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The multicopper oxidases (MCOs) couples the four-electron reduction of dioxygen to water with
four one-electron oxidations of various substrates. Extensive spectroscopic studies of have
identified several intermediates in the catalytic cycle, but they have not been able to settle the
structure of three of the intermediates, viz. the native intermediate (NI), the peroxy intermediate
(PI), and the peroxy adduct (PA). The suggested structures have been further refined and
characterized by quantum mechanical/molecular mechanical (QM/MM) calculations. In this paper,
we try to establish a direct link between theory and experiment, by calculating spectroscopic
parameters for these intermediates using multireference wave functions from the multistate
CASPT2 and MRDDCI2 methods. Thereby, we have been able to reproduce low-spin ground states
(S =0 or S = 1/2) for all the MCO intermediates, as well as a low-lying (~150 cm™") doublet state
and a doublet—quartet energy gap of ~780 cm™ for the NI. Moreover, we reproduce the zero-field
splitting (~70 cm™) of the ground ’E state in a D3 symmetric hydroxy-bridged trinuclear Cu(II)
model of the NI and obtain a quantitatively correct quartet—doublet splitting (164 cm™) for a p1—
oxo-bridged trinuclear Cu(II) cluster. All results support the suggestion that the NI has a O* atom
in the center of the trinuclear cluster, whereas both the PI and PA have a O,” ion in the center of

the cluster, in agreement with the QM/MM results and spectroscopic measurements.



1. Introduction

The multicopper oxidases (MCO) couple four one-electron oxidations of a substrate with the
four-electron reduction of molecular oxygen to water.'”

(1)
The most studgigd-mgmbersqef'this ilparefacoase,”” ascorbate oxidase,” ceruloplasmin ,° Fet3p
B = A

acu’

(both exhibiting ferroxidase activity),” and CueO (part of the copper regulation system).®

All known MCOs contain at least four copper ions, denoted according to their spectroscopic
characteristics as type 1, type 2 , and type 3 (T3). The type 1 copper ion (Cul) is located at the
substrate-binding site and is coordinated to one cysteine (Cys) and two histidine (His) residues. In
most structures, it also binds to a fourth weak axial ligand, typically methionine. It exhibits a strong
absorption band around 600 nm arising from a Scys — Cu" charge-transfer excitation, which gives
rise to the intense blue color of the copper oxidases. The type 2 copper ion (Cu2) is located at one
vertex of a trinuclear copper cluster. It is bound to two His residues from the protein and to a
solvent molecule (cf. Figure 1). The two T3 copper ions have three His ligands each and are bridged
by a solvent molecule in the oxidized state. They form an antiferromagnetically coupled pair and
show a characteristic 330 nm absorption band arising from an OH — Cu" charge-transfer
transition.” The four electrons necessary for the reduction of dioxygen are shuttled from Cul to the
trinuclear cluster, where the reduction of O, takes place. The two sites are connected by a His—Cys—
His peptide link (where Cys is a ligand of Cul and each of the two His residues is bound to one of
the two T3 copper ions), which span a Cu—Cu distance of ~13 A.

Detailed mechanistic information has been provided by a number of spectroscopic

. 4,10,11,12,13,14,15
techniques. 1™ ™ = >

Specifically, two intermediates have been identified, the peroxy
intermediate (P120) and the native intermediate (NI13)—. PI consists of a peroxide moiety bound to
the trinuclear cluster in the (Cu')(Cu"), oxidation state (i.e., two electrons have been transferred
from the Cu' ions to incoming dioxygen molecule). On the other hand, NI has been shown to

contain a four-electron reduced hydroxide product of the O—O bond cleavage, bound to a fully

oxidized trinuclear cluster.13 It has a total spin of 1/2 and shows electronic coupling over all three
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copper ions in the trinuclear cluster. The NI decays to the resting oxidized state, but this process is
so slow that it is believed that it is the NI that is the catalytically relevant fully oxidized form of the

enzyme, and not the oxidized resting state.13

Figure 1. Structural models of the peroxy (PI) and native (NI) intermediates as

suggested by spectroscopic measurements and QM/MM calculations: 11" (a) Plc, (b)

PIs, (c) NI, (d) NIs.

For both NI and PI, two different structural models are compatible with the spectroscopic
studies: One suggestion of the PI has O,> bound in the center of the trinuclear cluster, with one
oxygen atom coordinated to Cu2 and the other binding between the two T3 Cu ions (Pl¢; Figure
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la). The other alternative has a HO, ion at the periphery of the trinuclear cluster, with the
unprotonated oxygen atom bridging between Cu2 and one of the two T3 Cu ions (PIs; Figure 1b).
Likewise, one possible model for the NI contains an O° ion in the center of the trinuclear cluster,
coordinating to all three Cu ions (Nlc; Figure 1c). The other alternative has three OH ions, each
bridging two of the Cu ions in the trinuclear cluster (NIs; Figure 1d).

Therefore, two inorganic models of the NI have been synthesized and studied experimentally,

a 3-fold Ds-symmetric trinuclear tris(u-hydroxy)tricopper(Il) cluster (TrisOH) and a Cs-symmetric

16,1
2 1617

Lz-oxo-bridged trinuclear Cu(Il) model (130), depicted in Figure

Figure 2: Structures of the TrisOH and the 130 complexes, models of the NIg and Nl¢
binding modes of the native intermediate. Experimental spectra have recently been
reported for these two models.16> The TrisOH complex actually contained six t-butyl
groups (one on each nitrogen atoms), but these have been truncated to hydrogens in our

model. The net charge of the complexes are +3 and +4, respectively.

Comparative variable-temperature, variable-field MCD studies indicated that the Ilatter

structure is the best model of the native intermediate.'®"”
Recently, a detailed QM/MM (combined quantum mechanical and molecular mechanics)

study was published, based on the crystal structure of CueO at 1.4 A resolution.*® In this, all the
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four structural alternatives of the NI and PI could be obtained (Figure 1), but the energies indicated
that PI is most stable with the peroxide in the center of the cluster (Pl¢; Figure 1a). 20Likewise, the
NI most likely corresponds to the p3-oxo-bridged structure (NI¢), depicted in Figure 1c.

In summary, the combination of spectroscopic techniques and QM/MM calculations has led
to a structural characterization of the intermediates in the reaction cycle of MCO. Despite all these
achievements, some uncertainty still remains concerning the details of the reaction mechanism of
O, reduction in MCOs. DFT methods were used for the description of the quantum system in the
QM/MM study. This is the method of choice for model bioinorganic systems comprising up to ~200
atoms, but it suffers from known deficiencies, such as a less accurate treatment of spin states with a
multireference character, and the overestimation of the electron delocalization, especially for

2122 This may lead to errors of ~25 kJ.mol ' in spin states splitting energies.

mixed-valence states.
The only systematic comparison I know of for the comparison of spin-splitting energies with
experiments are:RJ Deeth & N Fey, J. Comput. Chem. 25 (2004) 1840-1848 and AM
Schmiedekamp, MD Ryan, RJ Deeth, Inorg. Chem. 41 (2002) 5733-5743. But they have errors of
54 kJ for the best method. 25 kJ is our standard error estimate for DFT, based on Siegbahn's
reviews. Also, since many low-spin states are broken-symmetry solutions with the eigenvalue of S$*
deviating significantly from what is expected for the pure spin states, the use of spin projection
techniques is necessary to obtain physically correct properties. Thus, the triplet state (S = 1) was
predicted to be lower in energy than singlet state (S = 0) for the most plausible model of the PI, in
contrast to experiments,20 which has been the major problem in the otherwise unambiguous
structural assignment.20

In this study, we attempt to provide a direct link to the experimental results by calculating
spectroscopic parameters of the QM/MM protein structures by correlated multireference methods
(CASPT2, MRDDCI2) with the inclusion of spin—orbit coupling (SOC). 16'""*"These calculations
have enabled us to characterize the nature of the ground and excited electronic states and to further

support the assignment of structures to the observed intermediates and to discuss the reaction

mechanism of the MCOs.



2. Computational details

Multireference CASPT2/CASSCF and RAS-SI calculations. All the multireference calculations,
i.e., the complete active space self-consistent field (CASSCF),” complete active space second-order
perturbation theory (CASPT2),>* and multistate CASPT2 (MS-CASPT2) calculations, were carried
out with the MOLCAS 6.0 program suite.”® Throughout, the ANO-S basis set (contracted as
[6s4p3d2f] for Cu, [3s2p1d] for O and N, [2s] for H) has been used.?®

The computational protocol consisted of several steps: (i) state-specific calculations of the
ground states (singlets for the PI and doublets for the other systems) and the lowest excited states of
higher multiplicities (triplets and quartets), followed by CASPT2 calculations; (ii) state-averaged
calculations of the first four excited states of both multiplicities for the NI, PI, PA, and the oxidized
resting state, followed by MS-CASPT2; (iii) calculations of the spin—orbit coupling (SOC) among
all the states calculated in previous step using the RAS-SI (restricted active space — state
interactions) program.”’ To improve the accuracy of the spin—orbit state energies, CASPT2 energies
were used in the main diagonal of the spin—orbit interaction matrix. These calculations were carried
out only for systems for which experimental data are known, in an effort to obtain a direct
comparison between theory and experiment.

For all systems, the active space in the CASSCF calculations comprised all d electrons in the
occupied d orbitals of the three copper atoms, i. e. 15 orbitals containing 27 or 28 d electrons
(depending on the redox state of the copper cluster). Since four of the five d orbitals on each copper
atom are essentially doubly occupied, we also tested calculations with three electrons in three active
orbitals. This did not lead to any significant difference in the description of the lowest states, so we
can conclude that a CASSCF(3,3) calculation is quantitatively sufficient for the description of the
low-lying quartet and doublet states that can be obtained within this small active space. However,
since the calculations with the larger active space could be done at essentially identical

computational cost, all the reported results have been obtained with the larger active space. In all



CASSCEF calculations, a level shift of 1.5 to 4.5 a.u. was used in order to improve the convergence
of the multireference wave function. In the CASPT2 calculations, an imaginary level shift of 0.2

a.u. was used to eliminate intruder states.

MRDDCI2 calculations. In addition to the CASPT2 calculations, multireference difference

dedicated CI calculations with up to two-degrees of freedom (MRDDCI2)*>*

were performed on
top of a CASSCF(3,3) reference wave functions. The calculations were carried out with the TZVP
basis set on Cu and SV(P) on all other atoms xxx Add a reference. The MRDDCI2 calculations

were of the individually selecting type using a configuration selection threshold of 1077 a. u. These

calculations were done with the ORCA program. xxx Add a reference

DFT calculations. Density functional theory (DFT) and time-dependent DFT (TD-DFT)
calculations were carried out with the Turbomole 5.7 software.’” Two functionals have been used:
Becke—Perdew86 (BP86),’! expedited by expanding the Coulomb interactions in an auxiliary basis

set, the resolution-of-identity (RI) approximation,®*’

and Becke’s three-parameter hybrid
functional B3LYP,31°** as implemented in Turbomole.”® These calculations employed the 6—
311+G(2d,2p) basis set’® on all atoms except Cu, for which the DZP basis set of Schifer et al. was
used, enhanced with s, p, d, and f~type functions with coefficients 0.0155 (s), 0.174 (p), 0.046199
(p), 0.132 (d), 0.39 (f), and 3.55 (f).”°® Both ferromagnetically (S = 3/2 or 1) and

antiferromagnetically coupled states (S = 1/2 or 0, respectively) were studied.”” The broken-

symmetry approach was employed to obtain the low-spin states.*

Model systems. In this investigation, we have studied the TrisOH and p30 model complexes that
represent models of the two alternative binding models of the NI and have been studied
experimentally (Figure 2).'"" In addition, six QM/MM models of MCO intermediates were
considered in this study. The latter ones are shown in Figure 3. It can be seen that in all of them, the
histidine side chains were represented by NHj3 ligands (to save computer time in these very time-
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consuming calculations; the results of these calculations20 justify this approximation a posteriori).
We included two models for the NI (which is in the Cu"; redox state), viz. either with O*" in the
center of the cluster and OH™ as a bridging ligand (Nl¢, Figure 3a) or with three OH™ ligands
bridging each of three Cu—Cu pairs (NIs, Figure 3b). Both models have water as the Cu2 ligand. In
addition, the consensus model of the resting oxidized state (Ox, Figure 3c, also in the Cu'; state)
was considered, with OH™ both as the Cu2 and bridging ligand. Two models were tested for the PI,
viz. either with 0,> binding in the center of the trinuclear cluster (Plc, Figure 3e) or with HO,™
binding on the side between Cu2 and one T3 copper ion (PIg, Figure 3d). Both models have a water
ligand on Cu2 and the PIs model has also a bridging OH™ ligand between the two T3 ions. These
intermediates are in the formal Cu'Cu', redox state. Finally, a model similar to the PIc was also
used for the peroxy adduct (PA, Figure 3f), i. e., with the same atoms, but in the Cu'; redox state.
PA is not a catalytic intermediate; instead it is formed upon the addition of peroxide to the Ox state.
This state has also been spectroscopically characterized®' and it played a major role in the
discussions about the nature of the PI,20 because it shares most spectroscopic characteristics with
the PI. The excellent agreement of the Plc and PAc QM/MM structures (especially the Cu—Cu
distances, which are sensitive to the redox state of the copper atoms and the coordination of the
other ligands) and the marked energetic preference of the PAc state over other alternative PA
structures studied have served as the further evidence for the structural assignment of the PIc mode
to the PI. All six models included a water molecule, which is hydrogen-bonded to bridging OH™
ligand (if present). In the nomenclature adopted in ref. 20, the six model systems are Ox = Ox{OH"
,OH}, Plc = PI{H,0,-,0,":Cs}, PIs = PI{H,0,0H ,HO; :S»3-}, PAc = PA {H,0,—,0," :C3}, Nlc
= NI{H,0,0H ,0”:C}, NIs = NI{H,0,0H ,0H :S,3,0H :Sy3-}.

The coordinates of these models and the most plausible protonation states were taken from
our previous QM/MM optimizations. However, all atoms in the imidazole groups were deleted
except the donor nitrogen atoms and three hydrogen atoms were added. Therefore, the Cu—-N
distances are identical for those in the QM/MM optimizations, whereas for the N—H bonds and the

H-N-H angles, standard values were used, viz. xxx and xxx.
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Figure 3: The six models of possible intermediates in the reaction cycle of the MCOs

studied in this investigation, the native intermediate in the NI¢ (a) and NIg (b) binding
modes, the oxidized resting state (c), the peroxy intermediate in the Plg (d) and Plc¢ (e)
binding modes, and the peroxy adduct in the PAc binding mode (f). All distances are in A.

The total charges of the studied complexes are denoted as well.

10



3. Results and Discussion

3.1. The relevance of model systems

The first question to be answered is whether spectroscopic parameters calculated in vacuum on
small truncated models with NH; modeling the His ligands reproduce those that would be obtained
(theoretically — if the calculations would have been feasible, or experimentally) for the whole
protein. We have considered this question by calculating the energy difference between the two
lowest spin states of the six considered model complexes (singlet and triplet states for the PI and the
ferro- and antiferromagnetically coupled quartet and doublet states for the other models). These
calculations were performed with the DFT/BP86 method, either with the full QM/MM imidazole
models in the protein (i.e., including a point-charge model of the surroundings) or in vacuum, or
with the truncated NH3 model in vacuum. The results in Table 1 show that the energy difference
between the two spin states changes minimally (less than 4 kJ.mol ' in all cases and with a mean
absolute difference, MAD, of 1 kJ .mol_l) if calculated with the imidazole model in the protein or in
vacuum. The effect of the replacement of imidazole with NH; is somewhat larger (up to 9 kJ.mol ';
MAD 4 kJ.mol"). However, due to error cancellation, the most important comparison, imidazole
models in the protein vs. NH; ligands in vacuo, yields a maximum deviation of 6 kJ.mol™' and a
MAD of 3 kJ.mol . Thus, the effect of the truncation of the system on the spin splitting energies is

small.

< Table 1>

This finding is essential not only for the subsequent discussion, but also for the verification
of the recent experimental work18'? that is based on the assumption that the studied inorganic
model complexes (also with amine, rather than imidazole, ligands) reproduce the electronic and
spectroscopic properties of the MCO intermediates in an accurate way. Also, it shows that the rather

high charge (3+ or 4+) of the model complexes does not significantly influence the spin-splitting
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values as demonstrated by the comparison of in vacuo and QM/MM values (in which the charge is

compensated by at least two negative second sphere residues™).

3.2. The character of the electronic ground states: exchange couplings

The recently published QM/MM structures of various alternatives for the intermediates in
MCO catalytic cycle20 showed an excellent agreement with available EXAFS data and crystal
structures. Moreover, the QM/MM energies of the various isomers strongly favored the Plc
coordination mode for PI (Figure 3e) and the NI¢c mode for NI (Figure 3a). However, the triplet
state was predicted to be the electronic ground state in disagreement with the experimental data for
Pl¢ (cf., Table 1). This could be attributed to the inherent inaccuracy of current DFT functionals and
the fact that single-determinantal methods yield broken-symmetry states (Ms; = 0 in case of PI)
rather than the pure spin states. While broken-symmetry methods have been widely used in order to
deduce the sequence of pure spin states through mapping to Heisenberg Hamiltonians, it is desirable
to rigorously calculate the multiplets of spin-coupled systems such as the present ones. This can be
accomplished by multireference ab initio methods. Such methods are known to be computationally
demanding. However, the case of three magnetically interacting Cu*" ions is relatively
straightforward, because there are only three open-shells (three electrons in three orbitals) to be
considered (vide infra). Therefore, state-specific CASSCF and CASPT2 calculations were carried
out (see Table 4). These multireference methods correctly describe the electronic configurations of
both low- and high-spin states and yield eigenfunctions of the <$>> operator. Since, to our best
knowledge, no rigorous multireference treatment of trinuclear copper clusters has been reported
before, we begin with the description of the character of the low- and high-spin wave functions for
the intermediates.

As mentioned in the methods section, the Cu'; system can as a first approximation be

described by three electrons in three active orbitals. From this, the existence of one quartet (with the
spin-function |aac>) and two low-lying doublet configuration state functions (CSFs; one way to

construct linearly independent and orthogonal spin-functions for this case is 1/N6(-2|aaf> +
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lafo> + |Bac>) and 1/N2(—|afe> + |Bac>)) can be qualitatively predicted, but the energies of the
electronic states arising from these CSF’s can only be obtained from quantum chemical calculations
(or from experiments). Indeed, the CASPT2/CASSCF(27,15) calculations correctly predict a low-
spin ground electronic state for all the six systems studied (cf, Table 2). Moreover, 12 orbitals in the
active space remain almost doubly occupied in the first two doublet and the first quartet states.
Thus, the three unpaired electrons that are responsible for the (anti)ferromagnetic exchange
coupling between the centers are confined to the three orbitals depicted in Figure 4a for the model
complex TrisOH (which is essentially a symmetric analogue of the NIg model). Moreover, in
Figure 4b, the two partly occupied orbitals of the PIc model are shown, to illustrate the dominant

contribution to the antiferromagnetically coupled ground-state wave function of the PI.

active MO 1b

1A (D)) ~ 0.61((1a)*(1b)* -
(1a)*(2b)*) + 0.43(1a)*(1b)*(2b)"
- 0.25(1a)*(1b)*(2b)"

1B (D2) ~ 0.68((1a)’(16)* +
(16Y*(2bY") + 0.20((16Y(2b¥ - &

1'A(So) ~ 0.72(2a)* - 0.69(1a)*
1’A(Ty) ~ 1.00(12)*(2a)"
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Figure 4: A visualization of the three partially occupied active orbitals in the TrisOH
complex and the two partially occupied active orbitals for the Plc binding mode of peroxy

25+1

intermediate (together with the CI expansion coefficients). The N X term used in the

figure denotes the Nth state of a symmetry X and (2S + 1) spin multiplicity.

It can be seen that low-lying doublet states in the TrisOH complex can be well described as
a four-configuration problem, dominated (in both D, and D,) by symmetric and antisymmetric
combination of MOs composed mainly of copper d orbitals with a small contribution of ligand
orbitals, as depicted in Figure 4a. For the PI (Figure 4b), it can be seen that the two orbitals
responsible for the antiferromagnetic coupling have dominant contributions from the d orbitals of
the two T3 Cu ions (presumably with dominant d.. character) and the ground-state singlet is their
antisymmetric combination. On the other hand, the wave functions for the high-spin states (triplets,

quartets) have purely single-reference character.

3.3. Low-lying excited states and zero-field splitting parameters

Experimentally, a low-lying (150 cm™') excited doublet state has been observed for the NI,13
leading to the requirement of models in which all three Cu ions are directly bridged, either by a 13-
oxo group or by three OH bridges as in the Nlc and NIg models, respectively. Calculations can
provide a direct link to the experimental value, because we can calculate the excitation energies of
the second doublet state for two alternative binding modes of the NI (Figures 3a and 3b) and
compare them with the spectroscopic observations. xxx Is this what you meant?

Let us first assess the accuracy of the calculated values. To this aim, we have carried out
calculations of doublet-quartet gaps and zero-field splitting parameters of the two inorganic model
complexes of the NI TrisOH16 and 130 (Figure 2).

The lowest quartet and the two lowest (degenerate) doublet states of TrisOH in D3 symmetry

are *A, and ’E.** The ’E state splits into two Kramers doublets by SOC.”> A zero-field splitting
14



(ZFS) of A~ 65 cm ' (where A is a energy separation of the Kramers doublets) has been obtained
experimentally. With RAS-SI calculations of the SOC between the non-relativistic electronic states
computed at the MS-CASPT2/CASSCF(27,15) level, we obtained A = 71 cm ', in excellent
agreement with the experimental data. The excitation energies of the SOC-perturbed states
originating in the three lowest non-relativistic states of each spatial and spin symmetry (i.e., 24
states in total) are summarized in Table 2. xxx Perhaps the rest of this section can be moved to
legend of Table 2 or to a footnote; it is confusing and only discuss some technical artifacts in
Table 2, retracting the attention from the excellent results we have. Owing to limitations of
CASPT?2 procedure in MOLCAS, we had to use the largest Abelian subgroup of D3 symmetry (C5).
This results in the splitting of degenerate “E ground state into a >A and a ’B state, which split by 27
cm’ at the MS-CASPT2 level. This is an artifact of higher states entering the state-averaged
calculations, which are not strictly D3 symmetric. This can be demonstrated by state-specific
CASPT2 calculations that give a splitting of 0.1 and 4 cm™ between A and B states at the

CASSCF and CASPT?2 levels, respectively.

<Table 2>

In contrast, it has been found experimentally that the lowest electronic state of the 30
model system is quartet *A, with the lowest doublet °E lying 164 cm ' higher in energy.19 This is in
excellent agreement with the calculated values of the doublet—quartet splitting in Table 3, which is
164 cm™ without and 145 cm™' with the inclusion of SOC. The calculations predict a ZFS for the
lowest quartet state of 2D = -37 cm™', which is somewhat larger than 2D = -5 cm™ determined
experimentally.19 xxx Why is it called 2D here, but A for the TrisOH complex?It can be noticed
that the sign of D can be estimated by observing that the relativistic ground state has ~75%
character of the S = 3/2, Ms = +3/2 state and ~25% of the S = 3/2, Ms = £1/2 state, whereas the
second state originating in the non-relativistic *A state has ~75% character of the S = 3/2, Ms = +1/2

state and ~25% of the S = 3/2, Ms = £3/2 state. The slight discrepancy of 32 cm™ (0.4 kJ/mol)
15



between theory and experiment can be attributed to two factors: the inherent accuracy of the state-
averaged CASPT2 calculations xxx Is this what you mean? and the fact that we have enforced Cs
symmetry onto the Ci-symmetric 130 complex, which was a necessary to make the CASPT2
calculations feasible (since no Abelian subgroup of Cs other than C; exists) xxx How large change
in geometry?. The latter effect can be estimated to be 5-10 cm™ from Table S2, where we both Cs
symmetric and non-symmetric (C;) p30 complexes were studiedwith the less expensive MRDDCI2

method.

<Table 3>

Nevertheless, we may conclude that a very good agreement between the computed and
experimentally determined values for the splitting of the °E degenerate state in TrisOH complex and
quartet—doublet gap in 130 complex has been achieved. It gives us a confidence in our calculated
excitation energies of the intermediates in the reaction cycle of MCO, which are summarized in

Tables 4 and 5.

<Table 4>

First, we note that in all cases, the low-spin state (i.e., singlet for PI and doublet for the rest of
the systems) is the ground state. The quartets (or triplets for PI) come quite close in energy, 212—
837 ecm'. In particular, the calculated small singlet—triplet gap (348 cm™') for Pl¢ structure (the
most likely candidate for the peroxy intermediate) is a plausible explanation for the incorrect
prediction of the ground state in the DFT calculations,20 which has been a major problem in the
assignment of this structure to the observed PI. Thus, we show here that the incorrectly predicted
triplet ground state is indeed an (anticipated) shortcoming of DFT method, rather than an inherent

property of this structural arrangement.
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For all Cu"; systems, the second excited state is also a doublet. Owing to the small excitation
energies, (123—404 cm'), the doublets can be expected to be thermally populated at room
temperature. On the other hand, such a low-lying state is not calculated for any of two PI structures,
for which the second singlet states are found at 1360 and 7239 cm ', respectively. Experimentally, a
D;-D; splitting of ~150 cm ' is observed for the NI. xxx Add reference This is in a good
agreement with the calculated values of 130 and 165 cm ! for Nl¢ and NIs, respectively. The
quartet states are calculated at 568 and 343 cm™' above the doublet ground states, respectively
(these values are obtained from CASPT2 calculations on state-specific CASSCF wave functions).
To further increase the accuracy of the calculated values, we report (in Table 5) the SOC perturbed
states for the two structural alternatives of the NI.

<Table 5>

It can be seen that two D, states (2E;;) have excitation energies of 169 and 153 cm,
respectively, whereas the quartets splits into two doublets at (428, 475) and (202, 220) cm .
Therefore, it can be concluded that both structural alternatives are quantitatively consistent with the
experimentally observed low-lying doublet state at ~150 cm ™', whereas the NI¢ binding mode is in
better agreement with the experimental estimate of a quartet state at —3J ~ 780 cm ' xxx Add
reference . xxx Are not 428-475 more accurate estimates?

An interesting observation can be made when comparing the p30 and Nl structures.
Assuming that similar effects are exerted by the ligand field, the only difference in coordination
geometry between the two complexes is the presence of the OH™ bridge between Cu3 and Cu3’
copper ions in Nlc. Still, this perturbation is enough to change the ground state multiplicity from a
quartet to a doublet. Therefore, care must be taken when comparing results acquired on structurally
similar species or using them for the prediction of complex biomolecular structures.

A short discussion can be devoted to methodological aspects of the reported calculations. The
CASPT2 method used here is considered to be one of the most accurate of available methods that
can be used for the study of systems of up to ~50 atoms. However, this method is relatively
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expensive and competing alternatives, such as TD-DFT (which is one or two orders of magnitude
faster), are always considered as the methods of the first choice. In the supplementary material
(Table S1), we demonstrate that TD-DFT approach fails completely and does not predict any low-
lying doublet states for Cu'"s clusters. The reason of this failure is simply the inability to describe
the reference low-spin state, which is a broken-symmetry state in DFT, whereas it is a
multiconfigurational state in a rigorous treatment. On the other hand, the more recently developed
methods SORCI (spectroscopically oriented CI)*® and the even simpler MRDDCI2 method?’ give
results of comparable accuracy to CASPT2 (MRDDCI2 values are listed in Table S2) with the
exception of the Pl¢ intermediate, for which the MRDDCI2 method predicts the singlet state to be
slightly higher in energy than the triplet (by 21 cm ') and reverses the order of quartet and doublet
states in the 130 complex (by 37 cm'). However, given the extremely delicate balance of the
studied spin state energetics, the small basis sets used, and the considerably reduced computational
cost, the results should be considered very reasonable.

In conclusion, we recommend the methodology used here, i.e., CASPT2 calculations of the
electronic spectrum at the QM/MM optimized protein geometries, or the much cheaper and only

slightly less accurate MRDDCI2//QM/MM(DFT) variant.

3.4. Notes on the reaction cycle of MCOs

Previous experimental and computational studies have pointed out two possible modes for
the binding of O, to the trinuclear Cu; cluster: in the center of the cluster or on the Cu2—CuT3 side,
as are represented by the Pl¢ and Plg models.20*° All other alternatives, such as the apical binding
of O, to any of the T3 copper ions, are not even local minima on the QM/MM potential energy
surface. Comparing the QM/MM energies for Plc and Pls,20 we predicted that the former binding
mode of O, is more stable20 by ~80 kJ.mol™". Moreover, the structures of Pl and PAc are
essentially identical (cf. Figures 3e and 3f), which is fully consistent with the experimentally
observed similarity in most of spectroscopic characteristics.20*' The remaining problem that
prevented an assignment of the PIc model to the observed peroxy intermediate has been the
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incorrectly predicted spin multiplicity of its electronic ground state at the DFT level (i.e., triplet
state was lower in energy than singlet, in contrast to experiment). This problem is resolved here, as
it is clearly shown by the more accurate multiconfigurational ab initio method (MS-CASPT?2) that
singlet state is the true ground electronic state of the PIc model and this finding is in agreement
with the experimental observations.

Following the reaction path, the existence of a transient species (NI') has been postulated,
which is probably formed by proton-coupled electron transfer. This intermediate is at the redox
level of the NI (or oxidized resting state), but the remaining two electrons needed for the cleavage
of the O—O bond still reside on the copper ions (i. e., the cluster is in the Cu''Cu'; state and Cul is
oxidized). The actual cleavage of the dioxygen bond and the formation of the NI is a two-electron
process,13 and our calculations20 indicated that the peroxide needs to be protonated first, since the
barrier for the cleavage of O,> (unprotonated moiety) was too high.20 As has been shown here,
both structural alternatives for NI: NIc and NIg have a low-lying doublet state at ~150 cm™',
whereas NI¢ has a quartet state at 568 cm ™', which is acceptably close to the experimental estimate
of 780 cm ™' (in NI, the quartet is predicted at 343 cm™). This, together with our previous energetic
estimate that the binding arrangement in Nl is ~140 kJ.mol™' more stable than that in NIg, >
strongly indicate that Nl is the correct model for the native intermediate in the reaction cycle of
MCO. All the above arguments can be summarized in the graphical form of the MCO reaction
cycle, schematically depicted on Figure 5, which is consistent with all available experimental
observations20"'>'? as well as theoretical calculations (QM/MM modeling20 and this spectroscopic

study).

Ox (4+) Red (3+) PI (3+)
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NI (3+) NI’ (3+)

Figure 5: Structural model of the reaction cycle in MCOs, starting from the resting
oxidized state, through the reduced state to the peroxy intermediate, then to the so-called

NI state (with one electron transferred from Cul), and finally to the native intermediate.

Considering the spin patterns throughout the cycle, the triplet reactant (i.e., the singlet Cu's
cluster with an incoming *O, molecule) is immediately converted to a singlet state (PI) and the rest
of the reaction occurs along the S = 0 or S = 1/2 low-spin surface. This is probably an important
factor for the overall reaction rate (the rate-determining step is the formation of the PI with k =
2.10°M's™.

What remains to be understood in the reaction cycle of MCOs is the re-reduction of NI to

the reduced state. This issue will be addressed in a forthcoming study.
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4. Conclusions

In this work, we report the results of multireference calculations of spectroscopic parameters
for model complexes representing the intermediates in the reaction cycle of the MCOs. To our best
knowledge, this is the first study reporting rigorous multireference quantum chemical treatment of
trinuclear copper complexes mimicking the active site in MCOs.

First, we have shown that the truncation of the model system from the protein into a small
model site where imidazoles are represented by ammonia, does not significantly influence the
low/high-spin energy splitting, which is an important finding both for the reported calculations and
for the experimental work carried out for small inorganic models. Second, the character of the
multireference electronic ground state of the studied Cus clusters have been analyzed, yielding
insight into the nature of the wave function describing the bonding in these complexes. Third,
excellent agreement between experimental data and theoretical calculations has been obtained for
the inorganic TrisOH, and 130 model complexes, which gives us confidence in our calculated data
for the enzyme intermediates. Fourth, the calculations have allowed us to address the binding
arrangements in the PI and NI states and the results confirm our previous estimates, which were
based on energy arguments. In particular, the low-spin states were predicted as the ground states in
all the studied intermediates. Fifth, a good agreement between theory and experiment was found
for the lowest excited doublets of NI. Finally, a comparison of experiments and theory allows us to
provide a detailed structural model for the reaction cycle of MCOs, which would have been difficult

to achieve from either experiments or theory alone.
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Table 1: Calculated doublet—quartet (singlet—triplet for PI) energy gaps for the six studied models

complexes of the MCO trinuclear active site. All values are in kJ.mol '. A positive value indicates

that the low-spin state is more stable.

AEys-ns

System protein * imidazole” NH; ¢
NIc 38.3 42.2 33.2

NIs 259 25.1 29.0

Ox 18.6 17.9 12.5

Pl 43.7 44.0 49.1

Plc -14.0 -13.5 -13.9

PAc 26.5 23.9 26.8

“  QM/MM energy difference between low-spin (LS) and high-spin (HS) states
> Invacuo energy difference between HS and LS (at QM/MM geometries)
¢ 1In vacuo energy difference between HS and LS, withNH; groups instead of imidazoles used

to model copper-binding histidine residues.
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Table 2: Low-lying excited states of the TrisOH model complex. The complex was studied in
C, symmetry. Both non-relativistic MS-CASPT2(27,15) energies of doublet and quartet states

and relativistic(SOC corrected) energy values are listed. All values are in cm .

MS-CASPT2 SO-states

State AE State AE
1°A 0 1E, " 0
1’B 27 2E1 71
1°A 196 3Ei, 196
4E,, 234
2’B 7931 5Ei. 8173
3’B 7937 6E 1 8197
2’A 7954 7E1 8217
4’B 8000 8E 1, 8273
3°A 8029 9E, 8314
4°A 8049 10E; 8364
2°A 8821 11E 9019
12E1, 9093
1B 8850 13E1 9143
14E, 9162
2B 10990 15E 11016
16E1, 11186
3'B 12031 17E1) 12362
18E1, 12510
4°B 19774 19E1 20083
20E;, 20147
3*A 19831 21E1p 20179
22E1, 20278
4°A 22123 23E1, 22463

24E i 22471

“ All the relativistic states belong to the irreducible representation Ey, of the double group C,*
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Table 3: Low-lying excited states of the 130 model complex, enforced to attain Cs symmetry.
Both non-relativistic MS-CASPT2(27,15) energies of doublet and quartet states and

relativistic — SOC corrected — energy values are listed. All values are in cm ™.

MS-CASPT2 SO-states

State AE State AE
1°A” 0 1Ey) 0
2B, 37
1°A° 164 3Ein 145
1’°A> 165 4E,, 174
2’A” 8296 5Ei. 8365
2°A” 8346 6E 1, 8438
TE 15 8484
3°A” 8358 8E1 8538
2’A° 8416 9E,, 8619
3°A° 8456 10E; 8692
A 8705 11E;; 8901
12E1, 9119
1°A° 14571 13E 14739
14E, 14791
2°A° 15892 15E1 15998
16E1, 16035
3*A° 24048 17E 1, 24201
18E1, 24238
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Table 4: Calculated excitation energies of all the studied model complexes calculated the by
MS-CASPT2(27,15) (or (28,15) in case of PI) method. All values are in cm .

Spin State NIC NIS Ox PIS PIC PAC

LS* 1 0 0 0 0 0 0
2 130 165 404 7239 1360 123
3 10113 9804 5876 9945 2069 4432
4 10347 9819 5900 10074 2810 4459
5 14199 11713 6226 12294 3440 18303

HS” 19 419(568)  212(343) 490(491)  837(796)  348(279)  283(178)
2 10531 7759 5804 7133 1406 4440
3 14423 9970 5835 9915 2224 18397
4 14809 11722 11432 16607 3420 22608

“ The low-spin state (LS) is singlet for PI, and doublet for Ox, NI, and PA
® The high-spin state (HS) is triplet for PI, and quartet for Ox, NI, and PA

“ Values in parenthesis are the results of state-specific CASPT2 calculations.
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Table 5: Calculated (relativistic) excitation energies of the two structural alternatives for
native intermediate with the inclusion of spin—orbit coupling, calculated by RAS-SI/MS-
CASPT2(27,15). All values are in cm .

State NI¢ NI
1E1 0 0
2Ein 169 153
3Eip 428 202
4E, 475 220
S5Eq 10264 7797
6E 10493 7798
TEq1) 10686 9829
8E1n 10691 9845
9E ) 14363 9996

10Ep 14579 9997

11Ep 14601 11748

12E1p 14965 11758

13E1p 14984 11759
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