Fe]y cluster (1-Fe,S,_surr) leads to a picture
close to the one already described for 1-Fe,S,T™RUNC (see
Table 1). On the contrary, optimization of the H-cluster in
an all-atom representation of the whole DdH enzyme
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Figure 2. Upper row: geometries of models 1-FegS¢®S2, 1-DAH®MMM and 1-Fe,S, surr. Notice that the CH;SH fragment representing
Cys178 (see chapter Methods), which belongs to the QM region of both the QM/MM models 1-DAHYMMM and 2-DAHMMM, has been
omitted in the present pictorial representation, for the sake of clarity. Small, middle-size and large white spheres correspond to hydrogen,
carbon and iron atoms, respectively; dark grey, middle-size spheres represent oxygen atoms. Lower row: geometries of models 2-FecS¢PS2,

2-DdHOMMM and 2-Fe,S,_surr.

(model 1-DAHMMM see chapter Methods below) leads to  Table 2. g factors, hyperfine couplings and Mulliken populations
computed g factors that are closer to experiment: g; = 1.99, calculated at the BP86/TZVP [12‘31}/‘31 on He-CO models 1. Experi-
g, =2.01, g5 = 2.05. The maximum difference between these ~mental data are also included.

g factors and experimental data is 0.02 (for g3). Model name g factors Hyperfine Mulliken
As for the choice of the density functional for H-cluster couplings spin i
g factors calculations, B3LYP results are generally closer to [MHz] population
experimental results, while BP86 results are more similar to  1-FesS¢">! 81 = 1.97 Fe, - 20.7 Fe, - 0.50
each other when different models are taken into account gz - ggg Eed _—762 s Feq =0.27
3= 4 exg .
(see Tables 1 and 2). . 1-FegSqBS? g =199  Fe,=181  Fe,=043
Finally, hyperfine couplings of the Fe, and Fe4 centres 2 =201 Feq = 6.3 Feq = 0.23
and of the carbon atom of the Feg-bound exogenous CO e 87 2.04 Cexg = 58.6
group have also been computed. It turned out that they are  1-Fe:Sz g1 =2.00 Fe, =26.9 Fe, = 0.58
. g, =2.01 Fey = 6.4 Feq = 0.23
generally overestimated (see Table 1, where the correspond- g3 = 2.0 Co—s61
ing experimental values for DdH are also reported).*'! For  1_Fe,s, surr g, = 2.00 Fé’;g: 229 Fe, = 0.54
example, while the experimental hyperfine couplings in g, =2.01 Feq =7.1 Feq = 0.26
DdH turned out to be 4.0 and 0.8 MHz for the Fe, and Fey o 82 2.02 Cexg = 63.9 ~
centres, respectively, the corresponding computed values for ~ 1"P4H &1 =19 Fe, =204 Fe, = 0.51
Vi g =201 Fey = 6.9 Fey = 0.26
the enzyme model 1-DdH®? are as large as 22.5 and g5 = 2.02 Coxg = 67.5
12.1 MHz in the case of B3LYP models. In other words, the  Exp. 21 = 2.00 Fe, = 4.0 -
theoretical couplings of Fe, and Fey are approximately 5— g =2.01 Feq = 0.8 -
12 times larger that the corresponding experimental data, g =2.07 Corg = 17.1 -

indicating that the spin excess on the metal centres is over-
estimated in the model. Very similar conclusions can be calculated value for 1-DAHQMMM was 54.3 MHz, com-
drawn for the C atom of the exogenous carbonyl ligand (the pared to the experimental value of 17.1 MHz). Notably, an
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analogous hyperfine coupling was previously obtained by
B3LYP computations on binuclear H-cluster models trunc-
ated by a CH;S™ fragment.['”] Overestimation of the hyper-
fine couplings was observed also for the BP86 results
(Table 2). However, in this case the ratio between experi-
mental couplings for Fe, and Feyq in DdH (4.0/0.8 = 5) is
in reasonable agreement with theory (ratio around 3 and
4.2 for 1-DAHAMMM and 1-Fe,S,™UNC, respectively; see
Table 2). As for the ratio between the hyperfine couplings
of the Fe, centre and the C atom of the exogenous CO
ligand, the experimental and computational values are
again not too far from each other (experimental ratio: 0.23;
calculated ratios: 0.30 and 0.48 for models DAHQMMM and
1-Fe,S,TRUNC  respectively; Table 2). Notice that the com-
puted couplings do not vary appreciably when going from
the binuclear to the hexanuclear models, because the exten-
sion of the QM representation to the entire H-cluster does
not cause any redistribution of spin over the atoms compos-
ing the model (see spin population of the Fe, and Feq4
centres in Tables 1 and 2).

2. H,x Models

Let us now analyze the H,, state of the enzyme. We have
first investigated models showing a vacant coordination site
on Feq (see models of the 2 type in Figure 2). The COSMO-
optimized FeS¢ model of the isolated H-cluster 2-FegSgES!
gives g, = 2.03, g, = 2.06, g3 = 2.10 (Table 3, B3LYP re-
sults). These computed EPR parameters qualitatively repro-
duce the general features of the experimental spectrum for
the partially oxidized DdH enzyme: g, = 2.00, g, = 2.04, g3
=2.10. However, a quite different g, value (1.97) is obtained
when considering the 2-FegS¢PS? model, where the spin den-
sity pattern at the [4Fe-4S]y; subcluster is changed. Note
also that 2-FegS¢PS? shows a very small energy difference
relative to 2-FegS¢PS! (AEgs;_ps> = 3 kJ/mol). In this con-
text, it is worth noting that an average set of g values ob-
tained from the two BS states (g, = 2.00, g, = 2.06, g3 =
2.10) is closer to the experimental results, compared to the
g values of the models considered separately. Such average
set of g factors is also similar to the g values calculated for
the truncated Fe,S, model 2-Fe,S,TRUNC (g, = 2,01, g, =
2.05, gz = 2.09). The extended 2-Fe,S,_surr model gives
theoretical g factors similar to those of the naked Fe-S,
model (g; = 2.01, g, = 2.06, g5 = 2.09, Table 3). On the
other hand, the QM/MM model 2-DdHOMMM giyes com-
puted g factors rather far from the experimental values (g;
= 2.04, g, = 2.07, g3 = 2.09). However, truncation of the
QM/MM optimized H-cluster to a [2Fe]i; model gives g
factors (g; = 2.01, g, = 2.05, g3 = 2.09), that are the same
as those computed for 2-Fe,S,"™8VNC, The computed g val-
ues for the truncated models are close to the theoretical
values reported by Brunold et al. (g; = 2.012, g, = 2.035,
g3 = 2.085).1" Finally, the BP86 method reproduces the
experimental g; value better than B3LYP, but the opposite
is found for g5 (see Table 4).
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Table 3. g factors, hyperfine couplings and Mulliken populations
calculated at the B3LYP/TZVP level on H,, models 2. Experimen-
tal data are also included.*"]

Model name g factors Hyperfine Mulliken
couplings spin
[MHz] population

2-FesSeBS! g1 =2.03 Fe, = 2.0 Fe, = 0.13
g, = 2.06 Fey =329 Fey = 1.07
g3 = 2.10

2-FesS¢BS? g1 =197 Fe, = 0.1 Fe, = 0.10
g =2.05 Fey = 32.6 Fey = 1.04
g3 = 2.09

2-Fe,S,TRUNC g1 =201 Fe, =04 Fe, = 0.10
gy = 2.05 Fed =318 Fed =1.05
g3 = 2.09

2-Fe,S, surr g =2.01 Fe, =23 Fe, = 0.14
g» =2.06 Fey = 31.8 Fey = 0.96
g3 = 2.09

2-DgHMMM g1 =2.04 Fe, =3.1 Fe, = 0.15
g, =2.07 Fey =349 Fey = 1.14
g3 = 2.09

Exp. g1 =2.00 Fe, =124 -
g, =2.04 Feq =124 -
g3 =2.10

Table 4. g factors, hyperfine couplings and Mulliken populations
calculated at the BP86/TZVP level on H,, models 2. Experimental
data are also included.!!

Model name g factors Hyperfine Mulliken
couplings spin
[MHz] population

2-FegSePS! g1 = 2.00 Fe, =2.9 Fe, = 0.18
g, =2.03 Fey = 25.3 Fey = 0.91
g3 =2.07

2-FegSeBS? g1 = 2.00 Fe, = 0.6 Fe, = 0.14
g, = 2.04 Fey =24.3 Fey = 0.86
g3 =2.07

2-Fe,S,TRUNC g1 =201 Fe, = 1.2 Fe, = 0.14
g, =2.03 Fey = 25.0 Fey = 0.91
g3 = 2.06

2-Fe,S, surr g1 =2.01 Fe, =25 Fe, = 0.17
g, =2.04 Fey =274 Fey = 0.84
g3 = 2.06

2-DgHMMM g1 =201 Fe, = 3.8 Fe, = 0.16
g =2.04 Fey = 27.5 Fey = 0.88
g3 =2.07

Exp. g1 =2.00 Fe, =124 —
g = 2.04 Fey =124 -
g3 =2.10

For the hyperfine couplings, it is worth noting that iden-
tical hyperfine couplings were experimentally measured for
the proximal and the distal iron, while in the calculations
the couplings differ by about one order of magnitude. In
particular, calculated Fe, couplings turned out to be too
low in all models, while the opposite is true for Fey. This
applies to both B3LYP (Table 3) and BP86 (Table 4) results.

3. H,.-H,O Models

Finally, we consider H,, models with a water molecule
bound to the Feq centre (model of the 3 type, see Figure S2
in the Supporting Information). In this case, all the investi-
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gated Fe,S, and FesS¢ models give g factors that do not fit
so accurately the experimental data, with deviations equal
to or larger than 0.03 for one or more of the g factors
(B3LYP results, see Table 5). In particular, in specific mod-
els such as the constrained FegsSg models, the BS2 state,
which is lower in energy than the BS1 model (AEgs;_ps» =
23 kJ/mol), g values (g; = 1.97, g, = 2.03, g5 = 2.06, Table 5)
are quite far from corresponding experimental values. The
BP86 functional also fails to fully satisfactorily reproduce
the experimental g values (see Table 6).

Table 5. g factors, hyperfine couplings and Mulliken populations
calculated at the B3LYP/TZVP level on H,, models 3. Experimen-
tal data are also included.*"!

Model name g factors Hyperfine Mulliken
couplings spin
[MHz] population

3-FesSeES! g1 =2.02 Fe, = 16.5 Fe, = 0.38
g = 2.06 Fey = 24.7 Fey = 0.63
g3 = 2.07

3-FesSeES? g1 =197 Fe, = 15.5 Fe, = 0.36
g =2.03 Fey = 23.5 Fey = 0.60
g3 = 2.06

3-Fe,S,TRUNC g1 =2.01 Fe, =228 Fe, = 0.48
g = 2.05 Fed =20.8 Fed =0.51
g3 = 2.05

3-Fe,S, surr g1 =201 Fe, = 18.7 Fe, = 0.44
g>=2.03 Fey = 21.1 Fey = 0.52
g3 = 2.04

3-DgHMMM g1 =201 Fe, = 15.6 Fe, = 0.38
g = 2.05 Fed =251 Fed =0.64
g3 = 2.05

Exp. g1 =2.00 Fe, =124 -
g =2.04 Feq =124 -
g3 =2.10

Table 6. g factors, hyperfine couplings and Mulliken populations
calculated at the BP86/TZVP level on H,, models 3. Experimental
data are also included.!!

Model name g factors Hyperfine Mulliken
couplings spin
[MHZz] population

3-FesSeBS! g1 =2.00 Fe, = 12.2 Fe, = 0.37
g, =2.03 Feq = 19.7 Fey = 0.63
g3 = 2.06

3-FesSe5S? g1 =2.00 Fe, = 10.7 Fe, = 0.32
g, =2.02 Feq =174 Feq = 0.55
g3 =2.05

3-Fe,S,TRUNC g1 =2.01 Fe, = 15.9 Fe, = 0.41
g, =2.02 Feq = 18.1 Feq = 0.59
g3 =2.04

3-Fe,S,_surr g =2.01 Fe, = 14.1 Fe, = 0.41
g, =2.02 Feq = 17.6 Feq = 0.54
g3 =2.03

3-DdHMMM g1 = 2.00 Fe, = 11.9 Fe, = 0.37
g, =2.02 Feq = 19.8 Feq = 0.62
g3 =2.04

Exp. g1 =2.00 Fe, =124 -
g =2.04 Feq =124 -
g3 =2.10

On the other hand, the calculated Fe, and Fe4 hyperfine
couplings turned out to be closer to the experimental val-
ues, compared to those obtained for models with a vacant
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coordination site on Fey. In particular, the B3LYP hyper-
fine couplings are overestimated only by a factor up to 2,
as shown in Table 5, while those computed at BP86 level
for the water-bound adducts are even closer to the experi-
mental results (see Table 6).

4. Corrections to the BS Solutions

In the group of Neese, the performance of the BS ap-
proach for predicting EPR parameters of tetranuclear man-
ganese complexes has been studied.”*! It was shown that
the BS approach reproduces the electron density of the sys-
tem of coupled spins correctly, while the obtained spin
densities and thus the EPR parameters could be incorrect.
The fact that FesSq models result in almost the same hyper-
fine coupling constants as Fe,S, models shows that BS
DFT predicts “intrinsic” hyperfine coupling constants
rather than the “effective” ones.**!

Neese and collaborators?¥ have presented an approach
to use BS states to calculate exchange-coupling constants.
The solution of the Heisenberg exchange Hamiltonian, con-
structed from the obtained exchange-coupling constants, al-
lows the calculation of on-site expectation values <S,>,
which in turn represent correction coefficients that connect
BS calculated hyperfine coupling constants with “true” esti-
mate that could be compared with experiment. This ap-
proach has been shown to reproduce >*Mn hyperfine cou-
pling constants of the Mn4O,Ca oxygen-evolving complex
rather well. Based on this approach, the scaling factors for
the >Fe/'3C hyperfine couplings of the [2Fe]; subcluster
are approximately 0.51, 0.89 and 0.38 for H,,-CO, H,, and
H,,-H>,O models, respectively (using the following esti-
mates: Joupe = 408, 406 and 370 cm™! for H,,-CO, H,, and
H,,-H>O models, respectively; Ji; = 214, 51 and 425 cm™!
for the same models). These scaling factors are definitely
not enough to bring calculated values for models of the 1
and 2 types to the same level of experimental data. For
models of the 3 type, the use of the scaling factor would
make Fe, and Feyq hyperfine coupling significantly lower
than the experimental counterparts.

Conclusions

In the present contribution, we described a theoretical
investigation of the magnetic properties of the H-cluster,
using both simple Fe,S, models and FesS¢ models, the latter
in the context of broken-symmetry calculations. The protein
environment has been modelled by different approaches,
viz. (i) extension of the QM region to the relevant amino
acids surrounding the Fe,S, subsite of the H-cluster; (ii) a
continuum solvent model with ¢ = 40, and (iii) an all-atom
representation of the enzyme in the context of hybrid QM/
MM modelling. The computed g factors of the CO-in-
hibited form of the enzyme turned out to be closer to exper-
imental findings in the case of FesSs models of the entire
H-cluster optimized by the QM/MM approach. However, it
is unclear if the accurate reproduction of the effects of the
1047
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environment is actually beneficial for computation of the
magnetic properties of the H-cluster at the level of theory
here employed. In fact, for the H,, state, the inclusion of
the H-cluster surrounding in the model did not improve the
computed g factors. Very similar conclusions can be drawn
for the inclusion of the Fe,S, subsite in the QM treatment:
for example, for the H,, state, the B3LYP results present
quite large variability when one varies the BS coupling in
the tetranuclear subcluster. Moreover, differences in com-
puted g values are observed also when one varies the den-
sity functional (BP86 vs. B3LYP). Discrepancies in the com-
puted g values were observed also in previous papers,'#!°]
as a function of the level of theory and of the composition
of the model; this behaviour may be related to the spin—
orbit coupling, a feature that greatly complicates the calcu-
lation of EPR parameters. Notably, fluctuation of theoreti-
cal results did not impede previous authors to quite confi-
dently characterize the redox state of the H-cluster binu-
clear subsite in its partially oxidized form.!'”1 However, such
non-systematic variations prevented us to use computed g
values in order to obtain a clear picture on the more sensi-
tive issue of Fey coordination features.

More consistent results are observed in the case of hyper-
fine coupling calculation, which are more localised param-
eters and consequently their prediction is more straightfor-
ward. In this regard, we show that the accuracy of the theo-
retical results is rather low in absolute terms, but the ratio
between Fe,, and Feq couplings is well reproduced for the
Ho-CO state.3-%!41 Moreover, hyperfine couplings com-
puted at BP86 level are almost independent of the extension
of the QM model.

For the partially oxidized H,, state, keeping in mind the
above mentioned shortcomings of EPR parameters calcula-
tions, we can conclude that the theoretical g factors of Hy,
models for both FesSs and Fe,S, would give a slight prefer-
ence to the hypothesis of a vacant coordination site trans
to the bridging CO on Fey. However, the hyperfine coupling
constants and thus the distribution of the spin density in
the binuclear subcluster are much closer to the experimental
data when a water ligand is coordinated to the Fey atom.
Therefore, even if on the basis of the present data we cannot
conclusively reject any of these two models, the model of
the H,, state featuring a coordinated water ligand (Hy-
H,0) is slightly preferable. Indeed, previous QM/MM re-
sults have highlighted that weak coordination of a water
molecule to the Fey atom is possible if the chelating ligand
bridging the two iron atoms of the binuclear subcluster is
dithiomethylamine (DTMA), due to the formation of a hy-
drogen bond between the amine group of DTMA and the
water oxygen atom.[>”!

Methodological Section

Geometry optimizations of purely QM FesSq models (1-FegS¢PS?,
1-FegSePS2, 2-FegSePS!, 2-FegS¢P52, 3-FegSePS!, 3-FeeSePS?) were
carried out using TURBOMOLE program suite,”®! at the BP86/
TZVP level,?”l and making use of the resolution of identity (RI)
technique;® the energy difference values reported in this paper
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were computed at such level of theory. In the optimization of the
FesSs models, all the cysteine alpha carbon atoms were constrained
at their crystallographyc position,['! and the COSMO continuum
solvent modell'® was used, with a dielectric constant ¢ = 40; such
a dielectric constant value turned out to best reproduce the CO-
bridged geometry expected for the H,, form of the enzyme, based
on crystallographic data.'3 From these optimized geometries,
truncated models of the H-cluster were also obtained (1-Fe,-
S,TRUNC " 2_Fe,S,TRUNC " 3_Fe,S,TRUNC) " by substituting their
[Fe4S4](SCH3); fragment with a hydrogen atom. In all cases, this
hydrogen atom was bonded to the cysteine sulfur atom belonging
to Fe, coordination sphere. The resulting SH bond was assigned a
1.3 A distance in all models.

At the next level of approximation, models of nine amino acids
surrounding the Fe,S, cluster were included (see Figure S1 in the
Supporting Information). The atomic composition and initial ge-
ometry of these models were obtained as described previously.['”]
These models underwent constrained geometry optimizations in
the COSMO continuum solvent at ¢ = 40. The constrained atoms
are specified in the Supporting information (Figure S1).

As for the optimization of the QM/MM models, the COMQUM
program was used,?’! and the apporach already described by us
was applied,!>’! with the only difference that all calculations have
been carried out using the large TZVP basis, in place of the smaller
SVP basis used in our previous study. More generally, all the SCF
calculation performed along the geometry optimizations here de-
scribed were carried out at BP86-RI/TZVP level, using the broken-
symmetry approach(®¥ in the case of FesS¢ models (see Supporting
Information for details on spin distributions in the BS1 and BS2
wavefunctions, Figure S3. These two electronic states present oppo-
site spin localization patterns on the Fe,S, subcluster, while the a-
spin excess on the binuclear subcluster is always left unaltered.
Thus, both the possible cases of ferromagnetic and antiferromag-
netic coupling between the Fe,S, subsite and the closest Fe atom
in the Fe4S,; moiety are taken into account here). To obtain broken-
symmetry wavefunctions featuring specific patterns of spin excess
on the H-cluster tetranuclear subsite, we applied an approach re-
cently described by us.[3

DFT calculations of g factors and hyperfine couplings was carried
out using the ORCA 2.6 program,B3!l both at the BP86-RI/TZVP
and the B3LYP/TZVP level.??) The TPSS and TPSSh function-
als,33 successfully used for hyperfine couplings computation in pre-
vious studies,** were also tested on models 1-Fe,S,TRUNC 2_Fe,-
S,TRUNC  3_Fe,S,TRUNC: the resulting overall picture turned out to
be very similar to that obtained at BP86 and B3LYP level (data
not shown).

Supporting Information (see footnote on the first page of this arti-
cle): Graphical representation of the composition of QM models
including relevant portions of the protein matrix; optimized struc-
tures of models featuring a water molecule coordinated to Fegy;
graphical representation of the spin excess pattern in the BS solu-
tions considered in the study.
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