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Abstract

Nilsen-Moe, A. 2022. Mechanistic Studies on Proton-Coupled Electron Transfer from
Tyrosine and Tryptophan Derivatives. Digital Comprehensive Summaries of Uppsala
Dissertations from the Faculty of Science and Technology 2180. 86 pp. Uppsala: Acta
Universitatis Upsaliensis. ISBN 978-91-513-1578-2.

Proton-coupled electron transfer (PCET) from tyrosine (Y) and tryptophan (W) is vital to many
redox reactions in Nature where PCET between several Ys, or Ws, or between a mix of Y's
and Ws can be used to transfer electrons, or protons, or both over large distances of several A.
Studying the PCET reaction mechanisms of Y and W is important for fundamental knowledge,
and can help researchers that wish to mimic redox reactions in Nature. To this end, model
proteins and small model molecules can be used to investigate PCET reactions without the
complexity of large enzymes.

PCET can proceed via two different types of mechanisms; the stepwise mechanism and
the concerted mechanism. Detailed mechanistic studies to determine which PCET mechanism
dominates are often difficult to perform on biological systems due to their size and complexity,
which is why we instead study model systems. In this thesis, the PCET mechanisms and their
dependence on pH and driving force for electron transfer (ET) and proton transfer (PT) are
studied by determining PCET rate constants using transient absorption (TA) as a function of pH
and driving force for ET and PT.

In Papers I and II, Y and a Y derivative sequestered in a model protein are studied. The
results show that the PCET mechanism for Y is dependent on bulk pH, with a stepwise PCET
mechanism at high pH, and a concerted or stepwise mechanism at lower pH depending on the
driving force for ET and PT. Interestingly, these are all parameters that can shift depending
on the protein environment, which can be finetuned in Nature to promote a certain PCET
mechanism. H20 is an inherently poor proton acceptor due to its low pK,= 0. Nevertheless,
from TA kinetic and molecular dynamic simulation studies, we suggest that H,O is the primary
proton acceptor for the CEPT reaction in the model systems. These studies also indicate that the
protein structure gates intrinsically better proton acceptors (such as buffer species) from coming
into sufficiently close contact with the Y or Y derivative, even when the Y derivative exhibits
as much as 30 to 40% exposure to the solution.

In Paper III, the PCET mechanism and primary proton acceptor for two small molecule W
analogs in solution are investigated. Due to the relatively large pKa value exhibited by oxidized
W (pK,=4.3), PCET was previously thought to not proceed via the concerted mechanism when
H,O was the primary proton acceptor. By studying these two W derivatives, we show that W
oxidation can in fact proceed via the concerted mechanism when appropriate oxidants are used.
Our results also show that both W analogs exhibit concerted rate constants with a weak pH
dependence that currently lacks a theoretical explanation. These results have implications for
solution exposed W in biological systems by showing that the concerted mechanism is viable
for W PCET even with water as the primary proton acceptor.
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L.. a universe of atoms, an atom in the universe.
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proton transfer followed by electron transfer
pre-equilibrium proton transfer followed by electron transfer
proton transfer limited reaction followed by electron transfer
solvent accessible surface area
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1. Introduction

Many reactions that chemists would like to perform, such as Hy formation,
water oxidation, nitrogen fixation, and CH-bond activation, often require dan-
gerous chemicals, heavy metals, a lot of energy, and can result in greenhouse
gases. '™ Meanwhile, these are everyday reactions in Nature and have been
performed there for millions of years. 8 This wide array of reactions all in-
clude two elementary processes: electron transfer (ET) and proton transfer
(PT). In fact, in Nature, these processes are often coupled in what is called
proton-coupled electron transfer (PCET). PCET can proceed via two differ-
ent mechanisms, concerted PCET, where electron and proton are transferred
in one kinetic step, and step-wise PCET, where one particle is transferred af-
ter the other. Concerted PCET typically results in higher driving forces and
lower activation barriers. !> The examples of reactions given above typically
require high activation energies, something that can be lowered by the use of
a catalyst. Therefore, Nature uses enzymes, which are proteins with a cat-
alytic function, to perform these generally difficult reactions, often by the use
of PCET. All proteins, including enzymes, consist of a sequence of amino
acids that fold into specific structures. Ever since the first structures and active
sites of enzymes were characterized, chemists have been taking inspiration
from Nature when designing new catalysts. However, the characterization
of the behavior of natural proteins can be very difficult because of the sheer
size and complexity of many enzymes and proteins in general. Studying mod-
els of enzymes, such as smaller proteins or designed molecules, can often be
very helpful in understanding the details of how the enzyme functions. '3 In
general, ET and PCET in enzymes are facilitated by a few cofactors (small
molecules that facilitate catalytic function), metals, and amino acids. In partic-
ular, the amino acids tyrosine (Y), tryptophan (W), cysteine, and glycine have
been identified to serve as high-potential one-electron cofactors. '3 Of these,
the aromatic amino acids Y and W often participate in long-range ET/PCET
reactions at high potentials. Studying the reactivity of Y and W is important
on a fundamental level for both basic science and the future design of good
catalysts.

This thesis describes detailed mechanistic studies on Y and W radical for-
mation via PCET. The radical formation and decay are studied for Y and unnat-
ural amino acid mimics of Y in a model protein that provides an environment
sequestered from water, which is similar to the environment inside many en-
zymes. W radical formation is studied in water, where its reactivity has been
debated.
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tyrosine (Y) tryptophan (W)

Figure 1.1. The chemical structures of tyrosine and tryptophan. The proton that is
transferred upon PCET is marked in pink. The squiggly line at the bottom represents
the protein backbone.

To give an introduction to Y and W, some examples of their reactions in
Nature are introduced next, followed by a brief summary of some studies on
protein mimics of Y and W in Nature, and a short overview of molecular
mimics for Y and W reactivity.

1.1 Tyrosine and Tryptophan in Nature

It has been suggested that Y and W, Figure 1.1, were among the last of the
20 common amino acids to be widely incorporated into proteins. The wide
integration of Y and W could be an effect of the great oxygenation event since
these amino acids are very efficient at deactivating reactive oxygen species
such as hydrogen peroxide. !> Mitigating the damage that can be done by re-
active oxygen species is only one of the many roles Y and W take in Nature.
These two amino acids can move oxidizing equivalents over large distances
and, when working together with a metallocofactor, catalyze complex multi-
electron reactions. !'® Other cofactors with similar roles include iron-sulfur
clusters, heme iron, and copper, but these are limited to potentials < 800 mV,
while Y and W operate at potentials at or around 1 V.'11718 Upon oxidation,
the pK, value drop from 10 to below O for Y and from 17 to 4.3 for W in
molecular form in water, making oxidized Y and W much more acidic. 1°-?!
The exact pK,values change when the amino acids are in a protein, and can
also vary with the protein environment, but the trend is the same. The fact that
the pK, of Y shifts to negative values upon oxidation means that it will de-
protonate at the pH values typically found in biological systems, see Reaction
1.1. Upon oxidation, the pK, of W stays sufficiently high such that W does not
always deprotonate, see Reaction 1.3. However, if there are proton acceptors
nearby such as a base or water, W has been shown to deprotonate following

12
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Figure 1.2. Model of the protein environment surrounding Tyr161 (Yz) of Photosystem
IT from T vulcanus. Distances shown (dashed lines) are in A. Crystallographic waters
are shown as small, red spheres and the oxygen-evolving complex as large spheres
with Mn colored purple, oxygen red, and Ca green. The directions of ET and PT are
denoted by transparent blue and red arrows, respectively. Reprinted with permission
from Chem. Rev. 2014, 114, 7, 3381-3465. Copyright 2014 American Chemical
Society. Published by American Chemical Society.

oxidation, see Reaction 1.2.

PCET

Y-OH —>5 Y-0°+e¢ +H" (1.1)
W-NH "L woN* 4 e +HT (1.2)
W—-NH 2L W_N*F +¢- (1.3)

A few examples are given below in order to highlight the common motif of
having several Ys and/or Ws in charge transfer chains and that Y oxidation is
proton-coupled, while W oxidation can proceed without being proton-coupled.
Following these examples, a few challenges of studying PCET in biological
systems are discussed.

Photosystem II

Y plays a key role in photosynthesis, which takes sunlight as its energy source
when oxidizing water. In Photosystem II (PSII)a Y (known as Y7) is respon-
sible for oxidizing the oxygen-evolving complex (a four-manganese metal
cluster) four consecutive times, providing the cluster with sufficient oxidizing
equivalents to split water into oxygen, electrons, and protons, Figure 1.2. Each
oxidation event is coupled to proton transfer to a nearby histidine, yielding the
neutral Yy radical.®

13
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Figure 1.3. (A) The radical transfer chain in class 1a Ribonucleotide Reductase from
E. Coli. ET is shown with red arrows and PT is shown with blue arrows. (B) The ET
transfer chain in DNA photolyase from E. Coli. ET is shown with blue arrows, and PT
is shown with red arrows. Distances shown with dashed lines are in A. (A) Reprinted
with permission from J. Am. Chem. Soc. 2020, 142, 32, 13768-13778. Copyright
2020 American Chemical Society. Published by American Chemical Society. (B)
Reprinted with permission from Chem. Rev. 2014, 114, 7, 3381-3465. Copyright 2014
American Chemical Society. Published by American Chemical Society.

Ribonucleotide Reductase

Y and W are often seen as parts of amino acid chains that facilitate electron
or radical transfer over several A. Performing ET and radical transfer in mul-
tiple steps allows for rapid transfer. For example, in class 1a ribonucleotide
reductase (RNR), which catalyzes the conversion of RNA to DNA. Several
Y's, together with possibly a W, have been identified to form a radical transfer
pathway. The radical transfer occurs over 32 A between a cysteine radical and
a 'Y radical stabilized by a di-iron complex, Figure 1.3 (A). In the RNR radical
transfer chain, each ET between two Ys is coupled to a nearby PT in a PCET
reaction. Possible proton acceptors have been identified as glutamic acid (an
amino acid), Y, or water. 22.23 The PCET mechanism (i.e., if the reaction is
stepwise or concerted) for each step has not yet been determined experimen-
tally, however, molecular dynamics simulations indicate a mix of stepwise and
concerted PCET.?*

DNA Photolyase

Similarly to RNR, an ET chain instead consisting of several Ws has been
identified in DNA photolyase, which catalyzes the repair of UV-induced DNA
damage, Figure 1.3 (B). The ET chain connects a flavin adenine dinucleotide
(FAD) with the protein exterior. Upon light absorption, FAD oxidizes the
nearest W, which leads to subsequent oxidation of the other Ws in the chain at
rates below 150 ps. Only the W that is both the furthest away from the FAD
and closest to the protein surface is deprotonated upon oxidation in a stepwise
ET followed by PT mechanism to water. This was shown by observing the
formation of the different W radicals formed. 2326

14



Challenges of Studying PCET in Biological Systems

Since radical species are inherently short-lived, determining their PCET mech-
anisms is often very difficult. We are interested in determining if the reaction
is concerted or stepwise and, for the latter, if proton or electron are transferred
first. For a stepwise mechanism, a short-lived intermediate is formed. Unfor-
tunately, this intermediate is typically so short-lived that it can be exceedingly
difficult to capture or observe. Therefore, the absence of observing an inter-
mediate is not sufficient proof that the PCET reaction is not stepwise. One
way to assign the PCET mechanism is to study the reaction rate as a function
of the driving force for ET and PT. This means introducing new electron and
proton acceptors, which can be very difficult in large enzymes, and risks al-
tering unwanted parameters in the process such as the protein structure and
electrostatics.

1.2 Studies on Protein Model Systems for Tyrosine and
Tryptophan

A model protein system can be created for various reasons. For example, it
can be created to make a structurally simpler model for a particular reaction,
to imitate active sites, to imitate catalytic functions, to perform detailed mech-
anistic studies, or to better understand Nature. When creating model protein
systems that mimic biological functions, there are two approaches that are
commonly used: re-engineering already existing proteins by introduction of
new metals and amino acids, or designing new (de novo) proteins. '3-142728
Detailed mechanistic studies and characterization of the reaction mechanism
often result in highly cross-disciplinary collaborations between biochemists
and physical chemists. A few examples are given below of model systems
based on re-engineered proteins and model systems based on de novo design.

Model Systems Based on Re-engineered Proteins

Re-engineered azurins have been used in several studies, ranging from study-
ing the distance-dependence of ET,?*3% to PCET reactions between Y and
W.3! The study of an azurin containing a single W has helped characterize a
neutral W radical. By applying several spectroscopic techniques such as UV
resonance Raman, UV-vis absorption, and electronic paramagnetic resonance
spectroscopy, the vibrational frequencies and spin distribution associated with
the W radical were determined.3? Using azurins for these studies has been in
part motivated by relatively facile structural characterization using crystallog-
raphy, and the fact that the proteins can be modified (e.g., insertion of Y and
W at different positions, or adding different photosensitizers) without loss of
structural integrity. Re-engineered proteins have also been used in order to cre-
ate enzymes from proteins that do not have a catalytic function, or to change

15
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Figure 1.4. (A) NMR structures of two -hairpin model proteins. Peptide A was
designed to simulate the Y-histidine interaction in Photosystem II, and Peptide M was
designed to study charge transfer between Y and W. (B) a. The a3 X protein structure
with site 32 highlighted where the redox active amino acid is placed, b. a3Y, c. azW.
(C) Zn-substituted azurin where Wyg is directly excited followed by ET to an external
quencher and subsequent ET from Yog to Wag (shown as hole transfer in the figure)
which is coupled to PT to the solution. (A) Reprinted with permission from J. Phys.
Chem. B 2019, 123, 13, 2780-2791. Copyright 2019 American Chemical Society.
Published by American Chemical Society. (B) Modified with permission from J. Am.
Chem. Soc. 2014, 136, 40, 14039-14051. Copyright 2020 American Chemical Society.
Published by American Chemical Society. (C) Modified with permission from J. Phys.
Chem. B 2015, 119, 29, 9438-9449. Copyright 2015 American Chemical Society.
Published by American Chemical Society.

the catalytic function of enzymes. For example, the incorporation of Ni in-
stead of Fe into Rubredoxin results in an enzyme that can produce hydrogen. 33
These examples highlight different ways in which protein re-engineering can
be used to understand and mimic Nature.

Model Systems Based on de novo Designed Proteins

De novo protein design is an approach for developing an experimental sim-
plified system in order to study specific structural and functional properties.
Several secondary structural motifs have been made such as -sheets and o-
helices.?* 3% De novo-designed peptides and small proteins have been used
to study redox-active amino acids and their radicals in different environments.
For example, ET between Y and W in f-hairpins has been studied.® By di-
rectly exciting the W, ET to a Y was observed using transient absorption spec-
troscopy. This ET is accelerated compared to ET between W and Y in solution.
In these fB-hairpins, Y and W are solvent exposed which likely leads to Y de-

16



protonation to water upon oxidation by W. In an attempt to mimic Y reactivity
in PSII, a histidine was positioned close to the Y residue and investigated in
the same B-hairpin motif.3* The two amino acids were positioned such that
there were 7 interactions between them, and PT between the two amino acids
could be observed.

Another example of using protein design to study amino acid redox chem-
istry is the a3 X model protein system, which is used in this thesis. The oz X
system is a family of model proteins based on a de novo designed 65-residue 3-
helix bundle (alphas) with a redox-active residue at position 32 (X32 = canon-
ical or non-canonical Y and W residues). !>37-3% A driving motivation to de-
velop o3 X was to obtain formal (reversible) reduction potentials of Y and W
residues at highly comparable protein and solution conditions. A second key
motivation was to be able to perform detailed kinetic and mechanistic studies
of Y and W radical formation and decay in a structurally well-defined protein
environment. Spectroscopic studies on the o3-bundle containing Y and W
(named a3Y and o3 W) have been performed prior to this thesis. They show
that neutral Y and W radicals are formed via PCET that exhibit much longer
lifetimes than Y and W radicals in solution, which is likely because the amino
acids are occluded from the solution.3**® The a3 X proteins allow for a higher
degree of control over the environment surrounding the amino acid compared
to solution studies, making them very interesting to use as model systems for
amino acid reactivity. Details regarding the structure and characterization of
the 03X proteins are found in Chapter 4.

It should be noted that a large field in de novo-protein design focuses on
incorporating metals into different a-helical structures in order to make both
single and dimetal binding sites that mimic enzyme functions, as well as heme
proteins. '* The design of metal sites is beyond the scope of this thesis, and
will therefore not be discussed in further detail.

1.3 Studies on Small Molecule Models for Mimicking
Tyrosine and Tryptophan PCET

Small molecules generally allow for a higher degree of freedom when design-
ing a model system compared to proteins since they are not limited by which
amino acids can be introduced. Using small molecule systems, fundamental
questions about PCET can be investigated such as its dependence on proton-
and electron-acceptors, bulk pH, and intra- vs intermolecular proton or elec-
tron transfer. These systems can also be used to mimic certain parts of en-
zymes such as an active site, or charge transfer channels. An added advantage
of using small molecule mimics is that detailed mechanistic studies into the
PCET mechanism can be performed using a variety of methods such as elec-
trochemistry and laser-flash photolysis.

17



Determining the PCET mechanism can be difficult even in molecular sys-
tems, and is usually done by excluding mechanisms until one remains. Once
the mechanism is known, the factors that govern the mechanism can be stud-
ied. For example, the driving force for ET and PT, the steric hindrance for the
PT, and isotope substitution have been shown to alter the PCET mechanism. !

While ET can occur over several A, PT is limited to < 1 A. This means that
the PT distance and angle can have a large influence on PCET rate constants
and mechanisms. Designing internal proton acceptors, typically as hydrogen
bonds, and altering the base strength can modulate the PT driving force. In the
absence of a designed or added proton acceptor, water or, at high pH, OH™ acts
as the primary proton acceptor in aqueous solutions. Water is a poor proton
acceptor, forming hydronium ions in the PCET step. Concerted PCET from Y
to water as proton acceptor is well-established and can proceed smoothly due
to the low pK, of oxidized Y.*2 On the other hand, concerted PCET from W
with water as the proton acceptor has been questioned when the proton and
electron transfer together, because the W pK, value remains relatively large
upon oxidation.*?

Y Mimics
Y mimics are often used to investigate Y reactivity in, e.g., PSII and RNR.
Most small molecule PSII and RNR mimics are used to study PCET from ty-
rosine, a tyrosine analog, or phenol and phenol derivatives. The PCET mecha-
nisms available to phenols have been investigated both with water as the pro-
ton acceptor and with different intramolecular bases. **~#¢ These investigations
have shown that the concerted mechanism is available in both scenarios.*’ In
one study, pyridines were used as examples of biological nitrogen bases for
PCET from phenol. Also with pyridines as proton acceptors, concerted PCET
could be observed. Furthermore, the role of buffers on PCET has also been
investigated. 847

With radicals having such short lifetimes, many use photosensitizers to
form an oxidant in sifu, which allows for mechanistic studies on fast processes.
If the photosensitizer is in turn linked to the Y or phenol studied, as shown in
Figure 1.5 (A), then the two do not need to diffuse together, which provides
a system more similar to enzymes where oxidant and Y are typically at fixed
positions in the protein. Using these types of systems, the PCET mechanisms
available to Y or phenol have been investigated both with3!=>3 and without>*
a hydrogen bond. Having an internal hydrogen bond provides a closer mimic
of Yz in PSII which is hydrogen bonded to a nearby histidine. The effect
of the driving forces for Y PCET has been explored using similarly linked Y-
photosensitizers. '3 These results are important for understanding the variety
of PCET mechanisms available for Y and Y analogs. Using the same kind of
molecule where Y and photosensitizer are linked, the distance-dependence of
ET upon the PCET mechanism and rate constants has also been investigated.>°

18



A model system where a phenol was covalently attached to a succession
of bases was used to investigate what happens to the proton after it has been
transferred to histidine from Yz in PSII. Upon phenol oxidation, this molecule

was able to perform two PT reactions in succession. In this way, a PT channel
). 57

was designed, Figure 1.5 (B

A

Figure 1.5. (A) Ruthenium-Y dyad used to mimic oxidation of the oxygen-evolving
complex by Yz. (B) The bio-inspired system where one ET from phenol is coupled to
two consecutive PTs. (A) Reprinted with permission from J. Am. Chem. Soc. 1997,
119, 44, 10720-10725. Copyright 1997 American Chemical Society. Published by
American Chemical Society. (B) Reprinted with permission from ACS Cent. Sci. 2017,
3,5, 372-380. Copyright 2017 American Chemical Society. Published by American
Chemical Society.

In another system of molecules, intramolecular PCET with PT from a phe-
nol to a linked pyridine base and ET from the same phenol to a linked an-
thracene was investigated.>® Upon excitation of the anthracene moiety, PCET
from the phenol moiety was triggered. This system was especially interesting
to study because not only did charge separation follow the concerted PCET
mechanism, recombination was found to be in the Marcus inverted region.
This provided the first evidence of concerted PCET in the Marcus inverted re-
gion. Having charge recombination being in the Marcus inverted region means
that increasing the driving force for the reaction leads to slower rate constants.
It had previously been theorized that PCET charge recombination in Nature
may often be in the Marcus inverted region to avoid unwanted charge recom-
bination. This may be one of the many ways in which PCET reactions are
optimized in biological systems.

W Mimics

There are not as many examples of molecular mimics for studying W reac-
tivity, however, a few studies have been made. In one study, the focus lay
on investigating if a few W analogs could undergo concerted PCET using dif-
ferent driving forces for ET and PT.> Two other studies have investigated if
W analogs can undergo concerted PCET with water as the primary proton ac-
ceptor.*3%0 Studies where W has been covalently linked to photosensitizers

19



also exist. These have also been interested in determining if W can undergo
concerted PCET with water as the primary proton acceptor. %162

1.4 Contributions

This thesis contributes to our understanding of Y PCET reactivity in proteins
in two ways: First, we show that the exhibited PCET mechanism for Y, when
sequestered in the model protein o¢3Y, depends on the bulk pH (Paper I) and on
the driving force for ET and PT (Paper II). Second, we show that water can act
as the primary proton acceptor for the concerted PCET mechanism from a3Y.
Water gains access to the deeply buried Y by local conformational changes of
nearby amino acids (Paper I). This thesis also contributes to our understanding
of W PCET reactivity in solution by showing that W can indeed proceed via
the concerted PCET mechanism when water is the primary proton (Paper III).
PT to W is uphill and was therefore hypothesized to not occur. These results
have implications for solution-exposed Ws in proteins.

1.5 Outline

This thesis is organized as follows. A brief overview of the theory behind elec-
tron transfer, proton transfer, proton-coupled electron transfer, and how the
mechanisms can be altered are presented in Chapter 2. In Chapter 3, transient
absorption, the primary method used to study PCET reactions, is presented.
The effect of the protein pocket on amino acid PCET reactivity is discussed in
Chapter 4. The effects of altering electron transfer and proton transfer driving
forces on tyrosine and similar artificial amino acids are discussed in Chapter
5. Concerted PCET for tryptophan is investigated in Chapter 6. Finally, the
major findings and outlook of this thesis are summarized in Chapter 7.
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2. Proton-Coupled Electron Transfer

Proton-coupled electron transfer (PCET) can follow three mechanistic path-
ways, outlined in Figure 2.1 for a generic PCET donor molecule (DH) where
ET stands for electron transfer and PT stands for proton transfer. Along the
outer edges, stepwise PCET mechanisms are shown. These are proton transfer
followed by electron transfer (PTET), and electron transfer followed by proton
transfer (ETPT). Along the diagonal, the concerted electron-proton transfer
(CEPT) is represented in which the proton and the electron are transferred in
one kinetic step. The stepwise mechanisms can be further divided depending
on whether the initial step is a pre-equilibrium or if it is rate-limiting. 1>

ET, .
DH =< =D H
x 1
PT, PT,
\ \ f
D = =D
ET,

Figure 2.1. The possible PCET mechanisms available to a generic PCET donor
molecule (DH) to form a neutral radical D°®. Proton and electron acceptors are implied.

In this chapter, the theoretical background of ET, PT and CEPT will be
briefly introduced. This is followed by a derivation of the stepwise mecha-
nisms, which arise from two limiting cases. We will then introduce how the
different mechanisms depend on driving forces for ET and PT. Finally, water
as a proton acceptor and the possible pH dependence of PCET rate constants
are introduced.

2.1 Theoretical Background to ET, PT and PCET

The rate constants for PT, ET and PCET are essentially all dependent on the
same parameters: coupling between reactant and product state, reorganization
energy and driving force.
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2.1.1 Electron Transfer and Proton Transfer

The widely accepted semi-classical theory of ET was first developed by R. A.
Marcus % for a classical system. The theory was then expanded to also in-
clude non-classical (quantum mechanical) descriptions of ET.%%7 The semi-
classical theory describes ET between a donor (D) and an acceptor (A). The
electron transfer is typically described in three steps when D and A are freely
diffusing species, moving from reactants (R) D and A to products (P) D* and
A~

D+A % D|A @2.1)

D|A =L DH(A™ 2.2)
—ET

DYA~ — D"+ A~ (2.3)

D and A diffuse together to form an outer sphere precursor complex (D|A),
reaction 2.1. Here D and A are in the ground state, at the bottom of the R
parabola in Figure 2.2. Then the precursor complex undergoes nuclear reor-
ganization towards a transition state in which ET can take place, forming the
successor complex (D*IA ™), reaction 2.2. The transition state is where the R
and P parabolas intersect in Figure 2.2. Note that the nuclear configuration
must be the same for the precursor and successor complex at the transition
state. If D and A are not diffusing, and instead held rigid such as in linked
donor-acceptor molecules, a frozen matrix, or in a protein, then only reaction
2.2 happens. Finally, the successor complex dissociates to form the products
D* and A, reaction 2.3, represented by the relaxation of the products down to
the bottom of the P parabola. In Figure 2.2, the parabolas represent the Gibbs
energy surface along the reaction coordinate.

The rate of ET is dependent on the Gibbs energy for activation (AG¥), the
Gibbs energy for the reaction (AG®), and the reorganization energy (1). AG*
is defined by the reactant ground state and the intersection of the parabolas in
Figure 2.2. AG° can be seen as the difference in height between the bottom
of each parabola. The energy needed for the precursor complex to reorganize
itself into the successor complex is represented by A. Note that A includes
both inner reorganization, such as changing bond angles and lengths, and the
outer reorganization necessary from the solvent. The rate for ET is given by

Eq. 2.4.
T AG*
ker = V34| —— 2.4
BT Vel AkBTxeXp< kBT> (24

. [(AG°+1)?
AGE — (41 2.5)

where V, is the electronic coupling, kg is the Boltzmann constant, and 7 is
the temperature. The theory describes two limits depending on the magnitude

22



free energy

reaction coordinate

Figure 2.2. Schematic parabolas representing the free energy surface of the reactants
(R) and products (P). The driving force for the reaction (AG®), the activation energy
(AG*) and the reorganization energy (A) are marked.

of the electronic coupling known as the adiabatic limit and the non-adiabatic
limit. In the adiabatic limit, the probability of ET between donor and acceptor
is large (close to 1). This leads to a mixing of the reactant (R) and product (P)
energy surfaces, creating a different surface that smoothly takes the electron
from R to P. In this limit, the electron only needs to have sufficient activation
energy for the reaction to occur. The opposite limit is when the probability
approaches 0. In this non-adiabatic limit, the electron cannot pass over the
barrier, the electron instead must tunnel through the barrier. Note that this is
not the same barrier as is seen in Figure 2.2, but is rather the barrier between
the potential energy curves for the electron. %36

When an increase in driving force gives faster rate constants, the reaction
is said to be in the Marcus normal region where |AGpy| < A. However, one
interesting feature of Eq. 2.4 is that when the driving force for ET is greater
than the reorganization energy (JAGgr| > A), increasing the driving force fur-
ther leads to slower rate constants. This is referred to as the Marcus inverted
region.

PT can be described with a similar formalism as ET. For PT, proton cou-
pling and PT distances between D and A govern if the reaction is adiabatic
or non-adiabatic.”®’! Since the proton is a much heavier particle compared to
the electron, its transfer is limited to much shorter distances, and the transfer
is slower.’?

The stepwise PCET reactions can be described by individual PT and ET
steps. These can be a mix of adiabatic and non-adiabatic depending on each
specific system. >
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2.1.2 Concerted PCET

A theory for CEPT has been developed over the last decades.’#7® The gener-
ally accepted model used today, Eq. 2.8, is related to Marcus theory for ET,
Eq. 2.4. In CEPT, proton and electron are transferred in one step from the
donor, D, (electron and proton acceptors not included):

DL pe e +HT (2.6)
For most CEPT reactions, both electron and proton transfer are non-adiabatic,
meaning that both particles tunnel.

The derivation is beyond the scope of this thesis, but there are a few impor-
tant conclusions to draw from the results. The rate constant for CEPT depends
on the Boltzmann probability of observing the quantum proton vibrational
states U in the reactant state (P), the electronic coupling constant (Ve), the
distance-dependent Franck-Condon overlap between proton vibrational wave-
functions (Syyrpr), the reorganization energy of the system (A), the temper-
ature (7), and the driving force for the PCET reaction (AG(gpr), yielding a
similar expression to that for ET:

b
(iG‘”> 2.7)

Vell*|Suv(rer) | [ 7
k = P —
cepr(rpr) Zu “Zv n el P 5T

AG;, +1)?
AGiv — <(“V+)> (2.8)

47

where 7 is the reduced Planck constant and kg is the Boltzmann constant. For
CEPT, the driving force depends on both the ET and the PT driving force
(AGyy = AGcgpr = AGpr +AGg7).

In the electronically non-adiabatic limit, electrons are unable to rearrange
fast enough for the proton to stay in the ground vibronic state. The vibronic
coupling is then given by the product of the electronic coupling and the vibra-
tional overlap.

Eq. 2.8 is only valid for non-adiabatic PCET where the rate constant for
CEPT depends on both the electronic coupling and vibrational wavefunction
overlap between the R and P. Since both proton and electron tunnel in one
kinetic step, the probability of this reaction is lower than for the initial step
in the stepwise mechanisms. We can also notice that the rate constant for
CEPT depends on the reorganization energy. Just as in Marcus theory, A is the
sum of the outer and inner reorganization energies. Since the driving force for
CEPT (AGcgpr) is the sum of the driving force for each individual electron
and proton transfer step, the driving force for CEPT is always more favorable
than the driving force for each charge transfer step.

The competition between stepwise and concerted PCET mechanisms is dis-
cussed in all papers that make up this thesis.
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2.2 Stepwise PCET

The proton and electron become coupled in stepwise PCET reactions because
the initial step can alter the driving force for the follow-up step. For example,
an initial ET shifts the pK, of the proton being transferred to a lower value
resulting in a larger driving force for the follow-up PT reaction than it would
have had if it was the initial step. The same case is observed for PTET reac-
tions where an initial PT will lower the reduction potential of the follow-up
ET.

Stepwise PCET reactions can be written as a two-step reaction going from
reactant A via a typically short-lived intermediate B, to product C:

k:
_2>C

A=—B
k—1
For example, for an ETPT reaction from W, A includes W—-NH, B includes
W-NH**, and C includes W—N®. For a PTET reaction from Y, A includes
Y -OH, B includes Y-OH™, and C includes Y —O°®. For both of these exam-
ples, the electron and proton acceptors that balance the reactions are implied.
Below, the rate of consumption or formation for each species is described:

dc[l‘?] = —ki[A] +k-1[B] (2.9)
LB Al kB~ B 2.10)
dc[i(;] = ka[B] 21D

When the steady state is reached for the intermediate, the rate of formation
is equal to the rate of decay, Eq. 2.10 =~ 0. Using this so-called steady-state
approximation, we can rewrite Eq. 2.11 as a function of [A]:

diC]  kik
dt  k_i+k

[A] = kobs [A] (2.12)

This reaction leads to two limiting cases: k_; > kp and k_; < kp. If we
consider the case where k_; > kj, the observed rate constant, kqps, depends
on the rate constant of both the initial and the follow-up step. This is what we
refer to as a pre-equilibrium reaction (PTETpeeq 0r ETPT e eq). kobs can then
be written as the equilibrium constant for the initial step multiplied by the rate
constant for the follow-up reaction step:

k
kobs ~ killkz = Kiko (2.13)

In the case of k_| < kp, the observed rate constant is approximately equal to
the rate constant of the initial step. This is what we refer to as the PT or ET
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limited reaction (PTET};,,, or ETPT};p,):
kobs = ki (2-14)

A visual representation of how the rate constants for the different PCET mech-
anisms are affected by changes in PT and ET driving forces is seen in Fig-
ure 2.3. A partial derivative of Eq. 2.4, where k can be the rate constant for
ET or PT, gives the following expression for how the rate constant depends on

the free energy:
dlInk 1 AGY
— = 1 L 2.15

JAG] 2RT ( + A > (2.1
For the mechanisms rate-limited by the initial transfer step, the rate constants

depend on the driving force for that step (assuming we are in the Marcus nor-
mal region |AGS| < A; such that [AGS|/A; = 0):

dlnk 1 1
JAG; ~ 2RT ~ 51 meV

(at room temperature) (2.16)

The rate constants for the pre-equilibrium reactions depend on the equilibrium

constant:
AGS = —RTIn(Keq)) (2.17)

resulting in the following relation between rate constant and driving force
(again assuming |AGY| < A):

dlnk 1
JAG; ~ RT ~ 26 meV

(at room temperature) (2.18)

The influence that the driving force has on both rate constants and the PCET
mechanism is explored in Paper II.

b ETPT
PTET, g somal

Inkpcsr

ETPTyreeq PTEToe s
PTET;,
E

TPTm

-

—4G%;

Figure 2.3. A graph illustrating the qualitative effect of altering the driving force for
ET and PT on the rate constants for different PCET mechanisms. Reprinted with
permission from J. Am. Chem. Soc. 2021, 143, 2, 560-576. Copyright 2021 American
Chemical Society. Published by American Chemical Society.
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2.3 Water as Proton Acceptor

The proton acceptor influences the driving force for PT just as the oxidant
strength influences the driving force for ET. For PT the driving force depends
on the ApKj:

AG° = —RT In(K) = —1In(10)RT (pK,(acceptor) — pK,(donor))  (2.19)

In order for a PT reaction to have a negative AG® (i.e., be spontaneous) the
proton acceptor must have a larger pK, than the donor. Water is a very poor
proton acceptor with pK, (H30™) = 0. Nevertheless, many PCET reactions in
Nature involve PT to bulk water, a water cluster, or a single water molecule
(typically followed by rapid PT to the bulk).'! A model for how PT to wa-
ter can proceed despite its low pK, value has been developed by Eigen and
Weller 778 for photoacids, Reaction 2.20. Photoacids are species whose pK,
drops significantly (often to < 0) when excited.

HyO--HA == H30" A~ —— H30,q " + A~ (2.20)

where HA represents the electronically excited photoacid. This reaction is
similar to how we view ET, but here we have omitted reaction 2.1 where the
species diffuse together, and instead assume that the acid has formed an en-
counter complex with water prior to excitation. The acid is then excited lead-
ing to proton transfer. The equilibrium seen in the first step depends on the
acid dissociation constant, in other words, the pK, of the acid. Only after sub-
sequent solvent cage escape is the reaction finished. For this type of reaction
with water, the rate constants increase by a factor of 10 per decrease in pK,
unit of the acid.

A similar reaction scheme can be set up for pre-equilibrium PCET reactions
from reactant HX to water (electron acceptor not shown) for an ETPT e eq
(2.21) and a PTET pre-eq (2.22) reaction:

Hy0--HX == Hy0--HX" == H30" .- X* — H30,," +X* (2.21)

H0--HX == H;0" X~ == H;0" X" — H30, " +X°  (2.22)

Similar to acid deprotonation, the reaction is driven by cage escape. Subse-
quent dilution of the proton in the solution provides mixing entropy, which
can shift the equilibrium towards dissociation.

For a CEPT reaction, both ET and PT happen in one kinetic step, we can
still set up a similar reaction mechanism, but in this case, the neutral radical is
formed directly in the intermediate:

H,0- HX == H30"-X® — H30, " + X" (2.23)

27



The reaction schemes presented in this section show how PT to water can
be driven by dissociation and solvent cage escape due to the mixing entropy
of the product which is one possible explanation for how water can act as a
proton acceptor despite its low pK, value.

2.4 pH dependence of PCET Rate Constants

Determining PCET rate constants as a function of pH can be done as a step in
determining the proton acceptor, and the PCET mechanism. The pH can affect,
e.g., nearby hydrogen bonds, the electrostatics of a protein, the concentration
of a proton-accepting species in solution, or shift the pre-equilibrium for a step-
wise reaction. For PTETj;,, or CEPT with PT to a species whose concentration
depends on the pH, and for a PTET pe_eq reaction, the rate constants depend on
pH following the Henderson-Hasselbalch Equation below:

pH = pK, +logio (Eii?f&) (2.24)
This equation gives a pH dependence that changes the rate constants by 10 per
increase in pH. For a PTET ye.¢q the rate constants are dependent on the pK,
of the donor, or the pK, of the acceptor, or both, shifting the rate constants by
a factor of ten per increase in pK,.

In electrochemical determinations of reduction potentials, molecules that
undergo PCET exhibit apparent potentials that change with pH, which is often
plotted in Pourbaix diagrams. For a one proton/one electron transfer the reduc-
tion potentials are expected to change by 59 mV/pH unit.”*3" This might ap-
pear to describe pH-dependent potentials, but that is not the case. The formal
potentials are not pH-dependent. During an electrochemical determination of
reduction potentials, all species involved (such as HA, HA*, A~ and A® for
a general acid HA), exist at the same time in concentrations that depend on
the pH. The current measured is the net current for the equilibrium of current
out/in. The pH dependence subsequently arises from the Nernst equation.

pH-dependent PCET rate constants are only expected to originate as de-
scribed above. Nevertheless, in Chapter 6, pH-dependent rate constants for
tryptophan radical formation, published in Paper III, where the origin of the
pH dependence is unknown, are discussed.
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3. Transient Absorption Spectroscopy

Transient absorption (TA) spectroscopy is the study of light absorption as a
function of time. Different molecules absorb different wavelengths of light.
By monitoring which wavelengths are absorbed in a sample, we can often
identify the molecules contained in the sample. The wavelengths and amount
of light that is absorbed depend on the identity and concentration of the ab-
sorbing molecules. Absorption follows the Beer-Lambert law, Eq. 3.1 below,
where [ is the intensity of the light passed through the sample, Iy is the in-
tensity of the light without interacting with the sample, A is the absorption,
€ is the extinction coefficient and is a parameter specific to the molecule that
depends on the wavelength of irradiation, c is the concentration, and / is the
length of the path which the light travels through the sample.

1

Note that A has no unit, and can be related to the concentration of the sample
via the Beer-Lambert law when the extinction coefficient is known.

When absorption of a sample is measured as a function of time (TA spec-
troscopy) the disappearance of starting material may be monitored, as well as
the appearance of new species. In this way, we can follow the rate of chemical
reactions and determine values such as the rate constant for a specific reaction.

3.1 Laser Flash-Photolysis Setup

The experimental setup for a typical nanosecond TA experiment is shown in
Figure 3.1. The laser light is first passed through a frequency doubling and a
frequency tripling crystal that transforms the 1064 nm laser light into 355 nm
laser light. More excitation wavelengths can be obtained if the laser light is
passed into an OPO which allows for tuning over a wide range of the visible
spectrum. The laser pulse is thereafter directed into the sample chamber. Ab-
sorption changes upon laser excitation are monitored using a Xe-arc lamp posi-
tioned perpendicular to the incident laser light. After the sample, a monochro-
mator is used to select which wavelength the detector, a photomultiplier tube
(PMT), should pick up. An output signal from the PMT, proportional to the
number of photons passing through the sample, is digitized in the oscilloscope
and finally sent to the computer. In Paper I-III, an Nd: YAG laser was used to
excite the sample.
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Figure 3.1. The ns transient absorption setup that was used to collect kinetic traces.

3.1.1 Using Laser Flash-Photolysis on Long Timescales

The above-described setup for ns laser flash-photolysis has been used for reac-
tions up to seconds in Paper I-III. While there exist other setups for such slow
reactions, such as stopped-flow, there are advantages to using flash-photolysis.

Flash-photolysis allows for the generation of the oxidant in sifu via the flash-
quench method described in Section 3.2. This is especially advantageous for
most semi-stable oxidants that can then react instead of degrading. The laser
flash provided to the sample makes a few micromolar of the oxidized pho-
tosensitizer. The low concentration of oxidant compared to reactant (protein
or amino acid being studied) ensures that we have pseudo-first-order kinetics.
This also allows us to collect several laser flashes per sample before we run
out of reactant, even in non-reversible flash-quench mixtures. The drawback
of using ns flash-photolysis to study slow reactions on the ms—s timescale are
issues with probe-light stability and dealing with significant probe-light photo-
chemistry. The former can often be accounted for if a new baseline is corrected
for each sample, and the latter is discussed in the next section.

3.1.2 Dealing With Probe-Light Photochemistry

Probe-light photochemistry is always present in TA experiments. This be-
comes especially problematic when using irreversible quenchers, as was done
in Paper [-III of this thesis. This problem is especially large for slower re-
actions where more probe light has time to reach the sample. In order to
minimize this effect, a second monochromator can be introduced to the setup
shown in Figure 3.1 between the Xe-arc lamp and the sample chamber. This
provides two advantages; first, it filters off a majority of unwanted wavelengths
that can start unwanted photochemistry in the sample. Second, passing the
light through the monochromator’s mirrors and grating lowers the light inten-
sity, which means less light to do unwanted photochemistry in the sample.
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To ensure that probe-light photochemistry is sufficiently minimized, TA
traces can be monitored to ensure that they do not change with laser flash
number, as was done in Paper I-III.

3.2 Flash-Quench Method

The flash-quench method is used to form the oxidant from a photosensitizer
in situ. Figure 3.2 shows the flash-quench method for an oxidative quencher

(Qox).

PS M, *ps (3.2)
“PS + Qox L5 PS + Qox~ (3.3)
PS* +DH 2 PS4+ D°* + HY (3.4)

First, the photosensitizer (PS) is excited (1), it then diffuses together with the
quencher (Qox), which takes an electron (2). PS+ can then react with whatever
reactant is present (DH) (3). The quencher can be reversible, meaning that ET
back to the photosensitizer is possible. If a reversible quencher is used, then
the reaction with the reactant must be faster than the PS/Qox recombination.
When an irreversible Q is used, the reaction with reactant can be much slower.
Note that the oxidized PS will not stay oxidized forever, its stability depends
on other species in the solution and possible degradation pathways.

Forming the reactant in sifu has a few advantages over mixing the reactive
species. First, the reactive species can be reformed many times. Second, for
fast (ns—us) reactions, you do not have to wait for the two species to mix,
allowing us to follow these fast reactions.

Q Q

PS* *PS

3 0 5
&
PS

Figure 3.2. The mechanism of in situ oxidant formation from a photosensitizer via
laser flash-quench photolysis and subsequent PCET reaction with DH.
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3.3 Studying PCET Reactions using TA Spectroscopy

The PCET reactions studied in Paper I-III are all between an amino acid,
the oxidized photosensitizer, and a proton acceptor. In all cases studied, we
could follow the electron transfer between the oxidized photosensitizer and the
amino acid. This was done by either monitoring the photosensitizer recovery
to its ground state or monitoring the disappearance of the oxidized photosensi-
tizer. In Paper I and 11, as well as for some experiments in Paper III we could

also follow the formation of the amino acid radicals via their spectroscopic
signals.
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4. Characterization of X3, and the Radicals
Formed Upon PCET in a3Y and MP—o3C
(Paper I and II)

The environment surrounding the redox active amino acid can have a great in-
fluence on its reactivity: the availability of nearby proton acceptors can modu-
late the PCET mechanism and, depending on the mechanism, also its rate. In
this chapter, we discuss the X3, site in a3X, its effect on pK, values, and its
effect on radical lifetime. We will also discuss the differences and similarities
between the radicals formed for a3Y, 2MP-o3C, and 4 MP—a3C.

4.1 The 03X Family of Model Proteins

03X contains a primary sequence of 65 amino acid residues that fold into three
a-helices. The o3 scaffold is shown in Figure 4.1. The amino acid targeted for
redox chemistry (amino acid X, identified by its one-letter abbreviation) is in
position 32. The first a3X proteins were designed to obtain formal reduction
potentials for redox-active amino acids sequestered in a protein. In the design
of the protein scaffold, three criteria were used: (i) The protein should behave
as a natural protein. This means that it must form well-defined secondary
and tertiary structures in solution. (ii) It should contain a single amino acid
residue that could be studied over a wide range of pH values in order to obtain
reduction potentials as a function of pH. The protein must therefore be well
folded in a wide pH range. (iii) The rest of the a3-scaffold should be redox
inert such that the X3, radical state can be stabilized and characterized. In
the years since the first two model proteins were prepared, 3Y and azW,
it has been shown that these criteria have been fulfilled.'® Solution nuclear
magnetic resonance (NMR) and circular dichroism studies have shown that
the proteins exhibit a high degree of helicity, which is retained over a wide pH
range (4 to 10).'33731 Importantly, voltammetry studies have demonstrated
that X3, can be oxidized and reduced in a fully reversible manner. 82 A wide
variety of natural and unnatural amino acids have been incorporated into the
a3-scaffold such as tyrosine, fluorotyrosines, tryptophan, aminotyrosine and
mercaptophenols, Figure 4.1.

Two of the proteins studied in this thesis: a3 Y and 2 MP— a3C have previ-
ously been structurally characterized using solution NMR spectroscopy. 3?83
NMR characterization of 4 MP— 3C is presented in Paper II. These proteins
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aj protein scaffold

Residue X3, in the
azX protein family

aY a3(23)FY  a3350FY  a3(2350FY  ay(2.3.6)F;Y

@@@@

g
CH, T

—U\m

M'-L.-w

asW u;NH)Y 2MP-a,C 3MPa,c 4Mh,c

Figure 4.1. The o3 protein scaffold containing the following residues: GSR(1)-
VKALEEKVKALEEKVKA-LGGGGR-IEELKKKX(32)EELKKKIEE-LGGGGE-
VKKVEEEVKKLEEEIKK-L(65), shown with the different natural and unnatural
amino acids that have been incorporated into the protein scaffold. Reprinted with
permission from Annual Review of Biophysics 2022 51:1, 453-471. Copyright 2022
Annual Reviews.

have all been characterized using protein-film square wave voltammetry. The
voltammograms were fully reversible and reproducible, yielding formal reduc-
tion potentials. 398283

The o3X proteins exhibit another important characteristic: they are op-
tically uncomplicated in the visible spectral region and can withstand laser
flashes such that time-resolved laser flash-photolysis can be used to study the
formation and decay of the radicals formed within.3%40

4.2 Structure and Characteristics of X3, for a3Y,
2MP-03C and 4 MP - ox3C

The 03X model system allows for studies of Y or phenol reactivity as a func-
tion of solvent exposure. The NMR structure of ¢¢3Y is shown in Figure 4.2
A, and is described in detail in ref. 39. a3Y is described as an ensemble of
32 structures that represent the protein in solution. a3 Y was designed to bury
Y3, inside the hydrophobic core of the protein and the structural analysis con-
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_SASA heavy atoms

Figure 4.2. Ensemble structures determined by NMR of (A) a3Y, protein data bank
entry (PDB): 2MI17, (B) 2MP-a3C, PDB: 2LXY and (C) 4 MP - 0;3C (PDB deposition
in process). Panels (B) and (C) also show SASAs for the side chains and the phenol
group and the phenol OH atoms. In all figures, hydrogen atoms are shown in white,
oxygen atoms in red, and sulfur atoms are shown in yellow. (A) Reprinted with
permission from J. Am. Chem. Soc. 2020, 142, 11550-11559. Copyright 2020
American Chemical Society.

firmed this design.®® Y3, has effectively no solvent accessible surface area
(SASA; 0.240.2%) and the phenol OH is buried > 6A from the surface.

The proteins 2—mercaptophenol—a3C (2 MP— ¢3C) and 4—mercaptophenol—
a3C (4MP - a3C) were constructed to probe if or how altering the solvent ex-
posure of the phenolic OH group may affect the redox characteristics.%* The
MP - o3C proteins have a cysteine (C) at position 32, which is linked to either
a 2-mercaptophenol or 4—mercaptophenol via a disulfide bond, shown in Fig-
ures 4.2 B and C. Placing the phenol OH at different positions on the aromatic
ring was predicted to result in different degrees of solvent exposure.®® This
approach to fine-tune the SASA was used instead of the more conventional
way of putting Y at different positions in the protein by using site-directed
mutagenesis because the latter method may introduce unwanted structural
changes in the small a3-bundle. Full structural analyses of 2MP—a3C83 and
4MP—0;3C (Paper II) by solution NMR spectroscopy confirmed the protein
design. 2MP—C3s; exhibits a residue SASA of < 5% and a phenol OH SASA
of < 2% (Figure 4.2 B). 4 MP—C3; displays a residue SASA of 15 to 24% and
phenol OH SASA of 30 to 40% (Figure 4.2 C).

The structural analysis of 2 MP — a3 C also revealed that 2 MP —C3z; is found
within hydrogen bonding distance from E;3. The distance between these two
residues is > 2.5 A (O-O distance) with the average distance being 3.2+ 0.5
A in the NMR ensemble, suggesting a weak hydrogen bond. The optimal
hydrogen tunneling distance is about 0.48 A.7? If we assume that the O-H
distance is ~ 1 A, this gives an optimal O—-O distance of ~ 2.5 A for PT. This
means that purely based on the distance between 2 MP —C3, and E;3, the latter
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Table 4.1. Apparent pK, values, SASAs, and
average residue depth for Y3, 2MP—Cs3z, and

4MP—-C3;
protein pKa X37—OH SASA (%)
azY 11340180 0.2(£0.2)%

2MP-o3C  9.74+0.2° <2
AMP-a3C  9.54+0.1%  30-40

* Determined in Paper II.

is a very probable proton acceptor in this system. However, proton tunneling
depends not only on distance but also on wavefunction overlap between the
donor and acceptor. The effect of the hydrogen bond on rate constants for
PCET and investigations into E;3 as a possible proton acceptor are explored
in Chapter 5.

pK, values determined for the residues at position 32 are consistently higher
than for the amino acid in solution. A correlation can be made between the
amount of SASA and the shift in pK, for Y3, 2MP-C3,, and 4MP-C3,. Y3
exhibits the smallest SASA, and the largest shift in pKj,: from ~ 10 in solution
to 11.3 in a3 Y.8! 2MP—C3; exhibits a slightly larger SASA and its pK,, shifts
from 9.0 (for 2MP linked to a C) in solution to 9.7 in 2MP—a3C.%* Finally,
the pK, of 4MP—Cj3; shifts from 9.2 (for 4MP linked to a C) in solution to
9.5 in 4MP—3C.%* It is also possible that interactions between 2 MP—Cs;
and E;3 results in a higher pK, for 2MP-C3, compared to 4 MP—-Cs;. pK,
values and SASA are presented in Table 4.1. For a large SASA, species in the
solution such as buffer are more likely to act as the proton acceptor, than for a
deeply buried residue that exhibits no SASA.

4.2.1 Protein Molecular Dynamics Simulations on o3’ Y

Radical formation via PCET from Y3, with ET to an external oxidant, has
been studied previously.3® Given the residue depth, absence of SASA, and the
fact that Y3, was surrounded by aliphatic amino acids, it was unclear what the
primary proton acceptor could be for the PCET reaction. To learn more about
the protein conformational motions, and if water could enter the hydrophobic
cavity near site Y3,, molecular dynamics (MD) simulations were performed.
Results obtained using two different force fields showed that fluctuations
in the side chain rotameric states of amino acids Li;, Vss, Es9 and I¢p, which
are found near site 32 allow transient water access to Ysp, Figure 4.3. Fol-
lowing these local structural fluctuations, MD simulations showed how one or
two water molecules at a time could diffuse into the hydrophobic cavity and
interact with the Y3, —OH. Two trajectories calculated with one of the force
fields used in the MD simulations showed that Y3, —OH also interacted with
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aliphatic amino acids Vg, Lsg and L, (the last seen only for one trajectory),
and with carboxylic amino acid E;3. All hydrogen-bonding interactions in-
volving Y3, are presented in Table 4.2 for two trajectories. While the aliphatic
amino acids cannot facilitate PT, E;3 can. The interaction between E3 was
unexpected because in the ensemble of NMR structures for &3Y, the O-O dis-
tance between E 3 and Y3, is > 6.7 A. 1t should be noted that the interaction
between Y3, and E;3 was only seen for one of the force fields used.

It had previously been determined that a3Y*® decays via dimerization, as
evidenced by a di-tyrosine emission following radical formation.3* The MD
simulations published in Paper I are for the ground state (unreacted) a3Y, a
larger degree of protein conformational changes likely follows radical forma-
tion. Larger conformational changes than those observed in the MD simula-
tions are likely needed for dimerization.

Molecular Dynamics

Figure 4.3. Tllustration of side chain motions observed in an MD trajectory propagated
with the AMBER ff14SB force field. (A) The starting structure from the 3Y solution
NMR structure.citeGlover2014 (B) A configuration from the MD trajectory in which
two water molecules transiently reside within hydrogen-bonding distance to Y32. The
backbone is depicted as tubes, and the residues occluding water access in panel A
or bordering the water channel in panel B are depicted as spheres. Reprinted with
permission from J. Am. Chem. Soc. 2020, 142, 11550-11559. Copyright 2020
American Chemical Society.

4.3 Characterization of Radicals formed in o3 X

The radicals formed upon PCET were characterized in terms of their optical
(UV-vis) spectra, electron paramagnetic resonance (EPR) spectra, and spin
density distribution over the phenol ring calculated using density functional
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Table 4.2. Hydrogen-Bonding Interactions Involving Y3, for MD Trajectories of a3Y
Propagated with the AMBER [f14SB Force Field.

Vo:0 E3:0¢;,6 Ls3:0 Li2:0 WATIO*
Traj. 1 54.1 % 24.0 % 5.12 % - 38.2 %
Traj. 2 39.38 % 21.56 % 3.98 % 3.32 % 27.7 %

* The numbers reported reflect the sum of the hydrogen-bonding interactions with Y3, acting
as an H-bond acceptor or donor and can include contributions from multiple water molecules.

theory (DFT). Radicals were generated by use of [Ru(bpy)s]** (E° = 1260
mV) as photosensitizer. Using a photosensitizer, the oxidant was formed in
situ using the flash-quench method, see Chapter 3. Rates of radical forma-

tion and determination of PCET mechanisms are presented and discussed in
Chapter 5.

Optical Spectroscopy of the Radicals Formed Following PCET

Y3, has previously been shown to form a neutral radical upon oxidation. The
radical state exhibited a half-life of 2 to 10 s, radical spectra as a function of
time are seen in Figure 4.4. Radical decay was shown to proceed via dimer-
ization.? In Paper II, absorption spectra were recorded for 2MP—C3;, and
4 MP-Cj3; radicals, at pH 6.5(+0.1), Figure 4.5. 2MP-C3; exhibited simi-
lar spectral features to Y3, while 4 MP—C3, was more similar to 4-hydroxy-
thiophenol radical. 8

From the time-resolved spectra in Figure 4.4, the half-lives of the radi-
cals were calculated using t; , = 1/ky X Abso(MP®—C3,). The half-lives are
230s for 2MP*® -Cs,, 130s for 4MP®—-C3,, and 24s for 2MP°® —-Cs3; —E 3A.
2MP*® —-C3,—E3A is the radical formed inside a mutant of 2 MP— a3C where
E|3 has been mutated to an alanine (A), see Chapter 5. For 2MP—-C3, and
4MP-Cj3,, similar concentrations of radicals were formed which means that
their half-lives can be compared. 2MP®—-Cs; and 4 MP® —C3;, exhibit simi-
lar half-lives, which suggests that the increased solvent exposure exhibited by
4MP-C3, compared to 2MP—Cs;, does not significantly facilitate dimeriza-
tion.

In order to verify the primary nature of the species observed in the TA spec-
tra, and also to understand more about why the 2 MP® —C3, exhibited such dif-
ferent UV-vis spectra compared to the 4 MP® —C3;, EPR spectra were recorded
for 2MP* —C32 and 4 MP* —C32.

Magnetic Spectroscopy of the Radicals Formed Following PCET

EPR spectra were recorded at room temperature under continuous illumination
for 2MP - a3C and 4 MP—o3C (Figure 4.6). The spectra exhibit different hy-
perfine splitting patterns between the two proteins since 4 MP® —Cs, has 2+ 2
equivalent protons on the ring, while 2 MP® —C3; has no chemically equivalent
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Figure 4.4. Radical absorption spectra for a3Y at pH 5.5 (a) and 8.5 (b). Reprinted
with permission from J. Am. Chem. Soc. 2014, 136, 40, 14039-14051. Copyright
2014 American Chemical Society.
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Figure 4.5. Radical absorption spectra for (A) 2MP - a3C and (B) 2MP—a3C recorded
at pH 6.5(=£0.1).

protons on the phenol ring. The spectra are consistent with the formation of
the primary radicals 2 MP® —C3, and 4 MP® —Cj;.

To investigate the difference between the radicals further, DFT calculations
on small molecule mimics were performed.

DFT Calculations on Small Molecule Mimics

To better understand the differences and similarities of the radical spin pop-
ulations between a3Y, 2MP—o3C and 4 MP—a3C, DFT calculations were
performed on model molecules, shown in Figure 4.7. The DFT calculations
yielded Mulliken spin populations, shown in Table 4.3. Calculations were
made for both the neutral and positively charged radicals, with the neutral
radicals exhibiting an overall larger spin population on the O. Furthermore,
4 MP*® —Cj3; exhibited a slightly larger population on the first S (closest to the
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Figure 4.6. EPR spectra recorded under constant illumination on a sample containing
protein, [Ru(bpy)3]2+, and [Co(NH3)s]** in 100 mM KP; and 40 mM KCl pH 6.5
buffer. (A) 2MP-a3C. (B) 4MP-03C.

phenol ring) than the other molecules. Notably, 2 MP*® —C3, was the most sim-
ilar to Y35°. The results from the DFT calculations show that neither of the
MP -C3; radicals exhibits the same spin population as a Y radical, however,
they are not too different, with 2 MP—Cjs; being the most similar.

o

oY  4MP-a;C  2MP-a;C

Figure 4.7. Radicals of the molecule mimics of the proteins used for DFT calculations.

4.4 Summary and Conclusions

The environment surrounding X3, can affect the primary proton acceptor and
thereby the rates of radical formation, as well as the lifetime of the radicals
formed. In this chapter, the solution NMR structures of a3Y, 2MP—a3C, and
4MP-0;3C have been presented. They show that &3 Y and 2MP—o3C both
exhibit small SASAs, while 4 MP—a3C is much more solvent exposed. The
protein scaffold affects the pK, of the residue positioned at site 32 resulting in
larger pK, values than for that amino acid in solution.
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Table 4.3. Mulliken spin populations on key atoms of side chain analogs of the redox
active side chain in 2MP—a3C and 4 MP—o3C. Here, O refers to the hydroxyl oxygen
of the side chain, S refers to the sulfur atom closest to the phenol ring, and S2 refers to
the sulfur atom most distal from the phenol ring, i.e., closest to the backbone. “Total S”
refers to the total spin population on the sulfur atoms in the molecule.

System Atom Total S Level of theory

(0] S S2

4MP-0° 0.319098 0.048405 0.002208 0.050613 CASSCF/aug-cc-pvtz
2MP-0O° 0.310252 0.012860 0.006378 0.019238 CASSCF/aug-cc-pvtz
Y-0° 0.337425 - - - CASSCF/aug-cc-pvtz
4MP-OH** 0.041210 0.470241 0.078072 0.548313 CASSCF/aug-cc-pvtz
2MP-OH** 0.120380 0.104978 0.003320 0.108298 CASSCF/aug-cc-pvtz
Y-OH** 0.106288 — - - CASSCF/aug-cc-pvtz

Given the very small SASA for a3Y and the lack of viable proton accep-
tors at the Y3; site, it was unclear what the primary proton acceptor could be.
In Paper I MD simulations were performed on o3Y that showed that water
could access site 32 following local protein conformational changes. These
simulations also suggested that E3 could come within hydrogen bonding dis-
tance to Y3, despite the distance of > 6.7 A observed in the NMR ensemble.
In 2MP-a3C, Eq3 is found > 2.5 A from 2MP-Cj3, (O-0 distance) which
suggests an internal hydrogen bond.

The o3-bundle provides an environment wherein long-lived radicals can
be generated and then studied. The radicals of 2MP-Csz;, and 4MP-Cs;
have been characterized using time-resolved UV-vis spectroscopy, EPR spec-
troscopy, and DFT calculations in Paper II and compared to previously pub-
lished results for Y3;. The UV-vis spectroscopy show that 2 MP® —Cs; exhibits
characteristics most similar to Y3,°, while 4 MP® —Cj3; is more similar to a 4-
hydroxy-thiophenoxyl. The EPR spectra recorded confirms that the primary
2MP*® —-Cj3; and 4 MP® —C3, radicals are formed. DFT calculations of model
molecules suggest that both 2MP®-C3, and 4 MP® —Cj3; exhibit slight spin
density on the sulfur, with 4 MP® —C3, showing the largest sulfur spin density.

The results discussed in this chapter highlight the effect of fluctuations in
the side chain rotamers on the redox reactivity of Y by showing that such
changes near the site where Ys; sits can promote solvent access. The half-
lives of the MP—Cs; and Y3, radicals formed are very long, and the radicals
are stabilized by the protein environment. This is the same effect as is seen
in natural proteins where radicals can be stabilized compared to radicals in
solution.
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5. Determining Primary Proton Acceptors and
Exploring the Effect of Altering the PT and
ET Driving Forces for Tyrosine Radical
Formation via PCET in a Protein (Paper I
and II)

PCET from tyrosine-derivatives has been shown to proceed via either PTET or
CEPT in molecular model systems depending on the bulk pH and the driving
force for PT and ET.#!>° Studies on Y in natural enzymes have often not been
able to experimentally show by which PCET pathway the reaction proceeds,
because performing such detailed studies on proteins can be difficult. It is
known that pK, and pH values can shift inside enzymes, therefore it is of great
importance to understand how these parameters can affect the PCET reactions
of Y buried in a protein.

In this chapter, the primary proton acceptor and mechanism of the PCET
reaction from Y3,, 2MP-Cj3,, and 4 MP—Cj3; are discussed. We also discuss
the effect of altering the driving force for ET and PT on the PCET mechanism.

5.1 The effect of the az-scaffold on PCET reactivity

While the electron can tunnel over several A through the a3 protein backbone,
the proton is limited to a distance < 1A. MD simulations on o3Y (discussed
in Chapter 4) had suggested that both water and E3 could form transient H-
bonds with Y3,—OH, and thereby act as proton acceptors. However, in the
solution NMR ensemble, Y32 is surrounded by aliphatic amino acids (Fig-
ure 5.1 A), and the distance to Ej3 is > 6.7 A. For 2MP-0o3C, E|3 was
expected to act as the primary proton acceptor. The average distance between
2MP-C3; and E|3 was 3.24+0.5 A, which is a weak hydrogen bond (Figure
5.1 B). Furthermore, the large SASA exhibited by 4 MP—-Cj3, was thought to
make deprotonation to the solution facile (Figure 5.1 C).

The o3-scaffold not only affects the pK, values, as discussed in Chapter
4, it also affects the reduction potentials, Table 5.1. The reduction potentials
for the X3, sites investigated are fully reversible in protein-film square wave
voltammograms and typically shifted to larger values compared to X in solu-
tion by about 45 to 65 mV.%
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K3s

Figure 5.1. The surrounding of site 32 for (A) Y32, (B) 2MP—-Cj3;, (C) 4MP—-Cs3;. In
(A-C), hydrogens are shown in white, oxygens in red, and (B-C) sulfur in bright yellow.
(A) Reprinted with permission from Annual Review of Biophysics 2022 51:1, 453-471.
Copyright 2022 Annual Reviews.

Table 5.1. Apparent pK, values and reduction potentials for the
proteins discussed in this chapter.

E> (X3 E” (X*/)

protein pKa atpH5.5 (V) at pH 8.5 (V)
oY 11.340.18"  1.065+28%  0.909 +382
a3Y-E3A 11.1+£03" - -

2MP-o3C 97402  1.0114+3%  0.847+28%
2MP-a3C-E;3A 92402 - -

4AMP-a;3C 9.54+0.1%%  0890+18% -

* Determined in Appendix I.
** Determined in Paper II.

5.1.1 a3Y and 2MP-a3C E|3A Variants

To investigate if E3 acts as the proton acceptor for a3Y and 2MP - a3C, a vari-
ant was prepared for both proteins where E {3 was mutated to an A (a3 Y —E3A
and 2MP—-o3C—-E3A), the chemical structure of E and A are found in Figure
5.2. The mutation gave a small shift in pK, value from 11.3£0.1to 11.1+£0.3
for c3Y—-Ej3A and as slightly larger shift from 9.7 £0.2 to 9.2+0.2 for
2MP-a3C—E3A. If Ej3 is the primary proton acceptor, then a mutation to
A is expected to result in slower rate constants since A cannot act as a proton
acceptor.

Rate constants as a function of pH were determined for a3 Y —E{3A and
2MP-a3C—E;3A and compared to a3 Y and 2MP—a3C, respectively, Fig-
ure 5.3. For both E{3A-variants, the rate constants are similar to o3Y or
2MP- a3C, respectively, but faster. Since the rate constants did not get slower
for the variant, Ej3 can be excluded as proton acceptor in both a3Y and
2MP-a3C. The faster rate constants could be due to the lower pK, value
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for both variants compared to a3Y and 2MP—o3C. Alternatively, the E;3A
mutation could lead to changes in the a3-scaffold that somehow promotes
faster PT, such as increased solvent exposure.

These results suggest that for 2MP - a3C, the H-bond between the phenol-
OH and E;3 is too weak to facilitate PT. While the O-O distance between
2MP-Cs; and Ej3is > 2.5 A in the solution NMR, the two residues are not
pointing towards each other in any of the structures in the NMR ensemble.
Consequently, there appears to be a lack of wavefunction overlap between
2MP-C3; and E 3 that can facilitate PT.

O OH
CH,
glutamic acid (E) alanine (A)

Figure 5.2. The chemical structure of glutamic acid (E) and alanine (A).
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Figure 5.3. Rate constants for radical formation as a function of pH for (A) a3Y (black
round filled markers with a purple fit) and a3 Y —Ej3A (gray open squares), and (B)
2MP - a3 C (orange round markers with an orange solid line fit) and 2MP—-o3C—-E|3A
(gray square markers with a gray dotted fit).

5.1.2 Excluding Buffer as the Proton Acceptor

Species present in the solution that could act as proton acceptors are phosphate
buffer, OH™, and H>O. The rate constant for radical formation was measured
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as a function of phosphate buffer concentration ([KP;]) for all proteins to de-
termine if the buffer species were acting as the proton acceptor, Figure 5.4. If
the buffer was acting as the proton acceptor, a larger concentration of buffer
should lead to faster rate constants. None of the proteins showed rate constants
that changed with the concentration of buffer, indicating that buffer was not the
primary proton acceptor. It was surprising that rate constants for 4 MP—oi3C
were unaffected by buffer concentration given that 4 MP—Cs; exhibits 30 to
40% solvent exposure of the phenol-OH group. These results suggest that ei-
ther the buffer species are too large to enter into the protein cavity, and/or local
electrostatics surrounding site 32 did not facilitate negatively charged species
to come sufficiently close.
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Figure 5.4. PCET rate constants measured as a function of [KP; ]. Error bars are
shown when the error is larger than the marker. (A) Data for @3 Y compared to a linked
ruthenium photosensitizer-tyrosine model complex (Ru-Y). The left y-axis represents
first-order rate constants for Ru—Y,*® and the right y-axis, second-order rate constants
for a3Y. Black squares show data collected for Ru-Y in pH 7 phosphate buffer with
a fit to the data using kops = fp[buffer]ky (dashed black line). Purple circles show
data for a3Y collected in pH 6.5 phosphate buffer with a linear, constant value fit to
the data (solid purple line). (B) Second order PCET rate constants for 2MP—oi3C
(orange circles) and 4 MP— a3 C (green triangles) determined at pH 6.5. (A) Reprinted
with permission from J. Am. Chem. Soc. 2020, 142, 11550-11559. Copyright 2020
American Chemical Society.

5.1.3 Effect of Increased Solvent Exposure on PCET Rate
Constants and Primary Proton Acceptor

Given how deeply buried Y3; is in 3Y, we wanted to see if increased solvent
exposure (larger SASA), would lead to faster rate constants by making depro-
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tonation more facile. To investigate this, PCET rate constants for 4 MP—a3C
were compared to rate constants for 2MP—o3C and 2MP - a3C—-E3A.

PCET rate constants for radical formation were determined as a function
of pH for 4MP—-3C, 2MP - 03C and 2MP - a3C—E|3A using [Ru(bpy)3]3+
as oxidant, Figure 5.5. The rate constants are very similar for all proteins,
with 4 MP - 3C exhibiting slightly larger rate constants throughout the pH
range investigated. A difference in pK,values and E°’ between 4 MP—a3C
and 2MP-3C can explain why the former exhibits faster rate constants.
It is therefore not clear from this experiment if the faster rate constants for
4MP—-0o3C are in part also due to greater solvent access. The small differ-
ence in rate constants between the three proteins indicates that if the increased
solvent exposure affects the rate constants, then this effect is minor.
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Figure 5.5. log(kpcgr) as a function of pH for 2MP-o3C (orange round markers
with a solid line fit), 2MP—o3C (green round markers with a dashed line fit), and
2MP-a3C—-E;3A (gray round markers with a dotted line fit) using [Ru(bpy)3]3+ as
oxidant.

5.2 PCET from Y in oi3Y

PCET rate constants for radical formation were determined for a3Y as a
function of pH in order to determine the PCET mechanism in Paper I with
[Ru(bpy)3]2+ (Table 5.3.2) as photosensitizer (Figure 5.6 (A), note that this is
the same data as shown in Figure 5.3 (A)). The rate constants were observed
to increase with increasing pH and mostly level out at low pH.

46



5.2.1 Mechanistic Assignment and Primary Proton Acceptor for
PCET from o3Y

Significant kinetic isotope effects (KIEs) have previously been determined,
indicating that PT was part of the rate-limiting step.3° This meant that the re-
action was either PTET or CEPT. The pH-dependent rate constants observed
suggested either a PTET};,, or CEPT mechanism with OH™ as proton acceptor
(buffer species has been excluded as proton acceptor), or a PTET pre.eq mech-
anism. OH~ was excluded as the primary proton acceptor for a CEPT and
PTET}iy, reaction based on the fact that the pH dependence observed for the
rate constants was much weaker than one decade per pH unit. Furthermore,
OH~ was excluded for CEPT and PTETj;,, reactions based on the magnitude
of the rate constants compared to the concentrations of OH™ present at the pH
values investigated.

The pH dependence observed was instead suggested to represent PCET
from the fraction of Y3, that is protonated, and the fraction of Y3, that is
deprotonated in a rapid pre-equilibrium, fyon and fyq-, respectively. Both of
these species react with a different rate constant, giving the following expres-
sion for the PCET rate constant:

kpcer = kyoufyon +kyo- fyo- (5.1

At the lower pH-values, the fraction of protonated Y3, is approximately one,
and because the fraction of deprotonated Y3, can be estimated from the pH
and pK,, we get the following equation:

kpceT = kyon + kyg- x 10PHPKa (5.2)

where kyop is independent of pH, and fy - depends on the pH of the solution.
Fitting the rate constants to Eq. 5.2 gives kyoyg = 2.6 x 10* M~!s~! and
kyo- = 1.4 x 108 M~!'s~!. In Figure 5.6 (A), each component of the fit is
shown as a dashed line.

Since PTETy;, had been excluded, we attributed the pH-dependent rate con-
stants t0 PTETpre.q. The pH-independent rate constant was instead assigned
to a CEPT mechanism based on previously determined KIEs, with water as
the primary proton acceptor.

5.2.2 Proton Transfer from Y3,

The MD-simulations presented in Chapter 4 suggested that water is readily
available on the timescale of the transient absorption experiment. If depro-
tonation from Y3, is compared to deprotonation from phenol (PhOH) in so-
lution, the reaction from deprotonated Y3, or PhOH (Y3;,—O~ or PhO-) is
similarly accelerated compared to the reaction from protonated Y3, or PhOH:
kys,—on/ky,, o~ = 5000 for Y3 and kphon /kppo- =~ 9000 for phenol. These
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Figure 5.6. (A) Rate constants for PCET from o3Y by [Ru(bpy)3]** as a function
of pH. Purple solid line shows a fit to Eq. 5.2, where kyon = 2.6 x 10* M~!s~!
and kyg- = 1.4 x 108 M~!s™! The dashed lines show the pH-independent and pH-
dependent terms of the fit. Vertical error bars correspond to + one standard deviation.
Horizontal error bars correspond to the change in pH during the flash photolysis
experiment. (B) Rate constants for PCET as a function of pH for 2MP - ¢3C (orange
circles) shown together with data from (A). Lines show linear fits to pH data with a
slope of 0.84. (A) Reprinted with permission from J. Am. Chem. Soc. 2020, 142,
11550-11559. Copyright 2020 American Chemical Society.

results suggest that despite Y3, being buried on average 7.7 +0.3 A from the
protein surface, and exhibiting 0.2 0.2% SASA, deprotonation to water is
facile. Initial deprotonation likely happens to one or two water molecules that
have diffused into the protein, and the proton is then transferred to bulk water.

5.3 Altering PCET Driving Forces for Y Sequestered in
a Protein

Y linked to a photosensitizer has been shown to participate in PTET, ETPT,
and CEPT mechanisms when the driving force for ET and PT as well as the
pH was altered.> A visual representation of which PCET mechanism domi-
nates and how the mechanism changes with different AGg and AGpy is found
in the zone diagram in Figure 5.7.'2 These zone diagrams are constructed
such that the contributions to AGpy and AGgy: ApK, and AE®, are on the x-
and y-axis, respectively. This means that larger driving forces for ET and PT
are presented by moving up and to the right in the diagram. Figure 5.7 (A)
shows a zone diagram for a system with relatively large vibronic coupling for
the CEPT reaction, while (B) shows a zone diagram with 10 times smaller vi-
bronic coupling. The effect that the change in vibronic coupling has on the size
and shape of the CEPT region can be gauged by comparing these two figures.
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The zone diagram does not predict the rate constant for any of the mechanisms,
it only shows how altering the driving force for PT or ET can affect the PCET
mechanism. The rate constant for each mechanism depends differently on the
driving force for PT and ET, as shown in Figure 2.3 in Chapter 2, which is the
basis for the construction of the zone diagrams.

In this section, rate constants for a3Y, determined in Paper I, are presented
first together with an assignment of the PCET mechanisms. The effect of alter-
ing the PT driving force is investigated by comparing rate constants for o3 Y
to rate constants for 2MP—¢3C from Paper II. Finally, the effect of altering
the ET driving force is explored for 2MP—03C and 4 MP - o3C (Paper 11).
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Figure 5.7. (A) A zone diagram for a PCET reaction that exhibits a relatively large
vibronic coupling for the CEPT reaction. (B) A zone diagram for a PCET reaction
where the vibronic coupling is 10 times smaller than in (A). Modified with permission
from J. Am. Chem. Soc. 2021, 143, 2, 560-576 Copyright 2020 American Chemical
Society.

5.3.1 Effect of Altering the PT Driving Force

The driving force for PT depends on the ApK, between reactants and products.
This means that the driving force can be altered by either changing the pK,
of the donor or the acceptor. For a3Y, 2MP—- a3C and 4 MP— o3C phosphate
buffer is unable to come sufficiently close to act as a proton acceptor. This
makes altering the proton acceptor by the introduction of different bases, as is
often done for small molecules, very difficult. Instead, we can investigate the
effect of altering the PT driving force by comparing results obtained for a3 Y
and 2MP - o3C using the same oxidant. 2MP—Cj3, exhibits a lower pK, value
by 1.6 units compared to Y3, which corresponds to a change in PT driving
force of 95 meV. The rate constants for 2MP—C3, radical formation exhib-
ited a very different pH dependence compared to what had previously been
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observed for a3Y in Paper I, using the same photosensitizer ([Ru(bpy)s]>*),
Figure 5.6 (B). At high pH, the rate constants for both proteins increase with
pH, but at low pH the rate constants for Y3,® formation mostly level out, while
the rate constants for 2 MP® —Cj3, formation continue to decrease. This means
that (at least) in the low pH region, the two proteins exhibit different PCET
mechanisms, which suggests that increasing the PT driving force alters the
PCET mechanism from CEPT (for a3Y) at low pH. Mechanistic assignments
are discussed vide infra.

5.3.2 Effect of Altering the ET Driving Force

In studying the effect of altering the ET driving force, three different photo-
sensitizers were used, Table 5.3.2.

Table 5.2. Photosensitizers used, their abbreviation and reduction potential.

o _ E°(3+/2+)
photosensitizer abbreviation (mV vs. NHE)
Ruthenium 4,4’-dimethyl-2,2’-bipyridine [Ru(dmb)s]** 1100
Ruthenium 2,2’-bipyridine [Ru(bpy)s]** 1260

Ruthenium 4,4’-ethyl-ester-2,2’-bipyridine  [Ru(deeb);]>*  1450"

* Converted to value in water vs. NHE, see Paper II.

Rate constants using [Ru(bpy)3]3+ for MP—o3C as oxidant have been pre-
sented in the previous sections, Figure 5.5. Using these values as a starting
point, a weaker oxidant ([Ru(dmb)3]3*) was used, and rate constants were de-
termined at pH 5.5 and 8.5 using 3 to 4 different concentrations of protein,
shown in Table 5.3.2 together with rate constants for two stronger oxidants.
The rate constants are slower with the weaker oxidant at both pH values in-
vestigated. This result excludes a PCET mechanism that is rate-limited by PT
(i.e., PTET pre.eq) for the rate constants in Figure 5.5.

The strongest oxidant ([Ru(deeb);]3+), provided about 300 meV more driv-
ing force for ET compared to [Ru(bpy)s]**, used for a3 Y. Rate constants
were determined for 2MP— a3C and 4 MP—o3C as a function of pH, Figure
5.8. The data show that with the strongest oxidant, the rate constants for rad-
ical formation in 2MP—03C and 4 MP— a3C exhibit a similar trend with pH
as 3, but that they are overall faster. The data was fit with Eq. 5.2 giving
kyon =8.4x10° M~ !s~! and kyg- =2.7x 108 M~!s~! for 2MP - 3C, and
kyon =23 x 108 M~'s7!, kyg- = 4.0 x 108 M~!s~! for 4MP—a3C. This
is consistent with a larger driving force for both ET from the stronger oxidant
and for PT from the smaller pK, values exhibited by the MP— ¢3C proteins
compared to @3Y, discussed vide infra.
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Table 5.3. Rate constants for radical formation determined using 3 to 4 concentrations
of protein at each pH.

system kpcer M~ 's ™y atpH 5.5  kpcpr M~ 's™!)at pH 8.5
2MP—o3C/[Ru(dmb)3 >+ 2.75 x 103 7.66 x 10°
4AMP-a3C/[Ru(dmb)3 1>t 4.44 x 103 1.52 x 10°
2MP—a3C/[Ru(bpy);>*  1.50 x 10* 4.78 x 10°
4MP-a3C/[Ru(bpy)3>*  2.14 x 10* 6.09 x 10°
2MP-o3C/[Ru(deeb)3 3+ - 3.18 x 107
4MP - 0;3C/[Ru(deeb); 3t - 5.40 x 107

* Due to increased probe-light photochemistry when persulfate was used as the
quencher, reliable TA traces could not be obtained using small concentrations of
protein at pH 5.5.

5.3.3 Mechanistic Assignments for 2MP—o;3C and 4 MP - o3C

a3Y reacting with [Ru(bpy)3]3+ exhibited a mix of two mechanisms with
CEPT dominating at low pH, and PTET;e.q dominating at high pH.

The rate constants obtained with [Ru(bpy)3]3+ as oxidant as a function
of pH for MP— ai3C showed a linear slope of 0.84 for both 2MP—03C and
4MP-0a3C in a log(kpcgr) versus pH plot, Figure 5.5. A slope of 1 can orig-
inate from a PTETe.¢q mechanism, or from reacting with a species whose
concentration depends on the pH (such as OH™) in a PTETj;;, or CEPT mecha-
nism, see Chapter 2. The deviation of the slope from 1 observed for 2MP— o3C
and 4 MP - a3C can be due to interactions from the protein. For example, none
of the o3 X proteins exhibit the typical Nernstian slope of 59 mV/pH unit in
the Pourbaix diagram as expected for a 1 electron/1 proton reaction.*%3> In Pa-
per I, CEPT with OH™ as the primary proton acceptor was excluded based on
the magnitude of the rate constants compared to the low concentration of OH~
present in the pH region studied. This left PTETyre.¢q or PTET);y, as possible
reaction mechanisms. For a PTET e_¢q, the rate constants depend weakly on
the oxidant strength, while for a PTET};,, the rate constants are independent
of the oxidation strength (Figure 2.3 in Chapter 2). Results obtained with the
weakest oxidant ([Ru(dmb)3]3+) were used to exclude PTET};,, as the PCET
mechanism. The rate constants determined at pH 5.5 and 8.5 for 2MP—o3C
and 4 MP-o3C were slower using [Ru(dmb)3]3+ compared to rate constants
using [Ru(bpy)s3]**, suggesting a PTETe.q mechanism for both proteins us-
ing these oxidants.

When the strongest oxidant ([Ru(deeb)3]3+) was used, the rate constants
for PCET from MP-C3; could be fitted with Eq. 5.2. This suggests that a
pH-dependent mechanism at high pH (PTETe.eq or PTET};,/CEPT with a
pH-dependent proton acceptor), and a pH-independent mechanism at low pH
(CEPT with H,O as proton acceptor or ETPT). CEPT in the high pH region
was excluded based on the magnitude of the rate constants compared to the
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Figure 5.8. Rate constants for radical formation as a function of pH for 2MP—-0;3C
(orange markers with an orange solid line fit), 4 MP—o3C (teal markers with a teal
dashed line fit), with [Ru(deeb)3]** as oxidant, and a3 Y (black markers with a purple
dotted line fit) with [Ru(bpy)3]3+ as oxidant. The solid orange fit has the function:
f(x) =8.4x10%42.7 x 108 x 100~97), The dashed teal fit has the function: f(x) =
2.3 x 10° 4.0 x 108 x 1093,

[OH-] present in the solution which is too low to account for the rate con-
stants. PTET};;, mechanism was excluded based on the fact that the rate con-
stants were observed to increase with the stronger oxidant which would not be
the case for a PTET;y, reaction. This leaves PTET e ¢q as the most probable
PCET mechanism in the high pH region. At low pH, the mechanism could
be either CEPT or ETPT based on the pH-independent rate constants. Sig-
nificant KIEs of about 3 were reported for both 2MP—o3C and 4 MP—oi3C
using [Ru(deeb)3]3+ as oxidant at pH 5.6 in Paper II. This excludes ETPT and
leaves CEPT as the most likely PCET mechanism in the low pH region. We
also predict that the primary proton acceptor is HoO because [OH™] is too
low to account for the observed rate constants, and PT to H,O explains the
pH-independent rate constants.

5.3.4 Marcus Behavior of the MP—o3C and a3Y Rate Constants

The Marcus equation for ET predicts that the ET rate constants will increase
with increasing driving force for ET (AGgy) until a maximum rate is achieved,
following which the rate constants will decrease with increasing driving force.
When In(kgr) is plotted as a function of AGgy the result is a bell-shaped
curve. 2
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To confirm that the rate constants determined using the different oxidants
and MP-o3C or a3Y followed the Marcus equation, In(kyg-) was plotted
as a function of AGgy (filled pink circles in Figure 5.9). Given that only two
pH values were measured using [Ru(dmb)3]** as oxidant, a fit to Eq. 5.2
is unreliable. Therefore, the rate constants at pH 8.5 were used instead of
kyo- in Figure 5.9. Simulated rate constants are also shown in Figure 5.9
(unfilled black circles). They were calculated using A = 1.1 eV and using the
same driving forces as for the experimental data. Measured and simulated rate
constants show good overlap, which indicates (i) that the assignment of the
pH-dependent k- term is appropriate, and (ii) that the MP—o3C and a3 Y
proteins can be used together to investigate the effect of altering the driving
force for the PCET reaction.
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Figure 5.9. Natural logarithm (In) of ky- rate constants (filled pink cirlces) and
simulated values (unfilled black circles) plotted as a function of driving force for
2MP - ;3C and 4MP— a3C using [[Ru(dmb)3]**, [Ru(bpy)3]**, and [Ru(deeb)3]** as
oxidants and a3Y with [Ru(bpy)3]3+ as oxidant (filled pink circles). The simulated val-
ues were obtained using A = 1.1 eV. ky- rate constants for oxidation by [Ru(bpy)3]3+
and [Ru(deeb)s; ]+ were obtained from fitting the rate constants as a function of pH
with one pH-independent term and one pH-dependent term.

5.3.5 Moving Along the Zone Diagram for a Tyrosine Radical
Formation in a3 X

Switching from a3Y/[Ru(bpy)s]** to 2MP—a3C/[Ru(bpy);]** allows us to
alter the driving force for PT by 95 meV from the change in pK,. The switch
is accompanied by a change in E°(X3,°/X3,7) of about 20 meV towards a
lower ET driving force. In other words, this change means moving to the right
and down in the zone diagram. This results in a change in the mechanism from
PTETpre-eq/CEPT for at3Y to only PTETyeeq for 2MP—a3C.

53



When we then change the driving force for ET by using a stronger oxi-
dant, switching from 2MP— o3C/[Ru(bpy)s]** to 2MP— at3C/[Ru(deeb)s >+,
we provide the system with 280 meV more driving force for ET. This means
moving up in the zone diagram. The result is that we go from PTET e eq
to a mix of PTET ye.q/CEPT, the same mechanisms that we started out with
when using agY/[Ru(bpy)3]3+. For the CEPT mechanism (observed at low
pH values), the change in the driving force between o3Y/[Ru(bpy)3]** and
2MP-o03C/ [Ru(deeb)3]3+ is about 335 meV. This is accompanied by a change
in rate constants for the CEPT mechanism from kyog = kcgpr = 2.6 x 10*
mol~'s™! to kyon = kcgpr = 8.4 x 10° mol~!s~!, which corresponds to a
change of 1.5 orders of magnitude. This change in the rate constant with in-
creased CEPT driving force corresponds to a change of one In(kcgpr) per 96
meV, which is consistent with a CEPT reaction in the Marcus normal region.

5.4 Implications For Natural Systems

Y pK, values can shift in proteins depending on the immediate environment
such as nearby proton acceptors.®” The pH inside a protein can also be differ-
ent from the bulk pH. The results presented in Paper I and II show that the Y
PCET mechanism is affected by the pH and the driving force for ET and PT.
These results also indicate that when water is the proton acceptor, a lower pH
value is more likely to result in concerted PCET compared to a high pH value.

For Y3,, water is the most likely proton acceptor. The fact that CEPT from
Y3, could proceed with water as the proton acceptor is interesting for under-
standing the radical transfer pathway in class la Ribonucleotide Reductase,
Figure 1.3 A in Chapter 1. It had previously been suggested that the ET be-
tween the subunits was coupled to deprotonation to water, however, no mech-
anism was suggested. ¥ Following the publication of Paper I, MD simulations
were carried out that supported PCET over the subunits with PT to water situ-
ated between the subunits.?* The results from Paper I suggests that this PCET
reaction could proceed via CEPT or PTET e eq.

5.5 Summary and Conclusions

In this chapter, PCET in the as-bundle has been discussed. PT to Ej3 in
a3Y and 2MP—-03C has been excluded, as well as PT to phosphate buffer
for a3Y, 2MP—-3C, and 4 MP—03C leaving OH™ and H,O as the possible
primary proton acceptors. The exclusion of PT to E;3 from 2 MP—a3C was
unexpected given the weak hydrogen bond observed in the ensemble of NMR
structures. The fact that phosphate buffer was found to not accept the proton
suggests that it is either too large or too charged to come close enough to
site 32. Rate constants for 2 MP— o3C compared to 4 MP— ¢¢3C show that the
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increased solvent exposure exhibited by 4 MP—a3C has no effect, or only a
minor effect, on the rate constants. Rate constants for 4 MP— a3C were faster
than for 2MP—oi3C, but this is likely mainly due to the difference in pKj
values and reduction potentials.

The effect of altering AGpy and AGgr has also been discussed. Our results
show that a difference in 95 meV for AGpy was sufficient to shift the mecha-
nism from a mixture of CEPT at low pH and PTET e ¢q at high pH, to only
PTETe.¢q in the entire pH range investigated. When we then altered AGgy
by 280 meV, the mechanism shifted at low pH to CEPT. When the proteins ex-
hibited a CEPT mechanism, H,O is the most likely primary proton acceptor.
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6. PCET from Freely Solvated Tryptophan
Derivatives (Paper III)

It has long been questioned whether W can undergo CEPT with water as the
primary proton acceptor. Nevertheless, previous mechanistic studies on small
molecule W-analogs in aqueous solution have exhibited CEPT rate constants
that are weakly dependent on the pH.%%%% While this weak (< 1) pH depen-
dence appears to phenomenologically correlate with a CEPT reaction with
water as the primary proton acceptor, *8:60-62.89.90 jg existence has been ques-
tioned, and in the case of W-analogs alternatively explained.*? In this chapter,
we discuss results from Paper III where we study PCET rate constants and
mechanisms for two W-analogs. Small molecule analogs are studied because
it is with these that the weak pH dependence has been primarily observed,
furthermore, the results can aid our understanding of solvent-exposed Ws in
biological systems.

6.1 Previous Mechanistic Studies

W exhibits a very large pK, value in its reduced state (~ 17) which drops to
4.3 once the molecule has been oxidized.2%2! As a result of these pK, values,
W often undergoes ETPT or ET (without PT) in biological systems. In Paper
III, PCET from two W analogs was studied, namely WEE and NAWEE, Fig-
ure 6.1. The analogs in Figure 6.1 are designed to block one or both of the
functional groups that make the peptide bond, ensuring that the indole proton
(marked in pink in Figure 1.1, Chapter 1) is the proton donor in the PCET
reaction.

The tryptophan analog WEE has previously been studied and exhibited
weakly pH-dependent PCET rate constants with an unknown origin, black
data in Figure 6.6 (A).*3%0 Zhang et al.%° first published a study on WEE
where they showed that WEE exhibits pH-dependent rate constants assigned
to a CEPT mechanism with water as the primary proton acceptor when an
appropriately weak oxidant was used. As discussed in Chapter 2, there is cur-
rently no theoretical explanation for pH-dependent rate constants with water
(H,0) as the primary proton acceptor. The mechanistic assignment by Zhang
et al. % was thus based on two things.

1. Switching between a stronger and a weaker oxidant resulted in rate con-
stants independent of pH (with the stronger oxidant) and rate constants
exhibiting a weak pH dependence (with the weaker oxidant), suggesting
different PCET mechanisms.
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Figure 6.1. Chemical Structures of tryptophan and its three analogs discussed in this
Chapter shown at pH = 7. W: tryptophan, NAW: n-acetyl tryptophan, WEE: tryptophan
ethyl-ester, NAWEE: n-acetyl tryptophan ethyl-ester. Reprinted with permission from J.
Am. Chem. Soc. 2022, 144, 16, 7308-7319. Copyright 2022 The Authors. Published
by American Chemical Society.

2. The pH-dependent rate constants exhibited a significant KIE of 2 to 5 de-
pending on the pH using the weak oxidant, indicating that PT was a part
of the rate-limiting step. A PT-limited reaction was excluded based on
the very large pK, of W (~ 17), and an ET-limited reaction was excluded
based on the pH dependence of the rate constants and the KIE.

Weakly pH-dependent CEPT rate constants had previously been observed in
linked tyrosine-photosensitizer and tryptophan-photosensitizer systems when
H,O was acting as the primary proton acceptor. +8->-61.89

The work and conclusions drawn by Zhang et al.’® was questioned by

Bonin et al.#*. The basis for their alternative conclusions can be summarized
in three points as follows.

1. Bonin et al.*> showed that the quencher used in the flash-quench forma-
tion of the oxidant in situ by Zhang et al.®®, methylviologen (MV?>*),
forms an adduct with WEE at high concentrations and pH. Switching to
another quencher gave rate constants that appeared to level out at high
and low pH, i.e., that looked like a titration curve (gray open squares,
Figure 6.6 (A)).

2. The rate constants reported by Bonin et al.*3 appeared to follow a titra-
tion behavior around pH 7.5. This is the pK, of the unprotected amine
group present on WEE. Consequently, Bonin et al.** concluded that
this amine group was responsible for the observed pH-dependent rate
constants due to the change in electrostatic interaction between WEE
and the tri-cationic photosensitizer. This conclusion was further evi-
denced by the (erroneous, vide infra) thermodynamic cycle presented
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for electron transfer between WEE and the used oxidized photosensi-
tizer (Ru(dmb);]?*). These results suggested that the driving force for
ET was larger at high pH because of the electrostatics for the encounter—
successor complex.

3. Bonin et al.* also studied the W analog NAWEE (Figure 6.1) where
both the amine and carboxylic groups are protected. When using the
same photosensitizer, NAWEE did not exhibit pH-dependent rate con-
stants. This indicated that the reaction between NAWEE and oxidant
was likely limited by ET (ETPT or pure ET). Using two ill-defined
irreversible cyclic voltammograms (CV) scans, it was suggested that
NAWEE was more difficult to oxidize. This meant that when the same
oxidant was used, NAWEE had a lower driving force for ET compared
to WEE, which placed WEE further into the ETPT zone (ETPTpre.eq Or
ETPT)j,) compared to NAWEE, Figure 5.7, Chapter 5. Therefore, if
NAWEE exhibited ETPT rate constants, so much WEE. This led to the
conclusion that both WEE and NAWEE oxidation was limited by ET,
and proceeded either via pure ET or ETPT.

The motivation for studying the system again in Paper III rose from three
parts: First, a later study by Dongare et al. %% on covalently linked tryptophan-
photosensitizer gave direct spectroscopic-kinetic evidence for a CEPT mech-
anism from W where the rate constants exhibited the same weak pH depen-
dence. Second, an error had been made by Bonin et al.*} when the thermo-
dynamic cycle was calculated. Without this error, the driving force for ET
was higher at low pH rather than at high pH, which does not correlate with
the observed rate constants. Third, it had been shown that functionalizing
the amine group on W led to lower reduction potentials rather than higher
for NAW compared to W.>? If this was true also for WEE and NAWEE, then
WEE and NAWEE need not be in the same mechanistic region of the zone di-
agram, meaning that the pH-independent rate constants for NAWEE could be
explained by a shift in mechanism compared to WEE to an ETPT mechanism,
rather than a proof that the amine group of WEE was involved in creating the
pH dependence.

6.2 Encounter/Successor Complex Electrostatics

Bonin et al.** proposed a pure ET or ETPT reaction. This means that the

driving force for the rate-limiting step would be AGg. The Coulombic work
for reactant and product states contributes to AG3p: %

AGST = —F(E°(Ru"/"y — E°(W** /W)) 4+ wp — wg (6.1)

In the ET reaction between WEE and the oxidant [Ru(dmb);]**, WEE goes
from (+1) charge to (+2) charge at acidic pH, and from (0) to (+1) charge at
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basic pH. The difference in charge between low and high pH is due to the
amine group that is not protected on WEE, which exhibits a pK, of 7.5.%3
During the PCET reaction, the oxidant goes from (+3) to (+2). The reactions
for only ET are:

*WEE + Ru™ £Ls *WEET + Ru" (at low pH) 6.2)
WEE + Ru™ 215 WEE" + Ru" (at high pH) (6.3)

where the positive charge on the amine group is shown as "WEE. The work
terms for the thermodynamic cycle were erroneously calculated as the sum
between product and reactant when the correct terms should be the difference:

WP’A—WR,A:(2X2—3X l)W(): 1wg (at low pH) (6.4)
WpB —WRB = (2 x1—3x O)Wo = 2wy (at high pH) (6.5)

where A = acid, B = base, and wy = e(z) /4mepesd. Bonin et al.*? estimated
wo as 26 meV, which means that the work term contribution to AGgy is +26
meV at low pH, and +52 meV at high pH. This is very different from the
7wy = +180 meV calculated by Bonin et al.*} at low pH and +52 meV at
high pH. Not only do our results give a smaller difference between the acidic
form and the base form, but it also shows that the work term contribution is
more positive at high pH, meaning AGgy is less negative.

As shown in Paper IlI, the pH-dependent data presented in Figure 6.6 can-
not be explained by an ET-limited reaction with a driving force that is modu-
lated by the protonation state of the amine group on WEE.

6.3 Determining the Reduction Potentials of WEE and
NAWEE

The reduction potentials for the W-analogs determine the driving force for ET.
When determining PCET mechanisms it is, therefore, a very important prop-
erty to establish for any PCET reactant. Bonin et al.*® used two ill-defined,
irreversible CV scans to claim that NAWEE was more difficult to oxidize than
WEE, Figure 6.2 (A). Since NAWEE exhibited pH-independent rate constants
when the same oxidant was used, this was taken as proof that WEE would also
exhibit pH-independent rate constants as long as it had the unprotected amine
group. Previous work from Gagliardi et al.>® had shown that functionalizing
the amine group leads to lower reduction potentials, the opposite of what was
suggested by Bonin et al.**. This motivated us to do a more rigorous charac-
terization of the reduction potentials of WEE and NAWEE.

CVs of tryptophan are generally very irreversible due to the very fast dimer-
ization that follows upon oxidation. This means that typically no peak is seen
when reductive current is applied. In order to determine apparent reduction
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Figure 6.2. Cyclic voltammogram (CV) scans collected for WEE and NAWEE in
0.1 M KNO3 aqueous solution. (A) 1 mM NAWEE (blue) and WEE (green) at pH
10, potentials shown vs. NHE. (B) 0.2 mM WEE at different scan rates at pH 5.2,
potentials shown vs. Ag/AgCl. (C) 0.2 mM NAWEE at different scan rates at pH 5.2,
potentials shown vs. Ag/AgCl. (A) Reprinted with permission from J. Am. Chem. Soc.
2013, 135, 38, 14359-14366. Copyright 2013 American Chemical Society. Published
by American Chemical Society. (B-C) Reprinted with permission from J. Am. Chem.
Soc. 2022, 144, 16, 7308-7319. Copyright 2022 The Authors. Published by American
Chemical Society.

potentials for irreversible reactions, the peak potentials can be measured as
a function of scan rate (v). When this is done, a linear relationship with a
slope of 19.7 mV is expected.*? The apparent reduction potentials (E°*) for
the W*/W couple were determined by measuring peak potentials (E,) as a
function of v for WEE and NAWEE, Figure 6.2 (B) and (C), respectively. At
pH 5.2 the CVs were still rather ill-defined but with a clear Epe,x around 1V,
which made determining the reduction potential possible. The peak potentials
were plotted vs. scan rate and the reduction potential was extracted from the
y-intercept, Figure 6.3. The results show that NAWEE has a lower reduction
potential than WEE. This means that when the same oxidant strength was
used for reaction with WEE and NAWEE, the latter exhibited an overall larger
driving force for ET. Since a larger ET driving force can alter the PCET mech-
anism from CEPT to ETPT, ' this explains the pH-independent rate constants
observed for NAWEE.

6.4 PCET Rate Constants for WEE and NAWEE as a
Function of pH

Rate constants for radical formation were determined by observing the forma-
tion of the W* (WEE® or NAWEE?®) radical or the recovery of the photosen-
sitizer. When other species absorbed in the same wavelength region as the
radicals, the recovery of the photosensitizer to the ground state was instead
monitored. Neutral and cationic tryptophan radicals absorb in a similar region,
however, the cationic species exhibits a larger absorption coefficient with a
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Figure 6.3. Peak potentials plotted as a function of log(v) for WEE (left) and NAWEE
(right). The lines represent linear fits to points having scan rates between 0.1 and 1
V/s (filled circles). The data points represented by crosses were not included in the
fits. Potentials are referenced to NHE. Reprinted with permission from J. Am. Chem.
Soc. 2022, 144, 16, 7308-7319. Copyright 2022 The Authors. Published by American
Chemical Society.

peak at 560 nm, while the neutral radical exhibits a peak at 510 nm.%>°! This
allows for distinction between the two radicals by comparing the magnitude
of the absorption at their respective maxima. As seen in Figure 6.5, the ab-
sorption at 510 is larger than at 560 at pH 6.0 (A) indicating a neutral radical,
while the opposite is seen at pH 2.2 (B) indicating a cationic radical.

The flash-quench method, introduced in Chapter 3, was used to form the
oxidized photosensitizer. At pH > 7.5 for WEE, [CO(NH3)5C1]2+ was found
to be too slow of a quencher. At these pH values, the oxidized photosensitizer
was instead formed via two-photon ionization, right side of Figure 6.4.%%9°

6.4.1 Determination of PCET Rate Constants for WEE Radical
Formation

The rate constants for WEE radical formation were determined using the pho-
tosensitizer [Ru(dmb)z]**, Figure 6.6. The results will be discussed in the fol-
lowing regions (marked by dashed lines in Figure 6.6 (A)); pH < 4,5 <pH < 8
and pH > 8.

pH< 4

The pK, for oxidized tryptophan is about 4.3,2° therefore WEE is not expected
to deprotonate upon oxidation at these pH values. Monitoring the radical for-
mation at 510 and 560 nm showed that indeed, only the protonated radical
was formed during the timescale of the experiment. An example of this at pH
2.2 is seen in Figure 6.5 (B). In this pH region, the rate constants (pink filled
triangles in Figure 6.6 (A)) appear to level out. To ascertain that pseudo-first-
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Table 6.1. Names, abbreviations, formal (where applicable) and apparent reduc-
tion potentials for tryptophan, three analogs and the photosensitizers used.

name abbreviation and E°or E”

redox couple (V vs. NHE)
tryptophan W*/W 1.15 (pH 5.2)"
n-acetyl tryptophan NAW*/NAW 1.0 (pH 5.2)"
tryptophan ethyl ester WEE*/WEE 1.00 (pH 5.2)"
n-acetyl tryptophan ethyl ester NAWEE®*/NAWEE  0.908 (pH 5.2)™

ruthenium 4,4’-dimethyl-2,2’-bipyridine  [Ru(dmb)3]>*/%* 1.10

zinc(II) .tetra(4—sulphonatophenyl) [Zn(TPPS)PP-A- 0.87

porphyrin
* Calculated from E° using pK,(W*H") = 4.3.2021
** Measured in Paper III.

order kinetics dominated, the rate constants were determined as a function of
[WEE] at pH 3. The TA traces that were obtained when [WEE] < 80 mM
did not exhibit pseudo-first-order kinetics. Instead, more complicated kinetics
was observed that likely represents an uphill pre-equilibrium ET (AE° > 0),
followed by follow-up reactions of the radical cation (e.g., deprotonation or
dimerization). At larger concentrations of WEE, the equilibrium shifts (see
Section 2.2 in Chapter 2), and the forward rate constant dominates, allowing
us to determine kgt.

S5<pH<S8

In this pH region, the previously published data exhibited different slopes
(both < 1) depending on which quencher was used. Rate constants obtained
with the irreversible [Co(NH3)sC1]** quencher agreed somewhat with data
recorded by Bonin et al.*3. In this region, the formation of the neutral WEE
radical could be observed because of the optical transparency of the reduced
quencher.

pH > 38

In this pH region, Bonin et al.** published data that appeared to level out,
while the data from® continued to increase with increasing pH. The rate con-
stants at pH > 8 in Paper III were measured using two-photon ionization of
[Ru(bpy)3]2+ to form the Ru(Ill) oxidant. The results, orange-filled diamonds
in Figure 6.6 (A), show that the WEE rate constants indeed continue to in-
crease with increasing pH. This is a strong argument against a titration of the
amine side-group on WEE being responsible for the observed pH dependence.
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Figure 6.4. Generation of W* by flash-quench photolysis using a reversible quencher
(left), an irreversible quencher (middle), or two-photon ionization (right). (1) represents
laser excitation of the photosensitizer (PS = [Ru(dmb)3]** or [ZnTPPS]*~), which is
followed by oxidative quenching by an irreversible quencher (2), a reversible quencher
(2), or ionization (2%). Recovery of the photosensitizer to the ground state (3) either
via reaction with a W analog or via a combination of reaction with W and recombining
with the electron lost in the oxidation process. Reprinted with permission from J. Am.
Chem. Soc. 2022, 144, 16, 7308-7319. Copyright 2022 The Authors. Published by
American Chemical Society.

6.4.2 Determination of PCET Rate Constants for NAWEE
Oxidation

Previous rate constants determined for NAWEE using [Ru(dmb)3]** as oxi-
dant were replicated with the [Co(NH3)5CI]2+ quencher to confirm that they
exhibited the same pH-independence as previously published using another
quencher, Figure 6.7. Rate constants for NAWEE oxidation by [Ru(dmb)3]3*
using [Co(NH3)sCl]>* quencher exhibited no pH dependence, and we con-
cluded, like the previous publication,*? that the rate constants were limited
by ET. A weaker oxidant was then used to attempt to alter the PCET mecha-
nism to CEPT, following the same logic discussed in Chapter 5.3.2. The ox-
idant used was zinc(Il) tetra(4-sulphonatophenyl) porphyrin ([Zn(TPPS)]*~,
E°=0.87V).%

The rate constants determined as a function of pH for NAWEE were slower
with the weaker oxidant, as expected, and exhibited rate constants that in-
creased with pH, Figure 6.7. The slope obtained from fitting log(k,) vs. pH
to a straight line was the same for the data collected with NAWEE as for the
data collected with WEE in the same pH-region using different oxidants, Fig-
ure 6.6 (B). Unfortunately, KIEs could not be determined due to the very slow
rate constants exhibited by NAWEE, which makes following the reaction with
laser-flash photolysis very difficult.
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Figure 6.5. TA kinetic traces (markers) and single-exponential fits (lines) after
laser pulse excitation at 460 nm of a solution containing [Ru(dmb)3]**, WEE, and
[Co(NH3)5CI]** in 0.5 mM KP; . (A) Traces recorded at pH 6.0(%0.1) at 510 nm
(pink circles; magenta line), 560 nm (light-green crosses; dark-green line), and 450 nm
(dark green circles; white line). Black dots indicate the control experiment obtained at
450 nm without WEE and normalized to the 450 nm bleach. At this pH, the neutral
radical dominates. (B) Traces recorded at pH 2.2, at 560 nm (light green circles; solid
dark green line) and 510 nm (pink circles; red line). At this pH, the cationic W radical
dominates. (A) Reprinted with permission from J. Am. Chem. Soc. 2022, 144, 16,
7308-7319. Copyright 2022 The Authors. Published by American Chemical Society.

6.5 Mechanistic Assignment of the PCET reaction in
WEE and NAWEE

Following the publication of Paper III, we learned that the pK, of oxidized W
can change with functionalizations to the amine and carboxylic side groups.®’
Functionalizing either the amino or the carboxylic side group gave a higher
pK, value of 4.7 to 4.8. Note that the W analogs studied were NAW and
n-acetyl tryptophan methyl ether, not WEE nor NAWEE. Nevertheless, this
corresponds well with the results observed in Figure 6.6 (A) where the pink
data exhibit a leveling out of the rate constants at pH ~ 4.8. This does not
change the interpretation published in Paper III.

Below the mechanistic assignments for WEE and NAWEE are presented
followed by a discussion about water as the primary proton acceptor.

WEE

At pH < pK, of oxidized tryptophan, WEE oxidation is not coupled to proton
transfer, as evidenced by the formation of the cationic radical. At these pH
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Figure 6.6. (A) PCET rate constants for WEE oxidation by [Ru(dmb)3]3+ as a func-
tion of pH. Filled pink triangles represent data collected using [Co(NH3)5Cl]?* as a
quencher. Filled orange diamonds represent data where the oxidant was formed via
two-photon ionization. Data in gray from ref. 43, black data from ref. 60. Circles
represent data collected using MV?>* as a quencher. Squares represent data collected
using [Ru(NH3)6]** as a quencher. The dashed vertical lines mark pH regions de-
fined in the text. (B) Experimental second-order PCET rate constants for NAWEE
oxidation by [ZnTPPS]3‘ (green dots). The dashed black line represents a linear fit
corresponding to f(x) = 0.69x —0.39. Also shown are PCET rate constants for WEE
obtained using [Ru(dmb)s]?* as the oxidant and [Co(NH3)sCl]%* as the quencher (pink
triangles), reproduced from (A) fit to f(x) = 0.68x+ 2.5 is shown as a solid black line.
Both figures: Reprinted with permission from J. Am. Chem. Soc. 2022, 144, 16,
7308-7319. Copyright 2022 The Authors. Published by American Chemical Society.

values, the driving force for ET is AGgt > 0 (i.e., the reaction is uphill). The
reaction can still proceed if sufficient [WEE] is present in the solution such that
[WEE] >> [[Ru(dmb)3]>*]. With these conditions met, we could determine kg,
seen in Figure 6.6 (A) as pink triangles in the lower pH region of the plot.

At larger pH values, the rate constants increase with increasing pH, suggest-
ing a different mechanism. Since the rate constants increase beyond kg, they
cannot be ET limited. We, therefore, exclude ETPT as the reaction mechanism
in this pH region. Previous publications reported a KIE for WEE between 2
and 5, indicating that PT is part of the rate-limiting step.%® PTET can also be
excluded as follows. PTET pe.¢q should exhibit a slope of 1 in alog(kz) vs. pH
plot. Furthermore, because of the large pK, value of W (= 17), the fraction of
deprotonated W would be too small at the pH values measured to account for
the observed rate constants. PTET};, can only proceed if OH™ is the primary
proton acceptor since HoO would give a much too small driving force for PT.
OH~™ is excluded vide infra based on the magnitude of the rate constants. This
leaves CEPT as the only viable PCET mechanism at pH > pK,(W**).
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pH

Figure 6.7. Rate constants for NAWEE oxidation as a function of pH using different
photosensitizers and quenchers. Green filled circles: [ZnTPPS]?~ as photosensitizer
and [Co(NH3)sCl1]** as quencher. Filled blue diamonds: [Ru(dmb)3]** as photosen-
sitizer and [Co(NH3)sCl]** as quencher. Unfilled gray squares: [Ru(dmb)3]** as
photosensitizer and [Ru(NH3)6]%* as quencher, from ref. 43.

NAWEE

Rate constants for NAWEE with [Zn(TPPS)]*~ as oxidant were too slow to al-
low determination at very low pH values, therefore kgt could not be estimated.
For the same reason, KIEs could not be determined either. We can still exclude
the ETPT mechanism with this weaker oxidant on the basis that it should not
exhibit any pH dependence. PTET can be excluded analogously as to WEE.
This again leaves CEPT as the PCET mechanism.

Water as the Primary Proton Acceptor
Previous studies have shown that 0.5 mM KP; is a sufficiently low concen-
tration of buffer so that buffer species do not act as the proton acceptor. 4860
Furthermore, a reaction with buffer as proton acceptor would exhibit a slope of
1 on a log(ky) versus pH plot as the concentration of proton accepting buffer-
species increases with pH below the pK, of the buffer, which is unlike the
slope observed. A final piece of evidence that buffer species do not partake in
the PCET reaction is that the study by Bonin et al.*} did not add any buffer
species to their samples, which exhibit the same pH dependence at pH < 8 that
was observed in Paper I11.

Having excluded buffer, H,O or OH™ are the only available proton accep-
tors in the solution. Reaction with OH~ would give the following expression
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for the measured (second-order) rate constant:

o= K [OH] 6.6)

obs — k,d
where k;/k_4 is on the order of 1 M~!, and kop- 1s a pseudo-first-order rate
constant see the SI of Paper III for a derivation. Only at pH > 12 for WEE and
pH > 9 for NAWEE does OH ™ exist in sufficient concentration to account for
the observed rate constants. This means that in the entire pH range studied,
OH™ can be excluded as a proton acceptor. Furthermore, if OH~ was acting
as the primary proton acceptor, then the rate constants are expected to exhibit
a slope equal to 1 in a log(ky) vs. pH plot. However, since the slope in Figure
6.6 is less than 1, OH™ is not the proton acceptor.

CEPT from W with water as the primary proton acceptor can be described
as similar to proton transfer for photoacids, see Chapter 2, where the reaction
is in part driven by dissociation and mixing entropy of the product. This may
explain how the reaction can be concerted given the large pK, value of W.

6.6 Summary and Conclusion

Given the large pK, of W** (4.3), it has been questioned if W can undergo
CEPT with H,O as the primary proton acceptor. In this chapter, we have
presented results from Paper III that show that two W analogs (WEE and
NAWEE) can undergo CEPT, as is evidenced by the rate constants that are
faster than ET-limited rate constants. All proton acceptors apart from H,O
have been excluded leaving it as the most likely proton acceptor. The PCET
rate constants for WEE and NAWEE exhibit a pH dependence that is less than
1 in a plot of log(ky) vs. pH. While this type of pH dependence has been
observed previously, it still lacks a theoretical explanation.*>%%-%2 The results
presented herein have interesting implications for W in natural proteins and
enzymes, suggesting that solvent-exposed Ws in proteins can undergo CEPT
reactions even with water as the proton acceptor.
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7. Summary and Outlook

Without Y and W, life on Earth as we know it would not exist. These two
amino acids are fundamental to a wide variety of redox reactions in Nature,
where they can act as radical scavengers or partake in catalytic reactions. Both
Y and W can partake in 1e~/ 1 H* PCET reactions. Studying which PCET
reactions they can partake in and which factors govern their PCET mecha-
nisms is important for expanding our fundamental knowledge about the world
around us, and for designing better catalysts inspired by Nature.

In a sense, Y and W complement each other. Their pK, values differ by
about 7 units relative to each other, with W exhibiting the largest values. Upon
oxidation, these values shift down by 12 to 13 pK, units, resulting in PCET.
Y exhibits a higher reduction potential of E°(Y*"/Y) = 1.510 V compared
to E°(Y*"/Y) = 1.293 V determined in a protein environment. This results
in easier oxidation of W compared to Y. Together they span a wider range of
redox potentials compared to on their own. Choosing between Y and W thus
provides a way of finetuning redox potentials and the proton-coupling of the
ET.

In Paper I and II, a protein model system is used to investigate Y PCET rate
constants and mechanism as well as how these can shift with the driving force
for ET and PT. The protein model system ®3X contains a single redox active
amino acid X (X = one-letter abbreviation of the amino acid studied) at posi-
tion 32, X3. a3X strikes a unique balance between small model systems and
enzymes by providing a well-defined environment that exhibits stability over
a wide pH range. many characteristics of an enzyme, while simultaneously be-
ing tunable by the introduction of external oxidants and different amino acids.

In Paper I, the PCET mechanism for Y3, (Y at position 32) oxidation by
an external oxidant is investigated as a function of pH and concentration of
buffer. Solution NMR studies show that Y3, exhibits almost no SASA and is
surrounded by aliphatic amino acids. A previous publication had shown that
a long-lived radical was formed inasY upon PCET, however, given the low
SASA it was unclear what the primary proton acceptor was. MD simulations
published in Paper I showed that side chains surrounding Y3, rotate to allow
H,O access to site 32. Rate constants as a function of pH were determined in
order to elucidate the PCET mechanism. Our results showed that the mech-
anism shifted with pH, from a CEPT mechanism at low pH to PTETpe.¢q at
high pH. This shows how pH can be a tool in shifting the PCET mechanism in
proteins. While the negatively charged phosphate buffer ions do not enter into
sufficiently close proximity to Y3, a smaller base or a neutrally charged base
might be able to. This can be investigated using different buffers.
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In Paper II, two Y derivatives, 2-mercaptophenol and 4-mercaptophenol
linked to C3p in a3C via a disulfide bond 2MP-a3C and 4 MP-a3C, re-
spectively) are investigated in order to understand increased solvent exposure
or a weak hydrogen bond affects the PCET rate constants and mechanism.
Surprisingly, the results show that neither increased solvent, nor a weak hy-
drogen bond significantly perturbed the PCET rate constants for 2MP—a3C
and 4MP-3C. We then used these proteins to study the effect of altering
the driving force for PT and ET on the rate constants and PCET mechanism.
By comparing the PCET rate constants of o3Y to the PCET rate constants
of 2MP—a3C, which exhibit different pK, values than a3Y, we can simulate
the effect of altering the PT driving force of a3 Y and 2MP - a3C. From our
comparison, the effect of increasing the PT driving force is that the PCET rate
constants go from a mix of CEPT at low pH and PTETe.¢q at high pH, to
PTETe.¢q in the entire studied pH range. When we then altered the driving
force for ET by changing the external oxidant, we could again observe the
same mix for PTET pre.eq at high pH and CEPT at low pH that o3 Y exhibited.
For the CEPT mechanism, we showed that H>O is the most likely proton ac-
ceptor. These results confirm that PCET from Y in proteins is dependent on
the same parameters as small molecules of Y and Y derivatives in solution;
pH and PT and ET driving forces. Since these parameters can be altered in
enzymes by changing the microenvironment surrounding an amino acid, dif-
ferent radical forming PCET mechanisms are likely in play depending on the
enzyme environment.

The influence of pK, versus reduction potential on PCET from Y could be
further probed using 3MP—a3C. Its pKj, is not yet determined but should be
> 10,%* and is likely similar to the pK, of 2MP—a3C. 3MP—3C exhibits a
more positive reduction potential than a3Y, which could give some interesting
insights into the dependence of reduction potential on the Y PCET mechanism.
A weak hydrogen bond between 2MP—Cj3, and E 3 observed in the solution
NMR is either too long or does not exhibit sufficient wavefunction overlap
to facilitate PT. If a shorter hydrogen bond with a better wavefunction overlap
could be designed in a3, it would make a good model for Y and W oxidation
with a hydrogen-bonded acceptor. The effect that the H-bond might have on
pH dependence and PCET mechanisms could then be explored. Hopefully,
the results could be used to predict by which PCET mechanism Y in enzymes
react depending on the availability of proton acceptors.

In Paper 111, two small molecule analogs of W were investigated. Previous
publications disagreed on whether or not W molecular analogs could undergo
CEPT with H>O as the primary proton acceptor. Given the large pK, value
of oxidized W (= 4.3), it had been hypothesized that W PCET could only
proceed via ETPT when H,O was a proton acceptor. Our results show that
when appropriate oxidation strengths are used both W analogs investigated
can indeed undergo CEPT with H,O as the primary proton acceptor. This
suggests that solution-exposed Ws in enzymes are able to do the same. Fur-
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thermore, the CEPT rate constants determined for the two analogs exhibit a
weak pH dependence that lacks a theoretical explanation, but that has phe-
nomenologically been associated with CEPT rate constants with H,O as the
primary proton acceptor. The next step is to identify a protein system where
W PCET can proceed via CEPT with H,O as the primary proton acceptor. The
already designed a3 W system shows a hydrogen bond between the indole pro-
ton and a nearby amino acid in MD simulations which means that it can not
be used to study PCET with water as the proton acceptor without mutations
to the protein sequence. It is important that the protein gates buffer or other
proton-accepting species in the solution from acting as proton acceptors since
these would likely outcompete water.
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Popular Science Summary

Radicals in biology have a bad reputation as harbingers of aging and cancer.
While there are radical species that can harm our bodies and indeed cause
cancer, radicals are also responsible for many vital processes in Nature and our
bodies. For example, bird’s navigation, making DNA building blocks, DNA
repair, and photosynthesis, are all biological reactions that involve radicals.

A radical is typically formed when an electron is removed from, or added to,
a stable molecule or atom, which produces a charged and less stable molecule
or atom. The radical is less stable because it "wants" to get the electron back
or to give the added electron away, which is what makes radicals so reactive.
The fact that radicals are very reactive is why they are used in Nature, often
for otherwise difficult reactions.

Out of the 20 common amino acids that are used to make the vast major-
ity of proteins in Nature, only a handful participate in radical reactions. Two
such amino acids are tyrosine and tryptophan, which are the focus of this the-
sis. When either tyrosine or tryptophan loses an electron, forming a charged
radical, it can also lose a proton, in what is called a proton-coupled electron
transfer (PCET) reaction, which results in a neutral (uncharged) radical. PCET
can proceed via two different mechanisms: stepwise and concerted. In the for-
mer, the proton and electron are transferred one after the other, while in the
latter mechanism, the proton and electron are transferred simultaneously. The
concerted mechanism has the advantage of being more energy-efficient and is
therefore thought to be the most common in biological systems. Regardless of
the PCET mechanism, the proton and electron can transfer to either the same
place or in different directions to different sites. In biological systems, the
proton and electron are very often transferred in different directions.

In this thesis, we want to understand which factors regulate the PCET mech-
anism for tyrosine radical formation in a model protein, and which factors regu-
late the PCET mechanism for tryptophan radical formation in a water solution.
Understanding what regulates the PCET mechanism increases our knowledge
of PCET reactions in Nature, and helps chemists that want to mimic the energy-
efficient biochemical reactions from Nature.

However, since radicals are such reactive species, they are inherently very
short-lived, which often makes them difficult to study. The study of radical for-
mation and decay can be further hampered by side reactions that can obscure
the reactions one wants to study. Furthermore, proteins can contain several
tyrosines and tryptophans, which makes it difficult to observe the tyrosine or
tryptophan that actually formed a radical.
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In order to study the PCET reactions of tyrosines and tryptophans, we use
so-called model systems. Model systems are designed to study a specific part
or function of a more complex system. For example, the model systems used
in this thesis are designed to isolate the radicals formed from unwanted side
reactions. There are different complexities to model systems that one can
use when studying radical amino acids. In the most simple system used in
this thesis, we took the amino acid out from the protein and put it in a water
solution. While this is a very simple model system, it can nevertheless tell
us about how amino acids positioned at the protein surface react. A more
complex approach, also used in this thesis, is to study the amino acid in a small
model protein. We used a protein designed to only include one radical amino
acid, which is buried in the protein interior. This model system allowed us to
study radical formation inside a protein. With both systems we investigated
the PCET mechanism for radical formation, and which factors governed it,
such as pH and the energy needed to remove an electron or proton.

In order to determine the PCET mechanism for radical formation, we study
the rates for radical formation and decay by using a method called transient
absorption spectroscopy. With this method, we determine concentrations of
radicals formed over time by observing how much light they absorb. That is,
we essentially study how fast the concentration of radical increases (in units of
concentration of radical per second), and decreases. We can determine which
PCET mechanism is primarily used by varying the pH and the energy needed
to remove an electron or proton, and using transient absorption to observe
how the rates of radical formation depend on the pH and the energy needed
for electron transfer, proton transfer, or both.

The results presented in this thesis have thus far been used to show that
PCET from tyrosine with water as the proton acceptor can proceed via the
concerted mechanism. This deepens our understanding of one of the PCET
steps in an enzyme, Class 1a Ribonucleotide Reductase, that makes the build-
ing blocks of DNA. This thesis also shows that tryptophan PCET can use the
concerted mechanism when water is the primary proton acceptor, which has
previously been debated in several studies, but we now believe this debate is
settled. These results contribute to our fundamental understanding of tyrosine
and tryptophan radical formation in biological systems.
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Populédrvetenskaplig Sammanfattning pa
Svenska

Radikaler inom biologi har ett daligt rykte som bérare av aldrande och can-
cer. Aven om det finns radikaler som kan skada vira kroppar och faktiskt
orsaka cancer, dr radikaler ocksa ansvariga for manga livsviktiga processer
i naturen och vara kroppar. Fagelnavigering, tillverkning av DNA-byggstenar,
DNA-reparation, och fotosyntes dr alla exempel pa biologiska reaktioner som
ar beroende av radikaler.

En radikal bildas vanligtvis nér en elektron tas bort fran eller 14ggs till i en
stabil molekyl eller atom, vilket gér molekylen eller atomen laddad och mindre
stabil. Radikalen &r mindre stabil eftersom den “vill” fa tillbaka elektronen
eller ge bort den tillsatta elektronen, vilket dr det som gor radikaler sa reaktiva.
Det faktum att radikaler dr mycket reaktiva dr varfor de anvénds i naturen, dir
de mojliggor for annars svéra reaktioner.

Av de 20 vanligaste aminosyrorna som anvinds for att gora proteiner i natu-
ren #r det bara en handfull som deltar i radikalreaktioner. Tva saidana aminosy-
ror dr tyrosin och tryptofan, vilka dr fokus for denna avhandling. Nér antingen
tyrosin eller tryptofan forlorar en elektron och bildar en laddad radikal kan den
ocksa forlora en proton, vilket resulterar i en neutral (oladdad) radikal. Detta
kallas for en protonkopplad elektrondverforingsreaktion (PCET). PCET kan
fortga via tva olika mekanismer: stegvis och samordnad. I den forsta av dessa
mekanismer 6verfors protonen och elektronen i tva steg efter varandra, me-
dan i den senare mekanismen dverfors protonen och elektronen samtidigt. Den
samordnade mekanismen har fordelen av att den dr mer energieffektiv och tros
dirfor vara den vanligaste i biologiska system. Oavsett PCET-mekanismen kan
protonen och elektronen dverforas till antingen samma plats eller i olika rikt-
ningar till olika platser. I biologiska system Overfors protonen och elektronen
mycket ofta i olika riktningar.

I denna avhandling vill vi forsta vilka olika faktorer som reglerar PCET-
mekanismen for bildning av tyrosinradikaler i ett modellprotein, och vilka fak-
torer som reglerar PCET-mekanismen for tryptofanradikalbildning i en vatten-
16sning. Att forsta vad som reglerar PCET-mekanismen okar var kunskap om
PCET-reaktioner i naturen och hjélper kemister som vill efterlikna de energi-
effektiva biokemiska reaktionerna fran naturen.

Men, eftersom radikaler dr sadana reaktiva arter, &r de till sin natur mycket
kortlivade. Detta gor dem ofta svara att studera. Att studera radikalbildning
och radikalforfall dr ocksa svart pa grund av sidoreaktioner som kan skymma
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de reaktioner man vill studera. Dessutom har proteiner vanligtvis flera tyrosi-
ner och tryptofaner i sig, vilket gor det svart att observera just det tyrosinet
eller tryptofanet som faktiskt bildar en radikal.

For att studera PCET-reaktionerna av tyrosiner och tryptofaner anvinder vi
sa kallade modellsystem. Modellsystem #r utformade for att studera en spe-
cifik del av ett mer komplext system. Till exempel dr modellsystemen som
anvinds i denna avhandling designade for att isolera de radikaler som bildas
fran odnskade bakgrundssignaler. Det finns olika nivaer av komplexitet for
att modellera system som man kan anviinda sig av nir man studerar radikala
aminosyror. I det enklaste systemet som anvinds i denna avhandling tog vi
ut aminosyran frin proteinet och lade den i en vattenlosning. Aven om det-
ta dr ett mycket enkelt modellsystem kan det faktiskt beritta for oss om hur
aminosyror placerade pa proteinytan, dir proteinet &r kommer i kontakt med
sin omgivning, reagerar. Ett mer komplext tillvigagangssitt, som ocksd an-
vinds i denna avhandling, &r att studera aminosyran i ett litet modellprotein.
Vi anvinde ett protein designat av forskare sa att det bara innehaller en radikal
aminosyra, som dr placerad i proteinets inre. Detta modellsystem gjorde det
mojligt for oss att studera radikalbildning inuti ett protein. Med bada syste-
men undersokte vi PCET-mekanismen for radikalbildning, och vilka faktorer
som styrde den, sasom pH och den sa kallade drivkraften.

For att bestimma PCET-mekanismen for radikalbildning studerar vi hastig-
heterna for radikalbildning och radikalsonderfall genom att anvinda en metod
som kallas transient absorption. Med denna metod bestammer vi koncentratio-
ner av radikaler som bildas over tid genom att observera hur mycket ljus de
absorberar. Det vill sdga, vi studerar i huvudsak hur snabbt koncentrationen
av radikaler okar och minskar, i enheter av koncentration av radikaler per se-
kund. Vi kan avgora vilken PCET-mekanism som frimst anvinds genom att
variera pH och reaktionens drivkraft, och anvinda transient absorption for att
observera hur hastigheten for radikalbildning beror pa pH och drivkraften for
elektronoverforing, protondverforing eller bada.

Resultaten som presenteras i denna avhandling har hittills anvénts for att vi-
sa att PCET fran tyrosin med vatten som protonacceptor kan ske via den sam-
ordnade mekanismen. Detta fordjupar var forstaelse av ett av PCET-stegen i
ett enzym, klass 1a ribonukleotidreduktas, som gor byggstenarna i DNA. Den-
na avhandling visar ocksa att tryptofan PCET kan anvdnda den samordnade
mekanismen nir vatten dr den primira protonacceptorn, vilket tidigare har dis-
kuterats i flera studier, men vi anser nu att denna debatt dr avgjord. Dessa
resultat bidrar till var grundliggande forstaelse av tyrosin- och tryptofanradi-
kalbildning i biologiska system.
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Appendix A.
pK, determination and PCET Rate Constants
for o 3Y —E3A

The o3 X family of model proteins are introduced in Chapter 4. a3 Y —E3A
is based on a3, but with position 13 mutated from a glutamic acid (E) to an
alanine (A).

pK, determination

The pK, was determined using equal volume titration. In short, the protein was
dissolved in 20 mM KP; + 20 mM borate (PB) buffer. A portion of the solution
was removed and diluted with low pH PB buffer, while the remaining solution
was equally diluted with high pH PB buffer. Starting from the high pH solution
a UV-vis spectrum was collected, then a small volume was removed and an
equal volume of low pH protein solution was added and UV-vis was again
collected. Following this procedure, UV-vis spectra were collected between
pH 13.1 and 6.3. The absorption at 293 nm was abstracted and corrected for
the baseline shift with pH with the absorption at 340 nm. Finally, the corrected
absorption at 293 nm was plotted as a function of pH and a fit to a single pK,
was added. The results gave pK,11.1 £0.3.

6 8 10 12
pH

Figure A.1. Absyog — Abszgg = AOD, plotted as a function of pH for a3 Y —E3A.
Samples contained 150 uM protein in 20 mM phosphate and 20 mM borate buffer.
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Kinetics for Radical Formation as a Function of
Concentration of Buffer
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Figure A.2. Kinetics of radical formation as a function of buffer concentration for
a3Y —E;3A (blue squares) and a3Y (purple circles) shown with respective standard
deviations. Samples contained 390-860 uM protein, 25-40 uM [Ru(bpy)3]**, and 4
mM [Co(N3]5Cl1]** in various concentration KPi and 40 mM KCl buffer.

Kinetics for radical formation were determined as a function of [KP; |, Fig-
ure A.2, and exhibit no correlation. This was used to show that water or OH~
are the proton acceptors. Using the same reasoning as in the SI of Paper I,
OH™ was excluded as the primary proton acceptor leaving H,O.

Kinetics for Radical Formation as a Function of pH

The kinetics of radical formation was also determined as a function of pH. A
similar pH dependence as for a3Y was observed, Figure A.3. This indicates
that E 3 is not the proton acceptor for a3Y.
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Figure A.3. Kinetics for radical formation shown as a function of pH for a3 Y -E|3A
(blue squares) and a3Y (purple circles) shown with respective standard deviations.
Samples containing 4101400 uM protein, 25-60 uM [Ru(bpy)3]**, and 3—4 mM
[Co(N3]5Cl1]?* in 20-40 mM KPi and 40 mM KCl buffer.
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