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Abbreviations 

CV  cyclic voltammetry 
COM  center of mass 
DPV  differential pulse voltammetry 
E  reduction potential  
E°′  formal reduction potential 
E1/2  voltammetry half-wave potential 
EC   electrode-driven process coupled to homo-

geneous chemical reaction 
Efor, Erev, and Enet  peak potential of the forward, reverse, and 

net currents in SWV 
Epeak   voltammetry peak potential 
ESW  pulse amplitude for SWV 
ET  electron transfer 
GC  glassy carbon 
HSQC  heteronuclear single quantum coherence 
i  electric current 
Ifor, Irev, Inet  forward, reverse and net current in SWV 
ko  standard heterogeneous rate constant 
kfor, krev  heterogeneous rate constant for forward 

and reverse 
ΔV  change in molar volume 
MauG  methylamine utilization protein 
OEC  oxygen evolving complex 
NAD  nicotinamide adenine dinucleotide 
NAYA  N-acetyl-L-tyrosinamide 
NHE normal hydrogen electrode 
NOESY muclear overhauser effect spectroscopy 
pKapp   apparent pKa value 
PCET  proton-coupled electron-transfer 
PFL  pyruvate formate lyase 
PGE  pyrolytic graphite edge 
PQ  plastoquinone 
PSII  photosystem II 



 

QA  plastoquinone A 
QB  plastoquinone B 
RNR  ribonucleotide reductase 
S/N  signal-to-noise ratio 
SWV  square-wave voltammetry 
SW  square-wave 
Y32  tyrosine 32 
α3Y, α3W, α3C de novo protein containing a single buried 

tyrosine, tryptophan or cysteine 
α3X  generic designation for this protein family 
  



 

Abstract 

Redox cofactors and amino-acid free radicals play important roles in 
biology.  Although many of the same cofactors and amino acids that 
form these radicals are found across a broad range of biological sys-
tems, identical cofactors can have different reduction potentials.  The 
local environment plays a role in defining these redox potentials.  An 
understanding of this local-environment effect can shed more light on 
how redox chemistry works in nature.  Our laboratory has developed a 
library of model proteins that are well suited to study amino-acid radi-
cals.  α3X is a de novo designed protein that is composed of 67 resi-
dues.  It forms a three-helix bundle connected by two glycine loops.  
The radical site is located at position 32 on the central α-helix.  The 
α3X protein is designed to be well-folded and thermodynamically sta-
ble across a broad pH range.  Paper I describes the structural and elec-
trochemical characterization of α3Y, a tyrosine variant of α3X.  We 
were able to obtain a unique Faradaic response from Y32 at both low 
and high pH, using differential pulse voltammetry.  In addition, we 
successfully redesigned α3Y by introducing a histidine in close prox-
imity to Y32, creating a tyrosine/histidine pair.  Our goal in creating 
this pair was to study proton-coupled electron transfer (PCET) in a 
well-structured and solvent-sequestered protein environment.  In Pa-
per II we illustrated the redox reversibility of Y32 and produced the 
first ever Pourbaix diagram for a tyrosine radical in a protein.  The 
formal potential of the Y32-O!/Y32-OH redox couple was determined 
to be 918 ± 2 mV vs. the normal hydrogen electrode (NHE) at pH 
8.40.   While at pH 5.52, the formal potential of the Y32-O!/Y32-OH 
redox couple was recorded at 1.07 V.  Papers III and IV utilize α3W to 
study cation-π interactions.  In Paper III, we showed how solvation 
can affect the strength of these interactions by -0.9 kcal/mol.  In Paper 
IV, we were able to monitor the disruption of the cation-π interaction 
with the use of high-pressure fluorescence and were able to calculate 
the interaction energy for a solvent exposed cation-π.  The aim of the 
work described in this thesis was to use model proteins to study tyro-
sine radicals to gain a broader perspective and better understanding of 
the versatility of biological electron transfer and to measure cation-π 
interactions and how they behave in different environments. 



 

 

Figure 1. An example of a α3X protein and the primary sequence of the α3X scaf-
fold.  (Left) A ribbon cartoon of the NMR protein structure of α3W in solution.  A 
tryptophan residue located at position 32 (black) resides on the second alpha helix.  
Helix one (gold), helix two (light blue), helix three (red).  Loop regions are colored 
in gray. (Right) The amino-acid sequence of the α3X scaffold.  Amino-acids in the 
helical sequence contain a heptad repeat pattern, denoted abcdefg.  The a and d 
residues are non-polar; e and g are charged residues; and b, c, f residues are polar. 
The heptad repeat is separated by dots in the sequence. The dedicated redox site X, 
located at position 32 on the second alpha helix is marked in bold (black). Helix one 
(gold), helix two (light blue), helix three (red).  Loop regions are shown in black. 
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Introduction 

 
Redox reactions are common in biology and central in many key pro-
cesses such as cellular respiration and photosynthesis.  Although it is 
well known that amino-acid radicals are involved in a number of bio-
logical redox processes, there is very little information about their 
thermodynamic properties. The main aim of this thesis work was to 
study the electrochemical and thermodynamic characteristics of tyro-
sine free radicals in proteins.  The work described in this thesis is 
based on the α3X family of well-structured, de novo designed proteins.  
The α3X scaffold was designed to be redox inert.  The core of the pro-
tein contains six hydrophobic layers.  α3X has a molecular weight of ~ 
7.4 kDa (Figure 1). 
  Papers I and II describe the spectroscopic, electrochemical, and 
structural characterization of α3Y.  In addition to using α3X proteins 
to study radical chemistry, we also used this model system to study 
cation-π interactions.  This type of non-covalent interaction has been 
found to play important roles in molecular recognition and protein 
structure. The structurally characterized α3W protein contains a 
Trp/Lys cation-π interaction (138, 170).  The main focus of the α3W 
studies described here was to determine how solvation affects the 
strength of a Trp/Lys cation-π interaction (Paper III).  In Paper IV, 
high-pressure fluorescence was used to monitor the disruption of a 
weak cation-π interaction and determine its interaction energy.  Some 
key redox cofactors will be discussed to provide a background into 
Papers I and II.  The basics of de novo design proteins will also be 
discussed, and a brief section regarding cation-π interactions will pro-
vide background into Papers III and IV.  
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Protein redox cofactors 

 
Nature uses a range of metals, organic cofactors and amino-acid radi-
cals in catalytic, and long-range electron transfer (ET) reactions (10, 
11, 187-189).  To ensure that the transfer of electrons occurs in the 
right direction, redox cofactors in an electron transfer chain should 
have progressively higher (i.e. more positive) reduction potentials.  
The high potentials give cofactors a higher affinity for electrons.  The 
reduction potentials of cofactors vary from system to system and are 
influenced by their molecular structure, local environment, and the 
solution pH (12). Reduction potentials of protein redox cofactors can 
vary having large negative or positive values.  Tyrosine free radicals 
can be found in metalloenzymes (13, 14) and participate in the transfer 
of electrons required for enzymatic activity (4, 10, 15, 16, 214).  Un-
derstanding the reduction potentials of various cofactors and amino-
acid radicals can possibly help us determine how long-range and non-
covalent interactions in redox chemistry work (17).  Thus, the key to 
understanding this is first to determine the reduction potential of these 
cofactors.  The following section will briefly describe a few of the 
most common redox cofactors and the reduction potentials associated 
with them.  The purpose of this next section is to convey the concept 
that the reduction potentials of redox cofactors vary greatly depending 
in part on the system in which they are found and to illustrate that ty-
rosine radicals that operate at the oxidizing edge of the biological re-
dox scale have high potentials in relation to some of these cofactors.  
To investigate this, a look into the current literature was performed to 
find the reduction potentials of redox cofactors.  In addition to the 
many cofactors that will be described in ensuing section, Table 1 pro-
vides additional information regarding how the reduction potentials 
were obtained and the important redox couples.  
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 Figure 2.  The reduction potentials of common protein redox cofactors.  The poten-
tials shown here are taken from various systems.  The reduction potentials vary by 
cofactor and local environment.  The reported values represent both single and 
multi-electron redox reactions.  With the exception of the reported quinone val-
ue(*), the pH range for the reported values is 7.1 ± 0.5.  Chlorophylls and metals 
have the highest potentials and have an overlap with the tyrosyl radicals. (The x-
axis values volts vs normal hydrogen electrode (NHE)).  I would like to thank Nata-
line Meinhardt for contribution and hard work on this literature study. 
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Redox cofactors 

Chlorophylls 
 
Chlorophylls are key in the photosynthetic reactions that utilize light 
energy to transfer protons and electrons across membranes generating 
a proton motive force that eventually is used to drive the synthesis of 
ATP.  Photosynthetic reaction centers such as photosystem II and pho-
tosystem I use chlorophylls (18, 19).  Photosystem II (PSII) contains 
many cofactors (10, 128, 129).  The cofactors of interest here are the 
chlorophyll molecules and P680, which is a complex containing sev-
eral coupled chromophores located in the reaction center (20).  The 
role of P680 in PSII is crucial in that it is the primary electron donor 
in the system.  It also has a very high reduction potential, which is 
necessary to drive the oxidation of water into molecular oxygen (21-
23).  The reduction potentials involved in the redox reaction of both 
photosystem II and I are challenging to measure.  Grabolle et al 
(2005) estimated the “operating potential” for the P680+!/P680 redox 
pair to be +1250 mV, this potential is based on experimental ΔG val-
ues, reduction potential differences, and a quinone reduction potential 
for QA/QA

- determined by Kreiger et al. (1995) (24).  Grabolle et al. 
(2005) stated that, "the redox potential at the donor side of PSII cannot 
be directly determined because exposure of the protein to potentials 
around +1V would result in numerous destructive side reactions." 
  In certain bacteria (such as heliobacteria) there are reaction centers 
that are similar to photosystem I.  These reaction centers, called Type 
I, have a primary electron donor involved in a photosynthetic reaction.  
The primary electron donor P798+ is a bacteriochlorophyll dimer 
(Bchl)2 (18, 25). For P798 a lower reduction potential between +225 
and +240 mV was reported (25). It has been proposed that a cysteine 
residue that ligates to P798 is the key to this low reduction potential 
(25). 
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Quinones 
 
Quinones also play a very important role in electron transfer.  Plas-
toquinone in photosystem II and phylloquinone in photosystem I par-
ticipate in the transport of electrons creating a proton gradient that 
directly results in energy conversion (19). They also play a role in 
cellular respiration (26-28).  In photosynthetic bacteria quinones have 
been observed to serve as primary and secondary electron acceptors, 
QA and QB (29-32).  QA is a permanently bound quinone whereas QB 
is a site in photosystem II binding plastoquinone (PQ) (33).  Coen-
zyme Q10 is essential in the electron transfer chain in mitochondria 
(34).  Experimental reduction potential values were found to be -300 
mV (plastoquinone) and 150 mV (ubisemiquinone) in chloroplasts and 
beef heart mitochondria (30, 35).  In addition to these values, calculat-
ed values of -686, 130 and 285 mV have been reported in the literature 
(29, 36, 37). 

Flavins 
 
Flavoproteins have a wide range of functions including photosynthe-
sis, DNA repair, and apoptosis (190).  Flavin adenine dinucleotide 
(FAD) and flavin mononucleotide (FMN) are used in reversible redox 
conversions in biochemical reactions (190).  The redox active compo-
nent is an isoalloxazine ring that can readily accept or donate elec-
trons, thus making it possible that for FAD/FMN to exist in different 
redox states (191).  These states are as follows: the oxidized form of 
FAD; a one electron reduced radical semiquinone state FAD/FAD*-; 
and a hydroquinone FADH2, which is fully reduced.  Flavins can also 
exist in both neutral semiquinone and neutral hydroquinone states 
(190, 192).  Understanding the natural control of flavoprotein mediat-
ed electron transfer has been the focus of numerous studies, and ex-
perimental evidence supports the attribution of this control to the 
thermodynamic driving force of the protein environment (193).  An 
extremely low midpoint potential (-522 mV) was measured for fla-
vodoxin in its semiquinone/hydroquinone state in Azotobacter vine-
landii.  The low potential is attributed to the abundance of negatively 
charged residues in the active site (194-196).  However, a higher mid-
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point potential of 211 mV was found for the oxidized-semiquinone 
couple in the wild type choline oxidase (197).  This elevated potential 
is due to a histidine located in the active site of choline oxidase, which 
contributes to the polarity of the active site upon its protonation (197, 
198). 
 

Heme 
 
Heme proteins have many functions in nature.  Besides the role that 
heme proteins play in transferring oxygen to tissue, they also are in-
volved in electron transfer and numerous other processes of cell respi-
ration (38).  For example, hemes in complex III are necessary in the 
Q-cycle, which results in the reduction of cytochrome c and the 
transport of protons across the membrane (39-41).  Cytochrome c pe-
roxidase is one of the most studied enzymes that utilize heme.  Two 
low potential hemes carry out the catalysis performed by peroxidase 
while the two high potential hemes accept electrons and donate them 
to peroxidase (42).  Reduction potentials of heme have been found to 
have a range spanning from -550 mV to +450 mV (43, 44).  The low 
value was found in a study involving the extracellular heme binding 
protein HasA that is involved in heme iron acquisition.  Izadi et al. 
(1997) mentioned that low reduction potential might be due to the 
heme being exposed to the solvent (43).  The high potential of +450 
mV was observed in the low spin heme of cytochrome c533 peroxidase 
(44).  Ellfork et al. (1983) suggested this high potential is probably 
attributed to a hydrophobic environment (45, 46). 

Manganese 
 
A broad range of enzyme classes have manganese cofactors, including 
hydrolases, oxidoreductases, and reverse transcriptases (47, 48).  Mn 
is very important for the function of PSII and is directly involved in 
the oxidation of water (49).  A tetranuclear Mn cluster (Mn4) can be 
found in the oxygen-evolving complex (OEC) (13, 50).  One of the 
well known Mn-containing proteins is superoxide dismutase (Mn-
SOD) (51).  Mn-SOD in mitochondria serves to protect against oxida-
tive damage (52). [MnIII/MnII]-bacteriochlorophyll a was reported to 
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have a reduction potential of -180 mV (53).  In contrast to the 
[MnIII/MnII]-bacteriochlorophyll a potential, a higher calculated po-
tential of +1020 mV was reported for the S2/S1 oxidation states of the 
Mn cluster in PSII (54).  

Copper 
 
The role of copper in electron transfer proteins is very important. (55).  
For example, the copper centers CuA and CuB in cytochrome c oxidase 
are part of an electron transfer chain in which electrons are delivered 
to a final electron acceptor, molecular oxygen, which is reduced to 
water at the catalytic site (56, 57). The copper ion is also utilized in 
the formation of trihydroxyphenlalanine quinone (TPQ), that is pro-
duced from a tyrosine residue in copper amine oxidase (14).  Another 
example of copper in biological enzymes is multicopper oxidases, 
which can be found in bacteria, fungi, and plants (58).  Copper ions in 
these enzymes aid in the coupling of a four-electron reduction of di-
oxygen to water (58).  Multicopper oxidases contain type-1 (T1) cop-
per centers.  Structurally T1 copper ligand sites have one cysteine and 
two histidine residues that are in a trigonal, planar arrangement (14, 
55).  The highest reduction potential observed was about +1000 mV 
found in a redox-inactive T1 copper site in human ceruloplasmin (58).  
In addition to the high potential found, there is also a much lower re-
duction potential of 60 mV recorded (59).  This lower potential was 
observed in nitrous oxide reductase, which catalyzes the reduction of 
nitrous oxide into dinitrogen at a unique tetranuclear copper site Cuz 
(59). 

Iron-sulfur clusters 
 
Iron-sulfur (Fe-S) cofactors are also involved in aerobic metabolism 
(199).   Metalloproteins containing Fe-S clusters, such as ferredoxins, 
serve as electron carriers in photosynthesis (199-201).  There are sev-
eral types of Fe-S clusters. For example, bacterial ferredoxins are 
commonly divided into classes: 2Fe, 3Fe, 4Fe, 7Fe, and 8Fe.  These 
classes are usually comprised of 2Fe-2S, 3Fe-4S, and 4Fe-4S.  The 
7Fe is one 3Fe-4S plus one 4Fe-4S and the 8Fe is composed of two 
4Fe-4S clusters (202).  The most common iron-sulfur cluster in redox-
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active, cofactor proteins is the 4Fe-4S in a cubane-type structure 
(203).  Macedo et al. (1996) studied a ferredoxin from Pseudomonas 
nautica containing seven iron atoms and observed a reduction poten-
tial of -750 mV (202).  A higher potential was found in a study that 
involved a high-potential, iron-sulfur protein from Acidthiobacillus 
ferrooxidans (204).  It has been suggested that these proteins are in-
volved in an electron transfer chain between cytochrome bc1 and a 
terminal oxidase (204).  Nouailler et al. (2006) observed a reduction 
potential of +510 mV for this protein (204).  The potential of this pro-
tein is attributed to charged residues: the more positive the charge of 
the protein, the higher the redox potential (70). 

 
Cofactor 

System 
(see 

caption) 
Redox couple(s) Technique Em Reference 

Manganese 1 Mn3+/Mn2+ CV, spectroscopically, redox 
mediators -180 53 

 2 Mn (S2/S1) Calculated +1020 54 
Flavin 3 FAD/FADH2 Spectrophotometerically -522 194-196 

 
4 FAD/FAD*- Potentiometric redox titra-

tions +211 197 

Heme 5 Fe3+/Fe2+ CV, SWV -550 43 

 
6 Fe3+/Fe2+ Spectrochemical analysis; 

redox mediator dyes +450 44 

Iron-sulfur 
cluster 

7 [4Fe4S]2+/[4Fe4S]+1 SWV, CV -750 202 

 8 [4Fe4S]2+/[4Fe4S]+1 SWV, CV +510 204 

Chlorophyll 9 P798+/P798, (contains 
Mn) 

Redox titrations and time-
resolved optical spectroscopy +225 25 

 
10 P680+/P680 (contains 

Mn2+) Calculated +1250 24 

Copper 11 Cu2/ Cu Redox titrations +60 59 

 
 

12 
 
Cu2/Cu 

Oxidations by external 
oxidants, EPR +1000 58 

Quinone 13 PQ/PQH2 Redox titrations, -300 30 

 14 UQ*-/UQ Redox titrations, EPR +150 35 

      Quinone 15 A1B/A1B- Calculated -686 29 

 16 Q/QH2 Calculated +130 36 

 17 Q/QH2 Calculated +285 37 

Table 1.   Redox cofactors, their relevant redox couples, and techniques used to 
obtain reduction potentials. MnSOD (1), PSII (OEC) (S2/S1 denotes the oxidation 
states of the Mn cluster) (2), flavodoxin (3), FAD choline oxidase (4), HasA (5), 
cytochrome c peroxidase (6), 7Fe ferredoxin (7), HiPIP (8), bacteriochlorophyll (9), 
chlorophyll (10), human ceruloplasmin (11), nitrous oxide reductase (12), plas-
toquinone (13), ubisemiquinone (14), phylloquinone (15), bc1 complex (R. 
sphaeroides) (16), bc1 complex (yeast) (17).  Cyclic voltammetry (CV), Square-wave 
voltammetry (SWV). 
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Relevance for thesis project 
 
This section describes how the reduction potentials of a cofactor can 
vary based on the system in which it is found.  Although I did not 
mention all of the redox cofactors that exist in biology, there are many 
other cofactors that have varying reduction potentials.  Figure 1 shows 
an overall comparison of the most common protein redox cofactors 
and the ranges of reduction potentials in which they operate.  The 
comparison suggests that the biological redox range is from about − 
0.7 V to + 1.3 V.  Figure 2 also shows a range for tyrosine radicals 
with the lower limit representing aqueous tyrosine at neutral pH (138) 
and the upper limit representing the operating potential of the catalyti-
cally active YZ species in photosystem II (214).  Tyrosine radicals are 
clearly more oxidizing than most redox cofactors. Of the reported re-
duction potentials, copper, manganese, and chlorophyll are the only 
ones with values close to tyrosine-radical potentials.  Tyrosine radicals 
play a role in electron transfer (ET)/proton-coupled electron transfer 
(PCET), and enzyme catalysis (11, 60).  In some cases tyrosines are 
found along an electron transfer chain with some cofactors such as 
copper, manganese, and chlorophyll (10, 11, 61).  Further investiga-
tions of tyrosine radical potentials are required given their importance.  
A major caveat in studying tyrosine in proteins is the high reduction 
potentials, which can cause protein degradation (5).  In Papers I and 
II, we use a de novo designed protein to study tyrosine radicals in a 
well-structured and solvent-sequestered environment.  These proteins 
have been shown to withstand the high potentials needed to study the 
thermodynamic properties of tyrosine. 
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Amino acid radicals 

Specific amino acids, both aromatic and non-aromatic, play a role in 
the electron transfer in proteins.  These amino acids are tyrosine, tryp-
tophan, cysteine, and glycine.  Photosystem II, ribonucleotide reduc-
tase, pyruvate formate lyase, DNA photolyase, cytochrome c peroxi-
dase, and galactose oxidase are all examples of proteins in which ami-
no-acid free radicals are central to biological function (Table 2) (15, 
23, 61-67).  Great interest has been shown in how these amino-acid 
radicals are involved in electron transfer including PCET (11).  The 
local environment plays a major role in the formation of these radi-
cals.  Hydrogen bonding and solvation of these amino-acid residues 
within the active site help to tune the reduction potential as well as to 
control the effectiveness of electron transfer within the protein (68-
70).  The ensuing section will discuss the importance of these amino-
acid radicals in different biological enzymes. 

Enzymes that utilize amino acid radicals 

Ribonucleotide reductase 
 
An enzyme that plays a key role in DNA synthesis is ribonucleotide 
reductase (RNR), which catalyzes the reduction of ribonucleotides to 
deoxyribonucleotides in the cytosol (67, 71).  There are three different 
classes of RNRs that use free radicals to activate the substrate (72).  
The three classes are based on the metallo-cofactor required for the 
radical initiation process.  Class Ia enzymes, which are usually found 
in eukaryotes and some microorganisms, use a di-metal center that is 
located adjacent to a tyrosine (Y122) (Escherichia coli numbering) to 
produce a stable tyrosyl radical (11, 73-75).  This tyrosyl radical is 
essential for catalysis.  The function of the di-metal-tyrosine radical 
cofactor is to initiate nucleotide reduction.  The di-metal cluster in 
class Ia RNR is Fe-Fe (183).  Class Ib contains a Mn-Mn di-metal 
cluster, while class Ic has a Mn-Fe di-metal cluster, which functions 
without a stable free radical (184 -186). 
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  In certain bacteria such as E. coli, eukaryotes, and DNA viruses, 
class Ia, Ib, and Ic enzymes are made up of two types of homodimers, 
R1 and R2.  The R2 subunit contains the di-ferric cluster and the tyro-
syl radical mentioned earlier.  R1 binds the substrate nucleotides 
(NDPs or NTPs) and the allosteric effectors dNTPs and ATP (76).  
The R1 subunit contains five cysteines that are essential for catalysis 
(11, 77).  Three of these cysteines are located within the active site of 
R1.  Cysteine 439 (C439) (Escherichia coli numbering) becomes the 
radical (Cys-439!) while the other two cysteines, C225 and C462, are 
oxidized and associated with the substrate reduction (76).  Numerous 
studies have been done on this enzyme, but an issue that still remains 
unresolved is the mechanism of radical propagation.  More specifical-
ly, how is the stable tyrosyl radical located on the R2 subunit generat-
ing the Cys-439! at the R1 active site located 35 Ǻ away (Figure 3) 
(11, 77, 78)?  Class II RNRs utilize adenosylcobalamin (AdoCbl) in 
the radical generation process to form the cysteine radical.  Class II 
RNRs operate under aerobic and anaerobic conditions.  Class III 
RNRs operate under anaerobic conditions and require the use of an 
activase that contains a 4Fe-4S cluster and an S-adenosylmethionine 
cofactor to generate a stable but oxygen sensitive glycyl radical.  This 
radical formation ultimately causes the formation of a cysteine radical 
(79). Although the three classes of RNRs have significant differences, 
structurally they all share striking similarities.  Most notable is the 
conservation of functional cysteines required for catalysis (66, 79, 80). 

Figure 3. A proposed electron transfer model of E. coli RNR based on in silico 
docking of the separate R1 and R2 subunits crystal structures.  The key amino acids 
needed in the electron transfer are shown along with the distances they travel be-
tween residues.  The unknown distances are due to the unstructured part of R2.  
Figure made from reference (4).  
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  Several studies have been done to investigate the radical migration in 
class I RNR’s.  Unnatural amino acids (fluorotyrosines (FnYs)) have 
been used to gain more insight into the radical propagation event.  The 
studies involved the replacement of residue Y356 (Escherichia coli 
numbering), which is one of the amino acids that is along the radical 
transfer pathway (Figure 3). The authors of these studies wanted to 
gain insight into the factors that control the thermodynamics of PCET 
reactions (206, 207).  They found that the pKa’s as well as the reduc-
tion potentials of the fluorotyosine analogues were different (206). 
They were also able to show that the activity of class I RNR’s is af-
fected by the reduction potential of FnY356 (207). 

Photosystem II 
Tyrosine also has an important role in oxygenic photosynthesis and 
serves as an intermediate in the electron transfer chain from the oxy-
gen-evolving complex to P680 (6, 10, 81-83).  Oxygenic photosynthe-
sis is the process in which light energy is converted into chemical en-
ergy and produces oxygen.  Light is captured by a large antenna sys-

Figure 4. The hydrogen-bonding network from the OEC via Y161 (YZ) to the lu-
menal bulk phase.  Water molecules participating in the hydrogen-bonding network 
are colored in orange.  The green area represents the lumenal bulk surface.  Figure 
taken from reference (6).  
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tem, that contains chlorophylls and carotenoids.  The energy is then 
transferred to the center of a membrane protein complex, better known 
as the “reaction center.”  These membrane complexes are photosystem 
II and I (19).  Within the reaction center of photosystem II lies chloro-
phyll P680, a primary donor of electrons.  As light excitation occurs, 
an electron from P680 is transferred to pheophytin and further on the 
QA and QB quinone electron acceptors.  In order for the next electron 
to be passed to pheophytin, P680+• needs to be reduced. P680+• is a 
very strong oxidant, and its high reduction potential is sufficient to 
oxidize any nearby tyrosine (Yz), which donates its electron to P680+• 
(22, 54).  Tyrosine Yz is located in the D1 subunit of the protein and 
close to the oxygen-evolving complex (OEC), which contains a man-
ganese cluster.  Once Yz

• is formed, a proton is released, and a nearby 
histidine (H190) serves as the primary proton acceptor (16, 84).  The 
manganese cluster, which is in close proximity to the Yz

•, delivers an 
electron to reduce the radical Yz

• (81).  This process is repeated until 
four electrons and four protons are extracted from two molecules of 
water, creating dioxygen (O2) (6).  The proton that is accepted from 
H190 is transferred to the lumenal bulk phase via a number of amino-
acid residues and water molecules.  This pathway is believed to be an 
exit for protons arising from PCET via Yz (6) (Figure 4).  One inter-
esting fact that has been reported is that upon removing H190, photo-
autotrophic growth is inhibited (171).  Learning how the microenvi-
ronment influences the thermodynamic properties of tyrosine is im-
portant in understanding PCET. 

DNA photolyase 
 
In addition to tyrosine, tryptophan has major roles in many enzymes 
that carry out important biological processes, in particular a light driv-
en DNA repair enzyme, DNA photolyase (85-88).  DNA photolyase, 
which contains a flavin adenine dinucleotide (FAD), can bind to UV 
damaged DNA (pyrimidine dimers) and reverse some of the UV in-
duced damage (89).  Without this process, mutations would remain 
that could lead to cell death.  Upon the photooxidation of the flavin 
cofactor, an electron from the surface-exposed residue tryptophan 
W306 (E. coli numbering), 15 Å away, transfers an electron via an 
electron “nanowire” that contains two other tryptophan residues 
(W359 and W382) (90).  The residues W359 and W382, which are 
closer to the flavin, reside in a solvent sequestered environment.  Ex-
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perimental data strongly suggests that the initial excited state of the 
flavin (FADH•*) extracts an electron from the nearby W382 in about 
30 ps and that the oxidation of W306 occurs in less than 10 ns (90).  
During this process, a proton from W306 cation radical is released 
into the solvent. Li et al. (1991) found that replacement of the surface 
exposed tryptophan W306 with a phenylalanine resulted in the en-
zyme becoming inactive (91).  

MauG 
 
Methylamine utilization protein (MauG) is a 42.3 kDa monomer c-
type diheme protein that is involved in the biosythesis of tryptophan 
tryptophylquinone (TTQ), a cofactor that is found in methylamine 
dehydrogenase (1).  These proteins allow organisms such as bacteria 

to utilize primary amines as a sole source of carbon, nitrogen, and 
energy (92).  Most often c-type hemes serve as electron transfer medi-
ators.  Although MauG has a sequence that is similar to other c-type-
heme-containing proteins such as cytochrome c peroxidases (CCPs), it 

Figure 5. A) MauG and pre-MADH complex (MauG (pink), preMADH (blue) α, 
preMADH β)  B) Potential redox cofactors that may play a role in electron 
transfer: Low-spin heme, high-spin heme, tryptophan 93, tryptophan 199 (pur-
ple)( Paracoccus denitrificans numbering).  β tryptophan 108, β tryptophan 57 
(green). This figure is adapted from (1). 
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is different in that it can activate molecular oxygen and form an un-
precedented diheme bis-Fe (IV) intermediate that is catalytically com-
petent (93-95).  Recently a crystal structure of MauG and the pre-
methylamine dehydrogenase complex (preMADH) was solved, and in 
addition to two heme groups, two tryptophan residues at positions 93 
and 199 (Paracoccus denitrificans numbering) were found (Figure 5) 
(95).  It has been suggested that these two tryptophans may play a role 
in electron transfer to the catalytically active MADH where the tryp-
tophan tryptophylquinone is formed (92, 95). 

Pyruvate formate lyase 
 
Another enzyme that utilizes free radicals is pyruvate formate lyase 
(PFL).  PFL is critical to the survival of anaerobes in low oxygen en-
vironments, and is a central metabolic enzyme that catalyzes the con-
version of pyruvate and CoA to acetyl-CoA, the first committed step 
in anaerobic glucose metabolism (63, 96-99).  This enzyme is ex-
pressed under both aerobic and anaerobic conditions, however, ex-
pression increases 12-15 fold under anaerobic conditions; while under 
aerobic conditions, the enzyme is inactive (63, 100).  Structurally, 
PFL has an active site domain that is highly homologous to the active 
site domains in all RNRs, and the radical initiation chemistry used by 
PFL is similar to Class III RNRs (66).  Upon activation via a pyruvate 
formate-lyase activating enzyme (PFL-AE), a relatively stable glycyl 
radical (Gly 734) (Escherichia coli numbering) is generated.  PFL-AE 
belongs to the AdoMet radical or radical SAM superfamily and was 
one of the first of its kind to be discovered.  The enzymes in this fami-
ly are characterized by the presence of a conserved CX3CX2C motif 
that coordinates an important 4Fe-4S cluster (101).  The PFL activase 
containing this essential, iron-sulfur center specifically generates the 
Gly 734 radical using a 5’ adenosyl radical derived from S-adenosyl 
methionine to abstract a Cα hydrogen directly from Gly 734 (63).  In 
order for this to occur, a conformational change must take place that 
would position the Gly 734 in close proximity to the AdoMet bound at 
the active site of PFL-AE (63, 101).  Knappe et al. (102) and Parast et 
al. (103) showed that two cysteine residues, C418 and C419, were also 
essential for catalysis.  However, these two residues were not required 
for generation and stabilization of the glycyl radical (104).  To further 
elaborate on the conformational changes that may occur in the active 
site of PFL-AE, Vey et al. solved the structure of PFL-AE in both 
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substrate-free (AE) and substrate-bound forms (101).  Although they 
were able to provide insight into possible models of interaction, the 
question still remains as to how the necessary conformational changes 
occur. 
 
 

Protein Radical1 Generator2 Em3 
Benzylsuccinate Synthase G FeS/SAM X 
Catalase, Bt Y Heme X 
Cytochrome c oxidase Y-H Heme/Cu X 
Cytochrome P450cam Y Heme X 
Cytochrome c peroxidase W Heme (105, 106) 
Decarboxylase Cd G FeS/SAM X 
Galactose oxidase Y-C Cu (107-110) 
Glyoxal, Sc Y-C Cu (111) 
KatG, Mt W, Y Heme X 
KatG, Sy W, Y Heme X 
Linoleate diol synthase Y Heme X 
Monoamine oxidase A Y FAD X 
Oxidase, Sc Y-C CU X 
Photolyase, An W, Y FAD X 
Photolyase, Ec W chain FAD X 
Photoreceptor, At W, Y FAD X 
Photoreceptor, Rs Y FAD X 
Photosystem II 2 Y Chl (22, 112) 
Prostaglandine H synthase-1 Y Heme X 
Pyruvate format lyase G, C FeS/SAM X 
Ribnucleotide reductase class I Y, W, C 2 Fe (113) 

Ribnucleotide reductase class II C  X 

Ribnucleotide reductase class III G, C FeS/SAM X 
Tau/α-ketoglutarate dioxygenase Y Fe X 
Versatile peroxidase W Heme X 

Table 2.  Proteins that contain amino-acid radicals. 1) redox active residue(s), 2)  
the cofactors involved in the generation of the amino-acid radical, 3) references the 
reported reduction potential of amino-acid radicals (Em values) (x = no available 
data found in the literature). Bos taurus (Bt), Clostridium difficile (Cd), Streptomy-
ces coelicolor (Sc), Mycobacterium tuberculosis (Mt), Synechocystis (Sy), Aspergil-
lus nidulans (An), Escherichia coli (Ec), Arabidopsis thaliana (At), and Rhodobacter 
sphaeroides (Rs). 
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Voltammetry 

In general, voltammetry techniques involve the application of a poten-
tial (E) to an electrode over time, and the current (i) is monitored as a 
function of the potential.  E can change the concentration of the elec-
tro-active species at the working electrode surface by electrochemical-
ly oxidizing or reducing it (3).  There are two-electrode and three-
electrode chemical cell setups; however, here I will only focus on 
three-electrode cells.  A three-electrode cell consists of a working 
electrode, a reference electrode, and a counter electrode (or auxiliary 
electrode).  The working electrode is where the reaction of interest 
takes place.  The most commonly used working electrodes are made 
of inert metals and carbons.  The reference electrode is an electrode 
with a well-known and stable potential and is used to measure the 
working electrode’s potential.  The function of the auxiliary electrode 
is to apply a potential to balance the reaction occurring at the working 
electrode.  These three electrodes are submersed in solution and con-
nected to a potentiostat, which is used to apply and monitor the poten-
tial. The voltammetry measurements described in this thesis were car-
ried out in a Faraday cage to prevent the interference of external elec-
tric fields. 
  The most common general use of voltammetry is to determine redox 
potentials.  It can also be used to determine the number of electrons in 
redox reactions as well as kinetic rates and constants.  I will now 
briefly describe three of the most commonly used voltammetry tech-
niques. 

Cyclic voltammetry 
Cyclic Voltammetry (CV) is a technique that has been used to study 
redox reactions as well as to determine the stability of redox products 
and to understand reaction intermediates (3).  CV uses a method called 
a sweeping scan rate in which a potential is applied in the forward and 
reverse directions at the working electrode.  The applied potential is 
increased linearly over time.  The applied linear potential can be either 
oxidizing or reducing.  In the case of a reversible reaction, once the 
applied potential has reached a point in which the redox reaction has 
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been fully oxidized or reduced, the potential is then switched in the 
reverse direction (Figure 6A).  Cyclic voltammograms display anodic 
and cathodic current as a function of the linearly applied potential 
(Figure 6B).  The diagnostic power of CV is very useful; however, it 
is an insensitive technique. In the next paragraph I will describe tech-
nique that has higher sensitivity, differential pulse voltammetry.   

Differential pulse voltammetry 
Unlike CV, differential pulse voltammetry (DPV) uses a series of ap-
plied potential pulses.  The potential pulses are fixed and have small 
amplitudes of 10-100 mV (3).  Each pulse is superimposed on a step-
wise changing base potential.  Measurements are taken just before the 
application of the pulse and at the end of each pulse.  The difference 
between the two measurements is plotted as a function of the base 
potential.  Samples are taken at these two different points to allow for 
the decay of the non-Faradiac current or charging current (Figure 7).  
Reducing the effect of the charging current allows for greater sensitiv-
ity.  Compared to CV, which has an analyte detection limit of 10-5 M, 
DPV has a detection limit of 10-8 M.  DPV can be used to study the 
redox properties of a reaction. The reversibility of a reaction can be 
determined by the kind of peak shape.  Symmetric peaks are charac-
teristic of reversible reactions, and asymmetric peaks are typical of 

Figure 6. Cyclic voltammetry (3).  A) This technique uses an applied potential at 
the working electrode that is ramped linearly.  The potential is applied in both the 
forward (E1) and the reverse (E2) direction at some scan rate over time (t).  The 
switching time is chosen ideally so that all redox-active analyte is oxidized or re-
duced.  One cycle occurs from t0 to t1 and can be repeated several times.  B) A 
example of a voltammogram trace using CV (8)  
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irreversible reactions.  Although DPV has a higher sensitivity than 
CV, it is limited in its diagnostic capabilities. 

Square-wave voltammetry 
Like DPV, square-wave voltammetry (SWV) also has a very low de-
tection limit (10-8 M) (3).  SWV is both a sensitive technique and pro-
vides great diagnostic capabilities.  SWV uses an applied potential 
that is increased linearly in small, fixed increments (ΔEs) over time (t).  
A symmetrical, square-wave pulse of amplitude (Esw) is superimposed 
on a staircase base potential (115, 116).  At every increment a forward 
pulse with an amplitude (ΔEsw) is applied followed by reverse pulse 
with the same amplitude.  The pulse train can be conducted in the oxi-
dative or reductive direction.  The duration of oxidative or reduced 
pulse is set by the square-wave frequency.  The instrumental frequen-
cy range is 8-2000 Hz.   The induced current is measured at the end of 
each forward (ifor) and reverse pulse (irev).  The difference in current or 
net current (inet) is calculated by subtracting irev from ifor.  inet can be 
then plotted as a function of current vs. potential (Figure 8). A net 
peak potential (Enet) can be determined by subtracting the potential of 
the absolute maximum current from the forward (Efor) minus the re-
verse (Erev) voltammograms (see Paper II Figure 1A). 

Figure 7. The DPV method. A) DPV technique uses a fixed potential pulse (Ep) that 
has a small magnitude between 10-100 mV.  Each pulse is superimposed on a slow-
ly changing baseline. The potential step (Estep) is the potential of the potential stair-
case.  The fixed potential pulses are applied as a function of time (tp). Measure-
ments of current are taken before the initial pulse (iip) (blue) and at the end of the 
pulse (ifp) (green) and are monitored as a function of potential.  B) An example of a 
voltammogram produced by DPV. 
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Reversibility and electrochemical mechanism  

Reversibility 
In this next section we will discuss reversibility and how it pertains to 
electrochemistry.  Electrochemical reversibility is observed when a 
fast reaction occurs at the electrode surface caused by an applied po-
tential (3).  The application of this potential E forces the concentration 
of the oxidized (C0

O) and the reduced (C0
R) species at the surface of 

the electrode to a ratio that is in agreement with the Nernst equation 
(Figure 9).  The electron transfer to the species in solution at the elec-
trode surface is heterogeneous.  If the potential applied to the elec-
trode is changed, the ratio (C0

O
o)/(C0

R) will also change.  Electro-
chemical reversibility is defined by the standard rate constant (ko).  
The rate constant is dependent upon the mass transfer, electron trans-
fer at the electrode surface, chemical reactions preceding or ensuring 
the electron transfer, and other surface reactions (absorption, desorp-
tion) at the electrode (3).   

Figure 8. The SWV technique.  A) SWV uses an applied potential (ESW) that is 
stepped progressively in fixed increments (Estep), and at each increment a forward 
pulse is applied followed by a reductive pulse.  The pulse time (tp) for the forward 
and reverse equals 1/SW frequency. The current is sampled at the end of each for-
ward (ifor)(green) and reverse (irev)(blue) pulse. Taking the difference of these two 
currents greatly reduces background currents, making it a very sensitive technique. 
B) An example of voltammograms produced by SWV.  Forward current (ifor)(green), 
reverse current (irev)(blue), net current (inet)(orange).  

  



 28 

Thus, if very fast electrode kinetics occur so that equilibrium is always 
reestablished, the reaction is considered electrochemically reversible.  
The ko values associated with electrochemically reversible reactions 
are large.  If the electrode kinetics are very sluggish, with ko being 
very small, the reaction is considered irreversible.  The small ko values 
indicate that a longer time is required to reach equilibrium.  When the 
electrode kinetics are neither facile nor sluggish, the reactions are 
called “quasi-reversible.”  The ko value for quasi-reversible reactions 
is between those of reversible and irreversible reactions (Figure 10). 

EC mechanism 
Redox reactions are important in a number of biological systems in 
which electron transport chains are involved in catalysis (83).  Elec-
trochemical methods like the ones described above can be used to un-
derstand these electrochemical reactions and can also be used to ob-
tain thermodynamic and kinetic information on redox reactions occur-
ring in solution and inside proteins.  When describing electrochemical 
reactions it is convenient to classify them by using letters to represent 
the nature of their reaction.  A process in which an electrode driven 

Figure 9. Nernst equation (3).  The Nernst equation is used to characterize redox 
systems that are reversible. E is the applied potential; C0

O (oxidized) and C0
R (re-

duced) are the concentrations of the species at the electrode surface.  R is the molar 
gas constant, (8.3144 J mol-1 K-1), n is the number of electrons transferred, T is the 
absolute temperature (K), and F is Faraday constant (96,485 C/equivalent).  E0 is 
the thermodynamic potential for the redox couple. 

Figure 10. Typical standard rate constants for the three different regimes (215). 
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reaction is followed by a chemical reaction is said to be an “EC reac-
tion” or to follow an “EC mechanism.”  The “E” represents an elec-
tron transfer at the electrode surface.  This reaction can be either oxi-
dizing or reducing and can be accompanied by a proton transfer (PT).  
The “E” reactions are characterized by the forward (kfor) and reverse 
(krev) heterogeneous rate constants.  The “C” represents coupled chem-
ical reactions.  These chemical reactions can occur due to the genera-
tion of highly reactive radical species in the “E” step.  This highly 
reactive radical species can react with the solvent, as well as with it-
self to produce irreversible products such as dimers.  These newly 
formed species are not electroactive at potentials where the reduction 
of the oxidized species occurs (3).  The “C” reaction is characterized 
by the chemical rate constant (kc) (Figure 11).  Electrochemistry on 

radicals can be quite challenging due to the irreversibility of these 
systems.  The freely solvated oxidized species of tyrosine are unstable 
and can react with fully reduced tyrosine and other oxidized tyrosine 
molecules forming radical-substrate dimers and radical-radical dimers.  
Intermolecular recombination rates for tyrosine radicals are between 
4-8 x 108 M-1s-1 (208-210).  Once these coupled chemical reactions 
take place, the system is electrochemically irreversible and compro-
mises the results obtained from electrochemical methods (211).  
  Voltammetry on phenols are expected to follow an EC mechanism 
(3). SWV simulations predict that for an EC mechanism with a long-
lived radical on the 10 s of millisecond timescale, the SW frequency 
can be set to outcompete the “C” reactions (116, 117).  At those 

Figure 11.  An EC mechanism reaction. Ox (oxidized), and Red (reduced) are the 
states of the species at the electrode surface.  krev and kfor represent the reverse and 
forward rate constants for an electrode-driven reactions, respectively.  kc is the 
chemical rate constant for the chemical reactions.  The products are the irreversible 
products formed by the coupled chemical reactions. 
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frequencies the resulting voltammograms reflect only the “E” process.  
This will be discussed in more detail in a later section.   
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Using models to study radicals 

The use of models has become increasingly more popular in address-
ing questions regarding radical formation, reduction potentials, and 
electron transfer (5, 118).  We have seen how important amino-acid 
radicals are in proteins, but how are models used in studying radicals 
and redox cofactors?  Many amino acids have been known to partici-
pate in high-potential, redox catalysis.  However, in this next section 
the primary focus will be on tyrosine and how models are used to 
study its redox properties. 

Small molecule models 
 
Many groups have used small molecule models to study the redox 
properties of tyrosine.  In particular, these small molecule models 
have been used to address questions about PCET and tyrosine redox 
reversibility, and also to serve as mimics of biological systems that 
utilize tyrosine in their chemistry (2, 60, 114, 119-123, 212, 213).  For 
example, Hammarstrom and coworkers covalently linked a tyrosine to 
a photosensitizer (Ru II-tris(diimine)) to study PCET and found that 

Figure 12. Covalently linked tyrosine to a photosensitizer (Ru II-tris(diimine) that 
was used as a small molecule model.  It was designed to serve as a biomimetic 
model to P680 and YZ in photosystem II (2). Figure taken from (5). 
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an intramolecular electron transfer occurred in which tyrosine donated 
its electron to the photosensitizer.  Also, an intermolecular proton 
transfer occurred in which a proton from tyrosine was transferred to 
the water/buffer (2, 124) (Figure 12). 
  Mayer and coworkers have used hydrogen bonded phenol systems to 
study PCET and have found the proton transfer to be intramolecular 
and the electron transfer to be intermolecular (125, 126).  In addition 
to studying PCET, they also observed that one of their small models 
was reversible (125).  These small molecule models are useful; how-
ever, they are not good mimics of real biological systems. 
     
 

Model proteins  
 
There are a great number of enzymes that utilize tyrosine redox chem-
istry.  However, very little is known about the reduction potentials in 
these enzymes.  The thermodynamic properties of tyrosine in aqueous 
solution are dependent on the pH.  In solution three different redox 
couples can exist: the cation (oxidized) (Y-OH!+/Y-OH), a neutral pair 
(Y-O!/Y-OH), and the tyrosinate (reduced) (Y-O!/Y-O−).  Studies 
have shown that the pK-values for the oxidized tyrosine (pKoY) and 
the reduced (pKrY) are -2 and 10 respectively in aqueous solution 
(Figure 13) (182).  When pH is below the pKoY and above the pKrY, 
change in redox state does not result in proton uptake or release.  
Therefore, the reduction potentials of the pKoY and pKrY are not af-
fected by pH.  The neutral pair therefore is dominant in the region 
between the pKoY and pKrY, and its potential is dependent on pH.  In 
this region tyrosine oxidation/reduction is a 1e-/1H+ event, and the 
potential follows the Nernst equation decreasing by 59 mv per pH unit 
at 25°C.  This process is better known as “PCET” (127).  
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  The main problem in studying the chemistry of tyrosine redox cofac-
tors is that their reduction potentials are generally very high.  When 
measuring high potentials (i.e. close to or greater than 1 V), the oxida-
tion of the bulk water, other cofactors and chromophores, and the pro-
tein matrix itself can interfere with the measurements (70).  For exam-
ple, in photosystem II tyrosine YD and YZ potentials were estimated to 
be 0.83 V (YD) (214) and 1.13 to 1.22 V (YZ) (128, 129, 216).  These 
potentials were derived using equilibrium constants between many 
redox cofactors in the photosystem II electron transfer chain and also 
by setting the calculated ΔEm to -0.13 V measured for QA/QA

-.  How-
ever, the estimated values for YD and YZ are not clearly defined be-
cause the equilibrium constants for QA/QA

- were collected from differ-
ent studies. 
  The microenvironment greatly influences the properties of tyrosine 
redox chemistry (68, 130-133).  The use of de novo proteins can be a 
valuable tool in gaining insight into amino-acid free radicals, in par-
ticular for tyrosine.  De novo proteins have long been in use and have 
served as robust models in investigating protein design and folding 
(134-137).  In 1999 protein models α3Y and α3W were designed to 
help shed light upon how side-chain radicals are controlled, generated, 
and directed toward catalysis (Figure 14) (138).  α3Y and α3W se-

Figure 13. The reduction potential of tyrosine vs. pH.  The redox couple of tyrosine 
at the pKoY (Y-OH!+/Y-OH), and pKrY (Y-O!/Y-O−). Below the pKoY and above the 
pKrY  the redox couples are pH independent, and therefore the reduction potentials 
in these regions are not affected.  The neutral pair (Y-O!/Y-OH) exists between the 
pKoY and the pKrY and is pH dependent.  The neutral pair is the dominant pair in 
this region. 
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quences are based on the heptad repeat design of coiled coils (139-
144). 
  The α3W and α3Y proteins were developed to fit four basic criteria:  

1. They should contain a buried amino acid at the 32 position for 
which redox chemistry can be investigated.   

2. They should be redox inert and contain a side-chain cofactor 
buried within the core of the protein shielded from the bulk so-
lution. 

3. They should have a low extinction coefficient in the region in 
which the amino-acid cofactor absorbs.   

4. They should have structural properties of a natural protein, in 
other words the ability to form well defined secondary and ter-
tiary structures in solution (138). 

 
The design of α3W and α3Y was specifically made to study the 

properties of amino-acid cofactors by electrochemistry at high poten-
tials and across a broad pH range.  Furthermore, the protein scaffold 
of α3W and α3Y contains no residues that are expected to have a re-
duction potential in the biologically relevant range (< ~1.3 V accord-
ing to Fig.2).  Recently, our laboratory has published the first voltam-
mogram of a tyrosine radical in a protein (Paper I).  More importantly, 
using square-wave voltammetry, we were able to produce reversible 
voltammograms of the tyrosine radical located in the core of the mod-
el protein α3Y (Paper II).   
 
 
 
 
 

Figure 14. Examples of de novo design proteins made to study radicals. α3W (left), 
α3Y (middle), α3C (bottom right). 

 



 35 

Cation-π interactions 

As mentioned in the previous section, protein models can be valuable 
tools in addressing questions about how the environment can affect 
electron tunneling as well as the reduction potential of a cofactor.  
These models can also serve as tools in understanding non-covalent 
interactions that also may be affected by the local environment.  The 
non-covalent interactions I will discuss here are cation-π interactions.  
  There are several interactions that contribute to protein stability and 
folding.  Salt bridges, hydrogen bonding, and hydrophobic interac-
tions are the main interactions that are important in driving the estab-
lishment of the final structure of a protein.  Another type of non-
covalent bond interaction that has been the focus of many recent stud-
ies is the cation-π interaction (Table 3).  Cation-π interactions have 
also been found in protein-ligand interactions, as well as in ion chan-
nels (Table 3) (145).  Drug-receptor interactions in a number of sys-
tems have been found to depend on cation-π interactions (148).  Cati-
on-π interactions are non-covalent molecular interactions that involve 
the π-system of an aromatic ring and a cation (147, 149-151).  In pro-
teins these aromatic rings are the side chains of phenylalanine, trypto-
phan, and tyrosine.  Residues that can form cationic states are lysine, 
arginine, and histidine.  The simplest example of a cation-π interaction 
that can occur in nature is between a benzene ring and an ion such as 
sodium (145).  In α-helices participating side chains must have a i, i+4 
spacing, in an N to C terminus orientation (152).  The distance of the 
cation from the π-system is also important.  For the cation-π interac-
tion involving benzene and a sodium ion, the minimal distance must 
be at least 2.4 Å in order for an interaction to occur (145); while in an 
aromatic to basic residue cation-π interaction, the maximal distance is 
about 6 Å. (150).  Several studies have shown that cation-π interac-
tions are insensitive to salt (7, 153-155).  Mecozzi et al. used ab initio 
calculations to determine the electrostatic potential surfaces for 17 
aromatic structures (9).  The calculations illustrated that of the 17 
structures; tryptophan had the largest and most negative surface area 
making it the best-suited aromatic for a cation-π interaction (Figure 
15). 
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As mentioned above, the cationic residues lysine, arginine, and histi-
dine can all participate in cation-π interactions.  It was reported in 
1999 that over 70% of all arginines were near aromatic ring side 
chains and were more favored to be involved in a cation-π interaction 
than the other basic residues (150).  Gallivan et al. also mentioned that 
the side chain of arginine is larger than that of lysine and less water-
solvated, therefore, benefiting more from van der Waals interactions 
with the aromatic ring (150).  Furthermore, arginine is able to adopt a 
parallel conformation (figure 16), which is preferred in protein struc-
tures (156, 157).  However, the authors did state that lysine is more 
likely to have a stronger interaction with the aromatic ring than argi-
nine due to the likelihood of its ε-carbon being 2.4 times closer to the 
ring than the nitrogen on the arginine side chain (150).  It has been 
established that cation-π interactions are found frequently in nature, 
but the question remains as to how much they contribute to protein 
stability. 

Figure 15. An illustration of the binding energies of each aromatic ring that can 
participate in a basic cation-π interaction.  The rings are shown in order of 
binding energy strength with the tryptophan residue being the strongest and 
having the largest electronegative surface area.  Tyrosine and phenylalanine 
are weaker and have smaller electrostatic surface areas.  Although both tyrosine 
and phenylalanine surface areas look similar, tyrosine can hydrogen bond to 
another residue or ligand, thus increasing the electrostatic surface area.  An 
example of this is shown here by the asterisk: A calculated electrostatic poten-
tial surface of a phenol-formamide complex using ab initio calculation. Ele-
ments of this figure are taken from (9). 
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Cation-π studies 
 
 
Gallivan et al. defined the strength of cation-π interactions involving 
arginine and lysine via ab initio calculations (150).  The authors found 
that the average strength of cation-π interactions involving arginine 
and lysine were -2.9 ± 1.5 kcal/mol and -3.3 ± 1.5 kcal/mol respec-
tively.  They went on to mention that 12 of the strongest interactions 
involved lysine.  In addition to ab initio calculations, experimental 
work has also been done to determine the interaction energy of cation-
π interactions.  With the use of model peptides, the strength of cation-
π interactions was reported to be from about -0.4 kcal/mol to -1 
kcal/mol (152, 154, 155, 158, 159).  In these studies, the aromatic and 
basic residues involved in cation-π interactions were on monomeric α-
helical peptides located at the surface making them highly solvent-
exposed.  In addition to α-helical peptides, beta-hairpin peptides have 
also been used as models to study cation-π interactions (146).   
  In naturally occurring proteins aromatic residues, such as tryptophan, 
tend to be more buried and have less solvent exposure, but basic side 
chains such as lysine are often more solvent-exposed. 
 
 
 
 
 
 

Figure 16. An illustration of two of the most common cation-π interactions 
found in nature: tryptophan/lysine (left), and tryptophan/arginine (center and 
right).  Arginine favors a parallel geometry in aqueous solutions while the T-
shaped geometry is found in gas phase.  Although 70% of all arginines are 
found near aromatics and are the most likely to form a cation-π interaction, 
lysine is most likely to form a stronger interaction. 
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Protein Aromatic 
residue(s) 

Cation Experimental 
method 

Ref 

Ion Channels     
M2 Protein  Trp41 His37 Raman Spectra (160) 
Voltage gated Na+ Phe1710 Cation moieties on anesthetic 

drugs 
Mutagenesis (161) 

Enzymes 
 

    

α-Subunit of Transducin Phe350 Lys 341: upon binding to 
activated activated rhodopsin 

NOE experiments and 
modelling 

(162) 

Trimethylamine dehydro-
genase 

Tyr60, 
Trp264, 
Trp355 

Trimethylammonium Crystallography and 
Mutagenesis 

(163) 

Transporter, recognition  
and receptors 

    

H+-peptide transporter Tyr56, Tyr64 His57 Mutagenesis (164) 

Neuropeptide Y1 receptor Phe286 in 
the GPCR 

Arg in neuropeptide Mutagenesis (145) 

Table 3.  Proteins that contain or are suggested to contain cation-π interactions. 

High-pressure fluorescence spectroscopy  
 
The use of high-pressure fluorescence spectroscopy has been useful in 
studying the stability of proteins.  Robinson et al. stated, "An ad-
vantage of using hydrostatic pressure is that the chemical composition 
of solvents is not perturbed, (as with chaotropic agents such as guani-
dine or urea) or the internal energy of proteins (as with temperature)" 
(167).  It is well known that non-covalent interactions are important in 
stabilizing proteins.  It has been shown that high-pressure spectrosco-
py can be used to measure the strength of ionic interactions (165-168).  
There has been a debate as to whether cation-π interactions are solely 
electrostatic or purely hydrophobic in nature or both (155, 169).  If 
cation-π interactions have an electrostatic component then it should be 
possible to use high-pressure fluorescence spectroscopy to study them. 
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Results & discussion 

Electrochemical and structural properties of a protein 
system designed to generate tyrosine Pourbaix diagrams 
(Paper I) 
 
 
In this paper, our main objective was to structurally and electrochemi-
cally characterize our model protein α3Y with the intention of studying 
reduction potentials of protein tyrosine radicals as a function of pH 
(Pourbaix diagram).  Our second aim was to design and create a histi-
dine/tyrosine interaction.  The purpose of this was to study the effect 
histidine has on the reduction potential of a tyrosine radical.   
  α3Y has been well characterized and exhibits characteristics of those 
of a naturally occurring protein (138, 170).  As stated above, one of 
our future objectives is to obtain the reduction potential of tyrosine 
over a given pH range.  In order to obtain Pourbaix diagrams, it is 
important that the measured tyrosine radical potential within the pro-
tein is not influenced by global changes occurring at the protein scaf-
fold, but rather that they are primarily influenced by the local envi-
ronment at the site of the radical.  In order to study this, we first need-
ed to determine if Y32 was redox active.  To answer this question, we 
used cyclic voltammetry (CV).  While we were able to obtain a Fara-
daic response from the control in this experiment, N-acetyl-L-
tyrosinamide (NAYA), we were less successful in doing so for α3Y 
even after increasing the protein concentration, changing buffer condi-
tions, and altering acquisition settings.  The result suggested that CV, 
which has a detection limit of 10-3 to 10-5 M, is not sensitive enough 
for our purposes; therefore, we used a more sensitive technique, dif-
ferential pulse voltammetry (DPV) (3).  DPV has a detection limit of 
10-8 M.  All of the DPV experiments were carried out using a glassy 
carbon electrode (GC).  When measured in both acidic (pH 5.6) and 
alkaline (pH 8.3) conditions, we were able to show reproducible volt-
ammetric data from the tyrosine within our model protein (see Figure 
1, Paper I).  All voltammograms were obtained in replicates, and the 
results were reproduced in independent measurements.  To be sure 
that the signal observed was unique to Y32, α3C, which is an Y32C 
variant of α3Y, was also measured.  These experiments revealed that 
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no Faradaic current could be produced from the tyrosine-less protein, 
and it also proved that our protein scaffold is indeed redox inert (138).  
By comparing the two voltammograms we were able to show with 
confidence that our signal is unique to Y32, which is located in the 
core of our model protein.  This result is particularly important be-
cause it marks the first time that a redox active tyrosine could be ob-
served in a structured protein environment using voltammetry.  It is 
also particularly valuable because pH based studies are crucial to 
characterizing proton-coupled, electron-transfer (PCET) reactions in 
protein.  This topic will be discussed in more depth in the following 
sections. 
  Histidine interactions with tyrosines such as those found in photosys-
tem II, Yz and YD, greatly influence the tyrosine oxidation/reduction 
rates and radical yields (6, 133, 171).  One of our future objectives is 
to study how the local environment affects the electrochemistry of 
tyrosine radicals.  We also wanted to obtain Pourbaix diagrams and 
observe how the reduction potential of tyrosine is affected over a giv-
en pH range in the presence of histidine.  Our goal was to re-engineer 
the design of α3Y by introducing a histidine residue in close proximity 
to the phenolic ring of Y32.  The construction of the tyrosine/histidine 
interaction in α3Y involved the design of eight, single-site 
Y32/histidine variants.  The models were designed based on the NMR 
structure of α3W (170).  Potential histidine sites were selected based 
on residues that were within 5 Å of the phenolic oxygen.  We per-
formed this analysis by inspecting each possible Y32 rotamer.  Site-
directed mutagenesis was used to construct the tyrosine/histidine 
pairs: α3Y-V9H, α3Y-L12H, α3Y-E13H, α3Y-K29H, α3Y-E33H, 
α3Y-K36H, α3Y-L58H and α3Y-I62H.  The eight proteins were rigor-
ously characterized to determine the stability and local environment of 
the Y32/histidine interaction.  Using circular dichroism (CD), fluores-
cence, and NMR spectroscopy, we determined that α3Y-K29H and 
α3Y-K36H were acceptable candidates for our future studies.  In the 
pH range of 5.1-9.1, CD revealed that the two variants α3Y-K29H and 
α3Y-K36H were 66% and 64% helical respectively.  Comparing these 
results to α3Y, the new variants were only about 5-10% less helical. 
To confirm that our histidine variants were in close proximity to Y32, 
we analyzed the proteins using absorption and fluorescence spectros-
copy.  Studies have shown that the optical properties of phenols are 
sensitive to the dielectric and hydrogen bonding properties of solvat-
ing molecules (172-174).  When first comparing α3Y with NAYA in 
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solution, the absorption spectra revealed that α3Y (λmax 277.8 nm) was 
red-shifted with respect to NAYA (λmax 275.3 nm).  This result further 
proved that the tyrosine was located in the core of α3Y and was indeed 
shielded from the bulk solvent (138, 170). When comparing α3Y with 
the histidine variants, the absorption spectra revealed only minor 
changes in the microenvironment (see Figure S3, Paper I).  However, 
when comparing the fluorescence spectra, we observed much more 
distinguishing results.  α3Y-K29H and α3Y-K36H excitation and/or 
emission spectra were significantly shifted relative to α3Y suggesting 
that histidine was in close proximity to Y32. 
  To detect potential changes in aggregation state and/or tertiary struc-
ture of our histidine variants, we performed 2D NMR experiments at 
pH 5.5, 7.0, and 8.5.  The experiments were also performed at two 
different temperatures, 25 and 35 °C.  The 15N-HSQC spectra of α3Y-
K29H and α3Y-K36H revealed that there were no significant changes 
in spectral line widths or chemical shift dispersion as a function of pH 
or temperature in the measured range.  This means that both proteins 
were well-structured and monomeric across a pH range of 5.5-8.5. 
  Based on previous work we knew that Y32 is firmly buried within 
the core of α3Y and is surrounded by hydrophobic residues (138, 170).  
However, we did not know if the same was true for Y32 in the α3Y-
K29H and α3Y-K36H proteins.  To confirm that Y32 was buried with-
in the core of our proteins, we performed a 2D 1H-1H-NOESY.  
Measurements were taken at 25°C at both acidic (pH 5.6) and basic 
(α3Y-K29H at pH 8.5, α3Y-K36H at pH 8.4) conditions.  The results 
showed that in both of our variant proteins the tyrosine aromatic ring 
was near aliphatic protons, which firmly supports that Y32 is buried 
within the core of our model proteins α3Y-K29H, and α3Y-K36H (see 
Figure 6, Paper I). 
  In short, we were able to successfully obtain a unique Faradaic re-
sponse from Y32 at both low and high pH using DPV.  This result was 
of great importance and moved us closer to producing a Pourbaix dia-
gram from a tyrosine radical in a model protein. 
  Furthermore, we have constructed new α3Y variants with histidine 
introduced at various positions, and it will be equally interesting to see 
how the reduction potential of Y32 in α3Y-K29H and α3Y-K36H is 
affected by the close proximity of a histidine.  In the near future we 
hope to obtain the NMR structure of our two Y32/histidine variants.  
This information would help to provide the approximate orientation of 
the two aromatic residues and to determine if there is a hydrogen bond 
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formed between the two residues.  These findings will help us to fur-
ther characterize tyrosine redox chemistry in a protein environment. 

Reversible voltammograms and Pourbaix diagram for a 
protein tyrosine radical (Paper II) 
 
In Paper I, we were able to demonstrate that our model protein α3Y 
was stable over a given pH range and that we were able to obtain Far-
adaic response from Y32.  In this study we wanted to further explore 
the electrochemical properties of α3Y and show the first ever-
reversible voltammogram and Pourbaix diagram for a protein tyrosine 
radical.   
  Cyclic voltammetry is a popular technique used in electrochemistry 
and can be used as a very powerful diagnostic tool.  However, as men-
tioned in Paper I, we were unable to use this technique due to the lack 
of sensitivity.  Square-wave voltammetry (SWV), which is a much 
more sensitive technique, was used instead to demonstrate that the 
redox chemistry of the Y32 radical is reversible. It is predicted that 
tyrosine follows an EC mechanism or EC reaction (see page 24) (3, 
117).  The “E” represents the reactions occurring at the electrode sur-
face (i.e., tyrosine being oxidized or reduced), and the “C” represents 
coupled chemical reactions in solution (i.e., tyrosine radical producing 
a product from a side reaction). The practical SW frequency range is 
8-2000 Hz, which is equivalent to 62.5 ms to 250 µs.  So, for an EC 
system with a long-lived radical, it is possible to outcompete the for-
mation of side reactions.  Thus, the voltammograms produced would 
only reflect the “E” process, which is a diffusion-controlled, reversible 
process.  Using a range of 30 Hz (16.7 ms) to 960 Hz (521 µs) and 
under alkaline pH conditions (8.4), we were able to produce high 
quality voltammograms. (Error analyses presented in the SI section in 
Paper I include both replicates and independent measurements.)  In 
addition, all SWV experiments were taken using a pyrolytic graphite 
edge-working electrode (PGE).  The results showed that the PGE pro-
duced a better signal-to-noise ratio (S/N) than the GC working elec-
trode, which was absolutely essential for the SWV studies and a major 
advance (Paper II).  When observing the peak potential as a function 
of SW frequency, we discovered a remarkable result.  In a fully re-
versible electrode process, the net peak potential (Enet) as well as the 
peak potentials of the forward (Efor), and reverse (Erev) currents be-
come independent of the SW frequency (115, 116).  We were able to 
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observe this independence in α3Y at 750 Hz.  We were consequently 
able to determine the formal potential (E0’) of the Y32-O!/Y32-OH 
redox couple to be 918 ± 2 mV at pH 8.40.  In addition to this we were 
also able to determine the lifetime of the radical to be ≥ 30 millisec-
onds.  The long lifetime of this phenol based radical shows that the 
well-structured protein environment can stabilize the Y32-O! (81, 175, 
176).  If this were not the case, formation of side-chain reactions (in-
termolecular radical, radical-protein reactions, or intra-molecular radi-
cal-protein) would occur and would greatly influence our observed 
voltammogram producing an irreversible result. 
  When collecting the data at low pH (5.5), we saw a slightly different 
picture compared to data obtained at pH 8.4. When measuring at low 
pH, the Faradaic current decreases.  This decrease in Faradaic current 
is attributed to the chemical reaction rate at the electrode (3).  The 
reaction rate is proportional to the Faradaic current.  We believe that at 
pH 5.5 the reaction rate is slowed. Secondly, as the pH is lowered, the 
Y32 potential increases above +1 V vs. NHE.  As a result, background 
currents from the electrode and aqueous solution (oxidation of water) 
introduce more noise thus greatly affecting the signal-to-noise ratio.  
Therefore, we were only able to collect high-quality voltammograms 
between 190 Hz and 540 Hz.  We observed similar characteristics 
regarding the overall frequency dependence when comparing the data 
obtained at pH 8.4.  From this we concluded that Y32 is at the upper 
edge of the quasi-reversible regime (115).  It was also determined that 
the E0’ of the Y32-O!/Y32-OH redox couple at pH 5.52 is 1070 ± 1 
mV vs. NHE. 
  A Pourbaix diagram of α3Y was successfully produced by studying 
the relationship of the half-wave potential (E½) as a function of pH 
using DPV.  The potentials showed a nonlinear relationship in the pH 
range of 4.7-9.0.  When comparing the formal potential of the Y32-
O!/Y32-OH redox couple at pH 8.40, the SWV and DPV results 
showed no significant difference: 918 ± 2 mV and 916 ± 3 mV respec-
tively.  However, this is not the case when comparing the DPV E½ at 
pH 5.52 to the SWV formal potential.  The DPV E½ is 22 ± 3 mV 
lower than the SWV value that was obtained.  This difference is most 
likely due to the coupled protonic reactions lowering the Y32/electron 
transfer rate into the quasi-reversible region.  Furthermore, since tyro-
sine oxidation is a PCET event; the thermodynamic and kinetic prop-
erties of electron transfer greatly depend on the position of one or 
more proton donors in the vicinity of the OH group.  If the characteris-
tic of the base accepting the phenolic proton that lies on Y32 were 
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affected upon oxidation, it would greatly influence the PCET rate con-
stant as well as the oxidation mechanism.  Thus, if the residue that lies 
within the protein matrix (residue B) that is thermodynamically cou-
pled to Y32 is protonated at low pH, it is unable to readily participate 
in the protonic reactions associated with Y32.  We were able to de-
termine the pKrB and pKoB of residue B to be, 6.7 ± 0.2 and 7.4 ± 0.2, 
respectively (see Equation 1, Paper II).  As the pH was increased into 
the pKrB range, residue B becomes deprotonated.  This deprotonation 
allows residue B to participate in a PCET reaction with the Y32.  This 
behavior should be the reason why we observe a non-linear relation-
ship in our Pourbaix diagram in the 4.7-9.0 pH range. 
  In short, we were able to successfully produce a fully reversible volt-
ammogram for a protein tyrosine free radical using SWV.  In addition, 
we were able to observe the formal potential and a lower limit for the 
lifetime of the radical.  Our results show that the lifetime of our pro-
tein radical was remarkably long and that this is due to the stabilizing 
effects of its local protein environment.  Most importantly, the first 
Pourbaix diagram for a protein tyrosine radical was produced, and we 
have illustrated that the protein environment can affect the thermody-
namics of PCET. 

Environmental modulation of protein cation-π 
interactions (Paper III) 
 
Our primary goal in this study was to determine if solvation has an 
effect on the strength of cation-π interactions.  There have been a 
number of model systems that have studied cation-π interactions (152, 
154, 158).  However, the cation-π interactions in these studies were 
highly exposed to the solvent and were found to have weak interaction 
energies.  In addition to determining the effect solvation has on a cati-
on-π interaction, we also wanted to determine the interaction energies 
of three different cation-π interactions.   
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  With the use of a de novo designed protein α3W, we measured the 
strength of three cation-π interactions involving tryptophan.  The basic 
residues used in this study were lysine, arginine, and histidine.  Site 
directed mutagenesis was used to change the residue lysine into argi-
nine or histidine.  As discussed in a previous section, α3W was struc-
turally characterized by NMR.  It contains a tryptophan residue locat-
ed in the 32 position, which is about 3% solvent-exposed and a lysine 
residue located at the 36 position that is 24% solvent-exposed (138, 
170).  The interaction energy of the cation-π interaction of each of the 
three pairs was calculated using the double mutant cycle (7, 177, 178).  
To determine the interaction energy of the W32/K36 pair via the dou-
ble mutant cycle, four proteins were constructed: the W32/K36, which 

we called the “wild type;” two single-site mutation proteins; and a 
single/double variant protein.  The two single-site substitutions in-
volved the removal of one of the cation-π interacting pairs (i.e. W32 
changed to a valine or K36 changed to an alanine).  In the double mu-
tant both interacting residues in the cation-π interaction were removed 
(Figure 17).    
   Using circular dichroism, the global stabilities of the four proteins 
were determined by chemical denaturation.  By subtracting the global 
stability (ΔG) of the two, single-site variants from the ΔG obtained 

Figure 17.  The double mutant cycle of W32/K36.  W32/K36 (blue), W32/A36 (sin-
gle mutant) (red), V32/36 (single mutant) (green), and V32/A36 (double mu-
tant)(orange). Asterisk: equation used to calculate the interaction energy of the 
double mutant cycle (7).   
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from the wild type and the double, the interaction energy (ΔΔG) for 
the W32/K36 pair was determined to be -0.73 ± 0.08 kcal/mol.  For 
the cation-π pairs trytophan/arginine (W32/R36) as well as 
trytophan/histidine (W32/H36).  We also measured ΔΔG's revealing a 
value of -0.71 ± 0.06 kcal/mol for the W32/R36 pair.  Obtaining an 
interaction energy for the W32/H36 pair was not as straightforward.  
Both low and high pH measurements were taken with respect to the 
pKA of the histidine in the W32/H36 pair.  To ensure that H36 was 
protonated and in its neutral state, we measured at pH 5.5 and pH 9.0, 
respectively.  The pKA of the H36 was found to be 7.2.  The interac-
tion energies for both the protonated and neutral states of H36 in the 
W32/H36 pair were found to be -0.48 ± 0.08 kcal/mol and -0.32 ± 
0.02 kcal/mol respectively.  One possible explanation for this differ-
ence in interaction energy could be due to electrostatic surface area of 
histidine.  A previous study calculated the electrostatic potential sur-
face areas for several aromatic rings (9).  The electrostatic surface area 
of H36 in its neutral state may be slightly more electronegative than in 
its protonated state. This change would weaken its binding strength 
with tryptophan, which would in turn lower the interaction energy of 
the W32/H36 pair. 
  In addition to measuring the interaction energies of the three cation-π 
pairs whose aromatic rings were sequestered from the bulk solution, 
we also studied how solvation affected the cation-π interaction energy.  
To study this we designed two cation-π pairs via site-directed muta-
genesis.  The two cation-π pairs, W33/K37 and W34/K38, were pre-
dicted to have tryptophans that were 39 ± 11% solvent-exposed.  Their 
basic residue partners were predicted to be 45% (K37) and 29% 
(K38).  Double mutant analysis of the two pairs revealed interaction 
energies of -0.06 ± 0.02 kcal/mol (W33/K37) and a non-stabilizing 
interaction of +0.15 ± 0.07 kcal/mol (W34/K38).  
  This study concluded that interaction energy of the tryptophan/lysine 
pair could differ significantly based upon its local environment.  The-
se studies further showed that the interaction energies for the cation-π 
pairs in the model peptide systems mentioned earlier represent the 
lower limit of ΔΔG contribution toward the stability of these proteins. 
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Studying cation-π interactions using high-pressure 
fluorescences (Paper IV) 
 
 
In Paper III, we used double mutant cycles to estimate the strength of 
the cation-π interactions.  Using our model protein system α3W, we 
were able to determine the strength of the interaction in a less solvated 
protein environment vs. one in a more solvent-exposed environment.  
The results showed that solvation had a significant effect on the 
strength of the interaction energies.  In this study we decided to look 
closer at the interaction using high-pressure fluorescence.  We chose 
to use high-pressure fluorescence because it only affects the equilibri-
um of ionic bonds (e.g. bond breaking and formation).  Thus, high 
pressure would allow us to measure the strength of a cation-π interac-
tion in a straightforward manner, which is different from using double 
mutant cycles, which are based on structural assumptions (7). 
  It is well known that high pressure has an effect on electrostatic in-
teractions (179, 180).  Thus, if cation-π interactions were electrostatic 
in nature, then it would be sensitive to pressure.  Applying high pres-
sure would cause a disruption in the interaction. The sensitivity to 
high pressure is attributed to electrostriction.  Electrostriction occurs 
when the solvent molecules begin to organize around the separated 
charges of the ionic pair and causes dissociation in the bond.  Upon 
this separation a negative molar volume (ΔV) can be seen (165).  
As mentioned in the previous section, W33/K37 and W34/K38 pro-
teins contained more solvent-exposed cation-π pairs and had interac-
tion energies that were weak.  We decided to use these two, solvated, 
cation-π interactions because of their weak interaction energies.  We 
assumed that because the interactions were weak, they should be able 
to be disrupted under high pressure.  W33/A37 and W34/A38 were 
used in this study to serve as controls.  In both the W33/A37 and 
W34/A38 proteins the cationic residue lysine has been mutated to an 
alanine thereby, eliminating a cation-π interaction. Fluorescence data 
was gathered for all four proteins in a pressure range of 1 bar to 2.75 
kbar.  The fluorescence emission spectra at 1 bar showed that the 
presence of K37 and K38 in cation-π pairs W33/K37 and W34/K38 
caused a blue shift in the fluorescence, and when the cation-π interac-
tion is not present, there is a clear red shift in the spectra.  
  As the pressure was increased we saw a red shift in the W33/K37 
and W34/K38 proteins.  This shift is most likely a result of the elec-
trostriction at higher pressures.  To get a better understanding of how 
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high pressure affects the local environment of the tryptophan in our 
cation-π interaction, we calculated the emission center of mass (COM) 
(see Equation 1, Paper IV) (168).  Using the COM, we were able to 
observe any pressure-induced, spectral shifts that the tryptophan might 
have been experiencing.  At standard atmospheric pressure (1 bar) the 
COM data revealed that W33/K37 and W33/A37 experienced slightly 
different environments. W33/K37 had a COM of 362.5 nm, while 
W33/37A had a COM of 365.9 nm.  The same was true for the 
W34/K38 and W34/A38 proteins but to a lesser degree (363.5 nm and 
364.5 nm).  After plotting the COM as a function of pressure in our 
four proteins, we saw significant shifts in W33/K37 and W34/K38 as 
opposed to their counterparts lacking the cation-π interaction 
W33/37A and W34/A38.  Upon comparing the COM data, we can see 
a clear transition in W33/K37; whereas in the protein lacking the cati-
on-π, W33/A37, the COM data is more linear. 
  These observations made it tempting to speculate that we were see-
ing the breaking of the cation-π interaction in W33/K37.  The same 
can be said when comparing the W34/K38 and W34/A38 proteins but 
to a slightly lesser extent. 
  From the COM data we were also able to determine the molar vol-
ume changes (ΔV) in four proteins.  It has been shown that large nega-
tive molar values are indicative of electrostatic interactions (9, 165-
168).  We observed that W33/K37 and W34/K38 had a ΔV of -39.3 ml 
mol-1 and -32.5 ml mol-1 respectively.  In contrast W33/A37 and 
W34/A38 had a ΔV of -13.9 ml mol-1 and -12.6 ml mol-1.  These dif-
ferences in ΔV are most likely the result of removing the lysine and 
replacing it with an alanine. 
  The interaction energies of our weak cation-π interaction pairs were 
also determined in this study.  This was accomplished by obtaining the 
molar volumes and equilibrium constants.  Our results revealed that 
W33/K37 and W34/K38 had interaction energies of -0.08 ± 0.02 kcal 
mol-1 and -0.06± 0.02 kcal mol-1 respectively.  As expected, our two 
proteins lacking cation-π interactions, W33/A37 and W34/A38, had 
interaction energies of 0.00 ± 0.01 kcal mol-1 and 0.00 ± 0.04 kcal 
mol-1.  When comparing the values with those mentioned in the previ-
ous study, our values obtained for the W33/K37 protein are very simi-
lar: -0.08 ± 0.02 kcal mol-1 vs. -0.06 ± 0.02 kcal mol-1.  However, 
when comparing the W34/K38 protein to the previously reported val-
ue there was a slight difference; our value was slightly higher than 
previously recorded in Paper III (-0.08 ± 0.02 kcal mol-1 vs. +0.015 ± 
0.07 kcal mol-1).  This difference may be the result of the double mu-
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tant cycle underestimating the interaction energy of the cation-π pair 
in W34/K38.  This underestimation could be the result of a high gain 
in solvation energy in our tryptophan-to-valine, solvent-exposed vari-
ant (V33/K38).  In previous studies it was shown that the double mu-
tant cycle could under or over estimate the binding strengths of ions 
(7). 
  With the use of high pressure, we were able to observe the disruption 
of a weak cation-π interaction.  This study also revealed that our two 
cation-π interactions, W33/K37 and W34/K38, have a large negative 
ΔV, which is characteristic of an electrostatic component.  It would be 
interesting to do further structural studies on these two proteins 
W33/K37 and W34/K38 to see the exact geometry of the cation-π 
interactions (i.e. where the cationic residue is located in relation to the 
aromatic ring).  The more centered and closer the cation is to the ring 
system the stronger the interaction will be (150).  NMR spectroscopy 
or crystallography could be a useful tool to study this issue. 
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Summary and future perspective 

The overall aim of the work described in this thesis involved two main 
objectives.  The first was to study the thermodynamic and electro-
chemical properties of tyrosine radicals, and the second was to study 
cation-π interactions.  Thus far there have been a number of studies 
involving tyrosine radicals using small molecule models and peptides.  
Although these studies have provided a great deal of information, the 
systems are generally highly solvated and do not accurately mimic 
redox active chemistry found in natural systems.  In addition to this, 
many of the model peptides are lacking structural information making 
it difficult to interpret the redox chemistry associated with them.  To 
address this problem our lab has developed a family of de novo de-
signed proteins (138).   
  In Paper I, we established that α3Y is an appropriate model protein to 
study tyrosine radical redox chemistry.  For the first time voltammo-
grams could be successfully obtained for a redox-active tyrosine in-
side a well-structured protein.  We also learned that α3Y is stable over 
a large pH range and showed no signs of structural changes (138), 
which makes it an excellent candidate for pH dependent voltammetry 
studies.  Building upon the design of α3Y, we were able to place a 
histidine in close proximity to Y32.  α3Y-K29H and α3Y-K36H 
proved to be stable and well-structured proteins like α3Y.  In the fu-
ture, we plan on studying the electrochemical properties of a redox-
active tyrosine in the presence of histidine.  These studies will help to 
further characterize the redox properties of tyrosine and PCET in our 
model protein.  It may also provide new insights into tyrosine radicals 
in biological systems (133). 
  In Paper II, we unambiguously proved that Y32 is an electrochemi-
cally reversible redox system.  This result provides us with a huge 
leap forward in terms of studying and understanding redox active ty-
rosine.  The t1/2 of the tyrosine radical was determined to have an es-
timated lifetime of ≥ 30 ms, which is remarkably long.  In comparison, 
a tyrosine radical in aqueous solution has a t1/2 of 10 − 20 µs (181).  
The extended lifetime of the radical is a result of the local environ-
ment being able to stabilize the radical.  Furthermore, we produced the 
first Pourbaix diagram for a protein tyrosine radical.  It is intriguing 



 51 

that at alkaline pH the tyrosine radical is reversible, but it is quasi-
reversible at acidic pH.  Determining the hydrogen-bonding properties 
of Y32 and the characteristics of the base accepting the hydroxyl pro-
ton upon oxidation would help us to better understand the PCET event 
occurring in our protein. 
  The second aim was to study cation-π interactions.  In the study de-
scribed in Paper III, we investigated the strength of cation-π interac-
tions using α3W.  The majority of studies to date involve cation-π in-
teractions that are highly solvent-exposed.  We were able to show that 
solvation can affect the cation-π interaction energy by as much as 0.9 
kcal/mole.  In the study described in Paper IV, we were able to deter-
mine the interaction energies of two, weak cation-π interactions, 
W33/K37 and W34/K38.  High-pressure fluorescence measurements 
also allowed us to observe the disruption of these two, solvent-
exposed cation-π interactions indicating that they have an electrostatic 
component. 
  In the future, I hope that the work presented in this thesis will help to 
better understand how reduction potentials of tyrosine are finely tuned 
to perform their function as electron donors.  The most relevant exam-
ple of this is in photosystem II.  Understanding the very mechanism of 
electron transfer in photosystem II can give us insight into developing 
an alternative and effective way to produce energy.  I hope that the 
work presented will also help to answer questions regarding the con-
tributions that cation-π interactions have in protein structure and func-
tion. Understanding the role of cation-π interactions in binding of bio-
logical receptors could aid in the discovery of possible drug-receptor 
interactions. 
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