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The multicopper oxidases (MCOs) couple the four-electron reduction of dioxygen to water with four one-electron
oxidations of various substrates. Extensive spectroscopic studies have identified several intermediates in the MCO
catalytic cycle, but they have not been able to settle the structures 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. Therehy,
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~1) 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 Ds symmetric hydroxy-bridged trinuclear
Cu(ll) model of the NI and obtain a quantitatively correct quartet—doublet splitting (164 cm~1) for a us-0x0-bridged
trinuclear Cu(ll) cluster. All results support the suggestion that the NI has an 02~ atom in the center of the trinuclear
cluster, whereas both the Pl and PA have an O,?~ ion in the center of the cluster, in agreement with the QM/MM
results and spectroscopic measurements.

1. Introduction with Cp exhibiting ferroxidase activity)and CueO (part of
the copper regulation systerh).

All known MCOs contain at least four copper ions,
denoted according to their spectroscopic characteristics as
type 1 (T1), type 2 (T2), and type 3 (T3). The type 1 copper
2H.0 @ ion (Cul) is located at the substrate-binding site and is

2 coordinated to one cysteine (Cys) and two histidine (His)

) ) ) residues. In most structures, it also binds to a fourth weak
The most studied members of this family are laccase t£c), 4yial ligand, typically methionine. It exhibits a strong

ascorbate oxidase (AQ)eruloplasmin (Cp§,Fet3p (along absorption band around 600 nm arising froma,S- Cu'
charge-transfer excitation, which gives rise to the intense blue

The multicopper oxidases (MCO) couple four one-electron
oxidations of a substrate with the four-electron reduction of
molecular oxygen to watéf?

- +
O, +4¢ +4H" —
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Figure 1. Structural models of the peroxy (PI) and native (NI) intermedi-
ates as suggested by spectroscopic measurements and QM/MM calcula
tions: (a) P¢; (b) Pls; (c) Nig; (d) Nlg.t214.21

color of the copper oxidases. The type 2 copper ion (Cu2)
is located at one vertex of a trinuclear copper cluster (cf.
Figure 1). It is bound to two His residues from the protein
and to a solvent molecule, which is ORI The two T3 copper

ions have three His ligands each and are bridged by a solvenf

molecule in the oxidized state. They form an antiferromag-
netically coupled pair and show a characteristic 330 nm
absorption band arising from an OH> Cu' charge-transfer
transitioni® The four electrons necessary for the reduction
of dioxygen are shuttled from Cul to the trinuclear cluster,
where the reduction of Otakes place. The two sites are
connected by a HisCys—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-@Iu
distance of~13 A.

Detailed mechanistic information has been provided by a
number of spectroscopic techniquést® Specifically, two
intermediates-peroxy intermediate (P1) and native inter-
mediate (N¥)—have been observed. Pl has been best
characterized as the peroxide moiety bound in the trinuclear
(CU)(Cu"), T2—T3 copper (i.e., two electrons have been
transferred from the copper ions in the fully reduced state
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Figure 2. Structures of the TrisOH and the-O complexes, models of

the Nls and Nk binding modes of the native intermediate. Experimental
spectra have recently been reported for these two méa&18°The TrisOH
complex actually contained sitert-butyl groups (one on each nitrogen
atoms), but these have been truncated to hydrogens in our model. The net
charges of the complexes a8 and-+4, respectively.

to incoming dioxygen molecule). It has &= 0 ground
state. Further, the NI has been shown to be a four-electron-
reduced hydroxide product of the—<® bond cleavage,
bound to a fully oxidized trinuclear clust&tit has a total
spin of 1/2 and shows electronic coupling over all three
copper ions in the trinuclear cluster. The NI decays to the
Testing oxidized state, but this process is so slow that it is
believed that it is the NI, and not the oxidized resting state,
that is the catalytically relevant fully oxidized form of the
enzyme'*

For both NI and PI, two different structural models are
compatible with the spectroscopic studies. One suggestion
f the Pl has @ 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 {PFigure 1a).
The other alternative has a HOion at the periphery of the
trinuclear cluster, with the unprotonated oxygen atom bridg-
ing between Cu2 and one of the two T3 Cu ionss(Flgure
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 (NJ; Figure 1c). The other alternative
has three OH ions (two from a complete reduction oD
each bridging two of the Cu ions in the trinuclear cluster
(Nls; Figure 1d).

Therefore, two possible inorganic models of the NI have
been synthesized and studied experimentally, a 3{aid
symmetric trinuclear trig(-hydroxy)tricopper(ll) cluster
(TrisOH) and aCs-symmetricus-oxo-bridged trinuclear Cu-

(1) model (u30), depicted in Figure 2-20

Comparative variable-temperature, variable-field MCD
studies indicated that the latter structure is the best model
of the native intermediat®.

Recently, a detailed QM/MM (combined quantum me-
chanics and molecular mechanics) study was published,
based on the crystal structure of CueO at 1.4 A resoldtion.
In this, all the four structural alternatives of the NI and PI
could be obtained (Figure 1), but the energies indicated that
Pl is most stable with the peroxide in the center of the cluster
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(Plc; Figure 1a). Likewise, the NI most likely corresponds  The computational protocol consisted of several steps: (i) state-
to theus-oxo-bridged structure (N), depicted in Figure 1c. specific calculations of the ground states (singlets for the Pl and
In summary, the combination of spectroscopic techniques doublets for the other systems) and the lowest excited states of
and QM/MM calculations has led to a structural character- higher multiplicities (triplets and quartets), followed by CASPT2
ization of the intermediates in the reaction cycle of MCO calculations; (ii) state-averaged calculations of the first four excited

. I th hi ; i . states of both multiplicities for the NI, PI, and PA (an analog of Pl
Despite all these achievements, some uncertainty still remaingyis, o three cu's oxidized; vide infra), and the oxidized resting

concerning the details of the reaction mechanism ef O gate, followed by MS-CASPT2: (iii) calculations of the spiorbit

reduction in MCOs. First, the spectroscopic data provide coupling (SOC) among all the states calculated in previous step
detailed insight into the electronic structures of the interme- using the RAS-SI (restricted active spacgate interactions)

diates and these should be correlated to the calculationsprogram?® To improve the accuracy of the spinrbit state energies,
Second, DFT methods were used for the description of the CASPT2 energies were used in the main diagonal of the-spin
guantum system in the QM/MM study. This is the method orbit interaction matrix. These calculations were carried out only
of choice for model bioinorganic systems comprising up to for systems for which e.xperimental data are known, in an effort to
~200 atoms, but it suffers from known deficiencies, such obtain a direct comparison between theory and experiment.

as a less accurate treatment of spin states with a multiref- 70 @ll systems, the active space in the CASSCF calculations
erence character and the overestimation of the electroncomprlsed all d electrons in the occupied d orbitals of the three

A . . . copper atoms, i.e., 15 orbitals containing 27 or 28 d electrons
delocalization, especially for mixed-valence stéfeS This (depending on the redox state of the copper cluster). Since four of

may lead to errors of25 kmol™* in spin states splitting  the five d orbitals on each copper atom are essentially doubly
energies? Also, since many low-spin states are broken- occupied, we also tested calculations with three electrons in three
symmetry solutions with the eigenvalue &f deviating active orbitals. This did not lead to any significant difference in

significantly from what is expected for the pure spin states, the description of the lowest states, so we can conclude that a
the use of spin projection techniques is a hecessary to obtainfCASSCF(3,3) calculation is quantitatively sufficient for the descrip-

physically correct properties. Thus, the triplet stee=(1) tion of the low-lying quartet and doublet states that can be obtained
was predicted to be lower in energy than singlet states( Within this small active space. However, since the calculations with
0) for the most plausible model of the PI (formally in the the Iarge.r active space could be done at essentially !dentlcgl
CUCU', oxidation state), in contrast to experimetitsshich computational cost, all the reported results have been obtained with

has been the maior broblem in the otherwise unambi uousIarger active space. In all CASSCF calculations, a level shift of
. Jor p 9 15 to 45 a.u. was used to improve the convergence of the
structural assignmefit.

k ) ] ) multireference wave function. In the CASPT2 calculations, an
In this study, we attempt to provide a direct link to the imaginary level shift of 0.2 a.u. was used to eliminate intruder states.
experimental results by calculating spectroscopic parameters MRDDCI2 Calculations. In addition to the CASPT2 calcula-
of the QM/MM protein structures by correlated multirefer-  tions, multireference difference dedicated Cl calculations with up
ence methods (CASPT2, MRDDCI2) with the inclusion of to two degrees of freedom (MRDDCFP2F!were performed on top
spin—orbit coupling (SOC). Concomitantly, the methods are of a CASSCF(3,3) reference wave functions. The calculations were
carefully tested on the two inorganic €models of the carried out with the TZVP basis set on Cu and SV(P) on all other
NI.17-20 These calculations have enabled us to characterize@toms? The MRDDCI2 calculations were of the individually

the nature of the ground and excited electronic states toselecting type using a configuration selection threshold of &0.
further support the assignment of structures to the obser’\/edTheS’e calculations were done with the ORCA progfém.
bp 9 DFT Calculations. Density functional theory (DFT) and time-

intermediates, and to discuss the reaction mechanism of thedependent DFT (TD-DFT) calculations were carried out with the

MCOs. Turbomole 5.7 softwaré Two functionals have been used:
. . Becke-Perdew86 (BP86¥; expedited by expanding the Coulomb
2. Computational Details interactions in an auxiliary basis set, the resolution-of-identity (RI)

Multireference CASPT2/CASSCE and RAS-SI Calculations approximatior?®37”and Becke's three-parameter hybrid functional
. 38 . . ;

All the multireference calculations, i.e., the complete active space B3LYP.* as implemented in Turbomoi. These calculations
self-consistent field (CASSCPRY,complete active space second- - _ — -
order perturbation theory (CASPTZ)and multistate CASPT2 (MS-  (29) gﬂoﬂgg‘git'z%éégoos' B. O.; Schimmelpfennig,Ghem. Phys. Lett.
CASPT?2) calculations, were carried out with the MOLCAS 6.0 (30) Neese, FJ. Chem. Phys2003 119, 9428-9443.
program suité’ Throughout, the ANO-S basis set (contracted as (31) Miralles, J.; Castell, O.; Caballol, R.; Malrieu, J.Ghem. Phys1993
[6s4p3d2f] for Cu, [3s2pl1d] for O and N, and [2s] for H) has been 172, 33-43.

usedz8 (32) Schiger, A.; Horn, H.; Ahlrichs, RJ. Chem. Phys1992 97, 2571-
2577.
(33) Neese, FORCA-AnN ab initio, Density Functional and Semiempirical
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So0c.1998 120, 8357+8365. Chemie: Miheim an der Ruhr, Germany, 2004.
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Figure 3. Six models of possible intermediates in the reaction cycle of the MCOs studied in this investigation, the native intermediateciajheni|
NIs (b) binding modes, the oxidized resting state (c), the peroxy intermediate indl{d)RInd P¢ (e) binding modes, and the noncatalytic peroxy adduct
in the PAc binding mode (f). All distances are in A. The total charges of the studied complexes are denoted as well.

employed the 6311+G(2d,2p) basis s&ton all atoms except Cu,
for which the DZP basis set of Sdiea 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 $= 3/2 or 1) and antiferromagnetically coupled
states $= 1/2 or 0) were studietf The broken-symmetry approach
was employed to obtain the low-spin statés.

Model Systems.In this investigation, we have studied the
TrisOH andusO model complexes that represent models of the
two alternative binding models of the NI and have been studied
experimentally (Figure 2%-1° In addition, six QM/MM models

of these calculatioi$justify this approximation a posteriori). We
included two models for the NI (which is in the yredox state),
viz. either with G~ in the center of the cluster and OHas a
bridging ligand (N&, Figure 3a) or with three OHligands bridging
each of three CaCu pairs (N§, 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'Cstate) was
considered, with OH both as the Cu2 and bridging ligand. Two
models were tested for the PI, viz. either with?Obinding in the
center of the trinuclear cluster (RFigure 3e) or with H@™ binding
on the side between Cu2 and one T3 copper iog, [Hgure 3d).

of MCO intermediates were considered in this study. The latter Both models have a water ligand on Cu2 and therRbdel has
ones are shown in Figure 3. It can be seen that, in all of them, thealso a bridging OH ligand between the two T3 ions. These
histidine side chains were represented bysNigands (to save intermediates are in the formal @', redox state. Finally, a model
computer time in these very time-consuming calculations; the results similar to the P¢ was also used for the peroxy adduct (PA, Figure

(40) (a) Krishnan, R.; Binkley, J. S.; Seeger, R.; Pople, JJAChem.
Phys.198Q 72, 650-654. (b) Clark, T.; Chandrasekhar, J.; Spitznagel,
G. W.; Schleyer, P. v. R]. Comput. Chenil983 4, 294-301.

(41) Schier, A.; Huber, C.; Ahlrichs, RJ. Chem. Physl994 100, 5829-
5835.

(42) Hehre, W. J.; Radom, L.; Schleyer, PI. v. R.; Pople, JAB.initio
molecular orbital theory Wiley-Interscience: New York, 1986.

(43) Because we have used the unrestricted Kohn-Sham (KS) formalism,

the resulting KS determinants are not eigenfunctions oStlugperator.
While the deviation from the pur& = 3/2 (or S = 1 for peroxy)
states is negligible for the ferromagnetically coupled states, the

3f), i.e., with the same atoms but in the'Guedox 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 P! because it shares most of spectroscopic
characteristics with the PI. The excellent agreement of therd

PA: QM/MM structures (especially the CtCu distances, which

are very sensitive to the redox state of the copper atoms and the
coordination of the other ligands) and the marked energetic
preference of the PAstate over other alternative PA structures

antiferromagnetically coupled states deviate significantly from pure - studied have served as further evidence for the structural assignment
S = 1/2 (or S = 0) states, which can only be described by ot ha Pl mode to the PI. All six models included a water molecule,
multireference wave functions. Nevertheless, this approach is routinely hich is hvd bonded h 3 bridai OH d (if

used in the studies of antiferromagnetically coupled model complexes Which is hydrogen-bonded to the T3 bridging gand (i
representing metal sites in proteins. The reported values are unrestrictedoresent). In the nomenclature adopted in ref 21, the six model

DFT energies without spin projection. The broken-symmetry technique systems are Ox Ox{OH~,0H"}, Plc = P Hzo,-,OzZ_ZCg}, Plg

can be used to correct the energies of the antiferromagnetically coupled

(AF) states, viz.Ear = Er — 3/2(Er — Egg) for all three coppers
coupled andEar = Er — 2(Er — Egs) for two coppers coupled (e.g.,
peroxy intermediate), wher&r and Egs are the energies of the
ferromagnetically coupled state and the broken symmetry solution of
the AF state, respectively, whereag: is the corrected energy of the
AF state.

(44) Noodleman, L.; Peng, C. Y.; Case, D. A.; Mouesca, J&dord.
Chem. Re. 1995 144, 199-244.
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P|{ H20,OH>,H0271823}, PA: = PA{ Hzo,-,0227:C3'}, Nlc =
NI{H,0,0H",0?":C}, and Nk = NI{H,O,0H",0H":S;3,0H":Sy3} .

The coordinates of these models and the most plausible proto-
nation states were taken from our previous QM/MM optimizations.

(45) Sundaram, U. M.; Zhang, H. H.; Hedman, B.; Hodgson, K. O.;
Solomon, E. I.J. Am. Chem. S0d.997, 119 12525-12540.



Reaction Intermediates of the Multicopper Oxidases

Table 1. Calculated DoubletQuartet (Singlet Triplet for Pl) Energy charge is compensated by at least two negative second sphere
Gaps for the Six Studied Models Complexes of the MCO Trinuclear residues. viz. ref 21)
Active Site* ' ' )
3.2. Character of the Electronic Ground States: Ex-
: _AFjLS‘HS change Couplings.The recently published QM/MM struc-
system protein imidazole NHg tures of various alternatives for the intermediates in MCO
Nlc 38.3 422 33.2 catalytic cyclé* showed an excellent agreement with avail-
NIs 25.9 25.1 29.0 able EXAFS data and crystal structures. Moreover, the QM/
Ox 18.6 17.9 12,5 MM . £ th d ; " W f d ih
Pls 237 240 291 energies of the various isomers strongly favored the
Plc —14.0 —-13.5 —-13.9 Plc coordination mode for PI (Figure 3e) and thecMtode
PAc 26.5 23.9 26.8 for NI (Figure 3a). However, the triplet state was predicted

a All values are in kdnol%. A positive value indicates that the low-spin {0 be the electronic ground state in disagreement with the
state is more stablé.QM/MM energy difference between low-spin (LS)  experimental data for RI(cf., Table 1). This could be
and high-spin (HS) state$ In vacuo energy difference between HS and  attributed to the inherent inaccuracy of current DFT func-
LS (at QM/MM geometries)? In vacuo energy difference between HS and fi | d the fact that single-det - tal thods vield
LS, with NHz groups instead of imidazoles used to model copper-binding 1onals an € Tact that sing e'_ eterminantal methods yie
histidine residues. broken-symmetry stated/¢ = O in case of PI) rather than

_ o the pure spin states. While broken-symmetry methods have
However, aII atoms in the imidazole groups were deleted except been W|de|y used to deduce the sequence of pure Spin states
the donor nitrogen atoms and three hydrogen atoms were addedthoygh mapping to Heisenberg Hamiltonians, it is desirable
Therefore, the CtN distances are identical for those in the QM/"  \jg6rously calculate the multiplets of spin-coupled systems
MM optimizations, whereas, for the-\H bonds and the HN—H such as the present ones. This can be accomplished b
angles, standard equilibrium values for ammonia ligated to divalent ltiref P b initi th ds. Such thod P K y
ions were used, viz 1.026 A and 10549 multireference ab initio methods. Such methods are known
to be computationally demanding. However, the case of three
. : magnetically interacting Ct ions is relatively straightfor-
b S.1. Rele\(/ja_ncehoir!\/lodel Stystemé_'.he first q?estlonltol .olyard, because there are only three open-shells (three electrons

€ answered IS Whether Spectroscopic parameters, CalCulateft, hree orpitals) to be considered (vide infra). Therefore,

i?]valj.uulr_n on dsmall trugcatedhmode:]s with Nllfgpbreser}tinlg dstate-specific CASSCF and CASPT2 calculations were
the His ligands, reproduce those that would be calculated a4 oyt (see Table 4). These multireference methods

(if fegsible) hor measgdred dexhperiment'allybfor Ithel V.VhOIE correctly describe the electronic configurations of both low-
protein. We ave considered this question by calculating the , 4 high-spin states and yield eigenfunctions of &>
energy difference between the two lowest spin states of the , e 5101 Since, to our best knowledge, no rigorous multi-
six considered model complexe; (singlet a“?' triplet states reference treatment of trinuclear copper clusters has been
for the PI and the ferro- and antiferromagnetically coupled reported before, we begin with the description of the
quartet 'and doublet states for. the other models). Thesecharacter of the low- and high-spin wave functions for the
calculations were performed with the DFT/BP86 method, intermediates

ith ith the full QM/MM imi I Isinth tei . ) .
elher wi e full QM/ imidazole models in the protein As mentioned in the methods section, the'gCaystem

(i.e., including a point charge model of the surroundings) or ) L :

in vacuum or with the truncated NHnodel in vacuum. The canasa f'r.St app'rOX|mat|on b? descnb'ed by three electrons

results in Table 1 show that the energy difference between'n t_hree active orblta_ls. From this, the existence of one quartet

the two spin states changes minimally (less than-ehél?* (W'th. the s_pln-funct|or1aqa>) and two low-lying doublet

in all cases and with a mean absolute difference, MAD, of qonﬂgur_atlon state functions (CSFs; one way to construct

1 kImol™) if calculated with the imidazole model in the Imear_ly independent and orthogonal spin-functions for this

protein or in vacuum. The effect of the replacement of case is to choose U6(~ 2 acf> + |aﬁa.> + |poa> )gnd

imidazole with NH is somewhat larger (up to 9 dol%; UV/2(~|apa> + |paa>)) can be qualitatively predicted,

MAD 4 kJ}mol-1). However, due to error cancellation, the but the energies of the' electronic states arising from these
CSF’s can only be obtained from quantum chemical calcula-

most important comparison, imidazole models in the protein .
vs NH; ligands in vacuo, yields a maximum deviation of tions (or from experiments). Indeed, the CASPT2/CASSCF-

6 kJmol and a MAD of 3 kimol-%. Thus, the effect of (27,15) calculations correctly predict a low-spin ground

the truncation of the system on the spin splitting energies is electronic state for. all the Six systems studied (cf.,.TabIe 4.
small. Moreover, 12 orbitals in the active space remain almost

This finding is essential not only for the subsequent doubly occupied in the first two doublet and the first quartet
discussion but also for the verification of the recent States. Thus, the three unpaired electrons that are responsible
experimental work-?°that is based on the assumption that for the (anti)ferromagnetic exchange coupling between the
the studied inorganic model complexes (also with amine centers are confined to the three orbitals depicted in Figure

rather than imidazole, ligands) reproduce the electronic and4a for th_e mo?el con;ple>_< Tr_|sOH (V(\j'.h'Ch. IS hes;?]rét_lally a
spectroscopic properties of the MCO intermediates in an syn(;metr':/cl analogue o Iganve |2Lerrrr1]e late in t ? Ing. q
accurate way. Also, it shows that the rather high charge (i.e.,mo. €). Moreover, in Figure 4b, t e two partly occupie

3+ or 4+) of the model complexes does not significantly orbltqls O.f the Rt model are shown, tq illustrate the dominant
influence the spin-splitting energies as demonstrated by theCONtribution to the antiferromagnetically coupled ground-

comparison of in vacuo and QM/MM values (in which the state wave function of the PI' ) ]
It can be seen that low-lying doublet states in the TrisOH

(46) Ruliek, L.; Havlas, ZJ. Am. Chem. So200Q 122, 10428-10439. complex can be well described as a four-configuration

3. Results and Discussion
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Figure 4. Visualization of the three partially occupied active orbitals in the TrisOH complex and the two partially occupied active orbitals fer the Pl
binding mode of peroxy intermediate (together with the CI expansion coefficients). Fh&Nerm used in the figure denotes thigh state of a symmetry
X and (& + 1) spin multiplicity.

problem, dominated (in both fand Oy) by symmetric and  state splits into two Kramers doublets by S&@. consistent
antisymmetric combination of MOs composed mainly of value of the zero-field splitting (ZFSA ~ 65 cn1! (where
copper d orbitals with a small contribution of ligand orbitals, A is a energy separation of the Kramers doublets), has been
as depicted in Figure 4a. For the PI (Figure 4b), it can be obtained experimentally/. With RAS-SI calculations of the
seen that the two orbitals responsible for the antiferromag- SOC between the nonrelativistic electronic states computed
netic coupling have dominant contributions from the d at the MS-CASPT2/CASSCF(27,15) level, we obtaired
orbitals of the two T3 Cu ions (presumably with dominant = 71 cnt?, in excellent agreement with the experimental
dz character) and the ground-state singlet is their antisym- data. The excitation energies of the SOC-perturbed states
metric combination. On the other hand, the wave functions originating in the three lowest nonrelativistic states of each
for the high-spin states (triplets, quartets) have purely single- spatial and spin symmetry (i.e., 24 states in total) are

reference character. summarized in Table 2.
3.3. Low-Lying Excited States and Zero-Field Splitting In contrast, it has been found experimentally that the
Parameters.Experimentally, a low-lying (150 cnl) excited lowest electronic state of the-O model system is quartet

doublet state has been observed for théNkading to the  #A, with the lowest doubletE lying 164 cn® higher in
requirement of models in which all three Cu ions are directly energy?° This is in excellent agreement with the calculated
bridged, either by as-oxo group or by three OHbridges values of the doubletquartet splitting in Table 3, which is
as in the Nt and Nk models, respectively. Calculations can 165 cn* without and 145 cmt with the inclusion of SOC.
provide a direct link to experimental values, because we canThe calculations predict a ZFS for the lowest quartet state
calculate the excitation energies of the second doublet stateof 2D = —37 cn'?, which is somewhat larger tharbD2=
for two alternative binding modes of the NI (Figure 3a,b) —5 cn! determined experimentally.It can be noticed that
and compare them with the spectroscopic observations. the sign of D can be estimated by observing that the
Let us first assess the accuracy of the calculated values relativistic ground state has75% character of th& = 3/2,
To this aim, we have carried out calculations of doublet Mg = £3/2 state and~25% of theS = 3/2, Ms = +1/2
quartet gaps and zero-field splitting parameters of the two state, whereas the second state originating in the nonrela-
inorganic model complexes that represent the two alternativetivistic A state has~75% character of th& = 3/2, Ms =
binding models of the native intermediate and have been +1/2 state and-25% of theS= 3/2, Ms = +3/2 state. The
studied experimentally in detail: a 3-folBs-symmetric discrepancy of 32 cnt (0.4 kd/mof?) between theory and
trinuclear trisu-hydroxy-bridged copper cluster (TrisOH) experiment can be attributed to two factors: our computa-

and aCs-symmetricus-oxo-bridged structura«0), depicted
in Figure 2. (47) Tsukerblat, B. SGroup Theory in Chemistry and Spectroscopy

Academic Press: London, 1994.
The lowest quartet and the two lowest (degenerate) doublet(48) Tsukerblat, B. S.: Belinskii, M. I.- Fainzilberg, V. Ba. Sci. Re.

states of TrisOH irDz symmetry are¢/A, and?E.*” The ’E B Chem.1987, 9, 337—481.
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Table 2. Low-Lying Excited States of the TrisOH Model Comptex subgroup ofC; other thanC, exists). The latter effect can
MS-CASPT2 SO-states be estimated to be-510 cn?! from Table S2, where both

tate AE <tale AE CsandCs symmetr|c,L¢3—O complexes were studied with the
A 5 B 5 less expensive MRDDCI2 method.
128 o7 2Ey 1 We conclude that very good agreement has been achieved
14A 196 36 196 between the computed and experimentally determined values
” o3 4B 823§ for the splitting of the2E state in TrisOH complex and
325 ;93% ggg 8%;7 quartet-doublet gap inus-O complex. This gives us a
2 7954 U= 8217 confidence in our calculated excitation energies of the
4§B 8000 86,2 8273 intermediates in the reaction cycle of MCO, which are
A 8029 9B, 8314 i i
A 8049 108, 8364 summarlzed in Tables.4 and 5. ' .

247 8821 116, 9019 First, we note that, in all cases, the low-spin state (i.e.,
\ 12E, 9093 singlet for PI and doublet for the rest of the systems) is the
s 8850 138, 9143 ground state. The quartets (or triplets for Pl) come quite close
14Ey, 9162 : 1 .

248 10990 158, 11016 in energy, 212-837 cnt. In particular, the calculated small
16Ey; 11186 singlet-triplet gap (348 cm?) for Pl structure (the most like-

3B 12031 17k, 12362 ly candidate for the peroxy intermediate) is a plausible expla-
18Ey, 12510 : : o .

B 19774 105, 20083 nation for the incorrect prediction of the ground state in the

2 . . A .

20E, 20147 DFT calculationg! which has been a major problem in the

3'A 19831 216, 20179 assignment of this structure to the observed PI. Thus, we
22Ei2 20278 . . .

2 92123 P 52463 $hpw here that t_hg incorrectly pre<_j|cted triplet ground state
245, 29471 is indeed an anticipated shortcoming of DFT method rather

o o than an inherent property of this structural arrangement.
aThe complex was studied i@, symmetry. Both nonrelativistic MS-

| . .
CASPT2(27,15) energies of doublet and quartet states and relativistic-soc  FOF all CU's systems, the second excited-state is also a
corrected-energy values are listed. All values are in-tmAll the doublet. Owing to the small excitation energies (3284

relativistic states belong to the irreducible representatigndtthe double cmY), the doublets can be expected to be thermally

groupC22 ¢ Owing to limitations in CASPT2 procedure in MOLCAS, we
had to use the largest Abelian subgrouafsymmetry Cy). This results pOPUIated at room temperature. On the other hand, such a

in the splitting of degenerat’ ground state into 8A and a2B states, low-lying state is not calculated for any of two Pl structures,
which split by 27 cm® at the MS-CASPT2 level. This is an artifact of ~ for which the second singlet states are found at 1360 and

higher states entering the state-averaged calculations. This can be demon7239 cnrl respectively. Experimentally a,PD, splitting
strated by state-specific CASPT2 calculations that give a splitting of 0.1 ! !

- 1 4
and 4 cn! betweer?A and?B states at the CASSCF and CASPT2 levels, of ~150 cnt* is observed for the NI This is in a good

respectively. agreement with the calculated values of 130 and 165'cm
for Nl¢c and Nk, respectively. The quartet states are then
Table 3. Low-Lying Excited States of thesO Model Complex, calculated at 568 and 343 ctnhabove the doublet ground
Assumed To AttairCs Symmetry states, respectively (these values are obtained from CASPT2
MS-CASPT2 SO-states calculations on top of state-specific CASSCF wave func-
state AE state AE tions). To further increase the accuracy of the calculated
19A" 0 1By, 0 values, we report (in Table 5) the SOC perturbed states for
A 64 %EEilz 1% the two structural alternatives of the NI.
A7 165 4E1Z 174 It can be seen that two Istates (2k,) have excitation
27" 8296 5&), 8365 energies of 169 and 153 ct) respectively, whereas the
20N 8346 6B, 8438 guartets splits into two doublets at (428, 475) and (202, 220)
- g358 78%2 e cm%. Therefore, it can be concluded that both structural
22! 8416 9B 8619 alternatives are quantitatively consistent with the experi-
A 8456 10k, 8692 mentally observed low-lying doublet state afl50 cnt?,
A" 8705 11k, 8901 whereas the NJ binding mode is in better agreement with
1907 14571 1123%;2 12%3 the exp_erimental _estimate (obtained by magnstouctural
14E,, 14791 correlation analysis) of a quartet stédtat —3J ~ 780 cn1?
2N 15892 15k, 15998 (calculated at 568 cr).
A7 24048 116%2 ;iggi An interesting observation can bg mad_e yvhen comparing
18Ey 24238 the u30 and Nt structures. Assuming similar effects are

aBoth nonrelativistic MS-CASPT2(27,15) energies of doublet and quartet exerted by the ligand field, the only dlffer_ence in coordination
states and relativistic-SOC corrected-energy values are listed. All values geometry between the two complexes is the presence of the
are in cnr?, OH~ bridge between Cu3 and CuSpper ions in Nd. Still,

this perturbation is enough to change the ground state multi-

tional protocol based on state-averaged CASPT2 calculationsplicity from a quartet to a doublet (similar effect has been
that has been used throughout this work (see footnote ofshown by lowering & ion into Ci; molecular plane im30;
Table 2) and the fact that we have enforcgdsymmetry viz. ref 19). Therefore, care must be taken when comparing
onto theCs-symmetricus-O complex, which was necessary results acquired on structurally similar species or using them
to make the CASPT2 calculations feasible (since no Abelian for the prediction of complex biomolecular structures.
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Table 4. Calculated Excitation Energies of All the Studied Model Complexes Calculated by the MS-CASPT2(27,15) (or (28,15) in the Case of PI)
Methodt

spin state Ng Nls Ox Pls Plc PAc

LSP 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® 1d 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

a All values are in cm?. P The low-spin state (LS) is singlet for PI and doublet for oxidized resting state, NI, ané P high-spin state (HS) is triplet
for Pl and quartet for oxidized resting state, NI, and PXalues in parentheses are the results of state-specific CASPT2 calculations.

Table 5. Calculated (Relativistic) Excitation Energies of the Two 3.4. Notes on the Reaction Cycle of MCOsPrevious

Structural Alternatives for Native Intermediate with the Inclusion of i i i i

Spin—Orbit Coupling, Calculated by RAS-SI/MS-CASPT2(2745) EXpe.nmental and CompUta.‘tlo.nal studies ha"? pointed out two
possible modes for the binding of,@ the trinuclear Cy

state NE NIs cluster: in the center of the cluster or on the €@UT3
1E 0 0 side, as are represented by the Bhd P modelst*2* All
ggg igg %gg other alternatives, such as the apical binding gf@any of
4Ey; 475 220 the T3 copper ions, are not even local minima on the QM/
5B 10264 7797 MM potential energy surface. Comparing the QM/MM
?Eig igggg gggg energies for Ry and P§2! we predicted that the former
8E. 10691 0845 binding mode of @ is more stabl& by ~80 kdmol.
9E1p 14363 9996 Moreover, the structures of Pland PA are essentially
10& 14579 9997 identical (cf. Figure 3e,f), which is fully consistent with the
116y, 14601 11748 ) T .
126, 14965 11758 experimentally observed similarity in most of spectroscopic
136 14984 11759 characteristicg!*°The remaining problem that prevented an
a Al values are in cm. assignment of the RImodel to the observed peroxy

intermediate has been the incorrectly predicted spin multi-
A short discussion can be devoted to methodological plicity of its electronic ground state at the DFT level (i.e.,
aspects of the reported calculations. The CASPT2 methodtriplet state was lower in energy than singlet, in contrast to
used here is considered to be one of the most accurate okexperiment). This problem is resolved here, as it is clearly
available methods that can be used for the study of systemsshown by the more accurate multiconfigurational ab initio
of up to ~50 atoms. However, this method is relatively method (MS-CASPT2) that singlet state is the true ground
expensive and competing alternatives, such as TD-DFT electronic state of the PImodel, and this finding is in
(which is 1 or 2 orders of magnitude faster), are always agreement with the experimental observations.
conS|dered as the. methods of the first choice. In the Following the reaction path, the existence of a transient
Slégpgm?g;g:,ofzﬂi%?nqggf iﬁé \évgeienrg?nrséﬁg g:]atl-g\?v: species, NI has been postulated, which is probably formed
lying dp(f)ublet states forpC'u c)I/usters The reF:’;\son for >tlhis by prpton—coupled electron-transfer process. This transient
' species would be at the redox level of the NI, but the

failure is simply the inability to describe the reference low- =
spin state, which is a broken-symmetry state in DFT, whereas' cMaining twp electrons neede(_j for the cleavage of thQO
bond still reside on the copper ions (i.e., the cluster is in the

it is a multiconfigurational state in a rigorous treatment. On _~ Tl
the other hand, the more recently developed methods SORCICu Cu‘z_state and T1 Cu is OX|d|zed)_. The actual _cleavage
of the dioxygen bond and the formation of the NI is a two-

E/ISE%:gngorﬁléﬁlgdgog;Iisgtfgsucl%t?, ?)?ictchuerag\/lecnors;)rgfell%rle electron process, and our calculatior?$ indicated that the
to that of CASPT2 (MRDDCI2 values are listed in Table peroxide needs to be protonated first', since the barrier for
S2) with the exception of the Plntermediate, for which  the cleavage of &~ (unprotonated moiety) was too high.
the MRDDCI2 method predicts the singlet state to be slightly AS has been shown here, both structural alternatives for NI,
higher in energy than the triplet (by 21 ciyand reverses ~ Nlc and Nk, have a low-lying doublet state at150 cnt*,
the order of quartet and doublet states in gg@® complex ~ Whereas N¢ has a quartet state at 568 chmwhich is
(by 37 cnmY). However, given the extremely delicate balance acceptably close to the experimental estimate of 780'cm
of the spin state energetics studied, the small basis sets usedin Nls, the quartet is predicted at 343 ch This, together
and the considerably reduced computational cost, the resultswith our previous energetic estimate that the binding ar-
should be considered very reasonable. rangement in N is ~140 kdmol~! more stable than that in

In conclusion, we recommend the methodology used here,NlIs,?! strongly indicates that Nlis the correct model for
i.e., CASPT2 calculations of the electronic spectrum at the the native intermediate in the reaction cycle of MCO. All
QM/MM optimized protein geometries, or the much cheaper the above arguments can be summarized in the graphical
and only slightly less accurate MRDDCI2//QM/MM(DFT) form of the MCO reaction cycle, schematically depicted in
variant. Figure 5, which is consistent with all available experimental
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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 Niransient state (with one electron transferred from T1 Cu), and finally to the native intermediate.

observations-142%as well as theoretical calculations (QM/ analyzed, yielding insight into the nature of the wave function
MM modeling?* and this spectroscopic study). describing the bonding in these complexes. Third, excellent
Considering the spin patterns throughout the cycle, the agreement between experimental data and theoretical cal-
triplet reactant (i.e., the singlet Geluster with an incoming  culations has been obtained for the inorganic TrisOH and
30, molecule) is immediately converted to a singlet state 430 model complexes, which gives us confidence in our
(PI) and the rest of the reaction occurs along$e 0 or S calculated data for the enzyme intermediates. Fourth, the
= 1/2 low-spin surface (see also ref 49 for the role of calculations have allowed us to address the binding arrange-
antiferromagnetic coupling along the Binding coordinate). ments in the Pl and NI states, and the results confirm our
This is probably an important factor for the overall reaction previous estimates which were based on energy arguments.
rate (the rate-determining step is the formation of the PI with In particular, the low-spin states were predicted as the ground
k~2x 106 M~Ls™). states in all the intermediates studied as found experimentally.
What remains to be understood in the reaction cycle of Fifth, a good agreement between theory and experiment is
MCOs is the re-reduction of NI to the reduced state. This found for the lowest excited doublets of NI. Finally, a
issue will be addressed in a forthcoming study. 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
In this work, we report the results of multireference €xperiments or theory alone.
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 treat- LC512 (MSMT CR), and 203/05/0936 (GA CR). It has also

ment of trinuclear copper complexes mimicking the active been supportgd by computational resources from L_l_Jngrc at
site in MCOs. Lund University Computer Center. We thank Prof."Bjo

First, we have shown that the truncation of the model ©- Roos and Dr. Mojrm Kyvala for helpful discussions
system from the protein into a small model site where conceming the multireference (CASSCF and CASPT2)
imidazoles are represented by ammonia does not significantlyiréatment of polynuclear metal centers and the relativistic
influence the values of low-spin/high-spin energy splitting, €ffects (SOC) in quantum chemistry.
which is an important finding both for the reported calcula- . . . . _
tions and for the experimental work carried out for small Supporting Informf’it'on Available: The equilibrium geom-

. . . etries of all the studied molecules and TD-DFT and MRDDCI2
inorganic models. Second, the char_acter of the rnUItIreferenceexcitation energies for the six studied MCO intermediates. This mater-
electronic ground state of the studieds@lusters has been ial is available free of charge via the Internet at http://pubs.acs.org.
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