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The electronic structure of the nitrogenase metal cofactors is central to nitro-
gen fixation. However, the P-cluster and iron molybdenum cofactor, each con-
taining eight irons, have resisted detailed characterization of their electronic
properties. Through exhaustive many-electron wavefunction simulations en-
abled by new theoretical methods, we report on the low-energy electronic
states of the P-cluster in three oxidation states. The energy scales of orbital
and spin excitations overlap, yielding a dense spectrum with features we trace
to the underlying atomic states and recouplings. The clusters exist in superpo-
sitions of spin configurations with non-classical spin correlations, complicating
interpretation of magnetic spectroscopies, while the charges are mostly local-
ized from reorganization of the cluster and its surroundings. Upon oxidation,
the opening of the P-cluster significantly increases the density of states, which
is intriguing given its proposed role in electron transfer. These results demon-
strate that many-electron simulations stand to provide new insights into the

electronic structure of the nitrogenase cofactors.
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The Fe-S clusters of nitrogenase, namely, the [Fe,S,] Fe-cluster of the Fe-protein, and the
[FegS7] P-cluster and [MoFe;SoC] FeMo-cofactor of the MoFe protein, are the active sites for
electron transfer and reduction in biological nitrogen fixation (/—4). The P-cluster and FeMo-
cofactor, in particular, stand as peaks in the electronic complexity of enzymatic cofactors, with
eight spin-coupled, open-shell, transition metal ions. Resolving their atomic and electronic
structure has stood as a major challenge for experimental and theoretical spectroscopies. In
the last decades, careful application of experimental techniques, including X-ray crystallogra-
phy and spectroscopy, Mdssbauer spectroscopy, and electron paramagnetic resonance (EPR),
amongst others, has led to precise atomic structures, first for the Fe-cluster, followed by the P-
cluster, and most recently, the FeMo-cofactor (5, 6). Like others, we have been working towards
a complementary goal of determining the electronic structure of the three clusters at a detailed,
many-electron, level. A few years ago, we reported an ab initio picture of the electronic states
of the (4Fe-4S) Fe cluster that revealed a rich low-energy landscape (7), with a density and
variety of states far greater than previously thought. In this article, we report on the electronic
landscape of the P-cluster.

The P-cluster is thought to mediate electron transfer from the Fe-cluster to the FeMo-
cofactor where nitrogen reduction occurs. The relevant charge states are considered to be
the resting state PN, the one-electron oxidized state P'*, and the two-electron oxidized state
POX (8, 9), although the recently proposed deficit spending mechanism (9, 10) postulates that
only the PN and P! states take part in electron transfer. X-ray crystallography reveals a struc-
ture consisting of an [FegS;] core and two cubanes sharing a sulfur bridge. Under oxidation
the cluster undergoes a large structural opening, driven by coordination first of Ser-/3188 to Fe4
in P'*, followed by Cys-a:88 to Fe2 in POX (11, 12); the role of this structural opening in the
mechanism of electron transfer is poorly understood. Fig. la highlights the redox-dependent

structural rearrangements across PN, P!+, and P9X .



While the atomic structure of the P-cluster is resolved, information on the electronic struc-
ture is fragmentary (see SM for a brief introduction). However, relating structure to chemical
function requires to know the basic oxidation and spin states, and interpreting spectra, particu-
larly in magnetic spectroscopies such as EPR, requires models of the low-energy, spin-coupled,
many-electron quantum states, and their spin and charge distributions. Here, we describe the
first ab initio calculations of the quantum states of the P-cluster at the many-electron level.
By some measures, the electronic complexity of this system is greater than that of any other
molecular problem studied with ab initio many-electron simulation. In particular, the low-lying
electronic states of the P-cluster are more numerous, and the spectrum is denser, than what we
previously encountered in the already challenging Fe-cluster. As a result, the energy resolution
we can achieve (<3 kcal/mol in energy differences) does not fully resolve the precise ordering
of all states. However, analogous to how an X-ray crystal structure at close to atomic-scale res-
olution displays the larger scale structural features of a protein, our current calculations reveal
the larger scale features of the electronic landscape. In particular, we wish to understand how
spin and charge is distributed in the P-cluster; how the individual moments combine to form
the global spin state; what types of excitations appear at low energies; and the implications
for spectroscopy and the function of the P-cluster in electron transfer. We will address these

questions using new theoretical techniques and exhaustive simulations.

Theoretical strategy

We first recall why ab initio many electron simulation is necessary even to achieve a qualita-
tively correct description. One-electron computational models, such as provided by broken-
symmetry density functional theory (BS-DFT) (/3—16), are commonly applied with success to
transition metal complexes. However, they encounter limitations when there are multiple open-

shells with mixed valence character, as found in the P-cluster. This is because BS-DFT requires



a fixed spin configuration at each Fe center, and thus does not treat the spin-coupling between
centers that produces the global electronic spin-state (with a well-defined spin quantum number)
as a superposition of many different metal spin configurations. Instead, to handle this, BS-DFT
is usually augmented by a model analysis, where a parametrized model spin-Hamiltonian is
diagonalized to obtain the many-spin wavefunction (a simplification of the true many-electron
state). However, as we determined in the [Fe,S4] cluster (7), such model Hamiltonians do not
properly account for the multiple d orbitals relevant to mixed valence metals, and thus miss
many of the low-lying excited states, underestimating the spectral density in the [Fe,S,] cluster
by an order of magnitude or more. A complete picture can thus only be obtained when superpo-
sitions of both spin and orbital degrees of freedom are fully considered; this is what is provided
by an ab initio many-electron simulation.

Solving the many-electron Schrodinger equation exactly for the full P-cluster is not cur-
rently possible. To obtain a tractable simulation, we instead solve the Schrodinger equation only
within the space of the most important orbitals, a complete active space (CAS), and represent
the wavefunction as a matrix product state (MPS) (77), the class of wavefunctions generated
by the density matrix renormalization group (DMRG) (18, 19). In iron-sulfur clusters, the nat-
ural active space comprises the Fe 3d and S 3p (necessary for double exchange (20)) valence
orbitals. However, even within the active space, and only counting configurations derived from
ferric Fe 3d configurations, the number of relevant electron configurations is enormous, with as
many ~ 10?2 relevant configurations for the [FegS7] core. To tackle this, the MPS provides a
compression of the wavefunction, controlled by single parameter D, the bond dimension. Sim-
ulating with an MPS with different finite D, followed by extrapolating D — oo, then yields an
estimate of the exact solution in the active space.

We previously used such CAS DMRG simulations to correctly describe the electronic states

of the Fe-cluster (7). However, there are additional complications in the P-cluster that require



special theoretical treatment, arising from the fact that the low-energy spectrum contains a large
variety of qualitatively very different electronic states. As a result, the non-linear optimization
of the wavefunction in the DMRG algorithm is easily trapped in local minima, preventing access
to the full spectrum. To address this, we have designed a new theoretical procedure that com-
bines the simple enumerability of BS-DFT solutions with the representational power of MPS.
We first enumerate all low-lying BS-DFT states, each of which can be thought of as a simple,
D = 1, MPS. From these electronic basins, we then apply spin-projection and increase the
bond-dimension of the MPS to obtain a more flexible wavefunction that can properly capture
the many-electron eigenstate. The procedure is outlined schematically in Fig. 1c and described
in detail in the SM.

Using this procedure, we carried out calculations on structural models of the PN, plt+ pOX
clusters derived from the cofactor in Azotobacter vinelandii and its surrounding residues, as
well as a synthetic model cluster (27) (Fig. 1a). The ab initio CAS DMRG calculations treated
up to 120 electrons in 77 orbitals CAS(120e,770). Further details are in the methods section as
well as in the SM.

It is important to estimate the sources of theoretical uncertainty. There are multiple sources
including the geometry and environment, basis sets, correlation treatments, and the convergence
of the DMRG solutions. From a detailed analysis of these factors in smaller chemical analogs
(see SM), we estimate the uncertainty in the relative energies of the low-lying states of interest
(within ca. 10 kcal/mol of the ground state) at a fixed geometry to be less than 3 kcal/mol in
most cases, stemming from the uncertainty in the basis set and correlation treatments (ca. 2
kcal/mol) as well as in the DMRG convergence (<0.8 kcal/mol, except for the uncertainty in
the energy difference between the lowest PO S = 3 and S = 4 states, which is about 2.8
kcal/mol). This level of accuracy means that the low energy states we observe will remain low

energy states in more exact calculations, although it does not resolve all state orderings due to



the high density of the spectrum. Consequently, our objective is to address qualitative questions
regarding the structure of the low energy spectrum. The electronic landscape we uncover serves

as a zeroth order approximation for more elaborate calculations in the future.

Results
Families of low-lying states in the P-cluster

Before proceeding to the computational results, we briefly present a framework to understand
the electronic landscape (Fig. 2). The low energy electronic states of the P-cluster (i.e. states
within a few kcal/mol of the ground-state) arise from different ways to assemble the global
state from individual Fe configurations. The relevant Fe oxidation states lie between Fe(Il),
Fe(III), with corresponding spins between S = 2 and S = 5/2. The orbital configurations arise
from an approximately tetrahedral, weak ligand field from the sulfurs around each metal, with
distortions that further split the ¢, and e, orbitals (22).

Since the P-cluster consists of conjoined cubanes, the [Fe,S,] cubane is a natural intermedi-
ate unit to understand the electronic structure. Each cubane itself has a large number of states at
low energy, arising from (1) local ligand-field excitations of Fe(II)/Fe(IIl) ions, (2) double ex-
change hopping between all the Fe 3d orbitals, and (3) Heisenberg-like ladders of spin-coupling
in Fe-dimers (and dimers of such dimers). Double exchange couples the spin state and charge
delocalization in the cubane (23).

The states of the two cubanes are further electronically coupled across the bridging sulfur
to produce the global P-cluster state. Note that the coupling not only gives rise to families of
states (such as Heisenberg ladders generated from the two cubane total spins) but also allows
for different types of states on the same cubane to mix. This latter case gives a true many-
electron “multi-configurational” superposition, as one cannot assign a single spin configuration

(i.e. configuration state function) to the left or right cubane. Instead, the global state needs to be

6



described by a superposition of couplings of various different left and right cubane states, and
we can only refer to the average cubane spins (S or S, Sg), computed as expectation values,
for the cubanes.

From the above scheme, we can group the low-energy states into 3 families (Fig. 2). The
first are (A) spin isomers, which have the same total spin as the ground-state, but differ by local
reorientations of the spins and their couplings; these are conveniently discussed in terms of
changes in the underlying cubane states; (B) orbital excitations, where electron configurations
of the ions change (e.g. in ligand field excitations); and (C) global spin excitations, where
the cubanes recouple into a different spin state from the ground-state. Excitations in class A
and C are true many-electron excitations and cannot be fully described within BS-DFT, while
excitations in class B are missed in typical model Hamiltonians, which do not contain all 3d
orbital degrees of freedom. The energy scales associated with A are the exchange and double-
exchange energies within a cubane; that associated with B is the ligand field splittings; and that
associated with C is the exchange and double exchange between the cubanes. As we shall see,

these energy scales all overlap in the low-energy states of the P-cluster.

The P cluster and its synthetic model

Ground states. We start with the ground states of PN and a synthetic model cluster with a similar
core geometry (Fig. 3). Consistent with Mossbauer and EPR spectra, we find the PN ground
state to be a singlet (S = 0) with all ferrous irons. The cubanes assume S = 4 states (Seg = 3.7)
corresponding to the S = —2 + (2 4+ 2 + 2) = 4 (3:1) coupling scheme between the terminal
and other three Fe’s. We note that this cubane electronic motif is also found in the [Fe,S,]°
cluster in the super-reduced iron protein (24, 25), and cubanes in similar electronic states have
been used to assemble the P-cluster in a non-enzymatic synthesis (26).

In contrast to the natural PN cluster, the synthetic model also has an S = 0 ground-state,



but with Fe oxidation states close to 6Fe(II)2Fe(I1II). However, the cubane electronic states
are related to those in the PN cluster, with the charges localized on the terminal Fe’s, and a
similar 3:1 coupling pattern yielding S = 7/2 cubanes. Note that the driving force for charge
localization does not come solely from the terminal ligands, but also has a small spin-coupling
contribution: a delocalized cubane charge is typically associated with an S = 1/2 cubane (23),
but the S = 7/2 cubane (with localized charge) maximizes the number of antiferromagnetic
(AFM) Fe pairs. In particular, in the S = 7/2 cubane, there are 9 (intercubane) + 6 (intracubane)
= 15 AFM pairs, while for the S = 1/2 cubane, there are 5 (intercubane) + 8 (intracubane) =
13 AFM pairs.

Excited states. All three classes of excited states are found in the low-energy (< 8 kcal/mol)
spectrum (Figs. 3a, 3b). Global recoupling of the S = 4 (PY) (model: S = 7/2) cubanes
into an overall triplet (S = 1) state occurs at 0.6 kcal/mol (PY) (model: 1.1 kcal/mol) above the
ground-state. This leads to an inter-cubane Heisenberg ladder of states (class C excitations) with
an effective J ~ 200cm . Intracubane spin (class A) excitations that modify the 3:1 coupling
on one of the cubanes occur at higher energies (e.g. starting at ~ 6 kcal/mol) reflecting the
larger intracubane effective .J. Finally, some ligand-field excitations from partially split e and
to orbitals appear at very low energy and on a similar scale to the spin excitations, with the
lowest d — d transition in Fe8(II) appearing at about 2 kcal/mol (ca. 700cm~!). Both localized
ligand field excitations, as well as delocalized linear combinations of d — d transitions similar

to those in bulk FeS, can be found.

The oxidized P-clusters: P!* and POX

In the P!+ and POX clusters, the opening of the core weakens the coupling between the cubanes.
Together with the multiple Fe oxidation states and overall non-singlet ground-state, this gives

rise to a greater degeneracy of states at low energy and a more complicated spectrum. The



sets of P!t and POX states can be related both to each other and to those of PN, and these
relationships are illustrated in Fig. 5.

S =1/2and S = 5/2 ground-states of P'*. EPR suggests that both S = 1/2 and S = 5/2
are potential ground state spins for P! (27). We find the S = 5/2 ground state to be slightly
lower in energy than the S = 1/2 state (-2.7 kcal/mol) but within the range of theoretical
uncertainty. In both the S = 1/2 and S = 5/2 ground-states, the charge is localized, with
oxidation mainly on Fe4, which coordinates to the oxygen in Ser-188 in conjunction with the
structural opening. Additionally, the irons in the right cubane are overall more reduced than the
irons in the left cubane (shading in Figs. 4a, 4b) likely due to the compressed cubane structure
and closer proximity of the ligands, furthering the charge imbalance between the cubanes. The
spin structure of the P!t cluster ground-state is complicated (Figs. 4a, 4b): in the S = 1/2 (A1)
ground-state, the left cubane consists of a ferromagnetically coupled (dimer of S =~ 4 dimers)
St = 4.1 state, with the right cubane in a similar Sy =~ 4, 3:1 coupled state as seen in the pN
cluster. In the S = 5/2 (A1) ground-state, the left cubane consists of the same dimer of dimers,
but now coupled antiferromagnetically into a low spin S, = 0.9 state, with the right cubane in
a superposition of cubane states with S = 2.3, see Fig. 5.

S = 3 and S = 4 ground-states of P°X. Experimentally, the ground-state spin of the P9X
cluster is not known with certainty (28), and both S = 3 and .S = 4 spin states can be identified
in related P-clusters (29), such as in Gluconacetobacter diazotrophicus. For S = 4 we find that
the ground-state is close to degenerate (states Al, A2), while the S = 3 (A1) ground state lies
above the S = 4 ground-state by 1.4 kcal/mol, but well within the theoretical uncertainty. In
both spin states, Fe2 and Fe4 are the principal sites of oxidation, with largely localized charges
correlated with ligating to hard ligands (O and N) and the structural opening, with some residual
ferric character on the other Fe’s in the left cubane (shading in Figs. 4c, 4d). The opening of

the left cubane resembles that seen in isolated cubanes under oxidation, such as the conforma-



tional change of the [Fe,S3] cluster upon oxidation in oxygen-tolerant membrane-bound [NiFe]
hydrogenases (30—33). Unlike in the PN cluster, there is no simple classical picture of the spin-

coupling in P9X;

each state is spin-canted (34) and involves a linear combination of multiple
spin coupling schemes.

Excited states of P'* and P°X. As shown in Figs. 4c, 4d, similarly to in PY, we find localized
and delocalized low-energy d — d ligand field transitions (class B excitations). The main
difference between the P'* and P°* low energy landscape from that of PN arises from the
spin isomers (class A and C excitations). Whereas in the PN cluster we find that there is some
separation in energy scales between inter-(small) and intra-(large) cluster spin reorganizations,
in the P!'* and POX clusters both energy scales are comparably small, leading to a higher density
of states. Thus while our procedure identifies only a spin-coupling pattern of the PN cluster
(S = 0) below 5 kcal/mol, in the P'* cluster we find 2 and in the PO cluster we find 4. In
particular, the opening of the left cubane and additional charges in P'* and P°X introduces
new left cubane coupling patterns (2:2 or dimer of dimers) at comparable energies to the 3:1
spin-coupled state in PN . The dimer of dimers spin coupling motif leads to an approximate spin
ladder in the left cubane (S, ~ 0.8,1.6, 2.4, 3.3, 4.1) that can be seen in the different low energy
P-cluster states (see left panel of Fig. 5). The fractional S, is due to charge delocalization
(see Fe in dark red in the inset of Fig. 4). The right cubane states can be found in various
combinations of 2:2 and 3:1 spin-coupling patterns. Fig. 5 shows how these different excited

states arise from the underlying cubane spin states in the P-clusters.

Discussion

The cluster states can display non-classical spin correlations. From a theoretical perspective,
it is useful to highlight the electronic features of the states we observe beyond that described

in standard treatments. For example, even though the BS-DFT spin densities would be qualita-
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tively wrong in all states here (e.g. giving non-vanishing spin density in the S = 0 states) the
relative orientation of the iron spins (a so-called “classical” spin correlation pattern) could in
principle still resemble that in the many-electron state. In some states, such as the S = 0 ground
state (A1) of PN and S =1 /2 A2 state of P'*, this is indeed the case. However, a succinct ex-
ample of a state with non-classical spin correlations is the S = 3 ground state of PO (see Fig.
4c) which has 6 spin-up and 2 spin-down Fe’s. Within BS-DFT, such a spin distribution can
only arise for an S > 3 state, leading to an inconsistency. Similarly, compared to a traditional
model Hamiltonian analysis, the cubane effective spins S;, and Sk away from integer or half-
integer cannot be captured by a simple spin-coupling scheme. These kinds of non-classical spin
correlations clearly affect the interpretation of magnetic spectroscopies (see below), which have
previously relied on BS-DFT or a single spin-coupling scheme. It may also have implications
for the electronic structure of the FeMo-cofactor, where analysis of the S = 3/2 ground state
spin distribution has so far exclusively relied on BS-DFT (35-39).

The oxidized clusters contain localized charges. Despite the multiple metal centers, in P!+ and
POYX the charges are strongly localized and distributed asymmetrically between the cubanes.
This is consistent with strong coupling to the ligands, a polaronic effect, and is reflected in
the large geometric rearrangements of the cluster. We note that localized charge distributions
have also been observed recently in FeMo-cofactor (40). This localization may be related to
controllability of the density of states (see below).

Energy scales of spin and electronic excitations are comparable. While ligand field splitting and
exchange effects are usually associated with different energy scales, both spin and orbital exci-
tations are found at low energies in the P-cluster, especially in P'* and POX. Spectroscopically,
this means that apparently local magnetic responses need not arise from spin localisation. For
example, recent MCD measurements found similar spectral features in P!+ and the [Fe S,]"

cubane (47), which was interpreted as meaning that the spin density in P'* is localized to a

11



single cubane. However, as expected for a non-singlet ground-state, the spin density in P!* is
actually distributed across both cubanes. Instead, the similarity between P and the [Fe S,]"
cubane MCD spectrum is more naturally explained in terms of the localized nature of the cubane
one-electron excitations (class B excitations), as evidenced by the ligand field excitations, which
are also probed by the MCD response.

Hyperfine coupling analysis. Using spin distributions consistent with a many-electron wave-
function representation of the states, we can attempt to reinterpret hyperfine coupling param-
eters using a model previously developed in (42, 43). In P9X, hyperfine coupling parameters
have been reported for some time, but have previously been analyzed only in terms of spin
distributions consistent with a single configuration state function description (42). Note that
the parameters are themselves obtained by fitting and are thus uncertain, but we can compare at
least the relative signs and magnitudes of the internal magnetic field H;, to the local spin S§, for
qualitative insight. As shown in Table 1, the hyperfine parameters have a 6:2 sign pattern simi-
lar to that of the S = 3 ground state spin distribution (that arises from the multi-configurational
superposition) whereas the lowest S = 4 state has a 5:3 sign pattern. Unfortunately, the 5:3
pattern was not considered in earlier experimental fits (44), and thus cannot be compared on
an equivalent footing. Out of the two 6:2 patterns, the small S§, = 0.47 for Fe2 (ligated with
the amide-N) correlates with the small hyperfine parameter no. 4, while the increased charge
on Fe2, which thus has more ferric character compared to the other sites, is consistent with the
isomer shift of § = 0.25 mm/s for the same iron (no. 4). The P°* S = 3 ground state thus
correlates best with the experimentally reported hyperfine parameters.

The density of states increases significantly upon oxidation. Near the ground-state, the density
of states in P+ and P9X is much higher than that of PN, the physical origin of which can be
traced to the opening of the cluster. This is intriguing in the context of the role of P-cluster in

the electron transfer process. In the proposed deficit spending mechanism (9, 10), the first step is

12



Table 1: Comparison of the experimental hyperfine parameters (internal magnetic fields H;
in kG, quadrupole splittings AE in mm/s, isomer shifts ¢ in mm/s) from Ref. (44) with the
computed local charges N, and spin projections Sg, for the lowest S = 3 and S = 4 states of
the POX cluster of Azotobacter vinelandii. The values of Ng, for ground states of PN and the
synthetic model are listed as references.

Expt. (44) POX (S =3) POX (S =4) Nre
no. Hy, AFEg 0 atom® Ng Sg Nr. S PN Syn
1 -287 -140 0.56 Fel 624 052 6.24 -0.52 6.33 6.15
2 237 +153 0.64 Fe2 6.15 047 6.15 0.44 6.46 6.32
3 245 +0.57 040 Fe3 622 0.55 6.23 043 6.38 6.30
4  -151 +0.60 025 Fed 6.07 1.04 6.08 -0.58 6.35 6.44
5 -259 +126 048 TFe5 634 -1.24 6.32 1.64 6.51 6.30
6 -237 -0.72 049 TFe6 641 142 6.40 1.66 6.48 6.32
7 201 +320 0.65 Fe7 633 1.55 6.28 1.74 6.33 6.45
8 223 +230 0.68 Fe8 6.18 -1.40 6.26 -1.33 6.32 6.15

® The index does not correspond to the no. in the first column.

a slow electron transfer from the PN cluster to the FeMo-cofactor, followed by a fast refilling of
the oxidized P cluster from the Fe cluster. The higher density of states in P** is thus consistent
with the fast refilling.

Controllable states hypothesis. The P-cluster has a large density of states, a factor that affects
electron transfer. There are in principle two ways to obtain such a large number of states.
The first is to create a (partially filled) metallic band from strong orbital overlap. The second
is to have a large number of weakly coupled, localized atomic orbitals at different energies,
arising from different local environments. The latter is much closer to the situation in the P-
cluster (and Fe-S clusters in general). We suggest this second scenario, which gives rise to
complex spin couplings from the many-electron recoupling of local states, could be favoured
in the nitrogenase clusters because it provides for greater controllability. The local origin of
the states means that local changes in geometry (or environment, such as ligation) can be used
to modify the density of states, as we see in the coupling of the low-energy landscape to the

opening of the [FesS;] core structure as one progresses from PN to P'* to PO (Fig. 5).
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Conclusions

In summary, we have shown that we can now access the electronic structure of the P-cluster of
nitrogenase at the level of many-electron wavefunction simulations that can qualitatively cap-
ture the richness of the low energy landscape. We report on a plethora of low-energy states
across the PN, P!+ and POX clusters and their composition in terms of the local atomic configu-
rations, spins, and spin-couplings. The many-electron nature of the states manifests in unusual
spin distributions that are not contained in simpler broken-symmetry analyses, and energy scales
of spin and charge excitations that overlap. Together these imply a non-trivial interpretation of
magnetic spectroscopies. The opening of the cluster leads to an increase in the low-energy den-
sity of states, that is intriguing in the context of the proposed deficit spending mechanism, and
the local nature of the charges may be essential for local tuning and control. Our work forms an
element in resolving the story of the nitrogenase enzyme, where many-electron wavefunction
theory may now be used to access structures at the electronic level, just as crystallography has

advanced our understanding at the atomic level.
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Methods

Starting from the P cluster structural models (see SM), we embedded all calculations in a di-
electric with € = 4.0 to mimic the remaining protein environment. For the 4 different model P
clusters, we constructed the CAS using all Fe 3d and S 3p orbitals of the [FegS7] core as well
as the bonding orbitals with other ligands. This came to 108 electrons in 71 orbitals (denoted
as CAS(108e,710)) for the synthetic cluster; CAS(114e,730) for PN, CAS(117e,750) for P'*,
and CAS(120e,770) for POX, respectively; the size of the underlying many-electron Hilbert
spaces range from 103! to 1033 (Table S1). Note that the different active spaces (arising from
the change in ligation) for the different P-cluster states means that we cannot directly compare
energies across different clusters; redox potentials will be the subject of future studies. The
initial BS basins used to initialize the DMRG calculations for each complex are summarized in
Fig. 1b. In total, we examined 20 basins for the synthetic cluster (S = 0), 35 for PN (S = 0),
70 for P'* (S = 1/2 and S = 5/2), and 152 for POX (S = 3 and S = 4). To understand how
the energetic landscape arises, we computed local observables such as the charge Ny = (N 4)
and local spin projection S5 = <§ %)» as well as Fe-Fe spin-spin correlation functions <§ - S B)
(see SM). From these, we deduced how the global states appear from recoupling local orbital
and spin degrees of freedom, and the relationships between the electronic states in PN, plt,
and POX. The spin-projected and spin-adapted DMRG calculations were carried out with the
codes developed in Refs. (45) and (46), respectively. Further discussions of the geometry, active

spaces, accuracy, convergence, analysis, and other aspects, are in the SM.
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cluster spin class of initial guesses

PN 0 (4Fe2*1, 4Fe2+1} 35
Syn 0 {Fe3*1, Fe3*l, 3Fe2*1, 3Fe2*l} 20
P+ 12 {Fe3*1, 3Fe2*1, 4Fe2+l} 35
5/2 {Fe®*1, 3Fe2*1, 4Fe?+]} 35

pox 3 (a) {2Fe3*}, 5Fe?*t, Fe?+l} 6
(b) {2Fe3+), 4Fe2t, 2Fe2tl} 15

(c) {Fe3*1, Fe3+l, 3Fe2+t, 3Fe2+l} 40

4 (a) {2Fe®*1, 5Fe2+t, Fe2+l} 6

(b) {2Fe3*), 4Fe2*t, 2Fe2tl} 15

(c) {Fe3*1, Fe3+l, 3Fe2+t, 3Fe2+l} 40

(d) {Fe**1, Fe3*l, 4Fe2*t, 2Fe2*l} 30

@ Cys-a88

(b)

E(D)

(©

Figure 1: (a) [FegS;] P-cluster models in the present study (PDB ID: 3MIN for PN, 6CDK
for P'*, and 2MIN for P°X, and the synthetic analog of the PN cluster in Ref. (21)). The
labels in the central figure index the Fe atoms in the discussion. The redox-dependent structural
rearrangement across PN, P'*, and P°% involving Ser-3188 and Cys-a88 is highlighted. Color
legend: Fe, orange; S, yellow; C, cyan; O, red; N, blue; H, white; Si, pink. (b) Table of initial
guesses (broken-symmetry product states) obtained by distributing different iron states across
the eight Fe atoms. (c) Schematic illustration of the change of energy in the DMRG optimization
process as a function of bond dimension (D) starting from different broken-symmetry initial
guesses. The local minima in the parameter space represent (approximate) eigenstates of the
many-electron Schrodinger equation within the active space. They are characterized by the spin-
spin correlation functions (S a5 B) among eight irons (red: positive, blue: negative) shown by
the square graphs.
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Fe?* (S=2)
S +

class 3
Y > q >
L

ligand field excitations global spin excitations

(b)

Figure 2: (a) Illustration of the coupling of local states of Fe?* into local cubane states (S;, = 4)
and finally into the global S = 0 ground state of PN. (b) Schematic of typical excitations. class
A: spin isomers with the same spin but differ in the spin-couplings; class B: ligand field (local

orbital) excitations; class C: global spin excitations that changes the global spins but without
altering the local cubane states.
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Figure 3: States of the (a) PN and (b) synthetic cluster. Left panel: extrapolated relative energies
AFE (kcal/mol) for spin isomers (red) and estimated energies for the B1-B4 states via a state-
averaged DMRG calculation (D = 3000) starting from the converged ground state. Inset:
assigned formal oxidation states for the ground state based on local charge analysis. Middle
panel: spin-coupling patterns of states A1 and A2 revealed by the spin-spin correlation density
functions oz (7) = (S4 - Y Sp(7)) with A=Fel for the first iron of these two spin isomers. A
schematic representation of the spin-coupling scheme by a ’classical’ AFM coupling between
two cubanes are shown below. Right panel: density differences Ap(7) of B1-B4 states with
respect to the ground state density.
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Figure 4: States of the oxidized P-clusters: (a) P'™ with S = 1/2, (b) P* with S = 5/2, (c)
POX with S = 3, (d) PX with S = 4. Left panel: see text in Fig. 3. The lowest S = 5/2
state of P'* is lower than the lowest S = 1/2 state by -2.7 kcal/mol computed with extrapolated
energies, while the lowest S = 4 state of P°X is lower than the lowest S = 3 state by -1.4
kcal/mol computed with extrapolated energies. Inset: assigned formal oxidation states for the
ground state based on local charge analysis. Fe?* symbols in dark red indicate that the irons
have ferric character due to charge delocalization as compared to other ferrous irons in black.
Right panel: schematic representation of the spin-density pg(7) of the lowest spin-isomers.
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A1
Low-lying electronic states
PN (S=0) of P-clusters (PN, P+, POX) Right cubane
Si=37 5736

Left cubane

14 - A

S§,=0.8

Figure 5: Relationships between spin-isomers in low-lying electronic states of the P-clusters,
which unravel the evolution of local (left or right) cubane states upon oxidations. The cubane
states sharing the same color are basically the same spin state. Square graph: Spin-spin corre-
lation functions (§ A S 5) among eight irons (red: positive, blue: negative). The effective spins
of the left cubane S, and the right cubane Sg are computed for the irons on the left and right
cubanes, respectively.
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