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ABSTRACT

Iron-sulfur proteins are found in all forms of life, performing key functions in
many of the most important biological processes, such as nitrogen fixation, respiration,
DNA repair, and photosynthesis. The functional centers of these metalloproteins are iron-
sulfur clusters, which are efficient electron-transfer agents, and provide a range of other
functions, from catalysis to iron sensing. The main focus of this dissertation is to
eliminate the structural uncertainties of one of the most complex iron-sulfur clusters, the
iron-molybdenum cofactor of nitrogenase. The long-term goal of nitrogenase research is
to understand all of the molecular-level details that enable biological nitrogen fixation,
which may lead to alternatives to the fossil fuel-reliant, high temperature and pressure
Haber-Bosch process for industrial nitrogen fixation. The research presented here is all
based on computational chemistry, using primarily density functional theory with
comprehensive experimental support from the literature. Computational chemistry can
help explain experimental findings, and it can be used to probe structural and mechanistic
details that cannot be observed through experiment; however, methods for theoretical
modeling of iron-sulfur clusters must be developed before accurate results can be
obtained. In this work, the best available methods (functionals, basis sets, and population
analyses) are developed by comparing calculated properties of a series of model iron-
sulfur complexes with experimental reference data. The newly recommended methods
are then applied to a protein-embedded cluster, and the effects of the network of
hydrogen bonds, dipoles, and electrostatic interactions are systematically probed. In
addition to new insights regarding the role of the protein in tuning iron-sulfur cluster
properties, an algorithm is derived for constructing computational models that capture all
significant environmental effects. Future work will benefit from the foundations
developed in these first two studies. The final work is a computational evaluation of the
uncertain composition, charge, magnetic structure, and protonation state of the iron-
molybdenum cofactor, based on a series of criteria defined by all available experimental
data. The results show that the [Mo''-2Fe"-5Fe'"'-98*"-C*"] composition with hydroxyl-
protonated homocitrate ligand is favored over the [Mo' -4Fe"-3Fe"-9S*-N°"]
composition preferred in the literature, adding new context to the many proposed
mechanisms for biological nitrogen fixation.



CHAPTER 1

INTRODUCTION

Iron-Sulfur Clusters

Iron-sulfur proteins are found in all forms of life, from microorganisms to plants
and animals. They are involved in such critical biological processes as respiration,’
photosynthesis,” nitrogen fixation,” hydrogen metabolism,” and DNA repair.’ It is their
cofactors, the iron-sulfur clusters, that enable the diverse functions of electron transfer,
small molecule activation, catalysis, and sensing of iron and oxygen.” The smallest
“cluster,” found in rubredoxins, consists of a single iron ion bound by four cysteine
thiolates.” While it is not formally a cluster due to the lack of an FeFe interaction, its
redox and iron—thiolate bond properties serve as helpful references for studies of the
more typical sulfide-bridged [2Fe-2S], [3Fe-4S], [4Fe-4S], and larger clusters. Cysteines
complete the tetrahedral coordination of the irons in clusters that function as electron
transfer agents (see Figure 1.1), while clusters with other catalytic functions can have
different coordination environments.® For example, there are (Cys),(His),-ligated clusters
in Rieske proteins,® site-differentiated clusters with only three cysteine ligands in, for
instance, SAM radical enzymes9 and aconitase,'’ and other clusters with non-protein

ligands in hydrogenase® and nitrogenase.’ Catalytic functions can also be imparted by
g ydrog g y p

This section contains text coauthored by Harris, T. V. and Szilagyi, R. K. Nitrogenase structure
and function relationships by density functional theory. In Nitrogen fixation: methods and
protocols; Ribbe, M. W., Ed.; Humana Press: New York, 2011; pp 267-292.
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incorporation of heterometals, such as nickel in CO dehydrogenase and [Ni-Fe]-

hydrogenase,'' and molybdenum or vanadium in the nitrogenases.

A o B

Figure 1.1. Representative cysteine-bound [2Fe-2S] (A) and [4Fe-4S] (B) clusters from
[FeFe]-hydrogenase (PDB ID 3C8Y).'?

Much research has been done on the electronic and magnetic structure of iron-
sulfur clusters.'” The reduction potentials of iron-sulfur proteins span a remarkable range
of =700 mV to 400 mV,'* due to the large range of cluster charge states and the tuning
effects of the protein environment. [2Fe-2S] clusters interconvert between an oxidized
2Fe’" and reduced Fe’"Fe*" localized-valence form, which have ground spin states of S, =
0 and S; = 1/2, respectively, as a result of antiferromagnetic coupling of the high-spin
irons.'* '* Protein-bound [4Fe-4S] clusters typically access a 1+ (S; = 1/2 or 3/2), and 2+
(St = 0) charge state, while a 3+ (S; = 1/2) state is only observed in high potential iron
proteins (HiPIP), exemplifying the control of the protein environment (discussed below).
The [4Fe-4S] cubanes are structured as two ferromagnetic [2Fe-2S] rhombs that are

2.5+

generally valence-delocalized (Fe””") in the mixed valence state, in contrast to the [2Fe-



28] clusters.' °

These rhombs are antiferromagnetically-coupled to each other through
highly covalent iron—sulfur bonds that help mediate the superexchange interactions.'® The
strong overlap between Fe(3d) and S(3p) orbitals also contributes to the electron transfer
and catalytic abilities of iron-sulfur clusters (see Chapter 2 for further discussion).

An interesting feature of iron-sulfur proteins is the variation in reduction
potentials even within those with the same type of cluster. For example, the reduction
potentials of [2Fe-2S] ferredoxins lie in the approximate range of —400 to —200 mV,
despite the identical cluster compositions.'* Clearly, the environment surrounding the
cluster, which does vary between proteins, has an important impact on its properties. The
various factors affecting iron-sulfur clusters include electrostatic interactions with

21, 22 ey o1 22
7 and solvent accessibility™ (see

charged and polar residues,'*° hydrogen-bonds,
Chapter 3). Research into protein-environmental effects and the properties of iron-sulfur
clusters has been greatly aided by the use of synthetic iron-sulfur clusters as model
systems.” These complexes alleviate the complexity inherent in proteins, providing
opportunities to systematically dissect the effects of ligands, hydrogen bonds, and
heterometal-substitution. Additionally, in a more practical sense, they allow for higher

sample concentrations for spectroscopic studies, and simplify the protein environments in

quantum chemical models to homogeneous solvent environments.

Nitrogenase

Nitrogen is an essential component of amino acids and nucleic acids and is often

the limiting factor in plant growth.?* Although the atmosphere is largely composed of
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dinitrogen, this is not a bioavailable source due to the strength of the N=N triple bond;
thus, dinitrogen must be first reduced, or “fixed,” to ammonia. Biological nitrogen
fixation is carried out by the nitrogenase enzymes. They exist in three forms
distinguished by the composition of the active site cofactor, which may contain Mo, V, or
Fe.”® The Mo-containing nitrogenase is the most active and most frequently studied, and
will be the focus of this discussion. The enzyme consists of two components, the Fe-
protein and the MoFe-protein.> The Fe-protein acts as an MgATP-dependent electron
transfer agent to the substrate-binding MoFe protein, and the overall dinitrogen fixation
process proceeds with the stoichiometry shown:

N, + 8H" + 8¢ + 16MgATP — 2NH; + H, + 16MgADP + 16P; (1.1)

The Iron-Molybdenum Cofactor

A significant constraint on our understanding of biological nitrogen fixation is
that the structure of the iron molybdenum cofactor (FeMo-co) active site has not been
fully determined. FeMo-co has been identified as a [Mo-7Fe-9S-X] cluster (see Figure
1.2) by the atomic resolution (1.16 A) crystal structure of the MoFe-protein, where X is
an unknown interstitial atom thought to have eight valence electrons (C*, N>~ or 0%").%°
Current knowledge regarding the composition, oxidation states, spin states, and overall
charge is reviewed in Chapter 4. From a coordination chemistry perspective, it is
remarkable that this 18-atom cluster is linked to the protein matrix by only the Cys275
and His442 residues. An additional non-protein ligand, homocitrate, completes the
hexacoordinate environment of the Mo center. Considering that there are only two

residues binding FeMo-co, it is not unexpected that it can be extracted into N-methyl
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formamide (NMF) with homocitrate still bound, an NMF anion replacing Cys275, and a
neutral NMF molecule replacing His442.>” The structure of extracted FeMo-co (exFeMo-
co) has been shown by Mo K-edge extended X-ray fine structure (EXAFS) spectroscopy
to be intact, with long range order in the ~5.1 A Mo-Fe interaction, although the structure
is slightly relaxed (0.05 A) in the extracted form. The distances in the first coordination
shell of Mo and the distances to the nearby Fe centers were also shown to be nearly

identical for extracted and protein-bound cofactor.?®

GIn191
His195

Lys426

Figure 1.2. The iron-molybdenum cofactor (FeMo-co) of nitrogenase with residues
shown by mutagenesis experiments to affect reactivity, as discussed in the text
(coordinates from PDB ID IMIN).*® X is an unknown atom thought to be C*", N*", or
(o

Reactivity and Mechanism. The reactivity of FeMo-co extends beyond dinitrogen

fixation. Alternative substrates (generally small unsaturated molecules such as azide

(N3 ) and acetylene (C,H3)) and inhibitors (CN and CO) have been employed to gain
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insights into the nitrogen fixation mechanism. Acetylene is both a substrate and an
inhibitor of dinitrogen reduction, and by growing cells in the presence of acetylene, a
mutant was discovered with aGly69 substituted by Ser that had decreased affinity for the
larger acetylene substrate, without affecting dinitrogen reduction.” This was interpreted
as a steric effect in which the adjacent residue, aVal70, blocks access to a central 4Fe
face of FeMo-co. Subsequent experiments showed that substituting aVal70 with the
smaller residues, Ala or Gly, allowed the binding and reduction of larger substrates, such
as propargyl alcohol (HOCH;C=CH).* Preliminary molecular dynamics simulations
show conformational changes in the aVal70 position upon approach of an N, molecule,
consistent with its proposed gate-keeping role.”' These results further implicate the 4Fe
face composed of Fe2, 3, 6 and 7 (as defined by crystallographic atom labeling, and
shown in Figure 1.2) as a likely substrate binding site.

Studies of other MoFe protein variants with substitutions in the vicinity of FeMo-
co have offered insights into the role of the protein environment. Variants with a
substitution of aArg96, also located near the same face as aVal70, bind acetylene and
cyanide in the resting state, unlike the wild-type protein, indicating that aArg96 may have
a gate-keeping role.** Substitution of another residue in the same vicinity, aHis195, slows
or eliminates N, reduction, while allowing N, to bind, implicating this residue in proton
transfer and providing further evidence for the importance of this 4Fe face and the
surrounding residues.”® Furthermore, a putative substrate channel that leads to the same
face has also been identified.** The binding site for alkyne substrates has been narrowed

to Fe6 by site-directed mutagenesis studies of aHis195, aVal70, and OLGln191;35
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however, locating the specific binding site of N, has proven to be more difficult.
Recently, rapid freeze-quenching of a MoFe variant with a double mutation of aHis195
and oVal70 enabled "N ENDOR studies of trapped intermediates of the N, reduction
pathway. Diazene (N,H;) and hydrazine (N,H4) were shown to be trapped in either end-
on or in a symmetric bridging coordination mode at the same reduced form of FeMo-co
in a S, = 1/2 spin state.’® >’ These studies lend support to the “alternating” mechanism, in
which alternate N atoms are protonated in successive steps.”® A less reduced intermediate
has been trapped using N, as a substrate for the wild-type protein, and the ENDOR data

were consistent with N, bound end-on in a terminal or bridging mode to one or more

11 vV 39

metal ions with a small spin density, such as a low-spin Fe" or Fe'", Fe', or even Mo'".

The possibility of dinitrogen binding to Mo cannot be ruled out completely, and
such mechanisms are closely linked to the role of homocitrate. A strong chemical
argument for the Mo site is that, to date, the only molecular system capable of catalytic

. . 40, 41
N> reduction contains Mo. ™

MoFe protein variants with citrate instead of homocitrate
lose the ability to reduce N», but acetylene reduction is unaffected.*” Citrate only differs
from homocitrate in the length of the CH,CH,COO arm by removal of a methylene
group. ExFeMo-co with either citrate or homocitrate and NMF has an increasing rate of
reaction with thiophenolate as [PhS ]/[PhSH] ratio increases. However, when imidazole
replaces NMF at the Mo site of exFeMo-co, the rate decreases with [PhS ] /[PhSH],
while it is unaffected by cyanide, azide, and the proton.”” This was interpreted as

evidence for hydrogen bonding between homocitrate and imidazole that is not possible

with the shorter arm of citrate. However, even with the longer arm, homocitrate cannot
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reach the Mo-bound imidazole of His442 in the wild-type FeMo-co.*” Based on evidence
from model complex chemistry,** a mechanism was proposed that homocitrate becomes
monodentate during the mechanism, hydrogen bonding to His442.* With this
mechanism, N, could bind to the vacant Mo site of the highly reduced FeMo-co, while
acetylene reduction would take place away from Mo. An experiment designed to test this
hypothesis showed that substitution of alLys426, a residue proposed to stabilize
monodentate homocitrate, affected N, reduction without affecting acetylene reduction,”’
supporting the idea that there are different binding sites. Furthermore, Coucouvanis’
model chemistry showed that a [4Fe-4S] cluster with chloride ligands was capable of
acetylene reduction,*® while Mo is needed to cleave the N,N single and double bonds.*’
Whether Mo is the N, binding site, or it just modifies the electronic structure of the

surrounding Fe sites to allow N, binding remains to be determined.

The Thorneley-Lowe Kinetic Model. Our current knowledge of the overall

dinitrogen reduction mechanism is derived from the framework provided by the
Thorneley-Lowe model, shown in Figure 1.3, that was based on a kinetic analysis of N,
binding and Fe-protein turnover, i.e., electron accumulation at FeMo-co.”® The model
defines eight intermediate states for the MoFe protein, E,, where n is the number of
accumulated electrons and protons. When dinitrogen binds, FeMo-co is purported to be in
a state that is three or four electrons reduced (EsHs or E4Hy) relative to the resting state
(Eo), and eight electon-transfer events are needed to complete the cycle, whereas
reduction of other substrates such as acetylene requires as little as two electrons. Thus,

different substrates bind to different states of FeMo-co. However, considering the
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accumulation of protons, the transferred electrons may not result in highly reduced Fe
sites, because hydrides could form. A new view of the Thorneley-Lowe model based on

this concept and the findings from Chapter 4 is presented in Chapter 5.

ENH, «— ENH e ENH, «——
e /H* e /H* NH, e /H*

Figure 1.3. The Thorneley-Lowe kinetic model of the dinitrogen reduction mechanism,
where E, indicates the accumulation of n electrons (adapted from ref 48).

Density Functional Theory

Density functional theory (DFT) builds on the premise of the Hohenberg-Kohn
theorem® and Kohn-Sham equations® by providing a connection for a chemical system
between its electron density distribution and its unique total energy with respect to
combinations of nuclear and electron interactions. The electrostatic interactions can be
described by the classical Coulomb law or by its Hartree expressions of J(p), where J is
the Coulomb integral and p is the electron density.”' In practical application of DFT, the
electrons are described by a three-dimensional integration grid of the topologically
complex electron density. Excluding the numerical nature of handling electron density,

the Coulomb interactions are conceptually identical to those considered in wave function-
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based molecular-orbital (MO) methods that are often called ab initio MO methods. The
dividing difference between DFT and ab initio MO methods comes from the treatment of

the quantum phenomena of electron-electron exchange and correlation interactions.

Exchange Functionals

In ab initio MO methods, the exchange term is known exactly in the framework
of orbitals and implemented by the Hartree-Fock approximation (Hartree-Fock exchange,
HFX), while in DFT this is approximated by mathematical expressions that are functions
of spatially dependent electron density, termed exchange functionals (density functional
exchange, DFX). Improvement in DFX has been achieved by leading theoretical groups
in going from early Xa >* and Slater-exchange >* based local DFX functionals, through
the modern Kohn-Sham first derivative-corrected semilocal DFX functionals termed
generalized gradient approximations (GGA)™* and second derivative-corrected
functionals (meta-GGA),> to the nonlocal hyper-GGA>* or random phase approximation
(RPA)** * with exact exchange functionals. The new RPA functionals would be
attractive for application to transition metal systems if not for the prohibitive

computational cost. An alternative scheme introduced by Becke™® ¥’

to correct density
functionals uses hybrid exchange functionals to mix exact nonlocal HFX and pure GGA
or meta-GGA DFX functionals. From a coordination chemist’s point of view, this mixing
is a useful tool for empirically tuning metal-ligand bonding in computational models, and
thus manipulating the catalytically relevant redox active orbitals at a modest

58, 59
6°°

computational cost. For example, GGA functionals, such as BPS§ often lead to

overly covalent descriptions of ground state electronic structure,”’ and empirically-
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derived hybrid functionals, such as B3LYP,” can improve accuracy. However, no single

functional is known to date that works for all transition metal containing systems.

Correlation Functionals

Due to the complex nature of the correlation interaction, there is no quick fix or
exact analytical formula in either ab initio MO or DFT methods. However, the advantage
of using ab initio MO methods is the availability of a theoretically converging series of
post-HF or post-SCF methodologies that can systematically take into account more
complete treatments of dynamic and static correlation effects by approaching the
complete configuration interaction limit (full CI), and thus the exact solution of the
Schrédinger equation. The significant drawback is that post-HF methods come with very
high computational costs (4th-7th order dependence on the size of the system defined by
the number of electrons/orbitals). Even considering multi-core compute servers equipped
with graphical processing units and recent developments in linear scaling methods,®" the
practical applicability of higher correlation methods is limited to a few transition metal
ions coordinated with highly truncated ligand models. By contrast, the density functional
correlation (DFC) functionals share the acceptable cost of DFX for realistic systems.
Therefore, DFT methods are currently the most practical approach for theoretical
calculations involving large bioinorganic systems® ® up to approximately 300 atoms.
Local, semilocal (GGA and meta-GGA), and nonlocal (e.g. hyper-GGA and RPA) DFC
functionals comprise an improving series of levels of theory; however, unlike with ab
initio MO methods, a conceptually converging series for either DFC or DFX functionals

is not yet known. The above described features of ab initio MO and DFT methods are
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graphically illustrated in Figures 1.4A and 1.4B, respectively. It is important to mention

6466 in DFT with long-range and dispersion

that there are exciting recent developments
correction functions that are applicable for the description of weak interactions, such as
n-n stacking, hydrogen bonding, van der Waals and dispersion interactions; however,

these address interactions that are at least an order of magnitude weaker than those

governing the coordination chemistry of iron-sulfur clusters.

A HF BHF

MINI double-{ triple- quad.-C

MP4 T
QCIsSD +
CCSD(T) 4+
More
CASPTZ + complete VA
Full-cl - electronic PWO1

v correlation Exact solution of
the #7¥Y=EY

Figure 1.4. (A) Schematic demonstration of theoretically converging series of ab initio
MO methods and (B) the relationship of hybrid and GGA semilocal DFT approximations.

Basis Sets
The size and quality of the basis set is an important input parameter for DFT
calculations. The possible basis sets are Gaussian- (GTO) or Slater-type orbital (STO),

numerical, or plane wave. The latter is the preferred choice for calculations with periodic
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boundary conditions. Figure 1.4A illustrates on the horizontal axis of the ab initio MO
chart a converging series of GTO basis sets as the splitting of the valence set and thus the
overall basis set size increases. STO-based Kohn-Sham orbitals and other electronic
structure descriptors are generally more chemically meaningful due to the hydrogenic
radial distribution of STOs; however, they are more computationally expensive to
integrate than GTOs. With respect to the quality of a given size basis set, there are some
considerable variations, especially when it comes to the description of catalytically
important frontier molecular orbitals (FMO). For example, in the case of Fe-S systems,

the triple-{ quality Ahlrich’s basis set®” ®

with polarization functions provides a more
chemically reasonable description of unoccupied FMOs than the Pople’s 6-311G % 7
with both polarization and diffuse functions. In order to rigorously evaluate the basis set
quality and how well the basis set saturation limit is approached, ab initio MO theory is
of great practical help. Using a small computational model relevant to a given complex
bioinorganic problem up to 20 atoms, this can be readily evaluated using a series of
theoretically converging series of ab initio MO methods with increasing size of basis set
to determine the smallest large basis that reasonably reproduces the available

experimental observables. Using any larger basis set would only increase the

computational cost without significantly improving the electronic structure description.

Magnetic Interactions

A somewhat controversial issue, in particular for bioinorganic active centers with
complex iron-sulfur architecture, is the treatment of magnetic interactions among the

high-spin, magnetically-coupled iron centers. A general procedure known as the broken
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symmetry approximation was introduced and used to approximate the structure of these
systems by Noodleman.”' This treatment is a quick fix for the limitation of HF ab initio
MO or DFT calculations. The unrestricted nature of the single-reference wave function or
electron density is exploited by allowing different occupation or mixing of the spin-up (o)
and spin-down (P) orbitals or densities, respectively. This will result in an electronic
structure that is a solution of the HF or KS operator, but not the spin operator.”” Although
M; is well-defined, the expectation value of the spin operator (<8*>) deviates from the

ideal S($+1) according to Equation 1.2:

A a _ A7P o _ arB
<52>BS:£N 2N j(N 2N +1J+NB—Zn;*n?

2

of
Si

(1.2)

where N* and N are the number of a and P electrons, respectively, 7" and n are spin-
orbital populations, and S;*® is the overlap integral between the o, and P

-7 For example, the BS state of a system with two ferric iron centers (N* =

spin-orbitals.
N = 5) bridged with sulfide ligands has <$*>gs ~ 5 at the HF level, while <§>> = 0 for
the true ground state. For the magnetic interactions between the Fe centers, |S*;|” is
nearly 0 due to the superexchange pathways through the sulfide ligands. Thus, Equation
1.2 reduces to the true ground state <S§>> plus the number of unpaired B electrons. For a
two-spin system, the true ground state energy can be calculated using the total energy and
the expectation values of the spin operator of a broken symmetry solution and the
ferromagnetic spin state.”” Recently, a method has been proposed to use this projected

ground state for geometry optimizations, which can result in significantly different

structures by more than 0.1 A deviations in bond lengths.” For a polynuclear system such
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as FeMo-co, a more sophisticated approximation of the true ground state based on the
Heisenberg Hamiltonian can be used (see Chapter 4). Despite its conceptual limitations,
the broken symmetry approach can reliably describe the electronic and geometric

structures of iron-sulfur systems given a well-chosen functional and basis set.”’

Spectroscopic Calibration of DFT

The choice of functional and basis set is of critical importance to any
computational study. The adequacy of various levels of theory is typically evaluated
through comparison with experimental data. Instead of looking at global electron density-
based structural properties, such as molecular geometry or vibrational frequencies, or
even UV-vis excitation data, Mossbauer shifts, or g-values for paramagnetic systems, we
are a strong proponent of using experimental orbital compositions from the core-excited
state spectroscopic technique of multi-edge X-ray absorption spectroscopy (XAS).'® "
The main argument is that those spectroscopic techniques are based on the total electron
density, where the differences in individual orbital compositions may be hidden due to
cancellations. By contrast, X-ray absorption and emission spectroscopy probe these
individual unoccupied and occupied orbitals, respectively. As discussed above, custom

functionals based on Becke’s hybrid approach®® >’

can be adjusted to yield calculated
covalencies, in terms of spin densities or frontier orbital compositions, that match those
derived from EPR/ENDOR or X-ray absorption spectroscopy, respectively. A
complication with calibrating the level of theory in this way is that the theoretical results

are also dependent on the method of population analysis. Still, calibrating with

experimental covalencies results in the most reasonable and economical mix of “pure”
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DFX and HFX for the studied system,”” ”” and this method is applied and discussed in

more detail in Chapters 2 and 4.

Computational/in silico Models

In addition to the level of theory that includes the mathematical formalism for
interactions and the basis set considerations, the size and adequacy of the computational
model is a key component of electronic structure calculations and theoretical chemical
modeling. Truncation, protein environmental effects, and explicit or implicit solvent
interactions greatly affect computational cost and accuracy. Assuming the chosen
functional, basis set and method of handling magnetic interactions is adequate for
describing the chemistry of iron-sulfur clusters, the results will still be inaccurate if the
computational model is too small or has incorrect composition. This is particularly
relevant for FeMo-co, since the presence of a central ligand was confirmed®® about a
decade after obtaining the first crystal structure.” As an example of the consequences of
having an unavoidably incomplete model, Lovell et al. initially found preference for the
6Fe"-1Fe™ oxidation state using an early FeMo-co model without the central ligand,*
while the 4Fe'-3Fe'"" state was favored after inclusion of an anionic central ligand.*' An
additional uncertainty in DFT calculations with FeMo-co is the unknown protonation
state of the ligands. Truncation of ligands to save computational time can be reasonable,
particularly when the covalent interactions in the cluster are preserved. For example, the
uncoordinated carboxylates of homocitrate are not expected to significantly affect the
Mo-O bonding, and thus homocitrate can be truncated to a glycolate moiety. Cys275 and

His442 can be truncated to an alkyl thiolate and imidazole group, respectively, while
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critical covalent interactions would be lost with further truncation to a sulthydryl and

ammonia group.

Protein Environmental Effects. For the most accurate geometry optimizations and

calculations of properties such as reduction potentials, the protein environment must also
be considered.*** An efficient first-order approximation previously applied in studies of
FeMo-co™ ¥ is to mimic the dielectric environment around the cofactor with an implicit
solvent implementation, such as the polarizable continuum model (PCM).*”* In order to
introduce anisotropy, the surrounding protein environment can also be modeled by point
charges,” or by using explicit neighboring molecules treated with molecular
mechanics.”” ** However, if resources and time permit, expansion of the quantum
mechanically treated portion of the model is the preferred way to increase accuracy, as
this is the only method that can fully capture, simultaneously, the environmental effects
of hydrogen bonding, dipole, electrostatic, and steric interactions of the inner and first-
outer-sphere residues in addition to the electronic interactions. We consider a
computational model to be converged if additional outer-sphere residues do not
significantly affect the electronic interactions within the cluster.”” An alternative method
for evaluating the adequacy of a model, demonstrated by Siegbahn,”* is to calculate a
potential energy profile for a reaction using PCM with various dielectric constants. If the
variations between the profiles are small, the model is large enough. This method can be
generalized to use any molecular property as a reference, depending on the objectives of
the study. Further discussion of protein environmental effects can be found in Chapter 3,

which is devoted to this topic.
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Research Directions

Computational and experimental methods are synergistic in studies of iron-sulfur
clusters. DFT can be used to examine mechanistic pathways, intermediates, and structural
details that are difficult to observe experimentally. However, the employed level of
theory, method of population analysis, and computational model must accurately describe
the chemistry of protein-bound iron-sulfur clusters, and be able to reproduce the available
experimental data. One of the goals of the research presented here is to define the most
appropriate computational methods for use in studies of iron-sulfur clusters. This is done
in Chapter 2, where various DFT functionals, basis sets, and methods of population
analysis commonly used in the literature are applied to 1Fe, [2Fe-2S], and [4Fe-4S]
model complexes, and the bond covalencies are compared to experimental and ab initio
wave function-based values. The use of model complexes in Chapter 2 allows for an
analysis based purely on iron-sulfur chemistry, without the additional complication of a
protein environment.

In Chapter 3, recommended methods from Chapter 2 are applied to the [2Fe-2S]
cluster of [Fe-Fe]-hydrogenase, and the effects of the protein environment are
systematically probed. An important goal here is to define the types of interactions that
must be included in a computational model of a protein-bound iron-sulfur cluster.
Through this study we gain new insights into the effects of hydrogen bonds and
electrostatic protein-cluster interactions, and an algorithm is derived that selects all of the
functional groups in the surrounding environment with significant covalent and

electrostatic effects on the cluster.
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While the first two studies are focused on method development, the third study,
detailed in Chapter 4, is an application of DFT to the identification of the structure of
FeMo-co. The remaining structural uncertainties are impeding our progress toward a full
understanding of biological nitrogen fixation. This is an important topic because today
we use the fossil-fuel-reliant and unsustainable Haber-Bosch process to fix nitrogen for
artificial fertilizers at high pressure and temperature. Studies of biological nitrogen
fixation have the potential to give alternative means of producing bioavailable nitrogen
under ambient conditions. Additionally, uncovering the mechanism of nitrogenase and
FeMo-co, one of the most complex iron-sulfur clusters in biology, will enhance our
understanding of this ubiquitous class of cofactors. By comparing the geometric and
electronic structures of the possible compositions, charge states, and ligand protonation
states with all available experimental data, the most likely structure of FeMo-co is

determined.
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CHAPTER 2

IRON-SULFUR BOND COVALENCY FROM ELECTRONIC STRUCTURE

CALCULATIONS FOR CLASSICAL IRON-SULFUR CLUSTERS

Introduction

Bond covalency is often used to describe the partial covalent character of a metal—
ligand (M—L) bond in a coordination complex. It is a fundamental measure of electron
distribution that impacts the electronic and geometric structural properties as well as
reactivity of transition metal complexes. It can facilitate the formation of M-L-M
superexchange pathways for antiferromagnetic coupling of paramagnetic M centers,”

96, 97

mediate long-range, rapid electron transfer, aid metal centers for binding and

%8 % and contribute to remarkable ligand-based, non-

activation of small molecules,
innocent coordination chemistry.'® The specific definition of covalency depends on how
it was derived or determined from theory or experiment, respectively.

From a historical perspective, M—L bond covalency extended the ionic description
of bonding from crystal field theory to the more detailed description from ligand field
theory (LFT). The latter accounts for the covalency-induced reduction in the metal d
electron-electron repulsion term and the change in the effective nuclear charge (Ze),

%" The resulting reduction of the Racah

which is also known as the nephelauxetic effect.
parameters, B and C, relative to the free ion values, gives a measure of covalency.

Interpretation of electronic absorption spectra and electron paramagnetic spectroscopic

measurements further developed the concept of covalency through extraction of
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quantitative ground-state bonding descriptions from spectral feature intensities, and the
spread of g values or hyperfine coupling constants, respectively. Alternatively, the
mixing of metal and ligand orbitals can be determined by valence bond configuration
interaction (VBCI)'®* theory in conjunction with transition energies and intensities from,

105 measurements. The VBCI framework

for example, photoelectron spectroscopic (PES)
is particularly useful for modeling systems with significant multiplet effects.

In this study, we will mainly focus on experimental covalencies derived from the
molecular orbital-based analysis of X-ray absorption spectroscopic (XAS)
measurements.'® The core excited state-based XAS technique has now become a popular
method to obtain direct covalency information from pre-edge feature intensities given
that the appropriate core electron — valence orbital transition dipole integrals have been
determined. For an Fe—S bond, the bond covalency defined by the orbital coefficients in
the Fe-based, lowest unoccupied molecular orbitals (LUMOs) can be derived
semiempirically from S K-edge'® (3p) and complementary Fe L-edge'® (3d) X-ray
absorption spectroscopic (XAS) measurements. Intense features in S K-edge spectra
before the ionization threshold, or edge jump, arise from 1s—3p dipole allowed
transitions. In the free ligand spectra these transitions are not observed, due to the full
occupation of the S(3p) orbitals. However, if the ligand is coordinated to a transition
metal with unoccupied d orbitals, a new feature (pre-edge) appears before the rising edge,
which gives a direct measure of the ligand character of the LUMOs. An important

limitation of this approach is that the experimental covalencies are limited to the extent of

S(3p)-Fe(3d) mixing, and do not define the total Fe—S bond covalency. The Fe L-edge
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provides complementary information (metal contribution to covalency) by probing the
2p—3d transitions, from which the Fe(3d) character in the LUMOs can be determined.
Due to complex multiplet and spin-orbit excited state effects in the Fe L-edge spectra, S
K-edge XAS is the more direct and commonly applied technique. Since the first
quantitative work using S K-edge XAS to obtain bonding information for Cu(Il)
complexes,'” there have been numerous studies of biological Fe-S clusters and model
compounds,'® from iron tetrathiolate complexes to the sulfide and thiolate-containing
[2Fe-2S], [3Fe-4S], [4Fe-4S], and larger'”’ clusters.

M-L bond covalency from electronic structure calculations can be based on the
ligand or metal character of orbitals, spin delocalization, Coulomb interactions or energy

108, 109

decomposition. Other theoretical approaches use electron sharing indexes such as

the Mayer''” and fuzzy atom''' bond orders, and the delocalization index (DI)''*'* from

Bader’s theory of atoms and molecules (AIM),“4’ 1s

as measures of covalency in terms
of shared or exchanged electron pairs. Theoretical orbital coefficient-based bond
covalencies can be quantified most directly using either molecular orbital-based wave
function theory (WET) or electron density-based density functional theory (DFT).'® In
addition to the treatment of the exchange and correlation interactions, a pitfall of using
modern electronic structure theory to obtain information regarding M-L bond
covalencies is the dependence on the method of analyzing the optimized, ground state
electronic structure. The most straightforward and commonly employed''® method is the

117

coefficients-squared population analysis (CSPA), * which directly uses the MO

coefficients to quantify the atomic contributions. The CSPA method has serious
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limitations if a large Gaussian-type basis set with polarization and diffuse functions is
used, due to linear dependence of the basis functions. Mulliken population analysis
(MPA),'"® which is practically the CSPA method with the addition of overlap is also
commonly used, despite its well-known shortcomings of strong basis set dependence and
inaccuracy in describing polar bonds due to the equal partitioning of shared electron
density. This is expected to be exaggerated for M-L bonding due to the considerable
electronegativity difference between the metal and the coordinated main group element.
The Minimum Basis Set (MBS)'"” Mulliken analysis was developed to overcome the
basis set dependence of MPA by first projecting the orbitals from the large basis set onto
a minimum basis set (STO-3G). Weinhold’s natural population analysis (NPA)'*'*?
assigns the density to atomic orbitals preferentially, with priority given to core and then
valence orbitals. The remaining electron density is then assigned to Rydberg orbitals.
Consequently, atomic properties, such as total atomic charge, orbital occupation, and spin
densities derived from NPA differ depending on whether the valence or Rydberg sets
include the low-lying unoccupied atomic orbitals, such as Fe 4p and S 3d.'"* A solely

124

density-based approach is the Hirshfeld population analysis (HPA), ©* which distributes

the density at each point according to weightings defined by the contributions of neutral
atom densities. A topological approach to partitioning density is provided by AIM,''* !>
in which the density is divided into atomic basins defined by zero-flux surfaces without
considering the specific atoms or orbitals contributing to the electron density. The
density-based methods, AIM and HPA, have the benefit of being relatively insensitive to

basis set effects.'”
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In addition to the dependence of theoretical covalencies on population analysis,
the calculated density itself varies according to the employed level of theory. A saturated
basis set can be approached by increasing its size until molecular properties such as
energy and bond covalency no longer change. However, choosing the most appropriate
functional is less straightforward. One method is to use experimental bond covalencies
from XAS or EPR measurements as a standard for calibration.®” Previously, we carried
out this procedure for the prototypical [FesS4(SEt)s]* cluster, using Mulliken spin
populations,”” which can bias the calculated covalencies due to basis set sensitivity.'*
Nevertheless, the previously found calibrated level of theory, B(5%HF)P86/6-311+G(d),
is preferred due to its good performance in geometry optimizations in comparison to
other hybrid functionals, such as B3LYP and smaller basis sets. It is important to
highlight that, due to error cancellations, a functional (e.g., B3LYP) that tends to give
elongated Fe—S bond lengths, and thus an expanded Fe-S cubane, can be adjusted toward
an experimentally sound geometry by using a truncated double-C quality basis set.

In this work we focus on the electronic structures of highly covalent iron-sulfur
([Fe-S]) clusters of metalloenzymes found throughout biology.’ The Fe-S bond partly
derives its unique electronic and magnetic properties from the small energy difference
between the Fe d and S p valence orbitals, both of principal quantum number n = 3. The
positive Z of the biologically relevant Fe*™ and Fe®" ions stabilize the 3d orbitals, while
the negative charges of the thiolate (S') and sulfide (S°) sulfur centers destabilize the 3p
orbitals, and thus reduce the energy gap and increase mixing between the donor ligand

orbitals and the vacant metal d-orbitals. Pictorially the Fe—S bond can be considered as
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the C-C bond of coordination chemistry. Due to the presence of the S'-C bond, the Fe—S"'
bond is based on two S(3p) orbitals that form pseudo-c and n-bonds with the Fe center.'?’
By contrast, the formally dianionic bridging sulfides have all three 3p orbitals available
for bonding and are stronger donors than thiolates.'”® The y*-bridging sulfides in [2Fe-
2S] rhombs form more covalent bonds as defined by per-bond covalency for two Fe—S
bonds, but their total electron donation is less than that of ’-bridging sulfides in [4Fe-4S]

> which donate to three Fe centers. The reduced per-bond covalency of u’-

cubanes,’
bridging sulfides weakens the superexchange interactions between pairs of Fe centers,
leading to the direct-exchange coupled, valence delocalized Fe*>" pair of a [2Fe-2S]
rhombs within [4Fe-4S] clusters, in contrast to the localized electronic structure of
Fe®"/Fe’” pair in the mixed-valence [2Fe-2S] clusters.”

We start with the mononuclear rubredoxin model, [Fe(S;-0-Xyl),] and extend the
breadth of functionals, basis sets and population analyses from the earlier study’’ to
perform a more comprehensive evaluation of the sources of errors in determining Fe—S
bond covalency. In addition to the experimental reference covalency from XAS
measurements, we use a high level, ab initio wavefunction method, QCISD, with a
saturated basis set, to find theoretically converged reference values for orbital
compositions. The favored levels of theory for the mononuclear complex are then applied
to larger [2Fe-2S] and [4Fe-4S] clusters to further evaluate the performance of population

analysis methods. For each model we also examine how the orbital coefficient-based

covalencies most relevant to XAS are related to the total charge transferred from the
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ligand to the metal, as well as to the covalencies derived from spin delocalization and the

electron sharing index, DI.

Computational Details

Electronic structure calculations were performed with Gaussian 03 Rev E.01'%

(DFT) and Gaussian 09 Rev A.02"° (ab initio). The employed functionals are given in
Table 2.1. The following basis sets were used as implemented in Gaussian:
LANL2DZ, "B 631G, 1 6-31+G(d),”" ' 6-311G,""'* 6-311G(d),'* 6-
311+G," ' 6-311+G(d), aug-cc-PVTZ,"**'*® aug-cc-PVQZ,"**'** def-SVP, and def-
TZVP, where def refers to the original forms®” ®® of the Ahlrichs basis sets. The
following revised Ahrichs basis sets'* were used as obtained from the EMSL Basis Set
Exchange'™’: def2-SVP, def2-TZVP, def2-TZVPP, def2-QZVP, and def2-QZVPP. The

151

SDD-VTZ(d) basis set was formed by adding polarization functions for Fe'*' and S$'** to

the Gaussian implementation of the Stuttgart-Dresden effective core potential (ECP)

131, 153, 154

basis set. The SCF convergence criterion was 10° a.u. for DFT and 10~ a.u. for

QCISD.



Table 2.1. Definitions of functionals used in this study

exchange
symbol density functional Hartree-Fock correlation ref

B(5%HF)P86  95% Becke88 5% Perdew86 58,59
tHCTHhyb 85 % t-dependent Boese-Handy 15% t-dependent Boese-Handy 155
B3LYP 72% Becke88 20% Lee-Yang-Parr and Vosko-Wilk- 59, 156,

Nusair (III) 157
HSE06 75% screened Perdew-Burke-Ernzerhof 0-25%" Perdew-Burke-Ernzerhof 158
PBEO 75% Perdew-Burke-Ernzerhof 25% Perdew-Burke-Ernzerhof 159, 160
MO06 73% Zhao-Truhlar 27% Zhao-Truhlar 66
BP86 Becke88 Perdew86 58, 59
BVP86 Becke88 Vosko-Wilk-Nusair (V) and 58, 59,

Perdew86 156
HCTH407 Boese-Handy Boese-Handy 161
tHCTH t-dependent Boese-Handy t-dependent Boese-Handy 155
MO06-L Zhao-Truhlar Zhao-Truhlar 162
OP86 Handy-Cohen (OPTX) Perdew86 58,163
PBE Perdew-Burke-Ernzerhof Perdew-Burke-Ernzerhof 160
PBEhole Ernzerhof-Perdew Perdew-Burke-Ernzerhof 160, 164
PKZB Perdew-Kurth-Zupan-Blaha Perdew-Kurth-Zupan-Blaha 165
PWI1 Perdew-Wang Perdew-Wang 166
TPSS Tao-Perdew-Staroverov-Scuseria Tao-Perdew-Staroverov-Scuseria 167
VSXC van Voorhis-Scuseria van Voorhis-Scuseria 168

“ Distance-dependent Hartree-Fock exchange.

LT
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The computational model of [Fe(S;-0-Xyl),] was constructed using its crystal
structure from the Cambridge Structural Database'® (refcode: OXYSFE10)'”’ and
symmetrized to C,. Some calculations (see below) were conducted using a model
truncated to [Fe(S,CsHe).] , as in Figure 2.1. The effects of symmetrization and
truncation on electronic structure properties were negligible according to DFT
calculations (see Appendix A). To enable QCISD calculations with large basis sets, the
model was further truncated to [Fe(SMe)4] and [Fe(SH)4] , where the C and H positions
were optimized at the BP86/def-TZVP level, while maintaining the C, symmetry of the
original model. Coordinates for [Fe;Sy(S>-0-Xyl):]*~ and [Fe>S>(SPh)s]* models were
taken directly from the crystal structures (XLDTSF'"! and DOMVEGO1,'”? respectively).
The model of [Fe,S,(SEt)s]> was constructed in GaussView and optimized with
B(5%HF)P86/6-311+G(d) in D, symmetry. The model of [FesS4(SEt)s]*” was derived
from the analogous complex with 4-hydroxy-butanethiolate ligands (CESXED),* as in
ref 77. Antiferromagnetic coupling in the [2Fe-2S] and [4Fe-4S] models was treated via
the broken symmetry (BS) formalism,”' using the generalized ionic fragment approach’’
to generate an initial electronic structure. For the [4Fe-4S] model, the lowest energy BS
state was chosen from the three possible states in which two high-spin, ferromagnetic,

mixed-valence [2Fe-2S] rhombs are antiferromagnetically coupled.
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Figure 2.1. [Fe(C4HS,)2] -truncated computational model of [Fe(S;-0-Xyl),] with C,
symmetry, based on crystallographic coordinates (OXYSFE10).'” Selected Fe—S bond
lengths (black), a S-Fe-S angle (green) and C—C—C—C and H-C—C-H torsion angles
(blue) are labeled.

Several approaches were used to derive covalency and charge transfer from
CSPA, MPA, MBS, NPA, HPA and AIM. The NPA analyses were carried out with two
different orbital assignments: the expanded valence set (NPAy method), in which S(3d)
and Fe(4s,4p) were treated as valence orbitals, in addition to S(3s), S(3p) and Fe(3d); and
the minimal valence set (NPA,, method), with S(3d), Fe(4s,4p) and higher orbitals treated
as part of the Rydberg set. All MPA, MBS and HPA analyses were carried out with
Gaussian 09, with the exception of the MPA LUMO analyses, which, along with CSPA,
were performed with the QMForge'” software. AIM calculations were performed with
the AIMAII software.'"™

In order to achieve the most direct connection between experimental S K-edge
XAS-derived covalencies and theoretical molecular orbital compositions, the thiolate and
sulfide 3p characters in the Fe(3d)-based LUMOs were considered. Specifically, the first

five LUMOs were summed for the single Fe ( only) and [2Fe-2S] (a0 and ) models, and

the first nine (or more, depending on Fe(3d) character; see DFT Fe—S Covalency of
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[Fe4S4(SEt)s]*) o and p LUMOs for the [4Fe-4S] model. The Fe(3d) contribution was
generally 1% or less to the higher energy orbitals that were not analyzed. For the MPA
and CSPA LUMO analyses, the total S character was summed for each LUMO. The
MBS, NPA and HPA LUMO analyses were performed by separately populating each
studied unoccupied orbital without re-optimizing the electronic structure, and then
comparing the gross (MBS, HPA) or S(3p) (NPA) population to that of the ground state.
The AIM LUMO analyses were performed by generating wave function files for each
frozen LUMO, and the atomic charges were used to obtain the total S contribution from
the difference between the ground state and the stepwise occupied LUMOs. The atomic
basins defined in the interatomic surface files generated from the ground state density
were used for integration of the densities described by the LUMO wave function files.

Thiolate sulfur atomic spin densities were used as a separate measure of
covalency, as uncompensated a electron spin emerges due to donation of 3 electron spin
from the doubly occupied ligand donor orbitals to the 3 electron spin deficient, partially
unoccupied metal d orbitals. Although ligand spin density is dependent on the degree of
M-L bond covalency, it essentially quantifies the unequal donation of o and 3 spin
electrons. For sulfides it was necessary to back-calculate the spin density from the iron
and thiolate values, because bridging sulfides have multiple bonding partners of opposing
spin polarization. Sulfide donation was also calculated by comparing the sulfur
population in the optimized electronic structure to the ionic valence bond limit with a 3p°

electron configuration (AS(3p) method) and a —2 charge (Ag method).
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Delocalization indexes, DI, were calculated using the AIMAII software. For a

Hartree-Fock (HF) wavefunction, DI can be expressed as follows:

DI=2)"S, .(A)S,;(B) 2.1)

where S;; is the overlap integral of all pairs of spin orbitals over the basin of atom A or
B.'” In the case of DFT, the Kohn-Sham orbitals only allow an approximation of DI,
through use of HF formalism.'’® Despite this drawback, trends in DI at HF and post-HF

levels of theory are reproduced by DFT.'"

Results and Analysis

Basis Set Evaluation

Finite basis sets impose a cap on the accuracy that can be achieved by a particular
functional or ab initio MO method, but this error can be minimized by gradually
approaching the basis set saturation limit at the cost of increasing computational cost. A
diverse array of double- and triple-{ Gaussian- (GTO) and Slater-type (STO) basis sets
have been used in studies of Fe-S clusters and complexes. Previously, we evaluated
several all-electron and effective core potential associated basis sets along with a range of
density functionals and found that a hybrid density functional with a small amount of HF
exchange (B(5%HF)P86) and a triple-§ quality basis set with both polarization and
diffuse functions (6-311+G(d)) are required to reproduce the experimental geometric
structures, magnetic coupling, and covalencies for [Fe;S4SEt,]*"."” Here, we have applied
the B(5%HF)P86 functional and a broader range of basis sets to a simpler Fe-S

compound, [Fe(S;-0-Xyl),] , in order to find the saturation limit based on total electronic
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energy (Escr) for fixed, experimental molecular geometry, and to evaluate the variability
in covalency. As expected, the Escr values (Figure 2.2, see Table A.l1 for numerical
results) generally decrease with increasing basis set size, from double-C (e.g.,, 6-31G,
def-SVP) to triple-C (e.g., 6-311G, def-TZVP, aug-cc-pVTZ) and the largest tested
quadruple-{ (e. g., def2-QZVP, aug-cc-pVQZ). The basis set saturation limit is
practically reached at the def2-QZVP level, as the Escr is almost the same with def2-
QZVPP, and it actually regresses to a higher value with the much larger aug-cc-PVQZ
basis set. The previous saturation limit, 6-311+G(d),”” which was based on geometry and
atomic spin densities is 727 kJ/mol higher than the new limit. Weigend and Ahlrichs'*’
also noted that def2-QZVP can be considered the basis set limit for DFT. The results here
illustrate the good performance of triple-C basis sets, with Escr values approaching those
of the quadruple-C basis sets at approximately 2% of the computational cost. Based on
these results, for large systems, the def-TZVP basis set can be particularly recommended
due to its smaller size and lower Egcr relative to 6-311+G(d). With respect to the latter
basis sets, we note that polarization functions contribute more to electronic stabilization

than diffuse functions, as evidenced by the 367 kJ/mol lower Egcr with 6-311G(d) than

with 6-311+G.
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Figure 2.2. Electronic energy (Escr) of [Fe(S:-0-Xyl):] wusing the B(5%HF)P86
functional and various basis sets.

In addition to electronic energy, other properties are expected to converge with
basis set saturation. However, for covalencies, the basis set dependence of population
analysis methods presents an additional complication. It is well documented that CSPA
and MPA analyses are among the most highly basis set-dependent, whereas the AIM
method is relatively independent. Since MPA spin densities are a commonly used
measure of covalency, we examined first their variation across a series of basis sets
(Figure 2.3, see Table A.1 for numerical results) using B(5%HF)P86 for the [Fe(S;-o-
Xyl),]” complex. Unlike with Escr, the trend of converging thiolate sulfur (S') atomic
spin densities with increasing basis set size is less clear. The diffuse function

supplemented 6-311+G and 6-311+G(d) basis sets lead to strikingly high MPA spin
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densities (~0.37 e), while the values for the double-{ basis sets (~0.26 e) lie significantly

lower than

those of the larger basis sets, which are generally in the range 0.29-0.31 e.

These effects can be attributed to the high degree of overlap of diffuse functions with

those of nei

ghboring atoms, and the relatively low amount of overlap with double-{ basis

sets. The effects of polarization functions are smaller, but can lead to a few percent

increases (e.g., def2-TZVPP or 6-311G(d)) or decreases (e.g., def2-QZVPP) in S' spin

density.
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Figure 2.3. MPA and AIM spin density per S' of [Fe(S;-0-Xyl):] using the B(5%HF)P86
functional and various basis sets.
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It is important to dissect whether differences in spin density reflect real changes in
the density and an improved bonding description or, alternatively, the shortcomings of
the population analysis method. For example, the ~0.01 e change from def2-QZVP to
def2-QZVPP is expected to be entirely due to MPA basis set dependence, because the
energies are nearly identical (see Figure 2.2). In order to address this, we compare in
Figure 2.3 the MPA S' spin densities to results of AIM analyses. AIM spin densities are
derived directly from the electron density, and thus are expected to show a smaller basis
set dependence. Indeed, the AIM spin densities for def2-QZVP and def2-QZVPP are the
same. Furthermore, with the exception of 6-31G and LANL2DZ, the full series of tested
basis sets lie within a small range of 0.01 e, indicating that for this system, all basis sets
larger than 6-31G give a reasonable description of the S' electron density, including the
polarization and diffuse function supplemented double-C basis set, 6-31+G(d).

Figure 2.4 graphically illustrates the difference in total electron density of several
basis sets from a saturated basis set, def2-QZVPP, using [Fe(S;-0-Xyl);] in the
orientation shown in Figure 2.4A. Def2-QZVP is not pictured because there is no visible
difference. 6-31G clearly provides the poorest electron density throughout the entire
molecule, with depletion of electron density in the bonds (blue lobes) and localization at
the nuclei (orange lobes) (Figure 2.4B). 6-31+G(d) is vastly improved, with particularly
small lobes in the difference isosurface around the S' centers (Figure 2.4D), and
remarkably, the AIM S' spin density is the same as for def2-QZVP (0.304 e). Def-SVP is
smaller than 6-31+G(d) and the deviations from the saturated density are thus greater

(Figure 2.4c). The Figure 2.4C inset shows that electron density is shifted toward the core
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relative to the saturated level. The Fe sites have a more complicated structure, showing
layers of deficient or excess electron density, as depicted in the Figure 2.4D inset. At the
triple-C level there is another significant step toward saturation. C-C and C-H bonds
approach the def2-QZVPP level with def-TZVP (Figure 2.4E), while the description is
still quite different with 6-311+G(d) (Figure 2.4F); however, the Fe and S sites are
similar between the two triple- basis sets. The S' density does deviate slightly more with
def-TZVP, resulting in an AIM spin density of 0.301 e compared to the better 0.305 e

with 6-311+G(d).

A

6-31+G(d)

def-TZVP 6-311+G(d)

Figure 2.4. Difference electron density isosurface plots for [Fe(S;-0-Xyl),] using the
def2-QZVPP total density as the reference. A fixed orientation (A) is used in the plots for
each basis set (B-F). Blue and orange surfaces represent regions in which the reference
basis set has more or less total density, respectively, than the tested basis set. Transparent
surfaces are inset for detail.
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In summary, based on the electron density analysis and AIM spin densities, as
well as Escr, the triple-{ Ahlrichs basis sets can be recommended along with the 6-
311+G(d) basis set, for which geometric structural error bars have been previously
established.”” Importantly, the pitfalls of using a basis-set-dependent method such as
MPA spin density have been identified and we conclude that AIM results were much

more consistent with the actual calculated density.

Functional Evaluation

60. 77 that orbital coefficient-based

It has also been discussed in literature
covalencies are highly dependent on the employed density functional due to changes in
the optimized density. To explore the effect of functionals on covalency, we applied a
variety of GGA, meta-GGA and hybrid functionals to the [Fe(S,C4Hg)2] truncated model
of [Fe(S;-0-Xyl),] with the theoretically converged def2-TZVP basis set. The results in
Figure 2.5 (see Table A.2 for numerical results) show a broad range in S' spin density
(0.24-0.32 ¢), with pure GGAs generally giving the highest covalencies, followed by the
meta-GGAs and finally the hybrids, with some exceptions. For reference, the S' spin

density at the highly ionic Hartree-Fock level is only 0.09 e, which explains the

decreasing trend in covalency from pure DFT to hybrid functionals.
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Figure 2.5. AIM spin density per S' of [Fe(C4HgS,),]” using the def2-TZVP basis set and
various functionals.

Ab Initio Fe-S Covalency of [Fe(S;-0-Xyl)]

In order to evaluate the performance of density functional theory with respect to
atomic spin densities, MO coefficients, and thus covalency of [Fe(S;-0-Xyl),] , we used
the QCISD method at the basis set saturation limit. Other post-HF methods including
MP2, MP4(SDQ), and CCSD were tested, but only QCISD yielded a reasonable
electronic structure with the five LUMOs being Fe-based. Furthermore, for the less
complex electronic structure of Cu(Il) complexes, QCISD has been shown to
approximate the converged level of theory limit in terms of atomic spin densities.”” The
basis set saturation limit at the QCISD level with respect to S' spin density (AIM and
MPA) and S' character of the LUMOs (AIM) was determined using the truncated model,

[Fe(SH)4] . To verify the relevance of this highly truncated model, intermediate models,
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[Fe(SCH3)4] and [Fe(C4HeS,)2] , were also used when computationally not prohibitive.
As shown in Figure 2.6A, the AIM S' spin densities of [Fe(SH)4]™ increase with basis set
size until def2-TZVPP, while the S' characters of the LUMOs plateau at def2-TZVP
(Figure 2.6B, see Table A.3 for numerical results). MPA and CSPA analyses display the
same general behavior (Table A.3). The spin densities show greater deviations (< 0.03 e)
between models for a given basis set than do the LUMO characters (<0.01 e), but in both
cases the deviations are constant within 0.01 e across the basis sets. Thus, with the
assumption that the difference in covalency of [Fe(SH)4] and [Fe(S;-0-Xyl),] at the
def2-SV(P) level is the same (within 0.01 e) at the saturated def2-QZVPP level, we
estimated the covalency of [Fe(S;-0-Xyl),] for each population analysis method. The
resulting S' covalency from AIM and MPA spin densities is 0.30 = 0.01 e, while AIM

LUMO analysis gives 0.28 + 0.01 e.
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QCISD with various basis sets, and analyzing with A) AIM spin densities or B) AIM
LUMO compositions.
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DFT Fe-S Covalency of [Fe(S»-0-Xyl)]

Table 2.2 presents DFT S' spin densities and S(3p) compositions of the LUMOs
of the [Fe(C4HgS;),] truncated model. The BP86 and B3LYP results with the saturated
basis set, def2-QZVP, show the range of covalencies (0.26—0.45 ¢) that can be found
from various population analyses. NPA, HPA and AIM spin densities are somewhat more
sensitive to functionals than MPA, with deviations between BP86 and B3LYP of 0.06 e,
0.05 e, and 0.06 e, respectively, compared to 0.04 e with MPA. NPA LUMO
compositions are the most sensitive in this respect (0.09 e), followed by CSPA (0.07 e),
MPA (0.04 e¢), MBS (0.03 e), AIM (0.03 e) and HPA (0.02 ¢) LUMO analyses.
Interestingly, the NPA LUMO compositions are significantly more functional-dependent
than the corresponding spin densities, while the trend is reversed for the MBS, HPA and
AIM methods.

Focusing on the BP86/def2-QZVP results, MPA, MBS, HPA and AIM LUMO
analyses (0.38 e, 0.31 ¢, 0.36 ¢, and 0.37 e, respectively) give a much more covalent
description than the respective spin densities (0.31 e, 0.27 e, 0.32 e, and 0.32 ¢). This is
expected, because spin density increases with B electron donation but decreases with a
donation, while in the LUMO analysis only B electrons are considered. The most ionic
description is given by MBS, while NPA spin densities (0.43 ¢) and LUMO compositions
(0.45 e or 0.42 e) give the highest covalencies. Switching to the more practical def-TZVP

and 6-311+G(d) basis sets exposes the basis set dependence and reliability of the results.



Table 2.2. Covalency per S' of the [Fe(C4HeS,):] -truncated computational model of [Fe(S;-0-Xyl),]” using various
functionals, basis sets, and population analysis methods defined in the Computational Details

S atomic spin density S contribution to LUMO-LUMO+4

functional basis set MPA MBS NPA,, NPA, HPA AIM CSPA MPA MBS NPA, NPA, HPA AIM
BP&6 def2-QZVP 0.31 0.27 043 043 032 032 0.33 038 0.31 045 042 036 037
B3LYP def2-QZVP 0.27 0.22 0.37 0.38 027 026 0.26 035 0.28 0.36 034 034 034
BP&86 6-311+G(d) 0.38 0.27 043 0.42 032 032 0.25 035 0.31 0.45 043 036 0.36
B(5%HF)P86 6-311+G(d) 0.37 0.25 0.42 041 031 030 024 034 0.30 043 041 035 0.35
BP86 def-TZVP 0.30 0.26 0.36 0.33 031 0.31 0.25 033 0.30 0.36 033 035 0.35
B(5%HF)P86 def-TZVP 0.29 0.25 0.34 0.32 030 030 024 032 0.29 0.34 032 034 034
BP86 SDD-VTZ(d) 0.30 0.26 041 0.40 0.31 0.31 0.29 0.32 0.30 0.44 041 0.35 0.36

QCISD extrapolated 0.30 0.30 0.28

(44
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As noted above, MPA spin densities are high with 6-311+G(d) (0.38 e; 0.30 e with def-
TZVP), and we now see that MPA and CSPA LUMO compositions are also strongly
basis set-dependent. With NPA, the 6-311+G(d) results are within 0.01 e of the def2-
QZVP values, while the def-TZVP results are 0.07-0.10 e lower. By contrast, the MBS,
HPA and AIM spin density and LUMO methods are close to being basis set independent,
each displaying a maximum deviation of 0.02 e between the tested basis sets. Despite the
differences in density partitioning of HPA and AIM, the S' spin densities and LUMO
compositions are remarkably similar, likely because these quantities are derived from
relative differences (i.e., a — 3, or LUMO — ground state). Notably, the effective core
potential basis set, SDD-VTZ(d), can be recommended when higher efficiency is
required, as the results differ by less than 0.02 e from those of the tested all-electron basis
sets in most cases. In comparison to the QCISD results, BP86 AIM spin densities deviate
by 0.02 e, while the more ionic B(5%HF)P86 functional matches QCISD. However, AIM
LUMO compositions show at least 0.06 e higher covalency with the tested DFT methods

than QCISD.

DFT Fe-S Covalency of [2Fe-2S] Clusters

Table 2.3 presents S' and S° covalencies of [Fezsz(Sz—o—Xyl)z]zf, [FesSa(SPh)]*
and [Fe,Sy(SEt)s]* represented by spin densities and LUMO compositions at the
B(5%HF)P86/6-311+G(d) level. S* covalencies were additionally derived by comparing
the charge (MBS, NPA, HPA or AIM) or the S(3p) population (NPA) to the ionic limit (-
2 charge; 6 e S(3p) population). Similar analyses could not be carried out for the S' due to

the presence of a somewhat polar S—C bond that withdraws electron density from the
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formally —1 thiolate sulfur. The results from MPA and CSPA LUMO analyses are
inconsistent and unreliable, especially for S', as they do not give the expected electronic
structure of five Fe-based a and f LUMOs that we observe with the other methods. It is
important to emphasize that the electronic structure of the [2Fe-2S] cluster is
considerably more complex than that of the mononuclear Fe tetrathiolate complex, due to
the antiferromagnetic coupling between the two high-spin Fe centers, which we model
with a broken symmetry treatment. According to MBS, NPA, HPA, and AIM spin
densities and LUMO compositions, the S' covalency is highest in [Fe;Sx(Sz-0-Xyl).]*
and lowest in [Fe,S,(SPh)4]*", which, in compensation, has the highest S* covalency. The
covalencies are very different depending on the method used, and the trends are not
always the same. For example, the MPA S' spin density is highest for [Fe,Sa(SEt)]*
instead of [Fe;Sa(Sz-0-Xyl)2]*". The method dependence is different for sulfides and
thiolates in that all population analyses, except MPA, show higher S° covalencies from
spin densities than LUMO analyses, while for thiolates the opposite is true. The low S'
spin densities can be attributed to a pitfall of using spin densities to derive covalency that
emerges due to donation of both o and f3 electron density to a different extent. Since the
derivation of S° covalencies in the spin density method involves subtracting the low S'

spin densities from the Fe spin densities, the result is high S* covalencies.



Table 2.3. Covalency per S' or per S° per Fe of three [2Fe-2S] clusters using B(5%HF)P86/6-311+G(d) and various population
analysis methods defined in the Computational details

S atomic spin density S contribution to LUMO-LUMO+9

model MPA MBS NPA, NPA, HPA AIM CSPA MPA MBS NPA, NPA, HPA AIM
[Fe;Sx(Sr-o-Xylp]” S 0.64 046 069 070 059 055 026 046 038 062 059 043 0.44
[FeZSZ(SPh)4]2" S* 071 049 073 073 0.62 0.59 0.25 053 039 0.65 0.62 045 046
[Fe2SZ(SEt)4]2' S 061 045 0.68 0.69 0.58 0.54 0.29 046 038 0.62 0.59 043 044
[FeQSZ(Sz-o—Xyl)z]z' St 028 0.19 033 032 023 023 0.08 0.10 0.27 0.36 0.35 0.32 0.32
[Fe»Sa(SPh)]* S' 028 0.17 030 029 020 020 0.3 005 023 030 029 027 027
[FeZSZ(SEt)4]2" S' 029 0.19 032 031 022 0.22 036 032 026 0.34 0.33 0.30 0.30

Agq AS(3p)

model MBS NPA, NPA, HPA AIM NPA, NPA,
[FeQSZ(Sz-o—Xyl)z]z' S* 0.78 0.63 092 082 0.61 0.61 0.79
[Fe»Sa(SPh)]* S 080 067 096 084 064 065 082

[Fe,Sa(SEt).]* S 078 0.62 091 08 061 061 078

SY
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The Ag and AS(3p) methods are direct measures of charge transfer which are
expected to correlate with S° covalency, and they provide for insightful comparisons of
population analyses, particularly with respect to AIM, which can be considered the
conceptually most rigorous method for charges. The total charge transfers (Ag) from
MBS (0.78-0.80 ¢) and HPA (0.82—0.84 ¢) are similar, while being much higher than the
AIM results (0.61-0.64 ¢). This contrasts sharply with the S° covalencies from spin
densities and LUMO compositions, which are similar with HPA and AIM (0.01-0.04 e
deviation) and lowest with MBS (0.06-0.10 e lower than AIM). The differing density
partitioning schemes of HPA and AIM have a strong influence on the Ag results because
the Ag method is based on total rather than relative populations. AIM and NPA,, charges
are remarkably similar, with Ag results differing by less than 0.03 e from each other (this
relationship is basis set-dependent; see DFT Fe—S Covalency of [FesS4(SEt)s]*), while
NPA results are about 0.30 e higher. NPA,, and NPA, again differ considerably (0.17—
0.18 e deviation) with the AS(3p) method, due to increased allocation to the Fe(4s,4p)
AOs when they are treated as part of the valence set in NPA,. Comparing the Ag and
AS(3p) methods, NPA,, results are consistent within 0.02 e, while the NPA, results differ
by about 0.13 e. This indicates that with NPA,, nearly all of the electron donation to the

Fe centers is from the S°(3p), while with NPA, there is significant involvement of other

S* AOs in bonding, such as S(3s).
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DFT Fe-S Covalency of [FesS4( SEt)di

Table 2.4 presents S' and S° covalencies and charge transfer values for
[Fe4S4(SEt)s]* calculated using two functionals (B(5%HF)P86 and B3LYP) and two
basis sets (6-311+G(d) and def-TZVP). As with the [2Fe-2S] clusters, S° charge transfer
from the Ag method is consistent within 0.02 e between AIM and NPA,, when using the
6-311+G(d) basis set; however, this does not hold for def-TZVP. Comparison of the
B(5%HF)P86 AIM Agq results for 6-311+G(d) (0.40 e) and def-TZVP (0.40 e) reveals no
basis set dependence, while the NPA,, values decrease from 0.42 e with 6-311+G(d) to
0.33 e with def-TZVP, resulting in a 0.07 e deviation from AIM. Spin densities and
LUMO compositions again show almost no basis set dependence with AIM (with the
exception of S' LUMO contributions, explained below), while NPA,, S°® and S' values are
at least 0.07 e lower with def-TZVP than 6-311+G(d). In contrast to the Ag results, spin
densities and LUMO compositions from AIM and NPA deviate less from each other with
def-TZVP than 6-311+G(d). Thus, from this information alone it is difficult to determine
the basis set for which NPA produces the most accurate results. MBS and HPA are
equally as basis set independent as AIM, and the trends among covalencies and charge
transfer values are the same as for the [2Fe-2S] clusters.

A critical factor influencing the LUMO compositions in Table 2.4 is the deviation
in the number of LUMOs with significant Fe(3d) character (>3%) as a function of the
employed functional and basis set. According to NPA,,, only def-TZVP produces the
expected 9 Fe(3d)-based a and f LUMOs, while there are 10 and 13 orbitals that can be

considered Fe-based at the B(5%HF)P86/6-311+G(d) and B3LYP/6-311+G(d) levels,
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respectively. NPA, gives the same number of Fe-based orbitals as NPA,, when using
B(5%HF)P86 with def-TZVP or 6-311+G(d), but there are three less at the B3LYP/6-
311+G(d) level. The LUMOs shown to be Fe(3d)-based by NPA,, were used in the other
population analyses, giving unusually basis set-dependent results for S', due to the
varying number of LUMOs. This also resulted in higher covalencies with B3LYP than
B(5%HF)P86, which is likely an error, since hybrid functionals with more HF exchange
are expected to give less covalent bonding. When instead of using all of the LUMOs
shown by NPA,, to be Fe(3d)-based, only the first 9 LUMOs are used, AIM gives total S°
contributions of 0.27 e and 0.23 e for B(5%HF)P86 /6-311+G(d) and B3LYP/6-
311+G(d), respectively, instead of 0.29 e and 0.33 e. While the 9-LUMO-derived S*
covalencies show the expected trend with respect to the HF exchange, the S' covalencies
are still 0.02 e higher with B3LYP than B(5%HF)P86. AIM analysis of the Fe
contributions to the LUMOs shows that at the B(5%HF)P86/6-311+G(d) level the Fe
character averages 0.69 e in the first 9 LUMOs before decreasing to 0.14 e in LUMO+9
and less than 0.02 e thereafter, while with B3LYP the Fe character does not become less
than 0.02 e until LUMO+16. Due to the orbital mixing with B3LYP, and to a lesser
extent, 6-311+G(d), the LUMO-based analysis is only reliable for B(5%HF)P86/def-
TZVP. As for the MPA and CSPA LUMO analyses, B(5%HF)P86/def-TZVP is again the
only tested method that shows the expected 9 Fe-based LUMOs, and the covalencies
from this level of theory are the most consistent with those from the other population

analyses.



Table 2.4. Covalency per S' or per S° per Fe of [FesS4(SEt)s] using B(5%HF)P86 or B3LYP and 6-311+G(d) or def-TZVP and
various population analysis methods defined in the Computational Details

S atomic spin density S contribution to LUMOs
functional basis set MPA MBS NPA, NPA, HPA AIM CSPA MPA MBS NPA, NPA, HPA AIM

B(5%HF)P86 6-311+G(d) S° 043 0.31 0.49 0.50 0.41 0.38 021 024 026 042 0.38 028 0.29
B(5%HF)P86 def-TZVP S* 036 0.31 0.41 0.39 0.40 0.37 022 027 023 0.31 0.29 027 0.28
B3LYP 6-311+G(d) S° 0.32 0.20 0.39 0.40 0.29 0.27 023 -027 030 035 0.28 027 033
B(5%HF)P86 6-311+G(d) S' 0.22 0.15 0.29 0.26 0.19 0.19 049 -0.04 034 0.39 0.38 041 042
B(5%HF)P86 def-TZVP St 0.16 0.14 0.22 0.19 0.19 0.18 028 030 030 032 0.30 033 033
B3LYP 6-311+G(d) S' 0.22 0.14 0.27 0.26 0.18 0.17 0.59 -091 039 032 0.26 0.60 0.74

Agq AS(3p)
MBS NPA, NPA, HPA AIM NPA, NPA,

B(5%HF)P86 6-311+G(d) S* 0.57 0.42 0.66 0.57 0.40 0.41 0.56
B(5%HF)P86 def-TZVP St 0.57 0.33 0.60 0.57 0.40 0.33 0.52
B3LYP 6-311+G(d) S§* 0.55 0.38 0.62 0.56 0.37 0.36 0.51

6%
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Comparison of Theoretical and XAS Covalencies

Sulfur K-edge XAS gives a S' covalency of 0.41 + 0.03 e per Fe-S' bond for
[Fe(S2-0-Xyl),]™ after taking into account the revised'’’ S' 1s—3p transition dipole
integral.'”™ '** From AIM and HPA analyses, the calculated per-thiolate covalencies are
too ionic, with the highest spin densities being 0.32 e at the BP86/def2-QZVP level (see
Table 2.2), although at 0.36-0.37 e, the LUMO analyses at the same level of theory
approach the experimental value reasonably well. The MBS results are about 0.05 e less
covalent, and thus further from the experimental result. It is important to realize that basis
set dependencies allow a combination of MPA and NPA analyses and levels of theory to
produce covalencies that fall within the experimental error. For example, when using
diffuse functions, MPA gives spin densities at the BP86/6-311+G(d) level that reach a
relatively high value of 0.38 e. NPA spin densities and LUMO compositions are also
favorable with BP86 or B(5%HF)P86 and def2-QZVP, 6-311+G(d) or SDD-VTZ(d)
(0.40 — 0.45 e) but the results are too ionic with def-TZVP (0.32-0.36 ¢). The high
covalencies from the basis sets other than def-TZVP are likely in error, since the much
less basis-set-dependent AIM and HPA spin densities and LUMO compositions are in the
range 0.30-0.37 e for BP86 or B(5%HF)P86 and all tested basis sets, which is consistent
only with the def-TZVP results from NPA. QCISD gives low covalencies (AIM and
MPA) relative to the experiment, which could arise from the limitation of the
computational model used and the reliability of the extrapolated values.

The XAS-derived covalencies per S° per Fe for the [2Fe-2S] clusters are given in

Table 2.5. The S° covalency of [FesSa(SEt)s]*” was revised from 0.78 e in ref 128 to 0.88
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e in ref 179 due to a new background subtraction procedure; thus, we scaled the S°
covalencies of [Fe;Sa(S,-0-Xyl):]* and [FesSo(SPh),]* from ref '** by 1.13. All of the
calculated Fe-S® covalencies (0.44-73 e, see Table 2.3 spin density and LUMO
compositions) are much lower than the experimental values (0.88—1.13 e). The Ag and
AS(3p) results from MBS, HPA and NPA,.(0.78-0.96 ¢) are in the range of the
experimental covalencies, but these theoretical values need to be taken only as an
approximation of the experimental values, since they represent total atomic electron
donation and not just the S(3p) or Fe(3d) characters. The experimental covalencies of the
S' centers (0.24-0.31 e) are more readily reproduced by theory, with each population
analysis except CSPA giving at least a reasonable agreement. Notably, no single method
gives covalencies approaching the experimental values for all three models
simultaneously, as the effect of the thiolate composition on the theoretical S° and S'
covalencies is much smaller than that shown by experiment. Furthermore,
[Fe>S»(SPh)s]* has the lowest experimental S° covalency (0.81 e), but the highest
theoretical values of the three models. The dominant factors contributing to the high
theoretical S* covalency of [Fe»Sa(SPh),]* are that (1) the Fe-S°® bond lengths are on
average 0.01 A and 0.02 A shorter than in the models of [Fezsz(Sg—o—Xyl)z]zf and
[FexSa(SEt)]™, respectively, and (2) the S° ligands donate more electron density to
compensate for the S' covalency, which is calculated to be weakest for [FesSa(SPh)]*,
likely due to the electron withdrawing nature of the phenyl group. The calculations do
agree with experiment in that [F ezsz(Sz—o—Xyl)z]} has the highest S' covalency. When S°

and S' covalencies are summed to give total covalencies per Fe, we find 1.52, 1.48, and
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1.47 e for [Fe;Sx(Sr-0-Xyl)2]*", [Fe:Sa(SEt)s]*. and [Fe,Sa(SPh)s]*, respectively, from
AIM LUMO analysis. Relative to the XAS total covalencies of 2.88, 2.24, and 2.20 e,
these computational results are too ionic, and the differences between complexes are too
small, but they do follow the same trend.

Table 2.5. Published covalency per S' or per S* per Fe bond of all models examined in
this study from S K-edge X-ray absorption spectroscopy

S St refs
[Fe(S,-0-Xyl),] 0.41+£0.03°"178, 128
[FesSa(Sr-0-Xyl)]* 1.13£0.07°  0.31£0.02¢ 128
[Fe,Sy(SPh), > 0.81+0.07° 0.29+0.03“ 128
[Fe,S,(SEt),]* 0.88+0.05 0.24+0.02“" 179
[Fe4S4(SEt),]* 0.41+0.02° 0.39+0.03“" 180

“ Scaled from published values by 8.05/8.47 due to revised'”’ dipole integral.

? Uncertainty estimated to be minimum of 6% per Fe-S' or Fe-S*bond.

¢ Scaled from published values by 0.88/0.78 due to revised'”” background subtraction
procedure (see text).

The XAS covalencies of [FesSs(SEt)s]*” (bottom of Table 2.5) can be
theoretically reproduced more readily by spin densities than LUMO analyses. Among the
LUMO analyses, NPA,, with B(5%HF)P86/6-311+G(d) (0.42 e) is the only method that
matched the experiment (0.41 = 0.02 e). However, the 0.11 e lower covalency upon
switching to def-TZVP reveals that the agreement with experiment may be attributed to a
fortuitous combination of functional, basis set, and population analysis. Spin densities
from HPA, MPA and NPA reproduce the experimental S* covalency, but the MPA and
NPA results are highly dependent on the basis set. For example, MPA with

B(5%HF)P86/6-311+G(d) gives a S* covalency from spin density that lies within 0.02 e

of the experimental result, as expected based on our previous work;”’ however, with def-
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TZVP, theory deviates from experiment by 0.05 e. Although the HPA S° covalencies
from spin density are nearly basis set-independent, they likely agree with the
experimental result due to the propensity for spin densities to give overly covalent values
for S°, while giving overly ionic values for S', as explained in the section titled Reduction
Potentials. Thus, the S' spin densities from all methods are much more ionic than the
experimental covalency, deviating by 0.10-0.25 e, similarly to what was found in the
earlier study,”” and due in part to donation of both o and B electrons from each thiolate.
The only methods giving S' covalencies that lie within the experimental uncertainty are
NPA, HPA and AIM LUMO analyses with B(5%HF)P86/6-311+G(d). Again, basis set
dependence is prominent in these results; the relatively high covalencies with 6-311+G(d)
compared to def-TZVP are attributed to the mixing of significant Fe(3d) character into
high-lying LUMOs. With that in mind, the NPA,,, LUMO analysis with B(5%HF)P86/6-

311+G(d) is the only method that reproduces both the experimental S°* and S' covalencies.

Delocalization Indexes

The delocalization index, DI, uses the AIM partitioning of density to quantify the
number of electrons shared or exchanged between two atoms, thus providing a value for
covalency. At the Hartree-Fock (HF) level, the DI gives the bond order for nonpolar

: : 113
bonds, which decreases as charge transfer increases.

DFT DI’s can be approximated
using HF formalism, resulting in consistently overestimated values,'”® but these still
allow for meaningful comparisons. DI values calculated for the pairs S'-Fe and S°-Fe for

the full series of models are compared to the AIM LUMO-derived covalencies in Figure

2.7 (see Table A.4 for numerical.results). B(5%HF)P86/6-311+G(d) was used for all
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models, except [FesS4(SEt)s]*, where the def-TZVP results were used due to the more
reasonable LUMO compositions (see DFT Fe-S Covalency of [FesS4(SEt)4]*). The DI’s
are much higher than the LUMO-derived covalencies, but there is a fairly strong
correlation (R* = 0.970) between the two. Considering the sulfides alone, the correlation
is excellent (R* = 0.999), although there are only four data points in this case, two of
which are very close together. These empirical relationships, which could be further
developed with a larger set of models, can be used to convert DI values into
experimentally (XAS) relevant values. With AIM, DI is more efficient to calculate than
LUMO-derived covalency, and the use of DI circumvents problems arising from the
spread of Fe(3d) into high-lying LUMOs. Furthermore, in this case, the DI values are
actually more highly correlated with the XAS data than are the LUMO-derived

covalencies, with R* values of 0.86 and 0.81, respectively (see Figures A.1 and A.2).
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Figure 2.7. Correlation of LUMO-derived covalencies per S' or per S°® per Fe with

corresponding delocalization indexes calculated with B(5%HF)P86/6-311+G(d) for all
models, except def-TZVP for [FesSa(SEt)s]* .

Discussion

The calculated S' and S° contributions to M—L bonding from various basis sets,
functionals and population analyses show strong method dependence. The two commonly
used basis sets, def-TZVP and 6-311+G(d), approach the saturation limit based on
electronic energy (Figure 2.1), and density topology (Figure 2.4), but they produce very
different covalencies when using the population analysis methods CSPA, MPA, or NPA.
Due to the lack of significant basis set dependence, we consider the MBS, HPA and AIM
methods to provide the most reasonable electronic structure description. The only case

where these methods show non-negligible differences (>0.02 ¢) between def-TZVP and



56

6-311+G(d) is the LUMO compositions of the [4Fe-4S] cluster with the B(5%HF)P86
functional (Table 2.4). This is likely a real difference in the electronic structure
description, with def-TZVP producing the expected nine a and B Fe(3d)-based LUMOs,
while with 6-311+G(d) the Fe(3d) character appears in the tenth LUMO mixed with
Fe(4s). This mixing of Rydberg and valence orbitals of the unoccupied set is
characteristic for calculations with diffuse and polarization functions. Thus, we
recommend the use of the def-TZVP basis set with a note that 6-311+G(d) can also
produce good results from the majority of other population analysis methods. Similarly,
B3LYP cannot be recommended for electronic structure analysis due to the spread of
Fe(3d) character into higher orbitals, in addition to the previously shown poor
performance in geometry optimizations.”’ B(5%HF)P86 performs well, reproducing the
QCISD AIM spin densities for [Fe(S;-0-Xyl),] , but all of the DFT methods attribute too
much ligand character to the LUMOs relative to QCISD (Table 2.1).

An important disclaimer needs to be made here with regard to comparing
experimental and theoretical covalencies. We have found that limitations in basis set
saturation and shortcomings of population analysis methods can provide fortuitously
experimentally sound covalencies in relation to XAS data, for example. The NPA spin
density method with B(5%HF)P86/6-311+G(d) was among the most successful for
reproducing S' covalencies of [Fe(S;-0-Xyl),]” and [2Fe-2S] clusters, but the same
method fails with def-TZVP. The very high experimental S° covalencies could not be

reproduced, and were only approached by the MBS, NPAy, and HPA Ag methods, and

the NPAy AS(3p) method, which give high values because they are measures of total or
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S(3p) electron donation from the ligand to all available metal orbitals (dominantly 3d, 4s,
4p), rather than just the experimentally probed S(3p) character of the Fe(3d)-based
LUMOs. For the [FesS4(SEt)s]* cluster only the HPA, AIM and NPA LUMO analyses
reproduced the S' covalency, although the high covalency was only attained with 6-
311+G(d) due to the mixing of Fe(3d) character into a tenth LUMO, while def-TZVP
produces the expected 9 Fe(3d)-based LUMOs. Overall, we did not find a single method
of calculating orbital and/or atomic compositions that reproduces all of the experimental
results.

In general, the NPA, MPA and CSPA cannot be recommended due to basis set
dependence, and MBS is disfavored due to highly ionic spin densities and LUMO
compositions, leaving HPA and AIM as favored population analyses. By definition,
LUMO compositions provide the most direct comparison to XAS covalencies, since XAS
probes unoccupied orbitals, but they are also dependent on the employed level of theory.
When the level of theory results in the unreasonable spread of Fe(3d) into high-lying
unoccupied orbitals (e.g., with B3LYP and/or 6-311+G(d), in some cases), spin densities
can be a useful, level of theory independent (for HPA and AIM) measure of M—L bond
covalency, particularly for comparing theoretical results among various complexes.
However, spin densities tend to give low S' covalencies and high S° covalencies
compared to LUMO analysis, due to the nonequivalent donation of both o and 3
electrons from each thiolate. The delocalization index represents a promising alternative
to LUMO analysis, correlating well with the LUMO-derived and XAS-derived

covalencies, but empirical relationships must be established for direct use of the DI’s.
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Also correlated with covalency is the total electron donation from the Ag method, but the
results are expected to be higher than the solely Fe(3d)-S(3p) bond-based covalency from
XAS. Indeed, the HPA and AIM Ag values are always higher than the covalencies
derived from just the Fe(3d)-based LUMOs. Notably, the HPA and AIM Agq results differ
significantly, but the AIM results are favored because they deviate much less from the
spin density and LUMO-derived covalencies, which are expected to represent the
majority of the donated charge.

The AIM-derived theoretical covalencies are in accordance with chemical
intuition regarding the variation in Fe—S bonding across the series of cluster
compositions. The B(5%HF)P86/6-311+G(d) results can be used for comparison except
in the case of [FesS4(SEt)s]*, where def-TZVP was used to avoid the previously
described mixing of Fe(3d) into high LUMOs. The AIM LUMO compositions show
decreasing donation per S' from 0.35 e in [Fe(S:-0-Xyl):]” to 0.32 e in [Fe;Sy(Sy-o-
Xyl),]*, due to the increased donation from the sulfides relative to a second S;-0-Xyl
ligand. From [Fe,S»(SEt)4]*” to [FesS4(SEt)4]*", the per-thiolate covalency increases from
0.30 e to 0.33 e, despite the reduction from Fe’* to Fe”", because the number of S'
ligands per Fe is halved, while maintaining a constant ratio of S* to Fe. The x*-sulfides in
[FexSa(SEt)s]* are 57% more covalent per Fe than the x’-sulfides in [FesS4(SEt),]>, but
the total per-sulfide covalency (0.88 and 0.84 e, respectively) is very similar. We would
expect the total covalency per sulfide to be greater in the 4’ case given equivalent Fe
oxidation states, but in this case the reduction from Fe’* to Fe**" leads to decreased

donation from the z’-sulfides. The calculated sulfide covalencies are consistent with the
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idea” that the strong z°-sulfide bridges promote superexchange interactions, whereas the
weaker x’-sulfide bridges lead to direct exchange between the Fe sites.

In conclusion, the AIM population analysis coupled with the B(5%HF)P86 hybrid
functional and a triple-{ basis set with polarization functions provides chemically
reasonable covalencies that are not subject to the biases inherent in other methods due to
basis set dependence. HPA can also be recommended for calculating spin densities and
LUMO compositions, as the results are very similar to those from AIM at a considerably
lower computational cost. Furthermore, the results presented here demonstrate potential
pitfalls where population analysis methods conspire with functionals and basis sets to
produce experimentally sound results due to error cancellations. CSPA, MPA, MBS, or
NPA may give results more consistent with a specific experimental value, but this may be

fortuitous, rather than being an indication of the quality of the calculated density.
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CHAPTER 3

PROTEIN ENVIRONMENTAL EFFECTS ON IRON-SULFUR CLUSTERS: AN

ALGORITHM FOR CONSTRUCTING QUANTUM CHEMICAL MODELS

Introduction

Iron sulfur clusters are found in enzymes throughout biology, enabling such
diverse activities as electron transfer, small molecule activation, and iron and oxygen
sensing.® They range in composition from the common mono-iron, [2Fe-2S], and [4Fe-
48] clusters, to specialized species like the H-cluster of hydrogenase,'> and the
molybdenum-containing FeMo-cofactor of nitrogenase.”® The properties of Fe-S clusters
are critically dependent on the surrounding protein environment. In a classic example, the
reduction potentials of the [4Fe-4S] clusters of ferredoxins and high-potential iron
proteins (HiPIPs) differ by about 1 V, despite the identical cluster compositions.'™!
Reduction potentials of the various [2Fe-2S] ferredoxins and rubredoxins also differ
between organisms. Much of our understanding of protein environmental effects has
come from studies of reduction potentials that have attributed the differences to ligand

21,22

conformation,'®* hydrogen bonding to the sulfides and Cys(Sy) ligands, electrostatic

719 and charged residues® (if not solvated), solvent

effects from protein dipoles
accessibility,”” and distance from the protein surface.'®® Theoretical models focusing on
electrostatic and solvent interactions, such as the Protein Dipoles Langevin Dipoles

(PDLP) method of Stephens et. al,'® can predict relative differences in reduction

potentials within 0.2 V, but quantum calculations are necessary to produce absolute
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reduction potentials. A method combining a minimal DFT model (cysteine ligands
truncated to SCH;) with a Poisson-Boltzmann treatment of electrostatic interactions,
including cluster and protein partial charges, and the dielectric environments of the
protein and solvent, was used by Noodleman and co-workers to calculate absolute
reduction potentials of [2Fe-2S],** and [4Fe-4S]"™ clusters in various oxidation states.
They found qualitatively correct trends, with errors of less than 0.34 V; thus, electrostatic
models of the protein and solvent environment capture some of the most significant
contributions to reduction potentials. Further increases in accuracy would come from
expanding the quantum region to take into account hydrogen bonding and the effects of
ligand geometry at the DFT level.

A simple approach of combining an appropriately sized quantum model with a
dielectric continuum to represent the long range interactions can be an effective way to
calculate metalloenzyme reduction potentials, spectroscopic properties, and mechanism,
but the choice of residues to include in the model is not trivial. Generally, increasing the
model size will increase accuracy at the expense of computational time. Noodleman and
co-workers'™® recently evaluated the effect of model size and the dielectric constant on
geometric parameters, Heisenberg exchange constants, and Mdssbauer spectroscopic
properties of the diiron active site of ribonucleotide reductase. They found some
properties to be more sensitive than others, with quadrupole splittings and Heisenberg
exchange constants being strongly affected by the second coordination sphere, and Fe-
ligand distances were even dependent on a third coordination sphere of hydrogen-

bonding waters. Since the model dependence varies according to the property and the
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particular active site, it is often necessary to test several models to avoid missing
important protein environmental effects. It would be much more convenient if there were
a method to determine which residues should be included in a computational model,
without explicitly testing each interaction for each new study.

In this study we systematically evaluate the effects of individual hydrogen bonds,
backbone amide dipoles, polar side chains, and charged side chains on the electronic
structure of an Fe-S cluster. The [2Fe-2S] cluster of [FeFe]-hydrogenase was chosen as
the model system because it is a small cluster, reducing the computational cost, and the
coordinates are available from a fairly high resolution crystal structure (1.39 A).'? One
property used throughout this study to analyze electronic structural perturbations is the
covalency of the Fe—S bonds. Interactions with the protein environment result in a
redistribution of the electron density within the cluster and changes in bond covalency.'”®
179- 186 1t is important for covalency to be converged in a computational model, because it
affects magnetic coupling,” electron transfer pathways,”® and reactivity.”® Covalency is
often measured experimentally with X-ray absorption spectroscopy (XAS), and is
generally given in terms of orbital characters.'® For example, S K-edge XAS gives a
direct measure of the S(3p) character of the Fe(3d) manifold, thus quantifying covalent
bonding. Many population analyses can be employed to quantify covalency; here, we use
the delocalization index (DI) from the quantum theory of atoms in molecules (AIM),
which we have found to be proportional to orbital-based covalencies. DI values have the
advantage over orbital-based populations of having little model and basis set dependence

(see Chapter 2). The other property monitored throughout this study is the vertical
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electron affinity (VEA), which was determined using a polarizable continuum model, and
thus includes all of the electrostatic terms, but not the structural reorganization that
contributes to reduction potentials. The VEA complements the DI by being more
sensitive to electrostatic effects from the protein environment. The two properties are not
always correlated,'®’ and thus provide a more complete analysis of protein effects than if
only one were used.

The first section of this paper describes a survey of the surrounding protein
environment, and a qualitative map of the first three coordination spheres. Then we
provide case studies to demonstrate how the [2Fe-2S] cluster is perturbed by hydrogen
bonding and charged side chains, before quantitatively mapping the covalent and
electrostatic effects of all interactions using the DI and VEA values. By comparing the
magnitude of each effect with the location and orientation of each of the tested functional
groups in the protein environment, we determine an algorithm that can be used to a priori
build a computational model of an Fe-S cluster active site with all important residues

included.

Computational Details

Each protein environmental effect was determined by single-point calculations on
a set of two models: a reference model, and one that builds upon the reference model by
including the truncated residue of interest. The minimal reference model had the Fe-
bound cysteines truncated to ethylthiolates ([Fe,S,(SEt)s]*"), but larger models with full

cysteines and additional residues were used in some cases, as described in the results. All
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models were based on a pre-publication version of an [FeFe]-hydrogenase X-ray crystal
structure, which has since been refined to 1.39 A (PDB ID 3C8Y).'? Electronic structure
calculations were performed with Gaussian 03 Rev. E.01'*’ (gas phase) and Gaussian 09
Rev. B.01"* (gas phase and in the polarizable continuum model,” ** '*® PCM), using the
6-311+G(d) basis set,"*" "** %> and a gradient-corrected, hybrid functional with 5%
Hartree-Fock, 95% Becke88 exchange,5 ? and Perdew86 correlation.’® This level of theory
has been rigorously validated for use with Fe-S clusters.”” Population analyses were
carried out with the AIMAII software.'™

Antiferromagnetic coupling was treated by the broken-symmetry (BS)
formalism,”' using the generalized ionic fragment approach (GIFA)"’ to generate the
initial electronic structure. Broken-symmetry states are a weighted average of true spin
states with a well-defined M. Thus, Fe™Fe™ and Fe"'Fe" oxidation states were modeled
as Ms; = 0 and M = 1/2 broken symmetry states, respectively. The spin states of the
oxidized cluster can be described by the Heisenberg Hamiltonian, allowing determination
of the true ground state energy.'> However, since all of the calculations in this study
involve comparisons of two models that differ by approximately one residue, the
energetic corrections cancel, and the broken symmetry states are sufficient.” The mixed-
valence state is more complicated, being dependent not only on localizing Heisenberg
exchange interactions, but also on delocalizing double exchange effects, and a trapping
term dependent on site asymmetry, vibronic effects, and the surrounding environment.'”

Nevertheless, most of the corrections to the BS state would cancel when comparing two

“ We found the S, = 0 spin state of [FeZSZSEt4]27 to be 16 kJ/mol lower in energy than the BS
state, and the correction was the same when including Asn41 as N-methyl formamide.
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models differing solely by a single residue or functional group. Furthermore, Mouesca
and co-workers have studied the effects of single hydrogen bonds on a [2Fe-2S] cluster,
and found insignificant changes in the double exchange and trapping terms.'*® Therefore,
the BS states are sufficient for this study.
Covalent effects were quantified in terms of the AIM delocalization index (DI),

which can be expressed as follows:

DI=2)"S, .(A)S,;(B) (3.1)

inj
where §;; is the overlap integral of all pairs of spin orbitals over the basin of atom A or
B.'” Kohn-Sham orbitals only allow an approximation of DI, through use of HF
formalism, but trends found using DFT reproduce those of the HF and post-HF levels of

theory.'"

Electrostatic effects were quantified in terms of the vertical electron affinity
(VEApcMm) of models embedded in a polarizable continuum with a dielectric constant (&)
of 4.0 (unless otherwise stated) to approximate the protein environment. VEApcy values
were calculated from differences in energy of the oxidized and mixed-valence states,
according to Equation 3.2 and 3.3.

VEApcm = Epcmsoxidized — EPcMsmixed-valence (3.2)
Epcm = Escr + Esolvation (3.3)
where Escr is the in vacuo electronic energy, and Esonvation 1S the electrostatic solute-
solvent interaction energy. Non-electrostatic solvent-solvent interactions were not

included because they depend on the cavity geometry, which was the same in the

oxidized and mixed-valence states.
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Results and Analysis

Qualitative Mapping of Protein Environmental Effects

A two dimensional map of the protein environment within approximately 8 A of
the [2Fe-2S] cluster is presented in Figure 3.1. The first coordination sphere (pink)
comprises four cysteine residues attached to the cluster through highly covalent Fe-S'
bonds. Each cysteine and sulfide is involved in hydrogen bonds that potentially perturb
the cluster. Thus, the second coordination sphere (orange) is defined as all residues that
are involved in hydrogen bonding with the sulfides or cysteine heteroatoms, and all that
are covalently linked to the first sphere, yielding four charged residues (Lys45, Glu47,
Asp63, Arg86), seven neutral residues (Leu33, Ph035, Asn40, Asn4l, Ile48, Thr50,
Ala61) and five waters (HOH23, HOH39, HOH55, HOH138, HOH487). All four charged
residues are solvent-exposed, three of which have salt-bridge partners, while Arg86 is left
unpaired, but forms several hydrogen bonds, including N.H Cys46(0) (2.95 A),
NyHLys45(0) (2.92 A), and N,,H"HOH597(0) (3.36 A). Glu47(NH) hydrogen bonds
to S°a (3.32 A), while Lys45 and Asp63 do not hydrogen bond to the cluster or the first
sphere. All second-sphere neutral residues form hydrogen bonds with the cysteines or
S°s, except Thr50, which is included in the second sphere only because it neighbors
Cys49. Even without hydrogen bonding, polar groups (e.g., CO) of neighboring residues
have a potentially significant effect on the cluster due to their electric dipoles. Most of the
hydrogen bonds from second-sphere neutral residues are formed between backbone NH
groups (Leu33, Phe35, Asn41 and Ile48) and Cys-S, or S°5 (3.46, 3.51, 3.41 and 3.39 1&,

respectively), with the exceptions being Ala61(NH) Cys49(0) (2.98 A), and
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Asn40(Ns;H) "Cys62(S,) (3.25 A). All of the second shell waters hydrogen bond to

Cys(O) atoms (2.59-3.58 A).

Glul08 230 — peptide bond
: —>» H-bond
----- salt bridge

Asn4dl Asn40

Leu33 Phe35 55 138

‘ @ eeeLysdS
?2 Cys34 S5, Cys62 _.
< ._) Cys46 |\S°A)| Cys49
Ala61

Arg86
Lys45 )( Glu47 I1e48 Thr50
145 y
Asp63 Lys82 483 082
144) (361) (549

Figure 3.1. Map of the ~8 A environment of the [2Fe-2S] cluster with the first
coordination sphere (pink), second coordination sphere (orange), third coordination
sphere (green), and waters (blue), salt-bridging residues (colorless) and the [4Fe-4S]
cluster FSB1582. Asp63 and Lys45 appear twice for clarity.

The third sphere in Figure 3.1 (green) includes residues that fall into at least one
of the following groups: (1) those that hydrogen bond with the NH or CO groups
immediately adjacent to the cysteines, and (2) those that have an O Fe distance of less
than 8 A. The first group includes Leu20 (NH Ala61(0), 2.95 A), Thr60
(O"Asp63(NH), 3.32 A), Argl52 (NnlH Leu33(O), 2.83 A), and the waters 82

(OH"T1e48(0), 3.00 A) 2230 (OHLeu33(0), 3.22 A), and 549 (OHLys45(NH), 2.95
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A), while the second group is made up of Ser31, Ala32, Cys39, Asn44, Val59, Cys150,
and the waters 144, 145, 361, 483, and 597. The only charged residue in the third sphere,
Argl52, is not solvent exposed, but it is paired in a salt bridge with Glul08. It is
remarkable that the third-sphere residue, Cys150, is coordinated to the [4Fe-4S] cluster,
FSB1582, and the shortest Fe "Fe distance between the two clusters is only 10.73 A. At
this distance, the clusters can be expected to affect each other through electrostatic
interactions, and based on our findings discussed in the section titled The Effects of
Charged Residues on Fe-S Clusters, the effect is not negligible.

Many other schemes can be used to divide a protein environment into
coordination spheres. The one used here was chosen because it separates residues by the
types of interactions they have with the Fe-S cluster, in addition to generally separating
them by their distance from the cluster. Still, all third-sphere residues do not necessarily
have weaker effects on the cluster than those of the second sphere. The relative strengths
of hydrogen bonding and electrostatic interactions, and factors such as dipole orientation
and the specific location of charged or polar groups must be considered to judge the
importance of each residue. Thus, a quantitative analysis is required to define rules that

can be used to assign the importance of various interactions.

Quantitative Mapping of Protein Environmental Effects

To demonstrate the effects of hydrogen bonding and electrostatic interactions on
an Fe-S cluster, we discuss two case studies in the following two sections. These also
serve as first examples of how the quantitative measures of covalent (ADI) and

electrostatic effects (AVEApcy) are used in the quantitative mapping analysis.
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Subsequently, we quantify the effects of the protein backbone, and the neutral and
charged side chains, and present the algorithm that enables classification of residues

according to the strength of their interactions with the cluster.

The Effects of Hydrogen Bonds on Fe-S Clusters. The electronic structure of an

Fe-S cluster is significantly perturbed by hydrogen bonds between thiolate ligands or
sulfides and nearby protein residues. To demonstrate how the cofactor is affected we
present a case study using the smallest, most truncated model, [Fe;S2(SEt)4]*", shown in
Figure 3.2A. In the employed broken-symmetry DFT calculations, the
antiferromagnetically coupled S; = 0 state is approximated by an M, = 0 state with
localized B (negative) spin density on Fes and a (positive) spin density on Feg, as shown
in Figure 3.2B. The thiolates (S') have toroidal-shaped spin density due to spin-polarized
donation to the Fe centers through pseudo-c and m-bonds The sulfides (S°) donate
dominantly o density to Fey and B density to Fep in approximately equal quantities,
resulting in near-zero spin density. The redistribution of electron density due to a
hydrogen bond is significant and will be presented graphically before the full quantitative
analysis. In this case study, the Asn41(NH)S's hydrogen bond was modeled as N-
methyl formamide by truncating Asn41 at its C, and including the peptide bond with
Asn1040. The density difference isosurface in Figure 3.2C shows the areas of increased
(light blue) and decreased (orange) electron density after addition of the N-methyl
formamide, which appears as the large cloud above S's. The hydrogen bond causes
decreased donation from S's to Fea, exhibited as an orange cloud along the S'a—Fe, bond.

The orientations and signs of the remaining isosurface at the Fe centers give evidence for
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a series of compensating effects. Specifically, S's and the sulfides increase donation to
Fea at the expense of sulfide to Feg donation, which is compensated by the remaining
thiolates. A complementary perspective is given by the spin density difference isosurface
in Figure 3.2D, where the decreased donation from S', to Fe, manifests in a positive spin
density difference on S's. The compensating increased sulfide to Fe, donation is now
seen as a negative spin density difference (red clouds) on the sulfides, since they donate
dominantly alpha electron density to Fea. A small amount of spin density can also be

observed on the hydrogen-bonding nitrogen. Such spin density on protein residues can be

191,192

detected by ’N NMR spectroscopy.

Figure 3.2. The most truncated reference model (A), and its spin-density isofurface (B).
Isosurfaces (C) and (D) show change in total density (p) and spin density (ps),
respectively, due to the addition of the Asn1041-Asn1040 peptide group, modeled with
N-methyl formamide.
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Numerous population analyses are available for quantifying electronic structural
properties. Atoms in Molecules (AIM) and Hirshfeld (HPA) population analyses are
among the least basis set sensitive and most reliable methods available for studies of [Fe-
S] clusters (see Chapter 2), since they are based on partitioning the electron density,
rather than orbital coefficients and overlap matrices. Several atomic and bond properties
from an AIM analysis of the [FesSo(SEt)s]* model with and without the hydrogen-
bonding Asn41 (N-methyl formamide) are given in Table 3.1. The changes in charge (Aq)
due to the hydrogen bond are consistent with those observed graphically in Figure 3.2C.
The charge of S'4 is reduced by 0.02 e since it donates less electron density, and the 0.01
e increase in charge on all the other sulfur species indicates that they all donate more in
compensation. As a result of the compensating increases and decreases in donation, the
iron charges stay the same, despite the significant perturbation to the overall electron
distribution. The spin density changes (Ap;s) also closely follow those presented in Figure
3.2D, with a 0.03 e change on S's and smaller changes of —0.02 e and —0.01 e on the
sulfides. The regions of positive and negative change in spin density near the iron centers
effectively cancel when the iron atomic basins are integrated, resulting in no overall

change, as seen previously for the charge.
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Table 3.1. Changes in charge (q), spin density (ps), density at the bond critical point
(pvep), and delocalization index (DI), due to the Asn1041(NH)-Asn1040(CO) peptide
backbone that forms a hydrogen bond with S's

atomic properties bond properties

atom Aq (e) Aps(e) bond Apyep (AU) ADI
S'a -0.02 0.03  S'4“—Fex -0.0007 -0.05
S 0.01 0.00 S's—Fen  0.0001 0.01
Fea 0.00 0.00  S°,-Fepx  0.0001 0.01
S°a 0.01 -0.02 S°%-Fe, 0.0001 0.01
S% 0.01 -0.01  S°%-Feg  0.0000 -0.01
Fes 0.00 0.00  S%-Feg  0.0000 -0.01
S'c 0.01 0.00 S'cFeg  0.0002 0.01
Sh 0.01 0.01 S',-Feg  0.0002 0.01

Bond properties are a sensitive probe of electronic structural changes with the
advantage over atomic properties of being able to give information about specific pairs of
atoms, rather than a single atom that is affected by multiple bonding interactions. The
density at a bond critical point can be used to evaluate the strength of hydrogen bonds,'*?
but here we use changes in density at bond critical points (Apnyp) to examine
perturbations in the Fe-S bonds. As expected, the S's—Fe, bond weakens after addition of
the N-methyl formamide, with a App, of —0.0007 au, while the remaining bonds to Fea
are strengthened in compensation (see Table 3.1). The Apy, values dissect the effects on
the sulfide, showing larger changes in the bonds to Fea (0.0001 au) than to Feg (0.0000
au). The final column in Table 3.1 gives the change in delocalization index (ADI), which
is a measure of electrons exchanged between two atomic basins, or bond covalency. The
ADI values show the expected decrease in S'a—Fea covalency (—0.05) with compensating

increases in the other bonds to Fea (0.01), and the perturbations continue to propagate

through the [Fe-S] cluster, with decreases in the sulfide-Feg ADI values (—0.01)
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accompanied by increases in the thiolate-Feg values (0.01). Although each of the
properties in Table 3.1 shows one aspect of the electronic structure, it is the DI that most
directly measures covalent interactions, and it is the property used throughout this study
to quantify covalent effects. The interdependence of S'Fe and S*-Fe covalency
highlighted in this section is also a feature of larger clusters, as demonstrated by Niu and
Ichiye."?’

In addition to evaluating the covalent effects of the protein environment, we
quantify the electrostatic effects in terms of the solvated vertical electron affinity
(VEApcy) for the process [Fe;So(SEt)s]* + 1 ¢ — [FesSa(SEt)s]’ . The VEApcy values
include the most dominant contributions to calculated reduction potentials, differing in
the lack of geometric relaxation, and in the neglect of nonelectrostatic solvation effects,
but changes in VEApcm due to the protein environment are expected to be similar to those
that would be observed for reduction potentials. Returning to our case study, the
AVEApcum 1s 0.08 eV, demonstrating the significant electrostatic effect of even a single
hydrogen-bonding formamide on an [Fe-S] cluster. It is important to note that the 0.08 eV
effect cannot be attributed solely to the hydrogen bond, because the CHO group of the
formamide also has a significant electrostatic effect that is discussed in the section titled
Quantitative Mapping of the Backbone and Neutral Side Chains. Nevertheless, based on

. . 21,22, 83,179
previous studies,” “~ ™

the VEApcm and reduction potential are expected to become
more positive with the addition of a hydrogen bond to a thiolate or sulfide, which pulls

electron density from the acceptor (S's in this case), preferentially stabilizing the more

negatively charged reduced state. In terms of the overall AIM charge of N-methyl
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formamide, a decrease from —0.03 e to —0.05 e upon reduction of the model indicates a
stronger hydrogen bond and greater alleviation of destabilizing electron-electron

repulsion within the reduced cluster.

Effects of Charged Residues on Fe-S Clusters. Charged acidic and basic residues

polarize the electric field of the protein environment, significantly altering reduction
potentials and the electronic structure of Fe-S clusters. As an example, we explore the
effects of the negatively charged Asp63 side chain using a larger reference model,
[Fe,S,(Cys)s(CysNH,CHO)J*, where the three cysteines are capped by hydrogens, and
CysNH,CHO is a cysteine with both peptide amide groups. To quantify the effect of the
Asp63 side chain, properties of the reference model are compared to those of a larger
model constructed by appending the C, and side chain of Asp63 to the reference, as
shown in Figure 3.3A. The isosurface in Figure 3.3B shows the reorganization of electron
density that can be attributed to the presence of the carboxylate group, which is displayed
as a large light-blue cloud, representing increased density relative to the reference model.
The distance and location of the charged group compared to the cluster are key factors
that determine its effect. In this case, the closest sulfur species to the carboxylate oxygens
are S°4 and S'p, at distances of 5.88 A and 4.49 A, respectively. Consequently, two of the
most prominent regions of depleted electron density (orange) are located on S° and S'p,
and oriented toward the carboxylate. These depletions develop as S°s to Fes and S'p to
Fep donation increases to minimize repulsion, resulting in regions of accumulated density
on the Fe centers. As seen previously in the hydrogen bonding case study, each Fe center

is balanced by compensating adjustments in donation from the other sulfur species. In
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quantitative terms, the Ag values are 0.03 and 0.07 e for S°, and S'p, respectively, but less
than 0.01 e for the Fe centers. The cysteines more distant from Asp63 are also affected,
with S's, S's and S'c pushing electron density away from the carboxylate toward the Cp
atoms, which in turn push density toward the C, atoms, and so on. This chain effect is
most clearly shown by the alternating orange and light-blue clouds beginning on S'c of

Cys49.

Figure 3.3. A model of the [2Fe-2S] cluster including the side chain of Asp63 (A), and an
isosurface depicting the change in total density (p) due to addition of the side chain (B).
The electric field polarization caused by a charged side chain affects not only the
electrostatic properties of Fe-S clusters, but also the covalent interactions, as evidenced
by the changes in DI. Most significantly, the ADI for the S's—Fep and S°,—Fex pairs are
0.06 and 0.04, respectively. The remaining S“Fe bonds weaken, due to the
aforementioned density redistribution toward the cysteine backbones. S°4 also follows the
trend of reducing unfavorable repulsion by donating less to Feg, which is closer to the

carboxylate, and more to Fe,, yielding respective ADI values of —0.03 and 0.01. The
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charge polarization and subsequent covalency changes observed here could have an
influence on electron transfer pathways, and for larger, catalytic Fe-S clusters, analogous
protein environmental effects would modify pKa’s and play a role in determining
favorable ligand binding sites. The more obvious effect of charged side chains is that
reduction potentials will decrease in the presence of a negatively charged group, as it
becomes more unfavorable to gain an electron. Indeed, the VEApcy of our model
decreases by 0.5 eV after addition of the Asp1063 side chain. The effect is large because
the carboxylate is quite close to the cluster, with an Fe O distance of 6.18 A.

To determine the distance at which electrostatic effects on Fe-S clusters become
negligible, we used the interaction between the Lys3021 side chain and the Fe,S;SEty
model as our test case. The side chain was truncated to methylammonium and modeled
by point charges found through an AIM analysis. In the protein environment the charge
of the side chain would be attenuated by the surrounding residues and those lying
between the side chain and the cluster. Furthermore, charged residues are commonly
located near the protein surface, where their charge would be heavily attenuated by water.
In fact, a study involving mutagenesis of charged surface residues of a [4Fe-4S]
ferredoxin found no detectable change in reduction potential.'”* In this work we do not
consider solvent effects and treat all charged residues as if they were buried in the
protein, but in the algorithm presented in the Discussion we recommend not including
solvent-exposed charged residues in a computational model. In this case study the protein
environment was approximated using PCM with two dielectric constants for comparison:

the commonly used € = 4.0 and a higher value of 10.0, recommended by Noodleman and
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co-workers for modeling the di-iron site of ribonucleotide reductase.'™ The AVEApcy
was calculated for a series of Fep-N distances, including the native 10.93 A found in the
crystal structure and those from 15-50 A in 5 A intervals. Figure 3.4 shows the expected
trend of reduced AVEApcym with increasing distance following Coulomb’s law, which

gives the change in energy due to a distant point charge (gproein) according to Equation

34:

AE = 1 (qox ~ Qreq )qprotein
4reye r

(3.4)

where g is the vacuum permittivity, and g.x and g..q are the charges of the oxidized and
reduced reference models, respectively. The theoretical potentials from Coulomb’s law
(black lines in Figure 3.3) fit the data very well, with correlation constants, R*, of 0.999
and 0.997 for € = 4.0 and 10.0, respectively. Deviations are smaller at longer distances
because the effect of the methylammonium point charges becomes more like that of a
single positive unit charge as the distance increases. The AVEApcym values calculated with
e = 10.0 are approximately reduced by a factor of 10/4 relative to the € = 4.0 data, but
even with the higher dielectric constant, the effect does not drop below 50 mV until 30 A,
highlighting the significance of buried charged side chains. A protein environment with
multiple unbalanced charged residues at 30 A or even farther away could have a large

effect on an Fe-S cluster or any other redox-active metallocofactor.
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Figure 3.4. The dependence of electrostatic interactions on distance and dielectric
constant. The model system and parameters for fits using Coulomb’s law are inset.

Quantitative Mapping of the Backbone and Neutral Side Chains. A first step in

developing a standard method for building computational models is to determine the
appropriate level of truncation for the backbones of the Fe-bound cysteines and their
neighboring residues. Using the [Fe,»S,SEts]*” model as reference, the backbone of one
Fe-bound cysteine was included at a time, and the effects of the NH 'S hydrogen bonds
and electrostatic polarization from CO-containing groups was quantified in terms of
ADI(Fe,S"), ADI(Fe,S®), and AVEApcym, which were shown in the preceding sections to be
useful measures of covalent and electrostatic perturbations. The effects of the
neighboring residue backbones were determined analogously using reference models
constructed from three thioethyl groups and one full cysteine with peptide bonds capped
by hydrogens. Table 3.2 gives the residue being probed, and the specific atoms that were

added to the reference model, along with the resulting effects. ADI values were
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determined for all Fe-S pairs, but only the one with the greatest magnitude is shown. The

results indicate that the ADI values of greatest magnitude (0.03), representing the

strongest perturbation to the Fe—S covalency, can be attributed to the NH ~S°s hydrogen

bond from the residue (Glu47) neighboring Cys46, which is the shortest hydrogen bond

in the table (2.5 A). All of the other hydrogen bonds and dipole interactions contribute

small perturbations of 0.02 magnitude or less.

Table 3.2. Changes in delocalization index (DI) and vertical electron affinity (VEA,cm),
due to cysteine and adjacent-residue backbone groups, with interactions characterized by
differential distance (DD), calculated as (O Fe) — (CFe), and other metric data

. O“Fe DD H-bond H-bond t AVEA
residue® model’ ADI(Fe,SY¢ ADI(Fe,S®)° PCM
A A A tye (Fe.S)” ADIFeSY ~ (ev)
cyszs  CHO 505 096 340 NH'S%  -0.01 0.01 0.10
& —NH,
cysa6  -CHO 544 112 359 NH'S,  -0.02 0.01 0.12
& —NH,
_CHO
Cys49  gNn, 563 041 0.02 0.01 0.05
cys62 -CHO 605 079 350 NH'S:  -0.02 0.01 0.07
& —NH,
Cys34-
Y53~ CHO 560 099 0.01 0.01 0.15
%334— “NH, 351 NH'S% 002 ~0.02 0.00
2
Cys46—
Y4~ cHO 562 103 0.01 0.01 0.15
0{15:6‘ “NH, 332 NH'S%\ 003 ~0.03 0.02
2
Cys49— _
Y4~ cHO 655 107 0.02 0.01 0.11
cmg— “NH, 0.01 0.00 ~0.03
2
Cys62—
Y02~ CHO 654 075 0.01 0.01 0.09
cmz— _NH, 0.00 0.00 ~0.03
2

“ Cys—CHO and Cys-NH, refer to the CHO and NH, groups of adjacent residues.

» Dashes indicate that the added group was covalently bonded to the reference model.

“ Only the largest-magnitude ADI is given, with preference for the positive value if
multiple DI’s of equal magnitude but opposite sign were found.
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Focusing on electrostatic effects, the cysteine backbones increase VEApcy from
0.05-0.12 eV, with the smallest effect corresponding to the one that does not hydrogen
bond (Cys49). However, the lower AVEApcy is more likely due to the CO dipole
orientation and the relative distances of the carbon and oxygen from the cluster rather
than the lack of a hydrogen bond. When the dipole is oriented with the carbon closer, the
AVEApcwm is generally positive, as is the case for all of the CO dipoles in Table 3.2. The
relative C'Fe and O Fe distances are strongly correlated with their electrostatic effect.
For example, as the difference between the O 'Fe and CFe distances increase from 0.41
A (Cys49) to 0.79 A (Cys62), 0.96 A (Cys34), and 1.12 A (Cys46), the corresponding
AVEApcym values also increase (0.05 eV, 0.07 eV, 0.10 eV, and 0.12 eV, respectively). To
isolate the effects of CHO and NH; groups, they were examined individually in the other
series of tests detailed in Table 3.2, where the backbone was extended to include the
peptide bonds. The electrostatic effect of an additional aldehyde group (0.09-0.15 eV) is
much more significant than that of an amine (—0.03—0.02 eV), which can be attributed to
the relative charge distributions and dipole moments. The tested amines that do not
hydrogen bond (Cys49—NH, and Cys62—NH;) decrease the VEApcm (—0.03 eV), whereas
hydrogen bonds tend to increase VEApcy, resulting in a net effect of no change (0.00 eV)
or a small increase (0.02 eV) for the tested hydrogen-bonding amines (Cys34-NH, and
Cys46—NH,, respectively).

To develop rules for building computational models, cutoffs must be chosen to
classify effects as being significant, in which case the group causing that effect must be

included in the model. We will use 0.03 for ADI and 0.05 eV for AVEApcm as the
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minimum level for an effect to be considered significant. Thus, according to the results in
Table 3.2, cysteine backbones are important, and they should be extended through the
peptide bonds to include the CO groups of their neighbors capped by hydrogens. It is
unnecessary to include the neighboring amines if they do not hydrogen bond; however, if
they do hydrogen bond they should be included. Although only one of the two hydrogen-
bonding neighboring amines (Cys46—NH;) had a significant effect, the other one (Cys34—
NH;) had a ADI of 0.02, despite poor orientation. The hydrogen bond effect would likely
strengthen with an optimized geometry and therefore the group can be considered
important enough to recommend including in a computational model.

Table 3.3 continues the quantitative mapping of backbone and neutral side chain
effects. As in Table 3.2, the groups added to the reference models are listed in the model
column. The reference models varied in size from [Fe;S,SEt4]*” to a model containing
four cysteines, each extended to include the full peptide groups truncated to CHO and
NH,. The use of larger reference models allowed the covalent connection of distant
residues, and a preliminary analysis using Mulliken spin densities showed that the choice
of reference model strongly influenced the results. However, the dependence of ADI and
AVEApcm values on the reference model is negligible. For this reason, Mulliken spin
densities are a poor indicator of protein environmental effects, as even relative

differences are inconsistent between models.



Table 3.3. Changes in delocalization index (DI) and vertical electron affinity (VEAm), due to backbone groups and neutral
side chains, with interactions characterized by differential distance (DD), calculated as (O 'Fe) — (CFe), and other metric data

residue’ model” O“Fe(A) DD(A) H-bond(A) H-bondtype ADI(Fe,S")° ADI(Fe,S%)° AVEApcu(eV)
Leu20-lle19 NH,CHO 10.62 0.84 -0.01 0.00 0.03
Ala32-Ser31 NH,CHO 5.98 -0.86 0.02 0.01 -0.04
Leu33-Ala32  —CH,NHCHO 6.77 1.14 3.46 NHS% 0.01 -0.04 0.12
Phe35 —CH,Ph 0.00 -0.01 -0.01
Leu36-Phe35 —CH,CONH; 6.87 0.43 -0.01 0.00 0.00
Asn40-Cys39 NH,CHO 7.18 -0.23 0.00 -0.01 0.00
Asn40 NH,CHO 6.29 0.84 3.25 NH~S% -0.05 -0.01 0.04
Asn41-Asn40  CH3NH,CHO 7.28 1.23 3.41 NH S, -0.05 0.01 0.08
Lys45-Asnd4  —CH,NHCHO 6.39 -0.49 0.01 -0.01 -0.01
lle48—Glu47 NH,CHO 6.15 0.87 3.39 NH~S's -0.04 0.01 0.08
Thr50 CH;3OH 7.22 -0.55 0.00 0.00 -0.04
Thr60-Val59 NH,CHO 7.38 -0.06 0.00 0.00 0.01
Thr60 CH;OH 5.28 0.94 -0.01 -0.01 0.03
Ala61-Thr60 NH,CHO 5.80 0.54 -0.04 0.01 -0.01
Gly151-Cys150 NH,CHO 6.91 -0.90 0.02 -0.01 -0.07
Cys200-Ala199  NH,COCH, 11.78 -1.21 -0.01 0.00 -0.03
HOH (multiple)® (H.0)s 7.28° 0.75¢ 2.69° OHCys(0) 0.01 0.00 0.13

“ Peptide groups are indicated by two residues, with the NH-contributing residue listed first. Side chains are indicated by one
residue. * Dashes indicate that the added group was covalently bonded to the reference model. © Only the largest-magnitude
ADI is given, with preference for the positive value if multiple DI’s of equal magnitude but opposite sign were found.
Y HOH39, HOH138, and HOH487 were tested simultaneously and the metric data are averages.

4
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The ADI values in Table 3.3 show that all of the tested groups that form NH'S" or
S® hydrogen bonds significantly perturb the Fe-S cluster (—0.04 to —0.05). The remaining
ADI value of greater than 0.02 magnitude is attributed to the Ala61-Thr60 peptide group,
which does have a fairly short NH'S'c distance of 3.04 A, and it is the Fe—S'c bond that
is primarily affected, with a ADI of —0.04, but the orientation does not allow hydrogen
bonding. Instead, the effect is likely due to the CHO group, which is oriented such that
the partial positive charge of the carbon is 3.74 A from S'c, while the oxygen is 4.65 A
away, stabilizing the negative charge at S'c, and reducing S'c—Fe covalency.

Using the £0.05 eV cutoff for AVEApcw:, the hydrogen-bonding groups all have
significant effects (0.08-0.13 eV), except the Asn40 side chain, with the borderline value
of 0.04 eV. The strongest effect (0.013 eV) is attributed to a set of three water molecules
that were tested simultaneously. They form hydrogen bonds with the backbone oxygens
of three cysteines, and are oriented with the positive ends (hydrogen atoms) of their
dipoles facing the cluster, which induces the positive AVEApcy. Of the groups that do
not form hydrogen bonds, only the Glyl51-Cys150 peptide group has a significant
electrostatic effect of —0.07 eV. This effect is negative because the oxygen of the
carbonyl is pointing toward the cluster, as indicated by the —0.90 A difference between
O Fe and CFe distances, which we term the dipole differential distance (DD). The sign
of the dipole DD matches that of the corresponding AVEApcy in all instances, with the
exception of Ala61-Thr60, which also had the unusual covalent effect described above.
The effects of other groups are limited by the long distances from the cluster (Leu20—

Ile19, Cys200-Ala99), the orientations of the dipoles (Ala32—Ser31, Leu36—Phe35,
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Asn40-Cys39, Lys45-Asn44, Thr60-Val59, Ala61-Thr60), or the lack of a strongly
polarizing functional group (Phe35, Thr50, Thr60). Numerical cutoffs in terms of the
O Fe distance and the dipole DD, can be used to classify non-hydrogen-bonding
carbonyl-containing groups. A loose set of cutoffs to achieve the goal of eliminating all
residues with insignificant effects is 10 A for the O 'Fe distance and +0.87 A for the
dipole DD, which only admits Glyl151-Cys1150 as a necessary group to include in a
model. To take into account important dipole interactions with sulfur species such as the
Ala61-Thr60 peptide group, another rule is to include all CO groups with C'S or O'S
distances of less than 4 A. Thus with those criteria, and further recommendations of
including all groups that hydrogen bond to sulfur species, and all waters within 8 A, we

have classified all backbone and neutral side-chain groups.

Quantitative Mapping of the Charged Side Chains. The effect of the Asp63 side

chain was described in detail above. In this section we additionally quantify the effect of
basic side chains and salt-bridging partners, as we explore the effects of all charged
residues within 11 A of the [2Fe-2S] cluster. The ADI values in Table 3.4 show that all
individual charged residues, except Glu47, have a significant influence (0.03 or greater
magnitude) on the covalent bonding in the cluster. This effect is generally diminished by
inclusion of a salt-bridging partner, but Lys45 and Asp63 retain significant ADI values of
+0.04. The AVEApcym results are more straightforward, with large negative values for the
acidic residues Glu46 (—0.39 eV) and Asp63 (—0.50 eV), and large positive values for the
basic residues Lys45 (0.51 eV), Arg86 (0.40 eV), Arg52 (0.37 eV), and Lys21 (0.30 eV).

These effects are distance-dependent and follow Coulomb’s law, as discussed above. For
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salt bridges, the AVEApcm values are nearly equal to the sum of individual values, as in,
for example, the Lys45 Asp63 salt bridge that has a —0.01 eV effect produced from
individual effects of 0.51 eV and —0.50 eV. As with other dipoles, electrostatic effects of
salt bridges depend on the differential distance (DD) of the positively and negatively
charged groups from the Fe centers ((O ~ Fe) — (C or N Fe)). The Lys45 ~Asp63 salt
bridge has a small effect because the DD is only —0.19 A. Negative DD values result in
negative AVEApcy values because the acidic group is closer to the cluster. The
Glu47 "Lys82 pair has the most significant differential distance (—2.18 A), and,
correspondingly, has the strongest electrostatic effect (—0.08 eV).

Table 3.4. Changes in delocalization index (DI) and vertical electron affinity (VEApcm),

due to charged side chains, with interactions characterized by differential distance (DD),
calculated as (O 'Fe) — (C or N'"'Fe), and other metric data

osidue odel® CorN“Fe O"Fe ADI ADI  AVEApcy
(A)° (A) (FeS) (FeS°)°  (eV)
Arg24 &  [CHsNHC(NH,),]" & _
GLis18 [CH.COO] 9.34 10.78  0.01 0.01 0.05
Glua7 [-CH,CH,COO] 841 -0.02  0.02 -0.39
Glu47 & [-CH,CH,COO] & _ _
Lys82 (CHNHT 10.59 8.41 0.01  0.01 0.08
Lys45 [-NH3]” 6.37 0.03  -0.05 0.51
Asp63 [-CH,CH,COO] 6.18  0.06 0.04 -0.50
Lys45 & [-CH,CH,COOJ & _ _
Asp63 (CHNH] 6.37 6.18  0.04 0.04 0.01
Arg86  [CH3;CH,NHC(NH,),[* 8.50 -0.03” 0.03° 0.40°
Arg1152  [CH3CH,NHC(NH,),]" 9.26 -0.03"  0.03° 0.37°
Arg152 &  [CH3CH,NHC(NH,),] ~0.02" c °
Glu108 & [CH2COO] 9.26 9.81 0.02°  0.01 0.04
Lys21 [CH3NH5] ™ 10.93 -0.03  0.01 0.30

“ Dashes indicate that the added group was covalently bonded to the reference model.
® Distances to the nearest Fe are measured from Arg(Cy) or Lys(N¢). © Only the largest-
magnitude ADI is given, with preference for the positive value if multiple DI’s of equal
magnitude but opposite sign were found.



86

The necessity of including salt-bridging residues in a computational model
depends on the DD that yields the 0.05 eV effect we are considering to be significant.
The Argl52Glul08 and Arg24Glu518 salt-bridge pairs have differential distances of
1.44 A and 0.55 A, resulting in effects of 0.05 and 0.04 eV, respectively; thus, the 0.87 A
DD cutoff for CO dipoles described above is also expected to be a reasonable standard
for evaluating salt bridges. However, the distance from the cluster is also an important
factor to consider. At longer distances (20 A or more), the effect of a salt-bridging pair
may become negligible, regardless of the DD, but individual charged residues have a
significant effect at distances of up to 60 A or more, depending on the dielectric constant
(see Figure 3.3). Fortunately, these long range interactions are purely electrostatic and are
expected to be well-reproduced using point charges. As a test, the Glu47 side chain was
modeled with point charges derived from AIM, and the ADI values deviated by less than
0.005, while the AVEApcy value was —0.37 eV compared to —0.39 eV in the fully
molecular calculation. In summary, we recommend modeling all nearby (<8.00 A)
charged side chains as standard atoms, even if the differential distance is small, because
the ADI will likely still be significant. All additional charged side chains within at least
60 A should be modeled with point charges, keeping in mind that charged residues on the
surface of the protein should not be included, due to the strongly charge-attenuating
solvent. The buried charged residues involved in salt bridges may not have a significant

effect, but they can be modeled with point charges with very low computational cost.
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Discussion

The results of this study showed that protein environments have strong covalent
and electrostatic effects on Fe-S clusters through hydrogen bonding and electrostatic
interactions from dipoles and charged groups. Hydrogen bonds that amide NH groups of
backbones and side chains form with Fe-bound sulfur species have the effect of
decreasing covalency of the adjacent Fe—S bond(s), which is compensated by the other Fe
ligands in a ripple effect that spreads throughout the cluster and the cysteines (see The
Effects of Hydrogen Bonds on Fe-S Clusters). Electrostatic interactions from charged
species cause a similar ripple effect, polarizing and shifting the electron density of the
cluster as electron-electron repulsion is reduced (see The Effects of Charged Residues on
Fe-S Clusters). Electrostatic effects are remarkably long-range for buried species, with
changes in VEApcym on the order of 0.05 eV at distances of 30—60 A from the cluster,
depending on the dielectric constant of the protein environment, as is shown by
Coulombs law (see Figure 3.4). Other charged species in the protein, such as the other
Fe-S clusters, will have analogous electrostatic effects that depend on their charge
distribution. Amide dipoles and salt bridges also have polarizing effects that depend not
only on the distance from the cluster, but on the orientation and the relative distances of
the positively and negatively charged ends, which we have termed the dipole differential
distance (DD). If the dipole DD is not at least 0.87 A in magnitude, the dipole is not
likely to significantly perturb the cluster, as shown in the two preceding sections.

By quantitatively mapping the covalent and electrostatic effects of the hydrogen

bonds, electric dipoles, and charged side chains on the [2Fe-2S] cluster in terms of ADI
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and AVEApcy, the relative importance of each of the surrounding residues and their
functional groups was identified. Taking into account the location and orientation of the
dipoles and charged residues, we have determined an algorithm that can be used to a
priori select functional groups that will have a significant effect on the cluster, defined by
a ADI or AVEApcm value of 0.03 or 0.05 eV, respectively. A minimal computational
model of a protein-embedded Fe-S cluster should contain the following list of residues
and functional groups:

(1) Fe-bound cysteines including the peptide bond to the neighboring CO group,

(2) groups that hydrogen bond to an Fe-bound sulfur species,

(3) CO groups with C or O within 4 A of an Fe-bound sulfur species,

(4) CO groups with an O ~Fe distance of less than 10 A and a dipole DD of at

least 0.87 A magnitude,

(5) waters with an O "Fe distance of less than 8 A,

(6) buried charged groups within 7 A of an Fe site, and

(7) additional buried charged side chains and other charged species (e.g., an Fe-S

cluster) within 60 A of an Fe site, which can be modeled with point charges

The algorithm for selecting significant functional groups was used to construct the
new computational model of the [2Fe-2S] site that is presented in Figure 3.5 in the same
style as the qualitative map (Figure 3.1, see Quantitative Mapping of Protein
Environmental Effects), except the specific groups to be included are now specified, and
those that can be modeled with point charges are depicted as unfilled shapes. Both figures

do not show the charged residues beyond the third coordination sphere, which would all
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be modeled with point charges. By comparing the two maps, we see that all of the
second-coordination-sphere residues in Figure 3.1 had a significant effect on the cluster,
except Thr50, which was not selected by the algorithm. In the third coordination sphere,
five of the nine residues (Ser31, Cys39, Val59, Leu20, Asn40) did not have a significant
effect and do not need to be included in a computational model. The NH group of Gly151
was added to the third coordination sphere to complete the peptide bond to Cys150(CO),
producing a more accurate dipole than if Cys150(CO) were modeled as formaldehyde.
All the waters except 82 and 23 were included, due to the long-range electrostatic effect
of their dipoles. The computational model based on Figure 3.5 contains 167 atoms, which

would be expensive with 6-311+G(d), but very feasible with the smaller, but still well-

77,195 131, 153, 154

performing, triple-C Stuttgart-Dresden effective core potential basis set.

The protein environmental interactions described and quantified in this paper are
expected to be very similar to those affecting Fe-S clusters of all sizes, and also other
transition metal sites in metalloenzymes. Electrostatic interactions, in particular, are
transferable to any metalloenzyme active-site, since the electric potential at a metal site
due to the protein environment is dependent on the location of the metal, not its charge.
The algorithm developed in this paper is a useful tool for constructing computational
models with an optimal balance of accuracy and efficiency. Larger models would have

diminishing gains in accuracy, while smaller models would miss significant interactions

that tune active-site properties.
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Figure 3.5. Map of the ~8 A environment of the [2Fe-2S] cluster showing residues
selected by the algorithm developed in this study, with the first coordination sphere in
pink, second coordination sphere in orange, third coordination sphere in green, waters in
blue, and groups to be modeled by point charges in colorless shapes. FSB1582 is a [4Fe-
48] cluster that can be modeled by point charges. The atoms of each residue that must be
modeled to capture all significant interactions are indicated.
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CHAPTER 4

COMPARATIVE ASSESSMENT OF THE COMPOSITION AND CHARGE STATE

OF NITROGENASE FeMo-COFACTOR
Introduction

Biological nitrogen fixation is catalyzed by the two-component nitrogenase
metalloenzyme.” The catalytically active [M-7Fe-9S] cluster of nitrogenase occurs in
three forms distinguished by its composition, where M is Mo, V, or Fe. The Mo-
containing nitrogenase is the most active and most studied and thus the focus of this
research. A significant limitation in understanding the molecular basis of biological
nitrogen fixation is the lack of electronic structural and compositional knowledge of the
catalytically active iron-molybdenum-sulfur cluster, FeMo-co. FeMo-co has been
identified as a [Mo-7Fe-9S-X] cluster from the nearly atomic resolution (1.16 [&) crystal
structure of the MoFe protein of nitrogenase.26 While the composition of the central
ligand (X) could not be unambiguously established experimentally, crystallographic
analysis of the resolution-dependent electron-density profile and the interaction of
nitrogenase with dinitrogen and ammonia, it was tentatively assigned to be N. The two
neighboring elements of C and O have also fit well the experimental electron density
profiles. In FeMo-co, these atoms would correspond to carbido (C*), nitrido (N*"), or
0XO0 (02_) ligands. Other 10-electron ions as alternative ligands, such as B>, F, Na", or

Mg”" can likely be excluded due to charge incompatibility (see below) or limited

This section was coauthored by Harris, T. V. and Szilagyi, R. K. Comparative assessment of the
composition and charge state of nitrogenase FeMo-cofactor. Inorg. Chem. 2011, 50, 4811-4824.
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biochemical availability (B’~, F). Cys275 and His442 residues on the terminal Fe and
Mo, respectively, and a nonprotein ligand, homocitrate, complete the inner-sphere
coordination environment of FeMo-co.
The MoFe-protein has been isolated with three forms of FeMo-co: resting or

Red

native (FeMo-co"), one-electron reduced (FeMo-co %), and one-electron oxidized

(FeMo-co®™).® Electron nuclear double resonance (ENDOR) data suggest the Mo center

is diamagnetic with a formally +IV (d*) oxidation state in the resting form.'”®

X-ray
absorption spectroscopic (XAS) measurements further support the presence of the Mo'”
oxidation state in all three forms.'”” '*” FeMo-co™ shows a characteristic S; = 3/2 EPR
signal, while the reduced form is EPR silent with integer spin, S; > 1. The oxidized form
is diamagnetic as observed at 4 K,"”*2% but a low-lying excited S; > 1 state is populated
between 240 and 320 K.*' The reduction potential for the FeMo-co®*/FeMo-co™ couple

has been determined to be —42 mV,202

while the second reduction step for FeMo-
co"/FeMo-co"* has only been estimated to be —465 mV.’

FeMo-co can be extracted (exFeMo-co) into N-methyl formamide (NMF) solution
with the homocitrate ligand remaining coordinated, a deprotonated solvent anion (NMF )
substituting the negatively charged thiolate of Cys275, and a neutral NMF molecule
replacing the imidazole of His442.*” A cation binding study indicated that exFeMo-co®*

has an overall charge of —2.

With a plausible assumption that the protonation state of
homocitrate is the same in the protein-bound and extracted form, the charge of FeMo-

co® can be considered to be the same as the exFeMo-co®*. Thus, the charge of FeMo-

co™ is taken to be —3, which provides a criterion for evaluating the formal oxidation states
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of the unknown Fe centers. Moreover, the S; = 3/2 resting form and a diamagnetic Mo'"
center limit the formal Fe oxidation states to 6Fe"-1Fe', 4Fe"-3Fe™, 2Fe"-5Fe™, and a
7Fe'" state that is unlikely due to the required Fe' site in the oxidized form. *’Fe ENDOR
experiments led to the suggestion of the 6Fe'-1Fe'" assignment for the CO-bound FeMo-
00,204 while Méssbauer isomer shifts were more consistent with the 4Fe"-3Fe'" state for
the resting form.*”> An electrochemical study of exFeMo-co linked the above Mdssbauer
and ENDOR assignments by implying that the CO-bound form is more consistent with a
two-electron-reduced form relative to the resting state.”’

Earlier computational studies employing density functional theory (DFT) also
favored the 4Fe"-3Fe'" oxidation state for the resting form. Vrajmasu ef al. calculated
Mossbauer isomer shifts for all possible Fe oxidation states and X = C4_, N3_, and 02_;
only the [4Fe"-3Fe"-N°7], [4Fe"-3Fe™-C*], and [2Fe"-5Fe¢™-N*"] oxidation state
assignments were consistent with experiments.””® As an indication for the
interconnectedness of the formal oxidation states of the Fe centers and the nature of the
interstitial ligand, Lovell, et al. initially found preference for the 6Fe'-1Fe™" state using
an early FeMo-co model without the presence of an interstitial atom.** However,
inclusion of an anionic central ligand gave better agreement between the calculated and
the experimental Mssbauer isomer shifts for the [4Fe'-3Fe"-N°7] state than that of
[6Fe-1Fe™-N°"1.8" Furthermore, structural optimizations favored the 4Fe"-3Fe' state
with either N°~ or C*" while disfavoring O*". The calculated reduction potentials
indicated that [4Fe"-3Fe"-N°"] was the most likely oxidation state and composition.

Notably, the results for the [2Fe"-5Fe''-N°7] state were not reported. By comparing
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HOMO energies of FeMo-co and Fe-S clusters, Dance found preference for [4Fe'-3Fe'-
N°7], or [4Fe"-3Fe"™-C* ] with a protonated uz-sulﬁde or Fe site. 2’7 2% Comparison of the
three lowest energy spin states showed that [2Fe"-5Fe™-N"] had an S, = 3/2 ground state,
consistent with experiment, while [4Fe"-3Fe"-N°"] had an S, = 5/2 ground state. The S, =
3/2 state was found to be about 20 kJ/mol higher for the latter. By contrast, using
noncollinear spin calculations, Shimpl et al. reported S; = 3/2 to be the ground state for
[4Fe"-3Fe™-N°7], while the ground states for [2Fe"-5Fe-N°"] and [6Fe"-1Fe"-N°7]
were S; = 1/2 and S, = 0.24, respectively, with the optimized [4Fe"-3Fe'"'-N""] giving the
best agreement with experiment.”’ In summary, previous computational work favors the
[4Fe-3Fe™-N°7] state, although other states and compositions could not be
unequivocally ruled out.

It is important to note that density functional theory calculations can be greatly
influenced by the nature and the amount of exchange and correlation functionals, the
completeness of employed basis sets and the level of truncation of the employed
computational model. In addition, due to the presence of high-spin Fe centers within
weak-field ligand environments, the method of describing ferro- and antiferromagnetic
interactions is critical. Mdssbauer’” and ENDOR?” measurements indicate four parallel
spins and three antiparallel to the majority spin (spin-up or o) direction. While
theoretically not exact,”” a commonly used practical method to treat spin-coupling
interaction within the formalism of DFT is the broken symmetry (BS) approach.”" For
FeMo-co", Noodleman defined 10 major BS spin-coupling patterns® with numerous

alternative spin configurations. In addition to the challenge of obtaining and maintaining
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the correct spin state, the lowest energy BS state was found to depend on the chemical
composition of the computational model and the employed density functional.®> As
discussed below, the atomic coordinates of computational models are also critical,
particularly when the coordinates are based on a protein crystal structure with modest
resolution. Furthermore, the protonation states of coordinated residues and ligands are
often unknown, even for a close to atomic resolution protein structure. The protonation
state of the homocitrate ligand is a key aspect that has not yet been systematically
evaluated. This is important because homocitrate contributes to the overall charge of
FeMo-co. Furthermore, the protonation state can affect the bonding interactions around
the Mo center and thus have implications for a proposed mechanism in which
homocitrate becomes monodentate, opening up a coordination site for N».*'° The
deprotonated homocitrate ligand with a charge of -4 (or a truncated version with a charge

81, 208, 211, 212 .
> <5 225 22 while some assume a -3

of -2) has been chosen for many theoretical studies,
charge for the complete ligand.”** **® An earlier computational work already suggested
the possibility that the coordinated hydroxyl oxygen is protonated in the resting form.*'?
Others proposed that protonation of the coordinated carboxylate group may be the first
step of the catalytic mechanism.*> 2"

In this study we carried out a comprehensive evaluation of all available
experimental data with respect to spin-coupling schemes, spin state energies, iron
oxidation states, compositions of the interstitial atom, protonation states of the

coordinated groups of the homocitrate ligand, reduction potentials, isomer shifts,

quadrupole splittings and hyperfine coupling parameters. On the basis of a series of
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structural, energetic, electronic, and magnetic criteria, we can rule out certain
compositions and oxidation states, and we find that only the [Mo'V-2Fe'-5Fe™-98*-C* "
composition with hydroxyl-protonated homocitrate ligand (HC™) is favored consistently

for the resting form of FeMo-co.

Computational Details

The computational model of FeMo-co (Figure 4.1) was based on the highest
resolution (1.16 A) crystal structure of the MoFe protein available to date from
Azotobacter vinelandii (PDB ID IMIN)*. The ligands Cys275, His442, and homocitrate
were truncated to methylthiolate, imidazole, and glycolate, respectively. We consider
glycolate to be an acceptable computational model of homocitrate for evaluating the
electronic and geometric structures of FeMo-co due to the limited role of the omitted
distal carboxylate arms of homocitrate in polarization of the FeMo-co electron density

similarly to weakly bound, solvated counterions.

(d)

Figure 4.1. Computational model of FeMo-co based on the 1.16 A crystal structure of the
MoFe protein from Azotobacter vinelandii (PDB ID IMIN)%.
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The majority of this work (see below for exceptions) was carried out using
Gaussian03 Rev. E.01'® employing the gradient-corrected Becke88> exchange and
Perdew86°" correlation functionals (BP86) and the Stuttgart—Dresden effective core
potentials and valence basis set (SDD-VTZ(d))"*" ** '** for all atoms, with additional
polarization functions for Fe'!, Mo"*! and S'*%. This choice was rigorously validated for
[4Fe-4S] clusters in a previous work,”’ and to ensure consistency, representative
calculations (see below) were also carried out with hybrid functionals such as B3LYP,”’
B5HFP86,°"* and/or a larger basis set (6-311+G(d)).?"” Isomer shifts, quadrupole
splittings and the hyperfine coupling constant for interstitial ligand X were calculated
using ADF2009'%2"® at the BP86/STO-TZP level, with an integration accuracy of 5. The
Conductor-like Screening Model (COSMO)*"*** with ¢ = 30 was used to approximate
the polar crystal or solvent environments of the complexes in the isomer shift training set,
while the less polar constant, e = 10, was used to approximate the dielectric environment
of the protein matrix around FeMo-co. The spin-coupling calculations were all carried
out using the oxidation state assignment and composition [4Fe"-3Fe"-N°"] without
geometry optimizations for in vacuo computational models. Notably, gas-phase
calculations for models with —4 or greater negative overall charge showed unreasonable
spin densities; thus, these highly charged models were embedded in a polarizable

continuum model (PCM)*"™

with &€ = 10. Relative energies of spin states calculated using
PCM were within 2 kJ/mol of the corresponding energy differences from gas-phase

calculations. However, for consistency, all geometry optimizations were performed in the

presence of PCM. Optimizations at the computationally more expensive BSHFP86/6-
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311+G(d) level resulted in geometric structural deviations of only 0.01 A relative to
BP86/SDD-VTZ(d). This is similar to previously determined experimental vs calculated
structural deviations of less than 0.03 A (rms value) for the model system [FesSa(SEt)s]*
at the BSHFP86/6-311+G(d) level.”’

Ferro- and antiferromagnetic spin-coupling schemes were treated using the
broken symmetry (BS)’' approach.® The initial localized spin states were constructed by
the ionic fragment approach.”” For example, the FeMo-co® state has been described in

198200 Thys, the initial electronic structure was

the literature as diamagnetic (S; = 0).
constructed from Fe' (mg = +2) and Fe™ (ms = +5/2) centers to result in an M; = 0 state,
where the total number of spin-up (o) and spin-down (P) electrons was equal. The S; and
M; spin quantum numbers are used to differentiate among the pure spin states and the
calculated broken symmetry (BS) spin states. The initial ionic electronic structure was
allowed to relax to the broken-symmetry solution. The order of Fe" and Fe' centers in
the ionic fragments had no effect on the converged broken-symmetry state. Pure
antiferromagnetically coupled spin states were considered for reduction potential
calculations by using a spin projection procedure” based on the Heisenberg Hamiltonian
with FeMo-co modeled as a two-spin system. This approach is conceptually incorrect due
to the presence of seven paramagnetic centers; however, this can be considered as a first-

order approximation due to the formal topology of FeMo-co being composed of a [Mo-

3Fe-3S] and a [4Fe-3S] cluster that are coupled through three bridging sulfide and the

“In the BS method, paramagnetic centers have majority spin-up or spin-down electrons, and the
total system has a well-defined total spin quantum number (M;). Although BS states are not pure
spin states and do not represent a conceptually correct solution of the spin operator, their single-
reference representation can be conveniently accessed by the DFT formalism and can accurately
predict the geometric and electronic structural features of Fe-S clusters.
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central ligands. With this simplified model, there is a linear relationship between energies
and expectation values of the spin operator (<$*>), which was determined from the
broken symmetry and the pure ferromagnetically coupled (maximal S;) state. Then the
energy of the pure ground spin state was obtained using the known <S> value (e.g., 15/4
for an S; = 3/2 state). A more rigorous approach to spin projection,223 in which the
Hamiltonian included coupling between the individual Fe sites, was carried out for [4Fe'-
3Fe'"-N*7], and the projected ground state energy only deviates by 4 kJ/mol between the
two approaches (see Results). Double-exchange®* effects were not included in the spin
state analysis, but are the subject of ongoing work, as an extensive treatment adds
substantial complexity, even to two-center systems such as [2Fe-2S] clusters.'” A recent
work considered double-exchange interactions for a multinuclear spin system on top of
the Heisenberg exchange and an effective Coulomb intercenter repulsion;*> however,
due to computational limitations the size of the system was limited to six Fe centers.

In order to evaluate the adequacy of the selected level of theory, the comparison
of experimental'® and calculated sulfur 3p orbital characters (S(3p)) of metal-sulfide
bonds was carried out. Sulfur K-edge X-ray absorption spectroscopic measurements'
for a prototypical model complex of [FesS4(SEt)s]* define a total of 1.23 and 0.41 e
donation from the bridging sulfides and thiolate sulfurs to the irons. The theoretical sulfur
covalency values were derived from the difference between the S(3p) atomic populations
of the covalent electronic structure and the theoretical ionic limit of six electrons. S(3p)
characters were obtained from the Natural Population Analysis (NPA)*® with a minimal

valence set, where S(3d), Fe(4s, 4p), Mo(5p), and higher orbitals were treated as part of
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the Rydberg atomic orbital set. The BP86/SDD-VTZ(d) level gives 1.19 and 0.40 e S(3p)
character for the Fe—sulfide and Fe-thiolate bonds that already well approximate the
experimental values. Employing a larger all-electron basis set (6-311+G(d)) and an

experimentally validated hybrid functional (BSHFP86)”'*

improves only slightly this
agreement to 1.22 and 0.42 e. A detailed analysis of errors in calculated parameters for
the same model system has already been published.”’

To determine reduction potentials that include contributions from solvation

effects, free energy changes (AG°requction) Were calculated” according to the following

equations:

AGoreduction = AGosolute + AAGosolvation (41)
AGosolute = AE:SCFS.p. + AZPEsolute,corr + AI_Iosolute,corr - TASOsolute,corr (42)
AAGosolvation = AAGelectrostatic solute/solvent + AAGnonelectrostatic solvent/solvent (43)

where Aesce™™ is the difference in the gas-phase spin-projected (indicated by the
superscript ‘s.p.”) ground state electronic energy of the PCM-optimized reduced and
oxidized forms. The enthalpy, entropy, and zero-point energy (ZPE) corrections were
calculated as changes between the reduced and the oxidized forms of the solute.
AGelecrostatic Tefers to the electrostatic solute—solvent interactions, and AGhponelectrostatic Tefers
to the nonelectrostatic cavitation, dispersion, and repulsion energies of solvent—solvent

interactions. Overall, in this approach we take into account both inner- and outer-sphere

“ The second derivative effect of the nonelectrostatic interactions on AG° e Were not included,
but we expect this contribution to be negligible due to small structural changes upon redox. The
AGonte and AAG®so1vation terms were calculated for BS states without spin-projection correction to
solvation terms.
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relaxation effects including the geometric relaxations upon solvation. The standard one-
electron reduction potentials (n = 1) were then calculated using the Nernst equation:
AG® eduction = -nFE° (4.4)
where F is the Faraday constant, 23.06 kcal mol™ V', A —4.43 eV correction was applied
as a reference for the absolute reduction potential of the standard hydrogen electrode
(SHE).?* Using only gas-phase-optimized structures and exclusion of the corrections due
to geometric changes upon solvation can introduce a considerable 60 mV error.” With the
above approach, gas-phase optimizations actually can be omitted, since each contribution
mentioned in Equations 4.1-4.3 can be derived from PCM-optimized structures and
related energy analysis.

Moéssbauer quadrupole splittings (AEq) were calculated from the electric field
gradient tensors (V) in a coordinate system where V.. > V.. > V,,, using Equation 4.5,

where e is the elementary charge, O is the nuclear quadrupole moment of *'Fe (0.158

227

barn)™’ and # is the asymmetry parameter (|V-V,,)/V-|.
1 n’
AEq = eQV 1+ (4.5)

Hyperfine coupling constants (HFCC) depend critically on the spin-polarized
electron density at the nucleus (ps(0)), which is difficult to calculate accurately for
transition-metal systems.””® For oligonuclear complexes, magnetic interactions and the
use of the BS approach further complicate the calculations. Neese et al. have developed a

method based on the Heisenberg Hamiltonian,”” which derives scaling factors for the

“ Gas-phase optimizations were only performed for one representative model, [4Fe"-3Fe™-N""]
with protonated Onyaroxy1 0f homocitrate.
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calculated HFCCs at transition metal centers. However, a recent study of the FesS¢ “H-
cluster” of [FeFe]-hydrogenase demonstrates that even with the scaling factors the
absolute accuracy of calculated HFCCs is low, although the ratios of HFCCs can be
qualitatively useful.**° In this work we employ the semiempirical method developed by

231, 232
Mouesca et al.,” "

which avoids calculation of the problematic ps(0) values. The
procedure has previously been used to analyze spin coupling in FeMo-co™ and the P-
cluster™! of nitrogenase.

The isotropic contributions to the observed HFCCs (a;**") for Fe sites in a spin-
coupled system are proportional to the projections (K;) of the local site spins (§;) onto the

total spin. Thus, the hyperfine parameters (a;

) were determined using the following
equation:

a™ = Ki(|ps(Fe,)|/2S)a; " (4.6)
In Equation 4.6, the spin densities, py(Fe;), scale the empirically derived®* intrinsic Fe
site parameters, a;°™, which are —34.0 MHz, —32.5 MHz, and —31.0 MHz for Fe*, Fe*>*
and Fe'™ with S; = 2, 9/4 and 5/2, respectively. K; factors (see Appendix C) were
calculated according to Equation 4.7 developed by Noodleman and co-workers.** ®

K, =(S,-S,)/(S,-S,) (4.7)
Calculations of hyperfine couplings for X = "N or *C were also performed according to
Equation 4.8 by Noodleman and co-workers,85 where aiSOBS(X) values were obtained from

the broken symmetry calculation and scaled by the Py factors 0.40, 0.46 and 0.51 for the

6Fe"-1Fe", 4Fe"-3Fe' and 2Fe"-5Fe' oxidation state distributions, respectively.
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4 (0 =< TK/S,15)a5(X) = Pa

iso
i=2,3..7

o (X) (4.8)

150

Due to the local symmetry of the central 6 Fe belt and the bridging sulfide ligands, we
considered the same hyperfine coupling interaction between the Fe and the interstitial
atom, X. The electron density at X takes into account the individual effects of the
neighboring Fe sites, and the projection of the calculated hyperfine coupling of X onto
the total spin S; = 3/2 takes into account the individual projection coefficients and spin of
each Fe site.

The *’Fe isomer shifts (J) from Mossbauer spectroscopy are directly proportional
to the electron density at the nuclei, p(0). Calculated p(0) values are dependent on the
employed functional and basis set;*>* thus, to calculate the *’Fe isomer shifts for FeMo-
co, the relationship between p(0) and 6 was obtained for a training set, which is
composed of [Fe-S] and [Mo-Fe-S] clusters of various charge and spin states. The
calculated and experimental values were fit to Equation 4.9, where a constant, 4 (in e
ao ), was chosen to reduce the magnitude of p(0) (in e ao ), and the fit parameters are a
(ine'a’mms ')and C (inmms).

o=a(p(0)-—A)+C 4.9

Results and Discussion

Evaluation of Broken-Symmetry Spin-Coupling Schemes

Assuming weak-field ligand environments, such as those from thiolate and

1T

sulfides, the formally Fe" and Fe" centers adopt high-spin S = 5/2 and 2 states,

respectively. The total spin (S, = 3/2) of FeMo-co™ is a result of ferro- and



104
antiferromagnetic coupling between the Fe centers of which four have parallel and three
have antiparallel (4+3) spin orientations according to the interpretations of ENDOR?"
and Mossbauer’™” data. When FeMo-co’s electronic structure is treated with broken
symmetry (BS) formalism, a given charge and oxidation state distribution with high-spin
Fe centers can have 35 non-equivalent BS states with M = 3/2 that are also consistent
with the above-mentioned experimental 4+3 spin orientation. These states can be divided
into 10 groups based on the number of antiferromagnetically coupled Fe pairs that are:
(1) bridged by two sulfides, and (2) bridged by one sulfide and X (see representative
states in Figure 4.2).*° The first type is exclusive to pairs that include the terminal Fe. A
third type of Fe pair is bridged by only X, and the significance of this type is discussed
below. In order to build up a reference base for a priori choosing the lowest energy spin
state, we evaluated all 35 spin states (see Table C.1). We also evaluated the dependence
of the relative energies of spin-coupling states on the applied functional (BP86 vs

B3LYP) and basis set (SDD-VTZ(d) vs 6-311+G(d)).
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BS7, plotted against (A) the number of sulfide-bridged antiferromagnetically coupled Fe
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adapted from ref 80.
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Figure 4.2 summarizes the results obtained for the relative energies of various
spin-coupling schemes of [4Fe"-3Fe'-N’7].“ The results in Figure 4.2A display a clear
trend of lower energy with increasing numbers of sulfide-bridged antiferromagnetically
coupled pairs of Fe centers (Npes-re) at the BP86/SDD-VTZ(d) level. The individual
states within each of the 10 major groups depicted in the inset of Figure 4.2A are similar
in energy. The BS2 state is strikingly (>25 kJ/mol) lower in energy than the BS9 and BS5
states, even though they all have the same Npe.spe (6). This is because BS2 has six X-
bridged antiferromagnetically coupled Fe pairs (NVpex-re), While BS9 and BSS5 have four.
Similarly, BS4 and BS10 are almost equivalent in energy to BS8 and BS6 because the
former have one more Nees-re (8), but two less Nrex_re (2). From this relationship we see
that the stabilization due to an X-bridged antiferromagnetic interactions is approximately
half that of sulfide-bridged interactions. Note that the relative strength of the interactions
is not due to the nature of X versus sulfide, but rather the number of bridging ligands. All
of the Fe pairs bridged by at least one sulfide have two bridging ligands in total (two
sulfides, or a sulfide and X), while the X-bridged pairs have only one. Thus, the primary
factor affecting the stability of BS states is the number of individual M-L-M
antiferromagnetic interactions (2Nre.s-re + Nre-x-Fe), as shown in Figure 4.2B.

Figure 4.3 shows a representative state for each number of antiferromagnetically
coupled Fe pairs calculated at the different levels of theory (see Table C.2 for numerical
results). Although the overall trend is the same in each case, there is a notable functional

dependence for the first excited state among the representative states in Figure 4.3. With

“ Calculations involving other oxidation state distributions or compositions revealed that trends in
the relative energies of spin coupling schemes are independent of the cluster composition and
charge state.
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the pure DFT (GGA) functional, BP86, the lowest energy spin state other than BS7 in
Figure 4.3 is BS6, consistent with the findings of Noodleman and co-workers,* who
examined the same representative states using a GGA functional, PW91. However, we
find that using the popular hybrid functional, B3LYP, BS10 is lower in energy than BS6.
Most importantly, the ground state for each tested level of theory is BS7, and the overall
trend is the same. A similar trend was also observed by Noodleman and co-workers using
an early FeMo-co model without the interstitial atom, although BS6 was found to be the
ground state.** With X = N~ and a change in functional, they found BS7 to be the ground
state for X = N°~,*° in agreement with results from Blochl and co-workers,”’ who used a
different theoretical approach. Additionally, ESEEM and ENDOR measurements indicate
that if X = N or C the hyperfine coupling to X is weak, which, as shown by DFT, favors a

spin state with symmetric spins in the central ‘6Fe-belt’, such as BS7.%

4

~ 1. =& B3LYP/SDD-VTZ(d)

©200 +

E i S

2 » . * -~

b 1°. N - & BP86/SDD-VTZ(d)

- L A . IS

2150 + .. -® BP86/6-311+G(d)

<= i A NN

= N DI

§ B Q‘ < “

© 100 + & T~ 0t

S 1 BS3 Tt .q. ¢

= ] N

‘a : BS5 \“ M

é 50 + ' [N . T s : :s

> i ) ‘\

&0 o A < o

s ] (4 . s R

;3 E 0° .00
0 } } } } } ok

3 4 5 6 7 8 9

S-Bridged Antiferromagnetically Coupled Fe Pairs (Vg ro)

Figure 4.3. Relative energies of representative BS states calculated with various
functionals and basis sets. The spin distributions are shown in the inset of Figure 4.2A.
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Within BS7, the oxidation states 6Fe"-1Fe™, 4Fe"-3Fe™ and 2Fe"-5Fe™ can be
described by several formal distributions that all satisfy M; = 3/2. Three such
distributions are given for the 2Fe"-5Fe" state in Figure 4.4. Although the formal
subcluster M; values vary, due to delocalization, calculations converge to a single
electronic structure (Figure 4.4, far right). Thus, the oxidation state, M value and spin-
coupling scheme are enough to uniquely describe an electronic structure, without

specifying the specific oxidation state distribution.

Formal oxidation state distributions Calculated p (Fe) (e)

Felll Fell 1 Felll Fell 1 Felly Feitt —2.81 +2.78

Fellf Feit Feld  Fef Fel? Femd  Fellt Fel't Feld  +2.80 +2.81 —2.77

| A | A | A
Fel¥ Fe' 1 Fel™y Feli'f Fel™d Feli'f =291 +2.94

M, 0 +3/2 -1/2 +2 -1 +5/2

Figure 4.4. Three of the formal oxidation state distributions for the 2Fe"-5Fe"" state, with
subcluster M values indicated below. Calculated spin densities ps(Fe) for
[2Fe"-5Fe™-N’" are given on the right.

Spin State Dependence on Oxidation States and
Compositions for FeMo-co™ and FeMo-co*

A commonly considered criterion for evaluating the likeliness of a given
oxidation state and composition for FeMo-co is that the ground spin state must be

consistent with the experimentally observed S; = 3/2. It is important to realize that the

I

consideration of only weak-field, high-spin Fe"' and Fe" centers limits the possible

oxidation states of the resting form to 6Fe'-1Fe", 4Fe'-3Fe™ 2Fe"-5Fe™ and 7Fe", all

I

of which can access the S; = 3/2 state. The 7Fe™ state is unlikely, as discussed in the
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introduction, and it was not evaluated. In order to assess the ground and excited spin
states, the energies of S; = 5/2 and 1/2 for each oxidation state with X = C*", N>~ or 0%
were compared to S; = 3/2 using the lowest energy BS7 spin-coupling scheme with high-
spin Fe'" and Fe' centers at atomic coordinates derived from the crystal structure.”® Due
to the limitation of the BS approach, only the A value is well-defined in the FeMo-co
calculations (see Computational Details).

The relative spin state energies presented in this section have been calculated by
assuming that the BS7 state with a given M value best represents the spin state of
corresponding S, i.e., the S; = 3/2 state is modeled by an M = 3/2 BS state. To estimate
the validity of this assumption we considered the Heisenberg Hamiltonian. As a first-
order approximation, FeMo-co can be considered as a two-spin system, where a single
exchange coupling constant, J, couples the [4Fe-3S] subcluster to the [Mo-3Fe-3S]
subcluster. With this model, the spin-projected”” ground state is —22 kJ/mol lower in
energy than the ground BS state for [4Fe-3Fe-N°7], and excited spin states are
similarly corrected by about —20 kJ/mol. Thus, the two-spin model will not affect the
relative ordering of the ground and the closest BS state energies. As an improvement to
the single J model, the coupling of all 7 spin sites with 18 J constants was carried out
using the Yamaguchi generalized spin projection method,”* and spin state energies were
obtained by diagonalizing a sizable Hamiltonian.”** For [4Fe"-3Fe"'-N*"] the resulting
ground state has S; = 3/2 and is 18 kJ/mol lower in energy than the M, = 3/2 BS7 state.
The lowest energy S; = 1/2 and S; = 5/2 states lie about 5 kJ/mol above the ground state,

while the excited BS states (see Figure 4.5A) are 40-50 kJ/mol above the ground BS
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state. Overall, the BS and the Heisenberg approaches both give qualitatively correct
results with respect to the experimental S; = 3/2 ground state and the same relative
ordering of excited states. Furthermore, from a through analysis of the eigenvectors of the
Heisenberg Hamiltonian we find that the BS7 state with high-spin Fe centers and a
particular M; value (3/2, for example) has the highest weighting (11%) among all of the
more than 10000 BS states contributing to the lowest energy pure spin state with a
corresponding S; value (3/2, accordingly).

In contrast to other work,”" 2" Figure 4.5A shows that S, = 3/2 is the lowest lying
spin state regardless of the oxidation state and composition. The preferred 4Fe"-3Fe™
assignment has a large energy gap (>30 kJ/mol) between the ground and the excited spin
states; this becomes considerably less (~10 kJ/mol) for 6Fe"-1Fe™ and 2Fe"-5Fe™.
Overall, an S; = 3/2 ground state does not allow for discriminating between compositions,
charges, or formal oxidation states (for numerical results see Table C.3).

The oxidized form of FeMo-co (FeMo-co®™) has an even-electron S, = 0 ground
spin state according to Mossbauer'™® '** and MCD** measurements, providing another
means of evaluating oxidation state and composition. The energies of three spin states,
S; =0, 1, or 2, were calculated for the 5Fe"-2Fe"", 3Fe"-4Fe™ and 1Fe"-6Fe™ oxidation
states, which are the corresponding one-electron-oxidized forms of 6Fe"-1Fe',
4Fe"-3Fe", and 2Fe'-5Fe'" (with an S, = 3/2 ground state), respectively. As shown in
Figure 4.5B, when using the FeMo-co™ crystal structure for oxidized calculations, no

combination of Fe centers and interstitial atom has an S; = 0 ground state.
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Importantly, using structurally optimized FeMo-co® models, we find that the S, =
0 state becomes the ground spin state for 1Fe"-6Fe™ (Figure 4.5C) with a low-lying S =
1 state (~3 kJ/mol), showing a close agreement with experimentzm. For 3Fe"-4Fe™ and
5Fe"-2Fe™, geometry-optimized structures show the same experimentally inconsistent
high energy S; = 0 state as in Figure 4.5B (for numerical results see Table C.4). However,

if the 3Fe'-4Fe'™ state is considered to be the reduced form of 2Fe'-5Fe™

, rather than the
oxidized form of 4Fe"-3Fe'", then the results are consistent with the S, > 1 state shown by
experiment. Independently from the composition of the interstitial atom, these results
indicate a strong preference for the 1Fe"-6Fe'™" oxidation state assignment for FeMo-co®,
which in turn corresponds to 2Fe"-5Fe'"" for the resting FeMo-co' form.

Geometric Differences with Various
Oxidation States and Compositions

As shown for the relative energies of FeMo-co®* spin states, electronic structure is
intimately linked to geometric structure. Comparison of the interatomic distances in
selected optimized FeMo-co™ structures to those in the nearly atomic resolution (1.16 A)
crystal structure” and Extended X-ray Absorption Fine Structure analyses'” **° can
provide another criterion for evaluating different compositions, charges, and iron
oxidation state distributions, as these properties are expected to affect the overall size of
the cluster and the Fe—X bond lengths. Table 4.1 compares the structural optimization
results for the FeMo-co™ form in the most probable states, [2F e"-5Fe"-N*"], [2Fe"-5Fe"-

C*"], [4Fe"-3Fe™-0%7], [4Fe"-3Fe"-N""], and [4Fe"-3Fe™-C*], with experimental

metric data. The optimized structure of the highly oxidized state [2Fe"-5Fe"-0%] is not
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reported due to cluster dissociation. The results for the unlikely, highly reduced [6Fe"-
1Fe-N*7] are shown in Table C.5. Looking at the S(Cys)-Fe through Fe"™Fe
distances, the 2Fe"-5Fe"" structures are generally contracted by up to 0.07 A relative to
the crystal structure, while the 4Fe"-3Fe™ structures are expanded up to 0.07 A, the
notable exception being the Fe™Fe"™ distances in [4Fe"-3Fe'"-0%7], which are 0.14 A
expanded. The Fe™Fe™ distances are expected to be among the most sensitive to the
composition of X, along with the Fe®™-X, FeFe™® Fe™?-Fe™® and Fe™°-X
distances. For X = O”", these distances are 0.10-0.16 A expanded relative to the crystal
structure compared to deviations of -0.02-0.06 A for X = N°~ and C*". The stronger
donation from the higher charged and less electronegative N°~ or C* interstitial atoms
seems to be necessary to maintain short distances between X and the Fe centers.” Similar
to previous studies,*" * ** we find that O is likely not the interstitial atom based on
geometric criteria. At this level of experimental information and theoretical treatment, the
differences between the structures with N*~ versus C*~ are too small (less than 0.03 A) to

be able to unambiguously rule out either composition.

“ To test the relationship between covalency, electronegativity and Fe—X bond length, we
optimized the 4Fe"-3Fe" state with X = F, and the low covalency and high electronegativity led
to bonds overly expanded by more than 0.40 A, indicating the lack of ability to share sufficient
electron density for covalent Fe—X bonds.
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Table 4.1. Interatomic distances in optimized FeMo-co" for selected oxidation states”

calculated distances (A) experiment
2Fe"-5Fe-X 4Fe"-3Fe'-X refs 26, 197, 235

X = ct N ct N o
HC(Ohyarxy) O OH O OH O OH O OH O
S(Cys)-Fe 222 220 220 218 230 228 227 226 225 227
Fe-S® 226 225 225 225 232 232 231 231 232 2.28
Fe~Fe® 263 262 263 263 273 272 273 272 273 2.66
SFe_pe(Fo 228 227 228 227 232 231 231 230 230 2.27
FeFo_g® 219 219 219 219 224 223 223 223 222 2.23
Fe®-Fe® 265 264 269 268 266 265 267 267 280 2.65
Fe—X 201 200 203 203 20l 200 201 20l 2.10 1.98
Fefo-Fe™Mo 259 257 258 257 262 261 262 261 276 2.59
FeMo-FeMo) 266 266 2.68 2.68 261 2.60 263 263 2.74 2.61
FeMo_g® 220 219 220 218 224 222 223 221 223 2.22
Fe™o_x 200 200 200 200 201 200 202 201 212 2.02
Fe™2-Mo 276 272 278 274 274 270 275 271 276 2.69
SMo_peMo) 998 228 229 229 229 228 229 228 228 2.23
SMo_po 240 237 240 237 239 237 240 238 241 235
Mo-N(His) 225 222 224 221 226 224 226 222 224 2.30
Mo—Ocupoxyt~ 2.12 2,11 2,10 2.08 216 2.16 214 2.13 2.11 2.18
Mo-Opyaony 201 222 198 220 205 226 2.03 223 201 2.20
avg. Mo-O/N  2.13 219 211 216 216 222 214 219 212 2.23
Fe"Mo 702 694 7.02 695 7.7 711 717 7.10 7.22 7.00
avg.error  —0.01 —0.02 —0.01 —0.01 0.02 0.02 0.2 0.02 0.05

rms dev. 006 004 007 005 0.06 0.04 007 004 0.11

core avg. error  0.01  0.00 002 001 0.03 0.02 0.03 0.02 0.07
corermsdev. 004 0.03 0.05 004 0.04 003 0.04 0.03 0.09

“ Experimental distances are given for the average of four FeMo-co structures from the
crystal structure”® along with those from two EXAFS studies.'””*** Superscripts (Fe) and
(Mo) refer to the [4Fe-3S] and [Mo-3Fe-3S] subclusters, respectively; (b) denotes the
bridging sulfides. HC(Onydroxy1) refers to the deprotonated (O ) or protonated (OH)
hydroxyl group of the homocitrate ligand.

In the [Mo-3Fe-3S] subcluster there are modest contractions and expansions of
0.02 A in the Fe™”-S® bond length for the 2Fe"-5Fe™ and the 4Fe"-3Fe™ structures,
respectively. These trends reverse for the Fe™®Fe™®) distances, which are about 0.05 A
longer in 2Fe"-5Fe™ than in the 4Fe"-3Fe'™ structures or crystal structure. The remaining

distances in the Mo-containing subcluster (Fe™®"Mo, SM—Fe™* and SM°_Mo) are

0.04-0.09 A expanded relative to the experimental structures regardless of the
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composition and oxidation state. The core metrics without the terminal ligand distances
have acceptably low overall rms deviations of 0.04-0.05 A for FeMo-co" relative to the
experimental structures; however, the [Mo-3Fe-3S] subcluster expands in 4Fe"-3Fe™ and
2Fe"-5Fe", while the [4Fe-3S] subcluster expands in 4Fe"-3Fe' structure, but contracts
in 2Fe"-5Fe™. The end-to-end distance of FeMo-co (Fe "Mo) shows a large difference. In
4Fe"-3Fe, the longest dimension of the cluster is at least 0.17 A expanded, while in
2Fe"-5Fe', this distance deviates by only 0.01 A from the experimental value of 7.00 A.
The significance of the 0.17 A expansion may be diminished by considering the percent
difference from 7.00 A, yet the preference of the Mo'*-2Fe"-5Fe'" assignment for FeMo-
co’ cannot be ignored, since the magnitude of this deviation is considerably larger than
the uncertainty in the crystallographic coordinates.

- .26,81
As proposed earlier,”™

we also considered protonated interstitial ligands, such as
Hsz, HC® and H,C* jons, for the 2Fe"-5Fe™" oxidation state. When X = HC37, the Fe
centers closest to the H atom on the interstitial ligand are repelled, resulting in overall
expansion of the cluster. The average and rms deviations are very similar (0.11 A) to
those observed for X = O*~ composition. The expansion is more extreme with HN*~ and
H2C27 due to considerably reduced e donation to the Fe centers and in the case of Hzsz

the larger size. On the basis of these structural findings, we can rule out protonated

interstitial ligands as filling the central cavity of FeMo-co.

The Protonation State of the Homocitrate Ligand

A large deviation of 0.15-0.22 A from the experimental structure is found

between the Mo center and the Onyaroxyi group of the homocitrate ligand (Table 4.1,
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columns marked with OH for the homocitrate hydroxyl group, HC(Onydroxy1)). This is an
important difference because the protonation state of this ligand can significantly affect
the electronic structure and thus the redox and coordinative properties of the Mo site. Due
to the lack of a strong secondary coordination sphere effect involving this hydroxyl
group, the long experimental Mo—Onydroxyl bond indicates that the hydroxyl arm of the
homocitrate is likely protonated. To test the correlated effects of ligand protonation and
coordination geometry, a set of structural optimizations was carried out for the [2Fe"-
5Fe''-N*7] state in which either the uncoordinated Ny of imidazole was deprotonated
(imidazolato ligand) or the glycolate ligand was protonated at the proximal carboxyl
oxygen, the distal carboxyl oxygen, or the hydroxyl oxygen. The variations in the Mo Fe
and Mo-L distances are summarized in Table 4.2. The presence of an imidazolato ligand
results in a slight increase of the Mo—O bond lengths; however, the Mo—N bond length
becomes unreasonably short (2.17 A) relative to the experimental values of 2.30 A
(crystallography) and 2.29 A (EXAFS). Protonation of either oxygen atoms of the
carboxyl group results in an expanded Mo—Ocaboxy bond (2.26 and 2.24 A) without
significantly improving the Mo—Opydroxyl bond length (2.01 A). However, the hydroxyl-
protonated model, Mo—Onpydroxy1, Shows excellent agreement with the crystallographic data
(both 2.20 A). Furthermore, the Mo Fe and Mo-S distances decrease by 0.03-0.04 A to
2.74 and 2.37 A, respectively, which are closer to the crystallographic values (2.69 and
2.34 A) than in the deprotonated form. As expected, the conjugate Mo—Ocarboxyl and Mo-
N(His) bonds to the Mo—Onpydroxy1 bond decrease by 0.02-0.03 A to compensate for the

decreased donation from Opydroxy1 to the Mo center compared to the deprotonated model.
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However, this decreases the level of agreement in these bond lengths relative to the
crystal structure to 0.10 and 0.09 A, respectively. Overall, the improved Mo 'Fe/Mo—S
distances and the good agreement in the Mo—Ohydroxy1 bond length favor the Onydroxyi-
protonated homocitrate ligand model with an rms deviation of 0.06 A compared to 0.12 A
without protonation relative to the crystal structure. We rationalize the disagreement in
other Mo-ligand bond lengths by the absence of second sphere coordination sphere
interactions in our computational model, such as a network of hydrogen-bonded water
molecules around the coordinated short carboxyl arm of the homocitrate®® 2> 7> % or
the N, of His442.

Table 4.2. Effect of homocitrate and imidazole ligand protonation states on the optimized
Mo Fe and Mo-L distances (A) in the [2Fe"-5Fe™-N°"] state”

homocitrate deprot.  deprot. HOwr @  HOp,® HOnwq  XRD EXAFS EXAFS
imidazole prot. deprot. prot. prot. prot. ref26 ref 197 ref235
Mo~Fe™© 2.78 2.80 2.77 2.77 2.74 2.69 2.70 2.68
Mo~S™Me) 2.40 2.41 2.38 2.38 2.37 2.34 237 2.34
Mo-N(His) 2.24 2.17 2.23 2.23 221 2.30 2.21° 2.29
Mo—O.arboryl 2.10 2.12 2.26 2.24 2.08 2.18 2.21° 2.14
Mo—Opydroxyi 1.98 1.98 1.99 2.01 2.20 2.20 2.21° 2.31
Avg. Mo-O/N 2.11 2.09 2.16 2.16 2.16 222 2.21 2.25
rms dev. 0.12 0.13 0.11 0.10 0.06

“ HOmb_(d) and HOmb_(p) represent protonation of the distal and proximal Ocarboxyi cenNter,
respectively. HOyyq. indicates protonation of the hydroxyl oxygen. Prot. and deprot. refer
to protonated and deprotonated states, respectively. The rms deviations are given relative
to the crystal structure. © Mo-O/N distances were reported only as an average, due to
inherent difficulty in distinguishing between light atoms.

Using the Onyaroxyi-protonated state, the best agreement with experimental data is
achieved for the [2Fe"-5Fe-C*], [4Fe"-3Fe-N°"], and [4Fe"-3Fe"-C*] states (Table

4.1, columns HC = OH). For 2Fe"-5Fe", the X = C*" model is more consistent with the
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experimental structures than X = N~ in nearly all tabulated dimensions, and the rms
deviations for the core distances slightly improve from 0.04 A to 0.03 A upon
protonation. At the same time, the [2Fe"-5Fe'-N°7] state cannot be definitively
eliminated based on the interatomic distances alone. Comparing the best structures
obtained with protonated homocitrate ligand, the [2Fe"-5Fe™-C*"] model is somewhat
contracted relative to the crystal structure, with an average deviation of —0.02 A, while
the 4Fe'-3Fe'" oxidation state models are slightly expanded, with an average deviation of
0.02 A; however, the overall rms deviations are the same. To avoid overlooking
compositions and oxidation states due to fortuitous error cancellation, we evaluated the
possibility of X = O* with the protonated model, but the rms deviation for the core
distances remains too high (0.09 A), with considerable deviations in the Fe™-X (0.13 A)
and Fe™FeM® (0.16 A) distances. Also, the results for the Ohydroxyl-protonated 6Fe'-
1Fe'"'-N’" state (see Table C.5) show unreasonable large geometric differences relative to

the experimental structure.

Reduction Potentials

Reduction potentials were considered as energetic criteria for evaluating the
oxidation state and composition of FeMo-co. The reduction potential of the
FeMo-co®*/FeMo-co' pair was calculated for the 2Fe"-5Fe", 4Fe"-3Fe™ and 6Fe"-1Fe™
states with C*", N*~, or O*", covering a large range of charges (from -5 to -1 for our
model), in addition to two of the Onydroxyi-protonated models favored in the structural
studies described above. For FeMo-co®, we used the spin states shown in this work to be

lowest in energy: S; = 0 for 1Fe"-6Fem, and S, = 1 for 3Fe'-4Fe™ and 5Fe'-2Fe"™!. The
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ligand protonation state is assumed to be unchanged during the reduction process, and
this is supported by an EXAFS study showing a 0.03 A increase in the average Mo-O/N
distance upon reduction,”’ which is reproduced in our calculations.

Table 4.3 summarizes the calculated reduction potentials along with a
decomposition analysis according to Equations 4.1-4.3. The reduction potentials for the
models with deprotonated homocitrate range from -2.68 V to +0.59 V for the most and
least negatively charged states, [6Fe-1Fe™-N*"1"" and [2Fe"-5Fe"-N°"]", respectively,

202

while the experimental value lies between these extremes at —0.042 V.”* Examining the

intermediately charged states, [4Fe"-3Fe™-N°"]"" is still too negatively charged (&=
—0.83 V), but [2Fe"-5Fe"™-C* 1> gives £ = 0.00 V, which is close to the experimental
value. However, as discussed above, models with protonated Onygroxy1 groups (denoted
with +H) need to be considered. Thus, by evaluating protonated models we find that the
reduction potentials for [4Fe"-3Fe"-N°"+H]*" and [2Fe"-5F¢"-C* +H] are —0.34 V and
0.38 V, respectively, nearly equidistant from the experimental value in opposite

directions, and both can be considered favored by this criterion.



Table 4.3. Reduction potentials (in V) relative to the standard hydrogen electrode (SHE)*

gas phase® solute corrections AAG®1,
model Assce SP- Aeser ™™ AZPE  AH°  TAS°  AG°  AAGgee AAGu, E°vs SHE
[6Fe"-1Fe"-N*"7"" -6.37 8.14 -0.02 -2.68
[4Fe"-3Fe"-C* 1" -4.96 7.79 -0.02 -1.62
[4Fe"-3Fe-c* +H]> 2.8l 6.07 -0.03 -1.19
[4Fe"-3Fe"N*T° -2.33 —-0.01 0.00 0.04 -0.04  6.00 -0.03 -0.83
[4Fe"-3F"-N* +H? 030 -0.02 028  —0.02 —0.02 -0.09 0.05 3.78 -0.02 -0.34
[4Fe"-3Fe".07 0.77 -0.01 —0.04 —0.13 0.08 3.58 -0.04 -0.05
[4Fe"3Fe"-0* +H]'~ 345 —-0.01 -0.02 -0.06 0.03 1.31 —0.04 0.31
[2Fe"-5Fe".C* 2 0.68 —0.03  0.65 0.06 —0.03 -0.12 0.15 3.66 -0.03 0.00
[2Fe-5F.C*+H]' 346  —0.04 343 0.04 0.00 —0.03 0.07 1.34 -0.03 0.38
[2Fe"-5Fe" N> 1"~ 381  —0.03  3.77 004 003 006 001 1.25 -0.01 0.59
experiment (ref 202) —0.042

“ Column “s.p.” indicates the spin projection correction to ionization potential (IP). The contributions under AG°sye reflect the
difference between the zero-point energetic (ZPE), enthalpic and entropic corrections to the reduced and oxidized solvated
species as a result of structural optimizations. £° was calculated from IP*"| AG°e and AAG®sqyy, as described in Egs. (1)-(3).
The models labeled “+H” are the Onydroxyi-protonated models. All numbers are given in V. > In vacuo electronic energy

(<\P(0) Vid l11(0)} )*" with PCM-optimized geometry.

0¢I
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Although reduction potentials alone do not rule out either of the Onygroxyi-
protonated models, they exhibit a general trend that allows for the elimination of models
on the basis of overall cluster charge. For example, we can readily rule out the
[2Fe"-5Fe™-N’"+H] state for FeMo-co™, because its neutral total charge would render its
reduction potential even more positive than that of [2Fe"-5Fe"™-N°"]" (0.59 V) and [2Fe"-
5Fe™-C*+H] (0.38 V). The calculated reduction potentials indicate the overall charge of
the truncated FeMo-co™ model is likely =2 or —1. Considering the —3 charge of the full
homocitrate ligand compared to —1 for the glycolate with protonated hydroxyl groups in
both, we expect the overall charge of FeMo-co™ to be —4 or —3. Previous work indicated
the charge of exFeMo-co”™ is =2, corresponding to a total charge of —3 for FeMo-co™
(—1 for our model). Thus, these charge considerations show a preference for the 2Fe"-
5Fe™ oxidation state distribution with X = C*” and protonated homocitrate.

By analyzing each component of the reduction potential calculations, we find that
the major contributions are from the ionization potential (IP or IP*") and the electronic
solute—solvent interactions (AGeiectronic)- Corrections accounting for differences in protein-
embedded structures upon reducing FeMo-co (AG°somtecorr) improve the reduction
potential by up to 150 mV,* while spin projection (s.p., using two-spin projection
method) and nonelectrostatic solute—solvent interactions each account for less than 40
mV. While none of these corrections are negligible, the first approximation of using the
SCF energies (IP + AGelectrostatic) to calculate £° results in an error of only 10 mV for the

[2Fe"-5Fe-C*+H] state and even less for the [4Fe"-3Fe-N*"+H] state due to error

“ The corrections accounting for changes in gas phase structure upon reducing FeMo-co, and
those accounting for structural relaxation due to embedment in the PCM model partially cancel,
leaving only one term, AG°sjuyte.
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cancellations. However, this cancellation is not universal, since we find a larger error in
certain cases (e.g., 90 mV for the [2Fe"-5Fe™-C*] model). Importantly, the overall
conclusions derived from reduction potential calculations remain the same regardless of

how the reduction potentials are calculated.

Spectroscopic Properties

In addition to composition, geometric structure, and relative energies of spin and
oxidation states, we also examined the electronic structural information from Md&ssbauer
and ENDOR spectroscopic measurements. These have been used in the literature as
dominant criteria to differentiate among various proposals for the structure and
composition of FeMo-co, since they are highly sensitive to oxidation state, ligand

240 We find that the calculated Mdssbauer isomer

environment, and geometric structure.
shifts, quadrupole splittings, and ENDOR hyperfine coupling constants are greatly

affected by the methodological details including the composition of the isomer shift

training set and the employed level of theory.

Mossbauer Isomer Shifts. The currently accepted process of calculating

Mossbauer isomer shifts requires the derivation of an empirical relationship between
calculated electron density values at the nucleus (p(0)) and experimental isomer shifts for
a set of model compounds at a given level of theory. For our training set we employed a
variety of [Fe-S] and [Mo-Fe-S] clusters that are the closest models for the coordination
environment of the Fe centers in FeMo-co. Since most of the published isomer shifts for

the training set are for solid state samples (see Tables C.6 and C.7), it was most
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appropriate to use the crystallographic structures in the calculations (see Table C.6
method 1), yielding a best fit to Equation 4.9 of 0 =-0.620 ¢ ' ag> mm s ' (p(0) — 11833 e
ao>) + 0.563 mm s (Figure C.1A) with a standard deviation of 0.06 mm ~'. From this
equation, the isomer shifts were derived using the calculated average p(0) of the Fe
centers in FeMo-co in the structurally optimized 2Fe"-5Fe'", 4Fe"-3Fe™ and 6Fe"-1Fe™
states with C* or N°".

As shown by the ¢, values in Table 4.4 (see Table C.8 for individual site
Svalues), isomer shift decreases by an average of 0.13 mm s ' with oxidation along the
series from 6Fe"-1Fe™ to 4Fe"-3Fe™ to 2Fe"-5Fe™ with X = N*". Interestingly, the
isomer shift decreases by about 0.05 mm s ' in going from X = N*~ to C*" due to an
increase in p(0), which is, in turn, likely caused by increased overlap with the Fe(4s) as
discussed by Neese®*' for a series of Fe halides. The average isomer shift of the [2Fe"-
5Fe''-N*] state (0.41 mm s ™) agrees best with the experimental205 value of 0.41 mm s ',
followed by the [4Fe"-3Fe™-C*+H] state (0.45 mm s '), both of which were shown
above to be disfavored by other criteria. As with the reduction potentials, the average
isomer shift of the most likely hydroxyl-protonated states, [2Fe"-5Fe"™-C*+H] and
1

[4Fe"-3Fe"'-N°"+H], lie nearly equidistant from the experimental value, at 0.32 mm s~

and 0.51 mm s ™', respectively.



Table 4.4. Mulliken spin densities (|ps(Fe)|), quadrupole splittings (JAEq|) and isomer shifts (J) averaged over the Fe sites;
hyperfine couplings of Fe (¢*') and X (a(X)); and rms deviations of the individual site hyperfine couplings (a;) for a series of
oxidation states and compositions, where +H indicates Onpydroxyi-protonated models

level of 0 ) 03 lps(Fe)| |AEq| a* rms dev. a(X)
theory model (mms )* (mms )* (mms ') (e) (mms ') (MHz) & (MHz) (MHz)
BP86” 2Fe"-5Fe"-N*" 0.41 0.29° 0.45 2.92 1.13 -25.1 42 1.1
4Fe"-3Fe"-N*" 0.53 0.38° 0.54 3.06 1.03 -27.3 5.6 -0.3
6Fe-1Fe"-N*" 0.68 0.52¢ 0.66 2.98 0.95 -29.6 5.0 -0.3
2Fe"-5Fe"-C* 0.35 0.24° 0.40 2.73 0.90 -24.3 35 3.7
4Fe"-3Fe"-Ct 0.48 0.34° 0.50 2.89 0.94 -25.1 4.7 -0.7
4Fe"-3Fe"™-0% d a 3.27 a -29.5 6.8 d
2Fe"-5Fe"-C* +H 0.32 0.22 0.38 2.68 0.86 -23.8 33 2.7
4Fe"-3Fe"-C* +H 0.45 0.32° 0.48 2.85 0.93 —24.4 4.5 -1.0
4Fe"-3Fe"-N* +H 0.51 0.45 0.52 3.03 0.97 -27.0 55 -0.4
B3LYP’ 2Fe"-5Fe"-C* +H 3.42 1.16 -25.4 5.9 6.1
4Fe"-3Fe"-N* +H 3.50 1.43 -31.8 8.0 -0.7
B5HFP86/  2Fe"-5Fe"-C* +H 2.44 —24.1 2.7
6-311+G(d) 4Fe"-3Fe"-N* +H 2.77 -25.1 4.5
experiment 041° 041° 0.69° -17.9¢ <0.10"

“ Subscripts refer to the methods employing a training data set with (1) crystal structures, (2) BP86/STO-TZP optimized structur
(3) crystal structures without outliers. SDD-VTZ(d) basis set for Ips(Fe)| and a**'; STO-TZP for |AEq|, a(X) and 6. © Estimated
on range of & for [2Fe"-5Fe"-C* +H]. ¢ Calculations did not converge. ¢ Ref 205./ Ref. 85.

144!
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Alternatively, the training set structures can be optimized in order to use the
minimum energy structure for the employed computational method, as is often
preferred.?*® **"-2*2 The best fit for the set of optimized structures (see Table C.6 method
2)is 0=-0.744 ¢ ' ae’ mm s (p(0) — 11833 e ap °) + 0.593 mm s ' (Figure C.1B), with a
standard deviation of 0.04 mm s™'. This fit appears to be significantly different than the
previous fit; however, the effect on the calculated average isomer shift of FeMo-co is
only 0.01 mm s ' on average over the eight listed states. For consistency, the FeMo-co
structure should also be optimized at the BP86/all-electron STO-TZP level as used for the
training set. With the optimized structures, the average isomer shifts of the [2Fe"-5Fe'-
C*"+H] and [4Fe"-3Fe"-N*"+H] states are 0.22 mm s ' and 0.45 mm s ', respectively;
thus, the latter state is favored with this method.

Importantly, a significant drawback of the isomer shift fitting procedure is the
dependence on the choice of model compounds for the training set. The slopes of a =
—0.620 ¢ a03 mm s ' or -0.744 ¢ ao3 mm s from method 1 and method 2 above,
respectively, are steeper than the published values ranging between -0.3 and -0.5 ¢ ' aq’

—1 81, 206, 243

mm s We note that the two models with the largest deviation from the

correlation line in Figure C.1A are [Fe(S;-0-Xyl),] and [Fezsz(Sz—o—Xyl)z]zf, and their

244,245 are much

experimental isomer shifts of 0.13 mm s ™' and 0.17 mm s ', respectively,
lower than values typically used for [Fe""-S] complexes in training sets (for example, see
refs 80, 206, and 243). Rao and Holm used 0.28 mm s ! as the lowest isomer shift for an

[Fe'"-S] complex in their evaluation of the linear relationship between isomer shifts and

oxidation state.” Notably, their fit predicts 0.40 mm s~ for the 2Fe"-5Fe'" oxidation state
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and 0.51 mm s for 4Fe"-3Fe™. Thus, if we remove these outliers (see Table C.6 method
3), the new correlation line is described by 6 =-0.491 ¢ ' gy’ mm s~ (p(0) — 11833 e ay )

+0.568 mm s~ (Figure C.1C), with a standard deviation of 0.04 mm s™'

, and the slope is
more consistent with the aforementioned published values. With this method, the average
isomer shifts of the [2Fe"-5Fe™-C* +H] and [4Fe"-3Fe™-N*"+H] states become 0.38 mm
s and 0.52 mm s~' (& values in Table 4.4), respectively, favoring the former.

The three described methods produce significantly different sets of data, resulting
in a large error bar for the calculated isomer shifts. For example, the isomer shifts of the
[2Fe'-5Fe™-C*+H] state were calculated within a range of 0.16 mm s '. The second
method yields the smallest isomer shifts. In order to estimate the o, values for other states
than just explicitly calculated, we subtract 0.16 mm s from the maximum calculated
isomer shift for each state, producing an assumed lower limit for & (see Table 4.4),
because the range used is much larger than that observed for [4Fe"-3Fe'-C*"+H] (0.07
mm s ). Then, after taking into account the standard deviations of each method (e.g., &
values carry an error bar of 0.04 mm s '), we find that all tested states except [6Fe"-
1Fe-N*"] have theoretical isomer shifts spanning a range that includes the experiment
value. However, we consider the third method to be most appropriate, due to the
exclusion of training set complexes with unusually low isomer shifts, and the resulting
improvement in the correlation line. Furthermore, the third (and first) method uses

structures optimized with our standard, previously validated procedure and is thus

expected to be more accurate than the second method. The &; values provide a stringent
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criterion for selecting only the 2Fe'-5Fe™ oxidation state with C*~ or N°~ central ligands

as preferred assignments, with or without protonation.

Mossbauer Quadrupole Splitting. First, we carried out of an evaluation of the

calculated Mdssbauer quadrupole splitting parameters (AEq) using the same training set
as for the isomer shift calculations (see above). The absolute values of AEq for the
selected Fe sites are found to have an rms deviation of 0.31 mm s~' from the experiment
when using crystallographic coordinates, and 0.32 mm s ' for the corresponding
optimized structures (see Table C.6), which is a typical level of accuracy.”*” *** *** The
calculated AE( values for the 2Fe"-5Fe", 4Fe'-3Fe"" and 6Fe"-1Fe" states with C*~ or
N’ are presented in Table 4.4 (see Table C.9 for individual site AEq values). The sign of

AEq is difficult to calculate reliably,**®

and thus not surprisingly, none of the oxidation
states or compositions match the experimental distribution of six negative and one
positive AEq in our calculations. To facilitate comparison of the theoretical and
experimental quadrupole splitting values, we take the mean of |AEq| over the Fe sites and
find a range of 0.86 mm s ' ([2Fe'-5Fe™-C*+H]) to 1.13 mm s ' ([2Fe"-5Fe"-N""]) for
the various states. These are all overestimated relative to the experimental value of 0.69
mm s ', although considering the error bar of 0.32 mm s ', all tested states except the
deprotonated [2Fe"-5Fe'-N*7] and [4Fe"-3Fe"'-N*"] give results consistent with
experiment, indicating the difficulty of distinguishing between states by this criterion.
The lowest four calculated mean |AEg| values are attributed to states with X = c*

and the highest four to those with X = N, while there is no obvious correlation with

oxidation state. However, there is a strong correspondence between the ordering of states
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by increasing mean absolute Fe spin density (|ps(Fe)|) and by increasing |AEq|, with only
one state (2Fe"-5Fe''-N*") breaking the trend (see Table C.10 for individual site py(Fe)
values). This correlation indicates that the dominant factors affecting spin densities
including bond covalency and the employed level of theory also strongly influence AEq
values. Indeed, a change in functional that increases Fe spin density also increases the
|AEq| values for the two most favored states from the compositional, structural and
energetic considerations, [2Fe'-5F ¢"-C*+H] and [4Fe"-3Fe"™-N*"+H], from 0.86 mm s
and 0.97 mm s~' (BP86) to 1.16 mm s ' and 1.43 mm s ' (B3LYP). The [2Fe"-5Fc""-
C*+H] state is consistently the closest to the experiment, but the accuracy of these
calculations, as demonstrated with the training set, is not high enough to give strong

preference to this state.

Hyperfine Couplings. Due to the limitations for describing accurate hyperfine

couplings of transition metal nuclei from ab initio calculations, the >’Fe hyperfine

coupling constants (a; "

) were determined through a semiemprical procedure (see
Computational Details) as previously applied by Noodleman and co-workers® to the
[4Fe"-3Fe™-N°7] state. We extended these calculations to the 2Fe"-5Fe", 4Fe"-3Fe'™ and
6Fe'-1Fe'™ states with C*", N°", or O%". The resulting ¢, values (see Table C.11) are
summed over the seven Fe sites to give a'*", a straightforward parameter introduced by
Mouesca and co-workers™” for comparison with experimental data. The results in Table
4.4 show that the o' value of the [2Fe"-5Fe'"-C*+H] state (-23.8 MHz) is closest to that

of the Mssbauer experiment (—17.9 MHz),”””> while the [4Fe"-3Fe™-0%"] (—29.5 MHz)

and [6Fe'-1Fe"-N’"] (—29.6 MHz) states have the largest deviations. Although the spin
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projection coefficients, Kj, are dependent on the oxidation state assignments of each iron
site (see Table C.12), spin densities are the dominant factors contributing to differences

test

in a in this series. As with the quadrupole splittings, there is a nearly perfect

test

correspondence between the ordering of FeMo-co states arranged by a  values from

least to most negative, and the ordering by increasing |ps(Fe)|, with the only exception

being the [6Fe"-1Fe"-N°7] state, which has an intermediate |py(Fe)|. Due to the reliance

test

on atomic spin density values, the a values are highly dependent on the employed
functional and basis set. In addition to the BP86/SDD-VTZ(d) level of theory used for the
series, the [2Fe"-5Fe™-C*+H] and [4Fe"-3Fe"-N*"+H] states were evaluated with
B3LYP/SDD-VTZ(d) and BSHFP86/6-311+G(d), which has been found previously’’ to
be excellent for [Fe-S] cluster spin densities. With B3LYP/SDD-VTZ(d), ¢"** becomes
more negative for both states and the difference between them increases from —3.1 MHz
to —6.4 MHz, while with BSHFP86/6-311+G(d), the gap decreases to —0.9 MHz. Despite
strong computational method dependence, the [2Fe"-5Fe™-C*"+H] state consistently has
the closest ™' to experiment.

As a further analysis of the hyperfine couplings, and to avoid possible error

. . .. . . . e test
cancellation caused by the summation of positive and negative values in determining a**,

the rms deviation of the individual site a,"*°

values were also compared (Table 4.4). Since
the specific Fe site corresponding to an experimental a; is unknown, the rms deviations
were calculated by ordering the a; values numerically. Here, again, the [2Fe'-5Fe'-

C*"+H] state has the smallest rms deviation of 3.3 MHz, compared to 5.5 MHz for [4Fe"-

3Fe"-C*+H], and the largest value of 6.8 MHz for [4Fe"-3Fe"-0*"]. The ordering of
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states is generally the same as for a'**

with some minor rearrangements. With B3LYP the
rms deviations increase by about 2.5 MHz, while with BSHFP86/6-311+G(d) the results
improve, yielding 2.7 MHz for [2Fe"-5Fe™-C*+H]. Overall, the hyperfine coupling
calculations favor both protonation states of [2Fe"-5Fe¢"-C*7]. Since the error is difficult
to estimate, other states cannot be excluded based on this criteria alone.

Advanced EPR methods, such as ENDOR and ESEEM techniques, are ideal for
detecting weakly coupled spin systems, such as an interstitial atom within the central 6Fe
belt in the BS7 state (see Evaluation of Broken-Symmetry Spin-Coupling Schemes for
details). On the basis of the lack of a central *C, or '*'*N atom signal it was suggested
that if the interstitial ligand X is C*” or N°~ then the ai("°C) or aiso('*N) coupling
constants must be less than 0.05-0.1 MHz or 0.03-0.07 MHz, respectively.* Table 4.4
shows the calculated ais,(X) values for the same series of FeMo-co states used for the
Mossbauer parameters. In each state aiso(X) is higher than the experimental detection
limit with the lowest absolute value of 0.3 MHz for the [4Fe"-3Fe-N*"] and [6F¢"-
1Fe'-N*"] states, while the [2Fe"-5Fe"-C*+H] state has a higher value of 2.7 MHz. The
dependence on the computational method is again strong, as a switch from BP86 to the
B3LYP functional approximately doubles ais(X). The use of a hybrid functional such as
B5SHFP86 gives the best agreement with XAS data and geometric parameters (see
Computational Details), but inclusion of the HF exchange component increases the

already too high ai(X) values further away from the experimental detection limit. Thus,

we conclude that the required level of accuracy to reproduce a very small hyperfine
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coupling for X is out of reach with current DFT functionals, even when employing a level

of theory calibrated to experimental metal-ligand bonding information.

Conclusions

In this work, we applied broken symmetry DFT calculations with
spectroscopically (XAS) calibrated functionals and saturated basis sets to provide a
comprehensive evaluation of all available experimental information about the electronic,
geometric, energetic, and magnetic properties of the protein-bound nitrogenase FeMo-co.
We found that the relative energies of spin-coupling schemes are dominantly governed by
the number of antiferromagnetic interactions, including those mediated by X. The ground
state spin-coupling scheme, BS7, has the maximum number of antiferromagnetic M—L—
M interactions within the 7Fe-cluster of FeMo-co. Using the BS7 spin-coupling scheme,
we calculated the ground spin state for oxidized and resting FeMo-co, geometric
structures, reduction potentials, and Mdssbauer and hyperfine parameters for all possible
oxidation states (6F ¢"1Fe", 4Fe"3Fe™, 2FeHSFeHI) and interstitial atoms (C47, N37, 027),
assuming a weak-field ligand environment for the Fe centers and an 10-electron
interstitial atom.

Table 4.5 summarizes the preferred oxidation states and compositions for the iron
centers and the interstitial atom based on independent experimental criteria and
homocitrate protonation states. The critical findings for each criterion follow:

(1) We are not able to rule out any possibilities based on the ground spin state of

resting FeMo-co, as each is consistent with the experimental S; = 3/2 state.
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3)

(4)
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However, only the 2Fe"-5Fe'" oxidation state is consistent with the S; = 0
ground oxidized form.

The optimized geometries with deprotonated homocitrate favor the 2Fe'-
5Fe™ states with C* or N*~, while strongly disfavoring O*~ and protonated
forms of the central ions due to an unreasonable expansion of the central
‘6Fe-belt’ relative to the crystal structure. Contrary to what is expected based
on size, a highly charged, larger interstitial atom with lower electronegativity
is preferred over a smaller, more electronegative ion to maintain the cluster
core geometry. The optimized FeMo-co" structures consistently show that the
Mo0—Ohydroxyl bond length is far too short (0.14 to 0.21 A) relative to its
experimental value for all oxidation states and compositions. This
discrepancy was eliminated by protonating the coordinated Onydroxyi group.
With the Onydroxyi-protonated model, the [2FeH—5FeHI—C47+H], [4FeH—3FeHI—
C*"+H] and [4Fe"-3Fe"'-N°"+H] states show the closest agreement with the
experimental structures.

The states with the most reasonable reduction potentials for FeMo-
co®/FeMo-co™ all carry a total charge of —1 or —2. It is important to
emphasize that a solely reduction potential-based evaluation of composition
can be misleading, since the reduction potential for the [4Fe'-3Fe"'-O*"] state
with —2 total charge only deviates 10 mV from experiment, despite the
significantly expanded geometry. Alternative models such as [4Fe"-3Fe'-

N*"+H] with a protonated bridging sulfide ligand are also expected to have



)

(6)

(7

(8)

)

133
favorable reduction potentials based on the overall charge despite the already
reported®! cluster expansion. The reduction potentials of [2Fe"-5Fe™-C* +H]
(0.38 V) and [4Fe"-3Fe"-N*""+H] (-0.34 V) are the closest to the
experimental value of —0.042 V.
The [2Fe"-5Fe"™-C*+H] state is preferred based on the experimentally
consistent -2 charge in the FeMo-co®* or exFeMo-co®™ form.
Mossbauer isomer shift calculations are strongly dependent on the employed
training set composition and structural optimization state, but with our
favored method only the 2Fe"-5Fe™ states with C* or N° yield
experimentally consistent values.
The quadrupole splittings are closest to experiment with [2Fe"-5Fe™-C* +H],
but the large error bars overlap the experimental value for nearly all tested
states.
Current DFT methods do not have the required accuracy for calculating
unambiguously hyperfine couplings in a multinuclear, delocalized mixed-
valence, spin-coupled system, such as FeMo-co. Nevertheless, the 2Fe"-5Fe"
oxidation state with C*~ has *’Fe hyperfine couplings most consistent with

st and rms deviation of the individual site

experiment with respect to both a
parameters, a;.

The hyperfine coupling for X are larger than the limits set by experiment,

regardless of composition and oxidation state, likely due to limited accuracy.
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Table 4.5. Magnetic, electronic, geometric, and energetic preference for oxidation states
of the iron centers and composition of the interstitial ligand”

criterion oxidation state interstitial atom

HC(Oihydroxyl) HC(HOhydroxyl)

resting S = 3/2 no preference no preference no preference”
oxidized St =0 MOIV_2FeH_5FeIH C4_, N3— C4_b, N3—b
Mo'"V-2Fe!-5Fe!" c*, N ct
geometry ’
Mo'V-4Fe""-3Fe" Cc*,N*
Mo'V-2Fe'"-5Fe!" N ct
charge
Mo'V-4Fe'-3Fe" 0>
. , Mo'V-2Fe'-5Fe"! ct c
reduction potential
Mo'"-4Fe"-3Fe!" 0™ N, 0%
v 1T 111 4— 3— 4— 3—c
isomer shift (all) W0 -2Fe -SFe ¢ N €N
MOIV_4FeH_3FeIH C4_, N3— C4_, N3—
isomer shift (d3) Mo'V-2Fe'-5Fe" C*, N c*, N
Mo'V-2Fe'"-5Fe" ct ct
quadrupole splitting Mo"V-4Fe"-3Fe c* C*, N
Mo'V-6Fe"-1Fe! N> N
Fe hyperfine coupling  Mo'V-2Fe!-5F¢!™ ct ct
X hyperfine coupling no preference no preference no preference

* HC(O hydroxyl) and HC(HOhnydroxy1) indicate the deprotonated and protonated states of
homocitrate, respectively. ” Estimated based on results for deprotonated models. The S; =
0 and 1 states of [2Fe"-5Fe"-C*+H] were tested, and the results were consistent with the
deprotonated case. “ [2F e¢"-5Fe™-N*"+H] and [6Fe"-1Fe""-N>"+H] results were estimated.

In conclusion, only [2Fe"-5Fe™-C*+H] is consistently favored, and we consider
it to be the most likely oxidation state and composition. The [4Fe"-3Fe''-N""+H] state is
the second best, as it passed the structural (with only the protonated homocitrate) and

reduction potential criteria; however, it failed with respect to the relative energies of

oxidized spin states, the overall charge, the isomer shifts, and the hyperfine parameters.
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The more oxidized electronic state, the protonation state of the homocitrate, and the
presence of a carbide central ligand open up exciting further directions for investigations
of the molecular mechanism of biological nitrogen fixation and the biosynthesis of the

FeMo-cofactor of nitrogenase
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CHAPTER 5

CONCLUSION

DFT calculations are a powerful tool to probe structural and mechanistic details of
iron-sulfur proteins that cannot or have not yet been experimentally described. However,
this must be done within the boundaries of a systematically and critically compiled
experimental background. Even if the DFT results make sense within the context of
previous experiments, they are only trustworthy if great care is taken in choosing the
level of theory, type of population analysis, and computational model. Our approach is to
calibrate the theoretical method using experimentally well-defined model clusters. The
B(5%HF)P86/6-311+G(d) level was previously shown to accurately reproduce the
geometric structures of [4Fe-4S] clusters.” In Chapter 2, the method analysis was
extended to take into account the electronic structure of 1Fe, [2Fe-2S], and [4Fe-4S]
clusters with various ligands. In the case of electronic properties such as bond covalency,
the population analysis method also has a significant effect, and several popular methods
were analyzed. The B(5%HF)P86 hybrid functional combined with a triple-C basis set
with polarization functions was confirmed as a reliable method for treating all types of
iron-sulfur clusters, and the AIM population analysis proved to be the least biased in
terms of basis set dependence.

The computational methods recommended in Chapter 2 can also be applied to

protein-embedded clusters, where the structures are perturbed by hydrogen bonds, and

This section contains text coauthored by Harris, T. V. and Szilagyi, R. K. Nitrogenase structure
and function relationships by density functional theory. In Nitrogen fixation: methods and
protocols; Ribbe, M. W., Ed.; Humana Press: New York, 2011; pp 267-292.
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electrostatic and steric interactions with the surrounding residues. Methods of
constructing appropriate computational models of metalloenzyme active sites are not well
established. Large models produce more realistic results, but the computational cost can
be prohibitive. In Chapter 3, the [2Fe-2S] cluster of [FeFe]-hydrogenase was used as a
test system to probe the individual interactions with the surrounding residues, affording a
deeper understanding of the influence of the protein environment on the electronic
structure of iron-sulfur clusters. An important outcome was a standard method for
constructing computational models that captures all significant environmental effects.
This study has broad impact because the principles of electrostatic interactions are the
same for any metalloenzyme active site, and thus the algorithm is expected to be
transferable to other bioinorganic systems.

An application of the calibrated DFT methods to the long-standing uncertainties
in the structure of the nitrogenase FeMo-co was presented in Chapter 4. DFT-based
mechanistic studies will be important for understanding biological nitrogen fixation, but
they cannot be accurate if the cluster model does not have the correct composition,
charge, spin state, and protonation state. By comparing the geometric and electronic
properties of all possible structures to the available metric data and reduction potentials,
as well as EPR, Mossbauer, and ENDOR parameters, many structures were ruled out, and
[2Fe"-5Fe"-C*"] with protonated homocitrate was found to be the most likely oxidation
state and composition. The structure of FeMo-co has been the subject of considerable
controversy, and has been revised several times. The study presented here is as

comprehensive as possible, and uses well-founded methods; thus, the findings add
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context to mechanistic proposals, and will be a starting point for future DFT studies using

a realistic virtual chemical model of the nitrogenase active site.

Future Directions

An Extended Thorneley-Lowe Model

In this section, a new molecular mechanism of biological nitrogen fixation is
proposed for consideration in future DFT and experimental studies. All proposed
mechanisms must be based on the framework of the Thorneley-Lowe kinetic model,
which defines eight intermediate states, E,, for the MoFe protein, where n is the number
of accumulated electrons and protons. The mechanism proposed here is a more detailed
description of the Thorneley-Lowe model, taking into account the results of Chapter 4,
and the many experimental studies of trapped intermediates. To determine the structure
of the active site in each intermediate state, the most likely binding sites of the
protons/hydrides must be defined, as the reduction is generally delocalized over the entire
FeMo-co cluster. The E4 state was recently shown by ENDOR measurements to contain
two hydrides, each bound in a bridging mode between iron centers of FeMo-co,”*” with
the other two protons presumably bound to nearby residues (H (ouy). Due to the lack of
spectroscopic evidence, it is assumed that intermediates with protonated bridging sulfides
are only short-lived species. This is a departure from previous computational studies
(reviewed in refs 25 and 248), since it is anticipated that protons can migrate from the
sulfides (>SH") to the reduced iron centers (Fe'“Fe") to form hydride ligands (Fe'-H -

Fe'" and >S%") that can aid in the accumulation of additional electrons on the cluster.
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Figure 5.1 shows an extended Thorneley-Lowe scheme for the first four electron-
and proton-transfer steps that was constructed with the assumption that from a given E,
state there are two possible paths to reach the E,; state: (1) a nearby residue is protonated
(H (ouy) and the FeMo-co is reduced, or (2) a hydride (initially H' ) forms and the
metals are oxidized. Using these steps a few remarkable observations can be made. The
EPR silent E; state can be either reduced or oxidized by one electron relative to FeMo-
co”, depending on whether outer-sphere protonation or hydride formation occurs.

SupRed

Initially, there are three possibilities for E,, but FeMo-co would be short-lived with

its high pK,, and the doubly hydride-coordinated FeMo-co®**°*

is unlikely because it
does not have a path for the H, evolution observed during kinetics experiments.* The
hydride-bound FeMo-co™ is the most attractive candidate for the E, state, as it would
likely display the observed™® S, = 3/2 signal, and be ready for Hj-evolution when the
hydride becomes protonated from an outer-sphere source. Consequently, the Es state,
prior to possible N, binding, must have the same oxidation state assignment as E; and
also be EPR silent. For E4, the trihidride state is unlikely (not shown in Figure 5.1), and
the high-pK, FeMo-co®™***H" state is expected to gain at least an additional hydride
from the outer sphere, leaving FeMo-co™ with two hydrides as the only possibility. The S
= 1/2 spin state likely arises from structural perturbations by the two bridging hydrides
that only have sufficient space within two faces of the 6Fe belt. This is attractive since it

would leave the third face available for N, binding. Similarly, the E; state that most likely

binds N, (FeMo-co®(H"),) has two bridging hydrides. The alternate E; state of hydride-



140
bound FeMo-co®* would not be able to bind N because the resulting structure would be

equivalent to that of the E; state, which does not interact with Nj.

E, E, E, E, E,
o [FeMo-cosRed(H), ] {FeMo-coReiN,(H")} [FeMo-coStPRedH~(H*)]
Amm | _Hz +N2 H (out)
FeMo-coRed(H?) & l " " FeMo-coRedh~(H"), _
e 2
/H:OUU Hm /Mn Hm
FeMo-coN & " FeMo-coNH~(H*) &~ - -~ FeMo-coN(H"),(H"),
* H ouy H H* ou Ho N,
FeMo-cooH™ J i FeMo-coO(H),(H*)  [FeMo-coNHN,(H")]
H* i) _Hz\l,+N2
{FeMo-co®P™(H )} [FeMo-coO*H N, ] FeMo-coRedHN,(H")

e

FeMo-coNH*N,~ H* o {FeMo-coRed(N,H)(H*)}
o
H )
{FeMo-coN(N,H)} FeMo-coRedH*(N,H)

Figure 5.1. Modified Thorneley-Lowe scheme showing possible speciation of electrons
and protons/hydrides for each state, E,, where n is the number of proton-coupled electron
transfers to the MoFe protein. Protons that will bind or are already bound to nearby
residues are colored blue, short-lived states are in brown, and less likely states are in red.
Remarkably, the molecular kinetic scheme in Figure 5.1 suggests that N, binds to
a formally equivalent oxidation state level to FeMo-co® in Es, or FeMo-co® in Ey. It is
likely that a modified cluster relative to the crystallographically characterized resting
form makes N binding possible. Due to the lack of an observed exchangeable hydride in
the N,-bound intermediate,” the initial state with a single hydride and physisorbed N, in
E; and E4 must be short-lived, with a hydride electron reducing N, to N, . The leftover
proton after reduction must bind to a bridging sulfide or nearby residue that is not
detectable by ENDOR spectroscopy. At this point there are only two Nj-bound

structures: FeMo-coNH'N,  of E;, and FeMo-co"H'N, ™ of E4, which also has an

additional outer proton. It is expected that the Es state is the experimentally observed N»-
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bound intermediate with non-integer total spin and without experimentally observable
exchangeable protons, because the E4 state is diamagnetic or an integer spin system. In
both states, inner proton migration to N, is not expected because the resulting states
would be essentially the same as E( and E;, which do not bind N,. From the E; state, an
additional outer- or inner-proton-coupled electron transfer will lead to the N, or N,H-
bound E,4 state, respectively, from which reduction to ammonia will occur. A final
consideration for the actual structure of the reduced and bound N, (chemisorbed) is that it
is likely to be bridging to prevent the formation of an N,Hy state at the E; or E4 level.
Terminal coordination would attract spontaneous protonation, resulting in exchangeable
protons attached to a paramagnetic center that have not been detected experimentally by
ENDOR measurements.

A Computational Model of FeMo-co
for Future Mechanistic Studies

The actual molecular steps of biological nitrogen fixation will only be revealed
through studies that use a computational model encompassing all major inner- and outer-
sphere-coordination effects to FeMo-co, evaluate access to electron and proton transfer
pathways, and consider reactant and product channels. These calculations are yet to be
performed using realistic virtual chemical models of the nitrogenase active site. A
computational model based on the algorithm defined in Chapter 3 combined with the
level of theory calibrated in Chapter 2 would have remarkable potential for exploring the

proposed mechanism. A two-dimensional and corresponding three-dimensional
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representation of the network of weak interactions around FeMo-co that can affect the

electronic structure of the cluster is presented in Figure 5.2.
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Figure 5.2. Protein environment of FeMo-co. (A) First, second, and third-coordination-
sphere residues are shown in pink, orange, and green, respectively, while waters are in
blue. (B) The three-dimensional representation includes the residues from (A), truncated

for use as a computational model. Hydrogen atoms are omitted for clarity.
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The above model is derived using the new algorithm, and it also includes the
residues shown experimentally to affect the FeMo-co structure and nitrogen fixation
mechanism. The waters (blue), second-sphere residues (orange), and third-sphere
residues (green) would need to be treated explicitly, while all other outer-sphere charged
residues can be approximated by point charges. The steric and electrostatic effects of the
remaining protein environment can be modeled with molecular mechanics and PCM,
respectively. Preliminary results with the model shown in Figure 5.2B show surprisingly
small changes in reduction potentials compared to those calculated using the minimal
model embedded in a dielectric continuum, as in Chapter 4; however, the surrounding

residues are still expected to play an important role in the substrate reduction mechanism.

Outlook

As shown by the Thorneley-Lowe scheme, the N, reduction mechanism involves
a large number of intermediate states, many of which are difficult to trap experimentally.
DFT allows examination of every intermediate, and assessment of the feasibility of
proposed mechanistic pathways, including N, binding modes, and protonation states.
Currently, high-quality theoretical calculations have the greatest potential to explain the
specific electronic tuning by molybdenum, the role of weak interactions with the protein
environment, the importance of magnetic coupling among the Fe centers, the possibility
of the molybdenum center being the catalytically active site, and the complete molecular
mechanism including specific transition states. This combined information would map
the potential energy surface of biological nitrogen fixation, providing feedback for the

design of future site-directed substitutions and other biochemical experiments, as well as
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an invaluable blueprint for rationalized design of biomimetic compounds. The synergism
between computational chemistry and biochemical research design is well exemplified by
the recent work on the biosynthesis of the FeFe-hydrogenase catalytic cluster.”’>

Beyond understanding nitrogen fixation, FeMo-co provides a challenging case
study for theoretical method development and application, as it is one of the most
complex iron-sulfur clusters in biology. For example, treatments and approaches learned
by studying the structure of FeMo-co and its chemical function are expected to be readily
applicable to other bioinorganic systems, particularly those containing heterometal-
substituted iron-sulfur clusters. In addition, we have proposed universal computational
tools for understanding the intimate molecular details of the complex protein
environmental effects. The numerous site-directed mutagenesis studies provide an
excellent training set for the development of multi-layered computational models that
include DFT-, ab initio wave function-, and molecular mechanics-based re:gions.254 With
the continually increasing accessibility of larger computational resources and more
accurate levels of theory for many-electron systems, the already indispensable DFT
techniques will soon have even greater ability to complement experiment and increase
our understanding of bioinorganic systems. It is the mission of computational
bioinorganic chemists to perform the highest quality simulations in order to facilitate

scientific advancement and mutual discourse in the general metalloenzymology

community.
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APPENDIX A

SUPPORTING INFORMATION FOR CHAPTER 2
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Checkpoint Files and Coordinates

Formatted checkpoint files and XYZ coordinates for all models are provided

online at http://computational.chemistry.montana.edu/covalency.

Effect of Model Truncation

Truncating the [Fe(S;-0-Xyl);]” model to [Fe(CsHgS,),]" had little effect on the
results of DFT calculations. Specifically, with BP86/def2-QZVP, truncation resulted in
changes in covalency per S' of -0.003 e, -0.002 e, and 0.001 e, from MPA spin densities,

AIM spin densities, and AIM LUMO analyses, respectively.

Supporting Tables and Figures

Table A.1. Electronic energy (Escr), and MPA and AIM spin density per S' of [Fe(S;-o0-
Xyl)2] using the B(5%HF)P86 functional and various basis sets

S' spin density (e)

basis functions  Escr (a.u.) MPA AIM

LANL2DZ 230 -783.32 0.356

SDD-VTZ(d) 327 -2336.14 0.292

6-31G 257 -3475.78 0.244 0.262
6-31+G(d) 477 -3476.06 0.314 0.304
6-311G 379 -3476.13 0.299 0.296
6-311+G 471 -3476.19 0.365 0.296
6-311G(d) 486 -3476.33 0.304 0.301
6-311+G(d) 578 -3476.37 0.372 0.305
def-SVP 400 -3475.10 0.261 0.297
def2-SV(P) 683 -3475.06 0.261 0.298
def2-SVP 741 -3475.10 0.260 0.297
def-TZVP 521 -3476.47 0.289 0.301
def2-TZVP 785 -3476.52 0.309 0.307
def2-TZVPP 952 -3476.53 0.313 0.305
def2-QZVP 1756 -3476.65 0.296 0.304
def2-QZVPP 1772 -3476.65 0.284 0.304
aug-cc-pVTZ 1397 -3476.57 0.323 0.302

aug-cc-pvVQZ 2492 -3476.63 0.306 0.303
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Table A.2. MPA spin density per S' of [Fe(C4HS,),] using the def2-TZVP basis set and
various functionals

functional S' spin density (e)
B(5%HF)P86 0.305
THCTHhyb 0.278
B3LYP 0.266
HSEOQ6 0.245
PBEO 0.242
MO6 0.245
BP86 0.322
BVP86 0.319
HCTH407 0.304
THCTH 0.309
MO6-L 0.269
OP86 0.303
PBE 0.317
PBEhole 0.320
PKZB 0.301
PW91 0.319
TPSS 0.305
VSXC 0.292

Table A.3. Covalency per S' of [Fe(S;-0-Xyl),]™ and three truncated models using QCISD
with various basis sets and population analyses

S contribution

to LUMO-
spin density  LUMO+4
model basis set AIM MPA AIM

[Fe(SH)4]” def2-SV(P) 0.247 0.214 0.246
[Fe(SH)4]” TZVP 0.252 0.237 0.254
[Fe(SH)4™ def2-TZVP 0.263 0.257 0.279
[Fe(SH)4™ def2-TZVPP 0.285 0.289 0.277
[Fe(SH)4™ def2-QZVPP  0.279 0.273 0.279
[Fe(SMe)4] def2-SV(P) 0.261 0.228 0.242
[Fe(SMe)4]” TZVP 0.271  0.253 0.256
[Fe(SMe)4]” def2-TZVP 0.283 0.274 0.273
[Fe(C4HeS5)2] def2-SV(P) 0.267 0.234 0.241
[Fe(C4HeS:)2] TZVP 0.280 0.261 0.256
[Fe(So-0-Xyl),] def2-SV(P) 0.269 0.236 0.243

[Fe(Sro-Xyl))]  def2-QZVPP? 0.301° 0.295°  0.276°

“ Extrapolated as explained in the section titled Ab Initio Fe—S Covalency of [Fe(S,-o-
XyDa] -
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Table A.4. Delocalization indexes (DI) calculated with B(5%HF)P86/6-311+G(d) for all
models, except def-TZVP for [FesS4(SEt)s]*

model DI(Fe, S°) DI(Fe, SY
[Fe(CeH4S2)] 0.923
[FesSa(Ss-0-Xyl)]* 1.079 0.820
[Fe,S,(SPh),]* 1.105 0.794
[Fe,S»(SEt)s]* 1.085 0.793
[Fe,S4(SEt)s]* 0.819 0.879
1.2 T
| °*
thiolates
1 1 sulfides [2Fe-2S] clusters |+
S covalency = 2.213(DI)-1.499 L
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1 . [FesS4(SEt)J*
.’
.3 [2Fe-2S] clusters
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Delocalization Index (DI)

Figure A.1. Correlation of experimental (XAS) covalencies per S' or per S° per Fe with
corresponding delocalization indexes (DI) calculated with B(5%HF)P86/6-311+G(d) for
all models, except def-TZVP for [Fe4S4(SEt)s]*". The DI of Fe(C4HsS,),]” was used for
[FG(SQ-O-X}/I)Q]_.
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Figure A.2. Correlation of experimental (XAS) covalencies per S' or per S° per Fe with
LUMO-derived covalencies calculated with B(5%HF)P86/6-311+G(d) for all models,
except def-TZVP for [Fe4S4(SEt)4]*". The truncated model, Fe(C4HeS2)2]", was used for
[Fe(Sz—o—Xyl)z]f.
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APPENDIX B

SUPPORTING INFORMATION FOR CHAPTER 3
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Checkpoint Files and Coordinates

Formatted checkpoint files and XYZ coordinates for all models are provided

online at http://computational.chemistry.montana.edu/protein_environment.
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APPENDIX C

SUPPORTING INFORMATION FOR CHAPTER 4
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Checkpoint Files and Coordinates

Formatted checkpoint files and XYZ coordinates for all models are provided

online at http://computational.chemistry.montana.edu/FeMo-co.
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Supporting Tables and Figures

Table C.1. Spin distributions and energies of the 35 spin states and the ferromagnetic
state of FeMo-co™ (4Fe"-3Fe"-N*") relative to BS7-1

relative energy  antiferromagnetically majority spin of

spin state (kJ/mol) coupled Fe pairs Fel,2,3,4,5,6,7
Ferro. 582.8 0 OLOLOLOLOLOLOL,
BS1 180.3 3 accoBpp
BS2 494 6 apppoaa
BS3-1 114.3 5 BBpaca
BS3-2 106.4 5 BapBaac
BS3-3 113.7 5 BRapaac
BS4-1 49.2 8 aofoppa
BS4-2 56.0 8 ofoaapaf
BS4-3 53.4 8 acofapp
BS5-1 92.9 6 aofapaf
BS5-2 83.0 6 afaafpa
BS5-3 91.5 6 aaofpof
BS5-4 92.1 6 aaafppo
BS5-5 91.9 6 afocapp
BS5-6 95.4 6 aofaapp
BS6-1 34.1 7 Pocapaf
BS6-2 42.0 7 Bocappa
BS6-3 39.6 7 Pocaapp
BS7-1 0.0 9 ofopaaf
BS7-2 5.6 9 aoppapa
BS7-3 0.8 9 appoPac
BS8-1 51.9 7 aofpaaf
BS8-2 54.0 7 afapBoo
BS8-3 52.8 7 apapapo
BS8-4 51.8 7 aopppaa
BS8-5 49.0 7 appacaf
BS8-6 47.9 7 oppaapa
BS9-1 92.4 6 BPacapa
BS9-2 80.3 6 Bopacaf
BS9-3 118.6 6 BoapPoo
BS10-1 45.0 8 BBacaaf
BS10-2 43.0 8 BapoPac
BS10-3 49.1 8 Bapfoapo
BS10-4 57.8 8 BPRaapao
BS10-5 36.0 8 Boopaaf
BS10-6 54.3 8 BaoBapa

“ The calculations were carried out with BP86/SDD-VTZ(d) using crystallographic
coordinates.
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Table C.2. Energies of a representative spin state for each number of
antiferromagnetically coupled Fe pairs calculated with various functionals and basis sets

S-bridged
SDD-VTZ(d) 6-311+G(d) antiferromagnetically
spinstate  BP86 B3LYP BP86 B3LYP coupled Fe pairs
BS7-1 0 0 0 0 9
BS10-1 45.0 18.9 56.3 23.6 8
BS6-1 34.1 60.9 27.4 60.5 7
BS5-1 92.9 122.1 84.5 124.8 6
BS3 114.3 137.7 101.0 107.2 5
BS1 180.3 220.2 3

Table C.3. Relative energies of the S; = 1/2 and 5/2 states to the S; = 3/2 ground state of
FeMo-co™

6Fe"-1Fe™ 4Fe"-3Fe" 2Fe"-5Fe"
S=52  S=12 S§=52  S=572
c* 14.8 47.1 424 8.6
N 7.0 40.7 49.8 15.7
0 9.8 27.7 54.7 22.1

Table C.4. Relative energies of the S; = 1 and 2 states to the S; = 0 ground state of FeMo-
co®™ using crystallographic coordinates (XRD) or optimized (opt.) geometries for each
state

5Fel2Fe™ 3Fe4Fe™ 1Fe-6Fe™
Ss=1 S§=2 S=1 S8§=2 S8=1 5§=2
CY (XRD) -—24.6 -30.7 -354 -32.1 35

N (XRD) -314 -393 -413 -274 -37 65
O* (XRD) -292 -399 -31.1 -112 -83 155

C* (opt.) —45.1 3.4 6.8
N’ (opt) —42.2 -35.6 4.2 10.4
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Table C.5. Interatomic distances in the optimized [6Fe"-1Fe™-N°"] state of FeMo-co”

calculated distances (A)

HC(Ohydmxy1) O OH eXp
S(Cys)-Fe 2.32 2.30 2.27
Fe-S®® 2.34 2.34 2.28
Fe~Fe™ 2.75 2.74 2.66
SFe_pe(Fe) 2.35 2.34 2.27
Fefo_g® 2.27 2.27 2.23
FeF-Fe 2.67 2.67 2.65
Fef9_X 2.02 2.01 1.98
FeF-peM™) 2.64 2.63 2.59
FeMo)-FeMo) 2.63 2.64 2.61
FeM)_g® 227 2.25 2.22
FeMo_x 2.02 2.02 2.02
Fe™Mo 2.73 2.71 2.69
SMo)_peMo) 2.31 2.30 2.23
SMO_Mqg 2.40 2.38 2.35
Mo—N(Imi) 2.26 2.25 2.30
Mo—Ocarboxy 2.18 2.17 2.18
Mo—Ohydroxy1 2.08 2.28 2.20
avg. Mo—O/N 2.17 2.23 2.23
Fe*Mo 7.19 7.14 7.00
avg. error 0.04 0.04
rms dev. 0.07 0.06
core avg. error 0.05 0.04
core rms dev. 0.05 0.05

“ Experimental distances are given for the average of four FeMo-co structures from the
crystal structure® along with those from two EXAFS studies.'”” *** Superscripts (Fe) and
(Mo) refer to the [4Fe-3S] and [Mo-3Fe-3S] subclusters, respectively; (b) denotes the
bridging sulfides. HC(Onydroxy1) refers to the deprotonated (O ) or protonated (OH)
hydroxyl group of the homocitrate ligand
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Table C.6. Calculated and experimental Mdssbauer parameters of model complexes”

5calc AEQ calc

Oexp m. 1 m2 m3 AEQ exp m. 1 m. 2
[Fe(SPhy)]* 0.66 0.70  0.65 0.67 3.24 -270  —2.67
[Fe(SEtOH),]* (0.73) 0.71 (3.48) 291
[Fe(SEt),]* 0.74 0.70 3.5 2.92
[Fe(SEt)s] 0.25 022 020 029 0.62 037 —0.48
[Fe((Sy-o-xyl),]” 0.13(0.13) 020 023 0.57(0.57) —0.50 —0.56
[FesSa(Sr-0-xyl)]* 0.17(0.19) 024 023 0.57(0.36)  —0.51 —0.44
[Fe,S4(SEtOH),]* 0.46 (0.47)" 039 040 043 1.14(1.15° 090  0.87
[FesS4(SPhy)]* 0.46 040 043 043 1.07 -0.92 -0.76
[(Tp)MoFe;S,Cl5] ¢ 0.49" 041 040 044 0.61° 0.64 043

0.54 049 054 051 1.09 -121 -1.04
[(Tp)MoFe;S,Cl5]* ¢ 0.65" 0.64 0.64 0.63 1.157 1.75 1.78

0.62" 061 0.68 0.60 0.62" 094 081

“ Experimental isomer shifts (dexp) and quadrupole splittings (AEq exp) Were collected for
solid samples at 4.2 K, except where noted. Values in parentheses are for solution
samples, which were employed in method 2 (m.2). Isomer shifts are relative to Fe metal
at room temperature. Calculations were performed with crystallographic coordinates for
the isomer shift training set (m.1) or optimized structures (m.2). In method 3 (m.3)
crystallographic coordinates were used and [Fe((Sy-o-xyl)2]” and [Fe;Sa(Sz-0-xyl).]*
were omitted from the training set. References for the structures and experimental
parameters are in Table C.7. b Experimental temperature was 77 K. The tabulated isomer
shifts are corrected to 4.2 K based on a 0.12 mm/s linear increase from 300 K to 4.2 K.**
¢ Tp = hydrotris(pyrazolyl)borate(1-)  Two spectroscopically unique Fe sites.
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Table C.7. References for crystallographic structures and Mdssbauer parameters of model
complexes

structure ID* structure refs Maossbauer refs

[Fe(SPhy)]" PTHPFEL0 255 255
[Fe(SEtOH)4]* 256
[Fe(SEt)4]* 257
[Fe(SEt)s] CANDAW10 258 257
[Fe((Sz-0-xyl)a]” OXYSFE10 170 244
[Fe;Sa(Sar-o-xyl),]*”  XLDTSF 171 259, 260
[FesS4(SEtOH)4]* CESSEY 44 44
[FesSa(SPhy)> FEMJAI02 261 262
[(Tp)MoFe;S,CL]” MIGGOY 263 263
[(Tp)MoFe;S,C1*”  MIGHEP 263 263

“ Cambridge Structural Database refcode ” Tp = hydrotris(pyrazolyl)borate(1-)



Table C.8. Calculated isomer shifts for FeMo-co™ using method 1°

2Fe'5FeX

4Fe"-3Fe™-X

6Fe-1Fe-X

X= ct N ct N N
HC(Onygroxs) O~ OH O O OH O OH o} exp”
Fel 035 0.30(0.22;0.36) 030 0.61 059 055 0.52(0.46; 0.53) 0.70 0.39
Fe2 037  0.35(0.19;0.40) 0.46 048 046 055 0.54(0.47;0.55) 0.64 0.33
Fe3 033  0.29(0.22;0.35) 0.40 0.50 048 0.55  0.54(0.51;0.55) 0.83 0.41
Fe4 038  0.35(0.17;0.40) 0.47 049 046 055 0.54(0.46; 0.55) 0.64 0.33
Fe5 039  0.38(0.29;0.42) 0.46 0.46 044 055  0.53(0.46;0.54) 0.64 0.48
Fe6 037 0.34(0.24;039) 0.43 043 039 052  0.48(0.42;0.51) 0.61 0.39
Fe7 030 0.25(0.19;0.32) 037 039 035 046 0.41(0.36; 0.45) 0.68 0.50
average 035 0.32(0.22;0.38) 0.41 0.48 045 0.53 0.51 (0.45;0.52) 0.68 0.41

“Results from method 2 and 3 are in parentheses. See the section titled Mossbauer Isomer Shifts for details. ” 4.2 K relative to Fe

at room temperature.

205

¢ Assignment of experimental values to Fe sites is based on the hyperfine couplings (see Table C.10)
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Table C.9. Calculated quadrupole splittings (AEq) for FeMo-co™ using BP86/STO-TZP*

2Fe'l5Fe-X 4Fe'-3Fe-X 6Fe-1Fe-X
X= ct N ct N N
HC(Ohydroxyt) 0} OH o} o} OH 0} OH o exp”
Fel -0.83 -0.86(1.45) -086 1.18 1.16 1.10 1.1 (1.56) 1.25 -0.56
Fe2 0.82 0.8 (1.08) -0.71 1.08 095  0.67 —-0.63 (1.11) 0.97 —0.66
Fe3 -091 —0.88(-1.18) -120 -097 -1.02 1.50 1.57 (2.02) 1.08 0.68
Fe4 0.84 0.81(1.07) —0.72 1.09 095 0.66  —0.62(1.07) 0.97 -0.66
Fe5 -1.04 —097(-1.19) 158 069 0.78 -1.00 —0.95(—1.36) 0.65 —-0.94
Fe6 -091 —091(-1.11) 145 069 074 -090 —0.83(—1.25) 0.70 -0.69
Fe7 -0.93 —0.79(-1.06) 142 —091 -090 1.37 —1.1(1.61) 1.07 —-0.65
average |AEo|  0.90 0.86 (1.16) 1.13 094 093 1.03 0.97 (1.43) 0.95 0.69

“ Results for B3LYP/STO-TZP are in parentheses. ” 4.2 K.** ¢ Assignment of experimental values to Fe sites is based on the
hyperfine couplings (see Table S10).
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Table C.10. Calculated spin densities (py(Fe)) for FeMo-co™ using BP86/SDD-VTZ(d)

2Fe'-5Fe"-X 4Fe"-3Fe"-X 6Fe"-1Fe""-X

X= ct N~ ct N 0> N~

HC(Opyaroxy) O~ OH o} o} OH 0 OH 0 o}
Fel 2.68 2.61 (3.67,2.23) 262 326 324 325 3.23(3.58;2.91) 3.24 3.24
Fe2 -2.74 —2.70(-3.53,-2.38) 297 291 -2.88 -3.09 -—3.08(-3.53;-2.79) —3.33 -3.15
Fe3 2.66 2.58 (3.47,2.51) 292 306 3.04 3.19 3.17 (3.57; 3.02) 3.42 2.92
Fe4 -2.76  —2.70(-3.53,-2.37) 298 292 -2.89 -3.10 -3.09(-3.54;-2.80) —3.34 -3.16
Fe5 2.85 2.82(3.29, 2.70) 3.07 265 259 2.89 2.86 (3.40; 2.64) 3.18 2.94
Fe6 2.86 2.81(3.15,2.63) 3.07 263 256 287 2.84 (3.39; 2.57) 3.16 2.91
Fe7 —-2.57 —2.52(-3.30,-2.24) 278 280 -2.74 -299 -295(-3.51;-2.67) —3.26 -2.54
avg. [py(Fe)|  2.73 2.68 (3.42, 2.44) 292 289 285  3.06 3.03 (3.50; 2.77) 3.27 2.98

“ Values in parentheses correspond to B3LYP/SDD-VTZ(d) and B(5%HF)P86/6-311+G(d).
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Table C.11. Semiempirical hyperfine couplings for FeMo-co and assignment of spectroscopic sites to Fe sites

2Fe"-5Fe"-X 4Fe"-3Fe"-X 6Fe'-1Fe-X
X= c* N> ct N 0> N> site
HC(Opyiroxy) O OH o} o} OH o} OH o} o} exp’  type
Fel -9.1 —8.9 (-12.5; 7.6) -89 -71  -70 70 ~7.0 (-7.8;6.3) -7.0 -7.3 -11.8 A3
Fe2 10.2 10.0 (13.1; 8.8) 1.1 72 7.1 7.7 7.6 (8.8;6.9) 8.3 8.3 1.7 Bl
Fe3 -9.1 —-8.8 (—11.8;-8.5) -99 —66 —66 —69 —6.9 (-7.7, —6.5) —7.4 —6.6 -37 A4
Fe4 10.3 10.0 (13.1; 8.8) 1.1 72 7.2 7.7 7.7 (8.8;6.9) 8.3 8.4 1.7 Bl
Fe5 212 -21.0(-24.5;-20.1) —22.8 -22.6 —22.0 —24.6 —24.3(-289;-224) -27.0 -25.0 -17.1 A2
Feb6 213 —20.9(-23.5;-19.5) -22.9 -22.4 218 244 —24.1(-28.8;-21.8) -26.8 —24.7 -18 Al
Fe7 15.9 15.6 (20.5; 13.9) 172 190 187 203 20.1 (23.8; 18.1) 222 17.3 93 B2
a 243  -238(-25.4;-24.1) 251 251 244 273 —27.0(-31.8;-25.1) -295 —29.6 -17.9

“ Hyperfine couplings were derived from BP86/SDD-VTZ(d) spin densities for all states. Values in parentheses correspond to
B3LYP/SDD-VTZ(d) and B(5%HF)P86/6-311+G(d). ” 4.2 K.**
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Table C.12. Fe site oxidation assignments for FeMo-co™ based on spin densities (see
Table C.11) with corresponding spins (S;) and derived spin projection factors (Kj;)

2Fe-5Fe-X 4Fe"-3Fe-X 6Fe"-1Fe"-X

0X. 0OX. 0OX.

state S; K; state S; K; state S; K;
Fel 2+ 2 42/5 2.5+ 94 +3/10 2+ 2 +4/15
Fe2 3+ 52 =3/5 3+ 52 -2/5 25+ 9/4 -11/30
Fe3 2+ 2 42/5 2.5+ 94 +3/10 2+ 2 +4/15
Fed 3+ 52 -3/5 3+ 52 -=2/5 25+ 9/4 -11/30
Fe5 3+ 5722 +6/5 2+ 2+l 2+ 2
Fe6 3+ 572 +6/5 2+ 2+ 2+ 2 1
Fe7 3+ 52 -1 2+ 2 —4/5 2+ 2 —4/5
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Figure C.1. Correlation between experimental isomer shifts (deyp) and calculated electron
densities at the nuclei (p(0)) of a set of [Fe-S] and [Mo-Fe-S] clusters. The calculations
were carried out with crystallographic coordinates (A) or optimized structures (B). The
data points in plot (C) are the same as (A), except those corresponding to
[Fe((S2-0-xyl),] and [Fezsz(Sz—o—xyl)g]} were omitted.



166

REFERENCES CITED



10.

11.

12.

13.

167

Hinchliffe, P.; Sazanov, L. A. Organization of iron-sulfur clusters in respiratory
complex I. Science 2005, 309, 771-774.

Brettel, K. Electron transfer and arrangement of the redox cofactors in photosystem I.
Biochim. Biophys. Acta-Bioenerg. 1997, 1318, 322-373.

Igarashi, R. Y.; Seefeldt, L. C. Nitrogen fixation: the mechanism of the Mo-dependent
nitrogenase. Crit. Rev. Biochem. Mol. Biol. 2003, 38, 351-384.

Vignais, P. M.; Billoud, B.; Meyer, J. Classification and phylogeny of hydrogenases.
FEMS Microbiol. Rev. 2001, 25, 455-501.

Rebeil, R.; Sun, Y. B.; Chooback, L.; Pedraza-Reyes, M.; Kinsland, C.; Begley, T. P.;
Nicholson, W. L. Spore photoproduct lyase from Bacillus subtilis spores is a novel
iron-sulfur DNA repair enzyme which shares features with proteins such as class III

anaerobic ribonucleotide reductases and pyruvate-formate lyases. J. Bacteriol. 1998,
180, 4879-4885.

Beinert, H.; Holm, R. H.; Miinck, E. Iron-sulfur clusters: Nature's modular,
multipurpose structures. Science 1997, 277, 653-659.

Sticht, H.; Rosch, P. The structure of iron-sulfur proteins. Prog. Biophys. Mol. Biol.
1998, 70, 95-136.

Colbert, C. L.; Couture, M. M. J; Eltis, L. D.; Bolin, J. T. A cluster exposed: Structure
of the Rieske ferredoxin from biphenyl dioxygenase and the redox properties of Rieske
Fe-S proteins. Structure 2000, 8, 1267-1278.

Frey, P. A.; Hegeman, A. D.; Ruzicka, F. J. The radical SAM superfamily. Crit. Rev.
Biochem. Mol. Biol. 2008, 43, 63-88.

Beinert, H.; Kennedy, M. C.; Stout, C. D. Aconitase as iron-sulfur protein, enzyme,
and iron-regulatory protein. Chem. Rev. 1996, 96, 2335-2373.

Fontecilla-Camps, J. C.; Ragsdale, S. W. Nickel-iron-sulfur active sites: Hydrogenase
and CO dehydrogenase. Adv. Inorg. Chem. 1999, 47, 283-333.

Pandey, A. S.; Harris, T. V.; Giles, L. J.; Peters, J. W.; Szilagyi, R. K.
Dithiomethylether as a ligand in the hydrogenase H-cluster. J. Am. Chem. Soc. 2008,
130, 4533-4540.

Mouesca, J. M.; Lamotte, B. Iron-sulfur clusters and their electronic and magnetic
properties. Coord. Chem. Rev. 1998, 178, 1573-1614.



14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

168

Beinert, H. Iron-sulfur proteins: ancient structures, still full of surprises. J. Biol. Inorg.
Chem. 2000, 5, 2-15.

Noodleman, L.; Peng, C. Y.; Case, D. A.; Mouesca, J. M. Orbital interactions, electron
delocalization and spin coupling in iron-sulfur clusters. Coord. Chem. Rev. 1995, 144,
199-244.

Solomon, E. I.; Hedman, B.; Hodgson, K. O.; Dey, A.; Szilagyi, R. K. Ligand K-edge
X-ray absorption spectroscopy: covalency of ligand-metal bonds. Coord. Chem. Rev.
2005, 249, 97-129.

Swartz, P. D.; Beck, B. W.; Ichiye, T. Structural origins of redox potentials in Fe-S
proteins: electrostatic potentials of crystal structures. Biophys. J. 1996, 71, 2958-2969.

Chen, K. S.; Tilley, G. J.; Sridhar, V.; Prasad, G. S.; Stout, C. D.; Armstrong, F. A_;
Burgess, B. K. Alteration of the reduction potential of the [4Fe-4S]2+/ " cluster of
Azotobacter vinelandii ferredoxin 1. J. Biol. Chem. 1999, 274, 36479-36487.

Eidsness, M. K.; Burden, A. E.; Richie, K. A.; Kurtz, D. M.; Scott, R. A.; Smith, E. T.;
Ichiye, T.; Beard, B.; Min, T. P.; Kang, C. H. Modulation of the redox potential of the
[Fe(SCys)4] site in rubredoxin by the orientation of a peptide dipole. Biochemistry
1999, 38, 14803-14809.

Banci, L.; Bertini, I.; Savellini, G. G.; Luchinat, C. Individual reduction potentials of
the iron ions in Fe,S, and high-potential Fe4S4 ferredoxins. Inorg. Chem. 1996, 35,
4248-4253.

Adman, E.; Watenpaugh, K. D.; Jensen, L. H. NH"'S hydrogen bonds in Peptococcus
aerogenes ferredoxin, Clostridium pasteurianum rubredoxin, and Chromatium high
potential iron protein. Proc. Natl. Acad. Sci. U. S. A. 1975, 72, 4854-4858.

Backes, G.; Mino, Y.; Loehr, T. M.; Meyer, T. E.; Cusanovich, M. A.; Sweeney, W.
V.; Adman, E. T.; Sandersloehr, J. The environment of Fe4S4 clusters in ferredoxins
and high-potential iron proteins. New information from X-ray crystallography and
resonance Raman spectroscopy. J. Am. Chem. Soc. 1991, 113, 2055-2064.

Rao, P. V.; Holm, R. H. Synthetic analogues of the active sites of iron-sulfur proteins.
Chem. Rev. 2004, 104, 527-559.

Vitousek, P. M.; Howarth, R. W. Nitrogen limitation on land and in the sea: how can it
occur? Biogeochemistry 1991, 13, 87-115.

Peters, J. W.; Szilagyi, R. K. Exploring new frontiers of nitrogenase structure and
mechanism. Curr. Opin. Chem. Biol. 2006, 10, 101-108.



26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

169

Einsle, O.; Tezcan, F. A.; Andrade, S. L. A.; Schmid, B.; Yoshida, M.; Howard, J. B.;
Rees, D. C. Nitrogenase MoFe-protein at 1.16 A resolution: a central ligand in the
FeMo-cofactor. Science 2002, 297, 1696-1700.

Pickett, C. J.; Vincent, K. A.; Ibrahim, S. K.; Gormal, C. A.; Smith, B. E.; Best, S. P.
Electron-transfer chemistry of the iron-molybdenum cofactor of nitrogenase:
delocalized and localized reduced states of FeMoco which allow binding of carbon
monoxide to iron and molybdenum. Chem. Eur. J. 2003, 9, 76-87.

Liu, H. B. L; Filipponi, A.; Gavini, N.; Burgess, B. K.; Hedman, B.; Dicicco, A.;
Natoli, C. R.; Hodgson, K. O. EXAFS Studies of FeMo-cofactor and MoFe protein:
direct evidence for the long-range Mo-Fe-Fe interaction and cyanide binding to the Mo
in FeMo-cofactor. J. Am. Chem. Soc. 1994, 116, 2418-2423.

Christiansen, J.; Cash, V. L.; Seefeldt, L. C.; Dean, D. R. Isolation and characterization
of an acetylene-resistant nitrogenase. J. Biol. Chem. 2000, 275, 11459-11464.

Mayer, S. M.; Niehaus, W. G.; Dean, D. R. Reduction of short chain alkynes by a
nitrogenase a-70™"-substituted MoFe protein. Dalton Trans. 2002, 802-807.

Harris, T. V. Unpublished work: presented at the CPMD Meeting, Barcelona, Spain,
2011.

Benton, P. M. C.; Mayer, S. M.; Shao, J. L.; Hoffman, B. M.; Dean, D. R.; Seefeldt, L.
C. Interaction of acetylene and cyanide with the resting state of nitrogenase a-96-
substituted MoFe proteins. Biochemistry 2001, 40, 13816-13825.

Fisher, K.; Dilworth, M. J.; Newton, W. E. Differential effects on N, binding and
reduction, HD formation, and azide reduction with a-195"- and a-191°"-substituted
MoFe proteins of Azotobacter vinelandii nitrogenase. Biochemistry 2000, 39, 15570-
15577.

Barney, B. M.; Yurth, M. G.; Dos Santos, P. C.; Dean, D. R.; Seefeldt, L. C. A
substrate channel in the nitrogenase MoFe protein. J. Biol. Inorg. Chem. 2009, 14,
1015-1022.

Seefeldt, L. C.; Hoffman, B. M.; Dean, D. R. Mechanism of Mo-dependent
nitrogenase. Annu. Rev. Biochem. 2009, 78, 701-722.

Barney, B. M.; Lee, H. L.; Dos Santos, P. C.; Hoffmann, B. M.; Dean, D. R.; Seefeldt,
L. C. Breaking the N triple bond: insights into the nitrogenase mechanism. Dalton
Trans. 2006, 2277-2284.



37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

170

Barney, B. M.; McClead, J.; Lukoyanov, D.; Laryukhin, M.; Yang, T. C.; Dean, D. R.;
Hoffman, B. M.; Seefeldt, L. C. Diazene (HN=NH) is a substrate for nitrogenase:
insights into the pathway of N, reduction. Biochemistry 2007, 46, 6784-6794.

Hoffman, B. M.; Dean, D. R.; Seefeldt, L. C. Climbing nitrogenase: toward a
mechanism of enzymatic nitrogen fixation. Acc. Chem. Res. 2009, 42, 609-619.

Barney, B. M.; Lukoyanov, D.; Igarashi, R. Y.; Laryukhin, M.; Yang, T. C.; Dean, D.
R.; Hoffman, B. M.; Seefeldt, L. C. Trapping an intermediate of dinitrogen (N>)
reduction on nitrogenase. Biochemistry 2009, 48, 9094-9102.

Yandulov, D. V.; Schrock, R. R. Catalytic reduction of dinitrogen to ammonia at a
single molybdenum center. Science 2003, 301, 76-78.

Schrock, R. R. Catalytic reduction of dinitrogen to ammonia by molybdenum: theory
versus experiment. Angew. Chem., Int. Ed. 2008, 47, 5512-5522.

McLean, P. A.; Dixon, R. A. Requirement of nif} gene for production of wild-type
nitrogenase enzyme in Klebsiella pneumoniae. Nature 1981, 292, 655-656.

Smith, B. E.; Durrant, M. C.; Fairhurst, S. A.; Gormal, C. A.; Gronberg, K. L. C.;
Henderson, R. A.; Ibrahim, S. K.; Le Gall, T.; Pickett, C. J. Exploring the reactivity of
the isolated iron-molybdenum cofactor of nitrogenase. Coord. Chem. Rev. 1999, 185-
6, 669-687.

Barclay, J. E.; Davies, S. C.; Evans, D. J.; Hughes, D. L.; Longhurst, S. Lattice effects
in the Mdssbauer spectra of salts of [Fe4S4{S(CH,),OH}4]*. Crystal structures of
[PPhy]s[FesS4{S(CH;),OH}4] (n =2, 3 and 4). Inorg. Chim. Acta 1999, 291, 101-108.

Durrant, M. C.; Francis, A.; Lowe, D. J.; Newton, W. E.; Fisher, K. Evidence for a
dynamic role for homocitrate during nitrogen fixation: the effect of substitution at the

o-Lys*° position in MoFe-protein of Azotobacter vinelandii. Biochem. J. 2006, 397,
261-270.

Coucouvanis, D.; Demadis, K. D.; Malinak, S. M.; Mosier, P. E.; Tyson, M. A_;
Laughlin, L. J. Catalytic and stoichiometric multielectron reduction of hydrazine to
ammonia and acetylene to ethylene with clusters that contain the MFe;S,4 cores (M =
Mo, V). Relevance to the function of nitrogenase. J. Mol. Catal. A: Chem. 1996, 107,
123-135.

Demadis, K. D.; Malinak, S. M.; Coucouvanis, D. Catalytic reduction of hydrazine to
ammonia with MoFe;Ss-polycarboxylate clusters. Possible relevance regarding the
function of the molybdenum-coordinated homocitrate in nitrogenase. /norganic
Chemistry 1996, 35, 4038-4046.



48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

171

Thorneley, R. N. F.; Lowe, D. J., In Molybdenum Enzymes; Spiro, T. G., Ed.; Wiley-
Interscience: New York, 1985; pp 221-284.

Hohenberg, P.; Kohn, W. Inhomogeneous electron gas. Phys. Rev. 1964, 136, B864-
B8&71.

Kohn, W.; Sham, L. J. Self-consistent equations including exchange and correlation
effects. Phys. Rev. 1965, 140, A1133-A1138.

Koch, W.; Holthausen, M. C., A chemist's guide to density functional theory. Wiley-
VCH: Weinheim, 2000.

Slater, J. C.; Johnson, K. H. Self-consistent-field Xa cluster method for polyatomic
molecules and solids. Phys. Rev. B 1972, 5, 844-853.

Slater, J. C. A simplification of the Hartree-Fock method. Phys. Rev. 1951, 81, 385-
390.

Perdew, J. P.; Schmidt, K. Jacob's ladder of density functional approximations for the
exchange-correlation energy. AIP Conf. Proc. 2001, 577, 1-20.

Ruzsinszky, A.; Perdew, J. P.; Csonka, G. I. The RPA atomization energy puzzle. J.
Chem. Theory Comput. 2010, 6, 127-134.

Becke, A. D. A new mixing of Hartree-Fock and local density-functional theories. J.
Chem. Phys. 1993, 98, 1372-1377.

Becke, A. D. Density-Functional Thermochemistry. III. The Role of Exact Exchange.
J. Chem. Phys. 1993, 98, 5648-5652.

Perdew, J. P. Density-functional approximation for the correlation energy of the
inhomogeneous electron gas. Phys. Rev. B 1986, 33, 8822-8824.

Becke, A. D. Density-functional exchange-energy approximation with correct
asymptotic behavior. Phys. Rev. A 1988, 38, 3098-3100.

Szilagyi, R. K.; Metz, M.; Solomon, E. I. Spectroscopic calibration of modern density
functional methods using [CuCly]*". J. Phys. Chem. A 2002, 106, 2994-3007.

Zalesny, R.; Papadopoulos, M. G.; Mezey, P. G., Linear-scaling techniques in
computational chemistry and physics: Methods and applications. Springer: New York,
2011.



62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

172

Siegbahn, P. E. M.; Blomberg, M. R. A. Transition-metal systems in biochemistry
studied by high-accuracy quantum chemical methods. Chem. Rev. 2000, 100, 421-437.

Noodleman, L.; Lovell, T.; Han, W. G.; Li, J.; Himo, F. Quantum chemical studies of
intermediates and reaction pathways in selected enzymes and catalytic synthetic
systems. Chem. Rev. 2004, 104, 459-508.

Grimme, S. Semiempirical GGA-type density functional constructed with a long-range
dispersion correction. J. Comput. Chem. 2006, 27, 1787-1799.

Chai, J. D.; Head-Gordon, M. Long-range corrected hybrid density functionals with
damped atom-atom dispersion corrections. Phys. Chem. Chem. Phys. 2008, 10, 6615-
6620.

Zhao, Y.; Truhlar, D. G. The MO06 suite of density functionals for main group
thermochemistry, thermochemical kinetics, noncovalent interactions, excited states,
and transition elements: two new functionals and systematic testing of four M06-class
functionals and 12 other functionals. Theor. Chem. Acc. 2008, 120, 215-241.

Schaefer, A.; Horn, H.; Ahlrichs, R. Fully optimized contracted Gaussian basis sets for
atoms Li to Kr. J. Chem. Phys. 1992, 97, 2571-2577.

Schaefer, 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, 5829-5835.

Krishnan, R.; Binkley, J. S.; Seeger, R.; Pople, J. A. Self-consistent molecular orbital
methods. XX. A basis set for correlated wave functions. J. Chem. Phys. 1980, 72, 650-
654.

McLean, A. D.; Chandler, G. S. Contracted Gaussian basis sets for molecular
calculations. I. Second row atoms, Z = 11-18. J. Chem. Phys. 1980, 72, 5639-5648.

Noodleman, L. Valence bond description of anti-ferromagnetic coupling in transition-
metal dimers. J. Chem. Phys. 1981, 74, 5737-5743.

Neese, F. Prediction of molecular properties and molecular spectroscopy with density
functional theory: from fundamental theory to exchange-coupling. Coord. Chem. Rev.
2009, 253, 526-563.

Szabo, A.; Ostlund, N. S., Modern theoretical chemistry. MacMillan: New York, 1982.
Neese, F. Definition of corresponding orbitals and the diradical character in broken

symmetry DFT calculations on spin coupled systems. J. Phys. Chem. Solids 2004, 65,
781-785.



75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

173

Clark, A. E.; Davidson, E. R. Local spin. J. Chem. Phys. 2001, 115, 7382-7392.

Kitagawa, Y.; Saito, T.; Ito, M.; Shoji, M.; Koizumi, K.; Yamanaka, S.; Kawakami, T.;
Okumura, M.; Yamaguchi, K. Approximately spin-projected geometry optimization
method and its application to di-chromium systems. Chem. Phys. Lett. 2007, 442, 445-
450.

Szilagyi, R. K.; Winslow, M. A. On the accuracy of density functional theory for iron-
sulfur clusters. J. Comput. Chem. 2006, 27, 1385-1397.

Boysen, R. B.; Szilagyi, R. K. Development of palladium L-edge X-ray absorption
spectroscopy and its application for chloropalladium complexes. Inorg. Chim. Acta
2008, 361, 1047-1058.

Kim, J.; Rees, D. C. Structural models for the metal centers in the nitrogenase
molybdenum-iron protein. Science 1992, 257, 1677-1682.

Lovell, T.; Li, J.; Liu, T. Q.; Case, D. A.; Noodleman, L. FeMo cofactor of
nitrogenase: a density functional study of states M~, M, M®, and M'. J. Am. Chem.
Soc. 2001, 123, 12392-12410.

Lovell, T.; Liu, T. Q.; Case, D. A.; Noodleman, L. Structural, spectroscopic, and redox
consequences of central ligand in the FeMoco of nitrogenase: a density functional
theoretical study. J. Am. Chem. Soc. 2003, 125, 8377-8383.

Li, J.; Nelson, M. R.; Peng, C. Y.; Bashford, D.; Noodleman, L. Incorporating protein
environments in density functional theory: a self-consistent reaction field calculation
of redox potentials of [2Fe2S] clusters in ferredoxin and phthalate dioxygenase
reductase. J. Phys. Chem. A 1998, 102, 6311-6324.

Yang, X.; Niu, S. Q.; Ichiye, T.; Wang, L. S. Direct measurement of the hydrogen-
bonding effect on the intrinsic redox potentials of [4Fe-4S] cubane complexes. J. Am.
Chem. Soc. 2004, 126, 15790-15794.

Kitagawa, Y.; Shoji, M.; Saito, T.; Nakanishi, Y.; Koizumi, K.; Kawakami, T.;
Okumura, M.; Yamaguchi, K. Theoretical studies on effects of hydrogen bonds
attaching to cysteine ligands on 4Fe-4S clusters. Int. J. Quantum Chem. 2008, 108,
2881-2887.



85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

174

Lukoyanov, D.; Pelmenschikov, V.; Maeser, N.; Laryukhin, M.; Yang, T. C.;
Noodleman, L.; Dean, D. R.; Case, D. A.; Seefeldt, L. C.; Hoffman, B. M. Testing if
the interstitial atom, X, of the nitrogenase molybdenum-iron cofactor is N or C:
ENDOR, ESEEM, and DFT studies of the S = 3/2 resting state in multiple
environments. norg. Chem. 2007, 46, 11437-11449.

Pelmenschikov, V.; Case, D. A.; Noodleman, L. Ligand-bound S = 1/2 FeMo-cofactor
of nitrogenase: hyperfine interaction analysis and implication for the central ligand X
identity. Inorg. Chem. 2008, 47, 6162-6172.

Tomasi, J.; Persico, M. Molecular interactions in solution: an overview of methods
based on continuous distributions of the solvent. Chem. Rev. 1994, 94, 2027-2094.

Cossi, M.; Barone, V.; Cammi, R.; Tomasi, J. Ab initio study of solvated molecules: a
new implementation of the polarizable continuum model. Chem. Phys. Lett. 1996, 255,
327-335.

Barone, V.; Cossi, M.; Tomasi, J. Geometry optimization of molecular structures in
solution by the polarizable continuum model. J. Comput. Chem. 1998, 19, 404-417.

Lovell, T.; Li, J.; Case, D. A.; Noodleman, L. FeMo cofactor of nitrogenase: energetics
and local interactions in the protein environment. J. Biol. Inorg. Chem. 2002, 7, 735-
749.

Schimpl, J.; Petrilli, H. M.; Blochl, P. E. Nitrogen binding to the FeMo-cofactor of
nitrogenase. J. Am. Chem. Soc. 2003, 125, 15772-15778.

Xie, H. J.; Wu, R. B.; Zhou, Z. H.; Cao, Z. X. Exploring the interstitial atom in the
FeMo cofactor of nitrogenase: insights from QM and QM/MM calculations. J. Phys.
Chem. B 2008, 112, 11435-11439.

Rokhsana, D.; Dooley, D. M.; Szilagyi, R. K. Systematic development of
computational models for the catalytic site in galactose oxidase: impact of outer-sphere
residues on the geometric and electronic structures. J. Biol. Inorg. Chem. 2008, 13,
371-383.

Siegbahn, P. E. M.; Himo, F. Recent developments of the quantum chemical cluster
approach for modeling enzyme reactions. J. Biol. Inorg. Chem. 2009, 14, 643-651.

Glaser, T.; Rose, K.; Shadle, S. E.; Hedman, B.; Hodgson, K. O.; Solomon, E. I. S K-
edge X-ray absorption studies of tetranuclear iron-sulfur clusters: p-sulfide bonding
and its contribution to electron delocalization. J. Am. Chem. Soc. 2001, 123, 442-454.



96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

175

Lowery, M. D.; Guckert, J. A.; Gebhard, M. S.; Solomon, E. I. Active-site electronic-
ctructure contributions to electron-transfer pathways in rubredoxin and plastocyanin:
direct versus superexchange. J. Am. Chem. Soc. 1993, 115, 3012-3013.

Williams, K. R.; Gamelin, D. R.; LaCroix, L. B.; Houser, R. P.; Tolman, W. B.;
Mulder, T. C.; de Vries, S.; Hedman, B.; Hodgson, K. O.; Solomon, E. I. Influence of
copper-sulfur covalency and copper-copper bonding on valence delocalization and

electron transfer in the Cuy site of cytochrome ¢ oxidase. J. Am. Chem. Soc. 1997, 119,
613-614.

Dey, A.; Jiang, Y. I.; de Montellano, P. O.; Hodgson, K. O.; Hedman, B.; Solomon, E.
I. S K-edge XAS and DFT calculations on cytochrome P450: covalent and ionic

contributions to the cysteine-Fe bond and their contribution to reactivity. J. Am. Chem.
Soc. 2009, 131, 7869-7878.

Dey, A.; Jenney, F. E.; Adams, M. W. W.; Johnson, M. K.; Hodgson, K. O.; Hedman,
B.; Solomon, E. I. Sulfur K-edge X-ray absorption spectroscopy and density functional
theory calculations on superoxide reductase: role of the axial thiolate in reactivity. J.
Am. Chem. Soc. 2007, 129, 12418-12431.

Szilagyi, R. K.; Lim, B. S.; Glaser, T.; Holm, R. H.; Hedman, B.; Hodgson, K. O.;
Solomon, E. I. Description of the ground state wave functions of Ni dithiolenes using
sulfur K-edge X-ray absorption spectroscopy. J. Am. Chem. Soc. 2003, 125, 9158-
9169.

Jorgensen, C. K., Absorption spectra and chemical bonding in complexes. Pergamon
Press: Oxford, 1962.

Tuczek, F.; Solomon, E. I. Excited electronic states of transition-metal dimers and the
VBCI model: an overview. Coord. Chem. Rev. 2001, 219, 1075-1112.

Kennepohl, P.; Solomon, E. 1. Electronic structure contributions to electron-transfer
reactivity in iron-sulfur active sites: 1. photoelectron spectroscopic determination of
electronic relaxation. Inorg. Chem. 2003, 42, 679-688.

Hocking, R. K.; Wasinger, E. C.; Yan, Y. L.; deGroot, F. M. F.; Walker, F. A_;
Hodgson, K. O.; Hedman, B.; Solomon, E. I. Fe L-edge X-ray absorption spectroscopy

of low-spin heme relative to non-heme Fe complexes: delocalization of Fe d-electrons
into the porphyrin ligand. J. Am. Chem. Soc. 2007, 129, 113-125.

Wasinger, E. C.; de Groot, F. M. F.; Hedman, B.; Hodgson, K. O.; Solomon, E. I. L-
edge X-ray absorption spectroscopy of non-heme iron sites: experimental
determination of differential orbital covalency. J. Am. Chem. Soc. 2003, 125, 12894-
12906.



106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

176

Shadle, S. E.; Penner-Hahn, J. E.; Schugar, H. J.; Hedman, B.; Hodgson, K. O.;
Solomon, E. I. X-ray absorption spectroscopic studies of the blue copper site: metal
and ligand K-edge studies to probe the origin of the EPR hyperfine splitting in
plastocyanin. J. Am. Chem. Soc. 1993, 115, 767-776.

Hedman, B.; Frank, P.; Gheller, S. F.; Roe, A. L.; Newton, W. E.; Hodgson, K. O.
New structural insights into the iron-molybdenum cofactor from Azotobacter

vinelandii nitrogenase through sulfur K and molybdenum L X-ray absorption edge
studies. J. Am. Chem. Soc. 1988, 110, 3798-3805.

Fulton, R. L.; Mixon, S. T. Comparison of covalent bond indexes and sharing indexes.
J. Phys. Chem. 1993, 97, 7530-7534.

Matito, E.; Poater, J.; Sola, M.; Duran, M.; Salvador, P. Comparison of the AIM
delocalization index and the Mayer and Fuzzy atom bond orders. J. Phys. Chem. A
2005, 7109, 9904-9910.

Mayer, 1. Charge, bond order and valence in the ab initio SCF theory. Chem. Phys.
Lett. 1983, 97, 270-274.

Mayer, I.; Salvador, P. Overlap populations, bond orders and valences for 'fuzzy'
atoms. Chem. Phys. Lett. 2004, 383, 368-375.

Fradera, X.; Austen, M. A.; Bader, R. F. W. The Lewis model and beyond. J. Phys.
Chem. A 1999, 103, 304-314.

Bader, R. F. W.; Hernandez-Trujillo, J.; Cortes-Guzman, F. Chemical bonding: From
Lewis to atoms in molecules. J. Comput. Chem. 2007, 28, 4-14.

Bader, R. F. W. Atoms in molecules. Acc. Chem. Res. 1985, 18, 9-15.

Bader, R. F. W. A quantum theory of molecular structure and its applications. Chem.
Rev. 1991, 91, 893-928.

Sun, N.; Dey, A.; Xiao, Z. G.; Wedd, A. G.; Hodgson, K. O.; Hedman, B.; Solomon,
E. I. Solvation effects on S K-edge XAS spectra of Fe-S proteins: normal and inverse
effects on WT and mutant rubredoxin. J. Am. Chem. Soc. 132, 12639-12647.

Ros, P.; Schuit, G. C. A. Molecular orbital calculations on copper chloride complexes.
Theor. Chim. Acta 1966, 4, 1-&.

Mulliken, R. S. Electronic population analysis on LCAO-MO molecular wave
functions. 1. J. Chem. Phys. 1955, 23, 1833-1840.



177

119. Montgomery, J. A.; Frisch, M. J.; Ochterski, J. W.; Petersson, G. A. A complete basis
set model chemistry. VII. Use of the minimum population localization method. J.
Chem. Phys. 2000, 112, 6532-6542.

120. Foster, J. P.; Weinhold, F. Natural hybrid orbitals. J. Am. Chem. Soc. 1980, 102, 7211-
7218.

121. Carpenter, J. E.; Weinhold, F. Analysis of the geometry of the hydroxymethyl radical
by the "different hybrids for different spins" natural bond orbital procedure. J. Mol.
Struct. (Theochem) 1988, 169, 41-62.

122. Reed, A. E.; Curtiss, L. A.; Weinhold, F. Intermolecular interactions from a natural
bond orbital, donor-acceptor viewpoint. Chem. Rev. 1988, 88, 899-926.

123. Maseras, F.; Morokuma, K. Application of the natural population analysis to
transition-metal complexes. Should the empty metal p orbitals be included in the
valence space? Chem. Phys. Lett. 1992, 195, 500-504.

124. Hirshfeld, F. L. Bonded-atom fragments for describing molecular charge-densities.
Theor. Chim. Acta 1977, 44, 129-138.

125. Jablonski, M.; Palusiak, M. Basis set and method dependence in atoms in molecules
calculations. J. Phys. Chem. A 2010, 114, 2240-2244.

126. Philips, J. J.; Hudspeth, M. A.; Browne, P. M.; Peralta, J. E. Basis set dependence of
atomic spin populations. Chem. Phys. Lett. 2010, 495, 146-150.

127. Gebhard, M. S.; Deaton, J. C.; Koch, S. A.; Millar, M.; Solomon, E. 1. Single-crystal
spectral studies of Fe(SR)s [R =2,3,5,6-(Me)4CsH]: the electronic-structure of the
ferric tetrathiolate active site. J. Am. Chem. Soc. 1990, 112, 2217-2231.

128. Rose, K.; Shadle, S. E.; Glaser, T.; de Vries, S.; Cherepanov, A.; Canters, G. W.;
Hedman, B.; Hodgson, K. O.; Solomon, E. I. Investigation of the electronic structure
of 2Fe-2S model complexes and the Rieske protein using ligand K-edge X-ray
absorption spectroscopy. J. Am. Chem. Soc. 1999, 121, 2353-2363.



129.

130.

131.

132.

133.

134.

178

Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M. A_;
Cheeseman, J. R.; Montgomery Jr., J. A.; Vreven, T.; Kudin, K. N.; Burant, J. C.;
Millam, J. M.; Lyengar, S. S.; Tomasi, J.; Barone, V.; Mennucci, B.; Cossi, M.;
Scalmani, G.; Rega, N.; Petersson, G. A.; Nakatsuji, H.; Hada, M.; Ehara, M.; Toyota,
K.; Fukuda, R.; Hasegawa, J.; Ishida, M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai,
H.; Klene, M.; Li, X.; Knox, J. E.; Hratchian, H. P.; Cross, J. B.; Bakken, V.; Adamo,
C.; Jaramillo, J.; Gomperts, R.; Stratmann, R. E.; Yazyev, O.; Austin, A. J.; Cammi,
R.; Pomelli, C.; Ochterski, J. W.; Ayala, P. Y.; Morokuma, K.; Voth, G. A.; Salvador,
P.; Dannenberg, J. J.; Zakrzewski, V. G.; Dapprich, S.; Daniels, A. D.; Strain, M. C.;
Farkas, O.; Malick, D. K.; Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Ortiz, J.
V.; Cui, Q.; Baboul, A. G.; Clifford, S.; Cioslowski, J.; Stefanov, B. B.; Liu, G.;
Liashenko, A.; Piskorz, P.; Komaromi, I.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-
Laham, M. A.; Peng, C. Y.; Nanayakkara, A.; Challacombe, M.; Gill, P. M. W_;
Johnson, B.; Chen, W.; Wong, M. W.; Gonzalez, C.; Pople, J. A. Gaussian 03, Rev
E.O01; Gaussian, Inc: Wallingford, CT, 2006.

Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M. A_;
Cheeseman, J. R.; Scalmani, G.; Barone, V.; Mennucci, B.; Petersson, G. A.;
Nakatsuji, H.; Caricato, M.; Li, X.; Hratchian, H. P.; Izmaylov, A. F.; Bloino, J.;
Zheng, G.; Sonnenberg, J. L.; Hada, M.; Ehara, M.; Toyota, K.; Fukuda, R.;
Hasegawa, J.; Ishida, M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai, H.; Vreven, T.;
Montgomery, J., J. A.; Peralta, J. E.; Ogliaro, F.; Bearpark, M.; Heyd, J. J.; Brothers,
E.; Kudin, K. N.; Staroverov, V. N.; Kobayashi, R.; Normand, J.; Raghavachari, K.;
Rendell, A.; Burant, J. C.; Iyengar, S. S.; Tomasi, J.; Cossi, M.; Rega, N.; Millam, N.
J.; Klene, M.; Knox, J. E.; Cross, J. B.; Bakken, V.; Adamo, C.; Jaramillo, J.;
Gomperts, R.; Stratmann, R. E.; Yazyev, O.; Austin, A. J.; Cammi, R.; Pomelli, C.;
Ochterski, J. W.; Martin, R. L.; Morokuma, K.; Zakrzewski, V. G.; Voth, G. A.;
Salvador, P.; Dannenberg, J. J.; Dapprich, S.; Daniels, A. D.; Farkas, O.; Foresman, J.
B.; Ortiz, J. V.; Cioslowski, J.; Fox, D. J. Gaussian 09, Rev A.02/B.01; Gaussian, Inc:
Wallingford, CT, 2009.

Dunning Jr., T. H.; Hay, P. J., Gaussian basis sets for molecular calculations. In
Modern theoretical chemistry; Schaefer 111, H. F., Ed.; Plenum: New York, 1976; Vol.
3, pp 1-28.

Hay, P. J.; Wadt, W. R. 4b initio effective core potentials for molecular calculations.
Potentials for the transition metal atoms Sc to Hg. J. Chem. Phys. 1985, 82, 270-283.

Wadt, W. R.; Hay, P. J. 4b initio effective core potentials for molecular calculations.
Potentials for main group elements Na to Bi. J. Chem. Phys. 1985, 82, 284-298.

Hay, P. J.; Wadt, W. R. 4b initio effective core potentials for molecular calculations.
Potentials for K to Au including the outermost core orbitals. J. Chem. Phys. 1985, 82,
299-310.



135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

179

Hehre, W. J.; Ditchfie.R; Pople, J. A. Self-consistent molecular-orbital methods. 12.
Further extensions of gaussian-type basis sets for use in molecular-orbital studies of
organic-molecules. J. Chem. Phys. 1972, 56, 2257-&.

Hehre, W. J.; Random, L.; Schleyer, P. v. R.; Pople, J. A., Ab Initio Molecular Orbital
Theory. Wiley: New York, 1986.

Clark, T.; Chandrasekhar, J.; Spitznagel, G. W.; Schleyer, P. V. Efficient diffuse
function-augmented basis-aets for anion calculations. 3.The 3-21+G basis set for first-
row elements, Li-F. J. Comput. Chem. 1983, 4, 294-301.

Hariharan, P. C.; Pople, J. A. Influence of polarization functions on molecular-orbital
hydrogenation energies. Theor. Chim. Acta 1973, 28, 213-222.

Rassolov, V. A.; Pople, J. A.; Ratner, M. A.; Windus, T. L. 6-31G* basis set for atoms
K through Zn. J. Chem. Phys. 1998, 109, 1223-1229.

Francl, M. M.; Pietro, W. J.; Hehre, W. J.; Binkley, J. S.; Gordon, M. S.; Defrees, D.
J.; Pople, J. A. Self-consistent molecular-orbital methods. 23. A polarization-type basis
set for second-row elements. J. Chem. Phys. 1982, 77, 3654-3665.

Hay, P. J. Gaussian basis sets for molecular calculations. Representation of 3d orbitals
in transition metal atoms. J. Chem. Phys. 1977, 66, 4377-4384.

McLean, A. D.; Chandler, G. S. Contracted gaussian basis sets for molecular
calculations. 1. Second row atoms, Z = 11-18. J. Chem. Phys. 1980, 72, 5639-5648.

Raghavachari, K.; Trucks, G. W. Highly correlated systems. Excitation energies of
first row transition metals Sc-Cu. J. Chem. Phys. 1989, 91, 1062-1065.

Wachters, A. J. Gaussian basis set for molecular wavefunctions containing third row
atoms. J. Chem. Phys. 1970, 52, 1033.

Frisch, M. J.; Pople, J. A.; Binkley, J. S. Self-consistent molecular-orbital methods. 25.
Supplementary functions for gaussian-basis sets. J. Chem. Phys. 1984, 80, 3265-3269.

Dunning, T. H. Gaussian-basis sets for use in correlated molecular calculations. 1. The
atoms boron through neon and hydrogen. J. Chem. Phys. 1989, 90, 1007-1023.

Kendall, R. A.; Dunning, T. H.; Harrison, R. J. Electron affinities of the first row

atoms revisited. Systematic basis sets and wave functions. J. Chem. Phys. 1992, 96,
6796-6806.



148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

180

Woon, D. E.; Dunning, T. H. Gaussian-basis sets for use in correlated molecular
calculations. 3. The atoms aluminum through argon. J. Chem. Phys. 1993, 98, 1358-
1371.

Weigend, F.; Ahlrichs, R. Balanced basis sets of split valence, triple zeta valence and
quadruple zeta valence quality for H to Rn: design and assessment of accuracy. Phys.
Chem. Chem. Phys. 2005, 7, 3297-3305.

Schuchardt, K. L.; Didier, B. T.; Elsethagen, T.; Sun, L. S.; Gurumoorthi, V.; Chase,
J.; Li, J.; Windus, T. L. Basis set exchange: a community database for computational
sciences. J. Chem. Inf- Model. 2007, 47, 1045-1052.

Ehlers, A. W.; Bohme, M.; Dapprich, S.; Gobbi, A.; Hollwarth, A.; Jonas, V.; Kohler,
K. F.; Stegmann, R.; Veldkamp, A.; Frenking, G. A set of f-polarization functions for
pseudo-potential basis sets of the transition metals Sc-Cu, Y-Ag and La-Au. Chem.
Phys. Lett. 1993, 208, 111-114.

Hollwarth, A.; Bohme, M.; Dapprich, S.; Ehlers, A. W.; Gobbi, A.; Jonas, V.; Kohler,
K. F.; Stegmann, R.; Veldkamp, A.; Frenking, G. A set of d-polarization functions for
pseudo-potential basis sets of the main group elements Al-Bi and f-type polarization
functions for Zn, Cd, Hg. Chem. Phys. Lett. 1993, 208, 237-240.

Dolg, M.; Wedig, U.; Stoll, H.; Preuss, H. Energy-adjusted ab initio pseudopotentials
for the first row transition elements. J. Chem. Phys. 1987, 86, 866-872.

Wedig, U.; Dolg, M.; Stoll, H.; Preuss, H., Energy-adjusted pseudopotentials for
transition-metal elements. In Quantum Chemistry: The Challenge of Transition Metals
and Coordination Chemistry; Veillard, A., Ed.; Reidel: Dordrecht, The Netherlands,
1986; pp 79-90.

Boese, A. D.; Handy, N. C. New exchange-correlation density functionals: the role of
the kinetic-energy density. J. Chem. Phys. 2002, 116, 9559-9569.

Vosko, S. H.; Wilk, L.; Nusair, M. Accurate spin-dependent electron liquid correlation
energies for local spin-eensity calculations: a critical analysis. Can. J. Phys. 1980, 58,
1200-1211.

Lee, C. T.; Yang, W. T.; Parr, R. G. Development of the Colle-Salvetti correlation-

energy formula into a functional of the electron-density. Phys. Rev. B 1988, 37, 785-
789.

Krukau, A. V.; Vydrov, O. A.; Izmaylov, A. F.; Scuseria, G. E. Influence of the
exchange screening parameter on the performance of screened hybrid functionals. J.
Chem. Phys. 2006, 125.



159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

181

Adamo, C.; Barone, V. Toward reliable density functional methods without adjustable
parameters: the PBEO model. J. Chem. Phys. 1999, 110, 6158-6170.

Perdew, J. P.; Burke, K.; Ernzerhof, M. Generalized gradient approximation made
simple. Phys. Rev. Lett. 1996, 77, 3865-3868.

Boese, A. D.; Handy, N. C. A new parametrization of exchange-correlation
generalized gradient approximation functionals. J. Chem. Phys. 2001, 114, 5497-5503.

Zhao, Y.; Truhlar, D. G. A new local density functional for main-group
thermochemistry, transition metal bonding, thermochemical kinetics, and noncovalent
interactions. J. Chem. Phys. 2006, 125, 19401-1-19401-18.

Handy, N. C.; Cohen, A. J. Left-right correlation energy. Mol. Phys. 2001, 99, 403-
412.

Ernzerhof, M.; Perdew, J. P. Generalized gradient approximation to the angle- and
system-averaged exchange hole. J. Chem. Phys. 1998, 109, 3313-3320.

Perdew, J. P.; Kurth, S.; Zupan, A.; Blaha, P. Accurate density functional with correct
formal properties: a step beyond the generalized gradient approximation. Phys. Rev.
Lett. 1999, 82, 2544-2547.

Perdew, J. P.; Chevary, J. A.; Vosko, S. H.; Jackson, K. A.; Pederson, M. R.; Singh, D.
J.; Fiolhais, C. Atoms, molecules, solids, and surfaces: applications of the generalized
gradient approximation for exchange and correlation. Phys. Rev. B 1992, 46, 6671-
6687.

Tao, J. M.; Perdew, J. P.; Staroverov, V. N.; Scuseria, G. E. Climbing the density
functional ladder: nonempirical meta-generalized gradient approximation designed for
molecules and solids. Phys. Rev. Lett. 2003, 91.

Van Voorhis, T.; Scuseria, G. E. A never form for the exchange-correlation energy
functional. J. Chem. Phys. 1998, 109, 400-410.

Allen, F. H. The Cambridge Structural Database: a quarter of a million crystal
structures and rising. Acta Crystallogr. Sect. B-Struct. Sci. 2002, 58, 380-388.

Lane, R. W.; Ibers, J. A.; Frankel, R. B.; Papaefthymiou, G. C.; Holm, R. H. Synthetic
analogs of the active sites of iron-sulfur proteins. 14. Synthesis, properties, and
structures of bis(o-xylyl-a,a'-dithiolato)ferrate(II,I1I) anions, analogs of oxidized and
reduced rubredoxin sites. J. Am. Chem. Soc. 1977, 99, 84-98.



171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182

Mayerle, J. J.; Denmark, S. E.; DePamphilis, B. V.; Ibers, J. A.; Holm, R. H. Synthetic
analogs of the active sites of iron-sulfur proteins. XI. Synthesis and properties of
complexes containing the iron sulfide Fe,S; core and the structures of bis[o-xylyl-a,a'-
dithiolato-p-sulfido-ferrate(III)] and bis[p-tolylthiolato-pu-sulfido-ferrate(Ill)] dianions.
J. Am. Chem. Soc. 1975, 97, 1032-1045.

Cai, J.; Cheng, C. Chin. J. Struct. Chem. 1985, 4, 199.
Tenderholt, A. L. QMForge, 2.1; qmforge.sourceforge.net: 2007.
Keith, T. A. AIMAIl, 11.04.03; aim.tkgristmill.com: 2010.

Fradera, X.; Sola, M. Electron localization and delocalization in open-shell molecules.
J. Comput. Chem. 2002, 23, 1347-1356.

Poater, J.; Sola, M.; Duran, M.; Fradera, X. The calculation of electron localization and
delocalization indices at the Hartree-Fock, density functional and post-Hartree-Fock
levels of theory. Theor. Chem. Acc. 2002, 107, 362-371.

Sarangi, R.; George, S. D.; Rudd, D. J.; Szilagyi, R. K.; Ribas, X.; Rovira, C.;
Almeida, M.; Hodgson, K. O.; Hedman, B.; Solomon, E. I. Sulfur K-edge X-ray
absorption spectroscopy as a probe of ligand-metal bond covalency: Metal vs ligand
oxidation in copper and nickel dithiolene complexes. J. Am. Chem. Soc. 2007, 129,
2316-2326.

Rose, K.; Shadle, S. E.; Eidsness, M. K.; Kurtz, D. M.; Scott, R. A.; Hedman, B.;
Hodgson, K. O.; Solomon, E. I. Investigation of iron-sulfur covalency in rubredoxins

and a model system using sulfur K-edge X-ray absorption spectroscopy. J. Am. Chem.
Soc. 1998, 120, 10743-10747.

Anxolabehere-Mallart, E.; Glaser, T.; Frank, P.; Aliverti, A.; Zanetti, G.; Hedman, B.;
Hodgson, K. O.; Solomon, E. I. Sulfur K-edge X-ray absorption spectroscopy of 2Fe-

2S ferredoxin: covalency of the oxidized and reduced 2Fe forms and comparison to
model complexes. J. Am. Chem. Soc. 2001, 123, 5444-5452.

Dey, A.; Glaser, T.; Couture, M. M. J.; Eltis, L. D.; Holm, R. H.; Hedman, B.;
Hodgson, K. O.; Solomon, E. I. Ligand K-Edge X-ray absorption spectroscopy of
[FesS4]' ™" clusters: changes in bonding and electronic relaxation upon redox. J. Am.
Chem. Soc. 2004, 126, 8320-8328.

Carter, C. W.; Kraut, J.; Freer, S. T.; Alden, R. A.; Sieker, L. C.; Adman, E.; Jensen, L.
H. Comparison of FesS,4 clusters in high-potential iron protein and in ferredoxin. Proc.
Natl. Acad. Sci. U. S. A. 1972, 69, 3526-3529.



182.

183.

184.

185.

186.

187.

188.

189.

190.

191.

192.

193.

183

Niu, S. Q.; Ichiye, T. Insight into environmental effects on bonding and redox
properties of [4Fe-4S] clusters in proteins. J. Am. Chem. Soc. 2009, 131, 5724-5725.

Stephens, P. J.; Jollie, D. R.; Warshel, A. Protein control of redox potentials of iron-
sulfur proteins. Chem. Rev. 1996, 96, 2491-2513.

Torres, R. A.; Lovell, T.; Noodleman, L.; Case, D. A. Density functional and reduction
potential calculations of Fe4Sy4 clusters. J. Am. Chem. Soc. 2003, 125, 1923-1936.

Han, W. G.; Noodleman, L. Quantum cluster size and solvent polarity effects on the
geometries and Mossbauer properties of the active site model for ribonucleotide
reductase intermediate X: a density functional theory study. Theor. Chem. Acc. 2010,
125,305-317.

Glaser, T.; Bertini, I.; Moura, J. J. G.; Hedman, B.; Hodgson, K. O.; Solomon, E. I.
Protein effects on the electronic structure of the [Fe484]2+ cluster in ferredoxin and
HiPIP. J. Am. Chem. Soc. 2001, 123, 4859-4860.

Niu, S. Q.; Ichiye, T. Probing ligand effects on the redox energies of [4Fe-4S] clusters
using broken-symmetry density functional theory. J. Phys. Chem. A 2009, 113, 5671-
5676.

Scalmani, G.; Frisch, M. J. Continuous surface charge polarizable continuum models
of solvation. I. General formalism. J. Chem. Phys. 132, 114110-1-114110-15.

Keith, T. A. AIMAIl, 11.08.23; aim.tkgristmill.com: 2011.

Orio, M.; Mouesca, J. M. Variation of average g values and effective exchange
coupling constants among [2Fe-2S] clusters: a density functional theory study of the
impact of localization (trapping forces) versus delocalization (double-exchange) as
competing factors. Inorg. Chem. 2008, 47, 5394-5416.

Bertini, I.; Turano, P.; Vila, A. J. Nuclear magnetic resonance of paramagnetic
metalloproteins. Chem. Rev. 1993, 93, 2833-2932.

Lin, [.-].; Gebel, E. B.; Machonkin, T. E.; Westler, W. M.; Markley, J. L. Changes in
hydrogen-bond strengths explain reduction potentials in 10 rubredoxin variants. Proc.
Natl. Acad. Sci. U. S. A. 2005, 102, 14581-14586.

Espinosa, E.; Molins, E.; Lecomte, C. Hydrogen bond strengths revealed by
topological analyses of experimentally observed electron densities. Chem. Phys. Lett.
1998, 285, 170-173.



194.

195.

196.

197.

198.

199.

200.

201.

202.

203.

184

Shen, B. H.; Jollie, D. R.; Stout, C. D.; Diller, T. C.; Armstrong, F. A.; Gorst, C. M.;
Lamar, G. N.; Stephens, P. J.; Burgess, B. K. Azotobacter vinelandii ferredoxin I:
alteration of individual surface charges and the [4Fe-4S]*"" cluster reduction potential.
J. Biol. Chem. 1994, 269, 8564-8575.

Harris, T. V.; Szilagyi, R. K. Comparative assessment of the composition and charge
state of nitrogenase FeMo-cofactor. Inorg. Chem. 2011, 50, 4811-4824.

Venters, R. A.; Nelson, M. J.; McLean, P. A.; True, A. E.; Levy, M. A.; Hoffman, B.
M.; Orme-Johnson, W. H. ENDOR of the resting state of nitrogenase molybdenum
iron proteins from Azotobacter vinelandii, Klebsiella pneumoniae, and Clostridium
pasteurianum: 'H, >'Fe, *Mo, and **S studies. J. Am. Chem. Soc. 1986, 108, 3487-
3498.

Corbett, M. C.; Tezcan, F. A.; Einsle, O.; Walton, M. Y.; Rees, D. C.; Latimer, M. J.;
Hedman, B.; Hodgson, K. O. Mo K- and L-edge X-ray absorption spectroscopic study
of the ADP-AlFy -stabilized nitrogenase complex: comparison with MoFe protein in
solution and single crystal. J. Synchrotron Rad. 2005, 12, 28-34.

Huynh, B. H.; Miinck, E.; Orme-Johnson, W. H. Nitrogenase XI: Mdssbauer studies
on the cofactor centers of the MoFe protein from Azotobacter vinelandii OP. Biochim.
Biophys. Acta 1979, 576, 192-203.

Huynh, B. H.; Henzl, M. T.; Christner, J. A.; Zimmermann, R.; Orme-Johnson, W. H.;
Miinck, E. Nitrogenase XII: Mdssbauer studies of the MoFe protein from Clostridum
pasteurianum WS5. Biochim. Biophys. Acta 1980, 623, 124-138.

Johnson, M. K.; Thomson, A. J.; Robinson, A. E.; Smith, B. E. Characterization of the
paramagnetic centers of the molybdenum-iron protein of nitrogenase from Klebsiella
prneumoniae using low temperature magnetic circular dichroism spectroscopy.
Biochim. Biophys. Acta 1981, 671, 61-70.

Conradson, S. D.; Burgess, B. K.; Holm, R. H. Fluorine-19 chemical shifts as probes
of the structure and reactivity of the iron-molybdenum cofactor of nitrogenase. J. Biol.
Chem. 1988, 263, 13743-13749.

O'Donnell, M. J.; Smith, B. E. Electron paramagnetic resonance studies on redox
properties of molybdenum iron protein of nitrogenase between +50 and -450 mv.
Biochem. J. 1978, 173, 831-839.

Huang, H. Q.; Kofford, M.; Simpson, F. B.; Watt, G. D. Purification, composition,
charge, and molecular weight of the FeMo cofactor from Azotobacter vinelandii
nitrogenase. J. Inorg. Biochem. 1993, 52, 59-75.



204.

205.

206.

207.

208.

2009.

210.

211.

212.

213.

214.

185

Lee, H. I.; Hales, B. J.; Hoffman, B. M. Metal-ion valencies of the FeMo cofactor in
CO-inhibited and resting state nitrogenase by °>'Fe Q-band ENDOR. J. Am. Chem. Soc.
1997, 119, 11395-11400.

Yoo, S. J.; Angove, H. C.; Papaefthymiou, V.; Burgess, B. K.; Miinck, E. Mossbauer
study of the MoFe protein of nitrogenase from Azotobacter vinelandii using selective
*’Fe enrichment of the M-centers. J. Am. Chem. Soc. 2000, 122, 4926-4936.

Vrajmasu, V.; Miinck, E.; Bominaar, E. L. Density functional study of the electric
hyperfine interactions and the redox-structural correlations in the cofactor of
nitrogenase. Analysis of general trends in *'Fe isomer shifts. Inorg. Chem. 2003, 42,
5974-5988.

Dance, I. The consequences of an interstitial N atom in the FeMo cofactor of
nitrogenase. Chem. Commun. 2003, 324-325.

Dance, I. The correlation of redox potential, HOMO energy, and oxidation state in
metal sulfide clusters and its application to determine the redox level of the FeMo-co
active-site cluster of nitrogenase. Inorg. Chem. 2006, 45, 5084-5091.

True, A. E.; Nelson, M. J.; Venters, R. A.: Orme-Johnson, W. H.; Hoffman, B. M. °'Fe
hyperfine coupling tensors of the FeMo cluster in Azotobacter vinelandii MoFe

Protein: determination by polycrystalline ENDOR spectroscopy. J. Am. Chem. Soc.
1988, 110, 1935-1943.

Pickett, C. J. The Chatt cycle and the mechanism of enzymic reduction of molecular
nitrogen. J. Biol. Inorg. Chem. 1996, 1, 601-606.

Késtner, J.; Blochl, P. E. Ammonia production at the FeMo cofactor of nitrogenase:
results from density functional theory. J. Am. Chem. Soc. 2007, 129, 2998-3006.

Huniar, U.; Ahlrichs, R.; Coucouvanis, D. Density functional theory calculations and
exploration of a possible mechanism of N, reduction by nitrogenase. J. Am. Chem.
Soc. 2004, 126, 2588-2601.

Szilagyi, R. K.; Musaev, D. G.; Morokuma, K. Theoretical studies of biological
nitrogen fixation. Part II. Hydrogen bonded networks as possible reactant and product
channels. J. Mol. Struct. (Theochem) 2000, 506, 131-146.

Stephens, P. J.; Devlin, F. J.; Chabalowski, C. F.; Frisch, M. J. 4b initio calculation of
vibrational absorption and circular dichroism spectra using density functional force
fields. J. Phys. Chem. 1994, 98, 11623-11627.



215.

216.

217.

218.

219.

220.

221.

222.

223.

224.

225.

226.

186

Curtiss, L. A.; McGrath, M. P.; Blaudeau, J. P.; Davis, N. E.; Binning, R. C.; Radom,
L. Extension of Gaussian-2 Theory to Molecules Containing 3rd-Row Atoms Ga-Kr. J.
Chem. Phys. 1995, 103, 6104-6113.

Velde, G. T.; Bickelhaupt, F. M.; Baerends, E. J.; Guerra, C. F.; Van Gisbergen, S. J.
A.; Snijders, J. G.; Ziegler, T. Chemistry with ADF. J. Comput. Chem. 2001, 22, 931-
967.

Guerra, C. F.; Snijders, J. G.; te Velde, G.; Baerends, E. J. Towards an order-N DFT
method. Theor. Chem. Acc. 1998, 99, 391-403.

ADF2009.01, SCM, Theoretical Chemistry, Vrije Universiteit, Amsterdam, The
Netherlands, http://www.scm.com.

Klamt, A.; Schuurmann, G. COSMO: a new approach to dielectric screening in
solvents with explicit expressions for the screening energy and its gradient. J. Chem.
Soc., Perkin Trans. 2 1993, 799-805.

Pye, C. C.; Ziegler, T. An implementation of the conductor-like screening model of
solvation within the Amsterdam density functional package. Theor. Chem. Acc. 1999,
101, 396-408.

Klamt, A.; Jonas, V. Treatment of the outlying charge in continuum solvation models.
J. Chem. Phys. 1996, 105, 9972-9981.

Klamt, A. Conductor-like screening model for real solvents: a new approach to the
quantitative calculation of solvation phenomena. J. Phys. Chem. 1995, 99, 2224-2235.

Shoji, M.; Koizumi, K.; Kitagawa, Y.; Kawakami, T.; Yamanaka, S.; Okumura, M.;
Yamaguchi, K. A general algorithm for calculation of Heisenberg exchange integrals J
in multispin systems. Chem. Phys. Lett. 2006, 432, 343-347.

Anderson, P. W.; Hasegawa, H. Considerations on double exchange. Phys. Rev. 1955,
100, 675-681.

Clemente-Juan, J. M.; Borras-Almenar, J. J.; Coronado, E.; Palii, A. V.; Tsukerblat, B.
S. High-nuclearity mixed-valence clusters and mixed-valence chains: general approach

to the calculation of the energy levels and bulk magnetic properties. Inorg. Chem.
2009, 48, 4557-4568.

Reed, A. E.; Weinhold, F. Natural bond orbital analysis of near-Hartree-Fock water
dimer. J. Chem. Phys. 1983, 78, 4066-4073.



227.

228.

229.

230.

231.

232.

233.

234.

235.

236.

237.

187

Sinnecker, S.; Slep, L. D.; Bill, E.; Neese, F. Performance of nonrelativistic and quasi-
relativistic hybrid DFT for the prediction of electric and magnetic hyperfine
parameters in >'Fe Mdssbauer spectra. Inorg. Chem. 2005, 44, 2245-2254.

Munzarova, M.; Kaupp, M. A critical validation of density functional and coupled-
cluster approaches for the calculation of EPR hyperfine coupling constants in transition
metal complexes. J. Phys. Chem. A 1999, 103, 9966-9983.

Pantazis, D. A.; Orio, M.; Petrenko, T.; Zein, S.; Bill, E.; Lubitz, W.; Messinger, J.;
Neese, F. A new quantum chemical approach to the magnetic properties of
oligonuclear transition-metal complexes: application to a model for the tetranuclear
manganese cluster of photosystem II. Chem. Eur. J. 2009, 15, 5108-5123.

Greco, C.; Silakov, A.; Bruschi, M.; Ryde, U.; De Gioia, L.; Lubitz, W. Magnetic
properties of [FeFe]-hydrogenases: a theoretical investigation based on extended QM
and QM/MM models of the H-cluster and its surroundings. Eur. J. Inorg. Chem. 2011,
1043-1049.

Mouesca, J. M.; Noodleman, L.; Case, D. A. Analysis of the >'Fe hyperfine coupling
constants and spin states in nitrogenase P-clusters. /norg. Chem. 1994, 33, 4819-4830.

Mouesca, J. M.; Noodleman, L.; Case, D. A.; Lamotte, B. Spin densities and spin
coupling in iron-sulfur clusters: a new analysis of hyperfine coupling constants. /norg.
Chem. 1995, 34, 4347-4359.

Zhang, Y.; Mao, J. H.; Oldfield, E. "Fe Mossbauer isomer shifts of heme protein
model systems: electronic structure calculations. J. Am. Chem. Soc. 2002, 124, 7829-
7839.

Harris, T. V.; Gardenghi, D. J.; Szilagyi, R. K. Manuscript in preparation.

Strange, R. W.; Eady, R. R.; Lawson, D.; Hasnain, S. S. XAFS studies of nitrogenase:
the MoFe and VFe proteins and the use of crystallographic coordinates in three-
dimensional EXAFS data analysis. J. Synchrotron Rad. 2003, 10, 71-75.

Hinnemann, B.; Nerskov, J. K. Modeling a central ligand in the nitrogenase FeMo
cofactor. J. Am. Chem. Soc. 2003, 125, 1466-1467.

Gronberg, K. L. C.; Gormal, C. A.; Durrant, M. C.; Smith, B. E.; Henderson, R. A.
Why R-Homocitrate is essential to the reactivity of FeMo-cofactor of nitrogenase:
Studies on NifV(-)-extracted FeMo-cofactor. J. Am. Chem. Soc. 1998, 120, 10613-
10621.



238.

239.

240.

241.

242.

243.

244.

245.

246.

247.

248.

188

Durrant, M. C. Controlled protonation of iron-molybdenum cofactor by nitrogenase: a
structural and theoretical analysis. Biochem. J. 2001, 355, 569-576.

Christiansen, J.; Tittsworth, R. C.; Hales, B. J.; Cramer, S. P. Fe and Mo EXAFS of
Azotobacter vinelandii nitrogenase in partially oxidized and singly reduced forms. J.
Am. Chem. Soc. 1995, 117, 10017-10024.

Zhang, Y ; Oldfield, E. An investigation of the unusual °'Fe Mdssbauer quadrupole
splittings and isomer shifts in 2 and 3-coordinate Fe(Il) complexes. J. Phys. Chem. B
2003, 707, 7180-7188.

Neese, F. Prediction and interpretation of the >'Fe isomer shift in Mossbauer spectra by
density functional theory. Inorg. Chim. Acta 2002, 337, 181-192.

Han, W. G.; Liu, T. Q.; Lovell, T.; Noodleman, L. DFT calculations of "Fe Mossbauer
isomer shifts and quadrupole splittings for iron complexes in polar dielectric media:

applications to methane monooxygenase and ribonucleotide reductase. J. Comput.
Chem. 2006, 27, 1292-1306.

Hopmann, K. H.; Ghosh, A.; Noodleman, L. Density functional theory calculations on
Mossbauer parameters of nonheme iron nitrosyls. /norg. Chem. 2009, 48, 9155-9165.

Lane, R. W_; Ibers, J. A.; Frankel, R. B.; Holm, R. H. Synthetic analogs of active sites
of iron-sulfur proteins: bis(o-xylyldithiolato)ferrate(Il1) monoanion, a structurally
unconstrained model for rubredoxin Fe-S4 unit. Proc. Natl. Acad. Sci. U. S. A. 1975,
72, 2868-2872.

Gillum, W. O.; Frankel, R. B.; Foner, S.; Holm, R. H. Synthetic analogs of active sites
of iron-sulfur proteins. XIII. Further electronic structural relationships between analogs
[Fe»S2(SR)4]* and active sites of oxidized 2Fe-2S proteins. Inorg. Chem. 1976, 15,
1095-1100.

Han, W. G.; Noodleman, L. Quantum cluster size and solvent polarity effects on the
geometries and Mossbauer properties of the active site model for ribonucleotide
reductase intermediate X: a density functional theory study. Theor. Chem. Acc. 125,
305-317.

Lukoyanov, D.; Yang, Z.-Y.; Dean, D. R.; Seefeldt, L. C.; Hoffman, B. M. Is Mo
involved in hydride binding by the four-electron reduced (E4) intermediate of the
nitrogenase MoFe protein? J. Am. Chem. Soc. 2010, In press.

Harris, T. V.; Szilagyi, R. K., Nitrogenase structure and function relationships by
density functional theory. In Nitrogen fixation: methods and protocols; Ribbe, M. W.,
Ed.; Humana Press: New York, 2011; pp 267-292.



249.

250.

251.

252.

253.

254.

255.

256.

257.

258.

189

Lukoyanov, D.; Barney, B. M.; Dean, D. R.; Seefeldt, L. C.; Hoffman, B. M.
Connecting nitrogenase intermediates with the kinetic scheme for N, reduction by a

relaxation protocol and identification of the N, binding state. Proc. Natl. Acad. Sci. U.
S. 4. 2007, 104, 1451-1455.

Peters, J. W.; Szilagyi, R. K.; Naumov, A.; Douglas, T. A radical solution for the
biosynthesis of the H-cluster of hydrogenase. FEBS Lett. 2006, 580, 363-367.

Grigoropoulos, A.; Szilagyi, R. K. Evaluation of biosynthetic pathways for the unique
dithiolate ligand of the FeFe hydrogenase H-cluster. J. Biol. Inorg. Chem. 2010, 15,
1177-1182.

Grigoropoulos, A.; Szilagyi, R. K. In silico evaluation of proposed biosynthetic
pathways for the unique dithiolate ligand of the H-cluster of [FeFe]-hydrogenase. J.
Comput. Chem. 2011, 32, 3194-3206.

Mulder, D. W.; Shepard, E. M.; Meuser, J. E.; Joshi, N.; King, P. W.; Posewitz, M. C.;
Broderick, J. B.; Peters, J. W. Insights into [FeFe]-hydrogenase structure, mechanism,
and maturation. Structure 2011, 19, 1038-1052.

Ananikov, V. P.; Musaev, D. G.; Morokuma, K. Real size of ligands, reactants and
catalysts: Studies of structure, reactivity and selectivity by ONIOM and other hybrid
computational approaches. J. Mol. Catal. A-Chem. 324, 104-119.

Coucouvanis, D.; Swenson, D.; Baenziger, N. C.; Murphy, C.; Holah, D. G.; Sfarnas,
N.; Simopoulos, A.; Kostikas, A. Tetrahedral complexes containing the Fe''s, core.
The syntheses, ground-state electronic-structures, and crystal and molecular structures
of the [P(C¢Hs)4]2Fe(SC¢Hs)4 and [P(CeHs)4]2Fe(S2C40,), complexes. An analog for
the active site in reduced rubredoxins (Rdeq). J. Am. Chem. Soc. 1981, 103, 3350-
3362.

Werth, M. T.; Kurtz, D. M.; Howes, B. D.; Huynh, B. H. Observation of § =2 EPR
signals from ferrous iron-thiolate complexes. Relevance to rubredoxin-type sites in
proteins. Inorg. Chem. 1989, 28, 1357-1361.

Macdonnell, F. M.; Ruhlandtsenge, K.; Ellison, J. J.; Holm, R. H.; Power, P. P.
Sterically encumbered iron(II) thiolate complexes: synthesis and structure of trigonal
planar [Fe(SR);]" (R = 2,4,6-t-Bu3C¢H,) and Mdssbauer spectra of two- and three-
coordinate complexes. Inorg. Chem. 1995, 34, 1815-1822.

Maelia, L. E.; Millar, M.; Koch, S. A. General synthesis of iron(Ill) tetrathiolate
complexes. Structural and spectroscopic models for the [Fe(Cys-S)4] center in oxidized
rubredoxin. /norg. Chem. 1992, 31, 4594-4600.



259.

260.

261.

262.

263.

190

Mayerle, J. J.; Frankel, R. B.; Holm, R. H.; Ibers, J. A.; Phillips, W. D.; Weiher, J. F.
Synthetic analogs of active sites of iron-sulfur proteins. Structure and properties of
bis[o-xylyldithiolato-p,-sulfidoferrate(IIl)], an analog of 2fe-2s Proteins. Proc. Natl.
Acad. Sci. U. S. A. 1973, 70, 2429-2433.

Mascharak, P. K.; Papaefthymiou, G. C.; Frankel, R. B.; Holm, R. H. Evidence for the
localized Fe(III)/Fe(Il) oxidation state configuration as an intrinsic property of
[FesSa(SR)4]> clusters. J. Am. Chem. Soc. 1981, 103, 6110-6116.

Excoffon, P.; Laugier, J.; Lamotte, B. Influence of a phase transition in the solid state
on the structure of a synthetic iron-sulfur cubane. Inorg. Chem. 1991, 30, 3075-3081.

Kanatzidis, M. G.; Baenziger, N. C.; Coucouvanis, D.; Simopoulos, A.; Kostikas, A.
Synthesis, structural characterization, and electronic sructures of the "mixed" terminal
ligand cubanes [FesS4Cla(XCsHs),]™ (X =S, O) and [FesS4(SCeHs)2(0OCsHu-p-CHs)a 1>
. The first examples of [Fe4S4]*" cores with a noncompressed D, idealized geometry.
J. Am. Chem. Soc. 1984, 106, 4500-4511.

Fomitchev, D. V.; McLauchlan, C. C.; Holm, R. H. Heterometal cubane-type MFe;Sy
clusters (M = Mo, V) trigonally symmetrized with hydrotris(pyrazolyl)borate(1-) and
tris(pyrazolyl)methanesulfonate(1-) capping ligands. Inorg. Chem. 2002, 41, 958-966.



