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Chapter 5 
 

Electronic structure of the tri-nuclear copper 
center in the resting oxidized state for small 

laccase 
 

 
 



Chapter 5 

 101 

5.1 Introduction 
 

Laccases are multicopper oxidases that oxidize substrates and efficiently 
reduce oxygen to water.(1) They consist of two active sites, a type-1 (T1) copper site for 
oxidizing substrates and a tri-nuclear copper center (TNC) for the oxygen reduction 
reaction. The TNC comprises of two sites a type-3 (T3) site and a type-2 (T2) site. The 
T3 copper site is characterized by two coupled copper ions via a hydroxide ion and each 
of the Cu(II) ions are coordinated by three histidine ligands. The T2 site is 
characterized by a single Cu(II) ion which is coordinated by two histidine ligands and 
water/OH- (Figure 1.4a). Using spectroscopic techniques coupled with quantum 
mechanical calculations the catalytic mechanism of the oxygen reduction reaction was 
described for an iron oxidizing laccase Fet3p from Saccharomyces cerevisiae (Figure 
1.3).(2) Fet3p belongs to the class of three-domain laccase where the catalytic motif of 
the TNC consists of the three copper ions and its coordinated imidazolyl ligands 
(Figure 1.4a). All ligands are thought to remain protonated throughout the catalytic 
cycle, which puts a positive charge bias on the entire catalytic motif. When the reaction 
proceeds, negative charge is accumulated, shuttled between the copper ions and the 
ligands, and finally transferred to oxygen.  

In the two-domain laccase, the catalytic motif also has a tyrosine residue near 
the T2 site. This tyrosine residue was reported to take part in the oxygen reduction 
reaction by forming a radical during the peroxide intermediate (PI) to native 
intermediate (NI) conversion or during the resting oxidized (RO) state to the fully 
reduced (FR) state (Figure 1.3).(3–5) Although the electronic structure of the TNC for 
different catalytic states is defined for the three-domain laccase, this information for 
the two-domain laccase including the tyrosine residue is not described.  
 

5.2 Results and discussions 
 

The RO state of the TNC of small laccase is modelled according to the 
procedure described by Solomon et al. using the crystal structure 6s0o (chain D and E, 
resolution 1.80 Å; small laccase from S. griseoflavus) including the Tyr109 residue 
near the T2 site (Figure 5.1).(6, 7) In this procedure, the structure is first optimized 
for high, unrestricted spin, and the actual spin density is modeled in a broken 
symmetry single point calculation where one of the spins is flipped to match the spin 
state of the catalytic motif.(6, 8) Different models of the RO state were studied based 
on the water derived T2 site ligand and orientation of the phenolic -OH group of 
tyrosine (for details see Supporting Information) (Figure 5.1).  
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In the models where the proton of the phenolic -OH group is directed towards 
the water/OH- ligand of the T2 site (model B and D in Figure 5.1) the T2 copper ion is 
reduced to Cu1+ with a formation of a neutral tyrosine radical. In contrast, when the 
proton of the phenolic -OH group is directed away (model A and C in Figure 5.1) the 
T2 site copper remains oxidized as Cu2+ and the spin density distribution is similar to 
that reported by Solomon et al. (2005, 2001) (Figure 5.1).(6, 9) Some difference in the 
spin density distribution at the T2 site is observed between model A and C. In model 
A (Figure 5.1) the electron spin density is delocalized over a copper ion and its 
OH- ligand while in model C most of the spin density is localized on the copper ion. 
The spin density distribution at the T3 site is essentially the same for all the models. 
In model A and C, the T2 Cu2+ ion is a three-coordinated site with a planar geometry. 
It has as an open coordination oriented towards the center of the cluster with a “dx2- y2” 

ground state (Figure 5.2). The two T3 site copper ions are antiferromagnetically 
coupled with each having a four-coordination environment. The T3 copper ion has the 
“dxz” ground state while the T3’ site has the “dx2- y2” ground state with an open 
coordination directed toward the center of the cluster (Figure 5.2). These observations 
are consistent with experimental evidence for the RO state and previous 
calculations.(6, 9) The X-band EPR spectrum of the T2 site has g|| > g^ > 2.00 with 
large parallel hyperfine splitting suggesting a “dx2- y2” ground state. While, the 
splitting of the absorption band at 330 nm into two-bands in the circular dichroism 
spectrum suggest a µ-OH bridged two Cu2+ ions, the characteristic feature of the T3 
site.(6, 9, 10) The spin density distribution for model B and D suggests that the 
orientation of the proton of the phenolic -OH group of the tyrosine towards the 
water/OH- ligand of the T2 site spontaneously leads to radical formation (Figure 5.1). 
In model A and C, the radical formation is not observed and this can be attributed to 
the distant orientation of the proton of the phenolic -OH group of the tyrosine (Figure 
5.1). The energy difference between the models shows that the tyrosine radical state 
for models B and D is the excited state and the non-radical state in models A and C is 
the ground state that is relevant to describe the small laccase (Table 5.1).  
 

5.3 Conclusion 
 

In conclusion, the spin density distribution and geometric properties of model 
A and C of the RO state for small laccase is well in line with the previous report for 
laccase and can be considered the relevant state for the resting oxidized state of the 
protein under investigation, small laccase.(6) In contrast, the orientation of the 
phenolic -OH group from the Tyr109 residue towards the T2 site forms a tyrosine 
radical at higher energy. The radical formation might be an excited state that is 
inaccessible in the RO state. This is corroborated by experimental observations where 
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the radical formation is observed only after the reduction of the T3 site copper ions 
and the T1 site is unable to provide the next electron for the formation of a fully 
reduced TNC.(3, 5) This study shows that the RO state from small laccase with the 
tyrosine residue could be modelled and is similar to previous reports.(6) Using similar 
strategy other states (PI and NI) can also be modelled. It was reported that using a 
combination of DFT calculations and solid-state NMR spectroscopy, the resonance 
assignment and geometry around a single copper center can be determined with 
picometer resolution.(11) A similar approach can be used to assign the NMR signals 
reported in Chapters 2 to 4 for the RO and the NI states of small laccase. The current 
calculations can be used in achieving this goal. 
 

 
Figure 5.1. Models of the resting oxidized state based on the water/OH- ligands of the T2 
site and the orientation of the phenolic OH group representing the tyrosine 109 residue (from 
the crystal structure 6s0o, resolution 1.80 Å, organism S. greseoflavus) near the T2 site. Each 
panel shows the electron spin density distribution of the TNC, the schematic representation 
of the model with the Mulliken spin density on the three copper ions, OH- ligand of the T2 
site (panel a) and the phenolic group (panel b and d) and the model names. The singlet triplet 
energy gap (2J) is indicated below each panel. Spin densities are represented as isosurfaces. 
Red denotes negative phase of the spin density while blue denotes positive phase.  
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Figure 5.2. Isosurface of a- and b-LUMOs based on the T2/T3’ “dx2-y2” and T3 “dxy” 
respectively. The isosurfaces were obtained from the broken-symmetry state calculation.(6, 
8) 
 
 
 
 
Table 5.1. Energy of the high spin and broken symmetry spin state of the models of the RO 
state in Figure 5.1. The singlet-triplet energy gap (2J) is also shown. 

 Energy in kcal/mol 

 Model A Model B Model C Model D 

High Spin (HS) -14628.220 -14615.771 -14553.125 -14551.558 

Broken symmetry (BS) -14629.100 -14616.700 -14554.040 -14552.530 

Singlet-triplet gap (2J) 
2(BS-HS) 

-1.760  
(-616 cm-1) 

-1.858 
(-650 cm-1) 

-1.830 
(-640 cm-1) 

-1.944 
(-680 cm-1) 
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5.4 Supporting Information 
 
Model building 

The models for the RO state as shown in Figure 5.1 were built using the 
crystal structure 6s0o chain D and E (resolution of 1.80 Å) (7). The histidine ligands 
were replaced with imidazolyl and the Tyr109 (Figure 5.3) was replaced with a phenol 
to mimic only the side chain of these residues. The water/OH- ligand of the T2 site and 
the bridging OH- between the T3 copper ions were included. An additional conserved 
water molecule with a strong hydrogen bond with the bridging OH- was also included. 
The protons were modelled using the “AddH” algorithm as implemented in the 
program UCSF Chimera (12). The protons at the water/OH- ligand of the T2 site and 
the phenol were arranged as follows: model A: T2 site ligand of OH- with the phenolic 
-OH group directed away, model B: reorientation of T2 site OH- ligand in model A such 
that the phenolic -OH group can be directed towards it, model C: T2 site ligand of H2O 
and the phenolic -OH group directed away from it and model D: reorientation of the 
T2 site water ligand in model C such that the phenolic -OH can be directed towards it 
(Figure 5.1). These models were based on the hydrogen bonding pattern of the T2 site 
as shown in Figure 5.3. 
 

DFT calculation 
DFT calculations were done using Amsterdam density functional suite (13). 

During geometry optimization constraints were applied to reflect the crystal structure 
geometry of the TNC (14). The hydrogen atom replacing the side chain of the histidine 
ligands and the tyrosine were fixed. The dihedral angles defined by N-T3-T3’-N (T3 
and T3’ coppers are defined in Figure 5.1 and 5.3) were fixed to keep the eclipsed 
conformation. The angle of the oxygen atom from the water/OH- ligand of the T2 
copper relative to the histidine rings was fixed. This would prevent its artificial 
binding to the T3 histidine ligand. Solvent effects reflecting the protein dielectric 
environment was considered using conductor-like screening model as implemented in 
ADF suite with a dielectric constant of 4.0 (14, 15). Hybrid B3LYP (20% Hartree-Fock 
exchange) functional was used for all the calculations (16). A Slater-type basis set was 
used for all calculations (17). For geometry optimization double-z basis set was used 
for copper and nitrogen atoms while single-z basis set for the rest. For single-point 
broken-symmetry calculations the triple-z basis set was used for coppers and nitrogen 
atoms with a double-z basis for the rest. Broken-symmetry calculations were done by 
flipping the spin on the T3 copper ion (Figure 5.1).   
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