Universiteit

4 Leiden
The Netherlands

Deciphering the complex paramagnetic NMR spectra of small laccase
Dasgupta, R.

Citation
Dasgupta, R. (2021, June 15). Deciphering the complex paramagnetic NMR spectra of small
laccase. Retrieved from https://hdl.handle.net/1887/3188356

Version: Publisher's Version
Licence agreement concerning inclusion of doctoral thesis in the

Institutional Repository of the University of Leiden
Downloaded from: https://hdl.handle.net/1887/3188356

License:

Note: To cite this publication please use the final published version (if applicable).


https://hdl.handle.net/1887/license:5
https://hdl.handle.net/1887/license:5
https://hdl.handle.net/1887/3188356

Cover Page

The handle https://hdl.handle.net/1887/3188356 holds various files of this Leiden
University dissertation.

Author: Dasgputa, R.
Title: Deciphering the complex paramagnetic NMR spectra of small laccase
Issue Date: 2021-06-15


https://openaccess.leidenuniv.nl/handle/1887/1
https://hdl.handle.net/1887/3188356
https://openaccess.leidenuniv.nl/handle/1887/1�




Rubin Dasgupta
Deciphering the complex paramagnetic NMR spectra of small laccase
Ph.D. thesis, Leiden University, Leiden, The Netherlands

ISBN/EAN: 978-94-92597-75-5
Printed by PRINTSUPPORT4U || www.printsupport4u.nl
Cover design by Rubin Dasgupta

This research was financed by Leiden University and Netherlands’
Magnetic Resonance Research School (NWO-BOO 022.005.029). The
use of the uNMR-NL ultrahigh-field nuclear magnetic resonance facility
was sponsored by the national roadmap for the large-scale NMR facility
in the Netherlands (NWO grant number: 184-032-207).



Deciphering the complex paramagnetic
NMR spectra of small laccase

Proefschrift

ter verkrijging van
de graad van doctor aan de Universiteit Leiden,
op gezag van rector magnificus prof.dr.ir. H. Bijl,
volgens besluit van het college voor promoties
te verdedigen op dinsdag 15 juni 2021
klokke 13:45 uur

door
Rubin Dasgupta

geboren te Kolkata, India
in 1992



Promotiecommissie

Promotors:

Promotiecommissie:

Overige

commissieleden:

Prof. dr. M. Ubbink
Prof. dr. H. J. M. de Groot

Prof. dr. H. S. Overkleeft (voorzitter)
Prof. dr. M. Koper (secretaris)

Prof. dr. G. W. Canters (Leiden University, The
Netherlands)

Prof. dr. C. Luchinat (University of Florence, Italy)
Dr. K. Petzold (Karolinska Institute, Sweden)

Dr. P. Schanda (Institut de Biologie Structural,

Grenoble, France)



For everything good in the world
ad ¥a=q giEeT:



Table of Contents

List of abbreviations........cccceeeeeciiiiiiiee e
IR o hneTe L0 Te] T2 s DA OO
1.1  General Introduction........ccuueeeueeineeinreineieeieeieeie e eeeeeneens
1.2 The multicopper oxidase: LacCase.....ccccviuveierriienieneneeneneenennnnnn.
1.3 Paramagnetic nuclear magnetic resonance.............ccceceeeevveeeennennn.
1.4 AIM ANd SCOPE.cutntnieitiiiteeieteieeeteeneteeeeeetereeneeeeseenesernesnens
1.5 References....ccuuiiuiiiiiiiiieiie e

2. Chemical exchange at the tri-nuclear copper center of small

laccase from Streptomyces coeliCOlor.............uuuiiiiiieeecciiiiiiiiieeeeeeeeeeeeean,
2.1 INtroduction.......ceeuiienieiniiieei ettt et e e e
2.2 Results and DiSCUSSION.....c.uiiuurirniiiriiriierii et et et eeneenene
2.3 CONCIUSION. ..uituiiiiii ettt e et e e e e eenes
2.4 Supporting Information..........cceeueeiiiiiiiiiiiiiiiie e,
2.5 RefOrenCes. . ccuuiiuiiiiiieiie et

3. Towards resolving the complex paramagnetic NMR spectrum of

small laccase: Assignment of resonances to residue specific nuclei....

3.1 INtroduction.......cceuvieniieiiiiiirii ettt et et e ee e e e
3.2 Results and DiSCUSSION.....c.uviuuiirniiiriiiiirie et et et eeieeeneeeneae
3.3 CONCIUSION. ..uituiiiiii ettt ea et et e e e e eenes
3.4  Supporting Information..........cceeeeeiiiiiiiiiiiiiiiie e,
3.5 RefOrenCes...ccuuiiuiiiiiieiiie it

4. The resting oxidized state of small laccase analyzed with

paramagnetic NMR SpectroSCOPY....cccuueieueiiuiiiieiiieeiieeiieeieeieeeneennnnns

7508 N X oY AU e1 1 Lo ) o WU



4.2 Results and DiSCUSSION.....cuiuiuiininiiiiitiiiieieeeeeeeaeeeeeeenenes 79

4.3 CONCIUSION. . uituiiniiiiii ettt e et e et et e e e e eeneeenes 88
4.4  Supporting Information..........cceeeeeiiiiiiiiiiiiiiiie e, 89
4.5 RefOreNCes. . ccuuiiuiiiiiieiie ittt ettt et et e eaes 97
5. Electronic structure of the tri-nuclear copper center in the resting
oxidized state for small 1accase........ceeueeiuiiiniiiiiiiiiiiiiieeie e 100
5.1 INtroduction.......cceuveeniieniineiiiiieei ettt e e e e e e eneen 101
5.2 Results and DiSCUSSION......ccuuiirniiiniiiriiriirii e eeeeeanens 101
5.3 CONCIUSION. ..uituniiiiiiiiii ettt et e e e e eenes 102
5.4  Supporting Information..........cceeeveiiiiiiiiiiiiiiiie e, 105
5.5 RefOrenCes. . ccuuiiuiiiiiieiiieii ettt e e 106
6. Dipolar dephasing for structure determination in a strongly
paramagnetic eNVITONIENT.....vie i it etriieeeeieeeeeeeeeeenreeenereeneraeneenees 108
6.1  INtroduction.......ccuuvieniiiniiiiiiriieii ettt e e et e e e e eeneaen 109
6.2 Results and DiSCUSSION......ccuuiirniiinriiriiriirei e e e eeeeeanees 111
6.3 CONCIUSION. ..uivuniiniiiiii ettt et et et e e e e eeneenes 116
6.4 Supporting Information..........cceeeeeiiiiiiiiiiiiiiiie e, 117
6.5 RefOrenCes....cuciiuiiuiiiiiieii ettt 124
7. General Discussion and Prospects.....cccveeveeerieiiriiiiniieieeieeeeieeneanen. 128
10010107 1 2NN 138
SAMENVALEIIIG . cevuitniiiiiiiie e e e et et et e e e e e e e e e e eneeeansansenennaens 140
CUrriCUIUM VIEAC. .cuuieeiii ittt ettt et et et e e e e e eneenaas 142

List Of PUbliCations...uuu e iuieiniiiiiit et e e e eae e e eenens 143



List of abbreviations

BMRB
BS
DFT
EBC
EPR
EXSY
FCS
FR
FWHM
HMQC
HS
INEPT
MAS
MCD
MHz
NI
NMR
NOESY
PCS

PI
REDOR
RF

RO
SHAP
SLAC
ssNMR
T1

T2

T3
TEDOR
TNC
WEFT

wt

Biological magnetic resonance bank
Broken symmetry

Density functional theory
Enzymatic biofuel cell

Electron paramagnetic resonance
Exchange spectroscopy

Fermi contact shift

Fully reduced

Full width at half of the maximum
Heteronuclear multiple quantum coherence
High spin

Insensitive nuclei enhancement by polarization transfer
Magic angle spinning

Magnetic circular dichroism
Megahertz

Native intermediate

Nuclear magnetic resonance
Nuclear Overhauser effect spectroscopy
Pseudo-contact shift

Peroxide intermediate

Rotational echo double resonance
Radiofrequency

Resting oxidized

Short high-power adiabatic pulse
Small laccase

Solid-state NMR

Type-1 copper site

Type-2 copper site

Type-3 copper site

Transferred-echo double resonance
Tri-nuclear copper center

Water eliminated Fourier transform

Wild type



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



Introduction

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 nm? cross section
and an activity of 500 electrons per second can generate a current density of 80
pA-cm2.(15) For practical applications a biofuel cell will require a current density of
10 mA-cm2 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 kd/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 Oz 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 (= 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(Il) 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
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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 ps-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 > 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.
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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 T'1
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.

Redox potential

Laccase Source . Reference
(T1 site)
SvSL S. virtdochromogenes 350+ 7 mV (56)
Ssl1 S. sviceus 375+8 mV (50)
SLAC S. coelicolor 430 mV 42)
Ssl1 )
S. sviceus 560 + 6 mV 53)

M295L/M293G/M195A/V287N

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

type.

Activity (mutant/wild type)
Laccase Source Mutant ] Reference
(mM min-! pg1)

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
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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 N81 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 1169 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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3cg8 (2.68 A)

2hrg (1.58 A)

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 DI and D2. (b) Crystal structure of three-domain laccase from Trametes trogii (PDB
2hrg) showing the three domains DI 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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Resting oxidized
Fully reduced

’?H
— Cu?t— OH* + 4™ H,0 or HyO + H*

N ~
_2+Cy—-0—Cu_ \_/4
I

0,

SLAC: ~ 3x105 M-'s!
TvL: ~10x10° M's!

RvL: ~ 20x105 M's™

N "4

5 o] H*
«—> [
CTJZ* CL‘F* Peroxide intermediate
02 02
2“'Cu<o_>Cu2" 2“'Cu<o_>Cu2"
i i
Cu?+ Cu'l+
Native intermediate Tyr radical intermediate

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 N&2 atoms and a hydroxide/water.(32, 57, 65)
The oxygen binding rates are shown for laccases from several organisms, SLAC from S.
coelicolor, TuvL 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 TINC. 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'ET 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 (§,,s) is given by (68)
Sobs = Sdia * Orcs + Spcs (1.1)

where §4;, is the diamagnetic chemical shift, dgcg the Fermi contact shift (FCS) and
Opcs 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 8pcs is given by

P AgeupS(S+1)

FCS ™ h  3ykgT

where A is the isotropic hyperfine coupling constant, g. is the free-spin electron g

(1.2)

factor with the value of 2.0023, ug is the electron Bohr magneton, # is the reduced
Planck constant, y is the gyromagnetic ratio of the nucleus, kg 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(Il) ion. A is directly proportional to the spin density p on the nucleus
and is given by (68)

2
A =31k Getop (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)

—E(ST)/
Uge XcisyCiST(ST+ 1D(2ST+ De keT
hy13kBT

5FCS =A (14)

—E(sT>/
ZST(ZST + 1)e kgT
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where St 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(sy are the eigen values for all the states of Sr.

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)

A gelin e(sz_]T)
Orcs = RyksT (ﬂ) 1.5)
1+ 3e‘ksT

where 2] is the energy different between the singlet (Sp = 0) ground state and the
excited triplet state (St = 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 S; of a three
spinl/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; — §;). 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 E, O) can be identified, and for the two-spin state
1 coupled to the third spin % a first excited doublet state E, 1) and a second excited

quartet state E,l) 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)
n
j>i=1

where J;; is the exchange coupling between §; and S; spins and n=3. There will be in

total 8 microstates (M,,,, where xyz are the spin state of each spin) for a three coupled

yzs
system. Operating the Hamiltonian in equation 1.6 on each microstate (Mxyzlﬁ |Mxyz ),
we get and 8x8 matrix (M1) for the interaction. Solving for the eigenvalues, we get the
expression for Eg for each of the energy states (ground state, the first excited doublet
state and the second excited doublet state). The expression for E(g, in different

symmetric conditions of the < coupling (J;3, /12, J»3) 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). (@) J13 =J12 =Joz3 =] orJi3 =J12 =] # J23
and (b) J13 # J12 # J23

States (a) (V)
Ci C GCs C: Cs Cs
3
= 1) U3 13 13 13 1/3 1/3
20/ (1 — a?) 20/ (1 — a?) 1
1 1) 293 203 —1/3 V3 V3 3
2 L2 L2 LA
3 3 3
1 — g2 2 — 2 2 2
_’0> 0 0 1 _Za 1 a)+2i 2a4/(1 a)+2i 1_4&
2 3 3 NE] 3 3
2=l — 3 Ju"hs : :
where, a“ = > 1 W) and x \/§2]23_112_]13, assuming that J,; is the strongest

coupling.(73)

Table 1.5: Eigenvalues for the states of Sg with (@) J13 =Ji2 =J23 =/, (b) J13 =J12 =] # J23
(¢) J1z # J1z # J23-

Eigenvalues Es,,
Total spin Sy

(a) (b) (©
32 12,1) _3é _%(2] L) Ui +];3 +/13)
12 151 3é 2 )23/, (12 +];3 tha) , o
12 3,0) 3é 3(1223) U1z +];3 )

X= J]lZz +]132 +]232 _]12]13 _]12]23 _]13]23
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Matrix M1 calculated by operating Hamiltonian in equation 1.6 on each microstate (My,,,)

of a TNC with 3 coupled Cu?*ions. T=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 kgT, 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 cm1.(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 (y) of the metal ion that is observed e.g. when the
metal ion has spin S > 1/2 with a significant zero field splitting.(75) The metal ion
contribution to the PSC (in ppm) is given by (76, 77)

1 10° - .
Spcs = Eﬁ{(l —3c0820) (xzz — ¥) + sin?0cos2¢(Xyy — Xxx)} 1.7

where .y, Xy, and x,, are the principal axis components of the susceptibility tensor
with isotropic ¥ = %()(yy + Xxx + Xz2), 0 1s the angle between the unit vector along the

metal-ligand nuclei and the direction of the y,, of the susceptibility tensor, r is the
distance from the metal ion nucleus to the ligand nucleus and ¢ 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 y-tensor is proportional to the g-tensor, which can be measured
by EPR spectroscopy, according to (75, 76)

Y= Hos S +1) 72

3kgT

where pg is the Bohr magneton (9.2740 x 102¢ J T-1), S is the electronic spin with S =
1/2 for a single Cu2*, kg is the Boltzmann constant (1.3807 x 1023 J K1), p, is the

permeability of the vacuum (47 x 107 kg m s2 A2) and T is the temperature in Kelvin.

(1.8)

Substituting equation 1.8 in equation 1.7, the PCS is given by (76)
2
poug S(S+1) 1
dpcs = 10° ~AnOkgTr? 922 =5 (93 + g3y) ) (1 = 3cos?6)
3 1.9
+ (E (93, - g,%x)sinZQCOSZqo)}.
For SLAC-T1D, it was reported that there is a low lying excited state which is ~125

cm-! (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 y-tensor from equation 1.8 is defined as:(71)

5 —E<ST)/

Uollh 5 Xsp St(St+ 1)(251 + e kegT

Xii = Yii )
3kgT

. —E(sT)/ (1.10)
5, (251 + 1)e ksT
where E(s, is given by expressions in Table 1.5 for different symmetric conditions of a
three-coupled spin system (Figure S2.10b) and St is same as defined before. Using
equation 1.10, equation 1.9 can be rewritten as:

6PCS

2
HoMs 1
= 106w{<g§z - E (g,%x + g;y)) (1 - 3C0529)

—E(ST)/ (1.11)
ZST ST(ST + 1)(25'1‘ + 1)e kT

3 .
+ (E (92, - g,%x)smzecosZ(p)} —E(sT)/
ZST(ZST + 1)e kgT
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 Cu?* 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 H 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 / were reported to be -150 cm-1, -120
cm! and -80 cm-L, (73) corresponding to the E(sy values (expression from Table 1.5 for
the general case where J;5 # J;, # J»3) of -235 em'?, -114 cm! and 175 ecm-! 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-!, which is in close agreement with the
variable temperature MCD measurement that placed this state at 150 cm1.(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 'H 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 >N-!H heteronuclear
experiments can also be performed to determine the type of heteroatom a
paramagnetically shifted 'H 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 »N-!'H heteronuclear multiple quantum coherence (HMQC) (Figure 1.5¢)
was used to correlate 15N and 'H nuclei via 1J coupling (Chapters 2 and 3).(87)

(a) WEFT (b) EXSY/NOESY

tz
n n/2 2

—— ] U/\V/\V/\Vm S WJ/\V/\V/\VA

(c) 15N — "H HMQC

N ] | e
1H /2

t1 tz
(T [«—>
Al e PELEN /\
SAT . u \/\V/\VI\

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 7 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 n/2 and n 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 GIn291 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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Chapter 2

The tri-nuclear copper center (TNC) of laccase reduces oxygen to water with very little
overpotential. The arrangement of the coppers and ligands in the TNC is known from
many crystal structures, yet information about possible dynamics of the ligands is
absent. Here, we report dynamics at the TNC of small laccase from S. coelicolor using
paramagnetic NMR and EPR spectroscopy. Fermi contact-shifted resonances
tentatively assigned to histidine H&1, display two-state chemical exchange with
exchange rates in the order of 100 sl. In the EPR spectra, at least two forms are
observed with different g, values. It is proposed that the exchange processes reflect

rotational motion of histidine imidazole rings that coordinate the coppers in the TNC.

2.1 Introduction

Laccases reduce dioxygen to two water molecules at the tri-nuclear copper
center (TNC) by oxidizing a broad range of substrates at the type 1 (T1) site, with very
little overpotential,(1) making them potentially interesting proteins for enzymatic
biofuel cells. The TNC (Figure 2.1d and 1.4a) comprises a type 3 (T3) site with two
coppers and a type 2 (T2) site with a single copper. The T1 site is linked to the TNC
via a conserved HCH motif and the two are separated by ~ 13 A (Figure 1.3). This
conserved motif provides a fast route for electron transfer from the substrate via the
T1 site to the TNC for Oz reduction to water. Crystal structures of laccases (2—8) have
helped in modelling the catalytic mechanism of Oz reduction.(2, 4) The current model
for the catalytic mechanism for Oz reduction at the TNC is summarized in Chapter 1
(Figure 1.3). In brief, the resting oxidized (RO) state is converted to fully reduced (FR)
state by receiving four electrons from substrate oxidized at the T1 site. The FR state
can bind oxygen and is converted to peroxide intermediate (PI) state by transferring 2
electrons to the oxygen molecule hence forming a peroxide. The PI state is converted
to native intermediate (NI) state, in which the oxygen bond has been cleaved and all
the coppers in the TNC are coupled via an oxygen atom. This NI state can slowly be
converted to RO state in the absence of the substrate or directly go into the FR state
in the presence of the substrate.(2—4)

Although much is known about the mechanism through different models,
mimicking the active site to design artificial catalyst is notoriously difficult. The model
compounds reported so far do not have the catalytic efficiency of the enzyme.(9-12)
Usually dynamics associated with the residues at the active site is ignored while
designing artificial catalyst although it was reported that motions can be important to
attain a conformation that lowers the energy barrier for electron and proton transfer
processes.(13-16) Determining such motions in laccase might provide insight into

designing a functional framework for an efficient artificial catalyst. Here, we report
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the presence of conformational exchange at the TNC on the millisecond timescale,

ascribed to motions of the copper coordinating imidazole rings of histidine residues.

2.2 Results and discussions

A mutant of small laccase from S. coelicolor (SLAC) was used, in which the
T1 site is copper depleted by the C288S mutation (SLAC-T1D).(8) The theoretical MW
of the holoenzyme in its monomeric form is 37.05 kDa. The purified protein was found
to run at an apparent MW of 75 kDa and 37 kDa in SDS PAGE (Figure S2.1) but in
solution it has a MW ~ 105 kDa, as determined by size exclusion chromatography
linked with multi angle light scattering (SEC-MALS). Thus, it is concluded that the

enzyme is in its trimer form, as observed in crystal structure.(17)

Identification of nitrogen attached protons

The 1D 'H WEFT-NMR (18) experiment enhances signals of protons
experiencing rapid paramagnetic relaxation. The resulting NI state spectrum of
SLAC-T1D (Figure 2.1a) shows large Fermi contact shifts (FCS) (> 21 ppm) for many
resonances. The spectrum is very similar to the one reported by Machczynski et al.,
(2004 and 2016) (6, 19) confirming that TNC is fully formed. Fermi contact interactions
fall off rapidly with the number of bonds between metal and nucleus,(20) indicating
that the resonances with large shifts must derive from sidechains of the copper
coordinating amino acid residues, which are histidine ligands.(21, 22) Since the
anisotropy of the copper sites in proteins is reported to be low,(20) the contribution of
pseudo-contact shifts (PCS) to the observed chemical shift is much smaller than that
of the FCS, though not necessarily negligible in all cases (maximal PCS estimations

are provided in Table S2.5 using equation 1.11).
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Figure 2.1. Analysis of the 1D 1H spectra. (a) WEFT NMR spectra of perdeuterated protein
with amide proton back-exchanged at 278 K depicting the part of the spectrum showing
signals that are strongly shifted by Fermi contact effects. The resonance 7, 8 and 10 are
indicated to shows their positions from panel b and c¢; (b) 1D WEFT spectra at 288 K
comparing samples that were fully protonated (blue) or perdeuterated with back-exchange
(black), both in H20 buffer. Resonances 7, 8 and 10 are indicated which are derived from
protons attached to carbons; (c) 1D WEFT spectra at 288 K comparing fully protonated
samples in D20 buffer (green) and Hz0 buffer (blue), showing the extensive loss of resonances
due to exchange of protons by deuterons and (d) Schematic representation of a tri-nuclear
copper center of small laccase in the NI state. The T3 and T2 sites are marked by blue and

red ovals. Hol His ring protons are shown.

Utilizing different deuteration schemes, resonances from protons attached to
nitrogen/oxygen atoms can be distinguished from those attached to carbon, being
exchangeable and non-exchangeable, respectively. For a per-deuterated sample that
was allowed to back-exchange the exchangeable deuterons to protons, resonances 7
and 8 were lost from the spectrum, indicating that they derive from non-exchangeable,
carbon-attached protons. The remaining resonances appear in the spectrum of this
sample, indicating that they are from exchangeable protons, most likely attached to
nitrogen atoms (Figure 2.1b). A normal, protonated sample in which exchangeable
protons were replaced with deuterons by bringing the sample in D20 yields a spectrum
in which resonances 7, 8 and 10 are prominent, supporting the observation that the

equivalent protons are attached to carbons (Figure 2.1c). For resonances 4, 5 and 6
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(Figure 2.1a and c) the assignment is less clear, they may represent overlapping

signals from exchangeable and non-exchangeable protons (Figure 2.1b, c).

Chemical exchange at the TNC

To probe the dynamics at the TNC, 'H — 'H exchange spectroscopy (EXSY)
(23) was used with solvent pre-saturation during interscan delay (Figure 1.5b). We
observe multiple cross peaks between the FCS resonances (> 22 ppm, Figure S2.2).
NOE and exchange cross peaks were distinguished by comparing the temperature
dependence of the cross-peak intensities, normalized by the diagonal peak intensities.
For the temperature range used in the present work (278 — 303 K) NOE cross peak
intensity will be independent with respect to temperature, while the EXSY cross peak
intensity will show an increase with increasing temperature (Figure S2.2 and Figure
2.2a and b).(20) The cross peaks between resonances 3 & 5,9 & 11, and 12 & 13 arise
from chemical exchange, whereas the cross peak between resonance 12 and a
resonance at 11 ppm is a NOE cross peak (Figure S2.2). Resonances between 27 and
30 ppm belong to protons attached to carbon atoms (Figure 2.1a, b and c). Cross-peaks
were also observed between resonance pairs of 18-16 and 17-15 at very short mixing
times of 1 ms and 2 ms and at 303 K (Figure S2.4). Cross peaks are also observed
between the resonances in the spectra region from 11 to 22 ppm (Figure S2.5).
However, due to the low S/N it could not be established whether these cross peaks are

due to chemical exchange or NOE.

Table 2.1. Kinetic parameters and equilibrium constants. The values "l were obtained from
the best fit (Figure S2.3) of the cross peak and diagonal intensities of the resonance pairs 3-
5, 9-11 and 13-12 to equation S2.1. The rate constants ka and kp are the forward and reverse
rates and kex is the total exchange rate (ka+ k). Keq is the equilibrium constant obtained
from the ratio of the diagonal peak integral volume at mmix = 0 ms and was constrained

during fitting.

Temp. (K) 3-5 9-11 13-12

(s (s (sh
kA kB kex Keq kA kB kex Keq kA kB kex Keq
293 34 45 79 076 | 48 61 109 0.78 |15 29 44 0.52
298 33 62 95 053|129 91 120 03229 34 63 0.8
303 46 81 127 0.56 | 48 127 175 037 |22 44 66 0.50
308 68 115 183 0.59 | 81 160 241 050 | 36 48 84 0.75

[*] Error is estimated to be ~ + 5% from duplicate measurements.
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Thus, in the further analysis we focussed on the exchange peaks between
resonances 3 — 5, 9 — 11 and 13 — 12. The chemical exchange is in the slow-exchange
regime because a distinct resonance is observed for each state. The forward and
backward chemical-exchange rates were determined for the three pairs of resonances
using equations derived previously (equations S2.1 to S2.4, see also Figure S2.3).(24)
Table 2.1 summarizes the exchange rates obtained from fittings of the ratio of the cross
by diagonal peak intensities at different temperatures. The equilibrium constant is
about 0.5 and does not change much in the applied temperature range, but the
exchange rates increase about two-fold between 293 and 308 K for each resonance pair,
allowing an estimation of the activation energy of the transition between the two
states. The observed activation energies for the transitions of resonance 3 to 5, 9 to 11
and 13 to 12 are 43 *+ 4 kd/mol, 42 + 7 kd/mol and 30 = 6 kd/mol, respectively (Figure
2.2¢).

Temperature dependence of proton chemical shift

Temperature dependence of the FCS resonances (Figure S2.10a) showed
three types of behaviour, strong-Curie (decreasing hyperfine coupling with increasing
temperature), for resonances 11, 13, 16, 15, 18 and 17, weak-anti-Curie (increasing
hyperfine coupling with increasing temperature), for resonances 3, 6, 7 and 8, and no-
Curie (temperature independent), for resonances 4, 5, 9 and 12, suggesting that there
is more than one coupled copper pair, in line with previous reports.(19, 25) The
quantitative analysis of the coupling scheme for the temperature dependence of the
FCS resonances (Figure S2.10) is described in section 1.3 of Chapter 1. Using equation
1.4, the J coupling values were obtained from the temperature dependence of the FCS
resonances, assuming a general triad (J;3 # Ji, #/J,3 for NI form of SLAC-T1D,
yielding J12 = =120 cm, J13 = =80 cm! and J23 = =150 cm!, where J23 is the coupling
between the T3 coppers (Figure S2.10b and c¢). The above values were obtained by
procedure described in Machczynski et al.,(2016) (19) and it was observed that the

values reported gave an excellent fit.
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Figure 2.2. Exchange effects. (a) 2D 1H-1H EXSY spectra of the region between > 22 ppm,
showing resonances with exchange cross peaks. The spectrum was recorded at 288 K at 14.2
T (600 MHz). The numbering of resonances is equivalent to Figure 2.1a. (b) Temperature
dependence of the sum of cross peak intensity, normalized with the sum of diagonal peak
intensity of the resonances 83— 5, 9— 11 and 13— 12 in red, green and blue, respectively. The
error bars are calculated from the noise level. (c) Arrhenius plot and the respective activation
energies for the exchange processes 3 & 5, 9 & 11 and 13 & 12. The error is one standard

deviation.

Analysis of crystal structures

The FCS for the two states differ by ~ 3 ppm, a relatively small change for an
absolute FCS in the order of 20-35 ppm, indicating a small change in the unpaired
electron-spin density on the proton. In combination, these observations agree with an
assignment of the resonances to the protons linked to the N81 atoms of the imidazole
rings of histidine ligands that coordinate the coppers in the T3 and T2 sites. Such
protons are exchangeable with the solvent but the exchange is slow enough for the
resonance to be observed because all but one N61 atom in the TNC are hydrogen
bonded (Table S2.3). These hydrogens will experience large FCS, being very close to
the copper ions. A rearrangement of the imidazole ring, such as a small rotation, can
leave the coordination intact, yet cause a slight change in spin density and thus in the
FCS. An inspection of crystal structures of prokaryotic multicopper oxidases (3-domain
monomeric laccases) yielded two examples (PDB: 3zx1 and 2xu9) (26, 27) in which

imidazole ring motions at the T3 site were captured (Figure S2.6). In 3zx1 (resolution
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1.95 A) two conformations of the His-182 ring are observed with y2 angles 154° and
86°, yet maintaining a coordination bond with the T3-Cu.(26) In structure 2xu9
(resolution 1.5 A) the equivalent ligand, His-137, also displays two conformations, one
of which has no coordination bond with T3-Cu.(27) In this case also the y1 angle
differs.

To estimate how much motion of the His rings could be accommodated at the
TNC of SLAC, we modelled the change in distance between the T3-Cu and His Ne2 of
the ligand His158, equivalent to His182.A in PDB 3zx1, as a function of the y2 dihedral
angle, using PDB 3cg8 (resolution 2.68 A).(17) Allowing for a somewhat arbitrary
maximal increase of 0.05 A of the distance to maintain the coordination bond, avoiding
clashes with surrounding atoms and maintaining the hydrogen bond of the N&1, the
72 angle of His-158 can still assume values between 100° and 140° (Figure S2.6).
Similar analysis was done for all the coordinating His at the TNC (Figure S2.7). In
each case the imidazole ring has considerable freedom to rotate. An analysis of 2
angles for a variety of 2-domain and 3-domain laccase structures reflects this freedom
(Figure S2.8). This suggests that such ring motions might be responsible for the
observed exchange behaviour. The detailed method is given in the supporting

information.

Electron paramagnetic resonance spectroscopy

The NMR observations show the presence of at least 3 chemical exchange
process at the TNC and we wondered whether one of it belongs to a ligand at the T2
site. If heterogeneity is present at the T2 site, distinct sites may show up in the EPR
spectrum for the frozen protein. The low temperature EPR spectrum of SLAC-T1D
yields a signal for the T2 site, while the coppers in the T3 site are anti-
ferromagnetically coupled and thus EPR silent. The 9.5 GHz (X-band) spectrum at 40
K (Figure 2.3) reveals the copper hyperfine structure in the low-field part of the
spectrum, the g, region from 265 to 320 mT, be it not a simple pattern of four
equidistant lines. In addition to the copper hyperfine structure, the spectrum shows a
small but resolved hyperfine structure around 328 mT, which derives from the
interaction of the copper electron spin with the nitrogen nuclear spins of the copper-
coordinating histidine ligands. To interpret the X-band spectrum, we make use of the
275 GHz EPR spectrum taken at 10 K (Figure 2.3). At this high microwave frequency,
the copper and nitrogen hyperfine structure is masked by line broadening due to g-
strain. The higher g-resolution at this frequency clearly reveals two distinct signals in
the g: region, at 8.37 and 8.77 T, corresponding to g. = 2.352 and g. = 2.246. Starting
from these values we simulated the EPR spectra at both microwave frequencies as the
sum of the spectra of two components (Figure 2.3), which differ in the gy, g-, and A:
spin Hamiltonian parameters (Table S2.4). The separate contributions of the two

components to the simulated spectra are shown in Figure S2.9. The parameters of the
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major component 1 correspond to those previously reported for the T2 site of SLAC-
T1D,(7) while the parameters of minor component 2 resemble those of the T2 site of
multicopper oxidase from different organisms (Table S2.6 and references therein). The
fraction of the minor component varies for different preparations, and is commonly
between 30 and 40%. We believe that the distinct EPR signals for SLAC-T1D are
evidence of heterogeneity in the T2 site of the TNC, in line with the observation of
multiple states of the imidazole rings by NMR. The EPR spectrum at 275 GHz showing
the difference in the value of g. supports the presence of His ring motion at the T2 site,
as a rearrangement/rotation of an imidazole ring will affect the delocalization of spin
density between copper and the imidazole, thereby changing the spin density on the

copper to which, through spin-orbit coupling, the g. value is most sensitive.(28)

9 GHz 275 GHz

Exp.

Exp.
Sim

Sim.

T T T T T T T T T T
260 280 300 320 340 360 380 8.0 8.5 9.0 9.5 10.0
Field, mT Field, T

Figure 2.3. Experimental and simulated EPR spectra of the resting form of SLAC-T1D (as
purified) at microwave frequencies of 9.5 GHz and 275 GHz. The small signals around 9.85
T in the experimental spectrum at 275 GHz arise from a Mn (II) impurity in the sample. The
hyperfine interaction of the copper electron spin with the nitrogen nuclei of the copper-
coordinating histidine ligands is not considered for the simulations. The experimental and

simulation details are summarized in supplementary material.
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2.3 Conclusion

NMR spectroscopy showed that at least 3 independent chemical exchange
processes are present at the TNC and EPR spectroscopy showed that heterogeneity
exists at the T2 site. We propose that in the NI state of SLAC there is chemical
exchange at the TNC and this is due to the ring motions of coordinating histidine
residues. The motions appear not to be concerted. Though the activation energies are
similar within their error ranges, the exchange rates differ significantly (Table 2.1),
indicating independent processes. Such motions could well be a general property of
histidine rings, much like ring flips of aromatic residues. His ring flips in the influenza
A M2 proton channel are associated with proton conduction, with an energy barrier
greater than 59 kJ/mol.(29) A fast His flip (~2000 s!) was described in detail for the
surface exposed, non-coordinating His61 in plastocyanin from Anabaena
variabilis.(30) Here, the imidazole rings are not flipping (i.e. not rotating by 180°)
because that would break the coordination bond, yet clearly two states exist, separated
by a considerable activation barrier, perhaps representing two ring orientations with
favourable coordination properties. It needs to be determined whether the same
motions are present in wt SLAC. Given their local nature and the similarity in
structures of T1D and wt laccases,(17, 19) it seems quite likely that also in wt SLAC
such motions occur. Whether evolution has used His ring motions to the benefit of
catalysis by SLAC, for example as a gatekeeper or for proton transfer, remains to be
established.
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2.4 Supporting Information

Production and purification of SLAC-T1D

SLAC-T1D was expressed and purified as described previously.(6, 8) Briefly,
for fully protonated sample, pET20b plasmid containing the gene encoding SLAC
(C288S (type 1 depleted mutant) was transformed in BL21 pLysS strain of Escherichia
coli. A colony of transformed cells was used to inoculate 25 mL lysogeny broth and the
suspension was incubated overnight at 37°C. This preculture was diluted in 500 mL
2x YT medium, which was incubated at 30°C to an optical density at 600 nm of 1.0 to
1.5. Gene expression was induced with 0.5 mM IPTG. Then, the temperature was
reduced to 25°C and cells were harvested after a further incubation during 18 hrs. For
perdeuterated samples, the preculture was prepared in 25 mL of M9 minimal medium
in water, which was transferred to 25 mL of M9 medium prepared in 99.99% D20 for
an overnight preculture. The latter was used to inoculate 500 mL D20-M9 minimal
medium containing >N ammonium chloride and D-glucose-1,2,3,4,5,6,6-d7 as nitrogen
and carbon sources respectively. Gene expression and protein harvesting was done as
that of the fully protonated sample. Purification was done in 10 mM sodium phosphate
buffer pH 7.3 (buffer A) for fully protonated and perdeuterated (with back-exchange of
amide protons) samples.(6, 8) Briefly, the harvested cells were lysed with a French
press in buffer A. After centrifugation, the soluble fraction was incubated with 1 mM
CuSOy for 2-3 hrs at 4°C. Then, the soluble fraction was dialyzed against 5 L of buffer
A for 18 hrs at 4°C. EDTA (1 mM) was added to the soluble fraction and dialyzed
against 5 L of buffer A twice for 18 hrs at 4’C. The soluble fraction was pooled and
loaded on a 10 ml DEAE column preequilibrated with buffer A and eluted with a
gradient of 0-500 mM NaCl in buffer A in 40 column volumes. Fractions with green
colour were pooled and concentrated using a Proteus X-spinner 10 kDa concentrator.
For final purification the concentrated protein was loaded on a 120 mL Superdex 75
gel filtration column preequilibrated with buffer A with 150 mM NaCl. Green fractions
were pooled, concentrated, buffer exchanged to buffer A at pH 6.8 and stored at -80°C
after flash freezing for future use. The yield was 200 mg/L and 240 mg/L for fully
protonated and perdeuterated samples respectively. After heating the samples at 95°C
for 30s the purity was checked using 12.5% SDS PAGE gel, as shown in Figure. S2.1
where a band at ~ 37 kDa and ~ 75 kDa is observed belonging to monomer (M) and
dimer (D) respectively. Under native condition from size exclusion chromatography
with multi-angle light scattering (SEC-MALS) the molecular weight of the protein was

~ 105 kDa, which suggests the presence of a trimeric form.
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NMR spectroscopy

Samples contained ~ 800 uM SLAC-T1D in 10 mM sodium phosphate buffer
pH 6.8 with 10% D20 for the samples that were fully protonated or perdeuterated with
back-exchange. For samples in D20, the buffer was changed with a Proteus X-spinner
10 kDa concentrator to 10 mM sodium phosphate buffer pH 6.8 prepared in 99.99%
D20. Experiments were done on a Bruker AV-III HD 600 MHz NMR spectrometer
equipped with a TXI cryoprobe. 1D WEFT experiments were done with a WEFT delay
and an interscan delay of 100 ms each (Figure 1.5a). Inversion recovery experiments
to measure the spin-lattice relaxation rate were done using standard pulse sequence
of d1-180—d2-90-acq where d1 is the interscan delay, which was set to 100 ms, d2 is
the recovery time which was from 0.1 ms to 60 ms and acq is the acquisition. The
intensity of the resonance vs the d2 time gives an exponential curve which was fitted
with equation I(t) =1(0) (1 — Ze(_t/Tl)), where I(0) is the intensity at thermal
equilibrium, t is the recovery time and T1 is the spin-lattice relaxation time. The
inverse of the T1 relaxation time gives the spin-lattice relaxation rate and is
summarized for the chemical exchange resonance pairs in Table S2.2. 2D 'H-'H
EXSY(23, 31) experiments were recorded with an interscan delay of 200 ms and mixing
times of 1, 2, 3.5, 5, 7 and 9 ms. For the study of the temperature dependence the
samples were incubated at every temperature for 15 min. prior to data collection. The
integral volume of cross peaks and diagonal peaks was obtained using TOPSPIN 4.0.5
(Bruker). The mixing time dependent integral volume profiles were fitted using
equations S1-S4 (24) with IGOR Pro 6.3.7 to obtain the exchange rates. The fitting
was done by constraining the Keq (Table 2.1 of the main text) to the value of the ratio
of the diagonal integral volume at zero mixing time.(24) The spin-lattice relaxation

rates used in the fitting were obtained from inversion recovery experiments.

EPR spectroscopy

Sample concentration was 400 uM and 3 mM for measurement at 9.5 GHz
and 275.7 GHz respectively, in 100 mM sodium phosphate buffer, pH 6.8.
Measurements at 9.5 GHz were performed at 40 K with a microwave power of 100 nW
and modulation amplitude of 0.5 mT. For measurements at 275.7 GHz these
parameters were 10 K, 100 nW and 2.4 mT, respectively. The spectra were simulated

using EasySpin (32) for frozen solutions.

Modelling studies to determine the freedom of His ring motion in the tri-

nuclear copper center (TNC)

PDB 3cg8 (17) was used to study the extent of His ring rotation allowed at
the TNC. Using UCSF Chimera (33) software, the 2 dihedral angle of the His
residues coordinating the copper at the TNC were changed. Applying the conditions

39



Chapter 2 Supporting Information

that there are no clashes with the surrounding atoms, the hydrogen bond (Table S3)
with the His N® is kept and the distance between His N°! — Cu(Il) is < 0.05 A to
maintain the coordination bond, the range of the allowed value of the y2 dihedral angle

was determined.

Equations to obtain exchange rates

Y Cross I+

(24) (S2.1)

where Y, Cross and Y, Dia is the summation of integral volumes of the cross peaks and

diagonal peaks, respectively and,

(A — ag)e™ ™ + (A4 — a)e~2™m

Iy =1y =7,
(S2.2)
I =1 —( — aj;)e ™ + (A — aj;)e
JJ J /11 — lz
ajje~MTm — gy e~h2tm
Lijj =Ij =4,
(S2.3)
a;jeMmm — q; ;e A2Tm
lji = Ijo
=2,
1 2
Mz =51+ ;) £ (@i — a;;)" + 4kiks;
(S2.4)

a;; = Ri + kU’ a” = R] + k]li al-j = _kjl' aji = _kU

Where [;;, I;; are the intensities of the diagonal peaks, Iy, [;o are the initial diagonal
Jo ijs Kji
are the forward and reverse exchange rates, respectively and R;, R; are the spin-lattice

intensities at 0 ms mixing time, I;;, I;; are the intensities of the cross peaks, k

relaxation rates of the two sites.
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Supporting figures and tables
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Figure S2.1. (a) 12.5% SDS PAGE of purified SLAC-T1D. Lane R is the molecular marker
with molecular weights in kDa, in lane 1 and 2 are the perdeuterated and fully protonated
sample respectively. The samples were heated at 95°C for 30 s before loading on the gel. The
detail description is given in the main text; (b) Image of a Bis-Tris precast SDS PAGE gel
(ThermoFischer scientific) of purified SLAC-T1D and SLAC-T1D/Y108F without heating.
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Figure S2.2. 1H-1H EXSY spectra acquired at 303 K and a mixing time of 7 ms. The plot on
the left shows the temperature dependence of the integral volume of cross peaks normalized
to the integral volume of the diagonal peaks for the resonance pair 3-5 (green), 9-11 (black),
13-12 (red) and 12- resonance at 11 ppm (blue) with the error bars that are the standard
error of the mean derived from the duplicate experiments.
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resonance pairs of 8-5, 9-11 and 13-12 at different temperatures to equations S2.1 to S2.4.

The error bars represent the standard error of the mean derived from the duplicate

experiments.
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Figure S2.4. 1H-1H EXSY from resonances 17 and 18 at different temperatures and with

mixing times of 1 ms and 2 ms. Cross-peaks are marked at 303 K with 2 ms mixing time

between the resonance pairs 17-15 and 18-16.
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Figure S2.5. (a) 1H-'H EXSY spectra at different temperatures, showing the region between
10 and 22 ppm. The cross peaks are labelled in the spectrum recorded at 303 K, (b) Chemical
shifts of the diagonal peaks having cross peaks and (c) Temperature dependence of the cross-

peak integrals of a, b, c and d.
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Figure S2.6. Conformational freedom in TNC histidine ligands. (a) TNC of laccase from
Campylobacter jejuni showing two conformations of His182.A (PDB 3zx1, resolution 1.95 A)
(26) due to a change in the y2 dihedral angle. Both conformers coordinate the copper. (b)
TNC of laccase from Thermus thermophilus HB27 (PDB 2xu9 resolution 1.50 A) (27)

showing two conformations for Hisl37A. The y2 dihedral changes by ~ 20° but the yl
dihedral change by ~ 140° resulting in the loss of coordination of the copper.
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Figure S2.7. Difference of T3Cu — N&2 distance from the original crystallographic distance
as a function of the 2 dihedral angle for His ligands (number.chain-ID) from PDB 3cg8
(17) of SLAC. Assuming that the coordination would be lost if the distance were to increase
more than 0.05 A and applying the condition that there are no clashes with the surrounding
atoms and the hydrogen bond with the His N61 is maintained, the structure would allow for
the y2 angle to vary between the values given above the graphs and highlighted in the graphs.
N&I of His104.B has no hydrogen bond (highlighted graph). The table shows the y2 angle

observed in the structure.

44



Chapter 2 Supporting Information

180F
- g 3zx1
o by
o g ™ 5
m -
= 8
5  OfF
(O]
< L
N o
N 3 8
x
o | 8 g
s B
-180k

T T T T T T T T T
H102B = H234C , H104B ~ H156B  H289C , H158B = H236C H287C
N N N J

T2 T3 T3

Figure S2.8. Distribution of the y2 dihedral angle of the His ligands at the TINC from
structures of different prokaryotic laccases. The number and chain ID
(residue.number.chain) scheme is adopted from PDB 3cg8, the structure of SLAC from S.

coelicolor. Blue and red data points are from the bacterial 3-domain and 2-domain laccases,

respectively. The grey bars represent the ranges shown in Figure S2.7. The crystal structures
used are 3c¢g8,(17) 5lhl,(34) 1gsk,(35) 2fqe,(36) 3t9w,(37) 3g5w,(38) 2xu9,(27) and 3zx1(26)
for laccases from S. coelicolor, S. griseoflavus, Bacillus subtilis, E. coli, Amycolatopsis sp.
ATCC 39116, Nitrosomonas europaea, Thermus thermophilus HB27 and Campylobacter
Jjejuni Cgugl1284, respectively. In 3-domain laccases (1gsk, 2fqe, 3g5w, 2xu9 and 3zx1) the
NI atom of H104 coordinates the copper rather than the N&2 atom in the case of 2-domain
laccases. For 3zx1 two y2 dihedral angles were observed for H158.

The Python code to extract the information of the y2 dihedral angle of the histidine ligands
from a PDB file can be found in:

https:/ /github.com /rubindg/chi2 dihedral _angle histidine _copper_protein

45



Chapter 2 Supporting Information

9 GHz 275 GHz

=

260 280 300 320 340 360 380 8.0 85 9.0 9.5 10.0
Field, mT Field, T

Figure S2.9. Simulated (red line and Figure 2.3 in the main text) EPR spectra of the resting
form of SLAC-TI1D (as purified) at microwave frequencies of 9.5 GHz and 275 GHz. The
separate contributions of major component 1 (65%) and minor component 2 (35%) to the
simulated spectra are shown in blue and green, respectively. The hyperfine interactions of
the copper electron spin with the nitrogen nuclei of the copper-coordinating histidine ligands
are not considered for the simulations.
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Figure S2.10. (a) Temperature dependence of the FCS resonances marked as anti-Curie
(green), Curie (red) and no-Curie (blue), (b) The tri-nuclear copper center with respective J
couplings between different pairs of coppers and (c) Temperature dependence of the
paramagnetically shifted resonances. Solid lines shows the simulation based on the J
coupling values obtained from Machczynski et al. (2016) (19) The inset shows the zoomed
area of the data points highlighting the quality of the simulation over the data points.
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Table S2.1. Chemical shifts of the paramagnetically shifted resonances (corresponding to
Figure 2.1b in the main text) at 1H Larmor frequency of 600 MHz.

Resonance

Chemical shift in ppm at 288 K

© 00 I O Ut &~ W N~

I S T = T o = T )
W 3 O O B~ W N = O

17.66
19.65
21.94
23.48
24.73
26.56
29.47
31.63
35.21
36.20
37.45
39.37
42.28
41.19
44.52
45.27
50.76
54.09

Table S2.2. Spin-lattice relaxation rates (s1)* as obtained from inversion recovery

experiment and used in the fitting in equation S2.1.

Spin lattice relaxation (s'1)

293
298
303
308

[*] Exror is estimated to be ~ + 5% from duplicate measurements.

3 5

69 509
25 457
80 404
92 486

9
144
240
241
225

11
525
464
422
463

12
180
170
407
210

13
499
492
566
477
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Table S2.3. Residues and atoms that forms the hydrogen bond(s) (H-bond) with N&SI of
coordinating His ligands at the TINC (obtained from PDB 3cg8). The residue number and
chain ID are given. O is the backbone carbonyl oxygen or oxygen from water molecule. His

ligands in red are from the T2 site.

Ligand Residue forming H-bond

E163.B O
H158.B

H158.B O
H236.C H20 676.C O
H287.C C288.C O
H289.C H289.C O
H156.B D157.B O
H104.B -

H20 629.B O

H102.B

D113.BO
H234.C D259.C O

Table S2.4. Spin Hamiltonian parameters used for the simulation of the experimental EPR
spectra of SLAC-T1D. A g-strain of (0.0015 0.0025 0.008) is included for both components.

Spin Hamiltonian Major Minor
parameters Component 1 Component 2

A: (MHz) 40 40
A, (MHz) 50 50
A. (MHz) 380 590

8x 2.047 2.047

gy 2.052 2.078

gz 2.352 2.246
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Table S2.5. Estimated PCS contribution to the observed chemical shift using equation 1.11
and the J coupling values of Jiz = —120 cm-1, J13 = =80 cm-! and J23 = —150 cm-! (Figure
S§2.10b).(19) The g-anisotropy for T3 site was assumed to be 0.4 (39) and for the T2 site it

was calculated from Table S2.4 for major and minor components. The value of 6 was 0°. The

protons were modelled using add hydrogen tool in UCSF chimera to get an estimation of the

distance to the copper atom using PDB 3cg8.(17, 33) Bold font represents the His

coordinating the T2 copper, blue represents the His coordinating T3 site copper and black

T3’ copper.

Proton PCS_T3 PCS_T3& PCS_T2_Component

PCS_T2_Component

(Hs1) (ppm) (ppm) 1 (ppm) 2 (ppm)
His102 0.94 0.56 6.23 3.70
His234 0.55 0.84 5.90 3.50
His158 1.30 0.33 1.10 0.66
His236 1.58 0.32 4.50 2.72
His287 1.25 0.50 1.27 0.75
His289 0.60 1.58 1.23 0.73
His156 0.60 1.57 1.57 0.93
His104 0.37 1.62 5.56 3.30

Table S2.6. EPR parameters of the T2 site in g.-region of multicopper oxidases from

different organisms around pH 7. wt, T1D and T1Hg refer to wild-type, T1 copper depleted

and T'1 copper replaced by Hg, respectively.

Protein Organism 8z A:(MHz) Reference
Laccase-wt Trametes hirsuta 2.260 557 (40)
Laccase-wt Trametes ochracea 2.240 581 (40)
Laccase-wt Cerrena maxima 2.240 581 (40)
Laccase-wt Coriolopsis fulvocinera 2.230 582 (40)
Laccase-wt Rhus vernicefera 2.237 599 (41)

Ceruloplasmin Human 2.270 524 (42)
Fet3p-T1D Saccharomyces cerevisiae 2.243 570 (43, 44)

Laccase-T1Hg Rhus vernicefera 2.246 587 (45)
Laccase-wt Pleurotus ostreatus (POXC) | 2.233 587 (46)
Laccase-wt Rigidoporus lignosus (POXB) | 2.241 577 (46)
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Chapter 3

Laccases efficiently reduce dioxygen to water in an active site containing a tri-nuclear
copper centre (TNC). The dynamics of the protein matrix is a determining factor for
the efficiency in catalysis. To probe mobility, NMR spectroscopy is highly suitable.
However, several factors complicate the assignment of resonances to active site nuclei
in laccases. The paramagnetic nature causes large shifts and line broadening.
Furthermore, the presence of slow chemical exchange processes of the imidazole rings
of copper ligands results in peak doubling. A third complicating factor is that the
enzyme occurs in two states, the native intermediate (NI) and resting oxidized (RO)
states, with different paramagnetic properties. The present study aims at resolving
the complex paramagnetic NMR spectra of the TNC of S. coelicolor small laccase
(SLAC). With a combination of paramagnetically tailored NMR experiments,
resonances of all eight His N61 and H81 for the NI state are identified, as well as His
Hp protons for the RO state. With the help of second shell mutagenesis, selective
resonances are tentatively assigned to the histidine ligands of the copper in the type-
2 site. This study demonstrates the utility of the approaches used for the sequence
specific assignment of the paramagnetic NMR spectra of ligands in the TNC that

ultimately may lead to a description of the underlying motion.

3.1 Introduction

Multicopper oxidases (MCOs) oxidize a wide variety of substrates at their
type 1 (T1) site and catalyse the 4-electron reduction of molecular oxygen to water at
the tri-nuclear copper center (TNC). The TNC consists of a type 2 (T2) copper site and
a binuclear type 3 (T3) copper site. Based on crystallographic, spectroscopic and
theoretical studies, the present model of the oxygen reduction mechanism by the TNC
is shown in Figure 1.3.(1-5) The two-domain small laccase from S. coelicolor (SLAC)
has been reported to involve the formation of a tyrosine radical (Tyr108°) near the T2
site during the peroxide intermediate (PI) to native intermediate (NI) conversion.(1,
4) This radical has been suggested to act as protection against the reactive oxygen
species (ROS) that can be formed due to the long-lived peroxide intermediate state.(1,
6) The tyrosyl radical was shown to be reduced by the protein environment via
tryptophan and tyrosine residues around the T2 site.(6) A similar role was proposed
for Tyr107 in human ceruloplasmin (hCp). hCp is a ferroxidase critical for iron
homeostasis. It oxidizes Fe?* to Fe3* for iron transport. In serum the hCp is active
under low Fe?* and high Oz concentration. This leads to a partially reduced
intermediate that can form ROS. The tyrosine radical protects the protein from this
partially reduced state.(7)

Although the reaction mechanism of laccase is well characterized,

information about motions around the TNC is limited. The oxygen reduction process
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1s a multi-step reaction involving transfer of four electron and protons with oxidation
and reduction of the copper ions (Figure 1.3). Each step is associated with its respective
activation energy barrier and the motions of the protein, especially within the active
site, may be useful in reduction or crossing of these barriers. Such motions have been
reported for many proteins, for example dihydrofolate reductase, adenylate kinase and
cytochrome P450.(8-11) Characterisation of the motion at the TNC of laccase can help
in designing a functional framework for understanding the natural process and the de
novo design of efficient bioinspired catalysts. Three or more independent chemical
exchange processes, tentatively assigned to the coordinating histidine residues at the
TNC were reported using paramagnetic NMR spectroscopy on the T1 copper depleted
variant of SLAC, SLAC-T1D (Chapter 2).(12) However, further characterisation of
motions requires assignments of the NMR resonances very near to the TNC. The
paramagnetic nature of the copper ions causes broadening and chemical shifts outside
of the diamagnetic envelope, making it 1impossible to employ standard
multidimensional protein assignment experiments. Assignment is further complicated
by two reasons. SLAC spectra are a mixture of the RO and NI states. (13) In the RO
state the T2 Cu?* is isolated, causing broadening of the signals of nearby proton spins
beyond detection. The two copper ions in the T3 site are antiferromagnetically coupled,
with a low-lying triplet state that is populated at room temperature, causing
paramagnetically shifted (in the range of 12 - 22 ppm), detectable resonances of nearby
protons. In the NI state all copper ions are coupled, resulting in a frustrated spin
system, with strongly shifted (> 22 ppm), but observable resonances.(14) The second
cause of complexity is that the mentioned exchange processes of the coordinating
histidine residues result in peak doublings, because the exchange rates are in the slow
exchange regime relative to the resonance frequency differences. In this study, we
aimed to resolve further this complicated paramagnetic NMR spectrum. Using
differently labelled samples and tailored HMQC experiments, the presence of all eight-
histidine ligand N&1 and H81 resonance in the NI state could be established. The first
studies of the RO state identified resonances as histidine H81 or Hf protons and a
second coordination shell mutant allowed for the first residue and sequence specific
assignment. The study demonstrates the utility of the approaches used for the
sequence specific assignments of the ligands in the TNC that may ultimately lead to a

description of the underlying motions.
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3.2 Results and discussions

Identification of nitrogen attached protons in the NI state

The Fermi contact shifted resonances for SLAC-T1D were reported before and
here we use the numbering used in our previous study (Chapter 2).(12, 13) Eighteen
resonances were found between 15 and 60 ppm.(12) Resonances 1 and 2 were assigned
to a region that is attributed to the RO state, therefore we followed the numbering
from 3 to 18 in the present work (Figure 3.1a and 2.1a). Resonance 10 is from a proton
bound to carbon and is overlapping with resonances 9 and 11 at temperatures > 293
K (12) (Figure 3.1a). The 'H resonances that exhibited exchange processes (3-5, 9-11
and 13-12, see also Figure 2.2 and S2.2) were assigned to H31 nuclei from histidine
coordinated to the copper ion (Chapter 2). To verify this assignment, a
paramagnetically tailored >N —1H HMQC experiment (Figure 1.5¢, the detail of the
experiment is given in the caption of Figure S3.2) was performed on a SLAC-T1D
sample that was specifically labelled with 15N histidine in a perdeuterated, back-
exchanged environment. The evolution period was shortened to 500 s, balancing the
time required for formation of antiphase magnetisation and paramagnetic relaxation,
to optimize S/N ratio for most of the resonances.(15, 16) A total of 10 resonances (3, 4,
5,6,9, 11, 12, 13, 14/15, 16, see Figure 3.1b) were observed at 'H chemical shifts of >
21 ppm. Resonance 7, 8 and 10 were not observed in this experiment, which is
consistent with their assignment to carbon attached protons (Chapter 2).(17) These
results show unequivocally that the HMQC resonances derive from the H81 protons of
the coordinating histidine residues of the TNC, because only these protons are
nitrogen attached and close enough to experience such large paramagnetic shifts. The
three pairs or resonances representing exchange processes (3-5, 9-11 and 13-12) are
thus also from H31 proton, in line with the suggested histidine ring motion being the
involved chemical exchange process. The HMQC spectrum of uniformly *N labelled
SLAC-T1D 1is similar to the 15N-His specifically labelled SLAC-T1D sample in a
perdeuterated back-exchanged environment (data not shown for the 'H resonances >

21 ppm but shown for the region 12 to 21 ppm, see Figure 3.2b).
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Figure 3.1. SLAC-T1D NMR spectra at 298 K. (a) 1D 'H WEFT spectrum of SLAC-T1D
and (b) 15N-1H HMQC spectra of 1°N-His perdeuterated SLAC-T1D in a back-exchanged
environment. The numbering is adopted from (17). Noise peaks in the spectrum are marked
with a red asterisk. The 1D 'H WEFT spectrum is shown above the HMQC spectrum.

The relative intensities of signals in the range 60-22 ppm with those of the
region 21-12 ppm shows that SLAC-T1D is predominantly in the NI state (Figure 3.1
and 3.2). In the NI state, the T2 and the T3 sites are coupled thereby increasing the
electronic relaxation rates of the unpaired electron spin S of the T2 site. This results
in the reduction of the paramagnetic relaxation rates of the neighbouring nuclear
spins. (18, 19) Therefore, it is expected that all eight ligand histidine residues are
observable. In the 1’N-'H HMQC ten resonances are seen, among which three undergo
chemical exchange resulting in the observation of seven N31-H81 group. Resonance 17
and 18 have exchange cross-peaks with resonance 15/14 and 16, respectively at high
temperatures (303 K and 308 K) and a short mixing time in an EXSY/NOESY
experiment (1 and 2 ms) (Chapter 2, Figure S2.4).(17) At temperatures of 298 K and
higher, resonances 14 and 15 overlap (Figure 3.1a).(17) Resonance 16 and 18 thus form
a fourth exchange pair and the seventh histidine N31-H81 group. The eighth histidine
N&1-H81 group can be attributed to the exchange pair of resonance 17 with either 14
or 15.(17) Due to the overlapping of resonance 14 and 15 at 298 K, they are not
observed distinctly in 1N-1H HMQC spectra (Figure 3.1b). In conclusion, all the eight
H31 from the coordinating histidine ligands of the TNC in SLAC-T1D for the NI state
are identified in the spectral region > 21 ppm and five of them show peak doubling due

to slow exchange.

Analysis of the RO state

Machczynski et al. (2016) reported that the signals in the spectral region
between 12 to 21 ppm derive from the RO state, whereas the resonances > 21 ppm are
attributed to the NI state.(13) In the RO state, the T2 copper is decoupled from the T'3
site, resulting in a decrease of its electronic relaxation rate.(18) This effect broadens
the resonances of nearby proton spins beyond detection for the T2 site ligands. In the
RO state, the T3 copper ions are antiferromagnetically coupled and thus diamagnetic
at low temperature.(18) At ambient temperature, the low-lying state with S =1 is
populated, resulting in paramagnetic shifts of the ligand protons.(18) The strong
coupling via a hydroxyl group of the electron spins causes fast electronic relaxation
and thus observable nuclear resonances for T3 ligands. T3 site ligands usually exhibit
an anti-Curie behaviour, i.e. the chemical shift increases with an increase in
temperature.(19-21)

All the resonances in the 12 to 22 ppm region of SLAC-T1D in an 'H-'H
EXSY/NOESY spectrum display anti-Curie behaviour, suggesting that indeed they
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derive from histidine protons of the T3 site (Figure 3.2). Comparing the >N-1H HMQC
and the 'H-'H EXSY/NOESY of the »N uniformly labelled sample in this region,
resonances al, a2, b2, cl, c¢2, d2, x1, x2, y, z and w are nitrogen linked protons (Figure
3.2). The RO state is the minor state in SLAC-T1D, so the S/N ratio for the HMQC
resonances is low. For comparison, resonance 3, which belongs to the NI region of the
spectrum (Figure 3.2b) is shown as well. 1H resonances el and e2 could not be assigned
to either carbon or nitrogen linked protons due to their low S/N ratio.

Using a two-metal center model to calculate the singlet-triplet energy gap
(2J) from the temperature dependence of the chemical shifts (equation 1.5), a 2/ value
of -600 +/- 20 cm'! was obtained, within the range of the previous reported values (-
550 to -620 cm?!) for the RO state of laccase (Figure 3.2¢) (3, 13, 22). It was assumed
that resonances al, a2, b2, c1, c¢2, d2 (only isolated resonances were selected) are the
Fermi contact shifted resonances of the H31 of the coordinating histidine residues at
the T3 site in the RO state (Figure 3.2d), as supported by their presence in the HMQC
spectrum (Figure 3.2b). The diamagnetic chemical shift for these resonances was set
to 9.5 ppm (BMRB average for histidine ring H51).(14) To establish the diamagnetic
chemical shifts of resonances bl and d1, which are not nitrogen attached, the 2.
coupling strength was then fixed to -600 cm'! and the diamagnetic chemical shift was
fitted and found to be 3.0 +/- 0.5 ppm. This value strongly suggests that these
resonances are from the eight protons of coordinating histidine ligands (BMRB

average for histidine Hp is 3.1 ppm).
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Figure 3.2. The spectral region of the RO state. (a) 1D 1H spectra of the RO region from
panel a of Figure 1. Resonances 3 and 4 of the NI spectral region are shown for comparison;
(b) Temperature dependence of the chemical shift for the resonances al, a2, bl, b2, cl, c2, d1
and d2, fitted to the two-metal center model (equation 1.5). The inset shows the experimental
region of the fit. The corresponding hyperfine coupling constants are given in Table S3.5 of
the supporting information; (c) Schematic representation of the RO state of the TNC. The T3
and T2 copper ions are marked. (d) 1H-1H EXSY/NOESY spectra of SLAC-T1D for the
region between 12 to 22 ppm; (e) 15N-1H HMQC spectra of the 15N uniformly labelled SLAC-
T1D (12 to 22 ppm in the 1H dimension). The resonances marked in blue are for the nitrogen
attached protons while resonances in black are for carbon attached protons. Resonances in
red in panel d could not be assigned to either nitrogen linked or carbon linked protons due
to a low S/ N ratio.

Since the temperature dependence of the cross peak intensities as measured
by their peak volume did not show a conclusive increasing trend with increase of
temperature, we assumed them to be NOE rather than EXSY derived cross-peaks.(17)
Therefore, the cross peaks of resonances b1-b2 and d1-d2 can be attributed to a NOE
between the H81 and Hp proton of a histidine ligand. The cross-peaks between c1-c2
and al-a2 appear to be NOE signals from nitrogen attached protons (Figure 3.2). The
H31 protons of the different histidine residues are not near, so it remains unclear from
which spins these peaks derive. For the resonances x1, x2, y, z and w (Figure 3.2a) the
analysis of the temperature dependence of the chemical shift was not possible due to

the overlap.

Second shell mutagenesis to assist assignments

To aid in the assignment of the paramagnetic spectrum, mutagenesis could
be employed. However, mutation of histidine ligands is expected to result in loss of
copper or at least in a severe redistribution of unpaired electron density, changing the
chemical shifts of all paramagnetically shifted protons. In contrast, mutations in the
second coordination sphere, of residues that interact with the coordinating ligands,
may have moderate effects on the electron spin density distribution. One such mutant,
Y108F, has been reported before.(1) Tyr108 interacts with the TNC in two ways, with
the T2 site through the water/hydroxide ligand and with the T3 ligand His104 through
the hydrogen bonding network involving Asp259 (Figure S3.3a). Asp259 is conserved
in all laccases, whereas Tyr108 is conserved in the two-domain laccases (Figure S3.3b).
Asp259 has been reported to play a role in modulating the proton relay during the
oxygen reduction reaction (23) and it may also stabilize the Tyr108-TNC interaction.

The 1D 'H WEFT (24, 25) spectrum of SLAC-T1D/Y108F is similar to that of
SLAC-T1D, suggesting that the variant SLAC is also predominantly in the NI state
(Figure 3.2a). Some changes in the chemical shift are present. Due to the Y108F
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mutation many of the 'H resonances > 22 ppm are downfield shifted. Resonance 6 and
16 are upfield shifted and resonance 7, 8, 17 and 18 show no chemical shift change
compared to SLAC-T1D (Figure 3.3 and Table S3.2). Also, a new resonance o is
observed. The HMQC spectrum in the region > 22 ppm of the 'H is very similar to that
of SLAC-T1D, in agreement with the 'H WEFT spectrum (Figure 3.3). Most of the >N
resonances (3, 4, 5, 9, 11, 12 and 15) are downfield shifted except resonances 6, 13 and
16, which are upfield shifted (Figure 3.3 and Table S3.2). The three independent
chemical exchange processes that were reported for the TNC of SLAC-T1D involving
resonance pairs of 3 -5, 9 — 11 and 13 — 12 (Chapter 2, Figure 2.2) are conserved and
the rates are not affected by the Y108F mutation (Table S3.1, Figure 3.3b and Figure
S3.1c), suggesting that the phenolic —OH group of Y108 is not involved in the chemical
exchange process.(17) The chemical shift changes show that the two states represented
by 3 —5 and 9 — 11, respectively are affected similarly by the Y108F mutation (Figure
3.3d). In contrast, the two states represented by the resonance pair 13 — 12 are affected
differently, because the nitrogen chemical shift is downfield shifted for resonance 12
and to upfield shifted for resonance 13 (Figure 3.3d).
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Figure 3.3. Spectra of SLAC-T1D/Y108F. (a) Comparison between 1D 'H WEFT spectrum
of SLAC-T1D (red) and SLAC-T1D/YI108F (black). The numbering is shown for SLAC-T1D
and is adopted from (17); (b) 1H-'H EXSY/NOESY of SLAC-T1D/Y108F at 298 K with
mixing time of 5§ ms. NOE cross-peaks are connected with a blue rectangle. The remaining
cross-peaks are exchange peaks. This distinction is based on the temperature dependent
profile of the integral volume of the cross peaks as explained in (17). The inset shows that
the exchange cross peaks are between 3 and 5. Resonance 4 is partly overlapping with 5; (c)
1I5N-1H HMQC spectra of 15N uniformly labelled SLAC-T1D/Y108F; (d) The chemical shift
changes (A6) between SLAC-T1D/Y108F and SLAC-TI1D for the 1H (black) and 15N (blue).
The error bars represent the standard deviation in the determination of the chemical shift.
The three pairs of resonances displaying chemical exchange are highlighted by equal
background colours. Positive (negative) values represent shift to the downfield (upfield) ppm
for SLAC-T1D/Y108F.

It is proposed that resonances 13 and 16, which are most affected by the
Y108F mutation (Figure 3.3d), are from the histidine ligands of the T2 copper. Due to
the proximity of the T2 copper and strong hydrogen bond with a water or hydroxide
ligand, the electron spin density can be expected to be delocalized to the tyrosine ring.
The loss of the hydrogen bond between the phenolic -OH group of Tyr108 and the
water/hydroxide ligand of the T2 copper can result in redistribution of the electron
spin density on the coordinating histidine ligands. Figure 3.3d shows that the N&1 of
the resonances 13 and 16 have the highest chemical shift perturbation of ~ -16 and
—14 ppm respectively. Interestingly, resonance 13 is in an exchange process with
resonance 12 (Figure 3.3b) (17) and for the latter resonance the N&1 exhibits a
downfield shift due to the Y108F mutation. In the crystal structure 3cg8 (resolution
2.63 A), the N&1 of His102 from the T2 site can have two hydrogen bonding partners,
carbonyl oxygen of Asp113 and a water molecule (Figure 3.4a). Modelling the protons
and changing the »2 dihedral angle of His102 to —152° and —94°, hydrogen bonds can
be formed between H31 — Asp113 CO and H81 — H20 respectively. The 2 dihedral
change does not break the coordination of His102 Ne2 to the copper (Figure 3.4b and
3.4c) and is within the allowed range (—90° to —170°) (17). This shows that there can be
a conformational exchange of His102 between two states with a hydrogen bond
between H81 and either Asp113 CO or the nearby H20 molecule. The second shell
mutation of Y108F suggests that the exchanging resonances 13 and 12 are from a H81
nucleus of one of the two T2 copper histidine ligands. Thus, it is proposed that
resonance 13 and 12 are from His102 H&1 for which the ring exchanges between the
two states shown in panels Figure 3.4b and 3.4c. Consequently, resonance 16 can be
tentatively assigned to the other T2 copper ligand, His234, being also strongly affected
by the Y108F mutation. It does not exhibit chemical exchange at temperatures < 298
K, in agreement with having a single, hydrogen bond with Asp259 CO (Figure 3.4a).
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At higher temperatures (> 303 K) however, exchange with resonance 18 is observed.
Whereas the 12/13 pair of resonances shows a difference of less than 3 ppm (17) and
similar linewidth for both signals, the 16/18 pair shows almost 9 ppm difference in
chemical shift and resonance 18 is much broader, indicating a more drastic change in
spin density on the proton. In combination with the observation that there are no other
hydrogen bond acceptors in the proximity, this suggests that resonance 18 represents
the His234 H31 in a state in which the hydrogen bond to Asp259 is broken. In such a
state the proton would be prone to exchange with bulk water protons but the TNC 1s
very buried, preventing rapid exchange. Similar situations as for His102 are observed
for other histidine ligands in the TNC (Table S3.4). in the crystal structure of SLAC
from S. griseoflavus, (PDB entry 6s0o resolution 1.8 A) (26) N&1 of His237 can form a
hydrogen bond with Asp114 081 or water 0540, depending on rotation around y2
(Figure S3.5). In the crystal structure of SLAC from S. coelicolor (PDB entry: 3cg8,
resolution 2.68 A) the equivalent Asp113 081 is moved away from the N&1 and
therefore could not form a hydrogen bond (Figure S3.5a). Such exchange processes
may well represent the resonances pair 3-5 and 9-11. Second-shell mutations around

the respective histidine residues can help to confirm this hypothesis.

() (b)

D259

~ & &
Ao o T2 o  Hi02 j =
H234?/ ? o/ _ ()

130A W 42 =-152° 183A R x2 =-94°

Figure 3.4. Alternative hydrogen bond acceptors for His102. (a) T2 site histidine ligands
showing the hydrogen bonds for the N&6I-HS1 group. Protons were modelled using the
algorithm as implemented in UCSF Chimera (27). His104 and H236 from the T3’ and T3
sites, respectively, are omitted for clarity. Hydrogen bonds are shown as red lines. The y2
dihedral angle and distance between His102 N&2 and the T2 copper are indicated. Also, the
values for the angles [Asp113 CO — His102 N61 — His102 H61] and [water O628 — His102
NOS1 —His102 Hé1] are indicated. Ring rotation brings the HS1 in optimal position for
hydrogen bond formation with either the Asp113 CO (b) or the water (c). The new y2 dihedral
angles and the corresponding His102 N&2 — T2 copper distances are indicated.

The temperature dependence of H81 resonance is also affected by the Y108F
mutation (Figure 3.5). While the resonances that show clear Curie behaviour in SLAC-
T1D also do so in the Y108F mutant, resonances that show anti-Curie or non-Curie

behaviour tend more to Curie like behaviour, e.g. resonances 3, 6, 7 and 8. The overall
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increase in the Curie-like behaviour for the Y108F mutant compared to that of SLAC-
T1D, can be due to the decrease in the </ coupling between copper ions due to a change
in the geometry of the TNC (28) caused by the loss of the hydrogen bond between the
Tyr108 the water/hydroxide. Slight chemical shift changes are also present for the 'H
resonances between 10 and 20 ppm in the spectrum of SLAC-T1D/Y108F relative to
that of SLAC-T1D (Figure S3.4). The 'H-'H EXSY/NOESY spectrum shows six cross-
peaks (a to f), caused by 12 diagonal signals (Figure S3.4). Among these, al, b1, c1, c2,
d1 and el are downfield shifted for the mutant, whereas a2, b2, d2 and e2 are upfield
shifted (Figure S3.4b).

In summary, the Y108F mutation leads to the following tentative assignment
of the resonances: 13 and 12 to His102 and 16 to His234 of the T2 site, with 13 and 12

being in chemical exchange.
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Figure 3.5. Change in 1H chemical shifts for (a) SLAC-T1D with temperature relative to
278 K and (b) SLAC-T1D/YI108F with temperature relative to 288 K. Anti-Curie, non-Curie

and Curie behaviour are shown in green, blue and red, respectively.
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3.3 Conclusion

The SLAC-T1D comprises resonances from the NI and RO states, in which
the RO state is the minor state.(13) Using differently labelled samples and a
paramagnetically tailored 1’N-1H HMQC experiment, all NI resonances of the N&1-
H31 groups of the eight coordinating histidine residues in the TNC were accounted for
(Figure 3.1). The HMQC spectra also included the resonances that are in chemical
exchange, consistent with the histidine ring motions being responsible for this
phenomenon.(17) NOE cross-peaks for the RO state revealed resonances of H protons
of the coordinating histidine residues of the T3 site (Figure 3.2). The second shell
mutation of Y108F of SLAC-T1D aided in the tentative assignment of the resonances
13 and 12 to His102 and 16 and 18 to His234 of the T2 site (Figures 3.3 and 3.4). This
report shows the first sequential assignment of the paramagnetically shifted
resonance to a coordinating histidine. More studies using second shell residue
mutagenesis can help to provide a full sequence specific assignment, which is a prelude

to a better understanding of the motions important for the catalytic mechanism
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3.4 Supporting Information

Protein expression and purification

SLAC-T1D and SLAC-T1D/Y108F were expressed and purified as described
previously. (17, 29) For 1N histidine specific perdeuterated labelled sample, 50 mg/L
of 15N3-L-histidine hydrochloride monohydrate (Sigma Aldrich, USA) was added to the
M9 medium consisting of ammonium chloride and D-glucose-1,2,3,4,5,6,6-d7 as
nitrogen and carbon sources respectively. A volume of 200 pL of the M9 preculture was
transferred to 25 mL of M9 medium prepared in 99.99% D20 for an overnight
preculture, which was used to inoculate 500 mL D20-M9 minimal medium. Gene
expression and protein harvesting was done as for the uniform 5N labelled sample.
Purity was checked by SDS PAGE using a precast Bis-Tris gel (ThermoFischer
scientific), as shown in Figure S3.1a. A band ~ 74 kDa is observed. Under native
condition from size exclusion chromatography with multi-angle light scattering (SEC-
MALS) the molecular weight of the proteins was ~ 105 kDa, in accord with the

expected trimeric form.

NMR spectroscopy

Samples contained ~ 1 mM of protein in 10 mM sodium phosphate buffer pH
7.3 with 10% D20. Experiments were done on a Bruker AV-III HD 600 MHz NMR
spectrometer equipped with a TXI cryoprobe. 1D 'H WEFT, Inversion recovery
experiments to measure the spin-lattice relaxation rate and 2D 'H-'H EXSY/NOESY
(30) experiments were recorded as described previously (Chapter 2). (17) The mixing
time dependent integral volume profiles were fitted using equations S2.1 to S2.4 (17,
31) with IGOR Pro 6.3.7 to obtain the exchange rates. The fitting was done by
constraining the Keq (Table S3.1) to the value of the ratio of the diagonal integral
volume at mixing time of 0 ms. The spin-lattice relaxation rates used in the fitting
were obtained from inversion recovery experiments.

2D 1N-'H HMQC experiments were recorded using the pulse sequence
shown in Figure 1.5¢ and S3.2. The transfer delay d2 was optimized to 0.5 ms to
enhance the paramagnetically shifted signals > 20 ppm. 48 t1 increment points were
acquired with 30720 number of scans corresponding to the total acquisition time of 54

h for each experiment.
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Supporting figures and tables
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Figure S3.1: (a) Image of a Bis-Tris precast SDS PAGE gel (ThermoFischer scientific) of
purified SLAC-T1D and SLAC-T1D/Y108F; (b) Fits of the intensity profile of normalized
cross peak integrals from the resonance pairs of 3-5, 9-11 and 13-12 from 2D 1H-'H EXSY of
SLAC-TID/Y108F to determine the exchange rates (17, 31). The error bars represent the

standard error of the mean derived from the duplicate experiments.
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Figure S3.2. 5sN-1H HMQC pulse sequence used in this study. Open rectangles are for 90 °
pulse and filled ones are for 180° pulse. The interscan delay d1 is 100 ms and SAT is the
continuous wave water saturation pulse with phase of x. DEC is GARP composite pulse
decoupling during the tz2 evolution. The evolution period d2 was set to 0.5 ms, corresponding

to the FWHM of the paramagnetically shifted 1H resonances (~ 0.8 ppm) (15, 18). The phase

cycling is phl =x, ph2 =x, ph3 =x -x, ph4 = x x -x -x and for the receiver it was x -x x -x.
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(b)

Y108
Amycolatopsis.sp.ATCC-39116-3TA4 SLHPHGVDYD WHYHDHA TFHLHG LIDIK YHCHV
Streptomyces sviceus-4M3H SLHVHGLDYE WHYHDHV TFHMHG VVDNK YHCHV
Streptomyces viridosporus-3TAS SLHVHGLDYE WHYHDHV TFHLHG VIDNK YHCHV
Streptomyces griseoflavus-5LHL SLHVHGLDYE WHYHDHV TFHMHG VIDNK YHCHV
Streptomyces coelicolor-3CG8 SLHVHGLDYE WHYHDHV TFHMHG VIDNK YHCHV
Bacillus subtillis-1GSK VVHLHGGVTP LWYHDHA PIHLHL WKDTI WHCHI
Trametes versicolor-1GYC SIHWHGFFQA FWYHSHL PFHLHG FRDVV LHCHI
Pycnoporus cinnabarinus-2XYB SIHWHGFFQQ FWYHSHL PFHLHG FRDVV LHCHI
Escherichia coli-2FQE TLHWHGLEVP CWFHPHQ PFHIHG WKDTV AHCHL
Thermus thermophilus-2XU9 NLHWHGLPIS FWYHPHL PFHLHV WKDVV FHCHI
Campylobacter jejuni-32zX1 TIHWHGVPVP YWYHPHP PFHIHG LRDTI YHCHI

Figure S3.3. The second coordination shell residue Tyr108. (a) Crystal structure of SLAC
(PDB entry 3cg8, resolution 2.63 A) (32), showing the hydrogen bonding network between
Tyr108 and His104 via Asp259 (red lines). The hydrogen bonds were determined by the
default parameter of UCSF Chimera program (27) with relaxed hydrogen bond constraints
of 0.4 A and 20.0°(Mills and Dean, 1996); (b) Sequence alignment of the two-domain (blue)
and three-domain laccases (black) for which crystal structures are available (PDB code
indicated). The copper coordinating residues are shown in red. Tyr108 and Asp259
(numbering from PDB 3cg8) are shown in green and gold, respectively and are underlined.

The type 1 copper site ligand, cysteine, is marked in grey.
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Figure S3.4. Comparison of the RO spectral regions for SLAC-T1D and SLAC-T1D/Y108F.
(a) Overlaid 1H-1H EXSY/NOESY spectra at 298 K with mixing time of 5 ms of SLAC-T1D
(blue) and SLAC-T1D/Y108F (red) for the region between 11 and 22 ppm. Cross-peaks and
diagonal peaks for SLAC-T1D are marked. Diagonal peaks are marked as al, a2, bl, b2 etc.
The new cross peak B in SLAC-T1D/Y108F is highlighted; (b) Chemical shift changes
between SLAC-T1D and SLAC-T1D/YI108F. Positive values mean the diagonal peak in
SLAC-T1D/Y108F is downfield shifted, while for the negative value it is upfield shifted.
Diagonal peak 1 (Diagl: al, bl, c1, d2 and el) are shown in green while diagonal peaks 2
(Diag2: a2, b2, c2, d2, and e2) are shown in light brown. Resonance f and b are not shown
since they are unique to SLAC-T1D and SLAC-T1D/Y108F respectively. More experiments

are needed to identify these resonances.
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Figure S3.5. Two H-bond acceptors for His236. (a) Overlaid TNC from crystal structure
3cg8 in gold and 6s00 in blue highlighting the hydrogen bond of the N&I from the T3
histidine ligand His236/237 (26, 32). The y2 dihedral angle for histidine 236/237 is shown

for both crystal structures. Hydrogen bonds are shown as red lines; (b) Protons are modelled

A\

for the crystal structure 6s0o using the algorithm as implemented in UCSF Chimera (26,
27). The values of the angles between [Asp114 O61 — His237 N61 — His237 HS1] and [water
0540 — His237 N8I — His237 H61] are indicated along with the distance between His237
Ng2 - T3 copper (with arrows); (c, d) The ring rotation that brings the H61 to the optimal
position for a hydrogen bond with Asp114 O61 (c) and the water (d) are shown. The new y2
dihedral angle and the corresponding His237 N&2 - T3 copper distances are indicated.
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Table S3.1. Exchange and spin lattice relaxation rates at 298 K for SLAC-T1D/Y108F. In
brackets the values for SLAC-T1D are shown for comparison (17). Ria and Rig are the spin-
lattice relaxation rates for state A and B respectively. Errors in the values are ~ 5% from the

duplicate experiments.

3-5 9-11 13-12
ka (s7) 37 (33) 51 (29) 26 (29)
ks (s7) 60 (62) 91 (91) 39 (34)

kex (s) 97(95)  142(120) 65 (63)
Koo (kalks)  0.62 (0.53) 0.56 (0.32) 0.67 (0.85)
Ria(s?)  225(225) 240 (240) 170 (170)

Ri(s?) 518 (457) 524 (464) 483 (492)

70



Chapter 3 Supporting Information

Table S3.2. 'H and 5N chemical shift in ppm of the paramagnetically shifted resonances
(>21ppmin 1D H WEFT spectrum) at 298 K. Resonance showing no change between SLAC-
TI1D/Y108F and SLAC-T1D are highlighted. Resonance pairs undergoing chemical
exchange are color coded as red for 3-5, green for 9-11 and blue for 13-12. 15N chemical shift
of resonance 7, 8, 17 and 18 are not observed from the 15N-1H HMQC spectra. Resonance 7
and 8 were reported to be carbon attached protons (17) while the 1H resonance of 17 and 18
are broad (~ 1.1 ppm), which can affect the evolution period d2 in the 15N-1H HMQC (Figure
S3.2). Since the d2 was set to 0.5 ms, corresponding to the 1H line with of 0.8 ppm (Figure
2.1) at 600 MHz, resonance 17 and 18 might not be observable due to their large line

broadening.

Resonance SLAC-T1D SLAC-T1D/Y108F
1Hq 15N 1Hq 15N
3 22.00 291.65 22.24 294.24
4 23.40 245.21 24.53 251.16
5 24.75 330.35 25.07 333.41
6 26.46 461.91 25.95 459.73
7 29.26 - 29.26 -
8 31.65 - 31.65 -
9 34.88 450.30 35.43 456.79
11 36.95 477.39 37.68 485.19
12 39.24 535.44 39.20 539.05
13 41.82 581.87 42.04 565.49
15 43.09 569.04 43.13 570.38
16 44.11 574.13 43.67 559.61
17 49.17 - 49.17 -
18 52.52 - 52.52 -
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Supporting Information

Table S3.3. 1H and 15N chemical shift in ppm at 298 K for the resonance between 12 and

21 ppm of the RO state.

Resonance SLAC-T1D
1Hq 15N
al 12.82 179
a2 19.01 266
bl 16.29
b2 19.06 270
cl 16.65 248
c2 20.59 277
di 18.01
d2 20.02 275
el 18.64
e2 21.64
x1 13.58 185
x2 14.68 213
y 15.43 232
w 13.29 190
zZ 19.90 265

Table S3.4. Potential hydrogen bond acceptors for T3 His No1 atoms as defined by (33).
Data based on chains E and F from PDB entry 6s00 (resolution 1.804) (26).

Histidine Potential hydrogen bond acceptors
His 105.E Asp 260.F 081 and H20 546.E O
His 290.F Gln 292.F O¢l and H:20 540.F O
His 159.E Glu 164.E CO and H20 540.E O
His 237.F Asp 114.E 0381 and H20 501.E O
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Table S3.5. The estimated hyperfine constant A from the fit in of the chemical shift

temperature dependence in Figure 3.2b of the main text using equation 1.5.

Resonance Hyperfine coupling constant A (MHz)

al 0.7 +/- 0.2
bl 2.7 +/-0.3
cl 1.5+/-0.1
d1 3.0+/-0.5
a2 2.0 +/- 0.2
b2 2.0 +/- 0.2
c2 2.3 +/- 0.4
d2 2.2 +/- 0.3
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The enzyme laccase catalyzes the reduction of dioxygen to water at the trinuclear
copper center (TNC). The TNC comprises a type-3 (T3) and a type-2 (T2) copper site.
The paramagnetic NMR spectrum of the small laccase from S. coelicolor (SLAC)
without the substrate shows a mixture of two catalytic states, the resting oxidized
(RO) state and the native intermediate (NI) state. An analysis of the resonances of the
RO state is reported. In this state, hydrogen resonances only of the T3 copper ligands
can be found, in the region of 12 — 22 ppm. Signals from all six histidine ligands are
found and can be attributed to H81, HB or backbone amide HN nuclei. Two sequence
specific assignments are proposed on the basis of a second-coordination shell variant
that also lacks the copper ion at the T1 site, SLAC-T1D/Q291E. This double mutant is
found to be exclusively in the RO state, revealing a subtle balance between the RO and
the NI states.

4.1 Introduction

The multicopper oxidase laccase can perform oxygen reduction with very little
overpotential (~ 20 mV).(1) It comprises two active sites, a type-1 (T1) copper site to
oxidize substrates and a tri-nuclear copper center (TNC) to reduce dioxygen to water.
The TNC can be divided in a type-3 (T3) and a type-2 (T2) copper site. The T1 site is
comprised of a single Cu(Il) ion and is characterized by a strong 600 nm response in
the absorption spectrum due to metal-sulfur transition between the Cu(Il) and
cysteine.(2) The T3 site has two interacting Cu(Il) ions via a OH- group while the T2
site has a single Cu(Il) ion in a trigonal planar geometry coordinated to two histidine
ligands and a water/OH- group.(2) The current model of the reaction mechanism was
previously described in detail (Figure 1.3).(3) In brief, the resting oxidized (RO) state
is reduced to the fully reduced (FR) state by extracting four electrons from the
substrates at the T1 site. The TNC has three cuprous ions in the FR state and can
bind an oxygen molecule. Donation of two electrons from the TNC copper ions to the
molecular oxygen leads to the formation of the peroxide intermediate (PI) state. At
this stage the TNC needs one additional electron for complete oxygen reduction, which
can be transferred from the reduced T1 site. In addition, for small laccase and human
ceruloplasmin an electron can be transferred from the tyrosine residue near the T2
site, by forming a tyrosine radical.(4, 5) The two electron transfers coupled with a
single proton transfer convert the PI state to the native intermediate (NI) state in
which the peroxide bond between the oxygen atoms is broken. After three protons
transfers from the protein environment, two water molecules are released and the NI
state is converted into the RO state without the substrates, or into the FR state, with

the substrates in the environment.
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However, somewhat in contrast with this standard model, the NMR spectrum
of a small laccase from S. coelicolor (SLAC) showed that the enzyme without substrate
exists as a mixture of RO and NI states with all the copper ions in the cupric form
(chapter 2 and 3).(6, 7) In the NI state, the T2 copper ion is coupled to the T3 copper
ions via an oxygen atom (Figure 1.3 and S4.2b). The T2 copper ion is decoupled in the
RO state (Figure 1.3. and S4.2a). The 'H signals in the NMR spectrum of the RO state
are less paramagnetically shifted (12 to 22 ppm) than those of the NI state (22 to 55
ppm).(6, 7) The wild type protein (SLAC-wt) is predominantly in the RO state, while
the T1 site copper depleted mutant (SLAC-T1D the native, holoprotein, with copper
ions in all sites) is mostly in the NI state (chapter 2 and 3).(6, 7) Five chemical
exchange processes ascribed to ring motions of histidines coordinating coppers in both
T3 and T2 sites were shown to be present for the NI state of SLAC-T1D (chapter 2 and
3).(7, 8) Further characterization of these exchange processes requires sequence
specific assignment of the resonances to the histidine ligand nuclei. The assignment
of the resonances is complicated by the paramagnetic nature of the copper ions,
resulting in line broadening and hyperfine shifted resonances (up to 60 ppm in SLAC).
This makes it impossible to use standard multidimensional NMR experiments for the
assignments. Mutations in the second shell of coordination were considered as a means
to obtain assignments. Using such a mutation, two of the chemical exchange processes
in the NI state could be assigned to the T2 site histidines (chapter 3).(7) However, a
detailed characterization of the RO state could not be done due to its low population
in SLAC-T1D, resulting in the low S/N ratio of the corresponding resonances.(7)

In the current study, SLAC-wt is studied to characterize the RO state. The
electronic coupling between the two coppers leads to fast electronic relaxation, yielding
observable signals even for nuclei close to the metals.(9—-11) The signals from nuclei in
the T2 site ligands are broadened beyond detection because of the longer electronic
relaxation time of the isolated electron spin on the copper.(7, 10, 12) The resonances
from the T1 site are expected to be shifted to different spectral regions, 500 to 700 ppm
for cysteine Hp, 30 to 50 ppm for histidine ring, < 0 ppm for histidine HB and 12 to 20
ppm for other ligands(13—15). The signals from the T3 site are observed in the region
from 12 to 22 ppm(6). They can be differentiated from the signals of the T1 site by
their temperature dependence. T3 site signals have anti-Curie behavior, i.e. an
increase in hyperfine coupling with increase in temperature, whereas the T1 site
signals have Curie type behavior, i.e. a decrease in hyperfine coupling with increasing
in temperature(12). The temperature dependence of the resonances in the 12-22 ppm
region observed for the RO state was reported(6) and later shown to have anti-Curie.
This suggests that all in that region arise from the T3 site ligands.

Using paramagnetically tailored NMR experiments and a mutation near the
T3 site, the sequence specific assignment of two T3 site histidine ligands is reported

for the RO state. In addition, resonances corresponding to all the six histidine ligands
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of the T3 site could be found. Interestingly, the mutant enzyme is exclusively in the
RO state, indicating that there is a subtle balance between the NI and RO states.
Ultimately, assignment of the NMR resonances of nuclei at the heart of active site can
lead to a better description of the TNC and aid in characterizing underlying motions,
which may help to explain how laccases can so efficiently break the stable dioxygen
bond.

4.2 Results and discussions

RO state in SLAC-wt

The NMR spectra of the RO state comprise signals from the T3 site histidine
ligands that spans the spectral region between 12 and 22 ppm, while the NI state has
signals from both the T3 and the T2 site histidine ligands in the spectral region
between 22 and 55 ppm (chapter 3).(6, 7) The spectrum of SLAC-wt reveals a mixture
of the NI and the RO states, similar to SLAC-T1D (chapter 3).(6, 7) The relative
intensities of the signals in the RO and the NI spectral regions shows that SLAC-wt
is predominantly in the RO state, contrary to SLAC-T1D. A Gaussian deconvolution
of the H spectral region between 10 and 22 ppm yields 14 resonances (Figure 4.1a).
On the basis of 2D EXSY/NOESY (Figure 4.1b) and HMQC (Figure 4.1c) spectra, it
can be concluded that some resonances derive from overlapping signals. The resonance
at ~11 ppm is a superposition of proton signals (u0, c0, b0, e0 and x0), the resonances
at ~16 ppm (ul and bl) and 21.5 ppm (e2 and 0) are from two protons with strong
overlap, and the resonance at ~19 ppm (b2, el and a2) is the summation of three proton
signals. The cross-peaks between the resonances in the spectral region of 10 to 12 ppm
have low S/N ratio and, therefore, we focus on the resonances in the region of 12 to 22
ppm for further analysis (al, x1, dO, x2, ul, b1, cl, d1, b2, el, a2, d2, c2, 6 and e2)
(Figure 4.1b). These resonances show anti-Curie behavior, where the hyperfine
coupling increases with temperature (Figure 4.1e), which is well in line with previous
observations.(6) Using the coupled two-metal center model (equation 1.2), the singlet-
triplet energy gap was estimated to be 2J = —560 cm! with S = 0 being the ground
state and the S = 1 being the excited state. This is within the range of the reported
values for the RO state of laccases (—550 to —620 cm).(6, 7, 16) Extrapolation of the
fitted curves to infinite temperature yields the diamagnetic chemical shifts (8dia).(12,
17, 18) On the basis of BMRB statistics, resonances related to the H61, HB and
backbone amide HN protons of the T3 histidine ligand are distinguished (Figure 4.1e,
see also Experimental Procedures in the Supporting Information). Resonances e2, c2,
d2, b2, c1 and a2 derive from H81, with a globally fitted 8dia of 10 ppm, in line with the
BMRB average for the histidine ring H81 of 9.5 ppm. The resonances el, d1, bl and
ul are from HB with a 84ia of 3.3 ppm matching the BMRB average of histidine Hp of
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3.2 ppm, while resonances al, x2, dO and x1 are attributed to backbone amide HN with
a d4ia of 8.6 ppm with a BMRB average for the histidine backbone amide proton of 8.2
ppm. Assignments of resonances to nitrogen attached protons were validated by
observation in a 1N-'H HMQC spectrum. Finally, an additional resonance 0 is is

poorly resolved due to strong overlap with resonance c2.
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Figure 4.1. NMR spectra of SLAC-wt. (a) 1D WEFT (19, 20) 1H spectrum of the spectral
region from 10 to 24 ppm corresponding to the RO state. The WEFT delay was set to 100 ms.
Gaussian deconvolution is shown in red and the summation of the deconvoluted resonances
is indicated with a solid grey trace; (b) 2D 'H-1H EXSY/NOESY spectrum at 298 K with
mixing time (tmix) of 5 ms. The 1D 1H spectrum is shown on top of the spectrum; (c) 2D 15N-
1H HMQC spectrum. The delay for polarization transfer was set to 0.5 ms (7); (d) The
temperature dependence of the fractional cross peak integrals to differentiate between the
NOE and exchange cross peaks; (e) Temperature dependence of the chemical shift of the
resonances marked in panels a, b and c. The solid lines represent the fit using equation S1I.
The 2J value and the diamagnetic chemical shifts are shown. The inset shows an
enlargement of the experimental region. The corresponding hyperfine coupling constants A

(MHz) are given in Table S4.3. The chemical shift values at different temperatures for each
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resonance in panel e is given in Table S4.4. The chemical shift values for resonances a2, x2,
el and bl were obtained from the temperature dependence of the cross peak in panel b. Color
codes are given below panel d as brown for protons from the His-ring H61, purple for the
protons of the backbone amide HYN, cyan for the carbon attached protons and green for

unknown. All spectra were recorded at 14 T.

The temperature dependence of the cross-peak intensities from the
EXSY/NOESY spectrum shows that resonances x1 and x2 are in chemical exchange
(Figure 4.1d), whereas other peaks are NOE cross peaks (ala2, b1b2, c1c2, d0d2, d1d2
and ele2). Cross peaks ele2, d1d2 and b1b2 are the NOEs between the H81 and Hp
protons, whereas cross peaks d0d2, and ala2 are between the H51 and backbone amide
HN protons. Cross peak clc2 will be discussed further in the analyses of the double
mutant SLAC-T1D/Q291E. Figure 4.1b shows that the resonances c, b, d and e have
two cross peaks. The cross peaks e0e2, bOb2 and c0c2 could not be analyzed further
due to their low S/N ratio but for resonance d NOE cross peaks are present between
H61 — HB and H31 — backbone amide HN protons (Figure 4.1b and e).

(a) (b) i ,/ (c)
\ Asp157 Cys288
NH Y

His156

Hs&2

Figure 4.2. Histidine ligands in the TNC of SLAC. (a, b) Protons are shown near Hol of
His156 (a) and His287 (b) from the crystal structure of small laccase from S. coelicolor (PDB
3¢g8)(15). Hydrogen bonds are shown as red lines. Amino acid residues are shown in golden
sticks and copper ions as orange spheres. Distances between the Hol-Hf and HSI1-HN are
shown as double-sided arrows. Protons of the histidine ring are marked in panel a. The
protons were modelled using the “AddH” algorithm as implemented in UCSF Chimera
program(16) (for more details, see supporting information). His289 and 287 in panel a and
His156 and 158 in panel b are not shown for clarity; (c) Hydrogen bonds are shown from
GIn291 Ocl to His289 N6l and the bound water molecule O732 (red sphere), which is part
of the water channel (Figure S4.3). 0732 is hydrogen bonded to the next water molecule O681
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in the water channel. A possible hydrogen bond from O681 to the T3 site oxygen is shown as
a red dashed line. His156, 158 and 102 are not shown for clarity.

Analysis of the crystal structure (PDB 3cg8) (21) of S. coelicolor SLAC reveals
that in His156 and His287 (numbering from the crystal structure 3cg8) the Hd1 proton
is close to both HB and a backbone amide HN proton (Figure 4.2), which could give rise
to the observed NOE cross peak pairs for the d resonances. The H81 proton of His156
is at 2.65 A from the nearest HpB proton and at 3.13 A from the backbone amide HN of
Aspl157. In His287, the H31 proton is at 2.53 A from the closest Hp proton and at 3.50
A from the backbone amide HN of Cys288 (Figure 4.2). According to previous studies
the resonances of nuclei in ligands of the T1 site, including Cys288, are subject to Curie
behavior, and the hyperfine coupling decreases with increasing in temperature.(23) In
contrast, resonance dO shows an anti-Curie behavior (Figure 4.1e), which is generally
observed for nuclei interacting with a coupled metal ion system.(12, 17, 18, 23) This
suggests that the resonance d can be assigned to His156, showing NOEs between the
H61 - HB and H31 - Asp157 HN. The chemical shifts of the H31, HB and Asp157
backbone amide HN protons are 20, 18 and 14.5 ppm, with the paramagnetic shift
contributions of about 10, 15 and 6 ppm, respectively. Interestingly, the paramagnetic
contribution to the chemical shift of H81 is less than for Hp, although the former is
four bonds away from the metal center, and the latter five. Perhaps this can be
explained by (a) the higher electronegativity of nitrogen sequestering much spin
density compared to carbon, resulting in less spin density on the nitrogen attached
proton and (b) His156 H81 having a strong hydrogen bond with the carbonyl CO of
Aspl157 that can result in an extended N&1-H81 bond, thus further reducing the
electron spin density on the proton. The shift of the HN appears quite large for an FCS
of a nucleus so many bonds away from the copper ion but it is noted that this is based
on an estimate for the diamagnetic chemical shift of 8.6 ppm. Amide proton chemical
shifts can vary widely. Also, a pseudo-contact shift could contribute to the observed
shift.

Similar to the cross peak d0d2, ala2 is also a NOE between a H31 (al, 12.68
ppm) and a backbone amide HN proton (a2, 19.17 ppm). From the available crystal
structures of small laccase, it is not possible to specifically assign it to any of the T3
histidine ligands. Cross peaks b1b2 and ele2 can be from any of the remaining five T3
histidine ligands. Overall, resonances a, b, d (1-2) and e represent signals from four of
the six T3 site histidine ligands, with resonance d (1-2) assigned to His156 and dO to
Asp 157 HN (Table S4.1). A two-site, slow chemical exchange is observed for a backbone
amide HN proton (resonances x1 and x2, Figure 4.1). Although it is paramagnetically
shifted, there are no NOE cross peaks with other resonances from the T3 site histidine
ligands. In the state corresponding to x1, a weak cross peak is observed with resonance

x0 (Figure 4.1b). It remains unclear to which nuclei these signals can be assigned.
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Comparison between SLAC-wt and SLAC-T1D

Similar to SLAC-wt, the NMR spectrum of SLAC-T1D shows a mixture of the
RO and the NI states.(6, 7) A strong response in the NI region (22 to 55 ppm) compared
to the RO region (12 to 22 ppm) provides convincing evidence that SLAC-T1D is
predominantly in the NI state (Figure 4.3a).(7) The proton resonances from the 1D 'H
WEEFT spectra of the RO region in SLAC-T1D are not well resolved due to their low
S/N ratio (Figure 4.3b). However, the RO spectral region in the 2D 'H-'H
EXSY/NOESY spectra shows that the cross-peaks (ala2, b1b2, clc2, d1d2, ele2 and
x1x2) are present in both SLAC-T1D and SLAC-wt (Figure 4.3d). Cross-peak d0d2 is
not observed in SLAC-T1D due to its low S/N ratio. The >N-1H HMQC spectrum is
also similar between the two proteins, although some changes can be observed (Figure
4.3e). In SLAC-T1D, resonances al, x1, y, b2 and d2 are shifted downfield, while
resonance x2 is shifted upfield in the proton dimension and resonance cl is shifted
downfield in the nitrogen dimension. Additional resonances w and z are observed in
SLAC-T1D. A downfield shifted resonance is correlated to an increase in the spin
density on the nucleus and vice-versa for an upfield shifted resonance.(12, 24) This
suggests that in the RO state of SLAC-T1D, protons represented by resonances al, x1,
y, b2 and d2 have more spin density and x2 has less spin density compared to SLAC-
wt. These changes can be attributed to the loss of the T1 copper in the T1D mutant,
due to which the TNC is affected structurally and electronically.(6) Some structural
change of the TNC is also suggested by the change in the singlet-triplet energy gap 2./
= -560 cm'! for the RO state of SLAC-wt which is 2J = —600 cm-1 for SLAC-T1D (7),
because it was shown that a change in 2J value is related to the change in the angle
between the hydroxyl bridged T3 copper ions (Cu2*— OH™ - Cu2*) and distance between
the T3 coppers.(2, 3)
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Figure 4.3: Comparison of SLAC-T1D and SLAC-wt. (a) Overlaid 1D 1H spectra of SLAC-
T1D (red) and SLAC-wt (blue). The spectral regions for the NI (22 to 55 ppm) and the RO
(12 to 22 ppm) states are marked; (b) Expansion of the spectral region corresponding to the
RO state where the spectral intensity of SLAC-T1D is multiplied by a factor 4; (c) Expansion
of the spectral region corresponding to the NI state. The chemical shift values are given in
Table S4.2 of the supporting information, (d) Overlaid 'H-'H EXSY/NOESY spectra of
SLAC-wt and SLAC-T1D with an expansion of the spectral region 12 to 22 ppm. The
resonance notations are in panel b of Figure 4.1; (e) Overlaid 1*N-1H HMQC spectra for the
RO region.

The NI spectral region (22 to 55 ppm) of the 1D 'H WEFT spectrum shows a
similar pattern for SLAC-wt and SLAC-T1D. However, the resonances are broader for
the SLAC-wt (Figure 4.3c). The resonances in SLAC-T1D are mostly downfield shifted
compared to SLAC-wt, except for resonance 16, which is upfield shifted (Table S4.2).
For resonances 17 and 18 the variation in chemical shifts are small compared to their
large linewidth. In summary, resonances from RO and NI states can be observed for
both SLAC-wt and SLAC-T1D proteins, consistent with the previous observations.(6,
7)
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Analysis of SLAC-T1D/Q291E

It was shown that a mutation in the second coordination shell can help in
assigning the complex paramagnetic NMR spectra of the nuclei in the TNC.(7) Using
the SLAC-T1D/Y108F double mutant, the chemical exchange pairs 13-12 and 16-18 of
the NI state (Figure 4.3c) were assigned to H81 of His102 and His234 in the T2 site,
respectively. (7) Following this method, a residue near the T3 site, GIn29, was mutated
to aid in further assignment of the TNC ligands. A double mutant variant SLAC-
T1D/Q291E was made to remove the effects of the T1 site copper. GIn291 is located
near the T3 site of the TNC and its side chain is oriented toward the water channel
leading into the TNC (Figure S4.3). This water channel has been proposed to be the
source of protons in the formation of waters from dioxygen(21, 25). GIn291 also forms
a strong hydrogen bond with the N&1 of His289 (Figure 4.2¢), a ligand in the T3 site.

The 1D 'H NMR spectrum of the double mutant SLAC-T1D/Q291E is
compared with those of SLAC-T1D and SLAC-wt in Figure 4.4a. The NMR spectrum
of the double mutant SLAC-T1D/Y108F was reported to be a mixture of the NI and
the RO states with the NI state being the most populated, similar to the situation in
SLAC-T1D(7). The NMR spectrum of SLAC-T1D/Q291E shows the enzyme to be
exclusively in the RO state, without any signals from the NI state (Figure 4.4a).

A gaussian deconvolution of the 'H spectral region between 12 and 24 ppm
shows 11 resonances (Figure 4.4b). The 2D 'H-'H EXSY/NOESY spectrum (Figure
4.4d) reveals that the resonance ~14.5 ppm consists of two resonances, d0 and x2, and
similarly, in resonance ~16.8 ppm c1’ and b1 are overlaid. The response at ~19 ppm
consists of four overlapping resonances dl, b2, el and a2. The temperature
dependencies of the proton chemical shifts can be fitted to a coupled two-metal center
model (equation 1.2) yielding a 2J = —560 cm'!, which is same for SLAC-wt (Figure
4.4e and 4.1e). The resonances could not be specifically assigned to His H61, Hf and
backbone amide HN protons from this temperature dependency due to substantial
signal overlap (Figure 4.4b). However, the similarity between the spectra of SLAC-
T1D/Q291E and SLAC-wt (Figure 4.5a) indicates comparable assignments.
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Figure 4.4: NMR spectra of SLAC-TID/Q291E. (a) 1D H spectra of SLAC-T1D (red),
SLAC-TI1D/Q291E (black) and SLAC-wt (blue). The spectral regions for the NI and the RO
states are denoted; (b) 1D 1H spectrum of SLAC-T1D/Q291E in the spectral region from 11
to 24 ppm. A Gaussian deconvolution is shown in red and the summation of the deconvoluted
resonances is shown a solid grey trace; (¢) 15N-'H HMQC spectrum and (d) 'H-'H
EXSY/NOESY spectrum of SLAC-T1D/Q291E for the 1H spectral region of the RO state; (e)
Temperature dependence of the resonances marked in panel b. The solid line is the fit to
equation 1.5 (for more details see the Experimental procedures in the supporting
information). The inset shows an enlargement of the data region. The 2J value and the
diamagnetic chemical shifts are shown. The corresponding hyperfine coupling constants A
(MHz) are given in Table S4.3. The chemical shifts at different temperatures for each
resonance in panel e are given in Table S4.5. The color code and the assignments are same

as in Figure 4.1.

Overlaid NMR spectra of SLAC-wt and SLAC-T1D/Q291E reveal the changes in the
RO state of the protein due to the Q291E mutation. The H resonances for SLAC-
T1D/Q291E are broader than for SLAC-wt (Figure 4.5a). Chemical shift perturbations
are clear from the 2D 'H-'H EXSY/NOESY spectra, showing that resonances b2, c2,
do, d2, e2, x1 and x2 are downfield shifted, while resonance c1 is upfield shifted and

resonance al is unperturbed (Figure panels 4.5b and 4.5d). Most of the resonances are
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downfield shifted, suggesting that the Q291E mutation leads to an increase in the spin
density delocalization over the ligands in the TNC. It is of interest to note the 'H-1H
cross peak clc2 in SLAC-wt and c¢1’c2 in SLAC-T1D/Q291E. In the 2D »N-'H HMQC,
the resonance assigned as cl in SLAC-wt is upfield shifted in the proton dimension
and downfield shifted in the nitrogen dimension in the equivalent spectrum of SLAC-
T1D/Q291E (Figure 4.5¢c). However, in the EXSY/NOESY spectrum the cross peak for
clc2 moves slightly downfield in the c1 dimension (Figure 4.5b). This cross-peak was
assigned as c1’c2 in SLAC-T1D/Q291E and since c¢1’ is suppressed in the HMQC data
compared to the EXSY/NOESY spectrum it can be attributed to a carbon attached
proton (Figure 4.4c). It is therefore concluded that the resonances cl and cl’ are
overlapped in SLAC-wt (Figure 4.1b and 4.5b), whereas in the spectrum of SLAC-
T1D/Q291E they can be distinguished (Figure 4.5c). Resonances c1 and c1’ may well
belong to different histidines. The temperature dependence of the chemical shift
showed that resonance c1 derives from a H31 nucleus. The resonance c2 also derives
from a H81 nucleus and because c1’ can be attributed to a carbon attached hydrogen,
the c1’c2 cross-peak is likely to represent another H61-HB NOE from one of the T3 His
ligands.

x1 al ppm
y do
cl x2
/éﬁh 200
- x1
do
e 300
SLAC-wt
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22 20 18 16 14 12 ppm
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Figure 4.5: Comparison of SLAC-T1D/Q291E and SLAC-wt. Overlaid 1D 1H NMR spectra
(a), 2D 'H-1H EXSY/NOESY with the resonances cl, c1’ and c2 marked (b) and 15N-'H
HMQC with all the resonances marked (c) of SLAC-T1D/Q291E (black) and SLAC-wt (blue)
of the spectral region 10 to 23 ppm; (d) Chemical shift perturbations as the difference in
chemical shift between SLAC-T1D/Q291FE and SLAC-wt.
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The chemical shift perturbations between SLAC-T1D/Q291E and SLAC-wt
show that the strongest perturbation is for the resonance c1. Since GIn291 has a strong
hydrogen bond with His289 (Figure 4.2c), the Q291E mutation can have a pronounced
effect on the chemical shift of its N61 and H81 nuclei. Due to the negative charge,
Glu291 is likely to have a stronger hydrogen bond with the H31 of His289, increasing
the N-H bond length and reducing the spin density on the proton while increasing it
on the nitrogen. This will result in an upfield shift for the proton and a downfield shift
for nitrogen, in line with the observation in the HMQC spectrum (Figure 4.5c).

Therefore, we propose that resonance c1 is from H81 of His289 in the T3 site.

4.3 Conclusion

The NMR spectrum of SLAC-wt is a mixture of the RO and the NI states, and
the intensity profile shows that the RO state is most populated. Paramagnetically
tailored NMR experiments and the double mutant SLAC-T1D/Q291E helped to
provide residue specific assignments for the H31 nuclei of all the six histidine ligands
of the T3 site (a2, b2, cl, c2, d2 and e2). The resonances d1 and d2 are assigned to
His156 HB and H&1, respectively, dO to Asp 157 HN and resonance cl is assigned to
His289 H31. Cross peaks in the 'H spectral region of 10-12 ppm could not be analyzed
due to their low S/N ratio. Some of the cross peaks (bOb2, cOc2 and uOul) are associated
with resonances assigned to the T3 histidine ligands. Assuming that b0, cO and u0
arise from the backbone amide HN protons, cross peaks bOb2 and cOc2 might be NOEs
between the His H31 (b2 and ¢2) and backbone amide protons (bO and c0). Cross peak
uOul may be a NOE between a HB and a HN.

Chapter 2 and 3 shows the presence of five chemical exchange processes in
the NI state involving H81 protons and attributed to His ring motions.(7, 8) In the RO
state, these exchange processes are not observed. Perhaps the exchange is still present
but not visible because the lower spin density on nuclei causes smaller FCS. For the
NI state, the differences in chemical shift between the states represent ~10% of the
FCS. The differences in chemical shift between the different states may be too small
in the RO state to result in observable exchange peaks. Alternatively, the RO state
may be more rigid, slowing down His ring motions sufficiently to bring the exchange
rate outside the window that results in exchange cross peaks (80 — 200 s1). For the RO
state, one exchange process was observed, between signals x1 and x2. However, these
resonances do not derive from HS1 but from a shifted backbone amide signal. It
provides evidence that some motion is occurring in the RO state as well, but we have
not been able to assign it to a particular nucleus. We expect that the use of second
coordination shell mutations can allow further assignment of the paramagnetic NMR

signals from the TNC, providing spectroscopic probes that can help to
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understand how motions of the histidine ligands assist in progressing rapidly through

the consecutive steps of the catalytic cycle.

4.4 Supporting Information

Site directed mutagenesis

The plasmid pET-20b containing the gene encoding SLAC-T1D (pET-
20b/SLAC-T1D) (8) was used as a template to prepare the double mutant SLAC-
T1D/Q291E. A two-fragment Gibson assembly (26) approach was used for the site

directed mutagenesis. The primers used for the mutagenesis are as follows:

Q291E (mutation is given in bold):

Forward primer: 5— G TAC CAC AGC CAC GTC GAA AGC CAC TCC GAC ATG -3
Reverse primer: 5— CAT GTC GGA GTG GCT TTC GAC GTG GCT GTG GTAC -3

Primers for generating two-fragments:

pTarget-split-Forward primer: 5— AAATACTGTCCTTCTAGTGTAGCCGTAGTTAG
_g

pTarget-split-Reverse primer: 5'—- TTCTTGAAGTGGTGGCCTAACTACGG - 3

Two parts of the pET-20b/SLAC-T1D plasmid were PCR-amplified. Fragment 1 was
amplified using the Q291E-forward and pTarget-split-Reverse primers and fragment
2 using the Q291E-reverse and pTarget-split-Forward primers. The resulting
fragments (2585 and 2548 base pairs, respectively) were extracted from an agarose gel
using GFX™ PCR DNA and Gel Band Purification Kit (Merck, Germany) and
combined using Gibson assembly master mix at 50°C.(26) The resulting plasmid pET-
20b/SLAC-T1D/Q291E was introduced in the DH5o strain of Escherichia coli for
propagation. The desired mutation was confirmed by DNA sequencing (BaseClear,
Leiden, The Netherlands).

Protein expression and purification

15N uniformly labelled SLAC-wt, SLAC-T1D and SLAC-T1D/Q291E were
produced and purified as described previously.(7, 8) Purity was checked using SDS
PA-gel electrophoresis and a band ~ 74 kDa was observed in each case (Figure S4.1).
This corresponds to the molecular weight of a dimer. However, under native
conditions, the molecular weight of the proteins was ~ 105 kD as determined by size-
exclusion chromatography coupled to multi-angle light scattering detection, in line

with the expected trimeric form.(21)
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NMR spectroscopy

Samples contained ~1 mM of protein in 10 mM sodium phosphate buffer pH
7.3 with 10% D20. 1D 'H water eliminated Fourier transform, 2D !'H-'H
EXSY/NOESY and 2D 'H-1N HMQC spectra were obtained as described previously.(7,
8) Experiments were carried on a Bruker AV-III HD 600 MHz NMR spectrometer
equipped with a TXI cryoprobe.

Modelling protons

The protons were modelled in the crystal structure 3cg8 using “AddH”
algorithm as implemented in UCSF Chimera program.(22) The hydrogen bonds were
taken into consideration and the protonation states of histidine were kept unspecified

so that the program can add hydrogens based on the hydrogen bonds and steric clash.

Temperature dependence of the chemical shift

For two cupric coppers at close distance, antiferromagnetic coupling results
in a S = 0 state at low temperature. At ambient temperature, the S = 1 state can be
populated. The energy gap between the two states is given by the coupling constant
2J (in cm). The observed chemical shift, §,,s, depends on the spin density on the
nucleus, given by A, the isotropic hyperfine coupling constant, and value of 2J
according to equation 1.2. For the temperature dependency of the resonances from
SLAC-wt in Figure 4.1e of the main text a global fit algorithm as implemented in IGOR
pro 6.37 was used to fit the data by linking the 2./ values for all the resonances. This
resulted in an estimation of 6,4, for respective resonances at kzT >>> 2]. These were
grouped as His ring H31, His HB and HN by comparison to the chemical shifts obtained
from the BMRB statistics, where 64, for H81, HB and HN are 9.5, 3.2 and 8.2 ppm,
respectively. For the final global fit, the 2/ values for all the data were linked and the
84ia values were linked for resonances belonging to the same type, being H81, Hp or
HN. For the resonance from SLAC-T1D/Q291E, the 2./ values and the §4;, were linked
for all. The only variable that was not linked during the global fit was A in both the

proteins.
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Supporting figures and tables
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Figure S4.1: Image of Bis-Tris precast SDS PAGE-gels (ThermoFischer Scientific) of
purified SLAC-T1D/Q291E, SLAC-wt and SLAC-TID.
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Figure S4.2: Schematic of the TNC in (a) the resting oxidized (RO) state and (b) the native
intermediate (NI) state. The Tyr108 residue and respective coppers are marked in panel a.

The numbering is adopted from the crystal structure 3cg8 (from S. coelicolor, resolution 2.68
A).21)
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Figure S4.3: The second shell residues at the TNC in SLAC from S. coelicolor (PDB 3cg8).
(21) The water channel is shown as the electron density surface of the water molecules in the
TNC. (25) The double-sided arrows show possible proton transfer paths. Coordinating
histidine ligands are shown as wire and the second coordination sphere residues are shown

as sticks. The red sphere is a water molecule. The copper ions are shown as orange spheres.
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Table S4.1: Chemical shift (ppm) of the resonances in the 1H spectral region of 12 to 22 ppm
attributed to the T3 site histidine ligands from SLAC-wt and SLAC-T1D/Q291E at 298 K.
The type of protons associated with the resonances are indicated. Hol1 and Hf are from
histidine and HN is a backbone amide proton. Assignment of resonance c1 and d (d0, d1 and
d2) to specific histidine is also indicated. The numbering is adopted from the crystal
structure of SLAC from S. coelicolor PDB 3cg8.(21)

SLAC- Proton Assignment
SLAC-wt
T1D/Q291E
Numbering
Resonance 1H 15N 1H 15N
from PDB 3cg8
al 12.68 175 12.68 185 HN
a2 19.17 256 19.37 274 Hs1
b1l 16.25 - 16.52 - HpB
% b2 18.80 268 18.96 274 Hs1
[=}
]
éﬁ cl 16.56 221 15.80 240 H&1 His289
=
8= cl’ ol - 16.84 - Hp
4
g= c2 20.81 278 20.95 283 Hs1
@
E do 14.48 212 15.14 215 HN Asp 157
o
& 1 17.99 . 18.47 . Hp
His 156
d2 20.07 272 20.07 280 Hs1
el 18.96 - 19.16 - HpB
e2 21.8 304 22.02 307 Hs1
x1 13.43 187 13.66 197 HN
x2 14.83 225 14.95 221 HN

ol: overlap with c1
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Table S4.2: Chemical shift in ppm for the resonances in the 1H spectra region of 22 to 55
ppm belonging to the NI state of SLAC-T1D and SLAC-wt at 298 K.

Resonance  SLAC-T1D SLAC-wt

3 21.94 Overlap with resonance e2
4 23.42 23.33
5 24.70 23.91
6 26.52 25.96
7 29.27 28.52
8 31.48 30.14
9 34.99 33.67
11 36.95 35.66
12 39.21 37.96
13 41.86 40.72

14/15 43.14 42.83
16 44.07 44.43
17 49.21 49.21
18 52.77 52.77
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Table S4.3: Hyperfine coupling constants (A) obtained from fitting the temperature
dependencies of the chemical shifts to equation 1.5 for SLAC-wt and SLAC-T1D/Q291E.

The error values are ~ 5% from the fit.

SLAC-wt SLAC-T1D/Q291E
Resonance A (MHz) Resonance A (MHz)

al 0.7 do/x2 0.9
x1 0.8 cl 1.0
ul 2.1 b2 1.6
bl 2.2 d2/c2 1.9
do 1.0 e2 2.0
x2 1.1
di1 2.5
cl 1.1
a2 1.5
el 2.6
b2 1.5
d2 1.7
c2 1.8
e2 2.0
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Table S4.4: Chemical shift at different temperatures for the resonances in the RO state of
SLAC-wt.

Temperature (K)

278 283 288 293 298 303

Resonance Chemical shift (ppm)
e2 20.81 21.08 21.44 21.51 21.88 21.89
c2 19.93 20.17 20.40 20.62 20.84 21.01
d2 19.13 19.38 19.63 19.87 20.09 20.32
b2 18.06 18.30 1852 18.75 1891 19.14
d1 16.80 17.06 17.35 17.70 17.99 18.24
cl 16.00 16.14 16.32 16.46 16.64 16.81
ul 14.70 15.00 15.30 15.63 15.83 16.23
x2 ol ol ol 14.90 15.15 15.26
do 14.08 14.25 14.40 14.51 14.67 14.81
x1 12.97 13.14 13.23 13.29 13.38 13.63
al 12.50 12.55 12,58 12.65 12.76 12.86
b1l ol ol 15.63 1595 16.25 16.60
a2 ol ol 18.65 18.90 19.13 19.34
el ol ol 18.27 18.70 18.94 19.37

ol: Chemical shift could not be determined due to resonance overlap

Table S4.5: Chemical shift at different temperatures for the resonances in the RO state of
SLAC-TID/Q291E.

Temperature (K)

278 283 288 293 298 303
Resonance Chemical shift (ppm)
e2 21.057 21.219 21.408 21.662 21.927 22.213
d2/c2 19.897 20.115 20.153 20.438 20.673 20.884
b2 18.112 18.347 18.423 18.717 18.928 19.172
cl 14.984 15.234 15.275 15.578 15.758 15.952
d0/x2 14.438 14.651 14.628 14.882 15.015 15.183
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Chapter 5

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 (T'1) 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(Il) ions are coordinated by three histidine ligands. The T2 site is
characterized by a single Cu(Il) 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 A; 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 Cul* 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 Cu?* 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 “dy2_y”
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 “dx® 2’ 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 u-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.

(c) ?( Model C . H,op

HN 0.533
\ T
K/\N /N\)
0688 0675
HN £

0683 0678
N——CU? 0,026 _Cu?*—N
\ O/

HN

~

7 NH

2J=-650cm’ 2J=-680 cm"

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 A, organism S. greseoflavus) near the T2 site. Each
panel shows the electron spin density distribution of the TINC, 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 (2.J) 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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(a) (b) (c)

T2 copper T3 copper T3’ copper
“d2_,2"; p-unoccupied “d,,”; B-unoccupied “d2_,?"; a-unoccupied

Figure 5.2. Isosurface of a- and p-LUMOs based on the T2/T3 “d.2,2” and T3 “dx”

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 (2.J) 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 (2<J) -1.760 -1.858 -1.830 -1.944
2(BS-HS) (-616 cm'?) (-650 cm?)  (-640 cm!)  (-680 cm'?)
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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 A) (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 H20
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-( basis set was used
for copper and nitrogen atoms while single-C basis set for the rest. For single-point
broken-symmetry calculations the triple-C basis set was used for coppers and nitrogen
atoms with a double-C 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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Chapter 6

We demonstrate the efficacy of the REDOR-type sequences in determining dipolar
coupling strength in a paramagnetic environment. Utilizing paramagnetic effects of
enhanced relaxation rates and rapid fluctuations in Cu(II)-(DL-Ala)2.H20, the dipolar
coupling strength for the methyl C-H that is 4.20 A away from the Cu?* ion, was
estimated to be ~ 8.8 +0.6 kHz. This coupling is scaled by a factor of ~ 0.3 in
comparison to the rigid limit value of ~ 32 kHz, in line with partial averaging of the
dipolar interaction by rotational motion of the methyl group. Limited variation in the
scaling factor of the dipolar coupling strength at different temperatures is observed.
The C-H internuclear distance derived from dipolar coupling strength is similar to the
crystal structure. The errors observed in the REDOR-type experiments are similar to
those reported for diamagnetic systems. Increase in resolution due to the Fermi
contact shifts, coupled with MAS frequencies of 30-35 kHz allowed to estimate the
hyperfine coupling strengths for protons and carbons from the temperature
dependence of the chemical shift and obtain a high resolution 'H-'H spin diffusion
spectrum. This study shows the utility of REDOR-type sequences in obtaining reliable
structural and dynamical information from a paramagnetic complex. We believe that
this can help in studying the active site of metalloproteins which are paramagnetic in

nature at high resolution.

6.1 Introduction

Paramagnetic solid-state NMR has undergone a revolution in the past decade
due to the development of high spinning frequency probes and tailored pulse
sequences. Studying the ligands that directly coordinate the paramagnetic metal ions
with NMR can provide insight into the structure and dynamics of the system.(1—4)
Among the various interactions, dipolar interactions are attractive for characterizing
fast cooperative dynamics that can be measured using rotational-echo double
resonance (REDOR) type solid state NMR experiments including shifted-REDOR for

probing anisotropic motions.(5-7)
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Figure 6.1. Cu(1l)-(DL-Ala)2. H20 crystal structure (cif:1153761).(8) (a) Monomer depicting
the plane of coordination and the respective proton and carbon orientations (b) Trimeric
representation of chain with distance between copper atoms and between copper and oxygen

of water and (c) Coordination plane of copper and position of water molecule.

In this study we show that rapid paramagnetic fluctuations favorably affect
REDOR and shifted REDOR experiments therefore, those can be performed with high
sensitivity and resolution. We find that internuclear dipolar couplings can be
determined with high accuracy that is comparable to what has been achieved for
diamagnetic systems. We have selected Cu(II)-(DL-Ala)2.H20 (Figure 6.1) as a model
system to test the utility of the REDOR type sequences and to probe the C—H dipolar
coupling of the methyl group in the alanine ligand, which is directly coordinating the
paramagnetic metal center.(8-11) Recently, well-resolved heteronuclear dipolar
correlation spectroscopy was reported for Cu(Il)-(DL-Ala)2.H20.(10, 12-14) The
possibility to sustain internuclear dipolar transfer in the immediate vicinity of
paramagnetic ions can be attributed to rapid paramagnetic fluctuations that average
the anisotropic and traceless electron-nuclear dipolar interactions while leaving the
isotropic contact shifts unaffected. Here, the J-coupling between the copper ions
determines the fluctuation frequencies for averaging dipolar couplings, which are
traceless without isotropic component and is intrinsic to a one-dimensional chain. This
results in the motional narrowing from spin waves running along the chain.(15) This
opens up a window of opportunity, since essential advantages of paramagnetism, such
as rapid acquisition and increased spectral dispersion can be combined with the power
of dipolar correlation spectroscopy for resolving static or dynamic structure
quantitatively. To demonstrate this, we implement a REDOR method for Cu(II)-(DL-
Ala)2.H20 by adapting the REDOR refocusing period to the fast rotation needed for
signal detection in paramagnetic systems with their enhanced relaxation that limits
the acquisition time. The Cu(Il)-(DL-Ala)2.H20 form 1-dimensional chains in which
the Cu?* ions are weakly coupled.(11) The antiferromagnetic coupling 2] = —2.21 cm'!
translates into a characteristic frequency of ~ 70 GHz for the electronic spin
fluctuations.(11) The properties of enhanced relaxation and rapid averaging of
electron-nuclear dipolar interactions by paramagnetic fluctuations that are much
faster than the frequency scale of the heteronuclear dipolar coupling of ~ 10 kHz or
less, allow to perform heteronuclear dipolar recoupling experiments with fast MAS in
a very short time, much shorter than for diamagnetic species. In addition, we show
how 'H'H spin diffusion spectra and the temperature dependence of proton and
carbon shifts from 1D Hahn-echo experiments can help to collect structural

information from paramagnetic systems with ultra-fast MAS.
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6.2 Results and discussions

NMR characterization of Cu(ll)-(DL-Ala),.H20

There are several advantages when working with Cu(Il) paramagnetic
systems. Since Cu(II) has small susceptibility the Fermi-contact interaction is
stronger than the paramagnetic relaxation enhancement (PRE).(16) This results in a
better resolution because of the increase in the spectral dispersion without adversely
affecting the linewidth. Additionally, reduction of experimental time due to fast
longitudinal relaxation compared to diamagnetic systems can be achieved. In contrast,
with other metal ions such as Tb(III) the susceptibility anisotropy is large and may
lead to resonances broadened beyond detection due to increase in PRE-effects.(16)
Figure 6.2 shows the 1D spectra of 'H and 13C at different spinning frequencies and
magnetic fields. The resolution is enhanced by the paramagnetic shifts at very fast
MAS (> 20 kHz).(12-14, 17-19)

The 1D proton rotor-synchronized Hahn-echo spectra (Figure 6.2a and b)
show three prominent resonances attributed to CH, at 8 ppm and CHs1 at 32 ppm and
CHs2 at 21 ppm. We observed that the intensity of CHzs1 is 4 times that of H, and
CH3s2, while H, and CH32 show similar intensities. The carbon spectrum shows three
prominent resonances for C,1 at -280 ppm, CO at -200 ppm and Cl at 180 ppm and
two minor resonances for C,2 at -258 ppm and Cp2 at 88 ppm, (Figure 6.2¢, 6.2d and
Table S6.1).(10, 13, 19) The two components were attributed to two orientations of the
methyl group as a consequence of crystal packing, where the major component
(CH31/Cgl ) is closer to the copper atom while the minor component (CH32/Cp2 ) is
away.(8, 20) The proton signals from the NH2 group (data not shown) were reported
to be at -132.7 and -159.5 ppm.(10) The protons from the water molecule are generally
broadened beyond detection due to fast exchange dynamics.(10, 19) The methyl group
of the major component was reported to be undergoing fast rotation which results in a
single resonance for the three methyl protons (Figure 6.2a and b).(10)

A dipolar-INEPT experiment was performed to check the quality of the
sample and the efficiency of polarization transfer via dipolar interactions, which was
previously shown to be superior to cross polarization based transfer for paramagnetic
systems.(13, 21) It shows the similar spectrum (Figure 6.2d) as reported earlier albeit
with better resolution and S/N allowing to identify the splitting of the methyl group
response that arises due to crystal packing effects.(8, 13, 20)
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Figure 6.2. (a) 1D 'H rotor synchronized Hahn-echo spectra at MAS frequencies of 60 and
62.5 kHz in an external magnetic field of 950 MHz; (b) 1D 'H rotor synchronized Hahn-echo
spectra at MAS frequencies of 30 and 35 kHz in an external magnetic field of 750 MHz, (c)
1D 13C rotor synchronized Hahn-echo spectra at MAS frequencies of 30 and 50 kHz in an
external magnetic field of 750 and 950 MHz respectively; (d) The 2D 1H-13C dipolar-INEPT
spectra at a MAS frequency of 30 kHz in an external magnetic field of 750 MHz with a
transfer delay w of 5 us at 298 K; (e) 2D 1H-1H spin diffusion at a MAS frequency of 60 kHz
in an external magnetic field of 950 MHz with a mixing time mmix of 5 ms at 228 K; (f)
Temperature dependence of the chemical shift for carbon and protons where CHsl and Cp
are in red, CHs2 and carbonyl carbon CO are in blue and Hy and Cq are in green. Solid lines
are the fit using equation S6.9. The spinning side bands in the upper panels are marked
with asterisks. The assignments in panel (a) to (e) of 1H and 13C responses are shown in

italics and blue color.

The 2D 'H-'H spin diffusion spectra acquired at 950 MHz with a MAS
frequency of 60 kHz (Figure 6.2e and S6.3), show that a high resolution homonuclear
2D spectra can be obtained under paramagnetic conditions with modification of the
pulse sequence to consider the paramagnetic effects of increased relaxation and rapid
fluctuations. Similar observations were reported for copper cyclam complexes.(21)

The temperature dependence of the chemical shift shows strong Curie
behavior for CO, C,1, Cgl, CHs1 and CH32 while weak anti-Curie behavior is observed
for H, (Figure 6.2f and Figure S6.2a). The hyperfine coupling strengths are
summarized in table 1, obtained after fitting the data with equation 9 (Figure 6.2f).(22)
It is interesting to observe that, although the H, is close to the copper, the hyperfine
coupling constant and hence the spin density on it is less than for Hp. This was also
observed in DFT calculations for Cu(II)-(DL-Ala)2.H20 showing very little spin density
localized on the H, atom.(22, 23) The sign of the hyperfine coupling strength provides
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the spin polarization of the electron on the nucleus with respect to the external
magnetic field. It was observed to be parallel for Cg1, CHs1 and CH32 and anti-parallel
for Cy1, CO and H, (Table 6.1 and Figure 6.2f). These observations are in line with the
calculations performed on copper alanine complexes and previously reported data.(22)
The estimated 84;, from the fit of the temperature dependencies of the chemical shift
(Figure 6.2f) is summarized in table 6.1. They differ from the expected diamagnetic
chemical shift of DL-alanine (Table S6.3). This difference can be attributed to the
differences in crystal packing of Cu(Il)-(DL-Ala)2.H2O and DL-alanine (Figure S6.6).
The NMR chemical shift tensor for small molecules in solid state NMR differs
significantly between different crystal forms due to changes in hydrogen bonding,
stacking, ring current, C—H -1 interactions etc.(24) DFT calculations of different
crystal forms of purine derivatives show that the change in the diamagnetic chemical
shift can be as high as 6.5 ppm, 20 ppm and 55 ppm for proton, carbon and nitrogen
respectively.(24)

Table 6.1. Hyperfine coupling strength (A) and the estimated diamagnetic chemical shift

from temperature dependencies of the resonances for carbon and protons.

Nuclei A (MHz) 84ia (Ppm)
Cal -3.7+£0.3 120+ 4
Cpl 1.8+£0.9 -12+1
CO -4.3+0.4 265+ 5
H, -0.2+0.04 11.0+ 1.0

CHs2* 0.5+ 0.03 5.0+£0.9

CHs1* 1.0+ 0.03 1.5+0.8

* The protons in question are indicated in bold.

The full width at half of the maximum (FWHM) of the resonances decreases
with increasing temperature (Figure S6.2b and S6.2c¢). Most likely, an increase in the
electronic relaxation rate with temperature reduces the paramagnetic relaxation

enhancement.

Dipolar coupling strength estimation

Dipolar coupling measurements can provide insight into the dynamics of the
molecule.(5, 25) Here, we have employed REDOR (Figure S6.4c) and shifted-REDOR
(Figure S6.4d) to measure the dipolar coupling between 'H and 13C of the methyl group
in Cu(Il)-(DL-Ala)2.H20.(5, 6) The choice of these pulse sequences was based on their
robustness for amplitude mis-setting, inhomogeneities in the radiofrequency field,

carrier offset and CSA.(5) The methyl group was used as a probe because of the
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presence of intrinsic methyl rotation that partially averages the dipolar coupling and
its higher S/N ratio compared to that of other protons (Figure 6.2a and b).

Figure 6.3a shows the tH-13C REDOR curves of the C-H in CHs1 group at 277
K, 287 K and 297 K obtained at a MAS frequency of 30 kHz. The dipolar coupling
strengths estimated after the fitting are 8.6 kHz, 10.0 kHz and 9.2 kHz respectively
(Table 6.2 and Figure 6.3b). These values correspond with a scaling factor of ~ 0.3
(Table 6.2) relative to the rigid limit value of ~ 32 kHz, consistent with previously
reported data for alanine in the diamagnetic crystalline state and similar to the
theoretical scaling factor of 0.333.(26) The accuracy of the paramagnetic measurement

is similar to that reported for the diamagnetic systems.(5, 6)
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Figure 6.3. (a¢) REDOR curve for methyl C-H (Cgl and CHsl) in Cu(Il)-(DL-Ala)2.Hz20 at
277 K, 287 K and 297 K, the solid lines represent the fit; (b) The dipolar coupling strength
estimated from fitting the REDOR curve for the methyl C-H (Cgl and CHsl); (c) Shifted-
REDOR curves at a MAS frequency of 30 kHz with different shift of the & pulse from ideal
/2 (16.67 us). The solid blue lines are fit with asymmetric parameter n value of 0.1; (d)
Dipolar coupling strength estimated from the shifted-REDOR curve fit of methyl C-H (Cpl
and CHsl).

The corresponding internuclear 'H-13C (Cgl and CHsl) distances derived
after dividing the dipolar coupling strength with the scaling factor is ~ 1.0 A (Table
6.2) which is very similar to the crystal structure (1.0 A).(S, 23) This demonstrates the
efficacy of the REDOR sequence in obtaining reliable distance information in a
paramagnetic system. It is noteworthy that although the paramagnetic shift is
temperature dependent the dipolar coupling strength is preserved. This property can

be explored to characterize the dipolar coupling strength between the nuclei in the
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vicinity of the metal at the active site of the paramagnetic metalloproteins and

consequently get insight into the dynamics.

Table 6.2. Dipolar coupling strength between C-H (Cgl and CHs1) at different temperatures
using REDOR with a MAS frequency of 30 kHz.
Methyl C-H (Cgl and

Temp (K) 8 kHz Scaling factor . o
CH31) distance (A)
277 8.6+0.8 0.29+0.03 1.1+0.1
287 10.0 + 1.7 0.34 +0.06 1.0£0.2
297 9.1+0.6 0.32 +0.02 1.0+0.1

It was recently reported that using a variant of REDOR where the = pulses
are shifted from its original position, known as shifted-REDOR (Figure S6.4d), is able
to identify anisotropic motions present in the protein via the asymmetry parameter
n easily by scaling down the oscillation.(5, 6) We investigated the dephasing behavior
in the presence of the paramagnetic metal center at a spinning frequency of 30 kHz
and at 297 K with the r pulse shift (ts) of 0.685 or 0.58 or 0.44 times tr/2 (Figure 6.3c).
The dipolar coupling strength between the methyl C-H nuclei does not change with
varying ts and it matches with the values obtained from REDOR (Table 6.3 and 6.4).
The derived internuclear distance is ~ 1.0 A (Table 6.3), consistent with the crystal
structure and similar to REDOR. Hence, shifted-REDOR appears also robust and
reliable for obtaining structural information. The asymmetry parameter 1 of 0.1 gave
the best fit, which is in line with the lack of anisotropic motion in the methyl group
rotation. While there was no anomaly in the implementation of shifted-REDOR for
Cu(Il)-(DL-Ala)2.H20, in shifted-REDOR (Figure 6.3c), the oscillatory behavior
observed in the REDOR (Figure 6.3a) is diminished which can be due to the presence
of additional protons (NH2 and Ha). This is consistent with the observations of
Schanda et al. (2011), who showed that the presence of additional protons near the
observed nuclei reduces the oscillatory nature of the shifted-REDOR for ubiquitin
crystals.(5, 6)

Table 6.3. Dipolar coupling strength of methyl C-H (CHs1) using shifted-REDOR and at
different fraction of tr/2 by which the  pulse is shifted at MAS frequency of 35 kHz.

Fraction of /2 shift 8 kHz Scaling factor =~ Methyl C-H distance (A)

0.685 8.7+2.4 0.30 £ 0.08 1.0+£0.3
0.580 8.5+2.6 0.29 £0.09 1.1+£0.3
0.440 9.2x21 0.32 £ 0.07 1.0+£0.2
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In summary, both REDOR and shifted-REDOR sequences provide reliable
estimates of the dipolar coupling strength and consequently information about the

structure and methyl rotation.

6.3 Conclusions

This study shows that high resolution 'H based solid-state NMR spectra can
be obtained for a paramagnetic system at fast MAS (> 25 kHz). Using the high
sensitivity of 'H and the high resolution due to the paramagnetic nature of Cu(Il), a
temperature dependence study of the model compound Cu(II)-(DL-Ala)2.H20 could be
performed that shows that the shift correlates with the spin delocalization over the
ligands. The fast MAS has enabled the implementation of 'H-1H homonuclear spin
diffusion, REDOR and shifted-REDOR pulse sequences. Our benchmark is the
existing crystal structure. The error in the measured values were similar to that
observed for diamagnetic systems and are largely systematic errors from e.g. thermal
motions that effectively reduce the dipolar coupling from its rigid limit value. We
present a technical step forward by showing that both REDOR and shifted-REDOR
are quantitatively reliable in determining the dipolar coupling strength and
internuclear distances near the paramagnetic metal center, which paves the way for
future application in metalloproteins to probe fast dynamics. In addition, the results
contribute to the converging and convincing evidence that paramagnetic solid-state
NMR is increasingly accessible and can be interpreted in the same way as the NMR

spectra of diamagnetic solids.
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6.4 Supporting Information

Sample preparation and solid-state NMR experiments

Cu(Il)-(DL-Ala)2.H2O complex was synthesized as reported earlier.(10) All
chemicals including the uniformly labelled 13C-DL-alanine were obtained from Sigma
Aldrich (USA).

Solid-state NMR experiments were performed with AV-I (17.6 T) 750 MHz
and AV-HDIII (22.31 T) 950 MHz spectrometers equipped with a 2.5 mm and 1.3 mm
MAS probe, respectively, at spinning frequencies ranging from 30 to 62.5 kHz. 1D
proton and carbon spectra were recorded with a rotor synchronized Hahn-echo
sequence (Figure S6.4a). The high-power n/2 pulses were 2 ps and 2.5 ps for 'H and
13C, respectively. A dead time of 4.5 pus was subtracted from the refocusing period in
the Hahn-echo pulse sequence. A comparison of spectra obtained with single 90° pulse
(Figure S6.1) with rotor synchronized Hahn-echo spectra (Figure 6.2) confirms that
there is little phase distortion in echo spectra obtained with a large spectral window
(SW).(4) The advantage of using rotor-synchronized Hahn-echo over single 90° pulse
is elimination of probe artifacts as observed from Figure S6.1a and Figure 6.2a. This
prompted us to use rotor-synchronized Hahn-echo pulse sequence to obtain 1D spectra
for both carbon and proton for further study.

The 1D and 2D dipolar-INEPT sequence was adopted from Wickramasinghe
et al., (2008) with a n/2 pulse length similar to the rotor synchronized Hahn-echo
experiment.(13) Temperature dependent experiments were performed at
temperatures between 247 K and 318 K. For the 2D 'H-'H spin diffusion (Figure
S6.4b) experiment the mixing time was varied from 1 ms to 5 ms with a total
acquisition time of 530 us and a delay of 30 ms between scans. 200 slices of data were
acquired in the t1 dimension in a total experiment time of < 5 mins. REDOR and
shifted-REDOR data were collected by direct excitation of 13C (Figure S6.4c and
S6.4d).(5, 6):(27-29) The n/2 pulse lengths were 2 ps and 2.2 ps for 'H and 13C
respectively. Temperature calibration was done using samarium tin oxide and lead
nitrate.(30-32) Data analysis was performed with TOPSPIN 4.0.5 (Bruker) and Igor
pro 6.37.

REDOR and shifted-REDOR data analysis

The REDOR and shifted-REDOR curves were fitted with SIMPSON 4.2.1.(33,
34) The geometry of Cu(Il)-(DL-Ala)2.H20 was adopted from Calvo et al., and Zhang et
al., to generate the spin system parameters, dipolar coupling and Euler angles using
SIMMOL-VMD.(8, 23, 35, 36) The signal from the methyl C-H was used as a reporter

to determine the dipolar coupling strength due to its intrinsic isotropic motion and
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high S/N ratio (Figure 6.2a and b). The fitting algorithm as implemented in SIMPSON
package was used to estimate the dipolar coupling.(33-35)

The rigid limit dipolar coupling strength of the methyl C-H is ~ 32.1 kHz
which corresponds to an internuclear distance of 0.98 A.(23) It is known that methyl
rotation partially averages the dipolar coupling between the C-H bond of the methyl
group and therefore the rigid limit dipolar coupling is scaled according to(26, 37)

Davg =S§x*D, (S6.1)
with D being the dipolar coupling strength in the rigid limit. The scaling factor is
S = (3cos%6 —1)/2, (56.2)

where 0 is the angle between the methyl C-H and the rotational axis, which in this
case is the bond between C,— Cg. For a tetrahedral geometry of the methyl group 6 =
109.5". This gives a theoretical scaling factor of S = 0.333 (Figure S6.5) and Dgyyg=10.69
kHz for the C-H bond in Cu(Il)-(DL-Ala)2.H20 in the rotating methyl group. For the
analysis of the data, the scaled D,,,, = 10.69 kHz was changed to fit the experimental
data. The average dipolar coupling strength was optimized to fit the REDOR curve
using the fitting algorithm of SIMPSON. The homonuclear dipolar coupling between
the three protons of the methyl group was also scaled by the theoretical value of 0.333
to give a Dyyg = 9.76 kHz.(23) The codes for fitting and to obtain the spin-system are
uploaded in https://github.com/rubindg/REDOR_fitting_simpson.

Theory of temperature dependence of Fermi contact shifted resonances
The chemical shift of the paramagnetic system is temperature dependent and

the observed chemical shift is given by (16)
8obs = Baia + Orcs + bpcs, (56.3)

where 84, 1s the diamagnetic chemical shift and &g, 8pcs are the contributions from
the Fermi contact shift (FCS) and pseudo-contact shift (PCS) respectively.(16, 38) For
the nuclei of coordinating ligands FCS >> PCS and eq. 1 can be written as

8ops = 8gia + Opcs- (56.4)
The contribution from the FCS is given by(38)

A(Sz)

=— S6.5
FCS h)/[B() ( )

with A = ghy,ug Jellop the isotropic hyperfine coupling that is proportional to the spin

density p on a nucleus. The (S,) is the expectation value of the z magnetization, & is
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the reduced Planck constant, y, is the gyromagnetic ratio of the nucleus in question,
and By is the external magnetic field.

Since the (S,) is related to the magnetic susceptibility according to(38, 39)

Box

s) =—2%
(52) HpJetto

(S6,6)

where pg is the Bohr magneton, g, = 2.003 is the free electron g-value, and y, is the
permeability of the vacuum, the FCS can also be expressed in terms of the magnetic

susceptibility y by

Ay

Spes = ——2—,
FS ™ hyiupgetto (S6.7)

The system is a linear chain in the high temperature limit, since 2/ = -2.2 cm'!, which
translates into ~ 3 K. Therefore, we are in the high temperature limit, |2J| « T, and
the experiments for Cu(Il)-(DL-Ala)2.H2O were performed at this limit. The magnetic
susceptibility is given by(40)

S(S + Duzg?
- M’ (S6.8)
3k,T
where S = 1/2 is the spin of the Cu(Il) ion, kg is the Boltzmann constant and T is the

temperature in Kelvin. Substituting eq. 6 in eq. 5, and in eq. 2 we obtain

S(S+ Dppge

Sobs ~ 6dia +4 3fL]/1kBT

(S6.9)

for the temperature dependent chemical shift, which was used to determine hyperfine

couplings and spin densities by fitting to the data in Figure 6.3.
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Supporting figures and tables
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Figure S6.1. Single 90° pulse experiment for 1H at (a) 950 MHz with MAS of 60 kHz and
62.5 kHz, (b) 750 MHz at MAS of 30 kHz and 35 kHz and for 13C at (c) 750 MHz with MAS
of 30 kHz and 950 MHz with MAS of 50 kHz. Resonances marked with * are the spinning

side bands. 1H and 13C assignments are indicated with italics.
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Figure S6.2. Temperature dependence of (a) Proton and (b) Carbon signals at 30 kHz MAS
in a magnetic field of 14 T. The full width at half of the maximum FWHM of (c) Protons (red
= CHjsl, blue = CH32 and green = H,) and (d) Carbons (red = Cp, blue = CO and green = C,)
at different temperature. The peaks marked with stars are the spinning side bands while the
smaller peaks in carbon spectra are from small impurities and spinning side bands.

Assignments of 1H and 13C signals are indicated in italics.
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Figure S6.3. 'H-H spin diffusion spectra at (a) 300 K and (b) 228 K at 60 kHz MAS and
950 MHz 'H frequency with mixing times of 1 ms, 8 ms and 5 ms.
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Figure S6.4. Pulse sequences used in this study. (a) Rotor synchronized Hahn-echo, (b)
1H-1H spin diffusion, (c) Proton detected standard REDOR and (d) Proton detected shifted-
REDOR. 7 denotes the rotor period, t1 and tz are the two-time domains for 2D spectra, s is
(0.68 to 0.44)*1r/ 2, 1p is the m pulse length, de is the dead time of the instrument, tmix is the

mixing time and Lo is the loop counter for repeating the r pulses.
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Figure S6.5. Geometry of Cu(1l)-(DL-Ala)2.H:20 adopted from Zhang et al.,(23)
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Figure S6.6. Crystal packing in a unit cell of (a) Cu(Il)-(DL-Ala)s2.H20 (cif:1153761)(8) and
(b) DL-alanine (cif:164668)(41).
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Supporting Information

Table S6.1. Assignment of 1H spectra from the literature on Cu(Il)-(DL-Ala)2.H20.(10, 19)
The magnetic field used was from 7.5 T'to 11.75 T with spinning frequencies between 15 and

30 kHz.
Protons of group 8iso (ppm)
CH:s 32 & 20.4
CH 8.4
NH: -132.7 & -159.5
H20 1

Table S6.2. Properties of Cu(1l)-(DL-Ala)2. H20 experimentally determined.

Properties Reference
Intrachain AFM exchange
coupling constant -2.27 +0.08 cm! (11)
2Joat T>1.8K
g-factor 2.091 + 0.005 (11)
Curie temperature from NMR 6.5 K (20)
Curie Temperature from ym (T) vs 91K ®
log T
13C Tip @ 344 K ms
Cco 8.7+0.1 17
CH 13.9+0.3
CHs 50.4+1.9
Aaniso @ 297 K ppm
CO -331+4
(%))
CH -149+£ 10
CHs 53+ 2

* The 13C assignments are indicated in italics.
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Chapter 7

Mimics for laccases

Enzymatic biofuel cells (EBC) promise a future of sustainability without
adversely affecting the environment. The stability of the enzymes and challenge of
functionalizing them on an electrode has, however, limited their application to small
devices.(1-3) One way to overcome this disadvantage is to design and synthesize an
artificial catalyst based on the active site of enzymes. In the past decade a slew of
artificial catalysts has been reported for the enzyme laccase, which catalyzes oxygen
reduction at the cathode half of the EBC. Although these catalysts circumvent the
issues of instability and immobilization of the laccase, the efficiency of the oxygen
reduction reaction was substantially lower than for laccase.(4) There are two
prevailing ideas to improve the efficiency of artificial catalysts, (a) incorporating
functional groups mimicking the second shell residues and their associated
interactions within the active site of laccase and (b) mimicking the motions of the
active site residues associated with the complex oxygen reduction reaction. In relation
to the latter idea, this thesis aims to lay the groundwork for understanding active site

motions in the enzyme small laccase (SLAC).

Motions in enzyme active sites

Enzymes increases the catalytic rate of reaction by stabilizing the transition
state. This is achieved by attaining a conformation that has most favorable
interactions with the substrate when in its transition state, requiring sub-Angstrﬁm
precision of positioning of active site atoms. For a multistep process such as oxygen
reduction, each step in the reaction is associated with a transition state. The enzyme
must therefore change conformation in order to stabilize these successive transition
states. Such conformational change during the catalytic cycle is found in many
enzymes, for example, alcohol dehydrogenase, dihydrofolate reductase and cytochrome
P450.(5-7) In laccase, once the enzyme is reduced from its resting oxidized (RO) state
oxygen reduction occurs via the three intermediate states described in Chapter 1, the
fully reduced (FR) state, the peroxide intermediate (PI) state and the native
intermediate (NI) state. Conformational changes are imperative during this reaction
as the interactions at the active site are likely to be different for the transition states
of the conversion of dioxygen to peroxide and of peroxide to two separate oxygen atoms.
Also, the transfer of protons through the enzyme and binding of oxygen and egress of
water molecules may well involve conformational changes of backbone or sidechains.
Large conformational changes may themselves have significant activation barriers, to
the extent that required conformational changes may become the rate limiting step of
the catalytic cycles.

The main goal of the work described in this thesis was to characterize such
motions using NMR spectroscopy and to assign them to specific histidine ligands.

Characterizing the motions that enable these conformational changes and
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implementing them in the bio-inspired catalyst may improve its efficiency. The small
size of the inorganic compounds such as discussed in Chapter 1 do not allow for such
complicated motions, but a small protein or peptide mimic of the TNC might approach

the native system better.

Paramagnetic NMR methodology to study motions

Although the reaction mechanism of laccase has been characterized in detail
using multiple crystal structures and quantum calculations, the information about the
motions present at the active site was limited. Two crystal structures showed that the
histidine ligands of the active site can have two conformations (Chapters 1 and 2).
NMR spectroscopy is suitable to identify such motions and determine the exchange
rates. In this thesis a ~ 105 kDa trimeric, two-domain laccase, SLAC, was studied.
Due to its large size, line broadening caused by the paramagnetic copper ions and large
hyperfine shifts it is not possible to use standard multidimensional NMR experiments
to study the active site. Therefore, paramagnetically tailored experiment were used in
which the delay between the scans and the magnetization transfer between nuclei is
reduced to get optimal signal, given the short spin-spin and spin-lattice relaxation
times of the nuclei close to the paramagnetic metal center (Chapter 1). Due to the large
hyperfine shifts, the signals from the nuclear spins near the metal center in a
paramagnetic protein are dispersed over a large spectral region compared to those for
diamagnetic proteins. To excite such a large spectral region, short high-power
radiofrequency (RF) pulses are required. In addition, standard homonuclear and
heteronuclear decoupling methods are found to be inefficient for such a large spectral
region and in the worst case it have a deleterious effect on the spectrum.(8) Excitation
of multiple smaller spectral regions with changing offset and high power RF pulses
can help to resolve this issue.(9) Recent advances in magic angle spinning (MAS) solid
state NMR (ssNMR) have also helped in challenging these problems. The sensitivity
and resolution of paramagnetic spectrum were improved by using heteronuclear
correlation experiments based on transferred-echo double resonance (TEDOR) and
dipolar analog of insensitive nuclei enhancement by polarization transfer (D-INEPT)
experiment.(10, 11) In these experiments, the polarization transfer time is based on
the dipolar coupling strength between the nuclei, which is in pus to ms time scale,
thereby efficiently enhancing paramagnetically broadened signals. In addition, very
fast MAS (> 20 kHz) has removed the need for decoupling as under such conditions
the contribution of the dipolar coupling on the linewidth is sufficiently narrowed.(12)
Development of short high-power adiabatic pulses (SHAP) allowed to efficiently excite
large spectral windows, ranging from 400 ppm to ~ 1000 ppm.(13)
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The RO and NI states

The TNC comprises of a T3 site and a T2 site. Interestingly, the NMR spectra
of SLAC were observed to represent a mix of the RO and NI states (Chapters 2, 3 and
4).(14) The SLAC wild type (SLAC-wt) was observed to be predominantly in the RO
state, while the T1 site depleted mutant (SLAC-T1D) was mostly in the NI state.
Perhaps the reason is that in SLAC-wt the T1 site copper confers some structural
restraints on the geometry of the T3 site via the HCH motif so as to render the RO
state more stable than the NI state.(14) In the SLAC-T1D this restraint is absent and
the NI state becomes predominant. Interestingly, the double mutant SLAC-
T1D/Q291E is exclusively in the RO state.(14) This double mutant is discussed in later.
It 1s also observed that the resonances from the RO state are shifted less (11 to 22
ppm) compared to those of the NI state (22 to 55 ppm). The reason is that in the RO
state the paramagnetic and diamagnetic states are in fast exchange and the
population of the former depends on the energy gap (2., equation 1.5). For a 2./ of -
600 cm'!, the population is about 20% at ambient temperature, so the FCS is
significantly smaller than of the NI state, which is a frustrated spin system that is
paramagnetic in the ground state.

The strong coupling between all the three copper ions in the NI state (15)
increases the electronic relaxation rate enabling the observation of all histidine
ligands (Chapters 3 and 4). Similarly, in the RO state, strong coupling between the T'3
copper ions enables the observation of resonance from its histidine ligands, while the
resonances of the T2 site histidine ligands are broadened beyond detection.(16) It is
noteworthy that the Ne2, C62-H82 and Cel-Hel nuclei of the histidine ring are not
observed. These atoms are < 3.5 A and one, two or three bonds from the copper ion and
thereby have large electron spin density. This excess electron spin density can lead to
the signal broadening beyond detection and very large hyperfine shifts. For a type-1
copper proteins like amicyanin and plastocyanin the resonances of the H82 and Hel
nuclei from the histidine ligand could be determined.(9, 17) It might be because most
of the spin density is localized on the sulfur of the cysteine ligand. This consequently
reduces the spin density on the histidine rings thereby enabling the observation of the
nuclei very close to the metal center. Saturation transfer experiment can be used to
detect signals that are broadened beyond detection in the 'H NMR spectrum.(9) A
“blind” high-power irradiation of the 'H spectral region ~ 1000 ppm downfield allowed
the detection of the resonances from the HB2/3 of the cysteine ligand with linewidths
of 519 and 329 kHz in plastocyanin.(9) Such experiments are not possible in laccase
due to the absence of self-exchange between the diamagnetic and the paramagnetic
forms.

The resonances of N&1 and H81 nuclei from all the eight (T3+T2 sites) and six
(T3 site only) histidine ligands are observed in SLAC-T1D and SLAC-wt respectively

(Chapters 3 and 4). In the NI state five chemical exchange processes are identified and
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are attributed to the histidine ligands ring motion at the TNC (Chapters 2 and 3). The
exchange rates of these process suggest that they are independent processes. However,
the energy barrier is similar within the one standard deviation (Chapter 2). The
different rates suggest multiple reorganization events in the TNC and some of them
might be a conformation that helps in progressing the oxygen reduction reaction to
next step. These chemical exchange processes are not observed in the RO state. This
may be due to the RO state being more rigid compared to the NI state thus slowing
down the histidine ring motions to bring it outside the observed exchange rates of 80
to 200 s'1.

For further characterization of the chemical exchange processes, sequence
specific assignment is needed. Using the second shell mutation of Y108F in SLAC-
T1D, two of these processes were assigned to the T2 site histidine ligands (Chapter 3).
A second shell mutation of Q291E in the SLAC-T1D resulted in the NMR spectra
exclusively for the RO state. This is in contrast to the SLAC-T1D/Y108F mutant that
was a mix of the NI and the RO state, with the former being the dominant species,
analogous to the SLAC-T'1D. The switch to the RO state allowed resonance assignment
of two T3 site histidine ligands from the RO state. In addition, it revealed the subtle
balance between the NI and the RO state. Perhaps this can be explained as follows.
GIn291 is located near the T3 site, lining the water channel. This water channel was
hypothesized to be the source of protons during the oxygen reduction. The NI state can
be converted to the RO state by addition of two protons (Figure 1.3), which are obtained
from the environment. GIn291 might well be one of the residues responsible for
providing the protons, provided it simultaneously receives one from the surroundings.
From the crystal structure 3cg8 of SLAC from S. coelicolor, the side chain of GIn291 is
strongly hydrogen bonded to Thr167 Oy1, His164 CO and two water molecules (614
and 732) (Figure 7.1a).(18) Mutating it to Glu291 increases the proton donating ability
and thus the NI state can be converted to the RO state for the SLAC-T1D/Q291E
mutant with ease. In experiments not reported in the chapters before, we observed a
time and pH dependent formation of an unknown state X from SLAC-T1D (Figure
7.1b, ¢ and d). The protein was purified at pH 6.8 and after buffer exchange to pH 8.1
or 7.5 state X is populated in ~ 100 hrs. This state X can be reversed to the initial
state, which is a mix of the RO and the NI state with latter being the dominant species,
when the pH is lowered again to 6.8. The rate of formation of state X is slower at pH
7.5 than at pH 8.1. In state X the resonances of the NI state (22 to 55 ppm) are reduced
in intensity, while those of the RO state (11 to 22 ppm) increase (Figure 7.1b and d).
Two additional resonances, pa and pb, are observed in state X (Figure 7.1b and d).
Perhaps this state is an intermediate between the NI and the RO states and is
accessible at pH > 7.0 because a basic pH can locally increase the proton chemical
potential. The pH dependence shown in Figure 7.1b, ¢ and d might well be related to
GIn291 donating a single proton and populating a state X that can be a partially
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protonated NI state. The existence of such state was reported in Fet3p, an iron
oxidizing laccase from S. cerevisiae (Figure 7.2).(19) Determining the pH dependence
of the spectrum of SLAC-T1D/Q291E might give more insight into the role of the
GIn291 residue in the oxygen reduction reaction and explain the reason of its slow rate
of conversion. EPR spectroscopy in combination with quantum calculations might help
to resolve the nature of state X and establish the role of GIn291.

() —t=0h
=Vhr pH 8.14
—— t=104.2 hrs

Intensity (A.U) x1 06

0 20 40 60 80
Times (hrs)

(d)

6

— t=0hr pH 7.5
—— t=166.35hrs p6 Pa
pl1

Intensity (A.U) x10

Time (hrs)

Figure 7.1. (a) The hydrogen bonding network of the GIn291 side chain. Orange spheres are
the copper ions of the TNC. Respective copper tons are indicated. Amino acid residues are
shown as wheat sticks. Red spheres are bound water molecules. Residues involved in the
hydrogen bond (red sticks) are indicated. A probable hydrogen bond between O614 and the
T3 copper ions bridging O is shown as dashed line. The time course 1H NMR spectra of
SLAC-TID at pH 8.14 (b), 6.8 (c) and 7.5 (d). Panel b and c are sequential experiments while
panel d is an independent sample. The time course is color coded as red (initial in panel b
and d and final in panel ¢) and blue (final in panel b and d and initial in panel c). The blue

trace is of state X as indicated below panel b. Intermediate time spectra are shown as grey
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trace. Each panel is associated with the intensity change of the resonances with time. The

solid line shows the single exponential fit of the data points in open circles.
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Figure 7.2. Proposed intermediate states during the conversion of the NI state to the RO
state as described by Heppner et al. (2014).(19)

Suggestions to obtain further assignments.

Overall, 2/8 histidine ligands in the NI state, one chemical exchange process
and 2/6 histidine ligands from the RO state could be assigned sequence specifically.
Maybe more second shell mutation can help in assigning resonances to other histidine
ligands. Multiple amino acids can be subjected to mutagenesis as shown in Figure
1.2d, for example D113N, 1169V, H164A and S294A. All these residues have
interactions with the coordinating histidine ligands. Another method that can aid in
assignment 1s using quantum calculations.(20) Such calculations have been
extensively done for three-domain laccase, which lacks the Tyr near the T2 site.(15,
21) For SLAC it was reported that this residue plays an important role during catalysis
and confers protection against the reactive oxygen species.(22, 23) The calculations on
the basic model of the TNC in the RO state with the Tyr revealed that the orientation
of the phenolic group determines the formation of the tyrosyl radical (Chapter 5).
Radical formation is observed when the phenolic group is oriented toward the
water/OH- ligand of the T2 site. Perhaps the tyrosyl radical in the calculation is an
excited state of the RO state that is accessible only when the TNC is partially reduced,
as observed experimentally.(22, 23) Using previous calculations as a benchmark (24),
optimized geometry of the RO state could be obtained (Chapter 5). A similar strategy
can be used to obtain geometry of the other intermediate states. These optimized
geometries can be used to estimate the chemical shift on the histidine ligands, thereby

aiding in the assignment of the observed resonances.
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In paramagnetic solution NMR the signals are affected by two relaxation
processes, (1) the interaction between the electron and nuclear spins or the Solomon-
Bloembergen dipolar and contact mechanism and (ii) the interaction of the nuclear
spin with the net magnetic moment in thermal equilibrium due to the rapid electronic
relaxation rate or the Curie mechanism.(25) The Curie relaxation depends on the size
of the molecule with relaxation increasing with the size of the molecule. Solid-state
NMR (ssNMR) is independent of the molecular size and to a first approximation the
contribution from the Curie mechanism is diminished or absent.(25) This results in
observation of resonances from the nuclei very close (~ 3.0 A) to the paramagnetic
metal center.(20) In addition, dipolar couplings can be measured with high accuracy
using ssNMR and this can provide anisotropic motions associated with residues near
the metal centers.(11, 26) Unfortunately, in our hands SLAC was not stable under
MAS conditions and paramagnetic signals vanished within a few hours. In Chapter 6
the efficacy of REDOR and shifted-REDOR in determining dipolar coupling strength
in a strongly paramagnetic environment is shown. Multidimensional ssNMR
experiments based on the dipolar coupling were optimized for application to
paramagnetic molecules. As a future outlook these experiments can be applied to
study the active site of laccase in greater detail, provided SLAC can be stabilized for

experiments under MAS conditions.
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Summary

Enzymatic biofuel cells (EBCs) promise a sustainable future. They use
enzymes to oxidize substrates at the anode and reduce oxygen to water at the cathode.
Laccases are preferred enzymes for the oxygen reduction reaction but their stability is
reduced when functionalized over an electrode. Artificial, bio-inspired catalysts were
designed to overcome this challenge but come at a cost of losing catalytic efficiency.
Motions within the active site of laccase might be one of the reasons that determine
this efficiency. Specific motions can help attain a conformation that can reduce the
energy barrier of a catalytic step by having favourable interactions with the transition
state. For the complex oxygen reduction reaction, consisting of multiple steps, such
motions seem unavoidable. This thesis provides the groundwork to study such motions
at the active site of laccase using NMR spectroscopy.

Chapter 1 summarizes the properties of the tri-nuclear copper center (TNC)
of several laccases, where oxygen reduction takes place, and compares the TNC
complexity with the reported artificial catalysts. The two-domain trimeric small
laccase from Streptomyces coelicolor (SLAC) is used in this study. Due to the
paramagnetic nature of the copper ions in the TNC, application of standard NMR
experiments is not possible to characterize the dynamics or assign the resonances.
Paramagnetically tailored NMR experiments and second-shell mutagenesis aided in
overcoming this challenge. The native intermediate (NI) state and the resting oxidized
(RO) state of the TNC are studied in detail (Chapters 2 to 4). The NMR spectra of
SLAC are shown to represent a mixture of these two states (Chapters 3 and 4). The
NI state was studied using a type 1 site depleted mutant of small laccase (SLAC-T1D)
because the relative intensities show it to be the major state in this mutant. Five
chemical exchange processes were discovered and could be attributed to ligand
histidine ring motions (Chapters 2 and 3). The second-shell mutation of Y108F aided
in assigning two of these processes to two histidine ligands in the NI state (Chapter
3). The RO state was studied using SLAC wild type (wt) because this is the major state
(Chapter 4). Interestingly, another second-shell mutation, Q291E of SLAC-T1D, is
found to cause the enzyme to be exclusively in the RO state. This result suggests a
subtle balance between the RO and the NI states (Chapter 4). Using SLAC-wt and
SLAC-T1D/Q291E, resonances were assigned to two histidine ligands in the RO state
(Chapter 4). In the NI and RO states, all eight (T3 + T2 sites) and six (T3 site only)
histidine ligands, respectively, are observed.

Quantum calculation can be advantageous in assigning the resonances. This
requires a proper description of the geometry of the TNC. Using previous studies as a

benchmark, the geometry of the RO state was modelled and the electronic structure
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was calculated. This work shows that the orientation of Y108 hydroxyl group is
important for the spin density distribution at the TNC (Chapter 5).

Solid state NMR can provide information about the dipolar coupling between
nuclei near the metal center. The dipolar coupling strength can be used to probe the
presence of anisotropic motions at the active site of laccase. Chapter 6 shows the
efficacy of rotational echo double resonance (REDOR) based pulse sequence in
determining the dipolar coupling in a paramagnetic environment in a model compound
Cu-DL-(Ala)2.H20. It is shown that accurate distance information can be obtained
from REDOR experiments (Chapter 6).
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Samenvatting

Enzymatische biobrandstofcellen (EBS’s) beloven een duurzame toekomst. Ze
gebruiken enzymen om substraten aan de anode te oxideren en om zuurstof aan de
kathode te reduceren. Laccases zijn ideale enzymen voor de reductie van zuurstof,
maar ze verliezen stabiliteit wanneer ze gebruikt worden voor oppervlakte-
functionalisatie van een elektrode. Bio-geinspireerde katalysatoren zijn ontworpen om
deze uitdaging het hoofd te bieden, maar dat gaat ten koste van de katalytische
efficiéntie. Bewegingen in het actieve centrum van laccase kunnen van invloed zijn op
deze efficiéntie. Specifieke bewegingen kunnen het enzym helpen om een conformatie
aan te nemen die de energiebarriére van een katalytische stap verlaagt door gunstige
interacties te hebben met de overgangstoestand. Deze bewegingen lijken
onvermijdelijk voor de complexe reductiereactie van zuurstof, die uit meerdere
stappen bestaat. Dit proefschrift vormt de basis voor het bestuderen van dergelijke
bewegingen in het actieve centrum van laccase met behulp van NMR-spectroscopie.
Hoofdstuk 1 geeft een samenvatting van de eigenschappen van het tri-nucleaire
kopercentrum (TNC), waar zuurstofreductie plaatsvindt, van verschillende laccases,
en vergelijkt het TNC met de gerapporteerde kunstmatige katalysatoren.

In deze studie wordt gebruikt gemaakt van de Kkleine laccase van
Streptomyces coelicolor (SLAC), een trimeer van een eiwit met twee domeinen.
Vanwege de paramagnetische aard van de koperionen in het TNC is niet mogelijk om
de dynamiek te karakteriseren en de resonanties toe te kennen met standaard NMR-
experimenten. NMR-experimenten aangepast voor paramagnetische monsters en
mutaties in de tweede cooérdinatieschil van het enzym zijn gebruikt om deze
uitdagingen te overwinnen. De natieve intermediaire (NI) toestand en de geoxideerde
rusttoestand (RO) van het TNC zijn uitvoerig bestudeerd (Hoofdstukken 2 t/m 4). Het
NMR-spectrum van SLAC laat een combinatie zien van deze twee toestanden
(Hoofdstukken 3 en 4). De NI-toestand is bestudeerd door gebruik te maken van een
variant die het koperion in het type 1-centrum mist (SLAC-T1D), omdat de relatieve
intensiteiten in het NMR-spectrum laten zien dat die toestand voor deze variant de
hoofdtoestand is. Vijf uitwisselingsprocessen werden ontdekt en toegeschreven aan
rotatie van de ringen van histidineliganden (Hoofdstukken 2 en 3). De Y108F mutatie
in de tweede codrdinatieschil hielp bij het toekennen van twee van deze processen aan
twee histidineliganden in de NI-toestand (Hoofdstuk 3). De RO-toestand is bestudeerd
met het wild-type (wt) SLAC, omdat deze toestand daarin de hoofdtoestand is
(Hoofdstuk 4). Een tweede mutatie, Q291E in SLAC-T1D, blijkt ervoor te zorgen dat
SLAC slechts in de RO-toestand voorkomt, wat aangeeft dat er een subtiel evenwicht
bestaat tussen de RO- en NI-toestanden (Hoofdstuk 4). Door gebruik te maken van
SLAC-wt en SLAC-T1D/Q291E werden resonanties toegekend aan twee histidine
liganden in de RO-toestand (Hoofdstuk 4). In zowel de NI- als de RO-toestand zijn alle
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histidineliganden waargenomen, dit zijn respectievelijk acht (T3 + T2-centra) en zes
(alleen T3-centrum) liganden.

Kwantumberekeningen kunnen helpen bij het toekennen van de resonanties
in paramagnetische systemen, maar dit vereist een goede beschrijving van de
geometrie van het TNC. Door voort te borduren op eerdere studies, kon de geometrie
van de RO-toestand worden gemodelleerd en de elektronische structuur berekend. Dit
werk laat zien dat de oriéntatie van de hydroxylgroep van Y108 belangrijk is voor de
spin-dichtheidsverdeling in het TNC (Hoofdstuk 5).

Vaste-stof-NMR kan informatie geven over de dipolaire koppeling tussen
kernen nabij het metaalcentrum. De dipolaire koppelingssterkte kan worden gebruikt
om anisotrope bewegingen in het actieve centrum van laccase te onderzoeken.
Hoofdstuk 6 toont aan dat een pulssequentie die gebaseerd is op rotatie-echo dubbele
resonantie (REDOR) gebruikt kan worden bij het bepalen van de dipolaire koppeling
in een paramagnetische omgeving in de modelverbinding Cu-DL-(Ala)2.H20.
Nauwkeurige afstandsinformatie kan zo worden verkregen uit REDOR-experimenten
(Hoofdstuk 6).
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