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Chapter 1 

 

Introduction 
 
 

The Road goes ever on and on, 

Down from the door where it began. 

Now far ahead the Road has gone, 

And I must follow, if I can, 

 

Pursuing it with eager feet, 

Until it joins some larger way 

Where many paths and errands meet. 

And whither then? I cannot say. 

    - John Ronald Reuel Tolkien 
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1.1 General introduction 
 

Enzymatic biofuel cells (EBCs) promise a sustainable and energy efficient 
future. It is a type of fuel cell that uses enzymes to catalyse redox reactions rather 
than precious non-renewable metals (platinum, palladium, ruthenium, etc.). A typical 
EBC oxidizes substrates at the anodic half, while reducing oxygen to water at the 
cathodic half. The anode can be functionalized with different enzymes depending on 
the application, for example using glucose dehydrogenase to oxidize glucose and act as 
biosensors for insulin delivery.(1) The cathode is usually functionalized with a 
multicopper oxidase (MCO), such as laccase, for the oxygen reduction reaction, due to 
their high efficiency and low required overpotential.(2, 3) The efficiency of a fuel cell 
is reflected by the power density of the system that represents the electron production 
rate.(2, 4) The traditional fuel cells can afford power densities in the order of a few 
kilowatts while the EBCs can generate power densities in the range of microwatts to 
milliwatts.(4) This limits the application of the EBCs to small devices, for example 
pacemakers (5), biosensors (6), wristwatches (7, 8), light-emitting diodes (9–11), music 
play back devices (12) and generating electricity from sunlight (13). Although there 
has been major advances in the application of EBCs, their commercial application 
remains elusive.(2, 14) It was estimated that an enzyme with a 100 nm2 cross section 
and an activity of 500 electrons per second can generate a current density of 80 
µA×cm‑2.(15) For practical applications a biofuel cell will require a current density of 
10 mA×cm-2 that will necessitate loading of thousands of monolayers of enzyme on the 
electrodes.(4, 15) This poses a considerable engineering problem in addition to the 
challenges of improving the electron transfer from the enzyme to the electrodes and 
the life time of the enzyme.  

One of the major contributors in defining the efficiency of a fuel cell is the 
oxygen reduction reaction at the cathodic half.(16) This reaction is a 4-electron 
reduction of molecular oxygen to water that has a reduction potential of 1.23 V. The 
major challenges in the oxygen reduction reaction that hinder the wide spread 
application of the fuel cells are the slow kinetics and the high required overpotential, 
which limits the thermodynamic efficiency to ~40-60%.(17) The origin of the 
overpotential is the strong dioxygen bond with a bond energy of 498 kJ/mol.(18) In a 
traditional fuel cell platinum or its alloy is used as the cathode catalyst, providing an 
overpotential of ~ 300 mV. However, its high cost renders industrial applications 
impractical.(17) In contrast, the EBCs uses laccase to perform the oxygen reduction 
reaction, with a very low overpotential of ~ 20 mV, and a turn-over rate of 2.1 O2 per 
laccase per second.(19) Although functionalizing laccase on the electrode seems 
promising, its limitations outweighs its effectiveness. The commonly encountered 
limitations are the enzyme instability, inhibition by high salt concentrations (³ 100 
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mM), low pH range of activity, large scale production of the enzyme and difficulty in 
achieving high packing densities due to the large size of laccase.(2, 17, 20) One way to 
overcome such limitations is to design an artificial “bio-inspired” catalyst.(20, 21) 
Extensive research is being carried out to synthesize efficient artificial catalysts for 
the oxygen reduction reaction based on the active site of laccase and in recent years 
several candidates were reported (Table 1.1, for a detailed list of copper based catalysts 
for oxygen reduction reaction (ORR), refer to Thorseth et al.(17)).(20) It is evident that 
most of the artificial catalysts are either mononuclear or binuclear copper complexes 
and the most efficient catalyst was reported to be Cu-Hdatrz (Table 1.1). However, the 
power density generated falls below the platinum based catalyst.(17) Ligand 
modification such as using pyridine, pyrrole, imidazole and triazole in association with 
bridging moieties between the copper centres were shown to improve the overall 
performance of the catalyst but the enzyme laccase remains the most efficient in terms 
of overpotential and turnover frequency per active site.(17, 20, 22) Improvement of the 
turnover frequency per site was reported for polymeric copper based catalysts, such as 
Cu(3, 3'-diaminobenzidine) (21), and self-assembled monolayer based systems (20), 
due to their high stability but minimal improvement was observed in terms of 
overpotential.(21)  

There are multiple factors affecting the efficiency of such “bio-inspired” 
catalysts. First, the geometry of the primary coordination sphere that can stabilize 
different binding modes of dioxygen results in different reaction mechanisms, i.e. 4e-

/4H+ conversion of dioxygen to water or 2e-/2H+ conversion of dioxygen to hydrogen 
peroxide.(22–24) The coordination of the active site in laccase (described in section 1.2) 
was shown to be in an “entatic state” with a distorted tetrahedral geometry, thereby 
attaining a conformation that compromises between the favoured geometries for Cu(I) 
and Cu(II) ions.(25–28) Such a state reduces the reorganization energy of the reaction 
and enables the protein to transfer electrons efficiently.(26, 27) In laccase, the type 1 
copper site (described in section 1.2) was studied extensively, showing that the 
reorganization energy was ~ 0.5 eV upon reduction of the copper ion by extracting an 
electron from substrate. In contrast, the reorganization energy of the substrate was in 
the range of 1.2 to 2.0 eV. This suggests that the geometry of the T1 site in the protein 
does not change much and is in an entatic state, while the geometry of the substrate 
does change.(25, 29) Creating an entatic state of the metal coordination in artificial 
catalysts poses a challenge for synthesis. A few successful attempts have been reported 
for a heme based oxygen activation system, and recently for copper based photoactive 
complexes, aiming for efficient electron transfer.(27, 30) 

 Second, it was shown that in the laccase second coordination sphere residues 
like aspartic acid or glutamic acid are important in regulating the proton chemical 
potential and stabilizing the intermediate states.(31–33) This idea was implemented 
in an iron-porphyrin based system with a carboxyphenyl group in the second 



Introduction 

 5 

coordination sphere where the carboxylic groups are oriented toward the redox centre, 
acting as a proton relay.(34) However, the overpotential was observed to be ~ 400 mV, 
20 times higher than that of laccase.  

This leads to the final factor that can affect the efficiency of these catalysts, 
the motions at the redox active site. Oxygen reduction catalysed by laccase is a 
complicated reaction comprising a series of steps, including several electron transfer 
steps, oxygen binding, bond breaking, proton transfers through the enzyme, 
protonation and water release (the detailed reaction mechanism in laccase is shown 
in section 1.2).(25, 29). The function of the enzyme is two-fold, lowering the activation 
barriers of each of the consecutive steps and ensuring that all steps occur in the desired 
order, avoiding side products. Enzymes speed up reactions by stabilizing transition 
states with favourable interactions in the active site. Lowering proton transfer 
barriers may require an enzyme conformation different from the one required to lower 
the barrier for oxygen-oxygen bond breaking. Thus, it seems almost inevitable that 
laccase uses different conformations during the catalytic cycle, implying motions must 
occur. Such a sophisticated approach of catalysis requires a system with many atoms 
and it may well be fundamentally impossible to mimic that with low molecular weight 
compounds (Table 1.1) in detail. Examples of such motions is ubiquitous in enzymes. 
For example in alcohol dehydrogenase the binding of substrate NAD+ causes 
conformational changes in the active site that reduces the barrier for proton 
transfer.(35) Similarly, the substrate free adenylate kinase was found to undergo 
preferred motions in µs-ms time scale to attain substates along the reaction 
coordinate.(36)  

Extensive studies on the dynamics at the TNC of laccase have not been 
reported but observations from crystal structures (PDB entries 2xu9 (37) and 3zx1 
(38)) show that active site histidine imidazole rings can attain two conformations 
without breaking the coordination with the coppers. Investigating the dynamics of the 
TNC at the atomic level is non-trivial. A crystal structure shows a time-averaged 
conformation. Nuclear magnetic resonance (NMR) spectroscopy in solution suffers 
from the large size of the enzyme, and line broadening caused by the paramagnetic 
copper ions. The research described in this thesis is based on paramagnetic NMR 
spectroscopy to probe motions or conformational heterogeneity at the TNC of a laccase. 
A two-domain small laccase from Streptomyces coelicolor (SLAC) (39) is employed, 
because of its thermostability, ease of large-scale production, resistance to high salt 
concentrations (~ 1 M) and pH ³ 7.0.(39–41) Although using SLAC directly on an 
electrode looks promising, the low turnover frequency and limited stability hinders 
upscaling for application.(42) This study can help in designing a functional framework 
for efficient “bio-inspired” oxygen reduction catalysts that can be applied for longer 
term usage. Maybe, a small low molecular weight protein or peptide mimic of the 
active site of laccase can be advantageous. 
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Table 1.1. Examples of oxygen reduction catalysts based on the active site of laccase. 
 

Catalyst Structure Ref. 

[Cu(tmpa)(L)]2+ 
tmpa = tris(2-pyridylmethyl) amine 

L = (trifluoromethanesulfonate)2 

 

 
 

(43) 

[CuII2 (N3) (H2O)2] (ClO4)4 
N3 = (− (CH2)3-linked (bis[2-(2-pyridyl) ethyl] 

amine)2)  
 
 

(23) 

[CuII (BzPY1) (EtOH)] (ClO4)2 
BzPY1 = N-Benzyl-N, N-bis(2-pyridinylmethyl) 

amine  
 
 

(23) 

Copper complex with polypyridine-polyamide 
ligand 

 
 
 

(44) 

[CuII2(LO)-(OH)]2+ 
[LO = bi-nucleating ligand with copper-

bridging phenolate moiety]  
 
 

(24) 
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[Cu2(Hdatrz)2(µ-OH2) (H2O)4(SO4)2] 
Hdatrz = 3,5-diamino-1,2,4-triazole 

 

(45) 

Cu3(7-N-Etppz (CH2OH)) 
Etppz = 3,3′‐(6‐(hydroxymethyl) ‐1,4‐

diazepane‐1,4‐diyl) bis(1‐(4‐ethylpiperazin‐1‐yl) 
propan‐2‐ol) 

 

 

 
 

(16) 

 
 
1.2 The multicopper oxidase: Laccase 
 

Laccase is a multi-copper oxidase (MCO) comprising two active sites, a type 
1 (T1) site for oxidizing substrates and a tri-nuclear copper centre (TNC) for the oxygen 
reduction reaction (Figure 1.1). The type 1 site is also known as the blue copper site 
and consists of a copper ion coordinated to a cysteine sulphur, and two histidine 
ligands. An additional axial methionine can coordinate the copper in case of the low 
(100 to 400 mV) redox potential laccases (Figure 1.2a and c). The TNC is comprised of 
a type 3 (T3) and a type 2 (T2) copper site. A T3 site is characterized by a binuclear 
copper centre in which each copper ion is coordinated by three histidine ligands and 
the copper ions are bridged by a hydroxide. A T2 site is characterized by a copper 
centre coordinated by two histidine ligands and a water derived ligand (water or 
hydroxide ion). The T1 and T2 sites are electron paramagnetic resonance (EPR) active, 
while the T3 site is EPR silent due to the strong antiferromagnetic coupling between 
the electron spins on the cupric ions.(25) 

 Laccases can be divided into two classes, three-domain monomeric laccases 
and two-domain trimeric small laccases (Figure 1.1). Three-domain laccases are 
further divided into low redox potential (100 to 400 mV) and high redox potential (> 
400 mV) laccases, based on the redox potential of the T1 site. Three-domain laccases 
are widely distributed among different domains of life, while the two-domain small 
laccases are found mostly in prokaryotes.(46) The T1 copper ions of the two-domain 
small laccases and the low redox potential three-domain laccases are coordinated by 
an additional axial methionine, which was shown to be the reason for their low redox 
potential.(47–49) For the three-domain laccases lacking this axial methionine ligand 
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and in combination with a hydrophobic environment of the T1 site, the high redox 
potential is high (Figure 1.2).(40, 48, 50) Both the two-domain small laccases and 
three-domain laccases were subjected to many directed evolution and site-directed 
mutation studies to raise the redox potential of the T1 site and to increase the high 
pH stability.(48, 50–52) In recent years, the T1 site of the two-domain small laccase 
was successfully modified to have a redox potential comparable to the high redox 
potential fungal laccases.(48, 50, 53) Table 1.2 shows the redox potential of different 
small laccases (for the detailed list of the redox potentials of different laccases refer to 
Mate et al. (49)). It is observed that replacing the methionine residues with more 
hydrophobic residues near the T1 site increases the redox potential drastically.(50) In 
addition to improving the T1 site redox potential, studies were performed to improve 
the activity of small laccase by site directed mutagenesis.(40, 54, 55) Table 1.3 
summarizes the mutants that showed higher activity than the wild type. Two such 
mutants have been reported, H165A, located near the T3 site, and Y230A, near the T1 
site (Figure 1.2). The increase in activity was attributed to enhanced accessibility of 
the copper ions and oxygen in the T3 site and improvement in substrate binding, 
respectively.(40, 55) 
 
Table 1.2. Redox potentials of the T1 sites of native small laccases and variants. 

 
 
Table 1.3. Small laccase mutants that showed higher substrate oxidation activity than wild 
type. 
 

Laccase Source Mutant 
Activity (mutant/wild type)  

(nM min-1 µg-1) 
Reference 

SLAC S. coelicolor Y230A 1.20/0.98 (40) 

SgfSL S. griseoflavus H165A 1.45/0.82 (55) 

 
 Also, the TNCs differ between the two-domain and three-domain laccases. In 
the former three TNCs are located at the interfaces of the three subunits, while in the 

Laccase Source 
Redox potential 

(T1 site) 
Reference 

SvSL S. viridochromogenes 350 ± 7 mV (56) 

Ssl1 S. sviceus 375 ± 8 mV  (50) 

SLAC S. coelicolor 430 mV (42) 

Ssl1 
M295L/M293G/M195A/V287N 

S. sviceus 560 ± 6 mV (53) 
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three-domain laccases, a single TNC is found at the interface of two domains (Figure 
1.1). In the small laccases the coppers in the TNC are coordinated by His Ne2 atoms, 
whereas in three-domain laccases one of the T3 coppers has a Nd1 as a coordinating 
atom. Residues in the second coordination sphere of the TNC are also different 
between small laccases and three-domain laccases. In the former, the second 
coordination sphere is mostly occupied by polar residues, except for I169 and A266. It 
has been hypothesized that due to this polarity near the TNC of the two-domain SLAC 
it has greater tolerance for high pH and high salt concentration.(54, 55) In three-
domain laccases most second shell residues are hydrophobic, except for the glutamates 
and aspartates near the T3 and the T2 sites (Figure 1.2). In three-domain laccases the 
aspartic/glutamic acid in the second coordination sphere of the T3 site was shown to 
be a proton donor, while the aspartate near the T2 site is an acceptor, keeping the total 
charge of the TNC constant during the proton transfer process of the oxygen reduction 
reaction (Figure 1.2e and f).(31, 32, 57) Similar arrangements of polar residues at the 
entrances of the water channel can be observed in the crystal structures of small 
laccases. Here, protons can be donated by the glutamine or serine near the T3 site and 
accepted by the aspartate near the T2 site. However, there is no experimental or 
theoretical proof for such a process in small laccase. A common feature of the two-
domain and three-domain laccases is the presence of a water channel that passes 
through the TNC (Figure 1.2d, e and f), providing the entry path for protons required 
for the formation of water. It was reported that the tyrosine near the T2 site is a unique 
feature of small laccase, as it allows free radical formation during the oxygen reduction 
reaction.(58–60) Recently, a study using side directed mutagenesis showed that 
His164 (Figure 1.2d; numbering from PDB 3cg8) acts a gatekeeper residue for 
dioxygen entry.(55) Mutating it to alanine increased the activity of the small laccase 
(Table 1.2).(55) Similar gatekeeper residue was not yet reported for the three-domain 
laccase. The structural, biochemical and sequence analysis of the two-domain small 
laccase and three-domain laccase suggests that they originated from a common 
ancestor and later differentiated to serve the same function in different conditions.(46)  
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Figure 1.1. (a) Crystal structure of two-domain laccase from S. coelicolor (PDB 3cg8).(61) 
The two-domain laccase forms a homotrimer in solution and the subunits are shown in red, 
blue and green, with the two domains in different shades. In subunit A the domains are 
marked D1 and D2. (b) Crystal structure of three-domain laccase from Trametes trogii (PDB 
2hrg) showing the three domains D1 in magenta, D2 in light blue and D3 in red.(62) The 
TNCs are located at the interfaces of subunits (a) or domains (b), while the T1 site is buried 
in a domain. 
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Figure 1.2. (a-c) T1 sites of small laccase from S. coelicolor (a),(61) the high redox potential 
three-domain laccase from T. trogii (b),(62) and the low redox potential three-domain laccase 
from an endospore coat of Bacillus subtilis (c).(63) (d-f) The water channels shown as the 
electron density surface of the water molecules in the TNC in the crystal structures of the 
laccases in panels (a-c). The double-sided arrows show possible proton transfer paths. 
Coordinating histidine ligands are shown as wire and second coordination sphere residues 
are shown as sticks. Red spheres are the bound water molecules. The copper sites are marked 
in panels a and d. 

 
 The oxygen reduction reaction is summarized in Figure 1.3 and 1.4b.(29, 32, 
58, 60, 64, 65) The resting oxidized (RO) state is reduced to the fully reduced (FR) state 
by four electrons that are provided by oxidation of substrates at the T1 site (Figure 
1.2, 1.3 and 1.4b). The FR state binds oxygen and reduces it to a peroxide intermediate 
(PI) state by two-electron transfer (Figure 1.4b). The subsequent conversion of the PI 
to the native intermediate (NI) state requires two more electrons. The third cuprous 
copper ion supplies one electron and the second can be obtained from either the 
tyrosine near the T2 site in small laccase or the T1 site (Figure 1.3 and 1.4b). In the 
small laccase from S. coelicolor (SLAC), the Y108 residue (Figure 1.2a) was reported 
to provide this electron to the T2 copper, when the T3 site copper ions are reduced 
(Figure 1.3).(58, 60) A similar observation was made for human ceruloplasmin, in 
which the tyrosine radical is formed during the conversion of RO state to the FR 
state.(58, 66) Without substrate the NI state is slowly converted to the RO state, while 
it is  rapidly converted to the FR state with excess of substrates present.(65) The basic 
structure for the catalytic motif of the TNC in the RO state is shown in Figure 1.4a.(32, 
65, 67) This structure is shared among all the laccases and is used for density 
functional theory (DFT) calculations. It is particularly suited for modelling entatic 
states since the overall charge and spin state of the catalytic motif can be defined 
without resolving spin and charge down to the level of individual magnetic ions and 
histidine side chains. This provides room for structural flexibility such as histidine 
ring motions at the active site. The modelling of the catalytic motif can also be aided 
by defining the redox couples during the oxygen reduction reaction (Figure 1.4b) where 
the charge and spin multiplicities are stated. For small laccases and human 
ceruloplasmin the tyrosine near the T2 site is also involved in the catalytic mechanism 
as mentioned above (Figure 1.3). The present model of the oxygen reduction reaction 
at the TNC however, does not consider the motions that can help in attaining a 
conformation that can reduce the energy barrier for electron and proton transfer.  
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Figure 1.3: Reaction mechanism of the oxygen reduction reaction in SLAC. The 
coordination of the coppers in the TNC is shown in the resting oxidized state with the T3 
coppers (blue) coordinated by three His Ne2 atoms each and the hydroxyl group, whereas the 
T2 copper (green) is coordinated by two His Ne2 atoms and a hydroxide/water.(32, 57, 65) 
The oxygen binding rates are shown for laccases from several organisms, SLAC from S. 
coelicolor, TvL from Trametes versicolor laccase and RvL for Rhus vernicifera laccase.(65) 
A tyrosine radical intermediate for SLAC is shown.(58) The formation of the tyrosine radical 
intermediate was reported only for small laccase and human ceruloplasmin.(66) The O atom 
is coloured red to show that it is from the oxygen molecule undergoing reduction. Only the 
stable intermediate states are denoted for the transition states in-between readers are 
referred to Solomon et al. (64, 65) 
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Figure 1.4: (a) The starting minimal model of the TNC in the RO state used by Solomon et 
al., to describe the reaction mechanism using DFT calculations.(32, 65, 67) The coordinating 
histidine ligands are replaced with the imidazolyl groups. The charges of the copper ions 
and the hydroxide ions are shown. (b) The redox couples describing the reaction mechanism 
of the oxygen reduction by the TNC. The spin multiplicities associated with each catalytic 
state, the charges of the copper ions and oxygen atoms are shown. In the reaction 𝑘 represents 
the rate of substrate oxidation at the T1 copper site and 𝑘!"#represents the intramolecular 
electron transfer rate. 

 

1.3 Paramagnetic nuclear magnetic resonance 
spectroscopy 
 

Studying the TNC with NMR spectroscopy is complicated by several factors. 
SLAC is a protein of more than 100 kDa in the native trimeric form, making the 
application of standard techniques for backbone assignment of resonances very 
challenging. However, the signals of nuclear spins around the coppers in oxidized form 
have properties that vary greatly from those of nuclear spins far away. The latter will 
have relatively short transverse and very long longitudinal relaxation times due to the 
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slow tumbling of the protein in solution, resulting in broad lines and long repetition 
times. For the nuclei interacting with the strong electron spins, which are on the cupric 
ions and delocalized over the ligands, the signals experience large chemical shift 
changes and strongly reduced relaxation times for both transverse and longitudinal 
relaxation. These features make it possible to selectively detect the signals of nuclear 
spins near the paramagnetic centres by rapid repetition of NMR scans, combined with 
long measurement times for sufficient signal-to-noise data and analysis of the spectral 
region outside the normal envelope of signals for non-paramagnetically shifted peaks. 
Paramagnetically tailored experiments are necessary to compensate for the short 
transverse relaxation times, which lead to rapid loss of coherence during the pulse 
sequence.(68) The observed chemical shift (𝛿!"#) is given by (68)  

 𝛿!"# = 𝛿$%& + 𝛿'() + 𝛿*() (1.1) 
where 𝛿$%& is the diamagnetic chemical shift, 𝛿'() the Fermi contact shift (FCS) and 
𝛿*() the pseudo-contact shift (PCS).  
 
Fermi contact shift 

The FCS is due to the additional magnetic field generated at the nucleus due 
to the time-averaged electron spin density that is delocalized from the nearby 
paramagnetic metal. It is a through bond interaction and is generally observed for 
nuclei that are £ 5 bonds away from the metal centre.(68) For a single metal centre, 
the 𝛿'() is given by  

 𝛿'() =
𝐴
ℏ
𝑔+𝜇,𝑆(𝑆 + 1)

3𝛾𝑘,𝑇
	 (1.2) 

where 𝐴 is the isotropic hyperfine coupling constant, 𝑔+ is the free-spin electron g 
factor with the value of 2.0023, 𝜇, is the electron Bohr magneton, ℏ is the reduced 
Planck constant, 𝛾 is the gyromagnetic ratio of the nucleus, 𝑘, is the Boltzmann 
constant,	𝑇 is the temperature in Kelvin and 𝑆 = 1/2, which is in this case the electron 
spin of the Cu(II) ion. 𝐴 is directly proportional to the spin density	𝜌 on the nucleus 
and is given by (68) 

 𝐴 =
2
3ℏ𝛾-𝜇,𝑔+𝜇.𝜌	 

(1.3) 

The sign of the FCS is determined by the polarization of the electron spin. If the spin 
is parallel to the external magnetic field, the sign is positive and if it is anti-parallel 
to the external magnetic field, the sign is negative.  

In the case of coupled multiple metal centers, as is the case for the TNC of 
laccase, the FCS is given by (68) 

 𝛿'() = 	𝐴
𝜇,𝑔+

ℏ𝛾-3𝑘,𝑇
∑ 𝐶/𝑆0(𝑆0 + 1)(2𝑆0 + 1)e

12("#)
3%4
5

6&7#

∑ (2𝑆0 + 1)e
12("#)

3%4
5

7#

 (1.4) 
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where 𝑆0 is the total electronic spin calculated by Kambe’s approach.(69–71) 𝐶/ is the 
ratio of the spin expectation value for the metal ion in Fermi contact with the 
respective nucleus and the total spin expectation value of all the coupled metal 
ions.(39, 68)	𝐸(7#) are the eigen values for all the states of 𝑆0.  

For a two-spin antiferromagnetically coupled system such as the T3 coppers 
in the RO state of the TNC equation 1.4 is expressed as (68) 

 𝛿'() =
𝐴
ℏ
𝑔+𝜇,
𝛾𝑘,𝑇

	8
e:

;<
3%4

=

1 + 3e:
;<
3%4

=
9 (1.5) 

where 2𝐽 is the energy different between the singlet (𝑆0 = 0) ground state and the 
excited triplet state (𝑆0 = 1). 

For a three-spin coupled system like the NI state of the TNC, the derivation 
is more complicated. Following Kambe’s approach (69–71), the total spin 𝑆0 of a three 
spin1/2 system can take values of 1/2, 1/2 and 3/2. The two coupled metal centers with 
spin 1/2 each, form a subunit that can have a spin 1 or 0 (𝑆/ + 𝑆> …	𝑆/ − 𝑆>). These states 
can interact with the third copper ion with spin 1/2. For the two-spin state 0 coupled 

to the third spin 1/2 a ground state >?; , 0@ can be identified, and for the two-spin state 

1 coupled to the third spin ½ a first excited doublet state >?; , 1@ and a second excited 

quartet state >@; , 1@ are possible due to the higher spin multiplicity for this 

arrangement.(64, 72).  
The expression for 𝐶/ depends on the relative strengths of the electronic J 

couplings between the metal centers in the TNC and is summarized in Table 1.4.(73) 
The energy levels can be calculated from the Heisenberg Hamiltonian for n interacting 
spins, (71) 

 𝐻B = −2C 𝐽/>𝑆/ ∙ 𝑆>
A

>B/C?
 (1.6) 

where 𝐽/> is the exchange coupling between 𝑆/ and 𝑆> spins and n=3. There will be in 
total 8 microstates (𝑀DEF, where xyz are the spin state of each spin) for a three coupled 
system. Operating the Hamiltonian in equation 1.6 on each microstate F𝑀DEFG𝐻BG𝑀DEF	H, 
we get and 8x8 matrix (M1) for the interaction. Solving for the eigenvalues, we get the 
expression for 𝐸(7#) for each of the energy states (ground state, the first excited doublet 
state and the second excited doublet state). The expression for 𝐸(7#) in different 
symmetric conditions of the J coupling (𝐽$%, 𝐽$&, 𝐽&%) between the copper pairs is 
summarized in (Table 1.5).(64, 71, 74) 
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Table 1.4. Expression for 𝐶' in equation 1.4 for a three spin 1/2 coupled system as in the 
native intermediate state of the TNC (Figure 1.3). (a) 𝐽$% = 𝐽$& = 𝐽&% = 𝐽 or	𝐽$% = 𝐽$& = 𝐽 ≠ 𝐽&% 
and (b) 𝐽$% ≠ 𝐽$& ≠ 𝐽&% 
 

States 
 

(a) (b) 

C1 C2 C3 C1 C2 C3 

I
3
2 , 1@ 1/3 1/3 1/3 1/3 1/3 1/3 

I
1
2 , 1@ 2/3 2/3 -1/3 

2𝛼K(1 − 𝛼;)
√3

+
2 − 2𝛼;

3  

−
2𝛼K(1 − 𝛼;)

√3

+
2 − 2𝛼;

3  

−
1
3

+
4𝛼;

3  

I
1
2 , 0@ 0 0 1 −

2𝛼K(1 − 𝛼;)
√3

+
2𝛼;

3  
2𝛼K(1 − 𝛼;)

√3
+
2𝛼;

3  1 −
4𝛼;

3  

 
where, 𝛼; = ?

;
(1 − ?

√?HD'
) and 𝑥 = √3 <('1<()

;<')1<('1<()
, assuming that 𝐽;@ is the strongest 

coupling.(73) 
 
 
 
Table 1.5: Eigenvalues for the states of 𝑆( with (a) 𝐽$% = 𝐽$& = 𝐽&% = 𝐽, (b) 	𝐽$% = 𝐽$& = 𝐽 ≠ 𝐽&% 
(c)  𝐽$% ≠ 𝐽$& ≠ 𝐽&%. 
 

Total spin 𝑆4 
Eigenvalues 𝐸(7*) 

(a) (b) (c) 

3/2   | @
;
, 1⟩ −3

𝐽
2 −

1
2
(2𝐽 + 𝐽;@) −

(𝐽?; + 𝐽;@ + 𝐽?@)
2  

1/2   | ?
;
, 1⟩ 3

𝐽
2 2𝐽 − 𝐽;@ 2Q  (𝐽?; + 𝐽;@ + 𝐽?@)

2 + 𝑋 

1/2   | ?
;
, 0⟩ 3

𝐽
2 3(𝐽;@)

2  
(𝐽?; + 𝐽;@ + 𝐽?@)

2 − 𝑋 

 

𝑋 = S𝐽?;; + 𝐽?@; + 𝐽;@; − 𝐽?;𝐽?@ − 𝐽?;𝐽;@ − 𝐽?@𝐽;@ 
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Matrix M1 calculated by operating Hamiltonian in equation 1.6 on each microstate (𝑀DEF) 
of a TNC with 3 coupled Cu2+ ions. (↑	= 1/2 and ↓	= 	−1/2) 
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The paramagnetic effect is temperature dependent, for two reasons. With 
increasing temperature, the populations of the low and high energy levels of an 
electron spin will become more similar, reducing the time-averaged effect on the 
nuclear spin, thereby decreasing the FCS (Curie behaviour). For coupled systems, 
increasing the temperature and thus 𝑘,𝑇, increases the population of the excited S = 
1 energy level, so enhancing the paramagnetic effect on the nuclear spin and thus, 
increasing the shift with temperature (anti-Curie behaviour).(68) Therefore, Curie 
behaviour is usually observed for signals of nuclear spins near a single copper site, 
while anti-Curie behaviour is observed for signals of spins near a coupled metal centre 
with a coupling strength of > 200 cm-1.(68) 
 

Pseudo-contact shift 
The PCS is the contribution from the dipolar interaction of the time-averaged 

unpaired electron spin with the surrounding nuclear spins. It is due to the anisotropy 
of the magnetic susceptibility tensor (c) of the metal ion that is observed e.g. when the 
metal ion has spin S  ³ 1/2 with a significant zero field splitting.(75) The metal ion 
contribution to the PSC (in ppm) is given by (76, 77) 

 𝛿*() =
1
4𝜋

10I

2𝑟@ V
(1 − 3cos;𝜃)(𝜒FF − 𝜒\) + sin;𝜃cos2𝜑`𝜒EE − 𝜒DDab (1.7) 

where 𝜒DD, 𝜒EE and 𝜒FF are the principal axis components of the susceptibility tensor 

with isotropic 𝜒\ = ?
@
(𝜒EE + 𝜒DD + 𝜒FF), 𝜃 is the angle between the unit vector along the 

metal-ligand nuclei and the direction of the 𝜒FF of the susceptibility tensor, 𝑟 is the 
distance from the metal ion nucleus to the ligand nucleus and 𝜑 is the angle between 
the projection of unit vector along the line joining the metal and ligand nuclei in the 
𝑥𝑦 plane and the 𝑥 axis. If the electronic excited state is not thermally accessible at 
temperatures used for EPR and NMR studies, i.e. the ground state is far below any 
excited state, then the 𝜒-tensor is proportional to the 𝑔-tensor, which can be measured 
by EPR spectroscopy, according to (75, 76) 

 𝜒// =
𝜇.𝜇,; 	𝑆(𝑆 + 1)

3𝑘,𝑇
𝑔//; , (1.8) 

where 𝜇, is the Bohr magneton (9.2740 x 10-24 J T-1), 𝑆 is the electronic spin with S = 
1/2 for a single Cu2+, 𝑘, is the Boltzmann constant (1.3807 x 10-23 J K-1), 𝜇. is the 
permeability of the vacuum (4p x 10-7 kg m s-2 A-2) and 𝑇 is the temperature in Kelvin. 
Substituting equation 1.8 in equation 1.7, the PCS is given by (76)  

 
𝛿*() = 10I

𝜇.𝜇,; 	𝑆(𝑆 + 1)
4𝜋9𝑘,𝑇𝑟@

ef𝑔FF; −
1
2	`𝑔DD

; + 𝑔EE; ag (1 − 3cos;𝜃)

+ h
3
2	`𝑔EE

; − 𝑔DD; asin;𝜃cos2𝜑ij. 
(1.9) 

For SLAC-T1D, it was reported that there is a low lying excited state which is ~125 
cm-1 (39) above the ground state and can be accessible at temperatures > 175 K. Since 
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the NMR experiments were done at temperatures between 278 – 303 K, this excited 
state has to be taken into account to estimate the contribution of the PCS. For such a 
system the 𝜒-tensor from equation 1.8 is defined as:(71) 

 𝜒// =
𝜇.𝜇,;

3𝑘,𝑇
𝑔//;
∑ 𝑆0(𝑆0 + 1)(2𝑆0 + 1)e

12("#)
3%4
5

7#

∑ (2𝑆0 + 1)e
12("#)

3%4
5

7#

, (1.10) 

where 𝐸(7#) is given by expressions in Table 1.5 for different symmetric conditions of a 
three-coupled spin system (Figure S2.10b) and 𝑆0 is same as defined before. Using 
equation 1.10, equation 1.9 can be rewritten as: 

 

𝛿*()

= 10I
𝜇.𝜇,;

4𝜋9𝑘,𝑇𝑟@
ef𝑔FF; −

1
2	`𝑔DD

; + 𝑔EE; ag (1 − 3cos;𝜃)

+ h
3
2	`𝑔EE

; − 𝑔DD; asin;𝜃cos2𝜑ij
∑ 𝑆0(𝑆0 + 1)(2𝑆0 + 1)e

12("#)
3%4
5

7#

∑ (2𝑆0 + 1)e
12("#)

3%4
5

7#

 

(1.11) 

Using equation 1.11 one can estimate the PCS contribution to the observed chemical 
shift (equation 1.1). It can be used to refine the structure of the metalloproteins by 
providing distance restraints.(68)  
 
Paramagnetic NMR of laccase  

The Cu2+ ions at the TNC exhibit a strong magnetic coupling that alleviates 
the problem of the line broadening observed in isolated type 1 copper proteins.(68) The 
two antiferromagnetically coupled coppers (Figure 1.3) at the T3 site of the RO state 
behave as a diamagnetic system at low temperatures (< 100 K), however, at elevated 
temperatures (> 100 K), low lying excited states are populated that are paramagnetic 
(S = 1), resulting in paramagnetically shifted NMR resonances from the surrounding 
nuclei.(68, 78) The strong coupling between the coppers at the T3 site increases the 
electronic relaxation rate of the electron spins, reducing the paramagnetic broadening 
of nuclear resonances. The T2 site is not (strongly) coupled to the T3 coppers in the 
RO state, so the relaxation time of the electron spin is much longer, resulting in 
broadening beyond detection of resonances for nearby nuclear spins. In the NI state 
however, nuclei near to all the three coppers in the TNC are observed because the T3 
and T2 sites are coupled via an oxygen atom (Figure 1.3), forming a frustrated spin 
system with a spin multiplicity of 2, which results in rapid electronic relaxation and 
relatively narrow lines for nuclear resonances. In this thesis a small laccase from S. 
coelicolor (SLAC) was used. To study the TNC, a mutant was employed in which the 
cysteine C288 coordinating the T1 copper ion (Figure 1.2a) was mutated to serine, 
depleting the T1 site of copper (SLAC-T1D). It was found that for this variant the NI 
state is dominant (Chapters 2 and 3), while for the wild type SLAC the RO state is 
most populated (Chapter 4).(73)  
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Paramagnetic ions decrease the spin lattice relaxation time (T1) of the nearby 
nuclei to a few milliseconds compared to the more distant nuclear spins, which have 
T1 times of hundreds of milliseconds. The water eliminated Fourier transform (WEFT) 
pulse sequence (Figure 1.5a) capitalizes on these differences of the T1 times to observe 
signals from nuclei close to the paramagnetic metal centre.(68, 79) Coupled with rapid 
pulsing with an inter-scan delay of a few ms, the WEFT pulse sequence can specifically 
detect the signals from nuclei experiencing the paramagnetic relaxation 
enhancement.(68) The temperature dependence of the 1H chemical shift from the NI 
state of SLAC-T1D was shown to consist of resonances having three different 
behaviours, Curie, anti-Curie and no-Curie.(73) This strongly suggests the presence of 
more than one coupling between the copper ions because for a single coupling a single 
temperature dependency is expected for all the resonances.(80, 81) Since in the NI 
state all the three copper ions at the TNC are coupled, three different couplings can 
be present (Figure 1.3). The coupling strengths J were reported to be -150 cm-1, -120 
cm-1 and -80 cm-1, (73) corresponding to the 𝐸(7*) values (expression from Table 1.5 for 
the general case where 𝐽$% ≠ 𝐽$& ≠ 𝐽&%) of -235 cm-1, -114 cm-1 and 175 cm-1 for the ground 
state, first excited doublet state and the second excited quartet state respectively. This 
results in a low-lying excited state at 121 cm-1, which is in close agreement with the 
variable temperature MCD measurement that placed this state at 150 cm-1.(73, 82) 
These observations suggest a triad configuration of the NI state with three copper ions 
coupled to each other with different strength.(73, 82) In contrast, for the wild type 
SLAC the temperature dependence of the 1H chemical shift shows a single Cu-Cu 
coupling consistent with the RO state.(73)  

The above observations confirm the magnetic character of the NI and the RO 
states. To characterize underlying motions at the TNC multidimensional NMR 
experiments are needed. The 2D exchange spectroscopy (EXSY)(83) (Figure 1.5b) was 
reported to reveal chemical exchange process in the paramagnetic systems.(68, 84, 85) 
Nuclear Overhauser enhancements (NOE) can also be present in the EXSY spectrum 
because exchange and cross relaxation can both occur during the mixing time, in which 
magnetization is longitudinal. Chemical exchange can be distinguished from NOE 
signals by the temperature dependence of the volume integral of cross peaks. The 
volume of the NOE cross peak will not change much with increasing temperature, 
while it does increase for the exchange cross peak because the exchange rate is 
temperature dependent.(68) In this work, the EXSY/NOESY (Figure 1.5b) pulse 
sequence was used to identify chemical exchange processes and NOE cross peaks 
between protons at the TNC of SLAC (Chapters 2 and 3). 2D 15N-1H heteronuclear 
experiments can also be performed to determine the type of heteroatom a 
paramagnetically shifted 1H resonance is attached to.(68, 86) The evolution period in 
such experiments is optimized, based on the transverse relaxation time (T2) of the 
paramagnetically shifted proton resonances.(68) In this study the paramagnetically 
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tailored 2D 15N-1H heteronuclear multiple quantum coherence (HMQC) (Figure 1.5c) 
was used to correlate 15N and 1H nuclei via 1J coupling (Chapters 2 and 3).(87) 
 

 
Figure 1.5. NMR pulse sequences to study the TNC of small laccase from S. coelicolor. (a) 
1D water eliminated Fourier transfer (WEFT), where d2 is the WEFT delay,(79) (b) 2D 
EXSY/NOESY where tmix is the mixing time (83) and (c) 2D 15N-1H HMQC, where t is the 
magnetization transfer delay and DEC is the decoupling.(87) A continuous wave water 
saturation (SAT) is used during the interscan delay (d1). The incremental delay or the 
evolution time t1 and the acquisition time t2 are shown in panels b and c. Open and filled 
rectangles represents p/2 and p pulses, respectively. 
 
 

1.4 Aim and Scope 
 
 Motional information about the TNC of SLAC is absent, yet it is expected that 
switching between conformations of the enzyme will be important in catalysing the 
successive steps of the four-electron reduction of molecular oxygen. The aim of the 
thesis is to lay the groundwork for detailed studies of the catalysis by laccase and the 
role of motions using NMR spectroscopy. Signals of nuclear spins very close to the site 
of oxygen reduction can be used as spies to report on structure and dynamics, provided 
the signals can be assigned to specific nuclei. A large part of the work presented in 
this thesis is focussed at that goal. In Chapter 2 the presence of chemical exchange 
in the copper ligands in the TNC of the SLAC-T1D is reported. Chapter 3 shows the 
first sequence specific assignment of the resonances to the T2 site histidine ligands by 
comparing SLAC-T1D and a double mutant SLAC-T1D/Y108F. In addition, the NMR 
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spectral regions of NI and RO states in SLAC-T1D are characterized in detail. In 
Chapter 4 the NMR spectrum of SLAC-wt, its comparison with SLAC-T1D and 
assignment of T3 site histidine ligands using a double mutant SLAC-T1D/Q291E are 
reported. The role of the second shell residue Gln291 in stabilizing the RO state is 
demonstrated. Chapter 5 discusses the results of quantum mechanical calculations 
on the RO state of the TNC. These calculations can be a step towards resonance 
assignment. Solid-state NMR (ssNMR) was shown to provide picometer resolution of 
the copper site in superoxide dismutase.(88) In addition, measuring the dipolar 
coupling strength of the nuclei near the copper center can provide us with motional 
information. Optimization and parameterization of suitable pulse sequences for 
application of ssNMR to laccase is important. This is shown in Chapter 6 on a model 
copper compound. Chapter 7 presents the general discussion and outlook. 
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