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ABSTRACT: The oxygen tolerance of some [NiFe] hydrogenase enzymes is crucial for Large QM QM/MM
designing efficient bioinspired catalysts for sustainable hydrogen production and advancing {
renewable energy technologies. To investigate this, we employed a quantum mechanical
(QM) cluster model and quantum mechanics/molecular mechanics (QM/MM) calculations
to study the fully oxidized state of the [NiFe]-hydrogenase from Hydrogenophilus
thermoluteolus SH. Our analysis focused on the structural and electronic properties of the
enzyme’s active site across different spin states, including closed-shell singlet (CS, S = 0),
high-spin triplet (HS, S = 1), and open-shell singlet broken symmetry (BS, S = 0). Using a

comprehensive structural model (>300 atoms), we identified the ground state of the fully oy Sek > 7 Oz-Tolerant
oxidized enzyme state to be a spin-coupled BS Ni(III)Fe(III) oxidation state, where residues NBO 3 Nt S 7 high-stability
beyond the first coordination sphere primarily contribute sterically. Notably, natural bond 3ede’

order calculations revealed an unusual three-center two-electron bond at the active site, which

may enhance the open-shell ground state stability and the enzyme’s resilience under oxidative

conditions. Our comparative study of QM and QM/MM methods provides insights into their performance, facilitating and guiding
the choice of suitable enzyme models when studying other metalloproteins.

B INTRODUCTION Recently, the oxygen tolerance of the [NiFe]-hydrogenase
from the soluble NAD"-reducing Hydrogenophilus thermoluteo-
lus (Ht SH) has been attributed to significant structural
differences between the oxidized and reduced states.””*" X-ray
crystallography revealed an unusual coordination sphere at the
nickel atom in the fully oxidized state of the enzyme, where a
terminal cysteine residue (Cys462) is displaced by a bidentate
coordinating Glu32 residue.’® Cys462 then occupies the
position of a third p-bridging cysteine. Based on minimal
model calculations, IR and EPR spectral features were assigned
proton reduction to H,." to an unprecedented high-valent nickel Ni(IV) oxidation state

Their catalytic efficiency is comparable to or even surpasses in' biological systems, rzegsulting in an overall closed-shell
that of platinum and other noble metal-based catalysts."~"> Ni(IV)Fe(Il) active site. © We were able to show, however,

Due to their catalytic power and selectivity, they are that even for the minimal active site model, DFT calculations
) . . .

. . . performed with a range of functionals (GGA BP86, hybrid

C0n217d ered promising biocatalysts for th? hydrogen. ec.ono- functionals B3LYP, PBEO, and TPSSh) are fully consistent and

my.”” Hydrogenases can be used for a variety of applications,

Molecular hydrogen (H,) is a next generation energy carrier
accompanying the transition to sustainable power and
achieving the 1.5 °C limit in accordance with the Paris
scenario and a zero-emission strategy by 2050.' "> Therefore,
research focused on H, production and utilization using
hydro(genase enzymes has gained significant relevance in recent
years.”” The active site of [NiFe] hydrogenase enzymes,
comprising nickel and iron, two nonprecious and earth-
abundant first—row transition metals, catalyzes the reversible

cancine from fuel cells to electro- and photocatalysis., >~ they all give an energetically lower broken-symmetry Ni(III)-
&ing " p SIS Fe(Ill) state. This state is characterized by ligand-mediated

However, most hydrogenases are sensitive to the presence of antiferromaenetic spin- line between th tals. leading ¢
716,17 gnetic spin-coupling between the metals, leading to

oxygen (O,), which limits their industrial application.
Understanding the mechanisms behind oxygen tolerance in
some hydrogenases is crucial, as it can help in the design of
enzyme variants and Dbioinspired artificial systems with
improved stability.'*">’ Oxygen tolerance in hydrogenases
has been linked to the presence of selenocysteines,”* narrow
gas access channels to the active site,”> and an unusual
proximal iron—sulfur cluster that protects the active site from
oxidative damage.”*™**

an overall open-shell singlet (S = 0) spin state with evenly
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Figure 1. (a) Crystal structure of the fully oxidized state of [NiFe] hydrogenase from H. thermoluteolus SH (PDB: SXF9) with an enlarged view of
the active site. The two subunits are shown in yellow and pink. (b) Minimal enzyme active site QM used previously. (c,d) Large QM and QM/MM
enzyme models used in the present study. The differences between these models are represented with distinct style for clarity.

distributed spin densities over both metal atoms. In “standard”
[NiFe] hydrogenase enzymes, only the nickel atom is redox
active as it shuttles between Ni(III) EPR-active and Ni(II)
EPR-silent oxidation states, with Ni(I) in the light-induced
state being an exception. The iron remains in an EPR-silent
low-spin Fe(II) (S = 0) state and was only later assigned by
Mossbauer experiments. Thus, both the suggested super-
oxidation of nickel to a Ni(IV) or the oxidation of iron to an
Fe(1Il) remain puzzling.

A realistic representation of enzyme active sites in quantum
mechanical (QM) calculations is a complex issue, with various
perspectives and aspects to consider.”’ *® Small QM clusters
offer computational efficiency, but they may lead to significant
distortions of the active site and misinterpretations of the
electronic properties. Considering the active site surroundings
is essential for systems where long—range interactions play a
crucial role in structural variation and site reactivity. Large QM
cluster models, which include protein residues beyond the first
coordination sphere, provide a more accurate and compre-
hensive understanding of enzyme catalytic properties. How-
ever, they are computationally expensive and more com-
plex 37—+

Hybrid quantum mechanics/molecular mechanics (QM/
MM) calculations enable consideration of the active site
surroundings by splitting the enzyme into regions of QM
(computationally expensive) and MM (computationally less
demanding) levels of theory.”**** In QM/MM calculations,
the QM region typically comprises the active site, while the
surrounding environment is treated by using MM methods.
QM/MM calculations are generally less computationally
demanding than large QM cluster calculations. The accuracy
of QM/MM calculations can depend on the size of the QM
region, which may need to be extended to include a large
portion of the active site surroundings. In such cases, the
computational demand may approach that of QM cluster
models.*>**7” QM cluster models may then be preferred, as
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they are often simpler to set up than QM/MM calcu-
lations.>>*" Different computational models, including small
QM and large QM/MM models, have been shown to lead to
divergent mechanistic pathways in catalysis.”> Making
informed decisions about the appropriate computational
approach to study the chemical and electronic properties of
enzyme active sites is challenging. There is a lack of
benchmarking studies in the literature addressing the optimal
size of the QM region in QM/MM or comparing large QM
models with QM/MM.**?>#32757

In this work, we revisit the structural and electronic
properties of the active site of the fully oxidized form of
[NiFe] hydrogenase Ht SH by using computational methods.
We employed a large QM cluster model (302 atoms) and a
QM/MM model (392 atoms) to study the spin state energetic
splitting among the closed-shell singlet (CS, S = 0), high-spin
triplet, (HS, S = 1), and open-shell singlet broken symmetry
(BS, S = 0) states (Figure 1). We critically investigate whether
structural parameters of the active site are sensitive enough to
the oxidation states of the heterobimetallic site to allow for the
assignment of oxidation states at both the QM and QM/MM
levels. The effect of the choice of model on the spin state
splitting is also discussed for different exchange—correlation
functionals. Analysis of the bonding interactions using both
Natural Bond Orbital (NBO)>**? and Intrinsic Bond Order
(IBO)® reveals that an unusual electron-deficient 3-center-2-
electron bond is stabilizing the broken-symmetry over the
high-spin state. This provides valuable insights into the
electronic structure and orbital interactions. Our present
work contributes to a deeper understanding of the stabilization
of the superoxidized state of the enzyme. It also provides
insights into the performance of different computational
methods and levels of theory for studying metalloproteins.

https://doi.org/10.1021/acs.inorgchem.5c00503
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Figure 2. Large QM cluster of the fully oxidized state of Ht SH. Atoms constrained during structural optimizations are labeled and indicated by an

asterisk.

B COMPUTATIONAL DETAILS

A large QM structural model of the enzyme was generated
based on the crystal structure (5XF9).* The coordinates of
the active site and all amino acid residues with at least one
atom located within 10 A radius from nickel (E32,
S0CGICPVSHY, *APRG?, *SVST*? 4DPC*? and
#4SCA*S) were extracted (see Figure Ic). The system was
protonated at pH 7 and the —CO and —NH groups with a
dangling bond were saturated with hydrogen atoms, using the
software Maestro 12.3.013. Standard protonation states were
assigned to the side chains of E32, H87 (protonated at Ne¢),
and D460. All cysteine residues that coordinate to the metals
were deprotonated. This structure, hereafter referred to as the
“QM model”, contains 302 atoms.

The QM model was optimized at the DFT level using
Turbomole 7.5.1.°%" We optimized the CS (S = 0), the triplet
(HS, S = 1), and the BS open-shell singlet (BS, S = 0) states.
BS was obtained from HS by the spin-flipping Noodleman
approach.> The geometry optimizations were carried out
under minimal constraints of selected remote atoms, ensuring
that the overall active site structure is retained. The
coordinates of 19 out of 302 atoms were fixed during
optimizations: 1IN,3C@Glu32; 18N@Cys80;
40C,41C,42C,43C@1le82; 83C,84C,85C@Val8s; 108C@
His87; 124N@Ala394; 175C@Gly397; 181N@Val418;
211C@Thr420; 224N@Asp460; 253C@Cys462; 262N@
Ser464; 286C@Ala466. These atoms correspond to the
carboxylate carbons and amide nitrogen atoms at the position
of truncated peptide bonds and to the carbon atoms of the side
chains of Ile82 and Val8S5. The latter were fixed to avoid
potential unrealistic interactions due to large movement of the
side chains during structural optimization (see Figure 2).

The optimizations were performed with the BP86°*°* and
PBE0°*® functionals. The BP86 GGA functional tends to
overstabilize the low-spin state due to underestimation of the
electron correlation energy, while PBEO is a hybrid functional
that favors the high-spin state due to the incorporation of a
25% Hartree—Fock exchange.”” Thus, by using these two
functionals, we made sure that our conclusions are not biased.
Furthermore, these functionals have shown to offer a good
balance between accuracy and computational cost for
modeling metalloenzymes.”*™”" The def2-SVP and def2-
TZVP basis sets were used’””” plus D3 dispersion corrections

with Becke-Johnson damping (D3(BJ)) were applied.”*”
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Initially, we optimized the structures with the smaller basis set
with both functionals (BP86 and PBEOQ). To assess the effect of
choice of basis set, we reoptimized the structures with PBE0/
def2-TZVP. Since only a minute effect was observed (as
discussed in detail later), the effect of the larger basis set with
the BP86 functional on energetics was only evaluated in single
point calculations. Relativistic effects were considered for the
QM model by using the zero-order regular approximation.”
They did not affect structural parameters or energetic spin
state splitting.

The optimized structures were compared to the crystal
structure by calculating the heavy atom root-mean-square
deviation (RMSD) and selected structural parameters. RMSD
was used to assess the overall structural deviation from the
crystal structure, while bonding parameters, including bond
lengths and angles, were compared to show differences
between the different metal oxidation states and electronic
configurations of the active site. These comparisons helped in
evaluating the accuracy of the model and the influence of
oxidation states on the coordination environment of the active
site. In addition, bonding orbital analysis was performed using
NBO®””” from ORCA 5.0.3.”%”” NBO analysis enabled the
investigation of the electronic structure and bonding
interactions in the active site. The NBO analysis provided
insights into orbital interactions and delocalization effects, thus
helping us to understand the bonding characteristics of the
system.

The broken-symmetry (BS, S = 0) solution was obtained
from the ferromagnetic HS (S = 1) upon spin flipping, and the
magnetic exchange coupling constant | between the states was
calculated using the Yamaguchi projection formula (eq 1).*
The J-value was calculated by using optimized structures.

] _ Elsaigglet _ E}t_;isplet
ab ( <§3 >triplet 3 </S\2>singlet )
HS BS ( 1 )

The spin-projected total energies of the BS states (Eas"")
and the J-coupling constant were calculated for the spin-
contaminated BP86 energies by the eqs 2—4 given by
Yamaguchi81

Eé\SPBS — aEgiglglet _ ﬁEgisplet

()
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QM/MM model

Figure 3. Enzyme structural model used in QM/MM calculations with the QM regions QM' and QM™. QM/MM boundaries crossing through
covalent bonds are shown by green dashed lines. Here, the orientation of the active site is reversed in comparison to other structural representations

to clearly show R396 location, which is part of the QM" region.
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Figure 4. Superposition of large QM models of the active site of fully oxidized Ht SH in different spin states. Structurally optimized HS?, BS?",

and CS models are compared to the X-ray structure.
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To further investigate the impact of Hartree—Fock exchange
(HFX) on the magnetic coupling parameters, ] coupling
constants were calculated at various levels of HFX with the
PBEO functional and the def2-TZVP basis set. Structures
optimized at the PBE0/def2-SVP level were used in single-
point energy calculations with the ORCA 5.0.3 program.””””
This analysis provided insights into how the electronic
coupling is affected by the amount of exact exchange, putting
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the characterization of bonding and magnetic interactions of
the system on solid ground.

For comparison, QM/MM calculations were also performed,
using an enzyme structural model which is slightly larger than
the QM model.****> We hereafter refer to it as the “QM/MM
model” (Figure 3), which besides the bioinorganic motif,
comprises the following amino acid residues: **RVEGH™,
7LCGICPVSHH?®, 33EAPRGT?®?®, “7IVSTT**!, and
*9EDPCLSCAT*’. The N- and C-terminal residues of these
sequences were truncated at the & carbon, and hydrogen atoms
were added to complete their valences. Thus, our QM/MM
model has a total of 392 atoms. As described below in more
detail, the system was split into three regions: QM region,
active region, and frozen region.

https://doi.org/10.1021/acs.inorgchem.5c00503
Inorg. Chem. 2025, 64, 9558—9570
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The QM/MM model was transferred to the ChemShell
program (Tcl version 3.7)**7®° and optimized at the
QM(DFT)/MM(CHARMMS36) level using the def2-SVP
and def2-TZVP basis sets.*”*® We individually optimized the
CS, HS, and BS states. The effect of dispersion corrections was
evaluated in single point calculations and optimizations with
the def2-TZVP basis set,’””’ using Grimme’s dispersion
correction.”* TURBOMOLE (version 7.2)"® and DL _POLY
(version 4.09)*° were used as QM and MM codes,
respectively. The calculations were performed with two
different QM regions (QM' and QM"). QM' (33 atoms)
consisted of atoms Ni, Fe, CO, and CN of the active site, the
side chain of coordinating E32, and the side chains of cysteine
residues coordinating to the transition metal ions. QM" (45
atoms) extends beyond QM' and also includes part of the side
chain of R396 (Figure 3). This conserved arginine residue has
been found to play a key role in [NiFe] hydrogenase
catalysis,”””" so we decided to evaluate here if inclusion of
this residue in the QM region would lead to different results.
The rest of the system was in the MM region. All optimizations
were performed using the DL-FIND optimizer module of
ChemShell and hybrid delocalized internal coordinates
(HDLC).”>”* An electrostatic embedding scheme with charge
shift correction was used to compute the electrostatic
interaction between the QM re§ion and the surrounding
partial charges of the MM region.”*”® Valencies at the covalent
bonds crossing the QM/MM boundary (i.e., Ca—Cf bonds of
cysteine residues and E32; Cy—CS bond of R396) were
saturated using hydrogen link atoms.”® All atoms were free to
move during optimization, except the carbon atoms of the
methyl groups of the terminii (acetyl and N-methyl amide) of
amino acid residues. Thus, the MM region was split into active
and frozen regions. When the QM' region was used, the MM
active and frozen regions have a total number of 349 and 10
atoms, respectively, and 337 and 10 atoms when using the
QM™ region.

B RESULTS AND DISCUSSION

Active Site Structural Parameters Are Not Sensitive
to Metal Oxidation and Spin States. Substrate binding,
intermediate, and product states of [NiFe] hydrogenases are
not easily accessible experimentally. For example, only at very
high structural resolution of 0.89 A, the bridging hydride has
been resolved”” after its suggested binding mode by ENDOR”®
and computations.”” Frequently, the Ni—Fe distance serves as
an indicator of the oxidation states of the active site metals in
X-ray structures of the Ni—A (2.80 A), Ni—B (2.69 A), and
Ni—C (2.55 A) states.'””'"" We therefore analyzed the
coordination modes of Ni and Fe in different oxidation and
spin states of the active site and compared them with the
available crystal structure (Figure 4). For the large QM model
(Figure 2c), all calculations give a similar value for the Ni—Fe
distance for all spin states. The maximum Ni—Fe distance
difference observed between different spin states is of 0.08 A,
corresponding to the PBE0/def2-TZVP level of theory. The
Ni—Fe distance values observed for CS?" and BS? states are
between 2.93 and 2.99 A, which is 0.04—0.08 A larger than
those observed for HS® (2.88—2.91 A). Thus, in terms of the
Ni—Fe bond distance, HS? is closer to the crystal structure
active site configuration, which shows a Ni—Fe distance of 2.86
A at 2.58 A resolution, and of considered to be of moderate to
high quality (see Table 1). Dispersion corrections only have a
very minor effect on the calculated Ni—Fe bond distance.
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Table 1. Effect of Different Spin States, Basis Sets, and
Dispersion Corrections on Selected Bond Distances (in A)
for Large QM Cluster and QM/MM Models of the Active
Site, Compared to X-ray Structure of Ht SH

method sstpaltrtla Ni—Fe Ni—S2 Ni—S3 Ni—Ol Ni—02
crystal structure 2.86 2.3 2.38 2.19 2.24
BP86/def2-SVP (o 297 225 234 2.08 2.01
HS  2.89 2.40 2.34 2.19 2.04
BS 297 226 237 2.12 2.02
PBEO/def2-SVP Cs 2.94 222 228 2.02 1.97
HS  2.89 227 2.59 2.14 1.97
BS 293 227 2.56 2.15 1.97
PBE0-D3(BJ)/def2-SVP  CS 2.93 221 227 2.03 1.98
HS  2.88 226 2.58 2.15 1.98
BS 2.93 226 2.54 2.17 1.97
PBEO/def2-TZVP (o 2.99 222 225 2.00 1.97
HS 291 227 2.57 2.12 1.99
BS 2.96 227 2.53 2.13 1.97
QMI(BPS6, def2-SVP)/  CS 3.01 222 2.38 2.14 1.99
CHARMM36
HS 298 222 2.72 2.17 2.00
BS 3.02 223 246 2.17 1.99
QMI(BP86, def2- Cs 3.03 221 237 2.16 2.00
TZVP)/CHARMM36
HS  3.05 220 2.83 2.19 2.00
BS 3.04 221 242 2.19 2.00
QMI(PBEO, def2-SVP)/  CS 297 223 228 2.02 1.95
CHARMM36
HS  3.00 226 2.62 2.16 1.97
BS 3.02 225 2.60 2.18 1.96
QMI(PBEO, def2- (o 3.01 2.19 228 2.02 1.97
TZVP)/CHARMM36
HS 301 223 2.63 2.18 1.96
BS 3.08 223 2.60 2.19 1.96
QMI(PBEO-D3, def2- (o 3.01 2.18 227 2.03 1.97
TZVP)/CHARMM36
HS 298 223 2.60 2.19 1.96
BS 3.02 223 2.57 221 1.95
QMII(PBEO, def2-SVP)/  CS 2.96 223 227 2.01 1.95
CHARMM36
HS 298 226 2.60 2.16 1.97
BS 3.01 226 2.58 2.17 1.96
QMII(PBEO, def2- CS 3.00 2.19 227 2.02 1.97
TZVP)/CHARMM36
HS 299 223 2.61 2.18 1.96
BS 3.03 223 2.58 2.20 1.96

Structures optimized with or without dispersion corrections
(see PBEO/def2-SVP vs PBE0-D3(BJ)/def2-SVP in Table 1)
are hardly distinguishable. Even scalar relativistic effects during
the optimization (at zeroth order regular approximation level,
ZORA’®) do not significantly affect the calculated Ni—Fe
distance: values of 2.88 A for HS? and 2.93 A for both BS?
and CSP are obtained.

The bond distances of cysteine residues and inorganic small
ligands (CO and CN) coordinating to Fe are very similar in all
optimized spin states and differ by less than 0.06 A. In contrast,
some of the bond distances regarding Ni coordination show
differences larger than 0.1 A for different spin states (Tables 1
and S1 of the Supporting Information). For instance, the
glutamate Ni—O1 distances predicted for HS? are 0.11-0.12
and 0.01—0.07 A larger compared to those obtained for CS¥
and BS®, respectively, while the Ni—O2 distance is the same
or similar for all spin states (see Table 1).

https://doi.org/10.1021/acs.inorgchem.5c00503
Inorg. Chem. 2025, 64, 9558—9570
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Table 2. Spin State Splitting Energies of Large QM Models (in kJ/mol) of the BS and CS States Relative to the High Spin State

(HS) and Calculated Exchange Coupling Constants J (cm™)¢

functional basis set

BP86 def2-SVP opt
def2-SVP D3(B)//def2-SVP*
def2-TZVP D3(BJ)//def2-SVP*
PBEO def2-SVP opt
def2-TZVP D3(BJ)//def2-SVP*
def2-SVP D3(BJ) opt
def2-TZVP opt
def2-TZVP D3(BJ)//def2-TZVP*

closed shell broken symmetry ]

8.1 —17.1 (-11.2)° —923.8 (—604.7)°
252 —-11.0 (-7.2)° —595.3 (—390.0)°
11.1 —14.0 (-9.1)" —754.6 (—494.0)
61.5 —-0.3 —224
49.6 —0.3 —23.5
58.8 —0.8 —60.9
72.8 0.4 354
77.6 0.6 53.4

“Single point. bAfter correction for spin contamination. “Results after Corrections for Spin Contamination are given in Brackets.

The observed bidentate coordination of E32 to Ni in the
crystal structure, where the bond distances between the
carboxylate oxygens of E32 and Ni are similar (Ni—O1 = 2.19
A and Ni—02 = 2.24 A), is only reproduced by CS?". The
BP86/def2-SVP CSM structure shows Ni—O1 and Ni—02
distances of 2.08 and 2.01 A, respectively. With the PBEO
functional, the difference between the two distances is even
lower (<0.05 A), independent of the basis set and dispersion
correction (Table 1). In contrast, HS® and BS? show Ni—
O1 bond distances, which are 0.10—0.20 A larger than the
calculated Ni—O2 distances.

On the other hand, the calculated Ni—O1 and Ni—02
distances obtained for CS® are 0.11—0.23 A shorter than
their values in the crystal structure (see Table 1). For HS¥
and BS? the Ni—O1 distances are in good agreement with
the crystal structure (2.12—2.19 A vs 2.19 A), whereas the Ni—
02 distances are slightly reduced (1.97-2.04 A vs 2.24 A).
Considering that the distances of an usual bidentate Ni—O
coordination, as reported for different compounds involving
the coordination of Ni to a carboxylate group, range between
1.97 and 227 A,'>7'%* all DFT calculations give a bidentate
coordination of E32 to Ni for all spin states. In the crystal
structure, the temperature factor for residue E32 is 42.4 A? at
100 K and the carboxylate oxygen atoms have B-factors of 44.8
A? (OE1) and 41.7 A* (OE2), respectively. Although no
alternative occupancies are explicitly given, this is indicative of
a flexible or not unique coordination mode of E32.

Another important observation concerns the coordination of
Ni to residues Cys465 (S2) and Cys83 (S3). The BP86
functional predicts the Ni—S2 distance of HS® to be 0.15 and
0.14 A larger than that of CS® and BS?, respectively, and
the Ni—S3 distances to be similar for all optimized states (see
Table 1). Furthermore, the Ni—S2 distance of HS? is in
closer agreement with the crystal structure (2.35 vs 2.40 A).
With PBEQO, the situation is different. While the Ni—S3
distances of HS?" and BS® are 0.27—0.32 A larger compared
to those of CS?, the Ni—S2 distances are similar for all spin
states. Furthermore, the Ni—S3 distance of CS® is closer to
the crystal structure value (see Table 1).

Thus, from our large QM cluster model calculations, only
minor differences regarding coordination bond distances are
observed among the optimized spin states. However, these do
not allow for a definite assignment of metal oxidation states in
the crystal structure. The small impact of dispersion correction
on the structural parameters (Table 1) suggests that the
dispersion effect is quite weak compared to the electronic
effect. Analysis of bond angles, as reported in Table S1 of the
Supporting Information, leads to the same conclusion.

Opverall, the QM/MM optimized structures are very similar
to the QM cluster model and display the same structural
features concerning metallic center coordination (see Tables 1
and S1 of the Supporting Information). With the PBEO
functional, the difference between the Ni and coordinating E32
oxygen atoms O1 and 02 distances is <0.08 A in CS@VMM
0.19—0.26 A in BS®MM 3nd HSMMM (with Ni—O1 > Ni—
02). Moreover, the Ni—S3 distance in CS®VMM j5 0.30-0.35
A shorter than those in BS@YMM 3nd HSMM N significant
structural differences were detected when using the larger def2-
TZVP basis set, dispersion correction, and the choice of QM!
vs QM" regions. Again, this shows that dispersion has a minor
role on structural parameters, while the electronic effect is
dominating. This also reveals that the influence of enzyme
residues beyond the first coordination sphere on the active site
geometry is well described by the MM force field and is
predominantly steric and electrostatic in nature. When using
the BP86 functional in QM/MM calculation, distances Ni—O1
> Ni—O2 for all spin states. This is the most noticeable
difference between the large QM and the QM/MM models.
Nevertheless, also with the BP86 functional, the calculated
distances indicate a close to bidentate coordination of residue
Glu32 to Ni for both models.

Based on these results, it is impossible to accurately
determine the oxidation state of the active site metallic center
by a detailed comparative analysis of structural parameters
only, and further criteria must be considered to allow a definite
assignment.

Energetic Splitting of Different Spin States of the
Active Site. Since structural parameters were not conclusive
regarding the assignment of metal oxidation states and even
the GGA functional BP86 with a small basis set gave results in
good agreement with X-ray structural data, more sophisticated
electronic criteria were selected. The ordering and energetic
spacing of the different spin states of the active site were
investigated.

Spin State Energetics in the Large QM Cluster Model
of [NiFe] Hydrogenase. The magnetic interaction between
bridged binuclear transition metal complexes is characterized
by the magnetic exchange coupling constant J. In an
antiferromagnetic coupling of spins with opposite signs (J <
0), but also a ferromagnetic coupling (J > 0) may be feasible.
Table 2 gives the calculated coupling constants and energy
splitting for the scenarios discussed above. For the large QM
model, the calculated J-values at BP86/def2-SVP and PBEO/
def2-SVP optimized structures are —924 and —22 cm’’,
respectively, with the negative sign indicating an antiferro-
magnetic coupling between low-spin Ni(III) (3d’, 1) and low-
spin Fe(IlI) (3d°% |). The spin density plot of such an
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Figure 5. Spin density plot for the open-shell singlet BS? state (PBE0/def2-SVP) at a contour value of 0.03 au showing an antiferromagnetic

coupling between low-spin Ni(III) (3d’, 1) and low-spin Fe(III) (3d° |).

antiferromagnetic coupling is shown in Figure 5. It can be
clearly seen that the unpaired spin density is localized at both
active site metals with the |-spin at the nickel and the |-spin
electron at the iron atom (and vice versa for the energetically
degenerate Ni"'(|)Fe'(1) state).

With BP86, the BS?” state is the lowest in energy. At the
BP86/def2-SVP level, HS® is 17.1 kJ/mol (11.2 kJ/mol with
AP-correction) higher in energy than BS? and 8.1 kJ/mol
lower in energy compared to CS?”. The energy gap between
CS® and BSM is thus 25.2 kJ/mol (19.3 kJ/mol with AP-
correction) (see Table 2) and increases to 36.2 kJ/mol (32.4
kJ/mol with AP correction) when dispersion corrections are
applied. Dispersion corrections in combination with a larger
basis set (def2-TZVP) give an energy gap of 25.1 kJ/mol (20.2
kJ/mol with the AP correction) (see Table 2).

The J-values were computed on optimized geometries of HS
and BS. The large negative J-value of —924 cm™" obtained with
BP86 is overestimating due to spin contamination in BS. Its
(S*) expectation value is 0.465, which is much lower than the
theoretical 1.0, while for the PBE0/def2-TZVP BS optimized
structure, it is 1.094."% When J is calculated from differently
optimized structures (HS and BS), the effect of dispersion
corrections from the following single-point calculation is
unrealistically large (see Table 2). The GGA BP86 functional
relies solely on approximations of the exchange correlation
energy, which can lead to inaccuracies in describing the
exchange interactions, especially in open-shell systems.'*® The
hybrid PBEO functional incorporates 25% of exact Hartree—
Fock exchange into the exchange—correlation functional,
which offers a better description of exchange interactions
and reduces spin contamination.'”” To correct the spin-
contamination with the BP86 functional, we utilized the
approximately spin-projected (AP) formula given by Yama-
guchi (eqs 2—4).”" As a result, for BP86/def2-SVP, the J-value
and the HS-BS energy gap value diminished to —604.7 cm™
and —11.2 kJ/mol, respectively (see Table 2).

When the J-values were computed based on single-point
energy calculations of the broken-symmetry state at the high-
spin structure, spin contamination of the BS is significantly
reduced (0.778). J-coupling is reduced to —288 cm™' and
dispersion corrections have no effect. As expected, dispersion
corrections are relevant for structural parameters but do not
contribute to the electronic interactions.
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The hybrid PBEO functional gives very consistent results,
further supporting the consistency of our results. At PBE0/
def2-SVP optimized structures, the CS¥L-BSP gap is 61.8 kJ/
mol (58.8 kJ/mol with optimization including D3(BJ)
dispersion correction), which is much higher than that
obtained with BP86 (see Table 2). The gap increases to 72.4
kJ/mol for structures optimized with the larger def2-TZVP
basis set. When the dispersion correction is applied using
single-point calculations, the energy gap values are 49.9 and
77.0 kJ/mol, respectively (see Table 2). Thus, the PBEO
functional (with 25% HF exchange) also shows BS?” to be
lower in energy than CS, On the other hand, the energy
difference between the HS®" and BS? structures optimized
at the PBEO/def2-SVP and PBE(Q/def2-TZVP levels are —0.3
kJ/mol (—0.8 kJ/mol with D3(BJ) optimization) and 0.4 kJ/
mol, respectively, which suggest they are energetically
degenerate states (see Table 2).

When going from the GGA (BP86) to a hybrid (PBEO)
functional, the stability of BS? relative to HS® decreases
due to the inclusion of Hartree—Fock exchange. We have
evaluated the effect of the variation of the amount of Hartree—
Fock exchange (HFX) on the calculated J-values (see Figure
6). With no HFX, the J-value is found to be —618 cm™" and
decreases to —61 cm™ with the standard 25% HFX in PBEO.
This is similar to the results above for the two different
functionals BP86 (no HFX, J = —604 cm™) and PBEO (25%
HFX, J = =22 cm™"). As the Hartree—Fock exchange increases
further, this stabilizes HS?" even more and the J-value changes
from negative to positive values, i.e., from antiferromagnetic to
the ferromagnetic coupling (>35% HFX).

When the thermodynamic corrections from the minimal
model are transferred to the large QM model of the present
study, differences in Gibbs free energies (AG) for the CS¥-
BS™ gap increase slightly to 37.9 kJ/mol from 36.2 kJ/mol at
the BP86-D3(BJ)/def2-TZVP//BP86/def2-SVP level of
theory and to 64.0 kJ/mol from 49.9 kJ/mol at the PBEO-
D3(BJ)/def2-TZVP//PBE0/def2-SVP level of theory. This
reinforces our conclusion on BS being the preferred state of
the oxidized enzyme.

Whereas the choice of functional (BP86 and PBEO), size of
basis sets (def2-SVP and def2-TZVP), and inclusion of
dispersion corrections have some minor effect on structural
parameters, spin state splitting and exchange coupling
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Figure 6. Effect of variation of Hartree—Fock exchange on the
magnetic J-coupling (cm™") (PBEO/def2-SVP).

constants are less sensitive. However, the choice of the
structural model for the BS solution is most critical, and the
HS geometry is a good approximation for the BS state as well.
In all of our results, the broken-symmetry state is lower in
energy than the originally assigned closed-shell (S = 0) state.

Spin State Energetics in QM/MM Representation of
[NiFe] Hydrogenase. Our QM (PBE0)/(CHARMM36)MM
calculations agree with the QM cluster model calculations
using the PBEO functional and suggest also that BS@M™ and
HSPYMM are energetically degenerate. The QM/MM energy
difference between these states ranges from 0.1 to 0.7 kJ/mol,
depending on basis set, dispersion corrections, and use of QM
region I vs II (see Table 3). BS@I/MM ¢ slightly stabilized in

Table 3. QM(DFT)/MM(CHARMM36) Energies (kJ/mol)
of the BS and CS States Relative to the High Spin State
(HS) and Calculated Exchange Coupling Constants ]
(em™)

QM closed broken
region  functional basis set shell symmetry J°
I BP86 def2-SVP -5.9 -9.5 —540.7
def2-TZVP -12.3 —12.7 —649.3
PBEO def2-SVP 96.7 —0.2 =221
def2-TZVP 70.9 -0.7 =524
D3/def2- 69.6 —0.4 -33.5
TZVP

D3/def2- 69.1 —0.6 —44.2

TZVP*
II PBEO def2-SVP 86.7 —0.1 —-11.7
def2-TZVP 70.4 -0.7 —62.8
D3/def2- 68.5 -03 —24.7

TZVP*

“Single point calculations. YFor separately optimized structures of HS
and BS.

comparison to HS@MM o4 o1 levels of theory. The calculated

J coupling constants are between —62.8 and —11.7 cm™" (again
an antiferromagnetic coupling). When optimized using the
QM' region and the small def2-SVP basis set, the QM/MM
calculated J (—22.1 cm™") is almost identical to the QM cluster
model. On the other hand, CSY@V/MM jg higher in energy than
BSW/MM 4nd HSPVMM jndependent of the level of theory,
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with energy differences between 69 and 97 kJ/mol, respectively
(Table 3). Thus, the QM/MM calculations also support the
assignment of a core [Ni"'Fe''] oxidation state to be the
ground state of oxidized [NiFe] hydrogenase from Ht SH. A
CS state can be ruled out, according to our calculations.

Concerning the BP86 functional, the same spin contami-
nation issue observed with the QM model is present in the
QM/MM model, leading to very high and unrealistic values of
J (Table 3). The QM/MM model also indicates BS to be the
most favored oxidation state and to be lower in energy than
HS, by >9 kJ/mol. However, in contrast to the QM model, CS
appears to be more stable than HS by >5 kcal/mol. Such a
difference between the QM and QM/MM models and the spin
contamination shows that the BP86 functional fails to provide
a fully consistent picture of the spin states energetics and is
outperformed by the hybrid PBEO functional.

Both the QM and QM/MM results presented here are fully
consistent and agree with those obtained by using a minimal
QM model only (Figure 1). Our results thus indicate that
either a minimal QM model or a QM/MM approach with a
minimal QM region, in combination with a hybrid functional,
such as PBEO, can provide a reliable description of redox and
spin states of metals in [NiFe] hydrogenases active sites. Even
with a small def2-SVP basis set, reliable structural parameters
can be obtained plus a first qualitative insight into spin state
splitting. Larger basis sets and the inclusion of dispersion
corrections during optimizations can be used to further
enhance the accuracy of calculated energetics. The applicability
of only a minimal model also shows that the superoxidized
state of the [NiFe] hydrogenase from Ht SH is an energetic
minimum, and there are no positional constraints by the
protein surrounding on the active site. Whereas the concept of
an “entatic state” applies to the “rotated” structure of the active
site in [FeFe] hydrogenases,"*>'%” this does not seem to apply
for [NiFe] hydrogenases."' """

Stabilization of the Broken-Symmetry State from
Orbital Analysis. The broken-symmetry (BS) electronic state
was shown to be the lowest in energy in all DFT calculations
using either QM or QM/MM models. Given the unusual
coordination motif of the Ni atom by a terminal glutamate, one
terminal cysteine residue, and three bridging cysteine residues,
we performed an in-depth analysis of the chemical bonding of
the large QM model. We applied NBO and IBO analyses,
which provide the step from electron density to chemical
concepts. They give an accurate description of the chemical
bonding situation in molecules by breaking down the electron
density into localized bonds and lone pairs. By quantifying
these effects, a “chemical view” of molecular stability, reactivity,
and electronic structure, especially in complex systems with
delocalized or nontrivial bonding patterns, can be obtained.

In CS?, a single density matrix is utilized for alpha (@) and
beta (j3) electrons, while in BS?", separate density matrices are
used for alpha (@) and beta () electrons. In NBO analysis, the
density matrix of CS? gives 12 standard 2-center 2-electron
chemical bonds (2C—2e7), and a very similar binding situation
of 2C—2e~ bonds are seen for the BSY! a electron density
matrix (see Table S2 of the Supporting Information). This is
due to the same occupancy of a electrons in low-spin
[Ni"VFe'] CSM [Ni(IV)-d*(3a,38)-Fe(I)-d*(3e,38)] and
low-spin [Ni'"Fe™] BS [Ni(111)-d’(3a,4/3)-Fe(III)-
d*(3a,25)].

The BS®, however, exhibits distinct bonding orbitals
because its # electron occupancy in the density matrix differs

https://doi.org/10.1021/acs.inorgchem.5c00503
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from that in the closed-shell state, leading to unique electronic
interactions and bonding characteristics (see Figure 7). In

(a) 2C-2e" |(b) 3C-2¢e°

Fe(7.o%)-ss(§3.o%)-p $1(25.8%)-Ni(8.4%)-S2(65.4%)-B
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(c) At 3C-2e(*) [(d) 3C-2e7(n)
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{ e Ve %
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E,=27.5/40.1/25.4 kJ/mol $1(73.7%)-Ni(1.0%)-S2(25.3%)-B

Figure 7. NBO orbitals showing unique bonding features in BS® at a
contour value of 0.03 au (a) 2-center 2-electron bonding between iron
and Cys83 sulfur (Fe—S3, 2C—2e7), (b) 3-center 2-electron bonding
between nickel and two Cys80 (S1) and Cys46S (S2) sulfur atoms
(S1-Ni—S2, 3C-2¢7), (c) three donor—acceptor bond from two
Glu32 oxygen atoms (O1/02) and one Cys80 sulfur (S1) to
antibonding 3-center 2-electron S1—Ni—S2 orbital with respective
second-order perturbation energy (E,) below (O1/02/S1(LP) —
S1-Ni—S2, 3C—2e"7(*)), and (d) 3-center 2-electron nonbonding
orbital of S1-Ni—S2 (3C—2e™(n)).

BS, 4 dative jonic 2C—2e~ bond is formed between the iron
and one bridging Cys83 sulfur (Fe—S3) with a 7.0%
contribution from Fe and 93.0% from sulfur (see Figure 7a),
which is not present in CS®* (af) (see Table S2). This
reflects the change in the oxidation state from Fe(II) to Fe(III)
and stabilization of the latter.

A relevant three-center two-electron (3C—2e~) bond is
observed in BS®, where two S electrons reside one each in
bonding 3C and nonbonding 3C (3Cn). This delocalized 3C—
2e” bond is important for the stability and reactivity of certain
chemical systems, particularly boron hydrides, carboranes, and
other electron-deficient compounds.''“~""* Understanding the
role of the 3C—2e™ bond in biological systems is vital, as they
influence the reactivity and stability of biomolecules.''® In
biological systems, such a type of bond is observed in bridging
hydride, agostic interactions, and dihydrogen com-
plexes.''®""** It plays a crucial role in electron correlation,
facilitating superexchange interactions between localized
spins.””' The 3C—2e” bond is also responsible for the
stabilization of certain reaction intermediates and in mediating
electron transfer processes.119 For instance, in cationic sulfur
compounds, this bond facilitates electron communication,
which is essential for various biochemical reactions.'”* Despite
its importance, direct spectral identification of molecules
featuring the 3C—2e” bond has been limited, highlighting the
need for further research in this area.'*

This bonding type involves three atomic centers sharing two
electrons, which creates a highly stabilizing interaction in
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systems without enough electrons to form conventional 2C—
2e” covalent bonds. The 3C—2e™ bond between Cys80 sulfur
(S1), Ni, and Cys46S sulfur (S2) is also a dative bond between
nickel and sulfur atoms with a minor contribution (8.4%) from
Ni and from S1 (25.8%) and S2 (65.8%) (see Figure 7b). The
existence of this bond in BS was also identified and verified
with the IBO approach (see Figure $2).%

In NBO analysis, second-order perturbation energy
quantifies the stabilization due to electron delocalization
from a donor (filled) orbital to an acceptor (empty) orbital,
reflecting the magnitude of interactions such as hyper-
conjugation or charge transfer. The second-order perturbation
energy (E,) indicates the donor—acceptor bond, also known as
the dative bond (see Figure 7c). Here, the three terminal
atoms (O1 and O2 from Glu32 and S1 from Cys80) close to
the nickel center form a dative bond with the antibonding
orbital of the 3C—2e™ bond, with energies of 27.5 kJ/mol
(Glu32 oxygen O1), 40.1 kJ/mol (Glu32 oxygen O2), and
25.4 kJ/mol (Cys81 sulfur S1), respectively (see Figure 7c).
The dative bond formed by Cys81 sulfur S1 is strong
compared to the dative bonds formed by Glu32 oxygens Ol
and O2. This is due to the more covalent character and larger
orbital overlap tendency of sulfur lone-pair electrons compared
with oxygen atoms. Both oxygen atoms, Ol and O2, of the
coordinating Glu32 show similar magnitudes of the dative
bond, indicating a bidentate coordination to the nickel center.

The nonbonding 3C—2e~ bond with the following
contributions is present: Ni-1.0%, S1-73.7%, and S2-25.3%
(see Figure 7d). Here, the electron is predominantly located at
the S1 and S2 atoms due to the presence of higher electron
density (Figure 7d). This nonbonding 3C—2e” interaction
contributes to the electron delocalization and provides stability
to this BS? state.

The presence of this delocalized three-center two-electron
bond (bonding, antibonding, and nonbonding) (see Figure
7b—d) in BS? determines the stability of this state compared
to CS?, where only standard 2C—2e” bonds are present (see
Table S2). The lowest energy and unusual 3C—2e~ bond of
BS strongly supports the observed uncommon structural
change of the enzyme active site in the oxidative environment.
This avoids direct oxygen binding to the nickel atom of the
active site or a cysteine residue oxidation.'°”'" A similar
binding situation can also be observed for biomimetic models
of the hydrogenase active site with a bridging atom.'**

B CONCLUSIONS

In this work, we studied the structural and electronic
properties of the active site of oxidized [NiFe] hydrogenase
from H. thermoluteolus SH using a large QM cluster and QM/
MM calculations. We found that the structures of the CS (S =
0), triplet (HS, S = 1), and open-shell singlet BS (S = 0) spin
states of the oxidized enzyme are very similar in terms of bond
distances and angles. Therefore, they all resemble the
experimental structural features, but this does not allow us to
assign a definite spin state to the metals in the X-ray structure.
However, the BS state is lower in energy than the CS state in
all of our QM and QM/MM calculations, making it the
electronic ground state of the fully oxidized enzyme. Detailed
NBO analysis reveals an unusual 3C—2e~ bond in the BS state,
which is not present in the CS state. The presence of 3C—2e”~
bonds and the lower energy of the broken-symmetry state in
the oxidative environment are key factors in its energetic
stabilization, which protects the active site from forming
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inactive species in the presence of oxygen and cysteine
oxidation. This contributes to the oxygen tolerance of Ht SH,
which is a novel aspect of its function. The trigger of the large
conformational change and structural dynamics when going
from a Ni(III)Fe(II) to a Ni(III)Fe(Ill) state remains to be
investigated. Our large QM and QM/MM models provide
consistent results for this enzyme and its oxidation states,
allowing us to establish realistic enzyme models. A high-valent
Ni(IV) oxidation state is not the lowest energy state, and our
calculations rule it out as a possibility. Since the conclusions
from the minimal QM cluster model are still valid, polarization,
steric effects, and conformational restrictions from residues
beyond the first sphere of coordination are not significant
factors in this case. The electronic structure and formal
oxidation states of the heterobimetallic active site and its first
coordination sphere residues are critical factors that need to be
treated accurately to obtain reliable results. The coordination
of the catalytically active nickel atom by a terminal glutamate
in the fully oxidized Ni(III)Fe(III) state is an interesting aspect
of the dynamics of coordination in [NiFe] hydrogenases. In
standard [NiFe] hydrogenase enzymes, the iron atom in the
active site is not redox active and remains in an EPR-silent
Fe(II) low-spin state. The concept of a third p-bridging
cysteine ligand mediating the electronic exchange between the
two metals and enabling the Fe(II) to Fe(Ill) oxidation is a
novel concept for hydrogenase enzymes. This opens several
avenues for further research on enzymatic oxygen tolerance
and the design of biomimetic catalysts with enhanced stability.

B ASSOCIATED CONTENT

© Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.inorgchem.5c00503.

Electronic energies of all species, detailed structural
parameters such as bond lengths and angles of large QM
and QM/MM models, NBO and IBO analysis of QM
and QM®, and Cartesian coordinates of all species
(PDF)

B AUTHOR INFORMATION

Corresponding Author
Matthias Stein — Molecular Simulations and Design Group,
Max Planck Institute for Dynamics of Complex Technical
Systems, 39106 Magdeburg, Germany; © orcid.org/0000-
0001-7793-0052; Email: matthias.stein@mpi-
magdeburg.mpg.de

Authors
Ravi Kumar — Molecular Simulations and Design Group, Max
Planck Institute for Dynamics of Complex Technical Systems,
39106 Magdeburg, Germany
Andrés M. Escorcia — Molecular Simulations and Design
Group, Max Planck Institute for Dynamics of Complex
Technical Systems, 39106 Magdeburg, Germany

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.inorgchem.5¢00503

Funding

Open access funded by Max Planck Society.

Notes

The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

We thank the Max Planck Society for the Advancement of
Science for financial support. RK. is a recipient of the Ernst
Dieter Gilles Fellowship of the MPI Magdeburg and the Max
Planck-Weizmann Joint Postdoctoral Fellowship Programme.
This work is part of the Research Initiative “SmartProSys:
Intelligent Process Systems for the Sustainable Production of
Chemicals” funded by the Ministry for Science, Energy,
Climate Protection and the Environment of the State of
Saxony-Anhalt.

B REFERENCES

(1) Dafnomilis, I; den Elzen, M.; van Vuuren, D. Paris targets within
reach by aligning, broadening and strengthening net-zero pledges.
Communications Earth & Environment 2024, S (1), 48.

(2) Pouille, C.; Rocha, M.; Noels, J.; Jachnik, R. Paris-Consistent
Climate Change Mitigation Scenarios: A Framework for Emissions
Pathway Classification in Line with Global Mitigation Objectives; OECD
Publishing: Paris, 2023.

(3) IEA, Net Zero by 2050; IEA, Paris, https://www.iea.org/reports/
net-zero-by-2050, Licence: CC BY 4.0, 2021

(4) Schldgl, R. Chemical Energy Storage; De Gruyter: Berlin, Boston,
2022.

(5) Cammack, R.; Fernandez, V. M.; Claude Hatchikian, E. Nickel-
iron hydrogenase. In Methods in Enzymology; Academic Press, 1994;
Vol. 243, pp 43—68.

(6) Sokolova, D.; Vincent, K. A. Exploiting hydrogenases for
biocatalytic hydrogenations. Chem. Commun. 2024, 60 (93), 13667—
13677.

(7) Ji, H;; Wan, L.; Gao, Y.; Dy, P.; Li, W,; Luo, H,; Ning, J.; Zhao,
Y.; Wang, H.; Zhang, L.; Zhang, L. Hydrogenase as the basis for green
hydrogen production and utilization. J. Energy Chem. 2023, 85, 348—
362.

(8) Lubitz, W.; Reijerse, E.; van Gastel, M. [NiFe] and [FeFe]
Hydrogenases studied by advanced magnetic resonance Techniques.
Chem. Rev. 2007, 107 (10), 4331—4365.

(9) Lubitz, W.; Ogata, H.; Riidiger, O.; Reijerse, E. Hydrogenases.
Chem. Rev. 2014, 114 (8), 4081—4148.

(10) Tye, J. W,; Hall, M. B.; Darensbourg, M. Y. Better than
platinum? Fuel cells energized by enzymes. Proc. Natl. Acad. Sci. U.S.A.
2005, 102 (47), 16911—16912.

(11) Lamle, S. E.; Vincent, K. A.; Halliwell, L. M.; Albracht, S. P.;
Armstrong, F. A. Hydrogenase on an electrode: a remarkable
heterogeneous catalyst. Dalton Trans. 2003, No. 21, 4152—4157.

(12) Jones, A. K;; Sillery, E.; Albracht, S. P.; Armstrong, F. A. Direct
comparison of the electrocatalytic oxidation of hydrogen by an
enzyme and a platinum catalyst. Chem. Commun. 2002, No. 8, 866—
867.

(13) Kim, J. Y. H;; Cha, H. J. Recent progress in hydrogenase and its
biotechnological application for viable hydrogen technology. Korean J.
Chem. Eng. 2013, 30 (1), 1-10.

(14) Frielingsdorf, S.; Pinske, C.; Valetti, F.; Greening, C. Editorial:
Hydrogenase: structure, function, maturation, and application. Front.
Microbiol. 2023, 14, 1284540.

(15) Valetti, F.; Morra, S.; Barbieri, L.; Dezzani, S.; Ratto, A
Catucci, G.; Sadeghi, S. J; Gilardi, G. Oxygen-resistant [FeFe]-
hydrogenases: new biocatalysis tools for clean energy and cascade
reactions. Faraday Discuss. 2024, 252 (0), 223—240.

(16) Stiebritz, M. T.; Reiher, M. Hydrogenases and oxygen. Chem.
Sci. 2012, 3 (6), 1739—1751.

(17) Liebgott, P.-P.; de Lacey, A. L.; Burlat, B.; Cournac, L;
Richaud, P.; Brugna, M.; Fernandez, V. M.; Guigliarelli, B.; Rousset,
M,; Léger, C.,; Dementin, S. Original design of an oxygen-tolerant
[NiFe] hydrogenase: Major effect of a valine-to-cysteine mutation
near the active site. J. Am. Chem. Soc. 2011, 133 (4), 986—997.

(18) Vincent, K. A; Cracknell, J. A;; Lenz, O.; Zebger, L; Friedrich,
B,; Armstrong, F. A. Electrocatalytic hydrogen oxidation by an

https://doi.org/10.1021/acs.inorgchem.5c00503
Inorg. Chem. 2025, 64, 9558—9570


https://pubs.acs.org/doi/10.1021/acs.inorgchem.5c00503?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.5c00503/suppl_file/ic5c00503_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Matthias+Stein"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-7793-0052
https://orcid.org/0000-0001-7793-0052
mailto:matthias.stein@mpi-magdeburg.mpg.de
mailto:matthias.stein@mpi-magdeburg.mpg.de
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ravi+Kumar"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Andre%CC%81s+M.+Escorcia"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.5c00503?ref=pdf
https://doi.org/10.1038/s43247-023-01184-8
https://doi.org/10.1038/s43247-023-01184-8
https://www.iea.org/reports/net-zero-by-2050
https://www.iea.org/reports/net-zero-by-2050
https://doi.org/10.1039/D4CC04525D
https://doi.org/10.1039/D4CC04525D
https://doi.org/10.1016/j.jechem.2023.06.018
https://doi.org/10.1016/j.jechem.2023.06.018
https://doi.org/10.1021/cr050186q?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr050186q?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr4005814?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1073/pnas.0508740102
https://doi.org/10.1073/pnas.0508740102
https://doi.org/10.1039/B306234C
https://doi.org/10.1039/B306234C
https://doi.org/10.1039/b201337a
https://doi.org/10.1039/b201337a
https://doi.org/10.1039/b201337a
https://doi.org/10.1007/s11814-012-0208-8
https://doi.org/10.1007/s11814-012-0208-8
https://doi.org/10.3389/fmicb.2023.1284540
https://doi.org/10.3389/fmicb.2023.1284540
https://doi.org/10.1039/D4FD00010B
https://doi.org/10.1039/D4FD00010B
https://doi.org/10.1039/D4FD00010B
https://doi.org/10.1039/c2sc01112c
https://doi.org/10.1021/ja108787s?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja108787s?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja108787s?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1073/pnas.0504499102
pubs.acs.org/IC?ref=pdf
https://doi.org/10.1021/acs.inorgchem.5c00503?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Inorganic Chemistry

pubs.acs.org/IC

enzyme at high carbon monoxide or oxygen levels. Proc. Natl. Acad.
Sci. US.A. 2005, 102 (47), 16951—16954.

(19) Barbosa, T. M.; Baltazar, C. S. A; Cruz, D. R; Lousa, D.;
Soares, C. M. Studying O, pathways in [NiFe]- and [NiFeSe]-
hydrogenases. Sci. Rep. 2020, 10 (1), 10540.

(20) Winkler, M.; Duan, J; Rutz, A; Felbek, C.; Scholtysek, L.;
Lampret, O.; Jaenecke, J.; Apfel, U.-P.,; Gilardi, G.; Valetti, F;
Fourmond, V.; Hofmann, E.; Léger, C.; Happe, T. A safety cap
protects hydrogenase from oxygen attack. Nat. Commun. 2021, 12
(1), 756.

(21) Wulff, P,; Day, C. C.; Sargent, F.; Armstrong, F. A. How oxygen
reacts with oxygen-tolerant respiratory [NiFe]-hydrogenases. Proc.
Natl. Acad. Sci. US.A. 2014, 111 (18), 6606—6611.

(22) Wulff, P.; Thomas, C.; Sargent, F.; Armstrong, F. A. How the
oxygen tolerance of a [NiFe]-hydrogenase depends on quaternary
structure. JBIC, J. Biol. Inorg. Chem. 2016, 21 (1), 121—134.

(23) Pandelia, M.-E.; Lubitz, W.; Nitschke, W. Evolution and
diversification of Group 1 [NiFe] hydrogenases Is there a
phylogenetic marker for O2-tolerance? Biochim. Biophys. Acta,
Bioenerg. 2012, 1817 (9), 1565—157S.

(24) Marques, M. C,; Tapia, C.; Gutiérrez-Sanz, O.; Ramos, A. R;
Keller, K. L.; Wall, J. D.; De Lacey, A. L.; Matias, P. M.; Pereira, L. A.
The direct role of selenocysteine in [NiFeSe] hydrogenase maturation
and catalysis. Nat. Chem. Biol. 2017, 13 (5), 544—550.

(25) Liebgott, P.-P.; Leroux, F.; Burlat, B.; Dementin, S.; Baffert, C.;
Lautier, T.; Fourmond, V.; Ceccaldi, P.; Cavazza, C.; Meynial-Salles,
L; et al. Relating diffusion along the substrate tunnel and oxygen
sensitivity in hydrogenase. Nat. Chem. Biol. 2010, 6 (1), 63—70.

(26) Goris, T.; Wait, A. F.; Saggu, M.; Fritsch, J.; Heidary, N.; Stein,
M.; Zebger, 1; Lendzian, F.; Armstrong, F. A,; Friedrich, B.; et al. A
unique iron-sulfur cluster is crucial for oxygen tolerance of a [NiFe]-
hydrogenase. Nat. Chem. Biol. 2011, 7 (5), 310—318.

(27) Fritsch, J; Lenz, O.; Friedrich, B. Structure, function and
biosynthesis of O,-tolerant hydrogenases. Nat. Rev. Microbiol. 2013,
11 (2), 106—114.

(28) Stein, M.; Kaur-Ghumaan, S. Microbial hydrogen splitting in
the presence of oxygen. Biochem. Soc. Trans. 2013, 41 (S), 1317—
1324.

(29) Kulka-Peschke, C. J.; Schulz, A.-C.; Lorent, C.; Rippers, Y.;
Wahlefeld, S.; Preissler, J.; Schulz, C.; Wiemann, C.; Bernitzky, C. C,;
Karafoulidi-Retsou, C.; et al. Reversible glutamate coordination to
high-valent nickel protects the active site of a [NiFe] hydrogenase
from oxygen. J. Am. Chem. Soc. 2022, 144 (37), 17022—17032.

(30) Shomura, Y.; Taketa, M.; Nakashima, H.; Tai, H.; Nakagawa,
H.; Ikeda, Y.; Ishii, M.; Igarashi, Y.; Nishihara, H.; Yoon, K.-S.; et al.
Structural basis of the redox switches in the NAD*-reducing soluble
[NiFe]-hydrogenase. Science 2017, 357 (6354), 928—932.

(31) Sheng, X.; Himo, F. The quantum chemical cluster approach in
biocatalysis. Acc. Chem. Res. 2023, 56 (8), 938—947.

(32) Vennelakanti, V.; Nazemi, A.; Mehmood, R.; Steeves, A. H.;
Kulik, H. J. Harder, better, faster, stronger: Large-scale QM and QM/
MM for predictive modeling in enzymes and proteins. Curr. Opin.
Struct. Biol. 2022, 72, 9—17.

(33) Himo, F.; de Visser, S. P. Status report on the quantum
chemical cluster approach for modeling enzyme reactions. Commun.
Chem. 2022, § (1), 29.

(34) van der Kamp, M. W.; Mulholland, A. J. Combined Quantum
Mechanics/Molecular Mechanics (QM/MM) methods in computa-
tional enzymology. Biochemistry 2013, 52 (16), 2708—2728.

(35) Clemente, C. M.; Capece, L.; Marti, M. A. Best practices on
QM/MM simulations of biological systems. J. Chem. Inf. Model. 2023,
63 (9), 2609—2627.

(36) Magalhaes, R. P.; Fernandes, H. S.; Sousa, S. F. Modelling
enzymatic mechanisms with QM/MM approaches: Current status
and future challenges. Isr. J. Chem. 2020, 60 (7), 655—666.

(37) Lundberg, M.; Kawatsu, T.; Vreven, T.; Frisch, M. J;
Morokuma, K. Transition states in a protein environment—ONIOM
QM:MM modeling of isopenicillin N synthesis. . Chem. Theory
Comput. 2009, S (1), 222—234.

9568

(38) Sumner, S; Soderhjelm, P.; Ryde, U. Effect of geometry
optimizations on QM-cluster and QM/MM studies of reaction
energies in proteins. J. Chem. Theory Comput. 2013, 9 (9), 4205—
4214.

(39) Fouda, A; Ryde, U. Does the DFT self-interaction error affect
energies calculated in proteins with large QM systems? J. Chem.
Theory Comput. 2016, 12 (11), 5667—5679.

(40) Jafari, S; Ryde, U, Irani, M. QM/MM study of the
stereospecific proton exchange of glutathiohydroxyacetone by
glyoxalase I. Results Chem. 2019, 1, 100011.

(41) Rovaletti, A.; Bruschi, M.; Moro, G.; Cosentino, U.; Ryde, U.;
Greco, C. A thiocarbonate sink on the enzymatic energy landscape of
aerobic CO oxidation? Answers from DFT and QM/MM models of
MoCu CO-dehydrogenases. J. Catal. 2019, 372, 201-2085.

(42) Parvaneh, S.; Parsa, H.; Irani, M. Can a quantum mechanical
cluster model explain the special stereospecificity of glyoxalase I2
Comput. Theor. Chem. 2020, 1188, 112944.

(43) Hagemann, M. M.; Wieduwilt, E. K; Ryde, U.; Hedegard, E. D.
Investigating the substrate oxidation mechanism in lytic polysacchar-
ide nonoxygenase: H,O,- versus O,-activation. Inorg. Chem. 2024, 63
(46), 21929—21940.

(44) Rovaletti, A.,; Moro, G.; Cosentino, U.; Ryde, U.; Greco, C. CO
oxidation mechanism of silver-substituted Mo/Cu CO-dehydrogenase
— analogies and differences to the native enzyme. ChemPhysChem
2024, 25, No. 202400293.

(45) Senn, H. M.; Thiel, W. QM/MM methods for biomolecular
systems. Angew. Chem., Int. Ed. 2009, 48 (7), 1198—1229.

(46) Brés, N. F.; Fernandes, P. A.; Ramos, M. J. QM/MM study and
MD simulations on the hypertension regulator angiotensin-converting
enzyme. ACS Catal. 2014, 4 (8), 2587—2597.

(47) Dong, G; Phung, Q. M,; Pierloot, K; Ryde, U. Reaction
mechanism of [NiFe] hydrogenase studied by computational
methods. Inorg. Chem. 2018, 57 (24), 15289—15298.

(48) Jiang, H.; Lai, W. Monophenolase and catecholase activity of
Aspergillus oryzae catechol oxidase: insights from hybrid QM/MM
calculations. Org. Biomol. Chem. 2020, 18 (27), 5192—5202.

(49) Mehmood, R; Kulik, H. J. Both configuration and QM region
size matter: Zinc stability in QM/MM models of DNA
methyltransferase. J. Chem. Theory Comput. 2020, 16 (5), 3121—3134.

(50) Kang, H.; Zheng, M. Influence of the quantum mechanical
region size in QM/MM modelling: A case study of fluoroacetate
dehalogenase catalyzed CF bond cleavage. Comput. Theor. Chem.
2021, 1204, 113399.

(51) Csizi, K.-S.; Reiher, M. Universal QM/MM approaches for
general nanoscale applications. WIREs Computational Molecular
Science 2023, 13 (4), No. el656.

(52) Siegbahn, P. E. M.; Borowski, T. Comparison of QM-only and
QM/MM models for the mechanism of tyrosinase. Faraday Discuss.
2011, 148 (0), 109—117.

(53) Prejano, M.; Marino, T.; Russo, N. QM cluster or QM/MM in
computational enzymology: The test case of LigW-decarboxylase.
Front. Chem. 2018, 6, 249.

(54) Hu, L.; Soderhjelm, P.; Ryde, U. Accurate reaction energies in
proteins obtained by combining QM/MM and large QM calculations.
J. Chem. Theory Comput. 2013, 9 (1), 640—649.

(55) Retegan, M.; Neese, F.; Pantazis, D. A. Convergence of QM/
MM and cluster models for the spectroscopic properties of the
oxygen-evolving complex in photosystem I J. Chem. Theory Comput.
2013, 9 (8), 3832—3842.

(56) Liao, R-Z.; Thiel, W. Comparison of QM-only and QM/MM
models for the mechanism of tungsten-dependent acetylene
hydratase. J. Chem. Theory Comput. 2012, 8 (10), 3793—3803.

(57) Liao, R.-Z.; Thiel, W. Convergence in the QM-only and QM/
MM modeling of enzymatic reactions: A case study for acetylene
hydratase. J. Comput. Chem. 2013, 34 (27), 2389—2397.

(58) Glendening, E. D.; Hiatt, D. M.; Weinhold, F. Natural Bond
Orbital analysis of chemical structure, spectroscopy, and reactivity:
How it works. In Comprehensive Computational Chemistry, 1st ed,;
Yaniez, M., Boyd, R. ]J,, Eds.; Elsevier: Oxford, 2024; pp 406—421.

https://doi.org/10.1021/acs.inorgchem.5c00503
Inorg. Chem. 2025, 64, 9558—9570


https://doi.org/10.1073/pnas.0504499102
https://doi.org/10.1038/s41598-020-67494-5
https://doi.org/10.1038/s41598-020-67494-5
https://doi.org/10.1038/s41467-020-20861-2
https://doi.org/10.1038/s41467-020-20861-2
https://doi.org/10.1073/pnas.1322393111
https://doi.org/10.1073/pnas.1322393111
https://doi.org/10.1007/s00775-015-1327-6
https://doi.org/10.1007/s00775-015-1327-6
https://doi.org/10.1007/s00775-015-1327-6
https://doi.org/10.1016/j.bbabio.2012.04.012
https://doi.org/10.1016/j.bbabio.2012.04.012
https://doi.org/10.1016/j.bbabio.2012.04.012
https://doi.org/10.1038/nchembio.2335
https://doi.org/10.1038/nchembio.2335
https://doi.org/10.1038/nchembio.276
https://doi.org/10.1038/nchembio.276
https://doi.org/10.1038/nchembio.555
https://doi.org/10.1038/nchembio.555
https://doi.org/10.1038/nchembio.555
https://doi.org/10.1038/nrmicro2940
https://doi.org/10.1038/nrmicro2940
https://doi.org/10.1042/BST20130033
https://doi.org/10.1042/BST20130033
https://doi.org/10.1021/jacs.2c06400?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.2c06400?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.2c06400?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1126/science.aan4497
https://doi.org/10.1126/science.aan4497
https://doi.org/10.1021/acs.accounts.2c00795?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.accounts.2c00795?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.sbi.2021.07.004
https://doi.org/10.1016/j.sbi.2021.07.004
https://doi.org/10.1038/s42004-022-00642-2
https://doi.org/10.1038/s42004-022-00642-2
https://doi.org/10.1021/bi400215w?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bi400215w?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bi400215w?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jcim.2c01522?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jcim.2c01522?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/ijch.202000014
https://doi.org/10.1002/ijch.202000014
https://doi.org/10.1002/ijch.202000014
https://doi.org/10.1021/ct800457g?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ct800457g?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ct400339c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ct400339c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ct400339c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.6b00903?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.6b00903?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.rechem.2019.100011
https://doi.org/10.1016/j.rechem.2019.100011
https://doi.org/10.1016/j.rechem.2019.100011
https://doi.org/10.1016/j.jcat.2019.02.032
https://doi.org/10.1016/j.jcat.2019.02.032
https://doi.org/10.1016/j.jcat.2019.02.032
https://doi.org/10.1016/j.comptc.2020.112944
https://doi.org/10.1016/j.comptc.2020.112944
https://doi.org/10.1021/acs.inorgchem.4c03221?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.4c03221?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/cphc.202400293
https://doi.org/10.1002/cphc.202400293
https://doi.org/10.1002/cphc.202400293
https://doi.org/10.1002/anie.200802019
https://doi.org/10.1002/anie.200802019
https://doi.org/10.1021/cs500093h?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cs500093h?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cs500093h?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.8b02590?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.8b02590?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.8b02590?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/D0OB00969E
https://doi.org/10.1039/D0OB00969E
https://doi.org/10.1039/D0OB00969E
https://doi.org/10.1021/acs.jctc.0c00153?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.0c00153?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.0c00153?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.comptc.2021.113399
https://doi.org/10.1016/j.comptc.2021.113399
https://doi.org/10.1016/j.comptc.2021.113399
https://doi.org/10.1002/wcms.1656
https://doi.org/10.1002/wcms.1656
https://doi.org/10.1039/C004378H
https://doi.org/10.1039/C004378H
https://doi.org/10.3389/fchem.2018.00249
https://doi.org/10.3389/fchem.2018.00249
https://doi.org/10.1021/ct3005003?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ct3005003?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ct400477j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ct400477j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ct400477j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ct3000684?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ct3000684?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ct3000684?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/jcc.23403
https://doi.org/10.1002/jcc.23403
https://doi.org/10.1002/jcc.23403
pubs.acs.org/IC?ref=pdf
https://doi.org/10.1021/acs.inorgchem.5c00503?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Inorganic Chemistry

pubs.acs.org/IC

(59) Weinhold, F.; Landis, C. R. Valency and Bonding: A Natural
Bond Orbital Donor-Acceptor Perspective; Cambridge University Press,
200S.

(60) Knizia, G. Intrinsic atomic orbitals: An unbiased bridge
between quantum theory and chemical concepts. . Chem. Theory
Comput. 2013, 9 (11), 4834—4843.

(61) Furche, F.; Ahlrichs, R.; Hittig, C.; Klopper, W.; Sierka, M.;
Weigend, F. Turbomole. WIREs Computational Molecular Science
2014, 4 (2), 91-100.

(62) Noodleman, L.; Norman, J. G. The Xa valence bond theory of
weak electronic coupling. application to the low-lying states of
Mo2Cl84. J. Chem. Phys. 1979, 70 (11), 4903—4906.

(63) Perdew, J. P. Erratum: Density-functional approximation for the
correlation energy of the inhomogeneous electron gas. Phys. Rev. B
1986, 34 (10), 7406.

(64) Becke, A. D. Density-functional exchange-energy approxima-
tion with correct asymptotic behavior. Phys. Rev. A 1988, 38 (6),
3098.

(65) Adamo, C.; Barone, V. Toward reliable density functional
methods without adjustable parameters: The PBEO model. J. Chem.
Phys. 1999, 110 (13), 6158—6170.

(66) Ernzerhof, M.; Scuseria, G. E. Assessment of the Perdew—
Burke—Ernzerhof exchange-correlation functional. ]. Chem. Phys.
1999, 110 (11), 5029—5036.

(67) Reiher, M.; Salomon, O.; Artur Hess, B. Reparameterization of
hybrid functionals based on energy differences of states of different
multiplicity. Theor. Chem. Acc. 2001, 107 (1), 48—S55.

(68) Schilter, D.; Rauchfuss, T. B.; Stein, M. Connecting [NiFe]-and
[FeFe]-hydrogenases: mixed-valence nickel—iron dithiolates with
rotated structures. Inorg. Chem. 2012, S1 (16), 8931—8941.

(69) Delcey, M. G.; Pierloot, K.; Phung, Q. M.; Vancoillie, S.; Lindh,
R; Ryde, U. Accurate calculations of geometries and singlet—triplet
energy differences for active-site models of [NiFe] hydrogenase. Phys.
Chem. Chem. Phys. 2014, 16 (17), 7927—7938.

(70) Liu, C; Liu, T.; Hall, M. B. Influence of the density functional
and basis set on the relative stabilities of oxygenated isomers of diiron
models for the active site of [FeFe]-hydrogenase. J. Chem. Theory
Comput. 2015, 11 (1), 205—214.

(71) Breglia, R;; Greco, C.; Fantucci, P.; De Gioia, L.; Bruschi, M.
Theoretical investigation of aerobic and anaerobic oxidative
inactivation of the [NiFe]-hydrogenase active site. Phys. Chem.
Chem. Phys. 2018, 20 (3), 1693—1706.

(72) Schifer, A.; Horn, H.; Ahlrichs, R. Fully optimized contracted
Gaussian basis sets for atoms Li to Kr. . Chem. Phys. 1992, 97 (4),
2571-2577.

(73) Schifer, A.; Huber, C.; Ahlrichs, R. Fully optimized contracted
Gaussian basis sets of triple zeta valence quality for atoms Li to Kr. J.
Chem. Phys. 1994, 100 (8), 5829—5835.

(74) Grimme, S.; Antony, J.; Ehrlich, S.; Krieg, H. A consistent and
accurate ab initio parametrization of density functional dispersion
correction (DFT-D) for the 94 elements H-Pu. J. Chem. Phys. 2010,
132 (15), 154104.

(75) Grimme, S.; Ehrlich, S.; Goerigk, L. Effect of the damping
function in dispersion corrected density functional theory. J. Comput.
Chem. 2011, 32 (7), 1456—1465.

(76) van Lenthe, E.; Snijders, J. G.; Baerends, E. J. The zero-order
regular approximation for relativistic effects: The effect of spin—orbit
coupling in closed shell molecules. J. Chem. Phys. 1996, 105 (15),
6505—6516.

(77) Glendening, E. D.; Landis, C. R.; Weinhold, F. NBO 7.0: New
vistas in localized and delocalized chemical bonding theory. J. Comput.
Chem. 2019, 40 (25), 2234—2241.

(78) Neese, F. The ORCA program system. Wiley Interdiscip. Rev.:
Comput. Mol. Sci. 2012, 2 (1), 73—78.

(79) Neese, F. Software update: The ORCA program system—
Version S5.0. Wiley Interdiscip. Rev.: Comput. Mol. Sci. 2022, 12 (5),
No. e1606.

(80) Yamaguchi, K.; Fukui, H.; Fueno, T. Molecular orbital (MO)
theory for magnetically interacting organic compounds. Ab-initio MO

9569

calculations of the effective exchange integrals for cyclophane-type
carbene dimers. Chem. Lett. 1986, 15 (4), 625—628.

(81) Saito, T.; Kitagawa, Y.; Shoji, M.; Nakanishi, Y,; Ito, M;
Kawakami, T.; Okumura, M.; Yamaguchi, K. Theoretical studies on
the structure and effective exchange integral (Jab) of an active site in
oxyhemocyanin (oxyHc) by using approximately spin-projected
geometry optimization (AP-opt) method. Chem. Phys. Lett. 2008,
456 (1), 76=79.

(82) Sheng, X; Kazemi, M, Planas, F.; Himo, F. Modeling
enzymatic enantioselectivity using quantum chemical methodology.
ACS Catal. 2020, 10 (11), 6430—6449.

(83) de Visser, S. P.; Wong, H. P. H.; Zhang, Y.; Yadav, R.; Sastri, C.
V. Tutorial review on the set-Up and running of quantum mechanical
cluster models for enzymatic reaction mechanisms. Chem. - Eur. J.
2024, 30 (60), No. e202402468.

(84) Sherwood, P.; de Vries, A. H.; Guest, M. F.; Schreckenbach, G.;
Catlow, C. R. A;; French, S. A,; Sokol, A. A;; Bromley, S. T.; Thiel,
W.; Turner, A. J; Billeter, S.; Terstegen, F.; Thiel, S.; Kendrick, J;
Rogers, S. C.; Casci, J.; Watson, M.; King, F.; Karlsen, E.; Sjovoll, M.;
Fahmi, A.; Schifer, A.; Lennartz, C. QUASI: A general purpose
implementation of the QM/MM approach and its application to
problems in catalysis. J. Mol. Struct.. THEOCHEM 2003, 632 (1), 1—
28.

(85) Metz, S.; Kistner, J.; Sokol, A. A,; Keal, T. W.; Sherwood, P.
ChemShell—a modular software package for QM/MM simulations.
WIREs Computational Molecular Science 2014, 4 (2), 101—110.

(86) Lu, Y.; Sen, K,; Yong, C.; Gunn, D. S. D.; Purton, J. A.; Guan,
J.; Desmoutier, A.; Abdul Nasir, J.; Zhang, X;; Zhu, L.; Hou, Q;
Jackson-Masters, J.; Watts, S.; Hanson, R.; Thomas, H. N,
Jayawardena, O.; Logsdail, A. J; Woodley, S. M.; Senn, H. M,;
Sherwood, P.; Catlow, C. R. A,; Sokol, A. A,; Keal, T. W. Multiscale
QM/MM modelling of catalytic systems with ChemShell. Phys. Chem.
Chem. Phys. 2023, 25 (33), 21816—21835.

(87) Huang, J.; MacKerell Jr, A. D. CHARMMS36 all-atom additive
protein force field: Validation based on comparison to NMR data. J.
Comput. Chem. 2013, 34 (25), 2135—2145.

(88) Huang, J.; Rauscher, S.; Nawrocki, G.; Ran, T.; Feig, M.; de
Groot, B. L.; Grubmiiller, H.; MacKerell, A. D. CHARMM36m: an
improved force field for folded and intrinsically disordered proteins.
Nat. Methods 2017, 14 (1), 71-73.

(89) Todorov, I. T.; Smith, W.; Trachenko, K; Dove, M. T.
DL_POLY_3: new dimensions in molecular dynamics simulations via
massive parallelism. J. Mater. Chem. 2006, 16 (20), 1911—1918.

(90) Evans, R. M.; Brooke, E. J.; Wehlin, S. A. M.; Nomerotskaia, E.;
Sargent, F.; Carr, S. B.; Phillips, S. E. V.; Armstrong, F. A. Mechanism
of hydrogen activation by [NiFe] hydrogenases. Nat. Chem. Biol.
2016, 12 (1), 46—50.

(91) Evans, R. M.; Beaton, S. E.; Rodriguez Macia, P.; Pang, Y.;
Wong, K. L.; Kertess, L.; Myers, W. K;; Bjornsson, R.; Ash, P. A;
Vincent, K. A; Carr, S. B,; Armstrong, F. A. Comprehensive
structural, infrared spectroscopic and kinetic investigations of the
roles of the active-site arginine in bidirectional hydrogen activation by
the [NiFe]-hydrogenase ‘Hyd-2" from Escherichia coli. Chem. Sci.
2023, 14 (32), 8531—8551.

(92) Billeter, S. R;; Turner, A. J.; Thiel, W. Linear scaling geometry
optimization and transition state search in hybrid delocalised internal
coordinates. Phys. Chem. Chem. Phys. 2000, 2 (10), 2177—2186.

(93) Kastner, J.; Carr, J. M; Keal, T. W.; Thiel, W.; Wander, A.;
Sherwood, P. DL-FIND: An open-source geometry optimizer for
atomistic simulations. J. Phys. Chem. A 2009, 113 (43), 11856—11865.

(94) Bakowies, D.; Thiel, W. Hybrid models for combined quantum
mechanical and molecular mechanical approaches. J. Phys. Chem.
1996, 100 (25), 10580—10594.

(95) de Vries, A. H.; Sherwood, P.; Collins, S. J.; Rigby, A. M,;
Rigutto, M.; Kramer, G. ]J. Zeolite structure and reactivity by
combined quantum-chemical—classical calculations. J. Phys. Chem. B
1999, 103 (29), 6133—6141.

(96) Sherwood, P.; de Vries, H.; Collins, S. J.; Greatbanks, S. P.;
Burton, N. A.; Vincent, M. A; Hillier, I. H. Computer simulation of

https://doi.org/10.1021/acs.inorgchem.5c00503
Inorg. Chem. 2025, 64, 9558—9570


https://doi.org/10.1021/ct400687b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ct400687b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/wcms.1162
https://doi.org/10.1063/1.437369
https://doi.org/10.1063/1.437369
https://doi.org/10.1063/1.437369
https://doi.org/10.1103/PhysRevB.34.7406
https://doi.org/10.1103/PhysRevB.34.7406
https://doi.org/10.1103/PhysRevA.38.3098
https://doi.org/10.1103/PhysRevA.38.3098
https://doi.org/10.1063/1.478522
https://doi.org/10.1063/1.478522
https://doi.org/10.1063/1.478401
https://doi.org/10.1063/1.478401
https://doi.org/10.1007/s00214-001-0300-3
https://doi.org/10.1007/s00214-001-0300-3
https://doi.org/10.1007/s00214-001-0300-3
https://doi.org/10.1021/ic300910r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic300910r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic300910r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C4CP00253A
https://doi.org/10.1039/C4CP00253A
https://doi.org/10.1021/ct500594z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ct500594z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ct500594z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C7CP06228A
https://doi.org/10.1039/C7CP06228A
https://doi.org/10.1063/1.463096
https://doi.org/10.1063/1.463096
https://doi.org/10.1063/1.467146
https://doi.org/10.1063/1.467146
https://doi.org/10.1063/1.3382344
https://doi.org/10.1063/1.3382344
https://doi.org/10.1063/1.3382344
https://doi.org/10.1002/jcc.21759
https://doi.org/10.1002/jcc.21759
https://doi.org/10.1063/1.472460
https://doi.org/10.1063/1.472460
https://doi.org/10.1063/1.472460
https://doi.org/10.1002/jcc.25873
https://doi.org/10.1002/jcc.25873
https://doi.org/10.1002/wcms.81
https://doi.org/10.1002/wcms.1606
https://doi.org/10.1002/wcms.1606
https://doi.org/10.1246/cl.1986.625
https://doi.org/10.1246/cl.1986.625
https://doi.org/10.1246/cl.1986.625
https://doi.org/10.1246/cl.1986.625
https://doi.org/10.1016/j.cplett.2008.02.107
https://doi.org/10.1016/j.cplett.2008.02.107
https://doi.org/10.1016/j.cplett.2008.02.107
https://doi.org/10.1016/j.cplett.2008.02.107
https://doi.org/10.1021/acscatal.0c00983?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.0c00983?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/chem.202402468
https://doi.org/10.1002/chem.202402468
https://doi.org/10.1016/S0166-1280(03)00285-9
https://doi.org/10.1016/S0166-1280(03)00285-9
https://doi.org/10.1016/S0166-1280(03)00285-9
https://doi.org/10.1002/wcms.1163
https://doi.org/10.1039/D3CP00648D
https://doi.org/10.1039/D3CP00648D
https://doi.org/10.1002/jcc.23354
https://doi.org/10.1002/jcc.23354
https://doi.org/10.1038/nmeth.4067
https://doi.org/10.1038/nmeth.4067
https://doi.org/10.1039/b517931a
https://doi.org/10.1039/b517931a
https://doi.org/10.1038/nchembio.1976
https://doi.org/10.1038/nchembio.1976
https://doi.org/10.1039/D2SC05641K
https://doi.org/10.1039/D2SC05641K
https://doi.org/10.1039/D2SC05641K
https://doi.org/10.1039/D2SC05641K
https://doi.org/10.1039/a909486e
https://doi.org/10.1039/a909486e
https://doi.org/10.1039/a909486e
https://doi.org/10.1021/jp9028968?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp9028968?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp9536514?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp9536514?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp9913012?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp9913012?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/a701790a
pubs.acs.org/IC?ref=pdf
https://doi.org/10.1021/acs.inorgchem.5c00503?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Inorganic Chemistry

pubs.acs.org/IC

zeolite structure and reactivity using embedded cluster methods.
Faraday Discuss. 1997, 106 (0), 79—92.

(97) Ogata, H.; Nishikawa, K.; Lubitz, W. Hydrogens detected by
subatomic resolution protein crystallography in a [NiFe] hydro-
genase. Nature 2015, 520 (7548), 571—574.

(98) Brecht, M.; van Gastel, M.; Buhrke, T.; Friedrich, B.; Lubitz, W.
Direct detection of a hydrogen ligand in the [NiFe] center of the
regulatory H,-sensing hydrogenase from Ralstonia eutropha in its
reduced state by HYSCORE and ENDOR spectroscopy. J. Am. Chem.
Soc. 2003, 125 (43), 13075—13083.

(99) Foerster, S.; Stein, M.; Brecht, M.; Ogata, H.; Higuchi, Y,;
Lubitz, W. Single crystal EPR studies of the reduced active site of
[NiFe] hydrogenase from Desulfovibrio vulgaris Miyazaki F. J. Am.
Chem. Soc. 2003, 125 (1), 83—93.

(100) Ogata, H; Lubitz, W.; Higuchi, Y. [NiFe] hydrogenases:
structural and spectroscopic studies of the reaction mechanism.
Dalton Trans. 2009, No. 37, 7577—7587.

(101) Stein, M.; Lubitz, W. Quantum chemical calculations of
[NiFe] hydrogenase. Curr. Opin. Chem. Biol. 2002, 6 (2), 243—249.

(102) Bazayeva, M.; Andreini, C.; Rosato, A. A database overview of
metal-coordination distances in metalloproteins. Acta Crystallograph-
ica Section D 2024, 80 (5), 362—376.

(103) Wang, H.; Zhang, D.; Sun, D.; Chen, Y.; Wang, K.; Ni, Z.-H,;
Tian, L.; Jiang, J. Diverse Ni(ii) MOFs constructed from asymmetric
semi-rigid V-shaped multicarboxylate ligands: structures and magnetic
properties. CrystEngComm 2010, 12 (4), 1096—1102.

(104) Liu, L.; Huang, C.; Xue, X;; Li, M.; Hou, H.; Fan, Y. Ni(II)
coordination polymers constructed from the flexible tetracarboxylic
acid and different N-donor ligands: Structural diversity and catalytic
activity. Cryst. Growth Des. 2015, 15 (9), 4507—4517.

(105) Melo, J. L; Phillips, J. J.; Peralta, J. E. Structural dependence of
magnetic exchange coupling parameters in transition-metal com-
plexes. Chem. Phys. Lett. 2013, 557, 110—113.

(106) Liao, M.-S.; Watts, J. D.; Huang, M.-J. Assessment of the
performance of density-functional methods for calculations on iron
porphyrins and related compounds. J. Comput. Chem. 2006, 27 (13),
1577—-1592.

(107) Sheng, X.; Thompson, L. M.; Hratchian, H. P. Assessing the
calculation of exchange coupling constants and spin crossover gaps
using the approximate projection model to improve Density
Functional calculations. J. Chem. Theory Comput. 2020, 16 (1),
154-163.

(108) Darensbourg, M. Y.; Lyon, E. J.; Zhao, X.; Georgakaki, L. P.
The organometallic active site of [Fe]hydrogenase: Models and
entatic states. Proc. Natl. Acad. Sci. U.S.A. 2003, 100 (7), 3683—3688.

(109) Georgakaki, I. P.; Thomson, L. M.; Lyon, E. J.; Hall, M. B;
Darensbourg, M. Y. Fundamental properties of small molecule models
of Fe-only hydrogenase: computations relative to the definition of an
entatic state in the active site. Coord. Chem. Rev. 2003, 238—239,
255-266.

(110) Stein, M.; van Lenthe, E.; Baerends, E. J.; Lubitz, W.
Relativistic DFT calculations of the paramagnetic intermediates of
[NiFe] hydrogenase. Implications for the enzymatic mechanism. J.
Am. Chem. Soc. 2001, 123 (24), 5839—5840.

(111) Stein, M.; Lubitz, W. DFT calculations of the electronic
structure of the paramagnetic states Ni-A, Ni-B and Ni-C of [NiFe]
hydrogenase. Phys. Chem. Chem. Phys. 2001, 3 (13), 2668—2675.

(112) Ponec, R;; Yuzhakov, G.; Tantillo, D. J. Multicenter bonding
in organic chemistry. Geometry-sensitive 3c-2e bonding in (C---H--
C) fragments of organic cations. J. Org. Chem. 2004, 69 (9), 2992—
2996.

(113) Green, J. C; Green, M. L.; Parkin, G. The occurrence and
representation of three-centre two-electron bonds in covalent
inorganic compounds. Chem. Commun. 2012, 48 (94), 11481—11503.

(114) Shen, Y.-F; Xu, C,; Cheng, L.-J. Deciphering chemical
bonding in BnHn2— (n = 2—17): flexible multicenter bonding. RSC
Adv. 2017, 7 (58), 36755—36764.

(115) George, M. A. R;; Dopfer, O. Infrared spectra of Si, Hy,_,"
ions (n= 2-8): inorganic H—(Si—H),_, hydride wires of penta-

9570

coordinated Si in 3c—2e and charge-inverted hydrogen bonds. Phys.
Chem. Chem. Phys. 2024, 26 (8), 6574—6581.

(116) Parkin, G. Representation of three-center—two-electron bonds
in covalent molecules with bridging hydrogen atoms. J. Chem. Educ.
2019, 96 (11), 2467—2475.

(117) Diccianni, J.; Lin, Q.; Diao, T. Mechanisms of nickel-catalyzed
coupling reactions and applications in alkene functionalization. Acc.
Chem. Res. 2020, 53 (4), 906—919.

(118) Kubas, G. J. Fundamentals of H, binding and reactivity on
transition metals underlying hydrogenase function and H, production
and storage. Chem. Rev. 2007, 107 (10), 4152—420S.

(119) Arrigoni, F.; Zampella, G.; De Gioia, L.; Greco, C.; Bertini, L.
The photochemistry of Fe,(S,C3Hs)(CO)4(u-CO) and its oxidized
form, two simple [FeFe]-hydrogenase CO-inhibited models. A DFT
and TDDFT investigation. Inorganics 2021, 9 (2), 16.

(120) Gordon, J. C.; Kubas, G. J. Perspectives on how nature
employs the principles of organometallic chemistry in dihydrogen
activation in hydrogenases. Organometallics 2010, 29 (21), 4682—
4701.

(121) Shoji, M.; Nishiyama, Y.; Maruno, Y.; Koizumi, K.; Kitagawa,
Y,; Yamanaka, S.; Kawakami, T.; Okumura, M.; Yamaguchi, K.
Theory of chemical bonds in metalloenzymes I: Analytical and hybrid-
DEFT studies on oxo and hydroxo diiron cores. Int. ]. Quantum Chem.
2004, 100 (6), 887—906.

(122) Redman, H. J,; Huang, P.; Haumann, M.; Cheah, M. H,;
Berggren, G. Lewis acid protection turns cyanide containing [FeFe]-
hydrogenase mimics into proton reduction catalysts. Dalton Trans.
2022, 51 (12), 4634—4643.

(123) Xie, M.; Shen, Z.; Wang, D.; Fujii, A;; Lee, Y.-P. Spectral
characterization of three-electron two-center (3e—2c) bonds of
gaseous CH,S..S(H)CH; and (CH,;SH)," and enhancement of the
3e—2c bond upon protonation. J. Phys. Chem. Lett. 2018, 9 (13),
3725-3730.

(124) Lindahl, P. A. Metal—metal bonds in biology. J. Inorg. Biochem.
2012, 106 (1), 172—178.

https://doi.org/10.1021/acs.inorgchem.5c00503
Inorg. Chem. 2025, 64, 9558—9570


https://doi.org/10.1039/a701790a
https://doi.org/10.1038/nature14110
https://doi.org/10.1038/nature14110
https://doi.org/10.1038/nature14110
https://doi.org/10.1021/ja036624x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja036624x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja036624x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja027522u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja027522u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/b903840j
https://doi.org/10.1039/b903840j
https://doi.org/10.1016/S1367-5931(02)00313-7
https://doi.org/10.1016/S1367-5931(02)00313-7
https://doi.org/10.1107/S2059798324003152
https://doi.org/10.1107/S2059798324003152
https://doi.org/10.1039/B917659D
https://doi.org/10.1039/B917659D
https://doi.org/10.1039/B917659D
https://doi.org/10.1021/acs.cgd.5b00757?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.cgd.5b00757?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.cgd.5b00757?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.cgd.5b00757?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.cplett.2012.12.013
https://doi.org/10.1016/j.cplett.2012.12.013
https://doi.org/10.1016/j.cplett.2012.12.013
https://doi.org/10.1002/jcc.20458
https://doi.org/10.1002/jcc.20458
https://doi.org/10.1002/jcc.20458
https://doi.org/10.1021/acs.jctc.9b00387?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.9b00387?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.9b00387?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.9b00387?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1073/pnas.0536955100
https://doi.org/10.1073/pnas.0536955100
https://doi.org/10.1016/S0010-8545(02)00326-0
https://doi.org/10.1016/S0010-8545(02)00326-0
https://doi.org/10.1016/S0010-8545(02)00326-0
https://doi.org/10.1021/ja005808y?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja005808y?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/b101508g
https://doi.org/10.1039/b101508g
https://doi.org/10.1039/b101508g
https://doi.org/10.1021/jo035506p?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo035506p?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo035506p?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/c2cc35304k
https://doi.org/10.1039/c2cc35304k
https://doi.org/10.1039/c2cc35304k
https://doi.org/10.1039/C7RA06811E
https://doi.org/10.1039/C7RA06811E
https://doi.org/10.1039/D3CP05918A
https://doi.org/10.1039/D3CP05918A
https://doi.org/10.1039/D3CP05918A
https://doi.org/10.1021/acs.jchemed.9b00750?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jchemed.9b00750?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.accounts.0c00032?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.accounts.0c00032?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr050197j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr050197j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr050197j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.3390/inorganics9020016
https://doi.org/10.3390/inorganics9020016
https://doi.org/10.3390/inorganics9020016
https://doi.org/10.1021/om100436c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om100436c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om100436c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/D1DT03896F
https://doi.org/10.1039/D1DT03896F
https://doi.org/10.1021/acs.jpclett.8b01491?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.8b01491?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.8b01491?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.8b01491?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.jinorgbio.2011.08.012
pubs.acs.org/IC?ref=pdf
https://doi.org/10.1021/acs.inorgchem.5c00503?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

