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The multicopper oxidases (MCO) are a group of enzymes that
couple the four-electron reduction of molecular oxygen to water
with four one-electron oxidations of various substrdtdypical
examples are laccase, ascorbate oxidase, ceruloplasmin, and
Cue0?%3The MCOs contain at least four copper ions: one isolated
type 1 Cu near the substrate-binding site and a trinuclear cluster,
consisting of a type 2 (T2) Cu ion and a pair of type 3 (T3) Cu
ions in a triangular arrangement. Crystal structures of several MCOs
are knowr?3 They show that the T2 Cu is bound to two His ligands
and a solvent molecule, whereas the two T3 Cu ions are bound to
three His ligands each. Depending on the oxidation state of the Cu
ions, there may be a bridging ligand between the two T3 Cu ions,
a solvent molecule, or perhaps a derivative of thes@bstrate.

Extensive kinetic and spectroscopic studies have been performe
to deduce the mechanism of the MC&%our distinct states have
been identified in the mechanism: the fully oxidized resting state,
a fully reduced state, the peroxy intermediate (Pl), and the native
intermediate (NI). The PI arises after the binding of 1© the
reduced state, leading to the two-electron reduction pfdCthe
peroxide level. In the NI, @is reduced by two additional electrons

Figure 1. The QM/MM structure%of the G (left) and Sz (right) states of
the PA. Color code: H, white; C, gray; N, blue; O, red; and Cu, green.

easy to use all this information, especially considering possible
ystematic errors in the methods. Recently, we have developed a
echnique to combine EXAFS refinements with QM calculations
(EXAFS/QM)7 In essence, it is a standard QM geometry optimiza-
tion in which we also include numerical forces from a standard
EXAFS refinement. Thereby, we obtain a structure that is a
compromise between EXAFS and QM. This method has success-
fully been applied to a number of small inorganic complexes and

(to the level of two water molecules) and all Cu ions are oxidized. POTPhyrins in solutiori:? In this paper, we extend this method to
It is clear that @ binds to the trinuclear cluster, but the details QM/MM calculations on a full protein and apply it to the MCOs.
of the binding are still unclear. On the basis of spectroscopic O technical reasons, we have used the EXAFS data from the
evidence, two possible structures have been suggested for the PIPeroxy adduct (PA), which is the complex ob® with the fully
one with Q- bridged to the three coppers in the center of the oxidized resting state of the proteifi.Spectroscopic and compu-
cluster (G), and one with HQ" bridged to two coppers on the tational studies have shown that the structures of the Pl and the
side of the cluster (§) and with an additional OH bridged to a PA are very similar, although the T2 Cu is reduced in the former,
second pair of coppefdn a recent combined quantum mechanical but oxidized in the lattet?
and molecular mechanics (QM/MM) stuéiysased on the crystal To start with, we optimized the two putative structures of PA in
structure of CueO (which had the highest resolution, 1.2 these a vacuum with QM? and made a standard EXAFS fit, in which
two structures were refined (Figure 1). The results indicated that only Eo (the absorption edge energy) was free to Vafphe results
the G structure was 24130 kJ/mol more stable than thesS of these calculations are collected in Table 1 and show thatthe C
structure, but the multiplicity of the electronic ground state was model fits the EXAFS data better than thg; $10del §?eq is 76,
not in accordance with experimental data (by2® kJ/mol). Both compared to 113). If three Ciligand distances are also fitted (QM
structures fitted the experimental extended X-ray absorption fine + EXAFS fit), the difference between the two structures is reduced
structure (EXAFS) data equally well: EXAFS indicates that there (the shortest CtCu distance is 3.413.42 A in both structures),
is a short CtCu interaction of 3.4 A in the Pland the best  but the G structure is still betterf.eq= 72 and 77). Similar results
computational structures of the;@nd $; states had CuCu are obtained if a different number of distances are fitted, but when
distances of 3.453.57 and 3.423.53 A, respectively. the number is increased, we soon obtained distances that would
This illustrates the problem of comparing EXAFS data with give unphysical structures (e.g., strongly distorted His imidazole
structures from other sources: A direct comparison has only a weakrings),
discriminatory potential. However, the raw EXAFS spectra contain -~ The EXAFS/QM methobavoids this problem: It always ensures
much more information, including many other-€ligand (and Ct that the system is close to a realistic QM structure and also gives
Cu) distances, as well as some angular information, but it is not 5 measure of the deviation from the ideal QM structure in energy
terms, AEqmi1. Our previous experience indicates that realistic

lk‘é’;ﬂeﬂ‘;"gl"ssi%’iénces of the Czech Republic structures should hav&Eqy; < ~10 kJ/mol?8 Thus, we use the
8 Stanford University. QM calculations in the same way as MM is used in almost all NMR
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Table 1. Results of the Combined QM and EXAFS Calculations?

AE Cu—Cu distances (A)
oMy 0000 7
calculation model  Ey  y%e kJ/mol  2-3 2-3"  3-3
QM Cs 55 76 341 3.80 4.63
S3 3.4 113 3.34 381 3.75
QM + EXAFS fit Cs 42 72 341 3.80 4.63
S3 38 77 342 378 3.72
EXAFS/QM G 48 48 36 344 371 4.60
S3 35 50 109 342 385 3.71
QM/MM Cs 2.7 218 352 4.04 4.49
S 6.3 134 3.72 403 3.72
QM/MM + EXAFSfit Cs 36 83 342 4.04 4.49
So3 33 86 385 395 3.86
EXAFS/QM/MM Cs 35 38 9.9 341 4.02 4.44
S3 45 74 50 3.70 4.00 3.77

2 Eo, %es, AEqm1, and the distances between the three Cu ions are given
for the two PA models, using six different methods: An EXAFS fit (of
only Ep) directly to the QM or QM/MM structure, a standard EXAFS fit of
three distances (in addition tBp), starting from the QM or QM/MM
structures, and the combined EXAFS/QM and EXAFS/QM/MM methods.

Figure 2. The final EXAFS/QM/MM structure of the £state of the PA
in CueO, with Cu-ligand distances in A. Color code: H, white; C, gray;
N, blue; O, red; and Cu, green.

and crystallographic refinements to supplement the experimental

data and ensure that a realistic structure is obtained.

The EXAFS/QM results in Table 1 show that the two structures
give a similar Cu-Cu distance (3.423.44 A). They are both
strongly improved by the optimization, but thg §tructure is still
best §%eq = 48 and 50). TheAEqw: energies were 4 and 11 kJ/
mol, respectively.

Next, we made a similar investigation of the QM/MM structures
obtained in our previous studynterestingly, the original structures
fitted the EXAFS data quite poorly, and thg €ructure gave worse
results than the & structure f%eq = 218 and 134), although the
shortest CeCu distance, 3.52 A, is closer to 3.4 A than that in
the Ssstructure, 3.72 A. This illustrates the problem of comparing
only distances in QM calculations with those obtained in EXAFS
fits. However, a standard EXAFS fit of three distances (QM/MM
+ EXAFS fit) made the @ structure better than the,$structure
again.

Of course, the ideal procedure would be to optimize the copper
site inside the protein with both QM and EXAFS data. We have
therefore implemented such an EXAFS/QM/MM procedure by
combining our EXAFS/QM and QM/MM softwarg'? The results
of this approach (last two rows in Table 1) show that thet@icture
is strongly improved, much more than thg Structure f%.q = 38
and 74). The resulting structure (Figure 2) has a-Cu distance
of 3.41 A that s, close to what was found in all the other structures
which included EXAFS data in the fits. However, the other two
Cu—Cu distances are quite far from what was obtained in the
EXAFS/QM structure (4.02 and 4.44 A compared to 3.71 and 4.60
A). This shows that both the EXAFS and the QM energies are
insensitive to these distances. Th&qw: energy is 10 kd/mol.

Closely similar results are obtained with other density-functional
methods (cf. Table S2 in the Supporting Information).

In conclusion, we have implemented a combination of EXAFS
refinement and QM/MM calculations, which allows for the refine-
ment of an EXAFS structure inside a protein, keeping the structure
chemically reasonable. By this method, we show that the C
structure in Figure 2 fits the experimental EXAFS data better than
the alternative & structure. Thus, this investigation provides an
independent confirmation of our previous energetic re%iltat
O, binds in an all-bridged mode to the center of the trinuclear cluster
in the MCOs. This is also in accordance with a recent QM
investigation of other spectroscopic properties of the two tentative
models of the Pl in the MCO.
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