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Abstract

Amino-acid radical enzymes are often highly complex structures containing multiple protein subunits and cofactors. These properties

have in many cases hampered the detailed characterization of their amino-acid redox cofactors. To address this problem, a range of

approaches has recently been developed in which a common strategy is to reduce the complexity of the radical-containing system. This work

will be reviewed and it includes the light-induced generation of aromatic radicals in small-molecule and peptide systems. Natural redox

proteins, including the blue copper protein azurin and a bacterial photosynthetic reaction center, have been engineered to introduce amino-

acid radical chemistry. The redesign strategies to achieve this remarkable change in the properties of these proteins will be described. An

additional approach to gain insights into the properties of amino-acid radicals is to synthesize de novo designed model proteins in which the

redox chemistry of these species can be studied. Here we describe the design, synthesis and characteristics of monomeric three-helix bundle

and four-helix bundle proteins designed to study the redox chemistry of tryptophan and tyrosine. This work demonstrates that de novo protein

design combined with structural, electrochemical and quantum chemical analyses can provide detailed information on how the protein matrix

tunes the thermodynamic properties of tryptophan.

D 2004 Elsevier B.V. All rights reserved.
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1. Introduction strategy is to reduce the complexity of the radical-containing
The role of amino-acid radicals in biological electron

transfer and proton-coupled electron transfer continues to

excite both experimental [1] and theoretical interest [2]. The

characterization of amino-acid redox cofactors in natural

proteins can be challenging for several reasons. The sheer

size and complexity of many amino-acid radical enzymes,

combined with the often highly oxidizing nature of their

radical cofactors, hampers electrochemical and spectroscop-

ic measurements. Other cofactors, non-catalytically active

amino acids, or even the solvent, may be oxidized before the

residue of interest and/or their spectra obscure the weak

spectral features of amino-acid radicals (emax<3000 M�1

cm�1; Refs. [3–5]). To address some of these issues, a range

of approaches has been developed in which a common
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system. These approaches include the light-induced gener-

ation of aromatic radicals in small-molecule and peptide

systems, the redesign of structurally well-characterized

natural enzymes to introduce amino-acid radical function,

and the synthesis of de novo designed radical proteins. Here

we review the structural and functional characteristics of

small-molecule and peptide/protein model systems that have

been constructed to investigate amino-acid redox chemistry.

To provide a background to the synthetic and protein

engineering and design work, we start by briefly summa-

rizing the biological reactions catalyzed by amino-acid

radical enzymes and highlight some of the fascinating

properties of these systems.

1.1. Amino-acid radical enzymes

Four amino acids—tyrosine, tryptophan, cysteine and

glycine—have been shown to form catalytically active,

one-electron oxidized radicals [1]. The family of enzymes
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that contains amino-acid based radical cofactors are in-

volved in a broad range of biochemical processes [1,2]

including, for example, carbohydrate metabolism. The cat-

alytic cycle of pyruvate formate lyase involves both glycyl

and cysteinyl radicals [6,7] and a redox-active tyrosinate is

present in the active sites of galactose oxidase and glyoxal

oxidase [8]. The ribonucleotide reductase enzymes utilize

three, if not all four, of the amino-acid redox cofactors in the

conversion of ribonucleotides to deoxyribonucleotides [9–

11]. The chemical reactions that give rise to radicals in these

enzymes are remarkably diverse and divide the ribonucle-

otide reductases into three major classes. The class I

enzymes employ O2-dependent chemistry at a di-iron center

to generate the driving force necessary to oxidize a tyrosine

adjacent to the metal site. The class II enzymes utilize an

adenosylcobalamin cofactor to trigger formation of a tran-

sient carbon radical. Finally, the glycyl radical required for

the activity of the class III ribonucleotide reductases is

formed via an iron-sulfur cluster/S-adenosylmethionine de-

pendent redox process. The common function of these

metallo-radical cofactors is to oxidize a cysteine located at

the active site. Once formed, the transient thiyl radical

initiates catalysis by abstracting a hydrogen atom from the

3Vposition of the substrate ribose unit. As will be described

here, efforts have been made to develop light-dependent

methods to artificially drive electron/proton transfers in the

class I enzymes [12].

In addition to playing a central role in nucleic acid

biosynthesis, Aubert et al. [13,14] have recently shown that

amino-acid redox cofactors are involved in DNA repair.

DNA photolyase harvests light in the blue or near-ultraviolet

region of the electromagnetic spectrum and uses the photon

energy to repair UV-light damaged DNA [15]. A chain of

three redox-active tryptophans has been detected in the

Escherichia coli enzyme [13] and both oxidized tryptophan

and tyrosine residues have been found in the corresponding

enzyme from Anacystis nidulans [14]. Aromatic amino

acids also serve as essential redox mediators in several

heme-containing peroxidases. The compound I state of

cytochrome c peroxidase involves a heme oxyferryl species

and a tryptophanyl cation radical [16] whereas the peroxi-

dase activity of prostaglandin H synthase requires the

participation of a tyrosyl radical [17]. In addition, the

catalytic cycles of bovine liver catalase [18] and lioneate

diol synthase [19] have also been suggested to involve

tyrosyl radicals. In order to catalyze this variety of chemical

reactions, the protein environment tunes the redox proper-

ties of the radical cofactor. For example, the reduction

potential of the tryptophanyl cation radical in cytochrome

c peroxidase is lowered by local electronegative interactions

[20]. In this review, we will describe a study in which de

novo protein design was combined with quantum chemical

methods to investigate the effects of a charge-k interaction

on the thermodynamic properties of tryptophan [21].

Tyrosine redox chemistry is involved in energy trans-

duction in photosynthesis and respiration. Studies per-
formed in the late 1980s showed that photosystem II

contains two redox-active tyrosines, denoted YZ and YD,

of which the former is essential for the unique water-

splitting reactions catalyzed by this enzyme [22]. More

recent data have indicated that the cross-linked histidine-

tyrosine residue located at the active site of cytochrome c

oxidase forms a radical during the catalytic cycle [23].

Mechanistic models for photosystem II [2,24–27] and

cytochrome c oxidase [2,23,28–30], as well as for the

class I ribonucleotide reductases [2,9–12], involve the

participation of tyrosine in both electron and proton trans-

fers. The role of tyrosine as a proton coupled electron-

transfer cofactor is a topic that has attracted a lot of

attention, and accordingly, represents a focal point of

several of the studies described below.

The free energy that fuels the catalytic cycles in amino-

acid radical enzymes originates either from light or from

redox potential energy. These proteins contain an inducible

oxidant, which upon activation extracts an electron from a

nearby amino acid thereby creating the radical that is

capable of such remarkably diverse chemistry. The oxidant

can be of organic origin, a metal, or a combination of both.

For example, a photooxidized chlorophyll radical serves as

the amino-acid radical generator in photosystem II and a

photoexcited FADH semiquinone triggers tryptophan oxi-

dation in DNA photolyase. Other proteins utilize metal-

based redox chemistry to trigger radical formation, as

illustrated for example by the class I ribonucleotides reduc-

tases and the heme peroxidases described above. Formation

of the glycyl radicals in the anaerobic pyruvate formate

lyase and class III ribonucleotide reductase enzymes

requires [Fe4S4]
+1-containing activases [31]. The proposed

function of the activase is to reduce S-adenosylmethionine.

The radical fragment produced by the reductive bond-

cleavage event, in turn, abstracts a hydrogen atom from

the active site glycine.

Although the oxidant and the radical species differ in the

various systems, amino-acid radical enzymes have several

common properties. One characteristic is that these enzymes

typically operate at highly oxidizing potentials [1,2]. De-

spite this, several of the amino-acid radicals are remarkably

stable (e.g. Refs. [8,9,16,22]). The control the protein matrix

has over the radical is also illustrated in the redox revers-

ibility of catalytic protein radicals relative to the properties

of these species in solution. For example, tyrosine oxidation

is an irreversible process in solution [32]. In contrast, the

redox cycles of YZ and YD are reversible with the former

being oxidized and reduced about 200 times per second in

saturating light [33]. Another evidence of strict control is

provided by the fact that some enzymes, e.g. prostaglandin

H synthase and photosystem II, generate and confine the

amino-acid radical at the active site. In other systems, such

as the class I ribonucleotide reductases and DNA photo-

lyase, long-range radical migration readily occurs. The

apparent ease by which the proteins handle their highly

reactive cofactors is impressive and suggests that these
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enzymes have evolved mechanisms to thermodynamically

and/or kinetically stabilize the generated radical, avoid

unwanted side reactions, and direct the reactive species at

the substrate. The work reviewed here is aimed at gaining

insights into these mechanisms.
Fig. 1. A Ru(II) tris-bipyridyl complex with a covalently attached tyrosine

has been synthesized as a biomimetic model system for the P680 and YZ

redox cofactors in photosystem II [40]. The light-driven radical formation

in the model complex has been characterized in detail and compared to the

oxidation of YZ in manganese-depleted photosystem II [42,43].
2. Radical generation and characterization in model

systems

Electron-transfer rates are influenced by the temperature,

the driving force of the reaction (DGj), the nuclear reorga-

nization energy (k) and the electronic coupling between the

donor (D) and acceptor (A) molecules [12,34]. The reorga-

nization energy reflects the change in structure of the redox

cofactors and the surrounding medium necessary to permit

electron transfer from D to A. The interplay between DGj
and k determines the height of the energy barrier for the

electron-transfer. The electron coupling term formally

depends exponentially on the D–A distance and on the

properties of the intervening medium. A central issue in the

consideration of biological electron transfer mediated by

proteins is whether evolution has selected structural prop-

erties or features on the basis of the detailed pathway(s) of

electron transfer or on the basis of more generic properties

such as the distance between D–A pairs and the packing

density and basic nature of the intervening medium (for

reviews, see Refs. [35–37]). Additional points of contro-

versy include details about how the D–A distance should be

characterized (i.e., edge-to-edge vs. center-to-center of the

participating moieties), the consideration of dynamics, and

the maximal magnitude of an endergonic tunneling step

between two sites in a chain of redox cofactors participating

in an overall exergonic electron-transfer reaction.

The elegant studies performed to elucidate electron

tunneling in proteins have involved work on many different

types of redox cofactors but, to date, very few investigations

have been done in which amino-acid radicals are involved in

the process. In order to gain more insights into the properties

of these cofactors, various approaches to induce and char-

acterize amino-acid radical reactions have recently been

reported in the literature. A common theme of this work is

that radical formation is triggered with light and it includes

studies on small-molecule and peptide systems as well as

protein engineering.

2.1. Small-molecule systems

Photoactive ruthenium complexes have been used exten-

sively to investigate the dependence of driving force,

distance and pathway on the rate of electron tunneling

between protein redox cofactors [35,38]. A number of

protocols have been developed to append ruthenium poly-

pyridyl compounds to histidine, lysine or cysteine residues

located on the protein surface and to trigger the electron-

transfer reactions by a laser flash (see Ref. [38] and
references therein). Of particular interest here is the bimo-

lecular laser flash-quench technique developed by Bjerrum

et al. [39] in which the long-lived, photo-excited Ru(II)*

state is efficiently converted into Ru(III) by an externally

added sacrificial oxidant. With an appropriate choice of

ligands, the reduction potential of the Ru(III)/Ru(II) redox

couple can be made sufficiently oxidizing to generate

amino-acid radicals. Magnuson et al. [40] took advantage

of these properties of the ruthenium-based photosensitizers

in the construction of a biomimetic model system for the

water-oxidation complex of photosystem II. In the photo-

system II reaction center, a multimeric chlorophyll complex

denoted P680 forms upon light absorption a highly oxidizing

cation radical. This chlorophyll species oxidizes the nearby

YZ tyrosine, which in turn, is reduced by the substrate–

water binding manganese cluster [24]. In the biomimetic

system constructed by the Swedish groups, the photoactive

P680 species and the YZ radical cofactor are modeled by a

Ru(II) tris-bipyridyl complex with a covalently attached

tyrosine residue (see Fig. 1). In an initial study of this

complex, it was shown that the light-excited Ru(II)* com-

plex could be oxidized to Ru(III) on the nanosecond time

scale using the laser flash-quench technique [40]. The

photo-oxidation event was followed by intramolecular elec-

tron transfer from the tyrosine to the metal resulting in the

regeneration of the Ru(II) state and the formation of a

tyrosyl radical. The observed radical is neutral and thus

the tyrosine deprotonates upon oxidation. At neutral pH, the

tyrosine to Ru(III) electron-transfer reaction occurred with a

rate constant of 5�104 s�1 [40], which is slow relative to the

oxidation rate of YZ in the native enzyme [41]. In manga-

nese-depleted photosystem II samples, however, the oxida-

tion rate of YZ is reduced about a thousandfold and occurs

on the sub-microsecond to microsecond time scale. Sjödin et

al. [42] studied the rate of radical formation in the rutheni-

um/tyrosine complex shown in Fig. 1 as a function of pH



Fig. 2. An example of a caged amino acid used to rapidly form a tyrosyl

radical in a light-dependent reaction [45]. The C–O bond is cleaved by

laser flash photolysis producing two equivalents of carbon monoxide, an

aryloxyl radical and a tyrosyl radical. The aryloxyl radical is sterically

protected, which makes the tyrosyl radical the only reactive species on the

sub-microsecond time scale.
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and temperature. At pH values below the pKa of the tyrosine

(f10), the rate constant increased from about 3�103 s�1 at

pH 5 to 1�105 s�1 at pH 9. This pH dependence arises from

the fact that although the reduction potential of the Ru(III)/

Ru(II) redox couple is pH-independent, the potential of the

YS/Y pair decreases by 59 mV per pH unit at 25j C. Thus,

the driving force for the electron-transfer reaction increases

as the pH becomes more alkaline. In contrast, at pH values

above the pKa of the tyrosine, the oxidation occurs with a

pH-independent rate constant of about 2�107 s�1. The

hundredfold increase in the oxidation rate of the tyrosinate

species relative to the protonated tyrosine is due to a drop in

the reorganization energy associated with the electron-trans-

fer reaction [42]. Sjödin et al. concluded that the character-

istics observed upon light-excitation of the model complex

at pH values below the pKa of the tyrosine moiety are

consistent with a concerted reaction mechanism in which

the oxidation and deprotonation of the tyrosine occur

simultaneously with a single transition state. A detailed

discussion on the proton-coupled electron transfer occurring

in the ruthenium/tyrosine model system and comparisons

with YZ oxidation in manganese-depleted photosystem II

can be found in Ref. [43].

Stubbe, Nocera and their respective co-workers have

explored several methods for fast amino-acid radical initi-

ation in order to study proton coupled electron-transfer

reactions in the class I ribonucleotide reductases [12,44,45].

These enzymes are composed of two homodimeric subunits

denoted R1 and R2. The former contains the site of nucle-

otide reduction while the radical-generating tyrosine/di-iron

center is located on the R2 subunit. High-resolution struc-

tures have been obtained for the R1 and/or R2 subunits from

different organisms, although structural information for the

fully active R1/R2 complex is still lacking. Docking studies

using the R1 and R2 crystal structures of the E. coli enzyme

revealed that the active site and the tyrosyl radical/binuclear

metal site are spaced widely apart. In the E. coli R1/R2

structural model, the distance between the redox-active Tyr-

122 and the active-site Cys-439 is estimated to about 35 Å

[9,11]. Thus, catalysis involves long-range radical transfer

between Tyr-122 and Cys-439. Structural and site-directed

mutagenesis studies have identified a possible pathway for

this process [9,11]. The proposed 35-Å electron/proton

transfer pathway is initiated at Tyr-122 and propagated via

Trp-48 and Tyr-356 on the R2 subunit. It crosses the R1/R2

interface, continues with the R1 Tyr-731 and Tyr-730 resi-

dues and ends at Cys-439.

The characteristics of caged aromatic amino acids have

been investigated with the aim to develop light-dependent

methods to oxidize Cys-439 and trigger the catalytic cycle

in the absence of the R2 subunit [44,45]. This approach is

based on the fact that short peptides from the C-terminus of

R2 associate with R1. Thus, a photoactive residue can be

incorporated into a chemically synthesized peptide, which in

turn, binds to the R1 subunit. An initial study from the

Stubbe laboratory showed that a neutral tryptophanyl radical
could be generated by laser flash photolysis of an N-

hydroxypyridine-2-thione tryptophan derivative [44]. The

photolysis reaction of this compound using excitation light

of 355 nm was remarkably efficient with a quantum yield of

1.0F0.1. In a more recent report, it was shown that

photolysis of oxalate-modified tyrosine derivatives can

generate tyrosyl radicals on the nanosecond time scale

(Fig. 2; Ref. [45]). Various approaches to trigger rapid

radical initiation in the ribonucleotide reductase system are

described in Ref. [12].

2.2. Rhenium-modified proteins

In addition to using ruthenium to trigger electron-transfer

reactions, the Gray laboratory has extended their work on

metal-modified redox proteins to include a rhenium-based

photosensitizer [46,47]. Cyclic voltammetry on [rheniu-

m(I)(tricarbonyl)(1,10-phenantroline)(imidazole)]+ showed

that the Re(II)/Re(I) redox pair has a reduction potential

of 1.85 V vs. SCE in acetonitrile [46]. Electrochemical

characterization of tyrosine and tryptophan in aqueous

buffer display pH-dependent peak potentials, which at pH

7.0 and relative to the NHE has a value of 0.83 V for the

former amino acid and 0.89 V for the latter [32]. Thus, the

Re(II) state is a powerful oxidant that should be able to

generate tyrosyl and tryptophanyl radicals at a fairly high

driving force. Di Bilio et al. [47] showed that aromatic

amino-acid radicals indeed can be generated in rhenium-

modified proteins. Fig. 3 shows the structure of the blue

copper protein azurin with a rhenium complex attached to

the protein surface. Highlighted in the figure are the copper

site and the rhenium complex, which is attached to histidine

107. Also shown in the figure is tyrosine 108. This residue

could be selectively oxidized and the radical state trapped at

low temperatures by preparing a rhenium-containing azurin

sample in which the copper was substituted with zinc and a



Fig. 3. The structure of a rhenium-modified azurin protein that is capable of

tryptophanyl and tyrosyl radical formation [47] (PDB code 1I53).

Highlighted in the structure is the copper site and histidine 107 to which

the rhenium complex is attached. Also shown in the figure is the tyrosyl

radical site at position 108. Figs. 3–7 were prepared using MOLMOL [81].
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sacrificial oxidant was added to the medium. The irradiated

freeze-trapped sample gave rise to an EPR spectrum with a

line shape characteristic of that of a neutral tyrosyl radical

[47]. The radical site could be assigned to position 108,

since azurin contains only two tyrosines and the second

residue had been mutated to a phenylalanine. A similar set

of experiments was done in which the rhenium complex was

tethered to histidine 83, which is close to the single

tryptophan in azurin at position 48. The light-irradiated,

zinc-substituted rhenium-H83 protein gave rise to a low-

temperature EPR spectrum that can be assigned to a neutral

trytophanyl radical [47]. Interestingly, Di Bilio et al. noted

that radical migration to Y108 following W48 formation

was not observed in the rhenium-H83 protein, as might be

predicted from comparing the solution potentials of the two

aromatic residues (see above). A reason for this observation

may be found in the hydrogen-bonding environment of

Y108. In the rhenium-H83 protein, the tyrosine is involved

in a bifurcated hydrogen bond to a backbone nitrogen and a

carboxyl oxygen of a glutamate residue. In the rhenium-

H107 system, the hydrogen bond to the glutamate is broken

and the tyrosine hydroxyl group becomes more exposed to

the bulk medium. The authors concluded that the increase in
solvent exposure facilitates the deprotonation and oxidation

of the tyrosyl side chain in the rhenium-H107 protein. In a

recent report on the modified azurin system, the spectro-

scopic and chemical properties of an unusually long-lived

tryptophan radical are described [48].

2.3. Redesign of a photosynthetic reaction center

The reduction potential of the P680
S+ /P680 redox couple in

photosystem II has been estimated to be f1.2 V vs. NHE

[33]. The potentials of the photochemically active bacte-

riochlorophyll dimers (BChl2) found in the reaction centers

of photosynthetic bacteria are substantially less oxidizing

[49]. The high reduction potential that drives the water-

splitting chemistry in photosystem II is not required for the

light-driven electron transport catalyzed by these species

since water is not used as the electron source. How the

protein environment tunes the properties of the reaction-

center pigments in different photosynthetic organisms has

for a long time been an area of intense research activity

[49,50].

Lin et al. [51] performed a careful investigation on how

the reduction potential of the BChl2 species in the reaction

center of the purple bacterium Rhodobacter sphaeroides is

influenced by hydrogen-bonding interactions to surround-

ing side chains. In the wild type, a hydrogen bond is

present between a histidine and one of the acetyl groups

involved in the conjugated k-system of the bacteriochloro-

phyll dimer. Upon removal of this interaction by mutating

the histidine to a phenylalanine, the BChl2 potential drops

from 505 to 410 mV. The addition of a hydrogen bond to a

carbonyl group of the dimer raises its potential and,

interestingly, the effects of the single-point mutations are

additive. By using various single, double and triple

mutants, the BChl2 potential could be tuned within the

range of 410–765 mV [51]. Subsequently, this observation

was used to engineer a mutant in which the BChl2
reduction potential was elevated to above 800 mV [52].

This was achieved by creating a quadruple mutant in which

the number of hydrogen bonds to the conjugated carbonyl

groups of the dimer was maximized. Fig. 4 shows the two

macrocycles of the Rb. sphaeroides bacteriochlorophyll

dimer and the four amino-acid residues that were mutated

to make this dramatic change in the thermodynamic prop-

erties of the reaction center. In addition to mutating the four

residues shown in Fig. 4, Kálmán et al. [52] introduced a

tyrosine at positions analogous to the YZ or YD site in

photosystem II. The resulting constructs were designated as

the YM and YL mutant, respectively. Following light

excitation, the optical and EPR spectra of these two strains

changed in a manner consistent with tyrosine oxidation.

The spectra represent a mixture of BChl2 and tyrosyl

radicals whose relative contributions were sensitive to the

bulk pH with alkaline conditions favoring the latter. The

yield of the tyrosyl radical formed in the YM strain titrates

with a pKa of 6.9 [52]. The structural origin of this pKa was



Fig. 4. The photochemically active bacteriochlorophyll dimer in the reaction center of the purple bacterium Rb. sphaeroides (PDB code 4RCR). The

macrocycles of the pigments are oriented perpendicular to the plane of the paper. Shown in the figure are the four amino acids (leucine 131 in the L subunit;

leucine 160, phenylalanine 197 and tyrosine 210 in the M subunit) that were targeted by site-directed mutagenesis to raise the reduction potential of the

bacteriochlorophyll dimer above 800 mV [52].
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investigated in a recent study [53], which provided data

that are in nice agreement with results obtained from

photosystem II studies.

In photosystem II, the rate of YZ oxidation and the

radical yield are strongly influenced by a histidine located

at position 190 on the D1 reaction-center protein. About

15 D1-H190 mutants have been constructed and charac-

terized (see Ref. [54] and references therein). At neutral

pH, the YZ oxidation rate is more than three orders of

magnitude slower in these mutants relative to the wild-type

system at similar conditions. The oxidation efficiency of

YZ can be partially recovered in the D1-H190 mutants by

raising the pH or, more interestingly, by the addition of an

exogenous base that is small enough to access the tyrosine

site and functionally substitute for the histidine. In the wild

type, the YZ oxidation efficiency titrates with a pKa around

7.0. In the D1-H190 to alanine mutant, the rate of YZ

oxidation titrates with an apparent pKa of 10.3, which has

been assigned to the tyrosine itself. Notably, upon the

addition of a small proton acceptor to the sample buffer,

this apparent pKa value shifts and becomes the same as the

solution pKa of the exogenous base. On the basis of these

results, it has been proposed that histidine 190 is involved

in a hydrogen-bonded network that accepts the phenol

proton when YZ is oxidized (for a more detailed discus-

sion, see Refs. [41,54]). Glutamate 189 on the D1 protein

has been also been proposed to be involved in this network

[54].

Similarly, structural modeling of the Rb. sphaeroides

YM mutant predicts that the introduced tyrosine forms a

hydrogen bond to a histidine residue and that it also

interacts weakly with a nearby glutamate [53]. Substitution

of this histidine to a tyrosine or glutamate increases the

pKa from 6.9 to 8.9. A histidine to glutamine substitution

increases the pKa even further, indicating direct titration of

the tyrosine. When both the histidine and the glutamate

predicted to interact with the tyrosine are changed into

glutamine residues, radical formation is abolished. The
authors concluded that the histidine and the glutamate

residues serve as proton acceptors for the oxidized tyrosine

[53]. These results support the proposal that a proton

acceptor is essential in order to lower the reduction

potential of a buried tyrosine into a range accessible by

natural oxidants [33]. Exactly how the hydrogen-bonding

geometry, the existence of one or several connected proton

acceptors and their respective pKa values affect the ther-

modynamic and kinetic redox properties of functionally

essential tyrosines remain to be characterized in more

detail.
3. Construction of amino-acid radical maquettes

An additional approach to gain insights into the proper-

ties of amino-acid radicals is to synthesize de novo designed

model proteins, molecular maquettes [55], in which the

redox chemistry of these species can be studied. Natural

amino-acid radical enzymes are often highly complex struc-

tures containing multiple protein subunits and cofactors.

The aim with the construction of de novo radical maquettes

is to introduce the radical properties of interest as well as to

build in features that will facilitate the biophysical charac-

terization of the system. As described in more detail below,

simplicity dominates the first generation of de novo

designed radical proteins. The complexity of the system

will be increased in a stepwise manner once the initial

designs have been characterized. By this approach, we hope

to be able to address issues that have been difficult to study

in the natural systems. For example, the reduction potentials

of buried amino-acid redox cofactors, and how these values

change as a function of the protein environment, are to a

large extent unknown today. Below we provide a brief

background to de novo protein design strategies and then

describe the synthesis and characterization of model pro-

teins that have been designed to study amino-acid redox

chemistry.
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3.1. De novo protein design

The construction of proteins from scratch, de novo

design, provides a novel approach to explore protein struc-

ture/function relationships that complement and extend

more traditional studies on biological systems [56]. Over

the past two decades, de novo protein design has progressed

from the design of simple secondary structures such as

monomeric a-helices [57] to synthesizing proteins with

catalytic activity [58–60]. Iterative rational design, tem-

plate-assembled strategies, and computational and combi-

natorial methods have been used to create structures

containing interacting a-helices [56,59–62], h-sheets [59,

63,64] and mixed a/h folds [65,66].

Early efforts in de novo protein design were mainly

focused on delineating the parameters involved in the

formation and stabilization of a-helical structures. The

individual a-helical propensities of the amino acids, hy-

drogen-bonding interactions capping the C- and N-termini,

and side-chain/side-chain and side-chain/helix dipole elec-

trostatic interactions have been shown to be important for

the stabilization of monomeric a-helices in aqueous solu-

tion [57]. A structural investigation of the two stranded

coiled-coil protein tropomyosin provided insights into the

factors that drive the association of a-helices into oligo-

meric structures. Hodges et al. [67,68] found a repeating

seven-residue (heptad) pattern of hydrophobic and hydro-

philic amino acids spanning the tropomyosin sequence. A

heptad repeat, denoted (abcdefg)n [69], typically contains

hydrophobic residues at positions a and d, charged

residues at e and g, and polar side chains at b, c and f.

Upon oligomerization, the residues at the a and d posi-

tions form the hydrophobic core of the protein while the

charged residues at the e and g positions make the

boundary of the core and provide stabilizing electrostatic

interactions between the associating a-helices. The resi-

dues in remaining positions create the hydrophilic surface

of the protein. In a subsequent study from the Hodges

group, it was demonstrated that a heptad repeat pattern

could be used to create de novo designed two-stranded

coiled coils [70].

Following these initial studies, design principles for

synthesizing more complex coiled coils and a-helical bun-

dle proteins emerged. The design of the heptad repeat and

particularly the choice of the hydrophobic and the charged

residues proved to be essential for determining the oligo-

merization state and the conformational specificity of the

designed protein. Early de novo designs typically contained

only leucine residues in the heptad a and d positions, which

gave rise to dynamic and structurally ill-defined hydropho-

bic cores. Aromatic and h-branched amino acids have few

allowed rotamers on the a-helix and the introduction of

these types of residues at the heptad a and d positions

reduces the dynamic disorder and contributes to structural

specificity [71–73]. The hydrophobic core residues must

also be complementary in shape. A combination of small
and large side chains at each core layer is important to

provide a well-packed protein interior [71,74]. In addition,

negative design strategies can be used in order to obtain

conformational specificity and avoid an ensemble of non-

native and partially folded states [75]. The key concept with

negative design is to energetically favor one structure by

giving alternative structures energy penalties, as for example

by introducing unfavorable electrostatic interactions. Based

on the design concepts described above, three-helix bundle

and four-helix bundle proteins have been synthesized and

structurally characterized by NMR spectroscopy [21,76–

78]. Since a high-resolution NMR structural model only can

be obtained for a uniquely structured protein, these detailed

spectroscopic studies are important both in order to evaluate

the designs and to demonstrate that conformational speci-

ficity has been obtained.

Recently, progress has also been made in designing more

complex folds. NMR structural models of de novo designed

h-sheets and proteins containing mixed a/h secondary

structures have been achieved using iterative rational design

and computational methods [63–66]. One pronounced ob-

stacle in the design of h-sheets is that these constructs have
a tendency to aggregate [59,79]. Moffet and Hecht [59] have

used binary code strategies to construct combinatorial

libraries of de novo designed four-helix bundles and of h-
sheet proteins. Structural characterization of the proteins

generated from the h-sheet libraries showed that indeed h-
sheets were formed but that they aggregate into amyloid-like

fibrils. The Hecht group subsequently used rational design

to address this issue. Hydrophobic residues at solvent

exposed sites were mutated to lysines and these mutations

resulted in a conversion of the fibril structures into mono-

meric h-sheet proteins [80].
In particular, the a-helical bundle scaffold has been

explored to design holoproteins containing a range of

different metals and cofactors including hemes, iron-sulfur

clusters, copper ions and flavins [56,61]. These studies have

illustrated the utility of using designed proteins to, e.g.,

characterize electron transfer between relatively low poten-

tial cofactors. The research described below is aimed to

apply the de novo design strategy to the investigation of the

high potential redox cofactors found in amino-acid radical

enzymes.

3.2. De novo radical protein design

Tryptophan and tyrosine are found as the catalytic species

in the majority of amino-acid radical enzymes and, accord-

ingly, our main emphasis is on these residues. Fig. 5 shows

structural models of two a-helical proteins, denoted a3Wand

a4W, that have been constructed with the aim of investigat-

ing tryptophan and tyrosine redox chemistry. a3W and a4W

were designed to contain the following key features: (i) The

protein should be a monomeric three-helix (a3W) or four-

helix (a4W) bundle containing a single tryptophan or tyro-

sine. (ii) The aromatic residue should be buried, rather than



Fig. 5. Two a-helical protein scaffolds, a three-helix bundle (a3W) and a

four-helix bundle (a4W), that have been designed and synthesized with the

aim to study tryptophan and tyrosine radical chemistry in a protein milieu.

The structure of the de novo designed a3W protein has been experimentally

determined by NMR spectroscopy [21]. The a4W structure is a design

model based on the coordinates of the DNA-binding protein Rop [85].
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located in a solvent-exposed position in which solution

conditions are expected to dominate its chemistry. (iii) The

remaining residues should be redox inert in order to isolate

the radical chemistry to a single site. a3W has been synthe-

sized both chemically and biochemically and the protein

samples have been characterized by a range of biophysical

methods. The results of these studies are described below.

The construction of the a4W protein is more recent and we

will present some preliminary results on this system.

3.3. Initial characterization of a3W and a3Y

The 65-residue peptide chain of a3W is based on the

heptad repeat design strategy discussed in Section 3.1. The

a3W sequence is shown below with each heptad segment

separated by bullets and the a and d positions marked in

bold.

R � VKALEEK � VKALEEK � VKAL� GGGG� R

� IEELKKK �WEELKKK � IEEL� GGGG� E

� VKKVEEE � VKKLEEE � IKKL

The sequence is designed to contain three interacting a-

helices each containing 19 amino acids. The three helical

regions are linked by two glycine loops containing four

residues each. The unique tryptophan is placed on the second

helix in position 32. Residue 32 is at a heptad a position and
is thus predicted to be located in the hydrophobic core of the

protein.

a3W and its tyrosine derivative a3Y were initially syn-

thesized by solid-phase peptide synthesis [32]. The protein

sequence of a3Y is identical to the sequence of a3W with the

exception of residue 32, which in a3Y is changed to a

tyrosine. Following chemical synthesis and HPLC purifica-

tion, the a3W and a3Y samples were characterized in order

to investigate the degree of a-helical content, the thermody-

namic stability, the conformational specificity and the ag-

gregation state of the two proteins. Using CD spectroscopy,

the a-helical content of a3Wand a3Y was estimated to about

70% over a pH range of 4 to 10. The thermodynamic stability

of the two proteins was determined by chemical denaturation

and amide 1H/2H isotope-exchange measurements. These

studies showed that the stability of the designed three-helix

bundles was within the range reported for natural proteins of

similar size. With de novo protein design, a major challenge

is to obtain conformational specificity, i.e., to create a protein

sequence that folds into a unique structure in solution. The

construction of a de novo protein is an iterative process in

which NMR spectroscopy often is used to evaluate the

properties of the intermediate designs. An NMR spectrum

exhibiting a single set of resonances with narrow line widths

and a large chemical-shift dispersion is characteristic of a

protein with well-defined secondary and tertiary structures.

Poor chemical-shift dispersion, and multiple and/or broad-

ened magnetic resonances are, in contrast, indicative of a

dynamic ensemble of interchanging conformations. One-

dimensional 1H spectra and two-dimensional natural abun-

dance 13C HSQC spectra were obtained on a3W and a3Y.

Both the 1D and 2D NMR data displayed spectral character-

istics that are consistent with uniquely structured proteins. In

addition to the spectroscopic studies, size-exclusion chro-

matography and analytical sedimentation equilibrium ultra-

centrifugation were performed to determine the aggregation

state of the proteins. These measurements confirmed that the

three-helix bundles are monomeric in solution. Finally, the

local environments of the aromatic residues were studied in

more detail. The fluorescence spectrum of Trp-32 in a3W

has an emission maximum that is blue-shifted by 28 nm

relative to the spectrum of tryptophan free in solution. The

pKa of Tyr-32 in a3Y is up-shifted by more than 1.2 pH units

as compared to tyrosine dissolved in water. These character-

istics suggest that the two aromatic residues are sequestered

from the bulk medium. This conclusion was further strength-

ened by NOESY data, which revealed a number of short-

range magnetic interactions between the protons associated

with the aromatic head groups of Trp-32 and Tyr-32 and

methyl and other aliphatic protons. The NOESY spectra

indicate that the aromatic rings are located in the protein

interior since aliphatic residues form the hydrophobic cores

of the three-helix bundles.

In addition to a structural characterization, the redox

properties of the two de novo designed radical proteins were

probed by differential pulse voltammetry [32]. The electro-



Fig. 6. (A) Solution structure of the de novo designed radical maquette GS-

a3W [21] (PDB code 1LQ7). The structure is displayed as a backbone

superposition of the refined family of GS-a3W structures. Helical regions

are shown in green (residues 2–18), blue (residue 25–41) and purple

(residue 48–64). Shown in blue are the heavy amino-acid atoms of the

unique tryptophan at position 32. The average pairwise rmsd values for the

structural model are: 0.76F0.18 Å for the backbone atoms of all residues,

0.32F0.10 Å for the backbone atoms of the residues in the helical regions,

1.29F0.11 Å for the heavy atoms of all residues, and 1.11F0.13 Å for the

heavy atoms of the residues in the helical regions. (B) Packing of the

interior side chains of GS-a3W. The main part of the protein hydrophobic

core consists of six layers of heptad a and d residues. Each core layer is

composed of one side chain derived from each of the three individual

helices. The composition of the core layers is as follows: V2, L42, V48

(purple); L5, I39, V51 (violet); V9, L35, V55 (blue); L12, W32, L58 (grey/

blue); V16, L28, I62 (green); L19, I25, L65 (yellow). Although not shown

in the figure, residues in heptad e and g positions also contribute to the

hydrophobic volume of GS-a3W.
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chemical studies revealed that the peak potentials of Trp-32

and Tyr-32 are significantly elevated relative to the potentials

measured for tryptophan and tyrosine dissolved in aqueous

buffer. For example, at pH 10 the potential of Trp-32 was

0.35 V more oxidizing than tryptophan free in solution.

Thus, the initial structural characterization of a3W and

a3Y provided data that are consistent with two stable,

uniquely structured a-helical proteins, each containing a

single aromatic side chain residing in a hydrophobic

environment [32]. This conclusion was confirmed in a

subsequent study in which the NMR solution structure of

a3W was obtained [21]. In addition, the NMR work

revealed a cation-k interaction between Trp-32 and a

nearby lysine residue. The effects of this interaction on

the reduction potential of the tryptophan side chain were

investigated using density-functional theory and the theo-

retical study provided data that are consistent with the

electrochemical characterization of a3W. The structural and

quantum chemical analyses of a3W are described in the

sections that follow.

3.4. Structural characterization of a3W

The initial characterization of a3W was performed on

protein samples that were produced by chemical synthesis.

For a detailed structural analysis of a3W, however, 13C and
15N enriched protein material was required. A bacterial

expression system was developed to induce the synthesis

of the three-helix bundle in E. coli cells cultivated on

isotopically enriched medium [21]. The three-helix bundle

was co-expressed as a fusion with thioredoxin. A glycine-

serine addition remains in the N-terminus of a3W following

thrombin digestion of the fusion protein to remove thiore-

doxin. In order to keep the amino-acid numbering consistent

between the chemically synthesized (65 residues) and the

bacterially expressed proteins (67 residues), we number the

GS extension as �2 and �1, respectively.

As shown in Fig. 6A, a high-quality structural model of

GS-a3W could be obtained by using multi-dimensional

NMR techniques [21]. The experimentally determined

structure confirms the design of the radical maquette and

shows that the peptide chain of GS-a3W folds into a

compact three-helix bundle in solution. The core of the

protein is composed of six hydrophobic layers with Trp-32

located in one of the two central layers (Fig. 6B). A key

design feature of the de novo radical protein was that the

aromatic residue should be sequestered from the bulk

solution (see Section 3.2). The MOLMOL [81] program

was used to calculate the accessible surface area of Trp-32.

The analysis showed that 2.6% of the Trp-32 surface area

is accessible to the bulk solvent. This value represents an

average of the accessibility value calculated for each of the

16 structures in the NMR family. The range in the

accessible surface area for the whole structural family

was 0.8–6.1%. The observed accessibility is essentially

exclusively associated with the indole group having a 5.5
(0–41.9)% accessibility of the nitrogen atom and a 28.8

(8.5–63.1)% exposure of its bound hydrogen atom. Thus,

we conclude that the experimentally derived structure of

GS-a3W fulfills the design criteria defined for the first

generation of de novo radical proteins.

The NMR structural study also revealed that Trp-32 is

involved in a cation-k interaction with Lys-36, which is

located one helical turn away from the aromatic residue. The

structural arrangement of the Trp-32/Lys-36 pair is shown in

Fig. 7. Recent studies of the Protein Data Bank have shown

that cation-k interactions between aromatic (Phe, Trp, Tyr)

and cationic (Arg, Lys) side chains are common in natural

proteins [82–84]. For example, Gallivan and Dougherty

[83] analyzed 593 protein structures using energy-based

criteria and concluded that 26% of the tryptophan residues

are involved in an energetically significant cation-k inter-

action. The apparent high frequency of this structural motif

suggests that it could have a significant influence over the

thermodynamic properties of tryptophans in proteins. The

electrochemical characterization of a3W suggests that a

cation-k interaction will increase the reduction potential of

tryptophan [21,32]. A theoretical analysis confirms this

conclusion, as described below.



Fig. 7. As illustrated in the figure, the de novo designed GS-a3W protein

contains a cation-k interaction between Trp-32 and Lys-36 [21]. Since this

type of interaction is common in natural proteins [82–84], it was

interesting to investigate the thermodynamic properties of a tryptophan

engaged in a cation-k interaction. Experimental and theoretical studies of

the radical maquette showed that the tryptophan reduction potential

increases in the presence of the cation-k interaction (see text for a detailed

discussion).
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3.5. The influence of a cation-p interaction on the

thermodynamic properties of tryptophan

For the oxidation of a tryptophan, we have three possible

events to consider: (1) the oxidation of the reduced and

protonated (WH) species to a tryptophanyl cation radical

(WSH+), WH!WSH++e�; (2) the oxidation of the reduced

and protonated tryptophan to a neutral radical (WS),

WH!WS+H++e�; (3) the oxidation of the deprotonated

tryptophanyl anion (W�) to a neutral radical, W�!WS+e�.

Reaction 3 can be excluded due to the high pKa of the

reduced form of Trp-32. The optical spectrum of Trp-32

remains invariant from pH 4 to 13.5, which means that

deprotonation of the indole head group does not occur

within this pH range [32]. Thus, the two redox couples that

are relevant to consider are WSH+/WH and WS/WH (reac-

tions 1 and 2). That the reduction potential of the WSH+/WH

redox pair will increase in the presence of a cation-k
interaction is clear from electrostatic reasons. The formation

of a cation radical in close proximity to a protonated lysine

is an energetically unfavorable state. Thus, a cation-k
interaction will stabilize the reduced state and it will

destabilize the oxidized state. These effects will give rise

to an overall increase in the reduction potential of the WSH+/

WH redox couple. The magnitude of the increase will be

determined by the strength of the cation-k association and

the local dielectric constant of the protein medium.

The effect of the cation-k interaction on the reduction

potential of the WS/WH redox pair is more difficult to
predict. If the cation-k interaction is stronger to the reduced

tryptophan relative to the neutral radical state, the reduction

potential is expected to increase. In contrast, the potential

will decrease if the cation-k interaction stabilizes the oxi-

dized tryptophan more than the reduced species. We

addressed this issue by calculating the effects of the cat-

ion-k interaction on the indole N–H bond dissociating

energy using hybrid density functional theory [21]. The

N–H bond strength was calculated in the absence and

presence of cation-k interaction in the gas phase and in a

dielectric medium of 4 and 80. In the presence of a cation-k
interaction, the N–H bond dissociating energy increased by

6.8 kcal mol�1 in the gas phase. The increase was 3.2 kcal

mol�1 at a typical protein dielectric constant of 4. Finally, at

a dielectric constant of 80 the increase was 1.4 kcal mol�1.

Since it is the N–H bond that breaks upon the oxidation of a

tryptophan to a neutral radical, these results predict that the

reduction potential of the WS/WH redox pair will increase if

the indole ring is involved in a charge-k interaction. The

observed increase in the bond-dissociation energy for the

tryptophan N–H group in the presence of the lysine can be

understood as follows. The cation-k association is an

interaction between the k electrons associated with the

aromatic ring of the tryptophan and the charge on the

protonated lysine residue. In its oxidized form, the trypto-

phan contains one less electron relative to its reduced form

and, consequently, the charge-k interaction becomes

weaker. Thus, the cation-k interaction stabilizes the reduced

form of the tryptophan relative to its oxidized form and,

consequently, it becomes more difficult to oxidize the

aromatic residue.

Our first set of calculations was done using an indole/

methylammonium model system [21]. More recently, we

have calculated the N–H bond strength of Trp-32Fa cation-

k interaction to Lys-36 by using the coordinates from the

GS-a3W structure. Preliminary results indicate that the bond

dissociation energies derived from the Trp-32/Lys-32 pair

are in close agreement with the values given above for the

smaller model system (Lundberg, Blomberg, Tommos,

unpublished data).

3.6. The design and synthesis of a4W

With a3W, we have shown that de novo protein design

combined with structural, electrochemical and theoretical

analyses can provide detailed information on how the

thermodynamic properties of tryptophan are influenced by

its protein environment. The larger a4W protein has been

constructed to compliment the work on the three-helix-

bundles and expand the family of model radical proteins.

The molecular mass of a4W is 13.0 kDa, which is almost

twice the size of the 7.5-kDa a3W protein. With a4W, we

wish to make similar measurements as with a3W and study

the effects of using a larger protein scaffold, including

increased solvent screening, lower dielectric, and so forth,

on the radical chemistry.



Fig. 8. CD spectrum of a4W (18 AM protein, 10 mM K2HPO4 pH 7.0, 15

mM KCl) obtained at 25 jC.
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The sequence of a4W is derived from an extensive

redesign of the RNA-binding protein Rop [85]. Rop is a

four-helix bundle consisting of two identical helix-turn-

helix subunits arranged in an antiparallel manner. The 63-

amino-acid sequence of each Rop monomer is shown below.

The residues assigned to the heptad a and d positions are

displayed in bold and the three residues forming the hairpin

bend that joins the two a-helices of each subunit is shown in

italic [85].

MTKQ � EKTALNM � ARFIRSQ � TLTLLEK � LNE

� LDA� DEQADI � CESLHDH � ADELYRS

� CLARFGDDGENL

In a4W, the two helix-turn-helix subunits are arranged in

a parallel topology and linked together by a loop to make

the protein monomeric. To introduce this dramatic change in

the Rop structure, the hydrophobic core was completely

redesigned. In addition, multiple alterations were made at

exterior positions including both interhelical and fully

solvent-exposed sites. The resulting 117-residue peptide

chain of a4W is shown below with the a and d positions

of the heptad repeats highlighted.

GSKQ � EKTALNM � ADEVRSQ � TKTVLEK � LNK

� LDA� DEQADI � FKSLADA � ADELERS � VKARF

� GGGGG� ETKQ � EKTALNK � AREIRSQ

� TKTLLEK � VNE� LDA� DEIARV � AESLADA

�WDELERS � IKARF

The sequence contains four helical regions, which are

designed to contain 26 or 28 amino acids each. The first and

the last of the turns between the four helices are conserved

from the original Rop sequence, consisting only of a leucine

and an aspartic acid. The central loop is longer and contains

five glycine residues. The protein core is design to contain

eight hydrophobic layers. The unique tryptophan is placed at

position 106, a heptad a site in layer five of the hydrophobic

core.

As described above, the 65-residue three-helix bundles

were first synthesized by solid-phase peptide synthesis

and then recombinantly expressed in E. coli. A major

advantage with chemical synthesis is that protein samples

can be generated fairly quickly, typically on the week

time scale. To synthesize a gene and construct a bacterial

expression system usually takes months rather than

weeks. Once an efficient expression system has been

obtained, however, making mutants and producing high

quantities of both regular and isotopically enriched protein

samples can be done quickly. With the monomeric three-

helix bundle, we had the advantage that we could do an

initial characterization on chemically generated samples to
probe the design and then do more detailed studies on

biochemically produced samples. The construction of a

monomeric four-helix bundle protein is more challenging

since chemical synthesis of the 117-amino-acid sequence

is not expected to generate sufficient material for the

initial biophysical characterization of the protein. Thus,

with a4W, we had to go directly from designing the

peptide sequence to the construction of an expression

system.

The a4W gene was designed by back-translating the

protein sequence using E. coli preferred codons. Start and

stop codons and BamH1 and EcoR1 restriction enzyme sites

were added to the flanking regions of the resulting DNA

fragment. A nested PCR strategy was used to assemble the

complete 388 base pair sequence [86]. Following sequence

verification, the a4W gene was ligated into a modified [77]

Novagen pET protein expression vector and transformed

into E. coli. a4W is expressed as a thioredoxin fusion

protein in the same manner as a3W. Following thrombin

digestion and HPLC purification, the molecular mass of

a4W was verified by mass spectrometry (calculated mass,

12980.1 Da; experimental mass, 12980.5 Da).

An initial CD characterization of a4W shows the

structure to be about 60% helical (Fig. 8). A guanidine

hydrochloride chemical melt of a4W provided a free

energy of unfolding of �4.0 kcal mol�1 and an m value

of 4.8 kcal mol�1 M�1 (data not shown). Addition studies,

similar to those described in Section 3.3, are in progress to

evaluate the properties of a4W. We note that the sequence

shown above represents the first design of the monomeric

four-helix bundle and it is likely to evolve as the structural

properties of a4W are refined via an iterative design

process.
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mark, S. Styring, L. Sun, Mimicking electron transfer reactions in

photosystem II: synthesis and photochemical characterization of a

ruthenium(II) tris(bipyridyl) complex with a covalently linked tyro-

sine, J. Am. Chem. Soc. 119 (1997) 10720–10725.

[41] C. Tommos, Electron, proton and hydrogen-atom transfers in pho-



K. Westerlund et al. / Biochimica et Biophysica Acta 1707 (2005) 103–116 115
tosynthetic water oxidation, Philos. Trans.-R. Soc. 357 (2002)

1383–1394.
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[52] L. Kálmán, R. LoBrutto, J.P. Allen, J.C. Williams, Modified reaction

centres oxidize tyrosine in reactions that mirror photosystem II, Na-

ture 402 (1999) 696–699.
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