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Abstract

Nature employs charge transfer reactions in many biological functions. Redox-active
cofactors like flavins (FAD and FMN) are often implicated in such reactions.
Long-range charge transfer in proteins often proceeds via formation of radical
intermediates. The aromatic amino acids tyrosine (TyrOH) and tryptophan radicals are
thought to play important roles as intermediates in intra- and interprotein charge
transfer reactions. Tryptophanyl radicals, in their protonated cation and deprotonated
neutral form, have been observed and characterized before. However, tyrosyl radicals
had only been characterized in the neutral form, and were thought to be formed by
concerted electron extraction and deprotonation of tyrosine. Short-lived intermediates
are often difficult to observe directly in biochemical reactions, but may be populated

when they can be photochemically formed using short light pulses.

In this work, we have characterized intermediates in non-functional charge transfer
reactions in flavoproteins using femtosecond time-resolved fluorescence and absorption
spectroscopy. With the initial aim to study active site flexibility, excited states and
product states formed in the wild type and mutant forms of the methyltransferase
flavo-enzyme TrmFO from Thermus thermophilus were investigated. In the active site
of this enzyme, a tyrosine (Tyr343), is closely stacked on the flavin isoalloxazine ring
and a cysteine (Cysb1) can form a highly fluorescent adduct with the flavin. In the
mutant C51A fluorescence of FAD,, is strongly quenched by electron transfer from the
tyrosine in ~1 ps. The resulting product state displayed a distinct spectral feature, a
strong absorption band at ~490 nm that did not correspond to any previously
characterized radical species. It was assigned to the radical cation of tyrosine
(TyrOH"") which had never been observed before. The FAD"™ TyrOH' intermediate, is
very short-lived as it decays in ~3 ps, back to the initial state by charge recombination.
An important general conclusion of the work on this model system is that, despite the
very low pKa of TyrOH'", electron transfer from tyrosine can take place without

concomitant proton transfer.

We also performed polarization photoselection experiments to estimate the dipole
moment direction for this new transition. The resultant angle between the excited
FAD,, transition and the probed TyrOH'* transition in C51A TrmFO was 31° + 5°.



This result sets limits to the orientation of the dipole moment of the transition in the
molecular frame of the phenol ring. Moreover, the finding of distinct directions for the
excited flavin transition band and the 490 nm transition provides a valuable

confirmation of their origin in different molecular enitities.

Based on the above results from TrmFO, we reinvestigated the photochemistry in
the model flavoprotein glucose oxidase (GOX) with transient absorption and
fluorescence spectroscopy. Here, both tryptophan and tyrosine residues are located in
the vicinity of FAD and the photoproduct evolution on the picosecond timescale is more
complex. Distinct phases of excited state decay with time constants of 1 ps and ~4 ps
were observed, as well as phases of ~4 ps, ~37 ps and a longer-lives phase for product
state evolution. Analysis of these phases resulted in a comprehensive model for the
involvement of tyrosine and tryptophan radicals, as well as the different FAD redox
states, in the light-induced charge separation and recombination in GOX. To account
for the ensemble of data, partial involvement of the TyrOH'" radical cation, showing
similar spectral properties as in C51A TrmFO, was required for the 4-ps and 37-ps
phases. This result explains previous enigmatic features and indicates the involvement

of TyrOH'™" in a variety of protein systems.

So far, only the deprotonated tyrosyl radical TyrO" has been observed as a
functional intermediate in systems such as ribonucleotide reductase, photosystem II and
certain photolyases. The visualization of a TyrOH'" radical cation in TrmFO C51A and
GOX suggests the possibility of its intermediate formation as a precursor of TyrO" in

functional biochemical reactions, light-driven or not-light driven.

Finally, in TrmFO the construction of variants altered at several positions with
site-directed mutagenesis was initiated with the aim to identify systems suitable for
studying active-site flexibility using electron transfer rates as conformational markers.

Further experimental and modeling work is required to pursue this goal.



Résumé en francais

La nature utilise des réactions de transfert de charge (TdC) dans de nombreuses
fonctions biologiques. Les cofacteurs a activité redox, comme les flavines (FAD et
FMN), sont souvent impliqués dans ces réactions. Le TdC a longue distance dans les
protéines s’effectue souvent par la formation d’intermédiaires radicalaires. Les acides
aminés aromatiques tyrosine (TyrOH) et tryptophane sont considerés a jouer un role
important en tant qu’intermédiaires. Les radicaux tryptophanyle, avaient été observés
et caractérisés auparavant dans leurs formes cation protoné et neutre déprotoné,
Cependant, les radicaux tyrosyles n’avaient été caractérisés que dans la forme neutre et
on pensait qu’ils étaient formés par extraction électronique et déprotonation concertée
de la tyrosine. Les intermédiaires a courte durée de vie sont souvent difficiles a observer
directement dans les réactions biochimiques, mais peuvent étre peuplés s’ils sont formés

photochimiquement par de courtes impulsions.

Ici, nous avons caractérisé des intermédiaires dans des réactions non-fonctionnelles
de transfert de charge dans des flavoprotéines en utilisant la spectroscopie femtoseconde
de fluorescence et d’absorption. Dans le but initial d’étudier la flexibilité du site actif,
des états excités et produits formés dans le type sauvage et des formes mutantes de la
flavo-enzyme méthyltransférase TrmFO de Thermus thermophilus ont été étudiés. Dans
le site actif de cette enzyme, une tyrosine (Tyr343) est empilée sur le cycle isoalloxazine
de la flavine, et une cystéine (Cys5l) peut former un adduit avec la flavine tres
fluorescent. Dans le mutant C51A, la fluorescence du FAD, est fortement quenchée par
transfert d’électrons de la tyrosine dans ~1 ps. L’état produit résultant présentait une
caractéristique spectrale distincte, une forte bande d’absorption a ~490 nm qui ne
correspondait a aucune espece radicalaire précédemment caractérisée. Il a été attribué
au cation radical de la tyrosine (TyrOH'") qui n’avait jamais été observé auparavant.
L’intermédiaire FAD"™ TyrOH'", est de tres courte durée car il retombe, en ~3 ps, vers
I’ état initial par recombinaison de charge. Une conclusion générale importante de ces
travaux est que, malgré le tres bas pKa de TyrOH'", le transfert d’électrons & partir de

la tyrosine peut avoir lieu sans transfert concomitant de proton.

Nous avons aussi réalisé des expériences de photosélection par polarisation pour
estimer l'orientation du moment dipolaire de la nouvelle transition. L’angle établi entre
les transitions FAD,, et TyrOH'" dans le TrmFO C51A était de 31° + 5°. Ce résultat
pose des limites pour l'orientation du moment dipolaire au sein du cycle phénolique. De
plus, la découverte de directions distinctes pour la bande de transition de la flavine
excitée et la transition a 490 nm confirme leur origine dans différentes entités

moléculaires.



Sur la base des résultats de TrmFO, nous avons réexaminé la photochimie dans la
flavoprotéine modele glucose oxydase (GOX). Ici, des résidus de tryptophane et de
tyrosine sont situés proche du FAD et 1’évolution du photoproduit a 1’échelle
picosecondes est plus complexe. Des phases distinctes de déclin de 1'état excité avec des
constantes de temps de 1 et ~4 ps ont été observées, ainsi que des phases pour
I’évolution de 1'état produit de ~4 ps, ~37 ps et une phase plus longue. L’analyse a
abouti a un modele complet de la séparation des charges et la recombinaison
photo-induites dans GOX implicant, des radicaux de tyrosine et de tryptophane, ainsi
que des différents états redox du FAD. Pour tenir compte de ’ensemble des données,
pour les phases de 4 ps et de 37 ps une implication partielle du cation radical TyrOH'*,
avec des propriétés spectrales similaires a celles du C51A TrmFO, était requise. Ce
résultat explique des caractéristiques énigmatiques connues et indique 'implication de

TyrOH'" dans divers systéemes protéiques.

Jusqu’a présent, seul le radical tyrosyle déprotoné TyrO’ a été observé comme
intermédiaire fonctionnel dans des systemes tels que la ribonucléotide réductase, le
photosysteme II et certaines photolyases. La visualisation d’un radical cation TyrOH""
dans TrmFO C51A et GOX suggere la possibilité de sa formation intermédiaire en tant
que précurseur de TyrO® dans des réactions biochimiques fonctionnelles, déclenché par

la lumiére ou non.

Finalement, dans TrmFO, la construction de variantes modifiées a plusieurs endroits
par mutagénese dirigée a été initié dans le but d’identifier des systemes appropriés pour
étudier la flexibilité du site actif en utilisant la vitesse de TdC comme marqueur

conformationnel. D’autres travaux sont nécessaires pour poursuivre ce voie.
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Chapter 1
Introduction

Charge transfer reactions involve the movement of electrons and/or protons from donor
to acceptor molecules. Many biological functions rely greatly on charge transfer
reactions. Such processes include photosynthesis, mitochondrial respiration (cytochrome
¢ oxidase), DNA repair (photolyase), light sensing (BLUF domain, cryptochrome),
among many others. Charge transfer proteins routinely employ specialized redox
cofactor molecules. Biochemical charge transfer can be inter- or intraprotein in nature
and often involves intermediates to form bridges in the charge transfer pathway between
the redox centres. Visualization and characterization of intermediates formed during

charge transfer reactions can shed light on their role in the function of proteins.

As charge transfer reactions involve the movement of small entities, they are often
very rapid in nature. Short-lived intermediates in functional biochemical reactions can
therefore be challenging to characterize. In this work, we have studied non-physiological
charge transfer reactions triggered by impulsive perturbation with light using
time-resolved spectroscopy in non-light activated proteins. Here, the electronic excited
state created by the absorption of a photon by a coloured cofactor, flavin, acts as an
electron acceptor for close-lying electron donors.  This allows for the real-time

characterization of the ensuing radical pair intermediates prior to their recombination.

Tyrosine (Tyr) and tryptophan (Trp) residues frequently act as reaction
intermediates in biological charge transfer reactions. While tryptophanyl radicals have
been characterized in both their protonated and neutral form, at the start of this thesis
tyrosyl radicals had only been characterized in the neutral form. Moreover, the
protonated tyrosyl radical (TyrOH'") had been suggested to mnot form due to
concomitant proton transfer. The main aim of this work was to characterize short-lived
radical intermediates involving Tyr. Light-triggered charge transfer reactions were
therefore investigated in the flavoproteins TrmFO (from the bacterium Thermus
thermophilus, TtTrmFO) and glucose oxidase (from the fungus Aspergillus niger,
GOX), both of which harbour a Tyr residue close to the flavin active site. For the first

8



CHAPTER 1. INTRODUCTION

time, the TyrOH'" radical has been observed to form and has been characterized in

both systems.

Chapter 2 starts with a description of the evolution of studies on biological charge
transfer. The roles of different protein components involved in these reactions are also
explained. The use of light to trigger charge transfer reactions in proteins has been
justified as well as its role as a probe to observe reaction intermediates. The prevailing
theory of charge transfer, used in the context of biochemical reactions is also
summarized in this chapter. Finally, some relatively well-studied charge transfer
systems are briefly introduced to the reader as examples of the role of intermediates

biological charge transfer reactions.

This thesis describes studies performed on flavoproteins. Chapter 3 introduces the
reader to flavoprotein photochemistry. The different redox and protonation states of
flavins have been elucidated. The advantages of specifically flavoproteins in observing
intermediates of Tyr and Trp is explained. Furthermore, this chapter describes the

current state of the art in the characterization of radicals of Tyr and Trp.

Chapter 4 briefly summarizes the early motivation for this work, which was based
on flexibility studies performed on the active site of the flavoprotein ThyX from
Thermotoga maritima. Since TrmFO is a functional homologue of ThyX and both
proteins were discovered by members of the Laboratoire d’Optique et Biosciences,
studies on the flexibility of the active site of TtTrmFO were a natural progression. This
chapter also describes the change in the primary aim of this work to the identification
and characterization of the properties of the FAD* quencher Tyr343 in TtTrmFO.

The experimental techniques used in this work have been described in Chapter 5.
The molecular biological and biochemical techniques to express and purify wild type
and genetically modified TrmFO proteins are briefly introduced.  Time-resolved
pump-probe spectroscopy is used extensively in our measurements and a brief general
description of this method has been provided. Subsequently, the time-resolved

fluorescence and absorption setups have been described extensively.

Figure 1.1 shows a graphical representation of the visualization of light-triggered
electron transfer in Tt TrmFO- the major focus of chapter 6. In this chapter, the main
results obtained on electron transfer in T¢tTrmFO have been presented in detail. The
reasons for focussing on mutant TrmFO C51A are elucidated. Time-resolved
fluorescence was performed to visualize the excited state FAD in TrmFO and its
mutants. Time-resolved absorption was performed in tandem to visualize both excited

and product states formed in TrmFO mutants. Subsequently, deconvolution of a decay



CHAPTER 1. INTRODUCTION

Figure 1.1: Light-triggered electron transfer in TrmFO from Thermus thermophilus.!

associated difference spectrum leads to the identification and characterization of the
TyrOH'" intermediate. Furthermore, the direction of the transition dipole moments

were studied using polarization photoselection experiments.

Chapter 7 describes similar experiments (as above) on the model flavoprotein
GOX. TyrOH"" was observed in two decay phases of in the transient absorption spectra
of GOX. Through spectral deconvolution, the spectrum of TyrOH™" was calculated for
each phase and compared with that observed for TrmFO C51A. Finally, a kinetic model
was proposed for the charge transfer processes in light-triggered GOX.

Overall conclusions and perspectives of this work are presented in chapter 8.

10



Chapter 2

Charge transfer in biological systems

2.1 Overview

Redox charge transfer reactions are ubiquitous in biological systems. They involve the
movement of electrons and protons, which are sometimes coupled. They can play an
important role in energy transduction pathways in living organisms like photosynthesis?
and respiration.® They are also associated with processes like signalling* or catalysis.’
Charge transfer proteins are of interest to a wide community of researchers as
understanding them can shed light on fundamental biological phenomena which are

7.8

relevant for designing biocatalysts® and artificial photosynthesis systems”® among

others.

Movement of small charged entities (electrons and protons) is often very rapid. High
speed of charge-transfer steps can often be advantageous in biological systems because
it prevents them from being rate-limiting in protein-substrate interaction processes.
Conversely, this often makes pure redox intermediates elusive and difficult to

characterize in enzymatic catalysis.

A major reason for the initiation of the wide range of studies in the field of charge
transfer came from the development of instrumentation which enabled the study of
rates of rapid chemical reactions. Electron transfer reactions are among the fastest to
occur in nature. Some of the earliest experiments were performed using rapid mixing
technology (stopped flow) on inorganic chemical model systems and charge transfer was
observed with a time-resolution in the order of milliseconds.” With the advent of lasers
and the concurrent development of newer spectroscopic technologies, it has become
possible to visualize faster electron transfer processes, eventually down to the
picosecond and sub-picosecond regime, for cases where the reaction can be initiated by
light. This has proven to be particularly useful in the case of light-driven biological

systems, as electron transfer has been observed to occur over a wide range of timescales:

11



CHAPTER 2. CHARGE TRANSFER IN BIOLOGICAL SYSTEMS

starting from microseconds/milliseconds (timescale typical for catalytic turnover) going

down to femtoseconds.

In mixing methods, the protein is modified by binding of external molecules. Here,
the technology-limited mechanical mixing speeds, or intrinsic binding rates, limit the
local perturbation created in the protein. Hence, the first electron transfer steps are
often too fast to be observed by stopped flow techniques. Laser-based technologies have
proved to be especially useful for observing charge transfer in biological systems. Pulsed
lasers are able to create flash perturbations (down to femtosecond duration since the
1980s) within the protein. This can induce electron transfer in the protein which is
often orders of magnitude slower than the impulsive light perturbation, making its
signal easy to resolve. Electron transfer reactions can be characterized by measuring
various parameters like rates, activation energy, temperature dependence. In order to
determine rates, we measure changes in the physical properties of the donor and
acceptor moieties, in particular their optical absorption and emission spectrum. It is
therefore convenient to also use light for this purpose, as it can monitor changes in the
redox state of the sample with high time resolution. Incidentally, many biological redox
partners are coloured as they consist of cyclic extended m-conjugated systems that
absorb in the visible region. As will be emphasized below, such approaches are limited

to (not necessarily naturally) light-activatable proteins.

Productive long-range biological electron transfer can occur either between different
proteins or between multiple redox centres located within the same protein. Electron
transfer proteins appear to be naturally designed to contain robust redox centres to
facilitate their function (even when exposed to limited thermal fluctuations and genetic
modifications).!® In 1951 Michaelis, in the context of oxidoreductase protein design,
wrote that “proteins must bring redox centres together”.'' At the time, initial models
to describe electron transport within proteins were still under development. In 1956,
Chance and Williams realized that a rigid structure with immobilized redox centres
would require the encapsulating polypeptides to act as electron conductors or
semiconductors.'®!® As these requirements could not be reconciled with the actual
properties of enzymes, they suggested that thermally promoted conformational changes
could lead to the encounter of redox cofactors. Also in 1956, Marcus first wrote about
electron transfer theory. Initially, this was in the context of pure chemical reactions.
Ultimately the theory has been widely used in various forms for decades in biochemical

studies.!®1°

12



CHAPTER 2. CHARGE TRANSFER IN BIOLOGICAL SYSTEMS

2.2 Electron transfer theory

As interest in reaction kinetics and electron transfer grew after 1945, the field was
characterized by a strong cooperation between theory and experiments.'® With

17 electron transfer

increased availability of isotopes after the second world war,
reactions were studied extensively using isotope exchange reactions. This approach
proved useful in observing simple electron transfer in homogeneous inorganic chemical

systems.? ! Such reactions were of the type:

Fe’ + Fe ™t = Fe*t 4 Fe 2t (2.1)

where * designates the labelled isotope.

These reactions are relatively straightforward to interpret as the reactants are the
same as the products (but for the isotope substitution) thus eliminating the need to
account for the relative thermodynamic stability of reactants and products. More
generally, electron transfer reactions represent the simplest class of reactions in

chemistry as no bonds are broken or made in an elementary electron transfer process.

Several theories have been proposed to describe such reactions.!*1%2° The most
successful among them appeared to be the one proposed by Marcus for calculating rates
in outer-sphere electron transfer reactions in 1956, coincidentally at the same time as
Chance and co-workers (section 2.1) were experimentally studying electron transfer. In
later years, Marcus extended the application of this theory to include biological
systems.® This is perhaps the simplest among the theories to describe electron transfer.
For this reason, it has also gained a wide-ranging support from researchers, including

biologists.

The initial molecular events in light-based perturbations, the absorption of photons
by coloured entities, are extremely fast. They consist of electronic transitions within the
molecule from the ground state to an excited state. According to the Franck-Condon
principle, these transitions can be regarded as occurring in a stationary nuclear

framework i.e., they would be vertical in energetic diagrams such as those of Fig.2.1.

Marcus implemented a slight variation to the Franck-Condon principle. He proposed
that thermal fluctuations (including those for surrounding solvent molecules) of the nuclei
of reactants and products bring the system in a configuration favourable for barrier
crossing to occur on a much longer timescale than the electron displacement from donor to
acceptor itself. Fig. 2.1 shows the reactant and product Gibbs energy surfaces represented
as parabolas characteristic of harmonic oscillators as a function of reaction coordinate

(which accounts for nuclear coordinates). The geometry of these parabolas can be used

13
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Figure 2.1: Potential energy curves assuming harmonic oscillators of the reactants (D
+ A) and products (DT+A"), where D is donor and A is acceptor. In the plot, ¢%,
and q0D+ - represent the position of the potential energy minima of the reactants and
products respectively. The two parabolas intersect at ¢*. Gibbs energy of activation (AGH),
standard Gibbs energy (AG°) and reorganizational energy (X\) have also been represented.

to predict reaction rates and kinetic barriers. The electronic and nuclear terms can then

be regarded separately while calculating the rate:

bor = S (EO)(FC) (2:2)

where EC is the electronic coupling term and FC is the (nuclear) Franck Condon term.

Electron transfer can occur when thermal fluctuations bring the reaction coordinates
of the reactants to q* (Fig. 2.1), where the parabolas for reactants and products
intersect. The potential energy minima of the reactants and products are represented
by g and g2, respectively (Fig. 2.1). Gibbs energy of activation (AG?) is the
energy required by the reactants to go from ¢%, to q*, and is the energy required for

self-exchange reactions ( described in Equation 2.1).

It can be inferred from Equation 2.2 that the probability of electron transfer
depends on the probability of the reactants to reach the ¢* configuration and on the
probability of moving to the product energy surface after this, which itself depends on
the electron coupling between the DA state and the DA™ state. The reorganizational
energy (A) is an energy change resulting from the molecular rearrangement that occurs

as the charge distribution is altered in the donor-acceptor complex in the (protein)

14



CHAPTER 2. CHARGE TRANSFER IN BIOLOGICAL SYSTEMS

medium as well as in the surrounding solvent molecules. The driving force of the

reaction, AG® , has also been indicated in Fig. 2.1.

For one-step reactions, the main mechanism of electron transfer is tunnelling through
the potential energy barrier. For efficient tunneling, there needs to be an overlap between
the wavefunctions of the reactants and products. The electronic coupling term, EC,
within a homogeneous medium has been described by Hopfield®! in 1974 as proportional

to the square of the coupling hamiltonian energy Hp4 which can be written as

EC = (Hpp)? = (Hp,0) e 0" (2.3)

where r is the edge-to-edge distance between the donor and acceptor and [ is a
constant reflecting the speed at which the exponential wavefunctions of donor and
acceptor decrease within the medium. (Hp,") stands for the electronic coupling matrix
element when the donor and acceptor are in contact (r = 0). In this formalism, the
electronic coupling between donor and acceptor decreases exponentially as the distance

(r) between them increases.

In the classical limit, the rate of electron transfer from donor to acceptor can be
described by

1/2
2<HDA>2 I —AGH
P R 2.4
BT h RT | € (2:4)

Furthermore, from Equation 2.4, the Gibbs energy of activation (AG1) can also be

represented in terms of the driving force (AG") and the reorganizational energy as (\)

(AG® + \)?
4\
It can be seen intuitively that with the disposition of the parabola in Fig. 2.1, the rate

AGH = (2.5)

increases as the driving force (AG") increases. Fig. 2.2 shows the dependency of the rate
of electron transfer on the driving force (AG"). It can be inferred that electron transfer
becomes more efficient when AG°® becomes negative in the normal Marcus region. At
AG° ~ =)\, AG* ~ 0 and electron transfer is barrierless. In the third case, as the driving
force is increased further, electron transfer enters the Marcus inverted region and the rate
decreases again. The three regions have been indicated in Fig. 2.2. All this indicates
that for optimal electron transfer, nuclear rearrangements accompanying electron transfer
must be compensated for by the reaction driving force. Gray and Winkler suggest that
this balance between AG° and ) is a direct consequence of protein structure.'® They
suggest that biological electron transfer over long distances is possible because protein
folds create a suitable balance between AG® and A, as well as adequate coupling between

redox centres.
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Figure 2.2: Dependence between the rate of electron transfer kgl and driving force AG®
as derived from equations 2.4 and 2.5. Rates keep increasing (from left to right) with
driving force until they reach the barrierless electron transfer regime (where AG® ~ —\).
Following this, electron transfer rates keep decreasing as AG° continues to increase. This
is the inverted region. (Source: Gray and Winkler'?)

It must be noted that the above relations are at the semi-classical limit of Fermi’s
Golden rule and are valid only when nuclear motions can be treated classically. This is
possible at high temperatures and when electronic coupling between the donor and
acceptor is weak (below a few tens of Crrfl).22 At low temperatures, in principle,
quantization of the energy levels has to be taken into account. At the adiabatic limit,
coupling between DA and DTA™ states is very strong and surface hopping at ¢* has a
high probability. Thus, for strongly coupled systems, electron transfer depends on the

rate of reaching gx.

The coupling term proposed by Hopfield?! is applicable for weakly coupled systems.
The formalism implies that the donor and acceptor are separated by a homogeneous
medium, and therefore electronic coupling decays exponentially with distance
(Equation 2.3).  As mentioned earlier, the decay of this electronic coupling is
represented by the constant g in Equation 2.3. On representing the medium by a single
constant (3, it is assumed that it is homogeneous. However, the nature of the medium of

electron transfer proteins has long been a subject of debate.

The simplest view advocated by Dutton and co-workers is to assume homogeneity of
the protein medium through the uniform-barrier model. In this analysis, they take [ to

be the same for all electron transfer reactions at am empirical value of § = 1.4A4-1.10:23
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To a first order approximation, they described the rate of electron transfer at room

temperature is given by:!°

(AG° + \)?
A

The assumption of a uniform [ presupposes that biological electron transfer is

log kpr = 13 — 0.6(r — 3.6) — 3.1 (2.6)

independent of the nature and structure of the biological medium. This view is likely
quite valid for very long-range reactions, where the atom-level details of the intervening
media are effectively averaged. However, at shorter distances, small variations from this
average value of [ can lead to large changes in rate constants of biological electron
transfer. Hence, structural dependencies of 3 have been invoked.!® The packing density
model introduced by Page, Dutton et al!® is another way to introduce structure

dependent variation of 5.

Interpreting the protein medium as heterogeneous, overall electronic coupling has
been described by Gray and Winkler in the tunneling pathway model as arising from a
combination of parallel pathways each consisting of distinct steps through covalent
bonds, through hydrogen bonds and through space. The total coupling of a single
pathway is given as a repeated product of coupling decays of individual links in the

pathway.

Interpretations of 8 by uniform- barrier and tunneling pathway models are at odds
for specific systems.?* In many of these cases, there is a debate concerning the usage of
edge-to-edge distances for calculation of electron transfer rates. As mentioned earlier,
small changes in 3 can lead to larger changes in rates. In other cases, differences arise
due to the method by which § was deduced. Ideally, values of S can be determined
from electron transfer reactions at several donor-acceptor distances in the barrierless
regime (See Fig. 2.2). The barrierless regime is not always determined, as it is not
straightforward to construct a Marcus curve. Consequently, ( is extracted from electron
transfer reactions that are activated. This makes it difficult to disentangle the distance
dependence of tunneling from that of the activated ET processes. Therefore, in our
studies and interpretations, the edge-to-edge distances between donor and acceptor are

linked qualitatively to the rate of electron transfer.

As the earlier work of Chance and Williams (see section 2.1), Page, Dutton et al.
have described the fundamental design of electron transfer in proteins as “two catalytic
sites connected by redox chains”.?® Catalytic sites have been described as multi-electron
redox centres or groups of single-electron redox centres that communicate with
substrates and behave as donors and/or acceptors of electrons. Chains are described as
groups of single-electron redox centres containing wider separation among them, with

fewer near-neighbours. Catalytic sites can be located within a single protein or placed
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sufficiently close to each other to allow electron transfer without a connecting chain.
Frequently, proteins contain one catalytic site linked to a redox cofactor chain. These
chains link the catalytic site to those in other proteins or to the solvent. Common
examples of “catalytic sites” are oxidizable or reductible metal cations like Cu®t, Mg*",
Fe** etc. They can also include organic cofactors of proteins like FAD, FMN, heme,
chlorophyll, etc. some of which also harbour metal atoms. In the last decades it has
also become apparent that examples of participants in the redox chain also include

radical-forming amino acids such as tyrosine and tryptophan.

It has been observed that the edge-to-edge distance between the donor and acceptor
in many natural electron transfer proteins extends from the point of van der Waal’s
contact to about 14 A for rates to be in a physiologically relevant regime. Generally
for distances greater than 14A, functional “long-range” charge transfer reactions
between donor and acceptor redox centres are thought to be facilitated by such redox
chains (bridges). The role played by the bridge entities has been considerably debated
as the bridge-state energy is expected to have a marked influence on the ET
mechanism.?® Two electron transfer mechanisms have been suggested - superexchange
and hopping. According to the superexchange mechanism, electron transfer proceeds
directly from the donor to the acceptor without creating real intermediates among the
bridge molecules.?® Contrarily, when the orbital wavefunctions of the bridge molecules
overlap with the donor and acceptor, the bridge molecules are directly involved as
intermediates in electron transfer between the donor and acceptor. This mechanism is
called hopping. Electron hopping involves multiple tunneling steps, often to promote
charge separation within and between proteins, which is essential for instance in energy

storage and conversion.?”

In several studies, it has also been observed that electron transfer over very long
distances occurs with the formation of charged bridge molecules as reaction

2829 (lending credence to the hopping mechanism). An evaluation of the

intermediates
redox potentials of prospective chain elements is helpful in determining the possibility
of formation of oxidized or reduced bridge intermediates. In proteins with a single redox
cofactor, side-chains provide opportunities for multistage tunneling. While the redox
potentials required to oxidise and reduce polypeptide side chains are generally high, the
side-chains of certain amino acids (tyrosine and tryptophan) have redox potentials

which are potentially suited to them?®’3? (See chapter 3).

In our study, we have performed fluorescence and absorption time-resolved
spectroscopy on several flavoproteins. Through these techniques, we have deduced the
rates of electron transfer from the neutral ground state amino acid donor to excited

state acceptor. We have also discussed these rates in relation to the distance between
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donor and acceptor entities. Analysis of electron transfer rate and distance relationships
is facilitated by a consistent definition of the donor-acceptor distance. As FAD is a
m—aromatic molecule, we have taken edge-to-edge distances using the shortest distance

between the m—conjugated rings of the donor and acceptor.

2.3 Well-studied biological charge transfer systems
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Figure 2.3: Z-scheme of oxygenic photosynthesis showing the electron flow and the
potentials of redox partners involved. Note: the tyrosine residue is involved in a charge
transfer relay between P680 and Mn in the oxygen evolving complex of PSIL.*%°

Conversion of light energy to electrical energy to chemical energy has been famously
studied in photosynthetic reaction centres.? In the initial stages for this process,
photons are acquired from sunlight to induce charge separation in a membrane-protein
complex. This creates an electric potential and a proton gradient over the membrane
which ultimately drives ATP synthesis. Photon absorption is enhanced by
well-optimized antenna systems which funnel the excitation energy to the reaction
centres (as seen in Fig. 2.3). This phenomenon occurs widely in green plants, algae and
cyanobacteria. In plants, two reaction centres are used in series - photosystem II and
photosystem I (Fig. 2.3). Among these, photosystem II (PSII) is unique as it catalyses
the four-electron oxidation of two water molecules to O, in the oxygen evolving complex
(Fig. 2.3). In fact, PSII is the only enzyme known to perform this function. In the
oxygen-evolving complex, tyrosine plays an important role. FEach charge separation
event here proceeds via the reduction of the photo-oxidized chlorophyll dimer primary

electron donor P680 by the nearby redox-active tyrosine (~ 20-200 ns)®® and the
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subsequent re-reduction of the tyrosyl by Mn (30us ~ 1ms) range.

Oxygenic photosynthesis is the phenomenon in which water is oxidized using
photons to yield Oy, four electrons and four protons. Reversely, respiration is the (non
light-active) process in which O, is reduced using four electrons and four protons.
Cytochrome ¢ oxidase (CcQ) is another prototypical protein in the study of biological
charge transfer, and is an enzyme implicated in the mitochondrial (and bacterial)
respiration process. During this process, it accepts electrons from one side of the
mitochondrial membrane and protons from the other, thus creating an electrochemical
proton gradient across the membrane. Although CcO is not functionally light-active, it
has been studied using light to visualize the electron transfer pathways involved.?” CcO
contains four redox-active cofactors, two “a”-type hemes, and two copper centres, and
accommodates four electrons in its fully reduced form.>” The complex mechanism of O,
reduction to HyO in CcO mobilizes a number of redox carriers and is notably thought
to involve a Tyr structuring the active site. This Tyr is cross-linked to a histidine
residue, itself coordinating another redox carrier, a Cu atom. The formation of

transient product states is linked to the proton pumping function of the enzyme.

Apart from photosynthetic and signalling proteins, there is a small group of “true”
enzymes where the catalytic reactions are driven by light. These so-called
photoenzymes use light as a substrate and therefore,require a continuous supply of light
(of a certain energy) for their function. They contain cofactors which are chromophores
and absorb the light. There are only three known classes of “true” photoenzymes -
Photolyases,®®  Light-Dependent NADPH: Protochlorophyllide Oxidoreductases
(LPORs) and the recently discovered fatty acid photodecarboxylase (FAP).*® The

light-activation of photolyase has been well studied and is described below.

DNA photolyase is an enzyme implicated in the light-induced repair of UV-damaged
DNA in bacteria, plants and certain animals. Apart from photocatalysis involving
electron transfer from the reduced flavin FADH™ to the substrate, the protein performs
a second photoreaction: preparing the catalytic state FADH from the resting state
FADH'. The latter reaction involves a triple tryptophan chain, which constitutes one of
the best examples of redox-active components bridging a donor and acceptor. Here, the
two redox centres are the solvent-exposed terminal tryptophan and the flavin radical
cofactor FADH'. Electron transport through the protein is initiated by light absorption
which creates the excited state of the flavin radical. An electron is then extracted from
a nearby Trp (W382, Fig. 2.4) in ~ 30ps. Subsequently, electrons move along the
bridge of tryptophans (as shown in Fig 2.4) to stabilize the catalytically active FADH™
in ~ 30ps. The latter processes occurs faster than the initial charge separation, leading

to an effective overall trans-protein charge transfer in 30 ps.*°
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Figure 2.4: Scheme of electron and proton transfer reaction chain in DNA photolyase
from E. coli by Lukacs et. al. 4’ The FADH cofactor is excited and charge separation
occurs as electrons hop through a chain of tryptophans.

This reaction itself is challenging to study as the three bridge entities are chemically
identical tryptophans. Complementary molecular biology and biophysical techniques
such as site-directed mutagenesis and polarization photoselection*! have aided in the
experimental study of such systems. In the particular case of DNA photolyase, the
reaction was studied by changing each tryptophan one-by-one in the chain to
redox-inert phenylalanine.**#® It has subsequently been demonstrated that this
tryptophan chain in DNA photolyase (Fig. 2.4) effectively acts as a “wire” within the

protein to facilitate long-range electron transfer.’

While photoenzymes require continuous exposure to light to function, there are other
enzymes which use light for signalling. They are called photoreceptors as they “receive”
photons to signal a reaction. Many organisms in nature have developed light-sensing
proteins to optimize certain functions. Mechanisms utilizing blue light have been observed
to be involved in various biological functions** and are frequently mediated by proteins
containing a flavin cofactor (see chapter 3). Flavin-binding blue-light photoreceptors can

be categorized based on their structure and photochemistry into three distinct groups:

e light-oxygen-voltage (LOV) photoreceptors,

e sensors of blue-light using flavin adenine dinucleotide (FAD) (BLUF

photoreceptors) and

e cryptochromes (CRYs)

Other classes of photoreceptors (not involving flavins) include rhodopsins (with the

chromophore retinal),* phytochromes (with phytochromobilin), photoactive yellow
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protein (with p-coumarin) and the UV sensor UVRS (with 14 tryptophan residues).

LOV domains are blue-light photoreceptors that contain a non-covalently bound
flavin mononucleotide (FMN) or in some cases flavin adenine dinucleotide (FAD), which
acts as a sensor for environmental stimuli such as light or oxygen.**® This
non-covalently bound flavin chromophore senses blue light in the 400-470 nm range.
Upon light activation, it undergoes a reversible photocycle, what can be observed
looking at the steady state spectra: under blue light illumination the structured 447 nm
peak of the flavin disappears and a single non-structured band will rise around 390 nm.
Due to the blue light irradiation flavin is promoted to the excited singlet state, which
undergoes intersystem crossing to the excited triplet state. This is followed by adduct
formation between the C4a atom of the flavin cofactor and the sulphur atom of the
neighbouring cysteine.***° In the dark, the flavin-cysteinyl adduct degrades slowly, on a
time-scale from minutes to hours. This reverts the LOV domain to the ground state
and concludes its photocycle. Natural systems utilize blue-light sensing of LOV
domains to pass this information to the nearby effector domain that they are linked
to.”! This mechanism, that does not involve an electron transfer reaction, is used in

phototropism,® stomatal opening and temporal circadian rhythms among others.

Proteins containing BLUF domains are responsible for photoadaptive responses of
many prokaryotes and a few eukaryotes.?® They are implicated in various reactions

55,56 5758 in phototrophic

including phototaxis and photosynthetic gene regulation
organisms, biofilm formation® along with virulence in pathogenic bacteria.’®%* BLUF
domains contain a non-covalently bound FAD as the light-absorbing cofactor. Like the
LOV domain, the BLUF domain passes through a light and dark state during its
photocycle. The light state of BLUF has been observed to be almost identical to the
dark state, with spectra resembling that of oxidized FAD, except for a 10-15 nm shift of
the 447nm peak to the red.’”%2? This red-shifted photoproduct relaxes to the dark state

within seconds to minutes.6263

Mechanisms of the BLUF domain proteins can differ from one organism to another.
In AppA — the most studied BLUF domain protein — the protein initially forms a
complex with a transcription factor (PpsR). Absorption of blue light would lead to
larger structural change resulting in the release of PpsR, preventing the biosynthesis of
the photosynthetic genes.* The mechanism which leads to this large structural
movement and to the dissociation of the AppA-PpsR complex is still not completely
elucidated and the mechanism of photoactivity changes in different BLUF domain
proteins.  In Pixd (SIr1694), which controls phototaxis in the cyanobacterium
Synechocystis sp. PCC 6903 a proton coupled electron transfer was observed between

the well conserved Y8 tyrosine and FAD.%>% Light absorption initially triggers the
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formation of the anionic flavin radical, which is protonated in a few picoseconds (most
probably by the tyrosine) forming the neutral flavin radical (see chapter 3 for flavin
redox states). As the close tyrosine residue is well conserved — replacement with other
amino acid abolishes the photoactivity of the protein — in all BLUF domain proteins it
was proposed that a similar mechanism is responsible for the function of these
photoactive flavoproteins. A similar mechanism was found to be present indeed in PapB
where formation of the neutral semiquinone decays to the red shifted signaling state, in
AppA however, the role of radical intermediates in the photocycle is debated and
continues to be explored.®” It has been suggested that the formation of radical

intermediates is not necessary for BLUF domain activity.%” Lukacs et al. have proposed

a non-radical pathway for BLUF domain function which proceeds via keto-enol
67

tautomerization.

Wg (377/359)
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Figure 2.5: Active site of cryptochrome from Arabidopsis thaliana®® (in blue, PDB:
1U3D) overlaid with that of E. coli photolyase (in red, PDB: 1DNP). The electron is
transported through a triad of tryptophans in cryptochrome similar to the mechanism
in DNA photolyase. It has been proposed that magnetic sensitivity in cryptochrome is
induced by radical formation of the FAD and the terminal tryptophan residue We.

Electron transfer proved to be crucial in the function of E. coli photolyase which
repairs the UV induced lesions in the DNA strand. In catalytically active photolyase the
flavin is in its fully reduced form and upon blue light absorption an electron is ejected
to the pyrimidine dimer thus breaking the bond. It is interesting that after purification
in the majority of photolyases, FAD is in the neutral semireduced radical form, but it
can be reduced by using visible light. In this process also ET takes place via a well
conserved tryptophan triad.®® Despite being homologous to photolyases, cryptochromes
are involved in very different processes like the regulation of the hypocotyl growth in
plants and entrainment of circadian rhythm in animals.”® They have also been
suggested to be sensors for the geomagnetic field to assist many animals in long-range

navigation.™ "

The formation of the signaling state in cryptochrome involves blue
light-induced electron transfer to the FAD cofactor from a tryptophan triad (W400,
W377, W324). These tryptophans are highly conserved among cryptochromes from
many species and bridge the space between flavin and the protein surface (Fig. 2.5).

The sequence of electron transfer steps result in an increased separation among the
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radical pair, eventually leading to the formation and stabilization of the signaling state
of cryptochrome (reported to be FADH ). It is interesting to note the similarity between
the mechanisms of electron transfer in the homologous proteins DNA photolyase and
cryptochrome, as they both proceed through a conserved tryptophan triad (Fig. 2.5).

Redox intermediates have also been observed, or inferred to form, in catalytic
proteins which are photo-inactive. Class la ribonucleotide reductase (Class 1a-RNR) is
an example of such a system. Ribonucleotide reductases (RNR) catalyse the reduction
of nucleotides to 2’-deoxynucleotides, which are essential for the de novo synthesis of
deoxyribonucleotides.  As deoxyribonucleotides are precursors to DNA, RNRs are
important for maintaining the precision of DNA replication and repair. They are found

in all organisms and are classified based on the metal cofactor used to initiate catalysis.

Class la RNR contains a diferric-tyrosyl radical (TyrO®) as “cofactor”. The
prototypical class 1a RNR from FE. coli is comprised of two subunits, a2 and (2, and
functions actively as an a232 complex.”™ The 32 subunit contains the diferric-TyrO; 5,
cofactor. The TyrOyy species is observed to show high stability, atypical for redox
intermediates of amino acids, as it has a lifetime of 4 days. TyrO" in solution has a
lifetime of milliseconds, but the longer lifetime of TyrOy5, in class 1a RNR is likely due
to the fact that it is positioned in a hydrophobic pocket within the protein along with
its position between the two Fe atoms. Additionally, it has also been proposed that a
specific charge transfer pathway exists across the o252 complex which contains four
tyrosines involved in long-range charge transfer over 35 A.™ The individual charge
transfer steps are linked to the RNR function of nucleotide reduction, and several TyrO’

intermediates have been visualized for these steps aided by protein engineering.

Figure 2.6: Relative orientation of hemes and the intervening tryptophan residue (PDB:
3L4M) in the diheme center of MauG. The edge-to-edge distances between the indole side
chain of Trp93 and each heme porphyrin ring, and between the two heme porphyrin rings
have been indicated.™
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MauG is another protein whose main catalytic function is enabled by the formation
of redox intermediates involving an aromatic amino acid residue. MauG is a diheme
enzyme that catalyzes the final steps in the biosynthesis of the catalytic tryptophan
tryptophenylquinone (TTQ) cofactor of methylamine dehydrogenase. It has been
observed to contain an electron transfer chain containing two protein-bound hemes and
a tryptophan residue.™ Fig. 2.6 shows the diheme centre of MauG. The distances
between the two hemes as well as their distances from Trp93 have been shown. This
Trp-93 resides midway between the hemes, and each Fe(IV) heme (as shown in Fig. 2.6)

has been noted to be a sufficiently strong oxidant for Trp".

It has been proposed by Geng et al. that the charge equilibration proceeds through
hole hopping via Trp93 without Trp radicals getting accumulated.™ Their model
supposes that rapid and reversible electron transfer occurs between the two hemes and
the intervening Trp93 in the hopping site. It can be inferred that Trp93 intermediates
form and decay rapidly within the MauG system. Such a “charge resonance” system
between the two hemes has been suggested to be the basis of the stability of the

bis-Fe(IV) species in MauG which is an intermediate in its catalytic reaction.

The systems that have been studied in this work, the t-RNA methyltransferase
TrmFO from Thermus thermophilus and glucose oxidase (GOX) from Aspergillus niger,
are also not naturally photoactive. They are flavoproteins involved in the catalysis of
different biological reactions (see chapter 6 and chapter 7). In both systems, like the
flavoprotein systems described above, FAD excitation with blue light leads to
subsequent charge transfer steps involving neighbouring residues. This has allowed us to
visualize previously unobserved intermediate states in both systems, particularly those
of close-lying redox active residues tyrosine and tryptophan. In several examples
mentioned above, tyrosine (TyrOH in the neutral ground state) is actively involved in
bridging electron transfer. The nature of the intermediates formed by tyrosine has been
debated, generally assumed to include the deprotonated TyrO® neutral radical. The
radical cation form TyrOH™" has also been proposed to be involved in charge transfer,
but had never been characterized.” A major aim of this thesis is to investigate this
issue. The subsequent chapter will introduce the background of this work in greater
detail.
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Chapter 3

Flavoprotein photochemistry and

aromatic amino acid radicals

3.1 Flavins and flavoproteins

Proteins containing flavins as redox cofactors have unique properties, as they are able to
participate in both 1 e and 2 e transfer reactions and/or hydride exchange reactions.
This enables them to participate in a wide range of redox reactions. They are found
abundantly in nature as they are estimated to account for up to 2% of all proteins.”® As
seen from the examples given in the previous chapter, the optical properties of
flavoproteins enable a limited number of them to act as “photoswitches” through
light-triggered reactions. However, a large proportion of flavoproteins, whilst
participating in functional electron transfer processes, are not naturally photoactive. In
this section, we will discuss the general redox properties of flavins to understand their

role in electron transfer processes.

Riboflavin, isolated from cow milk by Blyth in 1879,”® was the first flavin to be
discovered. Fig. 3.1 shows the structure of riboflavin. It contains a conjugated ring
system (isoalloxazine) which is linked to a ribityl chain. Riboflavin is present in various
food items including milk, eggs and cereal. While bacteria, fungi and plants can
produce riboflavin, other organisms like humans do not have the ability to synthesize
it.™ Interestingly, flavins in animal tissues are rarely present as free riboflavin. They are
mostly present as flavin mononucleotide (FMN) or flavin adenine dinucleotide (FAD)
bound to flavoenzymes. Riboflavin is a precursor to FMN and FAD in such systems. As
seen in Fig. 3.1, the structure of FMN is similar to that of riboflavin with the addition
of a phosphate group. On addition of an adenosine group to FMN, it becomes FAD.
Riboflavin is an important dietary component and is known commonly today as
vitamin B, which is a popular dietary supplement. Its deficiency has been linked to

neuromuscular and neurological disorders, cancer and a predisposition to Listeria
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Figure 3.1: Structures of riboflavin, flavin mononucleotide (FMN) and flavin dinucleotide
adenine (FAD). The isoallozazine ring has been shown in its oxidised and two-electron
reduced state. Additionally, the numbering scheme for the isoalloxazine ring is indicated.
Image taken from ref [77].
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Figure 3.2: Different redox states of FAD : the oxidized form FAD,, (designated FAD
here), the anionic semiquinone form FAD', the neutral semiquinone form FADH
the hydroquinone form FADH and the fully reduced form FADH,  These are the
five physiologically relevant states of FAD. Other states can also be produced outside
physiological conditions. Image taken from ref [82].

More than 90% of the known flavin-dependent enzymes are classified as
oxidoreductases, and the remaining enzymes are classified as transferases, lyases,
isomerases and ligases.”” The immense biochemical utility of FMN and FAD is due to

their redox-active isoalloxazine ring system which is capable of being involved in one-
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and two-electron, proton and/or hydride transfer reactions. Consequently, FMN and
FAD can exist in several physiologically relevant redox states: oxidized (FAD,,),
one-electron reduced anionic semiquinone (FAD™), one-electron reduced protonated
semiquinone (FADH"), two-electron reduced protonated (FADH') and two-electron
reduced bi-protonated (FADH,) (as shown in Fig. 3.2). In addition, the oxidized flavin
molecule is susceptible to nucleophilic attack at positions N5 and C4a of the
isoalloxazine ring. The ability of FAD and FMN to exist in various redox states makes
them versatile enzyme cofactors for numerous biochemical reactions, most of all in

oxidoreductases, which participate in biological redox reactions.
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Figure 3.3: Spectra of four different redox states of FAD.%? FAD here refers to ozidized
FAD. The FADH, spectrum, not included here, slightly resembles that of FADH with a
more gradual incline and lower extinction in the blue region. The FAD and FAD" spectra
are from mosquito cryptochrome AgCRY1. The FADH and FADH spectra are from E.
coli photolyase.

As stated before, flavins (FAD and FMN) are among the few known redox
coenzymes (like quinones) that can participate in both one-electron and two-electron
transfer processes.®* Furthermore, they prove to be suited to spectroscopic studies as all
five redox states of flavins absorb in the visible region with distinctly different spectral
signals. Fig. 3.3 shows the steady state absorption spectra of four relevant redox states
of FAD.® The oxidized form FAD,,, the resting state for many flavoproteins, has a
distinct absorption band at ~ 450nm. This yellow form is the one with the highest
extinction in the visible part of the spectrum. The reduction of FAD,, can be visualized
spectrally by the absorption decrease in the 450 nm region. For the one-electron
reduced forms, this is additionally accompanied by an absorption increase in the red for
FAD™, a small signal in the ~ 510 nm region and for FADH', a stronger signal
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extending over the entire visible spectrum (it is the only FAD redox state to absorb
significantly beyond 530 nm). The two-electron reduced forms absorb weakly in the
visible region; the FADH, spectrum resembles that of the FADH spectrum in Fig. 3.3,
with a more gradual incline in the blue region and with lower absorptivity (extinction

coefficients).

Flavins have lower extinction coefficients compared to many of the coloured
cofactors which participate in charge transfer reactions like chlorophyll and hemes (See
Fig. 3.3). The molar absorption coefficient for the long-wavelength absorption
maximum of chlorophyll a (g49) is ~ 90mM 'em™'® and for hemes up to
~ 200mM tem™'® whereas the corresponding value for oxidized flavin (for example,
FAD®") at 450 nm is only 12 mM ‘ecm™". Intermediates formed during biological redox
reactions are of considerable interest (see section 2.3). Using flavoenzyme systems to
monitor such intermediates may facilitate characterizing them and evaluating their role
in biological charge transfer reactions. In this context, flavoenzymes provide a unique
advantage as their extinction coefficients are lower than that of other systems where
intermediates have been proposed to participate. They have extinction coefficients of
the same order of magnitude as the Tyr and Trp redox intermediates (see section 3.2)
making it easier to distinguish the latter’s signal. In systems containing chlorophyll or
hemes as cofactors, the absorption signal of these Tyr and Trp redox intermediates
would be much smaller than the signal of the corresponding cofactor redox state. This

makes flavoproteins especially suited to visualize charge transfer intermediates.

3.2 Charge transfer intermediates involving amino

acid residues

Biological systems are often naturally optimized to conduct long-range charge transfer
between redox sites. The mechanism of charge transfer between a donor and acceptor
frequently involves electron hopping via bridging amino acid residues (see section 2.2).
These bridge amino acid residues have in turn been observed to form functionally
relevant radical intermediates in many systems such as photosystem 11,36 cytochrome ¢

oxidase,®® DNA photolyase,*428 cryptochrome, "

among others.

In most biological systems where charge transfer has been studied, amino acid
residues involved in redox reactions and formation of intermediates are tyrosine and
tryptophan. The redox potentials of the constituents of the amino acid side chains are
generally extremely high.'® However, tyrosine (Tyr) and tryptophan (Trp) have been

observed to have redox potentials more relevant for physiological reactions.?%31%* This is
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Figure 3.4: Schematic representation of the electron transfer from a photoexcited FAD
to a nearby Tyr/Trp and the subsequent intermediates formed. The 2.7eV represents the
excitation of FAD from ground state to FAD*. Free energies have been indicated for the
formation of product states FAD TyrOH ™ (1.08 V) and FAD  TrpH * (1.33 V) which
have been calculated using redox potentials.””?! The pK, values for the deprotonation of
radical cations have also been given. TyrOH ™ has been proposed to be less likely to be
observed as it is highly unstable (pK, ~ —2).%° On the other hand, TrpH ™ is a more
stable radical cation as it has a pK, ~ 4.%%
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illustrated in the scheme in Fig. 3.4 for the case of light-induced reactions with FAD.
The relative free energies of product states formed FAD TyrOH'" (1.08 V) and
FAD  TrpH'™ (1.33 V) have also been indicated. The free energies have been calculated
using the redox potentials for the pairs FAD/FAD™ (-0.22 V),°! TyrOH*/TyrOH (1.4
V)% and TrpH™* /TrpH (1.15 V). The pK, values for TyrOH'* and TrpH™" are ~ —2%2
and ~ 4% respectively. TyrOH"" has been proposed to be less likely to be observed™ as
it is highly unstable (pK, ~ —2)°* and is expected to undergo rapid proton transfer to
form TyrO". On the other hand, TrpH"" is a more stable radical cation as it has a pK,
~ 493

In DNA photolyase, both protonated (TrpH'") and deprotonated (Trp®) radicals of
tryptophan have been observed to form sequentially at different timescales.®® On the
other hand, in a model compound containing a Trp-analogue, the latter species was
inferred to be formed by concerted proton and electron transfer in aqueous solution.?®
Together, these studies indicate that while Trp radicals can be formed by concerted

electron and proton transfer, this is not always the case.

Tyrosine radicals have markedly different characteristics compared to tryptophan
radicals. Since the pK, of TyrOH'" is ~ —2, it is expected to be highly unstable if it is
formed at all. At the start of this thesis, it had not yet been observed as a reaction
intermediate and was spectrally uncharacterised. In the prototypical photosynthetic
system PSII (described in section 2.3), the secondary electron donor to the
photo-oxidized chlorophyll dimer Pggy is a tyrosine.  Here, the electron transfer
(~ 20 — 200ms) occurs concomitant to proton transfer and therefore, no TyrOH™™"
intermediates have been observed. For several of the examples discussed in section 2.3,
like cytochrome ¢ oxidase, BLUF domain and ribonucleotide reductase, Tyr was
indicated to form a TyrOQ" intermediate, a form that has been characterized.’® Tyr has
also been observed to form radical intermediates in photolyase from the cyanobacterium
Anacystis nidulans.®® For tyrosine-containing photoactivatable model compounds in
aqueous solution, a stepwise mechanism with electron transfer preceding proton transfer
has been invoked.?” However, in this case TyrOH'" deprotonation is much faster than

its formation, prohibiting its visualization and characterization.

Tyr and Trp radicals have been characterized spectroscopically in many systems.
Interestingly, in the neutral ground state, both Tyr and Trp absorb in the UV region of
the spectrum. However, their characterized intermediates have distinctive spectra in the
near-UV to the visible spectral range. Fig. 3.5 shows the characteristic spectra of
known Tyr and Trp intermediates. Both the Trp radicals - neutral and cation - have
been spectrally characterised. While the spectrum of TrpH™" contains a broad band

centred ~ 570 nm, the spectrum of Trp" contains a similarly broad band but centred at
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Figure 3.5: Spectra of known intermediates of tyrosine and tryptophan. The tyrosine
intermediate has been shown in green.’® The tryptophan intermediates have been shown
in red.”® These spectra have been obtained using pulse radiolysis and photolysis.
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~ 500 nm. On the other hand, the spectrum of TyrO" is distinctly different with a
sharp band at ~ 410 nm. All radical intermediates have distinctly lower extinction
coefficients compared to typical protein cofactors like chlorophyll and even FAD,,. Yet,
the extinction coefficients of Tyr and Trp radical intermediates are comparable to those
of FAD radicals. This reiterates that flavoenzymes are well-suited for visualizing and

characterizing intermediates of amino acid residues in proteins.

The evidence for the involvement of a certain amino acid residue in a charge transfer
reaction can be gauged by replacing said residue with one which is redox-inactive.
Site-directed mutagenesis has frequently been used to substitute redox-active residues
like Tyr and Trp by a redox-inactive aromatic residue like phenylalanine (Phe). In the
case of DNA photolyase, the three tryptophans in the redox chain are a priori
spectrally indistinguishable. To understand their role in the charge transfer pathway,
each Trp was mutated to Phe.*? As Phe is an aromatic residue, substitution of a Trp
with a Phe residue reduces the possibility of large steric effects due to the mutation.
Electron transfer between solvent-exposed Trp and the photo-excited FADH" is orders
of magnitude slower on mutating a redox-active bridge Trp to Phe, as seen by Byrdin et

al. . *2

Polarization photoselection is another way, without protein modification, to
distinguish between the three Trp residues in the redox chain of DNA photolyase. Here,
a linearly polarized pump is used for preferentially exciting the FAD cofactors which
have transition dipole moments parallel to the pump polarization direction.** This
photoselection induces a transient anisotropy in the previously isotropic sample. In
principle, as the three Trp residues have different spacial orientations with respect to
the FAD cofactor within the protein, they can be distinguished by probing with
polarized light. In our studies, we have used a similar method along with site-directed

mutagenesis to implicate residues involved in charge transfer reactions.

Spectrally characterising Tyr and Trp radicals in model systems helps in spectral
deconvolution and in the assignment of the intermediate and final photoproducts formed
in complex charge transfer pathways in proteins. In systems like photolyase and RNR,
such approaches have led to the characterization of intermediates. Among flavoproteins,
electron transfer photoproducts have been unequivocally spectrally characterized in only
few systems like photolyase, cryptochrome and BLUF domains (except for attempts in
glucose oxidase by Lukacs et al in 2012'%°). Often, charge transfer reactions are not
straightforward and proceed with the existence of multiple charged species at each stage
of decay. Brazard et al. have analysed such a system in new cryptochrome/photolyase
type FAD-based photoreceptors.”?? Due to the presence of FAD,, rather than FADH", as

in E. coli photolyase, the primary photoreaction is ultrafast (few hundred fs) in this
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Figure 3.6: Kinetic model proposed to describe the photoactivation of FAD,, in the algal
photoreceptor OtCPF1. In chapter 7, a similar model has also been proposed for glucose
ozidase decay after photoexcitation.”?

system and subsequent kinetic steps can be resolved. Using polarization photoselection,
they have been assigned to a cascade of electron hopping reactions along a chain of
three conserved tryptophan residues (Fig. 3.6). The kinetic model proposed for
OtCPF1 (3.6), not unlike the kinetic scheme of photosynthesis (Fig. 2.3), accounts for
competition between forward electron hopping (along the tryptophan chain) and charge
recombination at each kinetic step. Such a model has also been used by us to describe

electron transfer in glucose oxidase (see chapter 7).
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Chapter 4

Motivation for this work

4.1 Conformational flexibility in ThyX

Initial motivation for this thesis project arose from the work on configurational
flexibility of the flavoenzyme thymidylate synthase (ThyX) in 2013.'°' ThyX is a
homotetrameric enzyme which is essential for de novo synthesis of the DNA precursor
2’-deoxythymine-5’-monophosphate (dTMP) in many bacterial systems. ThyX is not
structurally homologous to thymidylate synthase ThyA that is used by most
eukaryotes.'®? ThyX, which is absent in humans, is used by various pathogenic bacteria
and is considered an antimicrobial target.!®® During its reaction cycle, it converts
deoxyuridine monophosphate (dUMP) to dTMP using
N° N*°-methylene-5,6,7,8-tetrahydrofolate (MTHF) and nicotinamide adenine
dinucleotide phosphate (NADPH) as carbon and electron donor, respectively. Since it
interacts with three substrates during its reaction cycle, at least two of which should
simultaneously be accommodated in the active site, it is also an attractive candidate for

studies on conformational flexibility.

ThyX is not a light-active flavoenzyme. Sub-picosecond fluorescence spectroscopy
was performed on ThyX from the hyperthermophilic bacterium Thermotoga maritima
(TmThyX) in the presence and absence of substrate dUMP to probe the active site. It
was found that wild type ThyX exhibits a long multiphasic fluorescence decay which
reflects dynamic conformational changes. A nearby Tyr91 residue was observed to be
the primary quencher of FAD* fluorescence in TmThyX, indicating that electron
transfer occurs from Tyr91 to FAD*. The substrate dUMP is also an FAD* fluorescence
quencher in ThyX, suggesting that closely bound dUMP could be an electron donor to
FAD*.

The FAD* decay in ThyX was observed to be multiphasic, spanning three orders of

magnitude in time. The corresponding continuous lifetime distribution in ThyX
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Figure 4.1: Steady-state fluorescence of WT TmThyX upon 400 nm excitation at different
temperatures between 25° and 70° upon warming (blue) and cooling (red).’%!

normalized fluorescence

4-20 5 10 | 100 1000
time, ps

Figure 4.2: Temperature dependence of amplitude-normalized fluorescence decay of wild

type TmThyX at 520 nm.'" Excitation at 395 nm. The time axis is linear until 10 ps
and logarithmic thereafter.
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fluorescence was attributed to conformational heterogeneity in the active site. To obtain
more insight into the conformational flexibility of TmThyX, the fluorescence properties
were measured as a function of temperature. These experiments were facilitated by the
fact that TmThyX is stable at very high temperatures (Fig. 4.1). The total
fluorescence was observed to decrease with increasing temperature and was fully
reversible on cooling. This indicated that, even at high temperatures, FAD remains
bound to the protein. From the observation that the slower decay phases were
specifically suppressed on warming (Fig. 4.2), it was concurred that this multiphasic
decay does not (only) reflect static heterogeneity, but that extremely rapid (down to the

picosecond timescale) large scale conformational changes occur in the active site.

Figure 4.3: Superimposed structures of elements of the four active sites in ThyX, time

averaged over the last 500 ps of 2.5 ns free trajectories of MD simulations in the presence
(A) and absence (B) of dUMP.'%". The superposition is on the entire backbone of each
subunit. The carbon atoms are colour-coded with the respective subunits.

To complement the experiments, molecular dynamics (MD) simulations were also
performed and a large variation in active site configurations was indeed observed. In the
MD simulations (Fig. 4.3 A), of wild type ThyX, especially the flavin, was observed to
be more flexible in the absence of substrate dUMP (Fig. 4.3 B). A significant variation
in distance between FAD and the Tyr-91 quencher was observed accompanied by
unusually large fluctuations (up to ~ 4 A ) occurring infrequently on a timescale of up

101

to several nanoseconds.”” This flexibility was not observed in the presence of dUMP
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substrate (Fig. 4.3 B). Thus both experiments and simulations indicated extremely high

flexibility and very rapid changes in active site conformation in this enzyme.

4.2 Motivation and aim of the thesis

The original motivation for this thesis was to investigate whether active site flexibility is
a general feature for multi-substrate nucleic acid-processing proteins. We started studies
similar to those performed on ThyX!°! on its functional analogue TrmFO.!** TrmFO,
also a flavoprotein, is a methyltransferase which catalyzes the post-transcriptional
formation of m°Us, in tRNAs and is required for structural stabilization of crucial RNA
molecules. Like ThyX, it also interacts with three substrates during the catalysis:
MTHF, NADPH and tRNA (which is much larger than dUMP - the substrate of
ThyX). While there is no structural homology between these enzymes, this made it an

equally interesting system for studies on conformational dynamics.

TrmFO also has a tyrosine residue (Tyr-343 in 7. maritima) lying very close to the
FAD cofactor which, like Tyr-91 in E. coli ThyX, is the primary quencher of FAD*
fluorescence (discussed in chapter 6). The active site also contains a close-lying cysteine
(Cys) residue (C51 in Thermotoga maritima) which likely forms an adduct with FAD.
This adduct is different from the one formed between Cys and FAD in LOV domain
(See section 2.3). In LOV domains the FAD has to be in the excited triplet state to
form an adduct with Cys, whereas in TrmFO an adduct between Cys and FAD can be
observed in the ground state. However, this adduct is not visualized in X-ray

crystallographic structures of TrmFO and its nature remains debated.!?®

In wild type TrmFO, the Cys-FAD adduct is highly fluorescent. To visualize the
underlying active site dynamics in an adduct-less TmTrmFO, the cysteine residue at
position 51 was mutated to an alanine. Time-resolved fluorescence and absorption
experiments were then performed on this C51A mutant. The fluorescence was quenched
within ~ 1ps. The emphasis of the thesis changed as we realized that the fast
fluorescence quenching in TrmFO made it an interesting system to characterize redox
intermediates involving Tyr radicals. It is inherently difficult to characterize product
states in ThyX as its excited state decays in a large range of timescales. The Tyr343 in
TmTrmFO lies very close to the FAD isoalloxazine, and the FAD excited state is
completely quenched rapidly.  Through time-resolved absorption experiments we
serendipitously visualized the elusive and short-lived (~ 3ps) TyrOH'" radical
intermediate which had never been seen before, and characterized it spectrally (see
subsection 6.2.2).!
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The double mutant C51A/Y343F of TrmFO was observed to have a long
fluorescence decaying over three orders of magnitude (from ps to ns). This similarity
between the double mutant and ThyX made it the next candidate for flexibility studies
(see section 6.6). However, the distribution of donor-acceptor configurations sampled in
C51A/Y343F did not change during the time-period sampled, and further experiments
to elucidate potential quenchers of FAD in the C51A/Y343F TrmFO mutant are yet to

be performed.

Many natural redox systems have Tyr and Trp residues positioned near the active
site. TrmFO is one of the few systems where product states of intermediates have been
visualized. The identification of the “yet unseen” redox intermediate TyrOH'' in
TrmFO C51A paved the way to investigate whether this state can also be visualized in
other systems where it had been speculated to be formed. One such system is glucose
oxidase (GOX) from Aspergillus niger, which has been widely used as a model system in

100,106,107 and where transient product states had not yet been

spectral studies
thoroughly characterized (see chapter 7). GOX contains several Tyr and Trp residues in
proximity of the active site FAD, and has been observed to have a more complex
excited state decay than TrmFO C51A. In our work, we have successfully identified the
formation of TyrOH'" intermediate in GOX and have spectrally characterized it. The
spectra for TyrOH'" obtained from GOX and C51A TrmFO have also been compared
and are observed to be similar, thus opening the way to investigate the role of this state

in a broader class of proteins.
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Chapter 5

Experimental methods

5.1 Protein procurement and handling

During this thesis, expression and purification of wild type TrmFO from Thermus
thermophilus and certain mutant proteins - C51A, C51A Y343F, etc. was carried out.
Glucose oxidase from Aspergillus niger used in these experiments was ordered in

lyophilized form from Sigma.

5.2 Expression of TrmFO variants

The plasmid pQES80L was used for cloning and expression of the trmFO gene. It also
allowed the expression of protein upon induction with isopropyl S-D-1 thiogalactoside

(IPTG) in E. coli BL21DE3,

Individual E. coli colonies were resuspended in 10 mL of Lysogeny Broth (LB)
growth medium with 100 pg/ml ampicillin and incubated for 18 hours at 37°C with
shaking. Subsequently, the culture was scaled up to 500 ml of LB growth medium with
100 pg/ml ampicillin and incubated at 37°C with shaking at 180 rpm for ~2 hours.
Once the exponential phase was reached (OD at 600 nm = 0.6 - 0.8), the protein
expression was induced by 1 mM IPTG final concentration for 3 h. The culture was
centrifugated for 30 min at 5000 rpm and the pellet was resuspended in 5 ml of lysis
equilibrium wash buffer (LEW: 50 mM NaH,PO,, 300 mM NaCl, pH 8.0). This

suspension was stored at -80°C until the purification step.

5.3 Purification of TrmFO variants

The bacterial re-suspensions were treated for 30 minutes on ice with DNase and

lysozyme (one tip of spatula each for 5 ml of bacterial suspension) and shaken at 180
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rpm. Subsequently they underwent 5 cycles of 20 seconds of sonication (in an ice bath).

The samples were left on ice to complete the lysis for a few minutes.

In order to optimize the holoenzyme / apoenzyme ratio, FAD was added to the
lysate to a final concentration of 100 pM and left for 10 min on ice to promote its
fixation on TrmFO. This was followed by centrifugation for one hour at 13,200 rpm
which enables the recovery of the soluble fraction of the proteins in the lysate,

containing the protein of interest.'%

For purification, the soluble fraction (ca. 4.5 mL) was deposited on a Protino®
Ni-TED Resin 2000 column (Macherey Nagel) pre-equilibrated with 5 mL of LEW
buffer. It was then washed with 25 mL of LEW buffer following which the protein was
eluted in 3 mL of elution buffer (LEW + 250mM imidazole).

This last step was carried out after the column had been washed with 5 mL of LEW
buffer with the soluble protein fraction recovered. The eluted protein was desalted using
exclusion chromatography on Econopac 10DG polyacrylamide column (Bio-Rad) and
collected in 4 mL of HEPES buffer (50 mM HEPES, 300 mM NaCl , pH 8.0). The
protein was concentrated using 30kDa AMICON® concentrators.

In order to evaluate the purity of the different TrmFO mutants, the purified proteins
were subjected to a migration of 30 min at 100V on 10% acrylamide gel under
denaturing conditions (SDS-PAGE), and subsequently coloured using instantBlue
(Expedeon).

For experiments to study the presence of hydrogen bonding in the active site of
TrmFO C51A, the protein solution was washed several times with a similar HEPES

buffer but made with D,O to minimize the presence of H,O in solution.

5.4 Pump-probe spectroscopy

Pump-probe spectroscopy is a group of widely used techniques for studying ultrafast
phenomena. Figure 5.1 shows a simplified scheme of a typical pump-probe setup. The
pump and the probe are derived from a single source after which they are split up. A
delay line is used to create a time difference in arrival of the probe beam with respect to
the pump at the interaction volume, typically a sample cell but not necessarily (see
Section 5.5). The time resolution is created by translating the mechanical delay line,
where a change in the delay line position of 150 pm corresponds to a time delay of 1 ps.

The experiment is repeated at different set delay times to construct the kinetics point
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Figure 5.1: Principle of pump-probe spectroscopy. The pump and probe are derived from
the same short-pulse source and separated. One if them (the probe in this figure) is passed
through a movable delay line to create a time difference.

by point.

The detector measures the total intensity and/or spectra shape of the probe pulse.
The time resolution of experiments is limited by the pulse length (~ 150fs here) and
not by the response time of the detector. The time window (the longest time that can
be measured) is determined by the physical limitation of the delay line (maximum

~ 4ns).

The following sections describe the two different pump-probe techniques used in the
experiments: femtosecond time-resolved fluorescence using Kerr gating and femtosecond

time-resolved absorption spectroscopy.

5.5 Femtosecond time-resolved fluorescence

spectroscopy

Time-resolved fluorescence spectroscopy can be used to probe the excited state decay of
flavin in flavoproteins. The decay and spectra are highly sensitive to the protein
environment as specific amino acid residues close to the flavin can influence the
timescale of its fluorescence decay by acting as fluorescence quenchers. Additionally, the
change in shape of fluorescence spectra can yield information regarding motions and
relaxation processes of the flavin in the excited state. Therefore, we will use a method

that has both high temporal resolution and the ability to measure full spectra.
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Figure 5.2: Diagram of the Kerr-gated spectrofluorometer used for all time-resolved
fluorescence measurements. The setup is based on Kerr gating to simultaneously obtain
high spectral and temporal resolution. Temporal resolution and sensitivity can be adapted
by switching between suprasil, benzene and CS.

There are several types of experimental methods that provide combined time and

110,111

spectral resolution: streak camera,!®®!% broadband upconversion, and Kerr

U213 The femtosecond time-resolved fluorescence setup used in these

gating.
experiments incorporates Kerr gating. This method has a relatively better time
resolution than streak cameras (that are not a pump-probe technique and are limited by
the response of the camera) and is more straightforward in operating than broadband

upconversion.

Kerr gated setups can have a high time resolution going down to the length of the
pulse used (/= 150fs), which is especially useful for observing short-lived excited states
of flavins. Kerr- based setups use fluorescenece gating. When a polarized intense gate
pulse interacts with the Kerr medium, its refractive index changes and it becomes
temporarily birefringent. The Kerr medium is placed between two crossed polarizers.
The polarization of the fluorescence beam that passes the Kerr medium while this
induced birefringence persists will be changed. Therefore, part of the fluorescence light
passes through the second polarizer to reach the detector and the shutter is opened.
The Kerr effect is a molecular phenomenon and depending on the time-resolution
required, different Kerr media (with distinct response times and response amplitudes)
have been used for obtaining the time-resolved fluorescence data in these experiments:
suprasil (= 200fs), benzene (=~ 300fs) and CS, (= 1ps). The response amplitudes of

these Kerr media are in inverted order. Therefore, depending on the experiment, a
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compromise between time resolution and signal to noise ratio can be chosen.

Figure 5.2 depicts a scheme of the Kerr gated fluorometer used for time-resolved
experiments. The light source is a Ti:sapphire laser/amplifier system (Quantronix
Integra-C) centered at ~ 780nm with a 1 kHz repetition rate providing an energy of
~ 1m.J. The =~ 100fs pulse is split into two parts: the first part is frequency doubled
using a § Barium Borate (BBO) crystal yielding pulses centered at 390 nm; the second
part is passed through the delay line and is used as the gate pulse at 780 nm.'!4

The sample in its excited state can give rise to polarization effects due to anisotropy.
To avoid this, the polarization of the pump pulses are set at magic angle (54.7°) with
respect to the polarization direction of the first polarizer (A/2 plate). The pump pulse
is directed into the sample and focused to ~ 150 pm by a lens (L;). This lens transmits
at the excitation wavelength as well as the emission spectral range. The fluorescence
emitted in the backward direction is transmitted through L; and the dichroic mirror
(D) and focused into a fiber optics spectrometer (SPy) in order to monitor fluctuations
in total fluorescence. The intensity of the pump and gate beams is adjusted with

variable neutral density filters.

The sample exhibits fluorescence in all directions upon excitation. Reflective
objectives are used to collect the emitted light in the forward direction, to avoid a
strong dispersion. The fluorescence is collimated by a Cassegrain-type reflective
objective (RO)(Fig. 5.2, Oy). A vertically oriented thin polarizer (P;) is placed in the
collimated beam. The linearly polarized fluorescence is then refocused by a second RO
(Og) and overlapped with the gate beam inside the Kerr medium (Fig. 5.2, Kerr cell).
After the Kerr medium, a third RO (Oj3) is used to re-collimate the fluorescence beam.
A horizontally oriented polarizer (P,) is placed after this RO to enable the
gate-polarized fluorescence to pass. This gated fluorescence is directed through the
entrance slit of a polychromator and the resulting dispersed beam is imaged onto the

nitrogen- cooled CCD camera (SP;) which is configured as an array-detector.

The sample is contained in a 1 mm quartz cell. To avoid photobleaching and sample
degradation, the cell (Fig. 5.2, Sample) is rotated continuously during the experiment

so that a new volume of the sample is excited in every shot.

5.6 Time-resolved Absorption Spectroscopy

Transient fluorescence spectroscopy is useful for obtaining information exclusively about

excited states and the lifetimes of their decay. To visualize the subsequent processes
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Figure 5.3: Diagram of the transient absorption setup used for all time-resolved absorption
measurements with the repetition rate set at 500 Hz. The 780 mn-source is split into pump
and probe pulses. The pump is doubled to 390 nm and the probe focused on a CaFy plate
for continuum generation. After compression using a prism pair, the probe is split to
test and reference pulses. It is to be noted that the beams going in and coming out of
the compression prism overlay in practice, but have been shown here at slightly different
angles for clarity.

following flavin excitation, femtosecond time-resolved absorption spectroscopy was
performed. This enabled the visualization of the ensemble of transiently populated
excited and product states formed. Additionally, it is useful to correlate the transient

absorption data with those obtained from transient fluorescence spectroscopy.

The laser source for the setup used for time-resolved absorption experiments is the
same as the one for fluorescence experiments. The setup is a standard setup for
transient absorption experiments with the repetition rate set at 500 Hz. This repetition
rate is limited by the read-out time of the CCD camera. For the above-described
fluorescence setup, the acquired data are integrated over many shots whereas the
difference absorption spectra are acquired on a shot-to-shot basis for signal to noise

reasons.

As in the fluorescence setup, the source is split into two as shown in Fig. 5.3. One
part is passed through a Barium Borate crystal to generate a 390 nm pump pulse. This
part is passed through the delay line to create a temporal delay with respect to the
probe pulse. The second part of the beam is focused on a continuously translated CaFy

plate for continuum generation. The resultant white pulse is then compressed using two
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prisms. Following this, the continuum is passed through another beam splitter to have
separate test and reference beams to correct for shot-to-shot variations of the probe
beam. The pump beam is overlapped with the test beam within the Imm quartz
sample cell. The test and reference beams are spectrally dispersed in a polychromator
so that data over the whole spectrum can be collected by a CCD camera configured as a
dual array detector. As in the fluorescence setup, the sample is contained in a 1 mm
quartz cell which is moved continuously using a lissajous scanner. The excitation

wavelength was 390 nm for all time-resolved measurements.

Conventionally, the polarization is kept at magic angle (54.7 °) to avoid anisotropy
effects. During this work, additional photoselection experiments have been performed
on all samples. This was done by changing the polarization of the pump beam to be
either parallel or perpendicular to the polarization of the probe beam. To do this, a
half-wave plate is placed in the path of the pump beam before it is focused into the

sample cell.

The photoselection experiments enable the calculation of anisotropy spectrum, r(\)
for the samples. This is defined by the equation

AA —AA,

) — 5.1
" T AA T 2AA, (5.1
For pumping and probing single transitions at angle 3%
2
—1
podcs ol 55 (5.2)

The value of  can vary between 0.4 (for § = 90°) and -0.2 (for 5 = 0°). The value of
r can be outside this range if multiple overlapping transitions are probed, as is the case

in our experiments.

5.7 Raw Data and Analysis

In Fig. 5.4 and Fig. 5.5 typical examples of averaged raw data obtained during the
experiments are displayed. In all three figures, the z-axis stands for the wavelength of
fluorescence or absorption and the y-axis indicates the time delay between the pump
and the gate/probe pulse. The colours in the 3D plot signify the amplitude of the
fluorescence/absorption signal, with the blue indicating low or negative signal and red

indicating high or positive signal. The data with an acquisition scheme comprising
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Figure 5.4: False-colour 2D plots of averaged raw data obtained with glucose oxidase
from A. niger over the course of the experiments. The spectra have been corrected for
background. Figures (a) and (b) show time-resolved fluorescence data with suprasil and
CSy Kerr gates respectively acquired till 12 ps and 2/ ps respectively.
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Figure 5.5: False-colour 2D plots of averaged raw data obtained with glucose oxidase from
A. niger during time-resolved absorption experiments. Data have been acquired till 100
ps. The dotted lines indicate the time point at which a change in time step occurs.

different time windows with progressively longer time steps in each window.

As an example, Fig. 5.4 (a) and (b) show time-resolved fluorescence data of glucose
oxidase with different Kerr media - suprasil and CS,y respectively. The sharp peak at
440 nm around t=0 is due to Raman scattering of the aqueous solvent from excitation
at 390 nm. Several Kerr media have been used in tandem for all time-resolved
fluorescence experiments to get an overall picture of the fluorescence decay. In the case
of glucose oxidase, the fluorescence decay is multiphasic with a very rapid (1 ps) initial
decay and with a peak at 530 nm. With the CS, Kerr gate where data was acquired up
to 24 ps with a minimum time step of 400 fs. Subsequently, the experiment was done
under the same conditions with a suprasil Kerr gate to better elucidate the early stage
of decay with time steps of 100fs. The amplitude of response of the Kerr medium is
higher in CS, than suprasil, and therefore the CS, data have better signal-to-noise. The
data obtained using each Kerr media have been combined for all the decay time traces

shown in the subsequent sections.

In the transient absorption experiments the intensity I of the transmitted light is
recorded, as a function of wavelength, by the detector. This is converted to absorption

using Beer-Lambert law which is given by

A _1og<j_fo> (5.3)

where [ is the initial intensity of light. At low concentrations of the sample, the

absorption relates to the molecular extinction coefficient ¢ according to Beer Lambert
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law which is given by

A=bec (5.4)

where b is the path length of light in the sample (Imm), e is the extinction

coefficient and ¢ the concentration of the sample.

As the beam splitter separating the rest and reference beam is not completely 50:50
over the whole spectral range and as both test and reference pass through the sample,
Iy is not determined in this experiment and the results are expressed as a difference in
absorption AA. This AA is a superposition of 1.y, contributions of various components

and can be expressed as

Ncomp

AA(LN) =D ) c(t)Ag;(N) (5.5)

Figure 5.5 shows the time-resolved absorption data over the full spectrum for
glucose oxidase. The 3D plot shows the bleaching (—A A, in blue and green, left),
induced absorption (+A A, in red, centre) and stimulated emission (—A A arising from
FAD* emission, in green, centred around 560 nm) parts of the signal. In this case,

spectral evolution with time can be seen distinctly in the raw data itself.

Also it is clear that the t=0 point varies with wavelength due to the dispersion of the
probe beam. Furthermore, around t=0 relatively strong signals are observed due to the
cross phase modulation artifact. These signals complicate the possibility of extracting
A A signals on the time scale of the pulse duration.

The data from the time-resolved experiments were analyzed in terms of
multi-exponential functions using the open-source software Glotaran!!® for global
analysis. Through singular value decomposition, the number of parameters required to
describe the system can be estimated. The analysis takes the instrument response
function(IRF) and dispersion into account. The IRF is modeled as a Gaussian whereas

the program fits the dispersion as a polynomial of variable order.

The data are accumulated as matrices S(A,t). Global analysis is based on the
superposition principle, which itself is based on the assumption that the measured data
can be described by a linear combination of n components S’(\,t) , each with a distinct

time profile and spectrum. This is represented mathematically as

n

SO0 = 3 alt)m(n) (56)

=1
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where n is the number of components, ¢;(t) and a;(t) are the time and spectral profile
of any component 7. The kinetic scheme where n components decay independently and
mono-exponentially in parallel results in Decay Associated Spectra (DAS), one for every

component. In this case, equation 5.6 is adjusted as

S'(\t) = Z cPAS (1) DAS; (M) (5.7)

i=1

Further, the simplest interpretation of the DAS consists of a kinetic scheme where
the components decay sequentially in an unbranched, unidirectional manner with
increasing lifetimes (A — B — ... — n). In this scenario the first compartment A gets
populated by an input excitation pulse and subsequently forms the second component.
The second component decays into the third compartment and so on, until finally the
n™ component decays to the ground state. This is called the sequential model. The
spectra calculated from this scheme are called the Species Associated Spectra (SAS)

and reflect the spectra of the intermediate species.

In the subsequent chapters, the terms DAS and SAS will both be used frequently to
describe the results of the analysis. When used in the context of time-resolved
absorption, the terms to Decay Associated Difference Spectra (DADS) and Species
Associated Difference Spectra (SADS) will be used as all transient absorption spectra

are essentially difference spectra.
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Chapter 6

Femtosecond spectroscopy of wild

type TrmFO and mutants

6.1 Experiments on Wild type TrmFO and mutation
of Cysb1

Tyr-343

Figure 6.1: Active site of wt TrmFO as seen in the crystal structure (PDB:3G5Q)). Selected
distances between the FAD and the nearest amino acid residues have been given.

While most of our work on TrmFO concerns modified variants, in this section we
will first report results from steady state and ultrafast time-resolved measurements on
wild type TrmFO. Subsequently, we will explain the effect of the mutation of a specific

cysteine residue.

Fig. 6.1 shows the active site of wt TrmFO as seen in the crystal structure (PDB
3G5Q).17 The amino acid residues, which will be discussed most in this chapter, are

the ones closest to the isoalloxazine ring of the FAD cofactor- cysteine at position 51
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Figure 6.2: Steady state fluorescence of wt TrmFO and mutants C51A and C51A/Y343F.
The spectra have been mormalized at excitation wavelengths- 380 nm  for wt and
C51A/Y343F and at 400 nm for C51A. The wt fluorescence is intense and centred
at 550 nm. The mutants have a typical fluorescence spectrum centred at 520 nm.
Fluorescence is much lower in amplitude for mutant C51A compared to the wild type
and C51A/Y343F . Intense fluorescence of C51A/Y343F is probably due to the absence of
quencher Tyr343.
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Figure 6.3: Steady state absorption spectra of wild type TrmFO (in blue) and mutants
C51A (red), C51S(pink) and C51A/Y343F (green). The wt spectrum is different from
that of typical flavoproteins due to the adduct which has a distinct band at 400 nm. The
absorption spectra of the mutants are typical for flavoproteins and the absorption bands
for o and B transition moments''® have been indicated.
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Figure 6.4: Raw data of time-resolved fluorescence experiments on wt TrmFO with CS,
as a Kerr medium. Starting at 7 ps before t=0, points have been acquired every 0.3 ps
till 6.2 ps, every 8 ps till 120 ps and every 75 ps thereafter until 2 ns. Different time
windows have been indicated.

(Cys51, 3.9 A distance between the S atom and N5 of the isoalloxazine ring)! and
tyrosine at position 343 (Tyr343, closest ring-to-ring distance of 3.3 A). In solution, wt
TrmFO partially forms an adduct with Cys51.1'8 This adduct is thought to be a
dormant reaction intermediate that can be activated by binding of tRNA. As the
adduct is not visualized in the crystal structure, its structure has been debated and has
been suggested to be an iminium adduct.!®® In Bacillus subtilis TrmFO at physiological
pH, this adduct dissociates within hours after purification.''® By contrast, in the
purified T. thermophilus enzyme, we found that this adduct is stable and does not
convert to regular oxidized FAD (FAD,,), even at elevated temperatures.! However
under white light illumination, the spectrum of this adduct changed significantly,

whereas it remained constant when the protein was kept in the dark.'%®

Fig. 6.3 shows the steady state absorption spectra of wt TrmFO and the C51A,
C51S and C51A/Y343F mutants. The wt spectrum is unusual for a flavoprotein and
superimposed on a regular FAD spectrum, an additional broad absorption around 400
nm is observed. This broad absorption band is a distinct marker of the adduct.!%® Since
Cysbl is involved in the adduct formation, its replacement renders the protein
adduct-less and the resultant absorption spectra (for C51A, C51S and C51A/Y343F)
are typical for flavoproteins. The cysteine has been mutated to alanine which has a
-CHj side chain in place of cysteine’s -CH,SH, making it smaller in size and a priori
avoiding steric hindrance in the active site caused by the mutation. Cysb1 was also
mutated to serine. Here, the -CH,SH side chain is replaced by a sterically similar
-CH,OH moiety. The mutants C51A and C51S can thus be regarded as the closest
models of the wt without the adduct. The absorption bands corresponding to « (at 450

116

nm) and S (at 380 nm) transition dipole moments''® in these mutants have been
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indicated. For ultrafast studies, the proteins are excited at 390 nm which is between the

« and [ transition dipoles.

The FAD-Cys51 adduct absorbing around 400 nm causes wt TrmFO to be highly
fluorescent as shown in Fig 6.2. The spectra have been normalized to the absorption at
the excitation wavelength. Wt fluorescence is centred at 550 nm and is red-shifted by
20-30 nm compared to typical flavoproteins. By contrast, in the mutants C51A and
C51A/Y343F, the adduct is not formed and their steady state fluorescence spectra are
typical for flavoproteins, with peaks at 520 nm. The fluorescence of TrmFO C51A is
highly quenched, to about 100 times lower compared to wt, possibly due to the presence
of a quencher (Tyr343). Overall fluorescence in C51A/Y343F is observed to be much
higher than in C51A, presumably due to the absence of the potential electron donor
Tyr343.
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Figure 6.5:  (a) Decay associated spectra (DAS) from the femtosecond time-resolved
fluorescence spectroscopy measurements on wt TrmFO. (b) Decay associated difference
spectra (DADS) from the femtosecond time-resolved absorption spectroscopy of wt TrmFO.

Results of the preliminary time-resolved experiments were performed on wt TrmFO
have been shown in Fig. 6.5. The fluorescence DAS (Fig. 6.5 (a)) are dominated by the
strong long-lived component with a decay time of ~2 ns and a maximum at ~550 nm.
This component is assigned to the adduct. A much smaller fast phase centred at
~500-520 nm with a time constant of ~1.7 ps is also observed. However, due to the
strong fluorescence of the ~2 ns phase, the decay associated with this component is
more difficult to resolve and possibly additional sub-picosecond decay also occurs (see
Chapter 5). The short-lived fraction is assigned to the portion of non-adduct FAD in wt
TrmFO. These assignments are supported by the analysis of the time-resolved

absorption measurements on wt TrmFO in terms of decay associated difference spectra
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(DADS, Fig. 6.5 (b)). The 1.7 ps phase resembles the excited state spectra of
flavoproteins with typical bleaching (at 450 nm) and stimulated emission bands (at 550

nm). The stimulated emission feature of the ~2 ns phase is red-shifted.

As will be discussed more extensively below for mutant TrmFO, the short lifetime of
the fluorescence of regular FAD can be assigned to quenching by electron transfer from
the close-by Tyr343. Such quenching does not appear to occur in the adduct. This
finding may be related to the large Stokes shift in fluorescence of the adduct, which
implies a much stronger relaxation in the excited state. Thus, the excited state
potential energy minimum lies much lower in the adduct than in non-adduct FAD,
leading also to a lower driving force (AG®) for electron transfer initiated by excited
state formation. A quantitative estimation of the driving force in wt TrmFO is
complicated by the lack of knowledge on the redox potential for the FAD adduct

complex.

A rough estimate indicates that the observed time constant of 1.7 ps is in the region
expected for electron transfer from Tyr343 to FAD*. As mentioned above, the
ring-to-ring distance between the FAD isoalloxazine ring and the tyrosine phenol ring is
3.3 A. Using the model from Dutton and coworkers® (see section 2.2) that assumes
homogeneity in the protein using a uniform-barrier model, the expected rate constant of
electron transfer is 1.3 x 103s™! if the reaction would be barrierless (see equation 2.6).
The found rate constant is only one order of magnitude lower than this, in agreement

120 (see section 6.6). Indeed, using

with the notion that this equation is near-barrierless
Eqn. 2.6 and the observed rate one can estimate the activation energy at ~ 0.1 eV,
much lower than the driving force estimated in the order of —1.08 eV (see section 3.2).
In this exercise, the reorganizational energy would be ~ 1.06 eV, so A & —AG. We
emphasize that this reasoning should be considered only as a check of general
agreement; for such short distances, the hypothesis of protein homogeneity is likely not

completely accurate.

The heterogeneity in wt TrmFO arises due to the presence of the adduct and the
corresponding strong signals. To avoid complications, in the remaining sections we will
study modified TrmFO proteins in which the adduct does not form, mostly by
replacement of Cysbl.
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Figure 6.6: Timetraces at 520 nm of the TrmFO mutants C51A, C51S and C51A/Y343F
observed using time-resolved fluorescence. The scale is linear till 10 ps and logarithmic
thereafter. The traces have been smoothened using a Savitzky-Golay method in Origin.
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Figure 6.7: Time-resolved fluorescence spectra of TrmFO mutants (a) C51A, where decay
is over within 3.5 ps, and (b) C51A/Y3/3F, where fluorescence remains even after 1 ns.
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Figure 6.8: Decay Associated Spectra of TrmFO (a) C51A, (b) C51S and (c)
C51A/Y343F fluorescence. Signal-to-noise is lower for the 0.7 ps phase in C51S due
to use of suprasil as Kerr medium to resolve sub-picosecond kinetics (see chapter 5).
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6.2 Experiments on TrmFO mutants

6.2.1 Results from ultrafast fluorescence measurements

Figure 6.6 shows the fluorescence time-traces at 520 nm of the major mutants of
TrmFO that have been studied. As mentioned in section 6.1, Cysbl was mutated to
alanine and serine. The alanine mutation C51A yielded a fluorescence decay that was
completed within a few picoseconds, consistent with the low total fluorescence observed
(Fig. 6.5 (b)). In the C51S mutant, a similarly fast decay phase is observed, but also
significant slower phases, indicating a more heterogeneous flavin environment, possibly
due to steric hindrance. The ultrafast fluorescence decay of the C51A mutant also
indicates the presence of an efficient nearby FAD* quencher. Tyr343 was hypothesized
to be the primary quencher as the fluorescence decay of the C51A/Y343F mutant was
much slower than the single mutant C51A or C51S. Furthermore, the decay of
C51A/Y343F is predominantly faster than the open conformation of FAD in solution!?!
indicating the presence of a secondary quencher. The Trp214 residue lying on a flexible
loop in TrmFO is a candidate to be the secondary quencher. These results will be

discussed quantitatively and in more delail in the following sections.

To explore the role of Tyr343 as a fluorescence quencher, the time-resolved
fluorescence spectra of TrmFO C51A and C51A/Y343F have been compared in Fig.
6.7. TrmFO C51A undergoes ultrafast fluorescence decay which is completed within 3.5
ps whereas C51A/Y343F undergoes a multiphasic decay predominantly occuring on
much longer timescales and which continues beyond 1 ns. This finding leads to the
conclusion that Tyr343 is responsible for the very fast fluorescence decay in C51A
TrmFO. The precise role of Tyr343 will be explored by studying the product states
after the rapid fluorescence quenching in C51A through time-resolved absorption

spectroscopy (see Section 6.2.2).

Global analysis of the data in Fig. 6.7(a) indicated that the fast decay of C51A
could be described by a single exponential with a time constant of 1.2 ps. The DAS of
this phase in C51A (Fig. 6.8 (a)) is centred around 520 nm, confirming that it
corresponds to the FAD* fluorescence. As indicated above (see Fig. 6.6), the decay of
Cbh1S was multiphasic. Here, three phases were obtained from the fit, with time
constants of 0.7 ps, 3 ps and 450 ps (Fig. 6.8(b)). While the two fastest phases for C51S
are in the same time-range as the decay of C5H1A (suggesting a similar quenching
mechanism by Tyr343), the presence of a significant slower phase indicates substantial
heterogeneity in the configuration of the active site. Therefore, for simplicity, the
analysis of the role of Tyr343 will be further studied based on the cysteine to alanine

substitution.
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We also note that the fluorescence decay in C51A TrmFO is very similar to that of
the fraction of wt TrmFO assigned to regular (non-adduct) FAD (see Section 6.1). This
indicates that fluorescence quenching by Tyr343 also occurs in the wild type protein.
Thus, C51A TrmFO appears a suitable model system for studying the dynamic
properties of FAD in TrmFO, given the complications of the presence of the adduct in
wt TrmFO.

The fluorescence decay of C51A/Y343F requires four exponentials to be fit in a
multiexponential model, with time constants of 1.6 ps, 30 ps, 0.4 ns and >2 ns. The
DAS corresponding to the first 1.6 ps phase (Fig. 6.8 (b)) is blue-shifted and lacks the
typical FAD fluorescence characteristics, much like the 1.5 ps phase in wt ThyX.!%* This
phase is ascribed to vibrational cooling. We note that a separate vibrational cooling
phase is not found from the analysis of C51A fluorescence decay (Fig. 6.8(a)) as it
occurs in the same timescale as the fluorescence decay (time constant 1.2 ps). The
slower phases in C51A/Y343F and C51S describe their multiphasic fluorescence decay
indicating that multiple configurations of flavin-electron donor pairs coexist, like in the

114

flexible enzyme ThyX which catalyzes a similar reaction''* (see chapter 4). This makes

them a priori interesting candidates for flexibility studies(section 6.6).
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Figure 6.9: (a) Steady state absorption of Y343W TrmFO. (b) Timetrace of TrmFO
Y343W mutant fluorescence at 520 nm in lin-log scale.
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Additionally, Tyr343 was mutated to tryptophan (without the Cys51 mutation) to
compare the efficiency of FAD* quenching. As seen from the steady state absorption
spectrum(Fig. 6.9(a)), the adduct (at 400 nm) is not formed in this mutant presumably
because Tyr343 is required for the positioning of the adduct.'® Fig. 6.9 (b) shows the

fluorescence decay of Y343W at 520 nm. The time constants obtained from its fit were -
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7 ps, 75 ps and > 2 ns.

The driving force for electron transfer from Trp to FAD* is throught to be higher
than for Tyr and it has, therefore, been argued that Trp is more efficient in a quenching
system where the donor is sandwiched between Trp and Tyr.'?° However, in TrmFO
Y343W, it is observed that FAD* quenching by Trp343 is less efficient compared to
Tyr343 (in wt and C51A). For Tyr radicals, electron transfer is essentially barrierless
(see section 6.1). Furthermore, the isoalloxazine ring of the FAD and the phenyl ring of
Tyr343 are observed to be in a semi-stacked position in the crystal structure, an
organization that could facilitate electron transfer from Tyr343 to FAD*.  The
substitution of tyrosine with tryptophan likely causes a significant change in the protein
environment, as the double-ring Trp is bulkier than Tyr, leading to less favourable
positioning of the residue for electron transfer (and to heterogeneity), which may
explain the slower decay kinetics. In this context, we note that this mutant was less
stable than the other TrmFO variants studied here, as also reflected in the scattering
feature in the absorption spectrum (6.9 (a)). This decreased stability also precluded

reliable transient absorption measurements on this mutant.

6.2.2 Results from time-resolved absorption measurements
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Figure 6.10: (a) Time-traces at various wavelengths and (b) difference absorption spectra
at certain time delays for TrmFO C51A. The spectra are not corrected for chirp.

To characterize the photoproducts of the TrmFO C51A, transient absorption
spectroscopy was performed. Fig. 6.10 shows the transient absorption kinetics and
spectra. The kinetics at 450 nm (peak of the ground-state absorption) and at 568 nm

(in the stimulated emission region) are dominated by a phase of ~1 ps. The time
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Figure 6.11:  Decay Associated Difference Spectra of TrmFO (a) C51A and (b)
C51A/Y343F.

constant of this phase is similar to that of the fluorescence decay, and therefore this
phase can be assigned to FAD* decay. However at 500 nm, an induced absorption that
decays substantially slower is observed, indicating the presence of a distinct product

state.

Full analysis of the data in terms of DADS is given in Fig. 6.11. Two distinct
kinetic phases, with time constants of 1.1 and 3.0 ps, are required to fit the data. The
1.1 ps phase, ascribed to decay of the excited-state FAD*, contains bleaching features in
the FAD,, absorption region and further negative absorption above 550 nm that is
assigned to stimulated emission. This 1.1 ps phase also contains induced absorption
features around 400 and 520 nm that are assigned to excited-state absorption. The
FAD* decay in 1.1 ps gives rise to the product state decaying partly very fast (faster
than it is formed) and partly in 3.0 ps (Fig. 6.12 (a)) . The 3.0 ps phase lacks
stimulated emission features. It contains a strong induced absorption band centered at
490 nm that has significantly higher amplitude than the corresponding bleaching band
at 450 nm. The 490 nm band is much larger and very uniquely shaped compared to any
absorption expected for the anionic and neutral flavoquinone forms FAD" and FADH’

in this region (see section 6.3).

Fig. 6.12 (b) shows the SADS of TrmFO C51S which are consistent with the
analysis of C51A. Here, two phases are observed - 0.7 ps and 3 ps. The 0.7 ps phase
resembles a typical FAD* excited state spectrum, with the aforementioned bleaching
(450 nm) and stimulated emission (560 nm) bands. Additionally, the 3 ps phase

resembles the 3 ps phase obtained from C51A adding consistency to our analysis.
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Figure 6.12: (a) Species Associated Difference Spectra (SADS) corresponding to the DAS
of Fig. 6.11(a). These spectra correspond to a model in which the DAS are interpreted
in terms of a model A — B — C. The difference spectrum A corresponds to the initially
formed state, here FAD* minus FAD,, ; B an intermediate state formed in 1.1 ps and
C a final state formed in 3.0 ps. As the final spectrum of C'is very small, the spectrum
of B (3.0 ps SADS) is very similar to the 3.0 ps DAS discussed in the text and assigned
to FAD™ TyrOH " minus FAD,,. The 1.1 ps SADS contains bleaching features in the
FAD,, absorption region and further negative absorption above 550 nm which is assigned
to stimulated emission. Furthermore, the induced absorption features around 400 nm and
520 nm are assigned to excited state absorption. The larger bleaching in the 1.1 ps SADS
with respect to the 3.0 ps SADS indicates that the 3.0 ps phase corresponds to only part
of the initially excited FAD, presumably because a substantial part of the product state
formed in 1.1 ps recombines to the ground state on a timescale faster than its formation.
Precise quantification of the yield of the product state is complicated by the compensating
excited state absorption (1.1 ps SADS) and FAD™ (3.0 ps SADS, see Fig. 6.13) bands
superimposing the ground state absorption region. We estimate this yield at roughly 20-
40% C. (b) DADS of TrmFO C518S. The fast 0.7 ps phase has poorer signal to noise than
the 3 ps phase (see Section 5). Only the fast components of decay have been shown in
this figure.
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As Tyr343 is the electron donor responsible for quenching FAD*, we assign the 3 ps
phase to a tyrosyl radical. As the tyrosine is protonated in the neutral state (TyrOH),
the initial photoproduct is expected to be TyrOH ", but if deprotonation occurs along
with electron transfer, then TyrO® will be formed. The latter state has been
characterized well spectrally, and absorbs at 400-410 nm®'?? (Fig. 6.14).Therefore the
feature at 490 nm is assigned to TyrOH'" and it was inferred that in this protein
system, the tyrosyl cation radical can be formed as a distinct species without
concomitant proton transfer.!?®'2* In the DAS of transient absorption experiments of
the C51A/Y343F double mutant, the strong 490 nm feature is not observed (Fig. 6.11

(b)), which is in full agreement with its assignment to the Tyr343 cation radical.

A minimal reaction scheme, concerning the fraction of the enzyme that gives rise to
a product state with a 3 ps lifetime, is depicted in Scheme 6.1. After the decay of the
main 1.1 ps and 3 ps phases a small phase remains, which corresponds to ~ 3% in the
bleaching area. The spectrum of this long-lived phase is reminiscent of that of the 3 ps
phase and may reflect a very small fraction of the protein in which the product state is

long- lived, although the low amplitude prohibits firm assignment.

FAD*

[FAD® TyrOH°"]

‘fi:hc:n'gﬁ_]o fransfer intermediate
)\ .
s

3.0 ps h ~ >>30ps
~

~
N4

FAD Deprotonation

Scheme 6.1. Proposed Minimal Charge-Transfer Pathway in C51A TrmFO.

6.3 Identification of the TyrOH' " intermediate

To determine the spectrum of TyrOH'™, the 3 ps phase from Fig. 6.11 (a) was modeled
as a sum of FAD"™ minus FAD,, and TyrOH'" minus TyrOH. As a model spectrum
for FAD"", the published steady state FAD" spectrum of an insect cryptochrome®® was

taken. The steady state FAD,, absorption spectrum of TrmFO C51A has been measured
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Figure 6.13: Spectrum of TyrOH ™ as calculated from the 8 ps DADS of Fig. 6.11 (a)
using a model spectrum of FAD' %% and the measured FAD,, steady-state spectrum. For
comparison, a spectrum for the FADH' form of DNA photolyase from E. coli®’ has also
been shown, which can be fully formed in steady state. In the red part of the spectrum,

where it does not overlap with FAD,,, this spectrum is similar to the FADH spectrum of
TrmFO.1%5
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(Fig. 6.2). TyrOH doesn’t absorb in the visible range in its ground state. Therefore,

Eyron*+ = DDADS3,s — (€pap* — E€rap,,) (6.1)

where the variable b has been optimized so that the blue spectral region (<470 nm)
is dominated by the flavin contributions and the TyrOH'" spectrum in that region is
minimal. However, small oscillations are observed in the deduced TyrOH'* spectrum in
that region. These can be attributed to the usage of the FAD™ spectrum from insect

cryptochrome which may vary from that of TrmFO.

At wavelengths > 470 nm, the TyrOH'" spectrum is smooth as the flavin forms
absorb poorly (if at all) and hence contribute only modestly to the uncertainty of the
spectrum. The TyrOH™" spectrum modeled here consists of a ~40 nm broad band with
a maximum at 490 nm. This spectrum represents to our knowledge the first known

spectrum of the tyrosyl cation radical in solution or in a polypeptide.!
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Figure 6.14: Spectrum of TyrOH " as shown in Fig. 6.18 compared with the known
spectrum of the TyrO".9%1%2 Also shown for reference is the spectrum of the methozyphenol
radical’®® which is close to the structure of TyrOH ™.

Fig. 6.14 compares the calculated spectrum of TyrOH'" with that of TyrQ® 93122
The two are distinctly different with TyrO® having a sharp peak at 400-410 nm and
very weak contributions >470 nm. This comparison lays further weight to the
assignment of the product state to TyrOH'". Additionally, the TyrOH'" spectrum
corresponds well with the spectrum of the the structurally close methoxyphenol radical

obtained by laser flash photolysis.!?6

Given the low pK,(~ —2) of tyrosyl, it might also be expected that deprotonation
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occurs to a closely located proton acceptor. Hence, deprotonation of TyrOH'" could
compete with back electron transfer from TyrOH'" to FAD'. While Tyr343 is within
hydrogen bonding distance of other residues,! the most prominent candidate for a
proton acceptor would be the reduced flavin (pK, ~8.3'27): the distance between Tyr O
and FAD N5 atoms is 3.9A). The expected resultant FADH" spectrum is shown in Fig.
6.13.  As deduced from the lack of sizable tyrosyl deprotonation and of FADH’

formation, the rate constant of such a proton transfer reaction is < (3ps)~'.

Finally, the rate of proton transfer is expected to be sensitive to substitution of H*
to DT. Therefore, transient absorption experiments were also performed on TrmFO
C51A by changing to a D,O HEPES buffer. No changes were found in the transient
spectra and the rate constants (not shown). This result is consistent with the above

conclusion that proton transfer does not play a role in the C51A reaction scheme
(Scheme 6.1).

Altogether, the above results demonstrate that not only is the intermediate
TyrOH'" formed and observed, it decays very fast in 3 ps and can be formed without

concomitant proton transfer.

6.4 Dipole moment directions from anisotropy

experiments

The transient absorption experiments described above were performed under isotropic
conditions (pump polarized at magic angle with respect to the probe). In order to gain
insight in the orientation of the involved dipole moments, we also performed transient
anisotropy experiments on C51A TrmFO as described in chapter 5. Here we will focus
on the results from the DADS of the 3 ps phase corresponding to the FAD™ plus
TyrOH™" minus FAD,, spectrum.

The direction and spectral properties of the transition dipole moments of FMN in
flavodoxin crystals have been determined by steady state polarization spectroscopy by
FEaton et. al. in 1975.11¢ Using this work as a reference, under our excitation conditions
(pump centred at 390 nm), both the (lowest-lying) a- and the S-transitions are excited
(see Fig. 6.3), but the a-transition is predominantly excited. The two transitions make
a small angle (~ 20°). Our finding (Fig. 6.15) of two regions where the anisotropies are
both almost constant but have two distinct values justifies the decomposition of Fig.
6.13 with little spectral overlap between TyrOH"" and the two FAD forms.
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The anisotropy in the bleaching region in Fig. 6.15 is close to 0.4 which corresponds
to pumping and probing parallel transitions. In this region, the bleaching of the FAD,,
a-transition contributes to the signal as well as the induced absorption of FAD" (Fig.
6.1). The constant r value of ~0.4 in this region confirms that the FAD,, a-transition is
excited predominantly and indicates that the probed FAD™ transition is near-parallel to

this a-transition.

The other distinct anisotropy region at 0.24 4+ 0.04 in Fig. 6.15 corresponds to the
spectral region assigned to the TyrOH'" absorption band. This anisotropy corresponds
to a 31° & 5° angle between the excited FAD,, - transition and the probed TyrOH'*

transition.

Given the evidence that the 450 nm band is not due to a “hot” vibrational state of
FAD (c.f. ref [128]) as seen from the distinct anisotropy bands in Fig. 6.15, it can be
concurred that the spectral peak at ~ 490nm in the 3 ps phase (see Fig. 6.12)

corresponds to a different species than FAD,,.

The transition dipole moments in neutral TyrOH have already been studied through
linear dichroism spectroscopy in combination with quantum mechanical calculations.?”
The L, transition is parallel to the symmetry axis in the plane of the molecule (Fig.
6.16). Assuming the orientation of the transitions determined for the isoalloxazine as

1116 are the same in TrmFO, the direction of the FAD a-transition is

seen by Eaton et a
depicted in Fig. 6.16 in the wt crystal structure (PDB:3G5Q). Our result that the angle
between the FAD a-transition and the TyrOH'" transition is 31° leads to a cone of
possible angles for the latter transition. In addition, assuming that the TyrOH'™
transition lies within the phenol plane, this cone is reduced to two possible orientations
of the transition. They both lie closer to the symmetry axis corresponding to the lowest
(UV) L, transition of neutral TyrOH!?? rather than the perpendicular L, transition
(Fig. 6.16). The most likely candidate is the one that makes a small angle of 23° with
the symmetry axis (solid yellow line in Fig. 6.16). This can be explored further with
theoretical studies of the TyrOH'" transition in TrmFO C51A. Such studies may help
to reach a firm assignment on which of these orientations corresponds to the 490 nm

TyrOH"" band.

6.5 Secondary quencher of fluorescence

As mentioned in Section 6.2.1, when the primary quencher Tyr343 is mutated, the
fluorescence decay of C51A/Y343F slows down but remains faster than the open form

of free FAD in solution'?! indicating the presence of a secondary quencher. On
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Figure 6.15: Anisotropy spectrum (r) calculated from the DADS of the 3 ps phases
obtained under polarized excitation conditions overlaid with the 3 ps phase from the DADS
from Fig. 6.11 (a) obtained under magic angle polarization.

FAD a

Figure 6.16: Possible orientations of the TyrOH ™ transition in the tyrosine plane (yellow)
deduced from the transient anisotropy experiments of Fig. 6.15. The lowest o transition
dipole in FAD'% and the ground-state L, and Ly, transitions of TyrOH "% are also

represented.
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Figure 6.17: Prospective secondary quenchers of FAD* fluorescence as visualized using
the wt TrmFO crystal structure (PDB:3G5Q). Trp283 (8.6Aclosest distance from FAD)
and Tyr394 (8.8 A closest distance from FAD) are seen to be the next closest redoz active

amino acid residues. Another possibility has been proposed to be Trp214 which lies on a
flexible loop.

TrmFO WT
20 et
=<
& sk |
s ] e Mk AL
= i _ "u"‘ bl el
EL C L L AT PSP
1000 20000 30000 400K 000
time (ps)
00 T T T | L L LA LN Ea W
280 —
=or : — Trp214
= 200 Tep283 -
2 T Tyr3g4
= 150} :
=3 I g L 1
2 00— < P -
L J,-"’r 1r::_|1:. 4
50 uf Inry, o -1
I 4 Wy il 4
N I S R e SR i . T P Oy R IO I

2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
minimal distance 1o FAD (A)

Figure 6.18: Distance variations (upper) and distribution (lower) of residues Trp214,

Trp283 and Tyr394 to the FAD extracted from molecular dynamics simulations of wt
TrmFO.
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Figure 6.19: Fluorescence decay of C51A/Y343 compared with that of
C51A/Y343F/W214F at 520 nm.  Both measurements were performed using CS,
as Kerr medium.
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Figure 6.20: Decay associated spectra (DAS) of triple mutant C51A/Y343F/W214F.
W214 proves to be a candidate for future studies on the secondary quencher as the fastest
DAS phase here is slower than that of C51A, but yet faster than free FAD solution.
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examining the crystal structure (Fig. 6.17), Trp283 (8.6 Aclosest distance from FAD)
and Tyr394 (8.8 A closest distance from FAD) are seen to be the next closest redox
active amino acid residues. Additionally, wt TrmFO also contains a highly flexible loop
which cannot be visualized in the crystal structure. The Trp214 situated on this flexible
loop was examined as a potential secondary quencher of FAD* fluorescence in TrmFO.
Using molecular dynamics simulations on wt TrmFO (in collaboration with
Jean-Christophe Lambry at LOB), the distances between the potential secondary
quenchers and FAD were modelled (Fig. 6.18). Although the average distance of
Trp214 to FAD appears higher than that of Trp283 and Tyr394, these results confirm
the freedom of motion of Trp214 as its distance distribution is very broad (spanning
13A) and includes FAD-Trp214 distances below 5 A. Furthermore, we note that the
average distances of Trp283 and Tyr394 to the isoalloxazine ring in the equilibrated

system are somewhat lower than those in the crystal structure.

To explore the role of Trp214 as a secondary fluorescence quencher, the triple
mutant C51A/Y343F/W214F was made and studied. Its fluorescence kinetics are
compared with the double mutant C51A/Y343F in Fig. 6.19. To ensure a fair
comparison between the two, data recorded only using CS, as Kerr medium have been
used as data for the highly fluorescent C51A/Y343F/W214F was recorded only using
CS, Kerr medium. As seen in Fig. 6.19, the fluorescence decay of this triple mutant was
slower than C51A/Y343F indicating that Trp214 may be one of the secondary

quenchers.

On global analysis of the fluorescence data of C51A/Y343F/W214F, two phases of
48 ps and 1.6 ns were obtained. As in C51A /Y343F, the faster of the two phases in Fig.
6.20 is blue shifted compared to the other, with a peak at 500 nm. The time constants
of the DAS fit from C51A/Y343F are 30 ps, 0.4 ns and a long-lived phase (excluding
the 1.6 ps relaxation phase retrieved with suprasil as a Kerr medium, Fig. 6.8(c). On
comparison, the 30 ps phase becomes slower in the triple mutant (to 48 ps) and lower in
relative amplitude, suggesting the involvement of Trp214 as a secondary quencher of

FAD* fluorescence, but not as exclusively.

The results above describe the preliminary investigation of the secondary quencher
of FAD* quenching in TrmFO, suggesting the involvement of Trp214. However, other
residues, in particular Trp283 and Tyr394 presumably also contribute to the quenching
observed in the C51A/Y343F mutant. To better elucidate the secondary quenching

mechanism, further experiments with proteins modified at these positions are required.
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6.6 Flexibility studies on TrmFO C51A/Y343F
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Figure 6.21:  (a) Evolution of steady state fluorescence of TrmFO C51A/Y343F with
temperature. Spectra are recorded with polarizers in the excitation and emission beam
set at magic angle to remove any polarization effects. The change appears irreversible:
when lowering the temperature again the fluorescence remained low (20°C and 40°C
reheating). (b) Mazimum fluorescence of TrmFO C51A/Y343F at 520 nm as a function
of temperature.
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Figure 6.22: Comparison of normalized fluorescence decays of TrmFO C51A/Y343F at
different temperatures.

As discussed in Section 6.1, the mutant C51A/Y343F has a slower fluorescence
decay than C5H1A and it is multi exponential. This indicated that multiple
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configurations of flavin-electron donor pairs coexist, like in the flexible enzyme ThyX
from the hyperthermophile Thermotoga maritima which catalyzes a similar reaction!!
as TrmFO. In the study by Laptenok et al.''* (see chapter 4), steady state ThyX
fluorescence was observed to reversibly decrease as a function of increasing temperature.
On performing a similar experiment on TrmFO C51A/Y343F, total fluorescence also
decreased with increasing temperature. The fluorescence decrease rather than increase
at higher temperatures indicated that the protein-bound FAD is not released at high
temperatures (~ 40°) in TrmFO C51A/Y343F. However, the change appears
irreversible: when lowering the temperature again, the fluorescence remained low (20°C
and 40°C recooling, Fig. 6.21 (b)). Concomitantly, slow sample precipitation was also
observed at higher temperatures. Qualitatively similar effects were observed when less
extensive temperature ranges were investigated. These effects are assigned to protein
degradation without flavin release upon warming, suggesting a low thermal stability of
the mutant protein, notwithstanding the origin in thermophilic organism of the wild

type protein.

On performing temperature-dependent time-resolved fluorescence measurements on
C51A/Y343F, a remarkably invariable fluorescence decay was observed in the 20-40°
range (Fig. 6.22). This indicates that the decrease of total fluorescence upon warming
described above is not due to changes in fluorescence lifetime, but rather to flavin
degradation into non-fluorescent species. The temperature-independence of the multi
phasic fluorescence decay is unlike that observed in ThyX!''# and indicates that the
distribution of donor-acceptor configurations sampled does not change during the
time-period sampled. To further investigate the implications of this finding, a clearer

identification of the effective residues of the quenching in the mutant is required.
Generally, the striking temperature-independence of Fig. 6.22 is in agreement with

the reasoning in section 6.1 that in FAD* — FAD" TyrOH'™, electron transfer occurs in

a virtually barrierless regime (see also Mataga et al : ref [120]).
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Chapter 7

Identification and characterization of
TyrOH™T of wild type Glucose

Oxidase

Glucose oxidase (GOX) is a widely used flavoprotein in the food'3%!3! and

32 in biofuel cells!®3

pharmaceutical industries’ as well as a major component of glucose
biosensors'®* . GOX is a flavoprotein that catalyzes the oxidation of 3-d-glucose at the
hydroxyl group at the C1 position by using molecular oxygen as the electron acceptor
to produce glucono-g-lactone and hydrogen peroxide. While glucose oxidase does not
require photoactivation for its function, photoinduced electron transfer in wild type
GOX has been relatively well studied before with ultrafast spectroscopic

100,106,120,135,136 hresumably related to its commercial availability.

techniques

Tyrosyl radicals have been suggested to be involved as an intermediate in electron
transfer reactions in several systems, as discussed previously in chapter 3 but they have
not been well characterized. Following the spectral characterization of TyrOH'" in a
TrmFO variant (chapter 6), we will present evidence in this chapter for its involvement

in the photo-induced electron transfer pathway in GOX from Aspergillus niger.

7.1 Wild type glucose oxidase from Aspergilus niger

GOX is a homodimeric enzyme, with an FAD molecule bound non-covalently at the
active site of each subunit. The two subunits of GOX from Aspergillus niger that is
studied here have a molecular mass of 80 kDa each. In the vicinity of the isoalloxazine
moiety of the FAD, there are five aromatic residues (shown in Fig. 7.1): Tyr515 (at 4.0
A closest approach to the isoalloxazine of the FAD), Tyr68 (4.3 A), Trplll (7.0 A),
Tyr565 (8.3 A) and Trp426 (8.4 A). On photoexcitation of GOX, fluorescence
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Figure 7.1: Active site of GOX from Aspergillus niger as seen in the crystal structure
PDB: 1CF3. The potential redoz-active residues closest to the isoalloxazine ring of the
FAD have been shown. The closest residues are Tyr515 (4.0 A) and Tyr68 (4.3 A) and are
indicated in yellow, the next closest is Trp111 (7.0 /i) indicated in blue and subsequently,
565(8.3 A) and Trp426(8.4 A) indicated in red.

quenching of the FAD molecule is expected to be due to its interactions with these
residues. In particular, Tyr515 and Tyr68 are located at ~4 A from the isoalloxazine
ring and appear as candidates to be primary electron donors, although no ring stacking

configuration, as in TrmFO, occurs.

All studies reported in this chapter were performed on wild type GOX.

7.2 Previous studies on photochemistry of glucose

oxidase

107,120 were the first to report ultrafast data on GOX. Femtosecond

Mataga et al.,
upconversion experiments yielded flavin fluorescence decay time constants of 0.4 ps, 1.8
ps and 6.0 ps. Although these experiments do not allow investigating product states,
the most close-lying Tyr residues Tyrb515 and Tyr68, rather than the Trp residues were
suggested to be involved in the barrierless ultrafast electron transfer reactions.

Zhong and Zewail,'% by contrast, proposed that electron transfer can occur from
both Tyr and Trp, since none of the surrounding redox-active residues stack completely
with the FAD. In their single-wavelength time-resolved fluorescence and absorption
measurements, they observed decay constants of ~2 ps and ~10 ps (fluorescence) and
~1 ps, ~10 ps, ~30 ps and nanoseconds(absorption) which are close to our

results(Section 7.4 and 7.5). They also attributed the ~30 ps decay to FAD" - TrpH'™
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and the longer nanosecond phase to the FAD" - TyrOH'" decay. In view of the lower
stability of the TyrOH'" intermediate (as discussed in chapter 3), this may appear
unlikely.

Fujiwara et al. studied photoinduced electron transfer in GOX using transient
ultraviolet resonance Raman (UVRR) spectroscopy!® with ~3 ps resolution. Based on
the intermediate bleaching of Trp-assignable bands (that are stronger than
Tyr-assignable UVRR features) they proposed the involvement of Trp rather than Tyr
as electron donor to FAD, although they did not explicitly rule out the possibility of the
involvement of the two close-lying Tyr residues in electron transfer. They explained
their findings by the less favourable driving force for tyrosine oxidation due to the
higher oxidation potential of TyrOH/TyrOH 37 compared to TrpH/TrpH™*.** We note
that TyrOH'" has not yet been characterized by Raman spectroscopy and its signal

could be weak making it difficult to observe and characterize by this method.

100 who

A strong motivation for our studies came from the study by Lukacs et al.
performed time-resolved IR and visible absorption studies on GOX with full spectral
resolution. The DADS obtained from the visible transient absorption measurements are
shown in Fig. 7.2. The 3 ps phase was ascribed to excited state decay (in rough
agreement with the multiphasic decay on the same timescale reported in the
above-mentioned studies) and the 24 ps phase to a product state. The product state

was reported to contain FAD" and an oxidized electron donor.

This quencher, responsible for the reduction of FAD*, was hypothesized to be TrpH'*
in this study. The 24 ps phase product state DADS was modelled, using the then-available
model spectra, as FAD™™ plus TrpH"" minus FAD,, (Fig. 7.2). However this model fits the
experimental data rather unsatisfactorily, as TrpH'" has a broader, red-shifted spectral
signal.?® On comparing this 24 ps DADS with the 3 ps DADS from TrmFO C51A(6.11
(a)), it is observed that both have a similar peak at ~490 nm (reminiscent of the TyrOH™™"

spectrum in section 6.3).

Altogether, the above studies give indications of the involvement of TyrOH™" in
FAD fluorescence quenching and electron transfer in GOX, although the spectral
evolution appears more complex than in the TrmFO C51A system. We therefore
reinvestigated GOX photochemistry. The results obtained from our studies,

substantiating TyrOH'" involvement, are detailed in the following sections.
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Figure 7.2: DADS of glucose oxidase as reported by Lukacs et al..’’’ The 24 ps phase
has a spectra similar to that of the 3 ps phase in TrmFO C51A (Fig. 6.11 (a)), with
an intense induced absorption peak ~490 nm. The 2/ ps phase was modelled with the
TrpH " spectrum. This model, as claimed by the authors, is "not definitive”.
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Figure 7.3: Pump enerqy per pulse dependency on transient absorption signals of GOx.
The pump energy per pulse was fized at 150 nJ for all experiments to keep the signal in
the linear regime.
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7.3 Pump energy dependency of GOX spectrum

Excitation for both transient fluorescence and absorption experiments was centred at
390 nm. On conducting preliminary transient absorption experiments on GOX, a signal
dependency on the pump intensity was observed (Fig. 7.3). At pump energies per pulse
> 200 nJ the signal saturated and additional non-linear signals were observed. For this
reason, the pump energy was kept at 150 nJ per pulse to keep the signal in the linear

regime.

7.4 Excited state kinetics from time-resolved

fluorescence
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Figure 7.4:  Evolution of the fluorescence spectra(a) and the timetrace at 530 nm for the
transient fluorescence spectra (b) of GOx on a lin-log scale.

The fluorescence data were acquired using two Kerr media (Suprasil and CS,) upto
25 ps. The first 10ps of data have been obtained with Suprasil and the remaining 15 ps
with CS,. Fig. 7.4 (a) shows the evolution of the spectra in time and Fig. 7.4 (b), the
timetrace at 530 nm. The total fluorescence decays to approximately half after 2 ps and
at 10 ps, most protein-bound FAD* decay is completed. The fluorescence remains
constant from 10 ps onwards indicating the presence of a small amount of free FAD in

solution, which has a longer fluorescence decay.

The global analysis fit indicates that, as reported in other work, the decay is
modestly non-exponential in GOX. The time-constant parameters obtained from the fit

were 1 ps (~ 70%), 4 ps and a minor long phase (longer than the timescale of the
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Figure 7.5: Absolute SAS for GOx with time constants.

experiment). This confirmed that the fluorescence decay of GOX bound-FAD is rapid
and reflects conformational heterogeneity.

To visualize the product states formed, transient absorption experiments were
performed.

7.5 Time-resolved absorption of GOX
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Figure 7.6: Ewvolution of the GOX spectra in time (a) and timetraces as a function of
wavelength (b). The time scale in 7.6 (b) is lin-log.

The spectral evolution shown in Fig. 7.6 (a) shows that most of the stimulated
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emission disappears by 7 ps, confirming that the protein-bound FAD* decays very fast.
The 3 ps spectrum (purple) strongly resembles that of an excited state with distinct
bands showing bleaching (450 nm) and stimulated emission (broad band from 550-600
nm). At the same time, the peak of the induced absorption band at ~520 nm shifts
towards the blue. The spectrum at 7ps shows a significantly diminished bleaching band
and a +AA band peaking at 500 nm, which is significant in comparison with the
bleaching band. This indicates that a product state, reminiscent of that in TrmFO
C51A, may have formed by this stage in GOX. From 40 ps onwards, the spectra do not
evolve much at >500 nm, and from 100 ps onwards over the whole spectral range,

indicating the presence of a longer-lived product state.

The kinetics of Fig. 7.6 (b) highlight that the bleaching timetrace (at 445 nm) has a
faster decay than the +AA timetrace at 510 nm, a feature that can be compared with
Fig. 6.10 (a) for C51A TrmFO. The timetrace for stimulated emission(573 nm) evolves
faster than that of bleaching (445 nm) and both are faster than the decay at 510 nm,
leading us to believe that not only recombination occurs here but also that some

product states formed.
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Figure 7.7: Absolute species associated difference spectra (SADS) for GOX associated
with the time constants 1 ps, 4 ps, 37 ps and a long phase.

Using global analysis, a minimum of four parameters were required to satisfactorily
fit the transient absorption data, of which two had a time constant <10 ps. The species
associated decay spectra have been obtained using the same time constants as those
retrieved from the fluorescence data (1 ps and 4 ps), in addition to a 37 ps and a
long-lived phase as shown in Fig. 7.7. The 1 ps phase is dominant and has a

characteristic excited state spectrum, in agreement with the fluorescence results. The
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ratio of the product state peak to the bleaching evolves from the 1ps phase to the 4 ps
phase, indicating the latter does not reflect a pure excited state. It is to be noted that
the ratio of the amplitudes of the 4 ps phase and 1 ps phases are comparable for both

fluorescence and (the stimulated emission region of) absorption, at 0.4 approximately.

Through deconvolution of the above SADS, we were able to construct and analyse

the spectrum of the product states in GOX, as described below. In this analysis, the

spectra for FAD" and FADH" as described in the literature for glucose oxidase!3%13

have been used.

7.6 Characterization of product states
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Figure 7.8: Spectral deconvolution of the 4 ps phase of the GOX SADS. For the analysis,
the excited state contribution (from the 1 ps phase) has been subtracted from the J ps
SADS to obtain S(\). The deconvolution has been performed with spectrum S(\) and
available model spectra. The choice of the scaling factor of (FAD ™ -FAD,,) spectrum with
respect to S(A\) has been described in the text.

Figs. 7.2 and Fig. 7.6(a) (3 ps spectrum) suggested the likelihood of involvement of
TyrOH'" in the electron transfer product states in photo-excited GOX. For
characterization of the product state spectra in GOX, we performed spectral
deconvolution of the 4 ps, 37 ps and long phases in the SADS of GOX.
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Figure 7.9: Spectral deconvolution of the 37 ps phase of the GOX SADS. For ease of
understanding, S'()\) has been shown as the spectrum containing all the model spectrum
components and is shown for y = 0.4. The final model has been shown as SADSgy,s —
S’(A\) and it is this spectrum which has been used in Fig. 7.10.

Fig. 7.8 shows the deconvolution of the 4ps phase SADS in GOX. On observing the
total SADS in Fig. 7.7 , it is seen that some stimulated emission remains in the 4 ps phase.
This led us to the hypothesis that the 4 ps phase is a mixture of FAD* (with the same
spectrum as the 1ps phase) and the product states FAD™ and TyrOH'". The 1 ps phase
was normalized on the stimulated emission part of the 4 ps phase and subtracted. The
scaling factor here was 0.4. The scaling factor is also in accordance with the ratio between
the 4 ps and 1 ps phases SAS observed from time-resolved fluorescence measurements
(Fig. 7.5). The resulting spectrum S(\) (Fig. 7.8, green) is qualitatively similar to the
spectrum assigned to FAD"™ TyrOH™" in C51A TrmFO (Fig. 6.13). Consequently, we
propose that the same state is formed in GOX. Similarly the TyrOH' spectrum in GOX

was calculated from

S()\) = SADS4PS — 04 x SADSlpS (71)
S(\) = a[FAD"™ + TyrOH'* — FAD,,] (7.2)

Here, the scaling factor was taken such that the scaled extinction spectrum matches
the bleaching on S(\) in the blue part of the spectrum (<460 nm). The resultant
TyrOH"" spectrum is comparable with that obtained from TrmFO C51A (section 6.3).
We therefore conclude that TyrOH'" is also formed in GOX.
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The analysis of the 37 ps phase SAD(Fig. 7.9) appeared more complex. The peak
around 500 nm indicates a remaining contribution of TyrOH"". In addition, the broad
absorption in the 550-650 nm range is indicative of a contribution of FADH'. This could
be due to proton transfer from TyrOH't to FAD" . Therefore, this SADS was modelled

as

SADS37,s = [0.5 x (FAD™ 4 TyrOH"") + (1 — 0.5)(FADH" + TyrO")] — FAD,,  (7.3)

The factor 0.5 was taken to be the one which corresponds to an optimum fit in the

550 nm-650 nm range where only the FADH" contribution is significant.
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Figure 7.10: Comparison of TyrOH'* spectra obtained from GOX SADS deconvolution as
well as from C51A TrmFO (section 6.3).

Fig. 7.10 shows that the TyrOH™" spectrum derived from the modelling of the 37 ps
phase is very similar to that derived from the modelling of the 4 ps phase, implying
consistency of the approach. The GOX spectra also compare well with that of TrmFO
C51A (subsection 6.2.2) with the characteristic strong peak at ~490 nm and no
significant spectral features on the red side. It appears that in the GOX spectrum, a
fraction of the oscillator strength of the 490 nm band of the TrmFO spectrum is
blue-shifted to ~460 nm. This may be due to a different protein environment. It cannot

be excluded that the details of the assumptions underlying the modelling also
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Figure 7.11: Spectral deconvolution of the long phase in GOz SADS.
contribute to this difference.

Finally, we address the SADS associated with the long-lived phase in GOX (Fig. 7.11).
Comparing with the 37 ps SADS, here the TyrOH"" peak at ~500 nm has decreased with
respect to the FADH" feature. Hence, modelling with the same components as with the
37 ps phase did not yield satisfactory results. However, assuming that a fraction of
the cation radical is transferred from Tyr to Trp allows modelling of the SADS of the
long-lived phase

SADS|ongphase = [Y{FAD" +2(TyrOH"")+(1—2)(TrpH" ") }+(1—y) (FADH +TyrO’|-FAD,,
(7.4)

Here, the TyrOH'" spectrum used is the one which was calculated for the 37 ps
phase (Fig. 7.9). The factor y (0.4) was determined from the ratio of the FADH"
induced absorption feature >620 nm (where TrpH'" does not absorb) and the FAD,,
bleaching and z(0.5) from adjusting the remainder of the spectrum. The modest
deviations from the SADS spectrum in the 430 nm - 500 nm region may be due to
changes in the TyrOH™" spectrum.

Based on the spectral deconvolution performed, a minimal kinetic model (Scheme
7.1) was made to describe the electron transfer reactions in GOX. For simplicity, this
scheme ignores the heterogeneity in the FAD* decay and focusses on the ~1 ps

component. According to this model, the product state FAD" and TyrOH'" is formed
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in 1.1 ps. Following this, it decays with an efficiency of ~50% to a mixture of states of
FAD" plus TyrOH'" and FADH' plus TyrO® with an equilibrium constant Kyx1
between those states. Charge recombination, with a similar intrinsic rate of (~ 8ps™!),
competes with the formation of this mixture of states. After this stage, the system
evolves into a different mixture of states with a ~57% yield, again in competition with
charge recombination (intrinsic rate ~ 86ps~'). This mixture contains the same states
as the initial mixture, but with an equilibrium constant Ks;=1.5. In addition, the
TyrOH'" is itself in equilibrium with TrpH™" with an equilibrium constant Kss=1. The
products remaining after the second forward reaction are a mixture of radicals which

decay on a longer timescale than the experiment.

This scheme is reminiscent of the charge stabilization scheme associated with

99,140 where hopping of the positive

photolyase and cryptochrome photoactivation,
charge between different residues occurs in competition with charge recombination and
sometimes proton transfer. Similarly in GOX, the FAD is surrounded by several Tyr
residues (Tyr68, 515 and Tyr565) which could each be involved in the charge transfer
pathway. A similar mechanism involving different residues is possible here. For
instance, the initial step likely involves the closest-lying 515 and/or Tyr68, and further
steps may involve 565 and Trp426. The latter states that appear mixtures of states can
be considered as in pseudo-equilibrium: the equilibration between these states occurs
faster than their formation time. Within the framework of this scheme, an
interpretation of the different steps as equilibration involving only one residue (for
instance by proton transfer for reaction 2) appears unlikely, as this reaction would be
incomplete. However, more subtle equilibrations involving protein relaxations are, in
principle, also possible. To identify the role of each residue as an electron transfer
candidate more precisely, experiments will have to be performed on mutants of GOX

where each such residue would be substituted by a redox-inactive Phe residue.

The important conclusion from this work is that a spectrum characteristic of
TyrOH'" is required to comprehensively describe the spectral evolution of GOX using
femtosecond absorption spectroscopy. This spectrum (Fig. 7.10) has a characteristic
band ~490 nm. The spectral feature in the blue region ~450-475 nm is different from
the one observed in TrmFO C51A. This difference in the TyrOH'" spectrum can be
characteristic for the GOX environment as spectral features for radical ion

intermediates are known differ slightly from one protein system to another.
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Scheme 7.1. Scheme displaying the electron transfer pathway in GOX. k; are
forward reaction rates and k; are recombination rates. The efficiency ¢ for each
step has been indicated
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Chapter 8
Conclusions and perspectives

In this thesis, properties of charge transfer reactions involving flavin and amino acid
radicals in proteins have been investigated. The functioning of biochemical processes
widely relies on charge transfer reactions. Such reactions often intrinsically occur on
timescales faster than those of the interaction between protein and substrates.
Short-lived intermediates can therefore be difficult to monitor in real time. However, in
biochemical systems where the reactions can be triggered by light, ultrafast optical
methods are well-suited to the study of charge transfer intermediates. We have used
femtosecond time-resolved absorption and fluorescence spectroscopy to study charge

transfer in flavoproteins and the subsequent intermediates formed.

As the rate of electron transfer is strongly distance-dependent, electron transfer in
proteins often proceeds through a chain of redox components® connecting the catalytic
site(s) and bridge components. Here, the charge can “hop” from one catalytic site to
another within or between proteins. Typical catalytic site components include cofactors
like chlorophyll, heme or flavins; furthermore, bridge components include redox-active

amino acid side-chains: tyrosine and tryptophan.

Flavins are among the most versatile redox cofactors as they can undergo le /2e
transfer, proton transfer and/or hydride transfer. Additionally, the extinction
coefficients of flavin redox states in flavoproteins are comparable to those of known
tyrosine and tryptophan intermediates. This makes flavoproteins ideal systems to
observe intermediates of tyrosine and tryptophan during charge transfer, even when
they are not naturally light-active. Both neutral and cationic tryptophanyl radicals, as
well as the neutral tyrosyl radical®® had been identified using pulse radiolysis as well as
photolysis. Tryptophan radicals have been observed to be formed both independently or
via concerted electron and proton transfer (PCET) whereas tyrosyl cation was
speculated to not form outside PCET as the TyrOH' radical cation is highly unstable

(pK, = —2) and remained uncharacterized.
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In our work, we focused on the flavoproteins methyl transferase TrmFO from
Thermus thermophilus and glucose oxidase (GOX) from Aspergillus niger. Both
systems harbour aromatic amino acids in close proximity to the FAD cofactor. Using
the TrmFO C51A mutant (to avoid complications due to a highly fluorescent
FAD-cysteine adduct partly forming in wild type TrmFO), our time-resolved
fluorescence studies on TrmFO C51A showed only one rapidly decaying component with
a time constant of ~1.2 ps. The rapid quenching of FAD* fluorescence could be
attributed to near barrierless electron transfer from the nearby redox-active Tyr343

residue, which has an edge-to-edge distance of 3.3Afrom FAD.

Time-resolved absorption experiments on the same system revealed, apart from a
~1.2 ps phase reflecting FAD* decay, a second phase with a time constant of ~3 ps.
This finding indicates that, at least in a fraction of the proteins, a product state is
formed which decays slower than it is formed. The difference spectrum associated with
this phase, assigned to recombination of FAD™ and a radical form of the quencher
Tyr343, has a sharp peak at ~490 nm. The spectrum, being markedly different from
the one known for TyrO® , was attributed to the species FAD™ TyrOH't This
constitutes the first attribution of a TyrOH'' species and implies that it can exist,

albeit briefly, without concomitant deprotonation.!

On performing spectral deconvolution, we characterized the absolute spectrum of
TyrOH'" in TrmFO. This spectrum has a relatively strong characteristic band at ~490
nm, and resembles the spectrum of the analogous methoxyphenol radical (see Figure
6.14). Additionally, we calculated the dipole moment directions for the transition using
polarization photoselection. The anisotropy (r) spectrum of the 3 ps phase contained
two highly distinct bands - one at r ~ 0.4 covering the bleaching of the FAD ground
state and another at » = 0.24 £ 0.04 which covers the spectral band of the assigned
TyrOH'" intermediate. This corresponded to an angle of 31° & 5°between the excited
FADox transition and the probed TyrOH'" transition. This finding allows to set limits
to the orientation of the transition dipole in the molecular frame of the phenol plane.
Yet, precise assignment of the transition dipole must await theoretical-chemistry studies
of the TyrOH'" radical.

On a different level, the very finding of two distinct anisotropy values constitutes an
important confirmation of the interpretation in terms of two different molecules. In this
context, it has very recently been suggested that the band we assigned to TyrOH™™"
might actually reflect vibrationally hot flavin.!?® The anisotropy results contradict this

suggestion.

Based on the findings in TrmFO, the photochemistry of the model flavoprotein
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glucose oxidase (GOX) was reinvestigated with the aim to identify transient tyrosine
radicals. The FAD,, in the active site of GOX is surrounded by several Tyr and Trp
residues at varying distances, the closest-lying being two tyrosines Tyr515 (4.0 A) and
Tyr68 (4.3 A). While several studies had already been performed on the photochemistry
of GOX, our interest was stimulated by the one by Lukacs et al.,'% the only study with
full spectral resolution.  This paper showed transient absorption measurements
containing a band which had a similar spectrum as the 3 ps band in TrmFO C51A,

which could not be very adequately described with the then-available model spectra.

The spectral evolution is far more complex in GOX than in C51A TrmFO, with
multiphasic FAD,,* decay (dominated by ~1 ps and ~4 ps phases) partly taking place
on similar time scales as product state evolution. Product state evolution occurred with
4 ps, 37 ps phases and a long phase. The 4 ps phase was modelled using FAD,, and
FAD™ (after removal of the 1 ps excited state contribution). The 37 ps phase was
modelled using FAD_,, FAD", FADH" and TyrO" model spectra. Yet, for the 4 ps and
37 ps phases an additional contribution with a spectral component strongly resembling
that of the TyrOH'" spectra obtained in TrmFO was required, with the characteristic
peak near 490 nm. A comprehensive model of the involvement of Tyr and Trp radicals
in light-induced charge separation and subsequent charge recombination processes in
GOX could thus be elaborated, taking into account all spectral features and
incorporating both electron and proton transfer. Importantly, this study emphasized, in
a different protein system, the transient population of TyrOH'™, up to a timescale of

tens of picoseconds.

The role of individual residues in the charge transfer processes in GOX could not be
inferred from the complex data and will require additional experiments associating
site-directed mutagenesis and spectroscopy. Such experiments are foreseen in

collaboration with the laboratory of Dr. Andras Lukacs (University of Pecs, Hungary).

Altogether, TyrOH'" was visualized and spectrally characterized in both TrmFO
C51A and in GOX. Due to the close proximity between the photoexcitable flavin and
tyrosine residues in these systems we have been able to show that TyrOH'" can be
formed without concomitant proton transfer. Tyrosines play an important role as redox
relays in a wide range of biological redox reactions (sometimes in chains containing also

141) " notably including ribonucleotide reductase, photosystem II,

tryptophan residues
certain photolyases and are also suggested to play an important role in the
photochemistry of certain BLUF domains. Hitherto in such systems only deprotonated
tyrosine radicals (TyrO®) have been experimentally identified as intermediates. Our
results indicate that these are not necessarily formed by concomitant electron and

proton transfer, but that the build-up of sizeable populations of the real cation
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precursors of these states may be limited by the intrinsic formation time.

The present studies revealing and characterizing the TyrOH™" intermediate were
limited to TrmFO C51A and GOX; in the latter system a complex analysis is required.
As a perspective, other relatively simple systems will be characterized to investigate the
properties of this intermediate, and also to investigate whether stabilization of the
radical by deprotonation can be observed, rather than recombination as in TrmFO
C51A. The flavoprotein ferredoxin-NADP+ oxidoreductase (FNR) from Bacillus subtilis
is particularly interesting as it contains a tyrosine residue very close to the FAD
isoalloxazine ring and a crystal structure is available (closest ring-to-ring distance 3.4 A,
PDB: 3LXZ135) of the WT form where FAD fluorescence is strongly quenched.!*?
Time-resolved studies on this FNR, in collaboration with Dr. Daisuke Seo (Kanazawa

University, Japan) are in progress in the laboratory.

Finally, the very initial aim of this thesis was to study active site flexibility of the
multi-substrate enzyme TrmFO using amino acid-FAD* electron transfer rates as
conformational markers. Initial mutagenesis studies did not yet allow to identify unique
electron-donor residues suitable for such studies. Extension of this approach, guided by
molecular dynamics simulations may help to construct TrmFO variants allowing studies

of functionally relevant conformational flexibility.
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ABSTRACT: Tyrosine (TyrOH) and tryptophan radicals play
important roles as intermediates in biochemical charge-transfer reactions.
Tryptophanyl radicals have been observed both in their protonated
cation form and in their unprotonated neutral form, but to date, tyrosyl
radicals have only been observed in their unprotonated form. With a
genetically modified form of the flavoenzyme TrmFO as a suitable model
system and using ultrafast fluorescence and absorption spectroscopy, we
characterize its protonated precursor TyrOH®, and we show this species
to have a distinct visible absorption band and a transition moment that
we suggest to lie close to the phenol symmetry axis. TyrOH®" is formed
in ~1 ps by electron transfer to excited flavin and decays in ~3 ps by
charge recombination. These findings imply that TyrOH oxidation does
not necessarily induce its concerted deprotonation. Our results will allow

disentangling of photoproduct states in flavoproteins in often-encountered complex situations and more generally are important

for understanding redox chains relying on tyrosyl intermediates.

B INTRODUCTION

electron donor to the photooxidized chlorophyll dimer Pgg,."

Charge-transfer reactions are ubiquitous in protein biochemis-
try. They almost invariably involve specialized cofactor
molecules. In numerous cases they also involve amino acid
residues that are integral parts of the protein structure, in
particular the aromatic residues tyrosine and tryptophan.'*
Examples include photolyase,” class 1a ribonucleotide reduc-
tase,” MauG,” and photosystem IL’ In these systems,
tryptophan and tyrosine radicals act as reaction intermediates.
Resting tyrosine and tryptophan are protonated at physiological
pH. The transiently formed tryptophanyl and tyrosyl radicals
are typically above their pK,, and long-lived oxidation of these
residues is associated with their deprotonation (proton-coupled
electron transfer), either concertedly or sequentially.

For tryptophanyl (pK, ~ 4),"" it has been shown (in DNA
photolyase) that both the protonated (TrpH®*) and the
deprotonated (Trp®) radicals can be formed sequentially and
at different time scales.' In a Trp-analogue-containing model
compound in aqueous solution, the latter species was inferred
to be formed by concerted proton and electron transfer.'
Altogether, formation of Trp® can, but does not necessarily,
occur via synchronous electron/proton transfer.”

The situation is different for the tyrosyl radical. Its pK, is
thought to be as low as ~—2,"* and hence the protonated
tyrosyl radical (TyrOH®*), if it can be formed at all, presumably
is highly unstable. Probably for this reason this form has not
been directly observed as a reaction intermediate'>'* and has
not been spectroscopically characterized. For instance in the
extensively studied photoactive protein system involving tyrosyl
intermediates, photosystem II, tyrosine Z acts as a secondary

v ACS Publications  © Xxxx American Chemical Society

This electron transfer occurs concomitant with tyrosine
deprotonation (to a different acceptor) on the nanosecond
time scale."®™*° For tyrosine-containing photoactivatable model
compounds in aqueous solution, a stepwise mechanism with
electron transfer preceding proton transfer has been invoked,
but here, the rate of tyrosyl deprotonation is much faster than
that of electron transfer,”’ and spectroscopically no inter-
mediates are observed.

In flavoproteins, photoreduction of excited flavin by electron
transfer from nearby tyrosine or tryptophan residues is an
efficient fluorescence quenching mechanism.”>** This property
is naturally exploited by cryptochrome blue light sensors”* and
has also been used as a sensitive probe of the conformational
dynamics in active sites of flavoenzymes that are not naturally
light-active.”>*® Here flavin excited-state lifetimes can be
shortened to the picosecond time scale or less, providing
opportunities to characterize short-lived radical product states
by transient absorption spectroscopy. The formed radicals of
aromatic residues absorb in the visible wavelength range. Full
spectral studies have been used to determine the formation of
protonated and unprotonated tryptophanyl radicals, in
particular in photolyase and cryptochrome."”” Here we present
a full spectral investigation of a flavoprotein system that harbors
an efficient tyrosine quencher. In this system the short-lived
tyrosyl radical is initially generated in the protonated cation
form, and we determine its spectral properties.
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The flavoenzyme TrmFO is found in many bacteria; it is
implicated in the post-transcriptional formation of m*Us, in
tRNAs and is required for structural stabilization of these
crucial RNA molecules. In this methylation reaction, the
methylene from the C,H,folate is transferred to tRNAs (or in
some cases to rRNA) via an intermediate of the NS of the
NADPH-reduced FAD cofactor.”*’ Figure 1 shows the active

Figure 1. Structure of the active site of wild-type TrmFO (pdb
3GSQ). Red dots represent O atoms of structural water molecules.
The thin dotted lines represent possible hydrogen-bonding
interactions, using the standard relaxed hydrogen-bond constraints
criteria of Chimera.>’ The dashed line represents the distance between
the Tyr343 O and the flavin NS atoms. Distances are in A.

site of the Thermus thermophilus enzyme, the only TrmFO for
which a structure is determined.”® The residues closest to the
isoalloxazine ring of the FAD cofactor are Tyr343 (ring-to-ring
distance 3.3 A) and CysS1. Tyr343 is in an apolar environment
and shielded from the cleft forming the substrate binding site (a
water-rich area in the crystal structure) by the isoalloxazine
ring. The Tyr343 OH group is in possible hydrogen-bonding
interaction distance with the backbone of Ser 52 and Cys 51,
but not with structural waters. The present study focuses on the
interaction between FAD and the very closeby Tyr343, using a
genetically modified version of this enzyme.

B EXPERIMENTAL SECTION

The gene encoding TrmFO from Thermus thermophilus was codon
optimized for expression in E. coli and cloned into a pQESOL
expression vector (Qiagen). The protein (molecular mass 48,9 kDa)
was expressed in E. coli BL21 DE3 after induction with 1 mM
isopropyl-f-p-thiogalactopyranoside. TfTrmFO was purified by affinity
chromatography on Ni-TED columns (Protino Ni-TED, Macherey
Nagel) and eluted with 50 mM NaH,PO,, 300 mM NaCl, and 250
mM imidazole, pH 8.0, followed by imidazole removal on Econo-Pac
10DG desalting columns (BIO-RAD). Site-directed mutants were
constructed using the QuikChange II site-directed mutagenesis kit
(Agilent), following the manufacturer’s instructions and using the
following primers: CS1A: forward 5'-
CGGGTGTTGAAGGCTGGCTGGAATCTGCGGCG-3'; reverse
5’-CGCCGCAGATTCCAGCCAGCCTTCAAC ACCCG-3; Y343F:
forward 5'-CCCAGGCTGTTGCTGGCGACGATCTCAGCGAA-3’;
reverse 5-TTCGCT GAGATCGTCGCCAGCAACAGCCTGGG-3'.
All purified proteins were suspended in 50 mM Hepes buffer, pH 8.0,
containing up to 250 mM NaCl. For all time-resolved experiments, the
proteins were kept under air atmosphere in a quartz cell of 1 mm path
length, at a temperature of 20 °C. The optical density of the samples
was ~0.15 and ~0.3 at the absorption maximum near 450 nm for the

transient fluorescence and transient absorption experiments, respec-
tively.

Steady-state absorption and fluorescence spectra were taken at
room temperature using a Shimadzu UV—vis 1700 spectrometer and a
Cary Eclipse fluorometer, respectively.

The setup for time-resolved fluorescence employs a Kerr gate and
has been described before.”>** Briefly, the excitation pulse centered at
390 nm is obtained by frequency-doubling, using a BBO crystal, part of
the 780 nm pulse from the Ti:sapphire laser/amplifier system
(Quantronix Integra—C) operating at 1 kHz. The remaining 780 nm
beam is led through a motorized delay-line and focused into the Kerr
medium where it spatially overlapped the fluorescence from the
sample. The Kerr medium used was either Suprasil (response time
~200 fs), benzene (response time ~300 fs), or CS, (response time 1
ps), depending on the desired time resolution. For the CSIA
experiments, only Suprasil was used. Transient fluorescence spectra
were measured on time windows up to 24 ps for CS1A and 2 ns for
C51A/Y343F.

Multicolor time-resolved absorption spectra were performed on an
instrument operating at 500 Hz as described,” with pump pulses
centered at 390 nm (as for the time-resolved fluorescence experi-
ments) and continuum broadband probe pulses. The excitation power
was adapted such that the pump beam excited <10% of the sample at
each laser shot. All time-resolved data were analyzed using the
Glotaran package for global analysis.**

B RESULTS AND DISCUSSION

In purified TrmFO in solution, a highly fluorescent Cys51-FAD
adduct is formed that is thought to be a dormant reaction
intermediate that can be activated by binding of tRNA.” In
heterologously expressed Bacillus subtilis TrmFO at physio-
logical pH, this adduct dissociates within hours after
purification.”® In the purified T. thermophilus enzyme, we
found that by contrast the adduct is stable and does not convert
to regular oxidized FAD (FAD,,), even at elevated temper-
atures. CysS1 was therefore replaced by alanine to allow
studying the interaction between FAD  and the nearby Tyr343
residue.

Figure 2 shows the steady-state spectra of the CSI1A
TtTrmFO mutant. The absorption spectrum is characteristic
of oxidized flavoproteins®” with bands centered at ~450 and
370 nm. The fluorescence is centered at ~520 nm, as also
characteristic of FAD,, but has a low intensity. Consistently the
fluorescence fully decays, with a single exponential, in 1.2 ps
(Figure 3 and Figures S1 and S2). To test whether this very
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Figure 2. Steady-state absorption and fluorescence spectra of the
CS51A mutant of T. thermophilus TrmFO. The spectra are typical of
FAD,, containing proteins.
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Figure 3. Fluorescence decay at 520 nm in TtTrmFO mutants CS1A
and CS1A/Y343F. Solid lines are fits. The time axis is linear up to 10

ps and logarithmic thereafter. The decay of the C51A mutant is
distinctly faster than that of C51A/Y343F TrmFO.

efficient fluorescence quenching is due to the nearby Tyr343
residue, we investigated the C51A/Y343F mutant protein,
where this residue is replaced by the redox-inactive phenyl-
alanine. This modification results in a much stronger
fluorescence, and the corresponding slower decay (Figure 3)
is dominated by slower phases with time constants of 30 ps, 0.4
ns, and >2 ns (Figure S2). The finding that mutation of Tyr343
strongly slows down the fluorescence decay demonstrates that
in the CSIA TtTrmFO mutant protein, Tyr343 is the main
electron donor to excited FAD.

Full transient spectra and the global analysis of the
fluorescence data are shown in Figures S1 and S2. In the
C51A/Y343F protein, the decay is slower than that in the
CS1A protein (see above), but still predominantly faster than
expected for nonquenched unstacked FAD (a few nano-
seconds).*®*° This indicates that an electron donor other than
Tyr343 can also donate electrons to excited FAD, but less
efficiently. Furthermore, the fluorescence decay in CSIA/
Y343F TtTrmFO is multiphasic (see above), indicating that
multiple configurations of flavin-electron donor pairs coexist, as
is the case in the flexible enzyme ThyX, which catalyzes a
similar reaction.”> Consistent with these assessments, in
TtTrmFO, the next-nearest potential electron donor, Trp214,
is located on a flexible loop. Further studies aimed at
characterizing the protein dynamics of the active site environ-
ment in TtTrmFO, including on mutant proteins modified in
position 214 assessing the involvement of this residue in the
quenching of CS51A/Y343F mutant fluorescence, will be
presented elsewhere.

To characterize the photoproducts of the C51A TtTrmFO
protein, we performed transient absorption spectroscopy.
Figure 4 shows time traces at selected wavelengths. The
kinetics at 450 nm (peak of the ground-state absorption) and at
568 nm (in the stimulated emission region) are dominated by a
phase of ~1 ps. The time constant of this phase is similar to
that of the fluorescence decay, and therefore this phase can be
assigned to FAD* decay. At 500 nm, however, an induced
absorption that decays substantially slower is observed,
indicating the presence of a distinct product state.

A full analysis of the data in terms of decay associated spectra
(DAS) is given in Figure S, and the corresponding species
associated difference spectra are shown in Figure S3. Two
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Figure 4. Kinetics of time-resolved absorption in C51A TtTrmFO at
selected wavelengths.
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Figure S. Decay associated spectra obtained from the global analysis of
transient absorption data from the C51A TtTrmFO mutant protein.

distinct kinetic phases, with time constants of 1.1 and 3.0 ps, are
required to fit the data. The 1.1 ps phase, ascribed to decay of
the excited-state FAD*, contains bleaching features in the
FAD,, absorption region and further negative absorption above
550 nm that is assigned to stimulated emission, as well as
induced absorption features around 400 and 520 nm that are
assigned to excited-state absorption. As explained in Figure S3,
the FAD* decay in 1.1 ps gives rise to the product state
decaying partly very fast and partly in 3.0 ps. The remaining
work concerns the latter fraction. The 3.0 ps phase lacks
stimulated emission features. It contains a strong induced
absorption band centered at 490 nm that has significantly
higher amplitude than the corresponding bleaching band at 450
nm. The 490 nm band is much larger and very uniquely shaped
compared to any absorption expected for the anionic and
neutral flavoquinone forms FAD®” and FADH® in this region
(see Figure 6). As Tyr343 is the electron donor responsible for
quenching FAD*, we assign it to a tyrosyl radical. As the
tyrosine is protonated in the neutral state (TyrOH), the initial
photoproduct is expected to be TyrOH®*, but if deprotonation
occurs along with electron transfer, then TyrO*® will be formed.
The latter state has been spectrally well characterized and
absorbs at 400—410 nm.”*’ We therefore assign the feature at
490 nm to TyrOH®" and infer that in this protein system, the
tyrosyl cation radical can be formed as a distinct species without
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Figure 6. Spectrum of TyrOH®'calculated from the 3 ps DAS of
Figure S and model spectra for FAD*™ and FAD,, as described in the
text. For comparison, a spectrum for the FADH® form of DNA
photolyase from E. coli' is also shown, that can be fully formed in
steady state. In the red part of the spectrum, where it does not overlap
with FAD,,, this spectrum is similar to the FADH® spectrum of
TrmFO.’

ox!

concomitant deprotonation. In the DAS of transient absorption
experiments of the C51A/Y343F double mutant, the strong
490 nm feature is not observed (Figure S4), which is in full
agreement with its assignment to the Tyr343 cation.

Finally, a very small (~3% of the initial signal in the
bleaching area) long-lived phase remains. Its spectrum is
reminiscent of that of the 3 ps phase and may reflect a very
small fraction of the protein in which the product state is long-
lived, although the low amplitude prohibits firm assignment.

A minimal reaction scheme for the C51A protein is depicted
in Scheme 1. The rate constants are tabulated in Table 1. To

Scheme 1. Proposed Minimal Charge-Transfer Pathway in
C51A TrmFO“

FAD* TyrOH

[FAD" TyrOH*]

FAD TyrOH

“Thick solid arrows correspond to the observed reactions, and the
dotted grey line to (non-observed) potential tyrosine deprotonation.

Table 1. Values of Main Experimentally Determined Rate
Constants and Angles for C51A TrmFO

k (FAD*TyrOH — FAD* TyrOH*") 0.9 ps~!
k (FAD*"TyrOH®** — FADTyrOH) 0.3 ps™*
k (TyrOH** — TyrO®) <03 ps~!
¢ (FADa, TyrOH®") 31+ 5°

obtain a more quantitative characterization of the TyrOH®*
absorption band, we decomposed the 3 ps DAS in terms of the

sum of (FAD*™ minus FAD,,) and (TyrOH®** minus TyrOH)
spectra (Figure 6). To this end, we used the ground-state
absorption spectrum of CS1A TfIrmFO (Figure 2) and, as
stable FAD®™ cannot be generated in TrmFO, the published
steady-state FAD*~ spectrum of an insect cryptochrome*' as a
model for TtTrmFO FAD®". TyrOH does not absorb in the
visible spectral region. Here, the only adjustable parameter is
the scaling factor b of the DAS spectrum:

ETyroHt = b(DAs3ps) — (€pap™ — €RADox) (1)

where b was chosen such that the blue spectral region (<470
nm) is dominated by the flavin contributions and the TyrOH®*
spectrum is minimal, a choice confirmed by the polarization
experiments described below. In this blue region, the modeled
TyrOH®* spectrum (Figure 6, green) displays some remaining
features that we ascribe to the differences in the FAD®~
spectrum between the cryptochrome and TrmFO; the details
of flavin spectra are known to be very sensitive to their protein
environment. At longer wavelengths, where the flavin forms
absorb weakly or not at all and do not give rise to uncertainty,
the TyrOH®* spectrum is smooth. The thus modeled TyrOH®*
spectrum consists of a ~ 40 nm broad band with a maximum at
490 nm. This spectrum represents to our knowledge the first
known spectrum of the tyrosyl cation radical in solution or in a
polypeptide. This assessment is in general agreement with
bands in the same spectral region assigned by Gadosy et al. to
various methoxy-phenoxyl cation radicals generated by a
photoinduced oxidation reaction in neat acetonitrile.*”

The transient absorption experiments described above were
performed under isotropic conditions (pump polarized at magic
angle with respect to the probe). In order to gain insight in the
orientation of the involved dipole moments, we also performed
transient anisotropy experiments. In such experiments,
transient spectra are measured with the pump and probe
pulses polarized parallel (AA,,) and perpendicular (AA}). For
pumping and probing single transitions, the anisotropy r:

can vary between —0.2 and 0.4 and is related to the angle ¢
between the pumped and probed transition as*

r=(3cos’p —1)/5 3)

For situations where spectral regions with signals arising
from different overlapping transitions are probed, more
complex and wavelength-dependent anisotropies can occur,
including with values outside the (—0.2 to 0.4) interval.**

In principle, the experimentally determined anisotropy has a
somewhat lower amplitude than the real anisotropy due to
finite sample absorption and excitation intensity. Under our
experimental conditions using a sample near the optically thin
limit and <10% excitation energy, the deviation is estimated
<~3% (cf. ref 45); hence substantially smaller than the
variation in anisotropy used to discuss the results (see below).

Comparing with steady-state polarization spectroscopy of
flavodoxin crystals,” under our excitation conditions, while both
the (lowest-lying) @ and the f§ transitions are excited, the a
transition is predominantly excited. The two transitions make a
small angle (~20°).” Figure S5 shows the 3.0 ps DAS obtained
under different polarization conditions and Figure 7 the
corresponding anisotropies. The anisotropy in the bleaching
area is almost constant and close to 0.40, the value expected for
pumping and probing identical or parallel transitions. This
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Figure 7. Anisotropy (r) spectrum overlaid with the isotropic 3 ps

DAS of the C51A mutant. The mean r in the region of bleaching

(425—475 nm) is 0.40 + 0.03 and that in the product-state absorption
(480—530 nm) 0.24 + 0.04.

finding is consistent with the notion that the lowest (a) FAD,,
transition is predominantly excited and probed here and
indicates that the probed FAD®™ transition is near-parallel to
this transition. The anisotropy in the TyrOH®* absorption band
area is also almost constant, but markedly lower at 0.24 + 0.04.
The finding of two regions where the anisotropies are both
almost constant but have two distinct values justifies the
decomposition of Figure 6 with little spectral overlap between
the TyrOH®* and the two FAD forms. The anisotropy
determined from the TyrOH®" spectral region corresponds to
an angle between the excited FAD,, « transition and the
probed TyrOH®* transition of 31° + 5°. On analyzing the
TtTrmFO crystal structure and assuming that the TyrOH®*
transition lies in the phenol plane, this finding predicts two
possible orientations of the transition that both lie closer to the
symmetry axis corresponding to the lowest (UV) L, transition
of neutral TyrOH® than to the perpendicular L, transition
(Figure 8). One makes a small angle of 23° with the symmetry
axis; we suggest this to be the most likely candidate. It will be
interesting to compare this experimental assessment with
theoretical studies of the TyrOH®" transition. Such studies may
help to reach a firm assignment on which of these orientations
corresponds to the 490 nm TyrOH®" band.

P
Tyr343 \ . EAD

\LJ" s

Figure 8. Possible orientations of the TyrOH®* transition in the
tyrosine plane (yellow) deduced from the transient anisotropy
experiments of Figure 7. The lowest a transition dipole in FAD”
and the ground-state L, and L, transitions of TyrOH® are also
represented.

B CONCLUSIONS

Thus far, in experiments on chemical and biochemical systems
on the nanosecond and longer time scales, only deprotonated
tyrosyl intermediates have been identified.”'***~** Our results
demonstrate that on the picosecond time scale, tyrosine can be
oxidized without concomitant deprotonation. The TyrOH®*
photoproduct is short-lived: it decays in ~3 ps, in a vast
majority by charge recombination of the radical pair formed.
Given the low pK, of tyrosyl, it might also be expected that
deprotonation occurs to a closely located proton acceptor. The
most prominent candidate for this would be the reduced flavin
(pK, ~ 8.3,* distance between Tyr O and FAD NS atoms is
3.9 A). As we do not observe sizable tyrosyl deprotonation and
FADH® formation in our experiments, our findings indicate
that such a proton-transfer reaction has a rate constant of <3
ps_l.

In many protein systems, tyrosine is thought to play a
functional role as a redox intermediate.’” Such intermediates
may be difficult to characterize in many cases due to
experimental rate limitations in their formation. However, our
results demonstrate that for tyrosines located close to potential
redox partners, protonated tyrosyl radicals should be
considered as separate intermediate species. Concerning
flavoproteins, tyrosyl radicals are thought to play an important
role in several blue-light sensing systems. For instance in BLUF
proteins, involved in light-sensing of photosynthetic bacteria
through electron and glutamine-mediated proton transfer to the
flavin, a tyrosine residue in the vicinity of FAD is thought to
play a crucial role in the formation of the signaling state.
However, the mechanism of this highly complex process that
contains branched reaction schemes is subject to intense
debate.”' ™ We foresee that knowledge of the here-determined
spectrum of the TyrOH®" state will help to experimentally
elucidate the mechanism.

Altogether, our results demonstrating the formation of the
TyrOH®" state as a real but short-lived redox intermediate in a
protein system and determining its spectroscopic characteristics
provide a unique basis for disentangling electron- and proton-
transfer reaction pathways in tyrosine-incorporating redox
chains.

B ASSOCIATED CONTENT

© Supporting Information
The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/jacs.7b04586.

Five supporting figures (PDF)

B AUTHOR INFORMATION
Corresponding Author
*marten.vos@polytechnique.edu
ORCID

Marten H. Vos: 0000-0003-0493-4831

Notes
The authors declare no competing financial interest.

B REFERENCES

(1) Aubert, C.; Vos, M. H,; Mathis, P.; Eker, A. P. M,; Brettel, K.
Nature 2000, 405, 586—590.

(2) Eaton, W. A; Hofrichter, J.; Makinen, M. W.; Andersen, R. D.;
Ludwig, M. L. Biochemistry 1975, 14, 2146—2151.

(3) Hamdane, D.; Guérineau, V.; Un, S.; Golinelli-Pimpaneau, B.
Biochemistry 2011, 50, 5208—5219.

DOI: 10.1021/jacs.7b04586
J. Am. Chem. Soc. XXXX, XXX, XXX—XXX



Journal of the American Chemical Society

(4) Butler, J; Land, E. J; Priitz, W. A.; Swallow, A. J. Biochim.
Biophys. Acta, Protein Struct. Mol. Enzymol. 1982, 705, 150—162.

(5) Fornander, L. H.; Feng, B.; Beke-Somfai, T.; Nordén, B. J. Phys.
Chem. B 2014, 118, 9247—9257.

(6) Lukacs, A.; Eker, A. P. M.; Byrdin, M.; Brettel, K;; Vos, M. H. J.
Am. Chem. Soc. 2008, 130, 14394—14395.

(7) Minnihan, E. C.; Nocera, D. G.; Stubbe, J. Acc. Chem. Res. 2013,
46, 2524—2535.

(8) Geng, J.; Dornevil, K; Davidson, V. L.; Liu, A. Proc. Natl. Acad.
Sci. U. S. A. 2013, 110, 9639—9644.

(9) Dempsey, J. L.; Winkler, J. R;; Gray, H. B. Chem. Rev. 2010, 110,
7024—7039.

(10) Solar, S.; Getoff, N.; Surdhar, P. S.; Armstrong, D. A.; Singh, A.
J. Phys. Chem. 1991, 95, 3639—3643.

(11) Dongare, P.; Maji, S.; Hammarstrom, L. J. Am. Chem. Soc. 2016,
138, 2194—2199.

(12) Dixon, W. T.; Murphy, D. J. Chem. Soc,, Faraday Trans. 2 1976,
72, 1221—-1230.

(13) Warren, J. J.; Winkler, J. R;; Gray, H. B. FEBS Lett. 2012, 586,
596—602.

(14) Pagba, C. V,; Chi, S.-H,; Perry, J.; Barry, B. A. J. Phys. Chem. B
2015, 119, 2726—2736.

(15) Barry, B. A;; Babcock, G. T. Proc. Natl. Acad. Sci. U. S. A. 1987,
84, 7099—7103.

(16) Reece, S. Y.; Hodgkiss, J. M.; Stubbe, J.; Nocera, D. G. Philos.
Trans. R. Soc, B 2006, 361, 1351—1364.

(17) Mayer, J. M. Annu. Rev. Phys. Chem. 2004, S5, 363—390.

(18) Hammarstrom, L. Curr. Opin. Chem. Biol. 2003, 7, 666—673.

(19) Weinberg, D. R; Gagliardi, C. J,; Hull, J. F.; Murphy, C. F;
Kent, C. A.; Westlake, B. C.; Paul, A,; Ess, D. H.; McCafferty, D. G,;
Meyer, T. J. Chem. Rev. 2012, 112, 4016—4093.

(20) Barry, B. A. J. Photochem. Photobiol,, B 2011, 104, 60—71.

(21) Irebo, T.; Reece, S. Y.; Sjodin, M.; Nocera, D. G
Hammarstrom, L. J. Am. Chem. Soc. 2007, 129, 15462—15464.

(22) Mataga, N.; Chosrowjan, H.; Shibata, Y.; Tanaka, F.; Nishina,
Y.; Shiga, K. J. Phys. Chem. B 2000, 104, 10667—10677.

(23) Zhong, D.; Zewail, A. H. Proc. Natl. Acad. Sci. U. S. A. 2001, 98,
11867—11872.

(24) Chaves, L; Pokorny, R.; Byrdin, M.; Hoang, N.; Ritz, T.; Brettel,
K.; Essen, L.-O.; van der Horst, G. T. J.; Batschauer, A.; Ahmad, M.
Annu. Rev. Plant Biol. 2011, 62, 335—364.

(25) Laptenok, S. P.; Bouzhir-Sima, L.; Lambry, J.-C.; Myllykallio, H.;
Liebl, U.; Vos, M. H. Proc. Natl. Acad. Sci. U. S. A. 2013, 110, 8924—
8929.

(26) Yang, H.; Luo, G.; Karnchanaphanurach, P.; Louie, T.-M.; Rech,
L; Cova, S.; Xun, L.; Xie, X. S. Science 2003, 302, 262—266.

(27) Brazard, J.; Usman, A.; Lacombat, F.; Ley, C.; Martin, M. M,;
Plaza, P.; Mony, L.; Heijde, M.; Zabulon, G.; Bowler, C. J. Am. Chem.
Soc. 2010, 132, 4935—4945.

(28) Hamdane, D.; Argentini, M; Cornu, D.; Myllykallio, H;
Skouloubris, S.; Hui-Bon-Hoa, G.; Golinelli-Pimpaneau, B. J. Biol.
Chem. 2011, 286, 36268—36280.

(29) Urbonavicius, J.; Skouloubris, S.; Myllykallio, H.; Grosjean, H.
Nucleic Acids Res. 2005, 33, 3955—3964.

(30) Nishimasu, H.; Ishitani, R.; Yamashita, K.; Iwashita, C.; Hirata,
A.; Hori, H.; Nureki, O. Proc. Natl. Acad. Sci. U. S. A. 2009, 106, 8180—
818S.

(31) Pettersen, E. F,; Goddard, T. D.; Huang, C. C.; Couch, G. S;
Greenblatt, D. M.; Meng, E. C,; Ferrin, T. E. J. Comput. Chem. 2004,
25, 1605—1612.

(32) Laptenok, S. P.; Nuernberger, P.; Lukacs, A; Vos, M. H. In
Methods in Molecular Biology, Fluorescence Spectroscopy and Microscopy:
Methods and Protocols; Engelborghs, Y., Visser, A. J. W. G, Eds;
Humana Press: New York, 2014; p 321-336, Vol. 1076.

(33) Lambry, J.-C; Stranava, M., Lobato, L.; Martinkova, M,;
Shimizu, T.; Liebl, U.; Vos, M. H. J. Phys. Chem. Lett. 2016, 7, 69—74.

(34) Snellenburg, J. J.; Laptenok, S. P.; Seger, R.;; Mullen, K. M.; van
Stokkum, I. H. M. J. Stat. Software 2012, 49.

(35) Hamdane, D.; Bruch, E; Un, S.; Field, M.; Fontecave, M.
Biochemistry 2013, 52, 8949—8956.

(36) Hamdane, D.; Argentini, M.; Cornu, D.; Golinelli-Pimpaneau,
B.; Fontecave, M. J. Am. Chem. Soc. 2012, 134, 19739—19745.

(37) Ghisla, S.; Massey, V.; Lhoste, J.-M.; Mayhew, S. G. Biochemistry
1974, 13, 589—-597.

(38) Brazard, J.; Usman, A.; Lacombat, F.; Ley, C.; Martin, M. M,;
Plaza, P. J. Phys. Chem. A 2011, 115, 3251—3262.

(39) Kao, Y.-T.; Saxena, C.; He, T.-F.; Guo, L; Wang, L.; Sancar, A,;
Zhong, D. J. Am. Chem. Soc. 2008, 130, 13132—13139.

(40) Bensasson, R;; Land, E. J.; Truscott, T. Flash Photolysis and Pulse
Radiolysis: Contributions to the Chemistry of Biology and Medicine;
Pergamon Press: Oxford, 1983.

(41) Liu, B;; Liu, H; Zhong, D.; Lin, C. Curr. Opin. Plant Biol. 2010,
13, 578—-586.

(42) Gadosy, T. A.; Shukla, D.; Johnston, L. J. J. Phys. Chem. A 1999,
103, 8834—8839.

(43) Parson, W. W. Modern Optical Spectroscopy; Springer: Berlin,
2007.

(44) Byrdin, M.; Villette, S.; Espagne, A.; Eker, A. P. M.; Brettel, K. J.
Phys. Chem. B 2008, 112, 6866—6871.

(45) Lim, M. Bull. Korean Chem. Soc. 2002, 23, 865—872.

(46) Sjodin, M.; Styring, S; Wolpher, H; Xu, Y; Sun, L;
Hammarstrom, L. J. Am. Chem. Soc. 2005, 127, 3855—3863.

(47) Aubert, C.; Mathis, P.; Eker, A. P. M.; Brettel, K. Proc. Natl.
Acad. Sci. U. S. A. 1999, 96, 5423—5427.

(48) Martinez-Rivera, M. C.; Berry, B. W,; Valentine, K. G;
Westerlund, K; Hay, S.; Tommos, C. J. Am. Chem. Soc. 2011, 133,
17786—17795.

(49) Miura, R. Chem. Rec. 2001, 1, 183—194.

(50) Winkler, J. R;; Gray, H. B. J. Am. Chem. Soc. 2014, 136, 2930—
2939.

(51) Mathes, T.; van Stokkum, I. H. M.; Stierl, M.; Kennis, J. T. M. J.
Biol. Chem. 2012, 287, 31725—31738.

(52) Fujisawa, T.; Takeuchi, S.; Masuda, S.; Tahara, T. J. Phys. Chem.
B 2014, 118, 14761—-14773.

(53) Gauden, M.; van Stokkum, I. H. M.; Key, J. M; Liihrs, D. C.;
van Grondelle, R;; Hegemann, P.; Kennis, J. T. M. Proc. Natl. Acad. Sci.
U. S. A. 2006, 103, 10895—10900.

(54) Lukacs, A.; Brust, R.; Haigney, A.; Laptenok, S. P.; Addison, K;
Gil, A.; Towrie, M.; Greetham, G. M.; Tonge, P. J.; Meech, S. R. ]. Am.
Chem. Soc. 2014, 136, 4605—4615.

(55) Goyal, P.; Hammes-Schiffer, S. Proc. Natl. Acad. Sci. U. S. A.
2017, 114, 1480—148s.

DOI: 10.1021/jacs.7b04586
J. Am. Chem. Soc. XXXX, XXX, XXX—XXX









@ . ECOLE DOCTORALE

univers |té INTERFACES

PARIS-SACLAY

Approches Interdisciplinaires:
Fondements, Applications et Innovation

Titre : Dynamique interne des flavoprotéines étudiées par spectroscopie femtoseconde

Mots clés : spectroscopie femtoseconde, protéine, tyrosine, absorption, fluoresence, optique

Résumeé : Le transfert de charges dans les protéines
s’effectue souvent par la formation d’intermédiaires
radicalaires. On pense que les radicaux acides
aminés de la tyrosine (TyrOH) et du tryptophane
jouent un réle important en tant qu’intermédiaires
dans les réactions de transfert de charge intra et
interprotéine. Les radicaux tryptophanyles ont déja
été caractérisés a la fois sous la forme neutre et
sous la forme cationique protonnée. Par contre, les
radicaux tyrosyles n’ont été caractérisés que sous la
forme neutre déprotonnée.

Dans ce travail, les radicaux d’acides aminés et
de flavines dans les protéines ont été étudiés par
spectroscopie femtoseconde. Nous avons caractérisé
des intermédiaires formés lors de réactions de
transfert de charge non fonctionnelles dans les
flavoprotéines. Les états excités et les états produit
formés dans les formes sauvages et modifiés
de la flavoenzyme méthyliransférase TrmFO de
Thermus thermophilus ont été étudiés. Un état produit
transitoire observé dans le mutant C51A a permis
la toute premiere caractérisation du radical tyrosyle
protonné TyrOH'". Nous avons observé que cette

espece a une bande d’absorption visible distincte a
environ 490 nm et un moment de transition suggéré
proche de I'axe de symétrie du phénol. TyrOH™" est
formé dans 1 ps par transfert d’électrons a la flavine
excitée et disparait par recombinaison de charges en
3 ps.

Ensuite, l'intermédiaire TyrOH™" a été caractérisé
dans les photoproduits complexes de la flavoprotéine
prototypique glucose oxydase (GOX) d’Aspergilus
niger. Il a été observé que son empreint spectral
(absorption 490 nm) est similaire a celui de
lintermédiaire dans C51A TrmFO. Notamment, la
visualisation du radical TyrOH™" protonné dans TrmFO
C51A et dans GOX suggeére la possibilité de sa
formation intermédiaire en tant que précurseur du
TyrO" dans des réactions biochimiques fonctionnelles.
Enfin, dans TrmFO, la construction de variantes
spécifiques par la mutagenese dirigée a été entamée
afin d’étudier la flexibilité du site actif en utilisant
les taux de transfert d’électrons comme marqueurs
conformationnels. D’autres travaux expérimentaux et
de modélisation seront nécessaires pour atteindre cet
objectif.
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Abstract : Charge transfer in proteins often proceeds
via formation of radical intermediates. The amino
acid radicals of tyrosine (TyrOH) and tryptophan
are thought to play important roles as intermediates
in intra- and interprotein charge transfer reactions.
Tryptophanyl radicals have been characterized before
in both neutral and the cation protonated forms.
However, tyrosyl radicals have been characterized
only in the neutral deprotonated form.

In this work, amino acid and flavin radicals in
proteins have been investigated using femtosecond
spectroscopy. We have characterized intermediates
formed in non-functional charge transfer reactions
in flavoproteins. Excited states and product states
formed in the wild type and mutant forms of the
methyltransferase flavoenzyme TrmFO from Thermus
thermophilus were investigated. A transient product
state observed in the mutant C51A led to the first-
ever characterization of the protonated tyrosyl radical
TyrOH™". We observed this speciesto have a distinct

visible absorption band at 490 nm and a transition
moment that is suggested to lie close to the phenol
symmetry axis. TyrOH™" is formedin 1 ps by electron
transfer to excited flavin and decays in 3 ps bycharge
recombination.

Subsequently, the TyrOH™ intermediate was
characterized in the complex photoproducts of the
prototypical flavoprotein glucose oxidase (GOX)
from Aspergilus niger. It was observed to have
a similar spectral signal (absorption 490 nm)
as the intermediate in C51A TrmFO. Importantly,
the visualization of protonated TyrOH™ radical in
TrmFO C51A and GOX suggests the possibility
of its intermediate formation as a precursor of
TyrO" in functional biochemical reactions. Finally,
in TrmFO the construction of specific variants with
site-directed mutagenesis was initiated to study
active-site flexibility using electron transfer rates as
conformational markers. Further experimental and
modeling work is required to pursue this goal.
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