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ABSTRACT: Catalytically essential side-chain radicals have been recognized in a growing number of redox
enzymes. Here we present a novel approach to study this class of redox cofactors. Our aim is to construct
a de novo protein, a radical maquette, that will provide a protein framework in which to investigate how
side-chain radicals are generated, controlled, and directed toward catalysis. A tryptophan and a tyrosine
radical maquette, denotedR3W1 andR3Y1, respectively, have been synthesized.R3W1 andR3Y1 contain
65 residues each and have molecular masses of 7.4 kDa. The proteins differ only in residue 32, which is
the position of their single aromatic side chain. Structural characterization reveals that the proteins fold
in water solution into thermodynamically stable,R-helical conformations with well-defined tertiary
structures. The proteins are resistant to pH changes and remain stable through the physiological pH range.
The aromatic residues are shown to be located within the protein interior and shielded from the bulk
phase, as designed. Differential pulse voltammetry was used to examine the reduction potentials of the
aromatic side chains inR3W1 andR3Y1 and compare them to the potentials of tryptophan and tyrosine
when dissolved in water. The tryptophan and tyrosine potentials were raised considerably when moved
from a solution environment to a well-ordered protein milieu. We propose that the increase in reduction
potential of the aromatic residues buried within the protein, relative to the solution potentials, is due to
a lack of an effective protonic contact between the aromatic residues and the bulk solution.

A family of redox proteins that employs amino acids, or
posttranslationally modified amino acids, as active, electron-
transfer cofactors has recently been recognized (1-6). The
side-chain cofactors in this class of enzymes include tyrosine,
tryptophan, cysteine, glycine, and derivatives of tyrosine and
tryptophan. The tyrosyl radical in the iron-containing ribo-
nucleotide reductase (RNR)1 enzyme involved in DNA
synthesis was the first functional protein radical that was
shown to reside on a side chain (1, 7). Over the past two
decades, amino acid radicals have been shown to participate
in a number of biochemical reactions including water
oxidation in plants and algae, carbohydrate metabolism,

hormone synthesis, and deactivation of reactive oxygen
species in the cell (4-6). Interestingly, a postulated redox-
active tyrosine, located in the binuclear center in cytochrome
c oxidase and cross-linked to a histidine (8, 9), has recently
been proposed to participate in the reduction of oxygen in
respiration (10).

The use of side chains as catalytic cofactors raises
mechanistic questions as to how these amino acids specif-
ically are targeted for redox chemistry. One theme emerging
for the enzymes studied thus far is the presence of a metal
site in the immediate vicinity of the redox-active side chain
that generates the oxidizing potential necessary to form the
catalytically active radical. The metal cofactors involved in
radical generation are diverse and include most of the redox-
active metals commonly found in natural systems. Oxygen-
activated heme and non-heme iron are essential for radical
formation in cytochromec peroxidase (11) and in the class
Ia RNR enzymes (12), respectively. Cobalt is present in the
B12-dependent proteins (2, 4, 6). Mononuclear copper centers
are found in, for example, galactose oxidase (13), and a
manganese cofactor has been proposed to form the metal
site in the class Ib RNR enzymes (14, 15). An iron-sulfur
cluster andS-adenosylmethionine are required for the forma-
tion of the stable glycine radicals found in the anaerobic
pyruvate formate lyase (16) and class III RNR (17) enzymes.
In these two latter proteins, the metal and the radical are
located on separate subunits. Photosystem II (PSII) of plant
photosynthesis provides another exception to the close metal/
radical motif described above. In this system, a light-activated
chlorophyll complex, P680, generates the potential to oxidize
two tyrosines, denoted YZ and YD, in which the former is
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directly involved in the water-oxidizing chemistry (18, 19).
In several of the radical enzymes it appears that the principal,
and in some systems the sole, function of the metal is to
generate the potential required to oxidize the side-chain
cofactor. Once created, the radical then interacts with the
substrate to initiate catalysis.

A distinct feature of redox-active amino acids is that they
change their acidity dramatically as a function of their redox
state. Tyrosine, for example, has a solution pK of 10, which
is lowered by more than 12 pK units upon oxidation (20).
Similarly, tryptophan has a pK above 14 in its reduced form
that drops to about 4 in its oxidized radical form (21, 22).
Radical-driven deprotonation and reprotonation reactions are
often part of the catalytic cycle in this class of enzymes (4-
6). In recent models for PSII, for example, redox-coupled
proton exchange at YZ has been proposed to serve as the
key mechanism by which the protons produced by the water-
oxidizing chemistry are shuttled from the catalytic site to
the bulk solution in the thylakoid lumen (19, 23).

Some enzymes generate and confine the radical at the
active site. In contrast, in the RNR enzymes the initial radical
is generated at a position remote from the site of catalysis
and radical migration in a controlled fashion is invoked in
substrate activation (6, 12, 24-26). Pyruvate formate lyase
provides a second example in which radical migration is
proposed to occur (27, 28). Side-chain redox reactions
typically occur at high reduction potentials and involve
exchange of single electrons, making the radical state a
powerful and highly reactive oxidant. The high reactivity,
combined with the apparent ease by which side-chain radicals
migrate in physiological reactions, suggests that the proteins
that support functional radicals contain features to exert strict
control on the reactive species so as not to damage the host
organism.

It is of considerable interest and importance to delineate
the general engineering principles by which the protein
controls the formation of the radical, prevents destructive
side reactions, and moves it with high efficiency toward the
substrate. Here we describe a novel approach to investigate
these issues. Our aim is to construct a radical maquette that
will serve as a working model for the family of radical
enzymes. The radical maquette is a de novo designed protein
containing a buried amino acid that is targeted for redox
chemistry. In the design of the first generation of radical
maquettes, our emphasis was to develop a protein framework
that satisfies four basic criteria: (1) The synthetic protein
should have structural properties similar to those of natural
proteins and thus form stable, well-defined secondary and
tertiary structures in solution. (2) The protein should contain
a single side-chain cofactor located within the protein core
and shielded from the bulk solution. Our intention is to study
the interplay between the protein and the radical. Therefore,
the side-chain cofactor should be buried within the protein
interior, rather than located in a solvent-exposed position in
which solution conditions are expected to dominate its
chemistry. (3) To provide a stabilizing environment and
suppress possible side reactions, the rest of the protein should
be “redox inert” and not contain residues expected to have
reduction potentials close to that of the endogenous cofactor.
(4) The protein scaffold should have a small extinction
coefficient in the region in which the amino acid cofactor
absorbs. This feature is intended to allow us to photooxidize

the side-chain cofactor specifically without initiating ad-
ditional light-induced reactions.

We have constructed two small globular proteins that
include either a single tryptophan or a single tyrosine based
on these principles. Structural models of the tryptophan and
tyrosine radical maquettes, denotedR3W1 and R3Y1, are
shown in Figure 1. Here we present a detailed evaluation of
the solution properties of the two synthetic proteins and of
the local environment of their aromatic side chains. This
work provides experimental support for the models shown
in Figure 1. Following the structural characterization, the
electrochemical properties ofR3W1 andR3Y1 were examined
and these results begin to identify features essential to
generate side-chain radicals within the interior of a protein.

EXPERIMENTAL PROCEDURES

Materials.9-Fluorenylmethoxycarbonyl (Fmoc) protected
amino acid pentafluorophenyl esters (OPfp) were obtained
from PerSeptive Biosystems (Framingham, MA) except for
Fmoc-Arg(Pmc)-OPfp, which was purchased from Bachem
(King of Prussia, PA). NovaSyn PR 500 resin was obtained
from Calbiochem-Novabiochem (La Jolla, CA), trifluoro-
acetic acid (TFA) and 2,2,2-trifluoroethanol (TFE) from
Aldrich Chemical Co. (Milwaukee, WI), and 1,2-ethanedithi-
ol and 1-hydroxybenzotriazole (HOBt) from Fluka (Ronkonko-
ma, NY).L-Tyrosine,N-acetyl-L-tyrosinamide, andN-acetyl-
L-tryptophanamide were obtained from Sigma Chemical Co.
(St. Louis, MO). All chemicals and solvents were reagent-
grade and were used as received. The water used was purified
in a Milli-Q system from Millipore Corp. (Bedford, MA).

Protein Synthesis.The R3W1 and R3Y1 peptide chains,
acetyl-R‚VKALEEK ‚VKALEEK ‚VKAL- GGGG-R‚
IEELKKK ‚(W/Y )EELKKK ‚IEEL-GGGG-E‚VKKVEEE‚
VKKLEEE‚IKKL- CONH2, were assembled on a continuous-
flow MilliGen 9050 solid-phase synthesizer by using Fmoc-
protectedL-amino acids on a 0.2 mmol scale. The side-chain
protecting groups were as follows: Arg (2,2,5,7,8-pentam-
ethylchroman-6-sulfonyl), Glu (tert-butyl ester), Lys (tert-
butyloxycarbonyl), Tyr (tert-butyl). Single, 60 min cycles
were used for the OPfp/HOBt coupling steps with the
exception of Ala, which was double-coupled. After synthesis,
the N-termini were acetylated in acetic anhydride/pyridine
1:1 (v/v) for 30 min and then rinsed withN,N-dimethylfor-
mamide followed by dichloromethane. The synthesized

FIGURE 1: Structural models of the tryptophan and tyrosine radical
maquettes, denotedR3W1 and R3Y1. The figures were generated
by MOLSCRIPT (29) and are based on the crystal coordinates of
CoilSer designed by DeGrado and co-workers (30).
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peptides were cleaved from the solid resin support and their
side chains were concomitantly deprotected in a TFA/1,2-
ethanedithiol/water 90:8:2 (v/v/v) mixture for 4.5 h. The resin
was filtered and the crude products were precipitated and
washed in ether and then dissolved in water with 0.1% TFA.
After lyophilization, the peptides were purified by reversed-
phase HPLC on a C18 column (Vydac, Hesperia, CA) eluted
with an acetonitrile/water/0.1% TFA gradient. The purity of
the final products was assayed by analytical HPLC and their
molecular masses, 7440 and 7417 Da forR3W1 and R3Y1,
respectively, were verified by mass spectroscopy. Protein
concentrations were determined in 6 M guanidine hydro-
chloride (GdnHCl) and assumingε280 of 5690 M-1 cm-1 for
tryptophan andε275 of 1490 M-1 cm-1 for tyrosine (31).

Solution Molecular Weight Determination.Sedimentation
equilibrium ultracentrifugation was performed as described
earlier (32). The protein concentration was 150µM in a
buffer of 10 mM potassium phosphate and 100 mM KCl,
pH 7.0. Analytical size-exclusion chromatography was done
by using a Pharmacia Superdex 75 column equilibrated with
the buffer described above at a flow rate of 0.5 mL min-1.
The protein loading concentration was 4-850 µM and the
eluent was monitored by measuring the absorbance at 220
and 280 nm.

Circular Dichroism Spectroscopy.CD measurements were
performed on an Aviv 62DS spectropolarimeter at 25.0°C
by using a 2 mm path length cuvette. CD intensity is
expressed as mean residue ellipticity [Θ] (degree square
centimeter per decimole), which is given by [Θ] ) Θobs/
10lCn, whereΘobs is the measured ellipticity in degrees,l
is the cuvette path length in centimeters,C is the molar
peptide concentration, andn represents the number of amino
acids. The chemical denaturation curves were obtained
by monitoring the ellipticity at 222 nm as a function of
GdnHCl concentration. The denaturation data were fit to a
two-state monomer folded/unfolded equilibrium, fraction
folded ) exp(∆GH2O - m[GdnHCl])/{1 + exp(∆GH2O -
m[GdnHCl])}, by using a nonlinear least-squares routine in
KaleidaGraph (Synergy Software, Reading, PA). The∆GH2O

term represents the free energy of unfolding in the absence
of denaturant and them value, the slope of the denaturation
curve, reflects the degree of cooperativity in the unfolding
process (33).

NMR Spectroscopy.NMR experiments were performed on
a Varian Inova 600 or 750 MHz spectrometer.R3W1 and
R3Y1 solutions were prepared at 1 mM concentration in 20
mM sodium phosphate, pH 7.0, 50 mM KCl, 0.01 mM
sodium azide, and a H2O:D2O ratio of 94:6 (v/v). One-
dimensional NMR spectra were acquired with a 12 ppm
spectral width and 4096 complex data points. Two-
dimensional NOESY (34) experiments were acquired with
a 12.0 ppm spectral width int1(1H) andt2(1H), acquiring 300
and 2048 complex points in each dimension, with a total
acquisition times of 41.7 and 284 ms, respectively. Natural
abundance13C HSQC (35, 36) spectra were acquired with a
31.8 ppm spectral width int1(13C) with 140 complex points
(29.2 ms total acquisition time) and 12.0 ppm spectral width
in t2(1H) with 2048 complex points (284 ms total acquisition
time). Quadrature detection in the indirect dimensions was
accomplished by using TPPI-States (37). Data reduction was
performed with Felix95 software (Molecular Simulations
Inc., San Diego, CA). Amide H/D isotope exchange (38)

was performed by dissolving perprotioR3W1 or R3Y1 in
99.9% D2O and immediately placing the samples in the NMR
spectrometer. Following 15 min equilibration time, the rate
of amide hydrogen exchange of the slowest hydrogens was
monitored with a series of one-dimensional NMR spectra.

Electrochemical Measurements.Differential pulse volta-
mmetry (DPV) measurements were done on a BAS 100 B/W
electrochemical analyzer from Bioanalytical Systems (West
Lafayette, IN). The data were collected in a three-electrode
glass cell by using a glassy carbon working electrode, an
Ag/AgCl/3 M KCl reference electrode, and a platinum wire
as the counter electrode. The glassy carbon electrode was
polished with a water-alumina slurry, rinsed, and sonicated
between each single measurement. The free amino acids and
the proteins were dissolved in a 10 mM potassium phosphate
buffer containing 200 mM KCl. The pH was set by using
stock solutions of HCl and KOH and monitored continuously
during the experiments. The sample volumes were 3 mL,
from which oxygen was removed by passing wet argon gas
either above or through the solution prior to each measure-
ment. The experiments were performed at 22°C. The
ferricyanide/ferrocyanide redox couple was used as an
internal standard. All potentials reported here are presented
relative to the normal hydrogen electrode (NHE).

RESULTS

Folding of R3W1 and R3Y1. The secondary structures of
R3W1 and R3Y1 were studied by CD and NMR spec-
troscopies. Figure 2A displays the far-UV spectrum ofR3Y1

in aqueous buffer, which shows the positive 192 nm and
negative 208 and 222 nm features characteristic of an
R-helical backbone structure (39). The R3Y1 CD spectrum
displays a mean residue ellipticity at 222 nm, [Θ]222, of
-21.5 103 deg cm2 dmol-1 and a [Θ]222/[Θ]208 ratio of 0.89.
These values are consistent with a protein structure of

FIGURE 2: (A) Circular dichroism spectrum ofR3Y1 at neutral pH.
(B) Reversible guanidine hydrochloride denaturation ofR3W1 (O)
andR3Y1 (b) as monitored by their CD intensities at 222 nm. The
proteins were dissolved at 13.0µM in 10 mM potassium phosphate
and 10 mM KCl, pH 7.0. The data were collected at 25°C.
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interactingR-helices (40, 41). The [Θ]222 and [Θ]222/[Θ]208

values decreased to-24.3 103 deg cm2 dmol-1 and 0.81
whenR3Y1 was dissolved in buffer containing 50% trifluo-
roethanol (not shown). Trifluoroethanol is a more hydro-
phobic solvent and a weaker base as compared to water.
When added at high concentrations, TFE disrupts the protein
hydrophobic core and stabilizes intrahelical hydrogen bonds,
which promotes helix formation in peptides with helical
propensity (42-44). The formation of monomericR-helices
in the presence of TFE is consistent with the decrease to
0.81 in the [Θ]222/[Θ]208 ratio (40, 41). The relatively minor
change observed in the CD intensity at 222 nm upon TFE
addition indicates that the backbone folding inR3Y1 is
essentially complete in an aqueous milieu.R3W1 gives rise
to very similar CD spectra as compared toR3Y1 in both
aqueous and TFE-containing buffers (not shown). We
estimate that the two proteins are∼70% R-helical in water
from their CD spectra (45).

Nuclear magnetic resonance studies also indicate thatR3W1

and R3Y1 are helical, as designed. Most of the resonances
of the backbone HR nuclei are observed in the 3.8-4.3 ppm
region in the one-dimensional1H NMR spectra ofR3W1 and
R3Y1 (not shown). These values are shifted upfield, as
compared to random-coil values (46, 47), which is consistent
with resonances of HR nuclei inR-helices (48). Furthermore,
2D NOESY spectra fromR3W1 andR3Y1 (not shown) reveal
numerous HN-HN correlations, as expected forR-helical
proteins.

The thermodynamic stability ofR3W1 andR3Y1, relative
to their unfolded states, was studied by chemical denaturation
and amide H/D isotope exchange measurements. Figure 2B
shows the reversible loss of their secondary structure, probed
by the decrease in ellipticity at 222 nm, as a function of
guanidine hydrochloride concentration. The denaturation
curves have a midpoint of unfolding at 2.2 and 1.9 M
GdnHCl forR3W1 andR3Y1, respectively. Figure 2B shows
that the secondary structures ofR3W1 and R3Y1 melt in a
very cooperative manner. The two denaturation transitions
havem values of 2.8 kcal mol-1 M-1, which is consistent
with values derived for natural proteins (49). Assuming a
two-state monomer folded/unfolded event, we estimate
∆GH2O at 25°C to be-6.2 kcal mol-1 for R3W1 and-5.4
kcal mol-1 for R3Y1. The slowest amide H/D exchange rate
translates to a range of∆GH2O that includes the value
measured by chemical denaturation. The rate of the slowest
exchanging amide proton inR3W1 is 0.0085 min-1 at pH
6.85 (uncorrected for isotope effects) and 25°C. This equates
to a free energy of unfolding of-5.1 to -6.3 kcal mol-1

depending upon its identity (50, 51). Likewise, the rate of
the slowest exchanging amide proton inR3Y1 is 0.0025 min-1

at pH 6.50 (uncorrected for isotope effects) and 25°C. This
equates to a∆GH2O value of-5.4 to-6.5 kcal mol-1. Thus,
the stability ofR3W1 andR3Y1 as determined by amide H/D
exchange is consistent with the chemical denaturation
measurements and further suggests that the rate of the slowest
exchanging amide proton is being controlled by a global
unfolding event (51).

The radical maquettes are somewhat more stable than the
original molecule, denotedR3-1 (30, 32), from which their
sequences were derived.R3-1 displays a∆GH2O of -4.6 kcal
mol-1 at 25°C (32). The thermodynamic stability of the de
novoR3B andR3C three-helix bundles,-7.2 and-5.5 kcal

mol-1, respectively (52), is close to the values that we
observe forR3W1 and R3Y1. The stabilities of the radical
maquettes are also close to values reported for natural
proteins of similar size. Four single-stranded proteins or
domains, containing between 56 and 65 residues and no S-S
bridges, display stability in the range of-5.7 to-7.5 kcal
mol-1 (53-56). The SH3 domain, which is a 62-residue,
â-sheet barrel, displays a∆GH2O of -3.7 kcal mol-1 (57).
Thus, the thermodynamic stability ofR3W1 and R3Y1 is
within the range observed for other small, monomeric
proteins of both synthetic and natural origin.

It is common that de novo proteins fold into well-defined
backbone conformations but form less ordered tertiary
structures (58-61). The synthetic proteins show features
resembling molten globules, which are compact, partially
folded conformations with mobile side chains (62). The steep
melting transitions shown in Figure 2B indicate that the
unfolding processes ofR3W1 andR3Y1 are highly cooperative
events. This, in turn, suggests that these two proteins form
rigid and well-ordered hydrophobic cores that are shielded
from bulk solvent. To test this, we studied binding of the
amphipathic fluorescent dye 8-anilino-1-naphthalenesulfonic
acid (ANS) toR3W1 andR3Y1. Proteins with poorly packed
interiors typically have a high affinity for ANS, the binding
of which can be monitored spectroscopically (63). When
excited with 370 nm light, ANS has a low fluorescence yield
in water but gives rise to a strong emission in the 450-550
nm region when residing in a hydrophobic environment. We
observed no increase in fluorescence in this region upon
addition of R3W1 or R3Y1 to a neutral solution containing
11.4 µM ANS (not shown). We conclude that these two
proteins do not bind ANS in a solution containing a 1:1 ratio
of dye and protein, which is consistent with tightly packed
tertiary structures.

NMR studies were performed to establish further that
R3W1 andR3Y1 have well-defined folds in solution. An NMR
spectrum displaying narrow resonance line widths, large
chemical-shift dispersion, and a single set of resonances is
characteristic of a well-folded protein in solution. Multiplicity
of solution conformations and the rates of interchange,
relative to the chemical shift differences, between these
conformers will have dramatic effects on the magnetic
resonances. Slow exchange rates will lead to observation of
individual resonances of each conformation that is popula-
tion-weighted in intensity. Thus, a protein that populates a
manifold of slowly interchanging conformations will exhibit
multiple and/or broadened magnetic resonances. A situation
with intermediate exchange rates will result in extreme line
broadening. Rapid exchange between different conformers
will lead to a population-weighted average chemical shift
with a more narrow dispersion range. The isotropic magnetic
environment and resulting small range of chemical-shift
dispersion in random coils exemplifies this latter situation.

Figure 3 shows one-dimensional1H NMR spectra contain-
ing resonances of main-chain amide and aromatic protons
in R3W1 (panel A) andR3Y1 (panel B). Both spectra show
amide proton resonances spanning a∼2 ppm region that
display narrow line widths. The chemical shift dispersion
predicted for the amide protons associated with theR3W1

and R3Y1 peptide chains in a random-coil conformation is
about 0.4 ppm (46, 47). The much larger range in chemical
shifts observed in the two spectra indicates that theR3W1
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andR3Y1 backbones reside in ordered environments. Some
of the protons associated with the aromatic side chains in
R3W1 andR3Y1 are easily observable in Figure 3. The narrow
resonance observed at 10.53 ppm in theR3W1 spectrum
represents the N-H proton associated with the indole
headgroup. On the basis of chemical shift values (46, 47)
and NOESY connectivities (see below), the two well-
resolved resonances at 7.04 and 6.89 ppm in Figure 3B are
assigned to the H2,H6 and H3,H5 tyrosine ring protons,
respectively. We conclude that the 1D1H NMR spectrum
of R3W1 and ofR3Y1 shows a single set of resonances with
narrow line width and large chemical-shift dispersion that
is consistent with a single, highly populated protein confor-
mation.

More critical evidence that the interiors of the synthetic
proteins are well-ordered is provided by natural abundance
13C HSQC spectroscopy. Figure 4 shows methyl region
expansions of13C HSQC spectra obtained fromR3W1 and
R3Y1, each of which contains 37 methyl groups associated
with their aliphatic residues. Figure 4A representsR3W1 in
3 M GdnHCl, which is sufficient to essentially completely
denature the protein (see Figure 2B). Thus, Figure 4A
displays the random coil1H and 13C chemical shift values
of the seven different methyl groups associated with the
alanine, valine, leucine, and isoleucine residues ofR3W1. The
figure shows methyl correlations with random-coil values
consistent with those of alanine and isoleucine (47) in the
relatively upfield13C spectral region. The methyl correlations
arising from valine and leucine residues (47) are found in
the relatively downfield13C region of the HSQC spectrum.
Figure 4 panels B and C display13C HSQC spectra obtained
from R3W1 and R3Y1, respectively, in their folded states.
Since most of the methyl groups ofR3W1 and R3Y1 are
designed to, and presumably do, pack within their hydro-
phobic cores, the spectra in Figure 4B,C reflect the magnetic
environment in the interior of the synthetic proteins. IfR3W1

and R3Y1 have ordered three-dimensional structures, we
expect to observe up to three different alanine and six
different isoleucine methyl correlations, indicating different
magnetic environments for each methyl group of these side
chains. The three alanine CâH3 methyl correlations and the
six CH3 correlations from the three Ile-Cγ2H3 and three Ile-
CδH3 groups are observed in the two spectra. The spectral
region that contains the methyl correlations arising from the

six valine and eight leucine residues is less resolved owing
to the relatively large number of these amino acids inR3W1

andR3Y1. Nonetheless, 24-26 of the expected 281H-13C
cross-peaks can readily be identified in each of the two
spectra. Overall, the13C HSQC spectra are well-resolved,
which indicates that their methyl groups reside in unique
magnetic surroundings and provides evidence thatR3W1 and
R3Y1 have well-defined tertiary structures in solution. Last,
the presence of single sets of methyl1H-13C correlations
for each protein suggest thatR3W1 andR3Y1 populate single
conformers in solution.

Characterization of the Aromatic Side Chains.Fluores-
cence spectroscopy was performed to determine whether W32

is buried in the interior ofR3W1, as designed. The dotted
line in Figure 5A represents the fluorescence emission from
N-acetyl-L-tryptophanamide in solution, which has an emis-
sion maximum at 352 nm. The solid line in Figure 5A
represents the fluorescence spectrum fromR3W1 in solution
at neutral pH. The fluorescence arising from the protein has
an emission maximum at 324 nm. The fluorescence blue shift
suggests that W32 resides in an apolar, buried position (64)
and is consistent with the model ofR3W1 shown in Figure
1. Having established thatR3W1 has a well-defined structure
with the tryptophan buried within its interior, we studied the
stability of the protein with respect to pH. Figure 5B displays
a pH titration ofR3W1 following its CD intensity at 222 nm
and the fluorescence emission maximum from W32. The
figure shows that the secondary and tertiary structures of
R3W1 are robust with respect to pH changes and remain
stable over the 4-10 pH range. The decrease in [Θ]222

observed above pH 10 reveals that the secondary structure
begins to denature. AsR3W1 unfolds, the fluorescence
emission maximum shifts to longer wavelengths, consistent
with the exposure of W32 to the bulk medium. The design
of the three-helix bundles includes lysine-glutamate pairs
intended to form stabilizing salt bridges on the exterior of
the proteins (see below). The pK of the lysine side chain is
about 10.5 in water, which is close to the pH whereR3W1

starts to lose its structure. The unfolding process is most
likely initiated by the deprotonation of the lysines, which
breaks the lysine-glutamate salt bridges and destabilizes the
protein.

Figure 5B shows that the CD intensity, which reflects the
global unfolding ofR3W1, and the tryptophan fluorescence,
which monitors a local unfolding event, follow the same pH
dependence. This observation supports the assumption made
above thatR3W1 unfolds according to a two-state model.

Measurements onR3Y1 established that Y32, like the
tryptophan inR3W1, is also shielded from solvent. Tyrosine
has an absorption maximum at 275 nm in aqueous solution,
which, upon deprotonation of the phenol headgroup, red-
shifts to 293 nm (65). Titration curves of tyrosine free in
solution and of Y32 associated withR3Y1 are shown in Figure
6A. The titration curves reveal a pK of 11.3 for Y32 in R3Y1,
which is 1.2 pH units higher than the pK of tyrosine in
solution. The observed increase in pK is consistent with a
tyrosine residing in a position shielded from the bulk
medium. This is further examined in Figure 6B, which
follows theR3Y1 CD ellipticity at 222 nm and the formation
of Y32

- as a function of pH. The pH study reveals that the
secondary structure ofR3Y1 is stable from about pH 4 to
10, as shown above forR3W1. R3Y1 loses its secondary

FIGURE 3: One-dimensional1H NMR spectra of (A)R3W1 and (B)
R3Y1 displaying the amide and aromatic resonances. The spectra
were obtained on an Inova 600 NMR spectrometer at 35°C by
using a 12 ppm acquisition window and signal average for 64 scans.
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structure concomitant with the deprotonation of the tyrosine,
which suggests that these two events are coupled. Thus, at
high pH the secondary and tertiary structures are disrupted,
exposing Y32 to a higher dielectric medium and allowing it
to deprotonate. The creation of a charge, in turn, promotes
the unfolding process. Consistent with this notion, Figure
6B shows thatR3Y1 retains about 30% of itsR-helical
structure at pH 13.5. In contrast,R3W1, whose unique

tryptophan remains protonated and neutral at this pH, has
∼50% of its secondary structure still intact, as shown in
Figure 5B. This suggests that the observed shift of 1.2 pH
units in the pK of Y32 represents the lower limit for the
protein-induced change in acidity of this buried residue.

NMR data obtained onR3W1 andR3Y1 also suggest that
their aromatic residues reside within the hydrophobic cores
of the respective proteins. Figure 7 shows that nuclear
Overhauser enhancements (NOEs) are observed between the
protons associated with the aromatic headgroups of W32 and
Y32 and a number of aliphatic protons, including methyl
protons. Since the methyl groups are designed to pack in

FIGURE 4: Natural abundance13C HSQC spectra of (A) unfoldedR3W1 in 3 M GdnHCl, (B) foldedR3W1, and (C) foldedR3Y1. These
spectra represent expansion of the methyl region and were obtained on an Inova 750 NMR spectrometer under the same conditions as
described in Figure 3.

FIGURE 5: (A) Fluorescence spectra from the buried tryptophan in
R3W1 (solid line) and fromN-acetyl-L-tryptophanamide in solution
(dotted line) obtained on an ISS K2 multifrequency cross-correlation
phase and modulation fluorometer. The protein and the tryptophan
analogue were dissolved at 15.0µM in a buffer of 10 mM potassium
phosphate and 10 mM KCl, pH 7.0, and placed in a 10 mm path
length cuvette. The excitation wavelength was 280 nm and the
temperature was 23°C. (B) Stability ofR3W1 as a function of pH.
The secondary structure was monitored by the CD intensity at 222
nm (b), and changes in the tertiary structure were followed by the
tryptophan fluorescence emission maximum (O). The CD measure-
ments were done with 17.5µM R3W1 in a 10 mM potassium
phosphate and 10 mM KCl buffer at 25°C.

FIGURE 6: (A) pH titration curves fromL-tyrosine free in solution
(O) and from Y32 in R3Y1 (b). The titration curves were obtained
by monitoring the formation of the tyrosinate species at 293 nm.
(B) Stability of the secondary structure ofR3Y1 as a function of
pH as monitored by the CD intensity at 222 nm (2). The figure
also plots the formation of Y32

- as a function of pH (4). The CD
measurements were done with 26.0µM R3Y1 in a 10 mM potassium
phosphate and 10 mM KCl buffer at 25°C.
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the proteins interior this suggests that W32 and Y32 are integral
with the hydrophobic core. Figure 7A shows the NOESY
spectrum fromR3W1 in H2O, which displays proton NOEs
to the indole H1 proton. Three correlations are observed with
chemical shifts<1.1 ppm that represents NOEs between the
indole proton and 2-3 different methyl protons. Two
additional NOEs with aliphatic resonances at 1.30 and 1.92
ppm are also observed. Figure 7B reveals that the H2, H4,
H5, H6, and H7 protons of W32 are close to at least eight
different methyl protons, assuming that all proton shifts<1.1
ppm arise from methyl protons. Moreover, there are∼30
additional NOEs observed between the W32 aromatic protons
and aliphatic resonances with chemical shifts<2.5 ppm. The
data shown in Figure 7A,B provide strong support that the
whole aromatic headgroup of W32 is situated within the
hydrophobic core ofR3W1. The H2,H6 and H3,H5 protons
of Y32 also show NOEs with at least five different methyl
proton resonances and∼7 additional NOEs to other aliphatic
protons with resonances<2.5 ppm (Figure 7C).

In conclusion, the NOESY data obtained fromR3W1 and
R3Y1 suggest that their aromatic side chains reside within
the hydrophobic cores of these proteins and are consistent
with the findings from the fluorescence and optical analyses.

Aggregation State ofR3W1 andR3Y1. Analytical sedimen-
tation equilibrium ultracentrifugation was performed to
determine thatR3W1 is monomeric in solution. A set of data
was collected at a protein concentration of 150µM (not
shown) that was well described by assuming a molecular
mass of 7440 Da, as expected for a monomer. Furthermore,
size-exclusion chromatography onR3W1 andR3Y1 revealed
that the two proteins elute with identical retention times. This
result shows thatR3W1 andR3Y1 have similar hydrodynamic
radii in solution, which, in turn, suggest that they have the
same aggregation state. We conclude that the radical
maquettes are monomeric in solution.

Voltammetry Studies onR3W1 andR3Y1. It has been shown,
originally by Harriman (21) and later corroborated by
DeFelippis et al. (22), that electrochemical techniques can
be used to estimate the reduction potentials of tryptophan
and tyrosine in solution. These species display diffusion-
controlled electrode behavior, but no peaks are observed on
the reductive scans in their cyclic voltammetry traces (21).
Irreversible electrochemical oxidation is frequently observed
for organic radicals, since these species usually have lifetimes
that are short relative to the time scale of the experiment.
Although the electrochemical oxidation is not reversible and
provides only apparent reduction potentials, the numbers
derived from these measurements are in very good agreement
with values obtained from pulse radiolysis equilibrium
studies (22, 66-70).

Figures 8 and 9 show an electrochemical examination of
the reduction potentials of tryptophan and tyrosine when
dissolved in aqueous buffer and compare them to the poten-
tials of the aromatic side chains inR3W1 andR3Y1. Figure
8A displays a typical differential pulse voltammogram of
the tryptophan derivativeN-acetyl-L-tryptophanamide. This
compound was used instead ofL-tryptophan as the solution
reference because it allows us to derive the peak potential,
EP, of the indole headgroup without interference from acid/
base reactions at the amino and carboxyl groups (C. Tommos
and P. L. Dutton, unpublished results). The trace shown in
Figure 8A was obtained at pH 1.95 and displays anEP of
1.07 V and a width at half-height of 0.108 V. For a fully
reversible redox reaction with no kinetic complications, the
average DPV peak potential approximates the formal reduc-
tion potential (71). For the irreversible electrochemical
measurements reported here, we estimate thatEP ) Em (
0.02 V (22). Under reversible conditions, the width at half-
height has been determined to be 0.089 V for an one-electron
(n ) 1) oxidation process at 22°C (71). The broadening of
the peak observed in Figure 8A compared to the theoretical
value may reflect the fact that the electrochemical oxidation
of tryptophan is not reversible. The DPV peak potential of
the tryptophan analogue is shown as a function of pH in
Figure 8B. In the low-pH region, the peak potential becomes
independent of the pH at 1.07 V. In this range we expect
that the oxidation reaction produces the tryptophan cation
radical; that is, the pH-independent potential represents the
W+ •/W redox couple. The peak potential titrates with an
apparent pK of 3.7 and becomes pH-dependent at higher pH
with a slope of 0.053 V/pH unit, which is close to the 0.059
V predicted for a H+/e- ratio of 1.0. TheEP of the W•/W
redox couple is 0.89 V at pH 7.0. Due to the high pK of the
indole N-H proton, the pH-independent potential of the W•/
W- pair is not observed when measuring below pH 14.

FIGURE 7: Expansions from the NOESY spectrum of (A)R3W1

in H2O showing the NOEs between the indole proton, H1, of
W32 with nearby (<5 Å) protons. The NOESY spectra of (B)
R3W1 and (C)R3Y1 in D2O show the NOEs between the aromatic
protons of W32 and Y32 with protons in the close vicinity. The W32
HR, Hâ1, Hâ2, H2, H4, H5, H6, and H7 resonances are based on
the following strong (s), medium (m), or weak (w) NOE correla-
tions: (s) H4-H5, (s) H5-H6, (s) H6-H7, (w) H4-H6, (w) H5-
H7, (m) H2-Hâ1, (m) H2-Hâ2, (w) H2-HR, (m) H4-Hâ1, (m)
H4-Hâ2, and (m) H4-HR. The Y32 H2 and H6 resonances are
assigned on the basis of their strong NOE correlations to the
two Y32 Hâ protons at 3.10 and 3.35 ppm and the Y32 HR proton
at 4.08 ppm. The H3 and H5 resonances also show weak NOEs
to the Y32 Hâ protons. The spectra were acquired on a Inova
600 NMR spectrometer under the same conditions as described in
Figure 3.
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A similar set of results was obtained onN-acetyl-L-
tyrosinamide and is shown in Figure 8C. A pH-independent
peak potential of 0.65 V representing the Y•/Y- redox couple
is observed at pH above the pK of the reduced tyrosine. From
Figure 8C, we obtain a pK for the tyrosine derivative of 9.9,
which is close to the pK of 10.1 derived forL-tyrosine in
solution (see above). Below pH 9.9, the potential increases
by 0.059 V/pH unit, as predicted. The peak potential of the
Y•/Y redox couple is 0.83 V at pH 7. From the data shown
in Figure 8C, we estimate that the potential of the tyrosyl
cation radical, which has a pK of <-2 (20), is above 1.35
V. Since these measurements are performed in water,∼1.35
( 0.05 V represents the upper limit of the potential window
that can be investigated before the solvent itself becomes
oxidized (not shown). Thus, the high potential estimated for
the Y+ •/Y couple is above the range that we can investigate.

As a comparison of the values determined above for the
amino acid derivatives, DeFelippis et al. (22) reported DPV

peak potentials for tryptophan and tyrosine of 1.02 and 0.93
V, respectively, at pH 7.0. Harriman (21) obtained the same
values for these two amino acids by using cyclic voltam-
metry. The apparent reduction potentials derived from the
electrochemical measurements are in close agreement with
the equilibriumEm7 values derived from pulse radiolysis
studies of 1.03-1.08 V for tryptophan (66-68) and 0.85-
0.94 V for tyrosine (68-70).

Figure 9A shows a DPV trace ofR3W1 at pH 9.9. The
CD and fluorescence data described above show thatR3W1

is folded under these conditions (see Figure 5B). TheR3W1

voltammogram displays a peak centered at a potential of 1.09
V with a width at half-height of about 0.080 V. The 1.09 V
peak potential derived forR3W1 at pH 9.9 is 0.35 V more
oxidizing than free tryptophan dissolved in a buffer with
similar pH. A shift in peak potential could either arise from
a change in reduction potential or reflect a kinetic effect due
to an increase in distance between the redox center and the
electrode. The small size ofR3W1, however, prevents any
distance effect on the peak potential (72). Thus, positioning
a tryptophan in an apolar protein milieu raises its reduction
potential substantially compared to its solution potential.
Moreover, these data indicate that our electrochemical
methods are capable of detecting amino acid radicals forming
within a folded protein, providing the potential of the side
chain occurs in an accessible potential range.

A series of DPV measurements were done onR3Y1 starting
at alkaline conditions where the protein is largely denatured
and its tyrosine deprotonated. Figure 9B displays a DPV trace
obtained fromR3Y1 at pH 13.4. The peak is centered at 0.46
V and has a width at half-height of 0.141 V. This potential
corresponds to the Y32

•/Y32
- redox couple in a disordered

protein/solution environment. As the pH was lowered,
permittingR3Y1 to fold and bury Y32 within its interior, the
peak potential shifted toward higher potentials but, concomi-

FIGURE 8: (A) Differential pulse voltammogram ofN-acetyl-L-
tryptophanamide at pH 1.95. (B) Peak potentials derived form the
differential pulse voltammogram ofN-acetyl-L-tryptophanamide as
a function of pH. The fit to the data is described byEP ) EP(W• +/
W) + 2.303RT/nF log (10-pH/(10-pH + 10-pKox)), where pKox
represents the W• + f W• + H+ reaction. (C) Peak potentials
derived from the differential pulse voltammogram ofN-acetyl-L-
tyrosinamide as a function of pH. The fit to the data is described
by EP ) EP(Y•/Y-) + 2.303RT/nF log (1 + 10-pH/10-pKred), where
pKred represents the Yf Y- + H+ reaction. Experimental
conditions: compound concentration, 350µM; scan rate, 10 mV
s-1; sample width, 17 ms; pulse amplitude, 50 mV; pulse width,
50 ms; pulse period, 200 ms; quiet time, 4 s; temperature, 22°C.

FIGURE 9: Differential pulse voltammogram of (A)R3W1 at pH
9.9 and (B)R3Y1 at pH 13.4. The protein concentrations were 290
µM for R3W1 and 430µM for R3Y1. Experimental conditions: scan
rate, 10 mV s-1; sample width, 17 ms; pulse amplitude, 50 mV;
pulse width, 50 ms; pulse period, 200 ms; quite time, 4 s;
temperature, 22°C.
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tantly, the peak amplitude decreased. At pH values below
10.3, where the major portion ofR3Y1 is folded and its
tyrosine is protonated as shown in Figure 6B, a redox
response could not be detected fromR3Y1 (not shown). This
suggests that the potential of Y32 in the foldedR3Y1 protein
is higher than∼1.35 V, which represents the upper limit
that can be investigated before the water solution becomes
oxidized. An alternative explanation for the lack of an
oxidation wave from the folded protein is that Y32 does not
make effective electrical contact with the electrode under
these conditions. We consider this explanation unlikely,
however, since we do detect a response fromR3W1 in its
folded state, as shown above.

The assignment of the electrochemical signals obtained
from R3Y1 andR3W1 to oxidation of their aromatic amino
acids is based on several observations. First, no signals were
observed in the absence of protein (not shown). Second,
R3W1 andR3Y1 contain no other residues that are expected
to have reduction potentials consistent with the signals that
we detect, except perhaps for the glycines that form the loops
that connect theR-helices inR3W1 and R3Y1 (see below).
We measured glycine free in solution under the same
conditions that the protein DPV measurements were per-
formed to verify that these residues were not oxidized
electrochemically. The glycine solution did not give rise to
any electrochemical response in the potential regions where
the protein signals were detected (not shown). Third, the two
proteins have amino acid sequences that differ only with
respect to their W or Y residue, yet the two proteins gave
rise to different DPV traces when studied under the same
experimental conditions. This would be expected if the redox-
active species changed when the tryptophan inR3W1 was
replaced by a tyrosine to formR3Y1. This observation is also
consistent with the conclusion made above that we do not
oxidize the glycine loops in the radical maquettes in our
electrochemical measurements.

DISCUSSION

The de novo design of proteins represents a recent and
potentially very fruitful method to elucidate underlying
principles involved in protein structure and function. The
basic parameters that determine the formation of secondary
structures and the global fold are emerging (58-61).
Although the design of proteins that fold into well-defined
tertiary structures remains a significant challenge, clear
progress has been made with recent designs (73-80). As
the engineering principles emerge, the introduction of
catalytic sites and cofactors that possess various function-
alities becomes an increasingly viable prospect. Design of
de novo heme proteins has been explored by several research
groups (81-85). The extension of the H10H24 multiheme
protein (81) to include other metal porphyrins, an iron-sulfur
cluster, or flavins demonstrates the possibility of synthesizing
proteins that contain multiple redox cofactors (86-89).
Pecoraro, DeGrado, and their collaborators (90) have shown
other improvements in the design of de novo metalloproteins
by constructing mercury-binding sites with defined geom-
etries within the hydrophobic core ofR-helical coiled coils.
Progress has also been made with respect to the design of
proteins supporting various simple functional activities.
Baltzer and co-workers (91), for example, have developed
catalytically active peptides. Electron-transfer reactions across

a three-stranded coiled coil in which the N termini were
capped with a cobalt ion and the C termini were ligated with
viologen complexes have been reported (92). Kozlov and
Ogawa (93) ligated two ruthenium complexes in solvent-
exposed positions on opposite sides of a dimeric peptide and
observed electron transfer across the peptide-peptide inter-
face. Sharp et al. (89) reported light-induced electron transfer
between a flavin and a heme that were incorporated into the
interior of a synthetic four-helix bundle. Similarly, electron-
transfer reactions between a buried heme and a ruthenium
complex ligated on the exterior of a four-helix bundle have
been observed (94). More recently, Shifman et al. (95)
demonstrated protein-mediated proton exchange coupled to
heme oxidation-reduction.

Construction ofR3W1 and R3Y1. Here we explore the
feasibility of applying the de novo protein design approach
to gain a better understanding of side-chain radical chemistry.
The aim with the first protein construct was to allow us to
recognize and isolate parameters that target a specific side
chain for nondestructive redox chemistry within a relatively
simple protein setting. We have focused on tryptophan and
tyrosine since these amino acids, particularly tyrosine, are
found as the redox-active species in many radical enzymes
(4-6). In addition, the aromatic residues have the advantage
that both their reduced and oxidized forms are very well
characterized, in solution as well as in proteins, by spectro-
scopic techniques that include optical (96-98), resonance
Raman (99), Fourier transform infrared (100, 101), and
electron magnetic resonance spectroscopies (102-106). The
radical maquettes are designed as single-stranded proteins
containing threeR-helices, as shown in Figure 1. The three
R-helix motif is common in natural proteins and is found,
for example, as the dominating fold in fibrous proteins or
as part of a larger structure, as in several DNA-binding
proteins (107-109). The basicR3 sequence (32) used for
the radical maquettes was derived from the CoilSer,Val
family of synthetic three-helix coiled coils and bundles
developed by DeGrado and co-workers over the past decade
(30, 52, 74, 109-111). The sequence of the helix-loop-
helix-loop-helix, R3, peptide contains a total of 65 residues
and has a molecular mass of 7.4 kDa. Each helix is designed
to contain 19 residues and the three helices are joined by
two glycine loops each containing four residues (32). The
amino acid sequences ofR3W1 and R3Y1 differ only in
residue 32, the position of the side-chain cofactor. The core
of each protein is designed to contain six hydrophobic layers
composed of eight leucines, three isoleucines, six valines,
and the aromatic side chain. The exterior positions are
occupied by 17 glutamates, 17 lysines, two arginines, and
three alanines that are arranged so as to satisfy both intra-
and interhelical electrostatic interactions.

In this work a variety of techniques have been used to
characterize the structural and thermodynamic properties of
the radical maquettes. We have shown thatR3W1 andR3Y1

are monomeric proteins that form thermodynamically stable,
well-defined secondary and tertiary structures in solution.
Furthermore, their secondary and tertiary folds were shown
to be resistant to pH changes, and the proteins remain stable
through the physiological pH range. Finally, spectral char-
acteristics and pK shifts of their single aromatic side chains
suggest that these residues are located within the protein
interiors and shielded from the bulk medium, as designed.
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Thus, this work provides strong experimental support for the
structural models shown in Figure 1. We conclude thatR3W1

and R3Y1 fulfill the four basic criteria described in the
introduction that provide the structural framework for the
radical maquettes.

Redox Properties ofR3W1 and R3Y1. Figure 10 compare
the electrochemical properties of tryptophan and tyrosine free
in solution and when associated withR3W1 and R3Y1,
respectively. The relationship describing the solution poten-
tial of tyrosine as a function of pH represents three different
oxidation events, which occur in different pH regimes
determined by the pKs of the reduced and oxidized form of
the tyrosine:

The pH dependence of the peak potential is described by:

The redox couple in eq 3 gives rise to the pH-independent
potential of 0.65 V observed at pH above the pK of the
reduced tyrosine, which is 9.9 forN-acetyl-L-tyrosinamide.
Equation 2 describes the pH-dependent part of the relation-
ship observed below pH 9.9 in Figure 10. Also included in
the figure is the potential estimated for the Y+ •/Y redox
couple. This potential was obtained by fitting the data in
Figure 8C with eq 4 and assuming a pKox of -2 for tyrosine
(20). A similar relationship describes the tryptophan solution
potential as follows:

The reaction in eq 5 gives rise to the pH-independent
potential of 1.07 V observed at pH below the pK of the cation
radical, which is 3.7 forN-acetyl-L-tryptophanamide. The
reaction described in eq 6 gives rise to the pH-dependent
potential observed at pH above 3.7. The potential of the W•/
W- redox pair is not included in the figure since pKred of
tryptophan is>14.

When a tryptophan or a tyrosine is transferred from an
aqueous, high-dielectric medium to a low-dielectric protein
milieu, changes in electrostatic interactions between their
reduced and oxidized states are expected to significantly
influence their potentials. For example, if we consider the
following two reactions

a simple electrostatic calculation based on the Born model
(112), assuming a radius of 4 Å for tryptophan, estimates
that the potential of the W+ •/W redox couple is raised∼0.2
V when the tryptophan is transferred from a dielectric
medium of 80 to a dielectric of 15. The potential of the W+ •/
W pair will increase further if the dielectric strength is lower
than 15 in the interior ofR3W1. In contrast, if the oxidation
occurs as a charge-neutral process,R3W f R3W• + H+ +
e-, the dielectric property of the medium surrounding the
tryptophan is expected to influence its potential to a much
lesser extent.

The tryptophan inR3W1 gave rise to a peak potential of
1.09 V at pH 9.9, as shown in Figure 10. This value is 0.35
V more oxidizing than the solutionEP obtained for the W•/W
redox couple at the same pH. Thus, the potential of the buried
tryptophan inR3W1 is raised substantially as compared to
the solution potential, which clearly suggests that electrostatic
interactions are involved in the redox reaction. One pos-
sibility for this striking effect is that the side-chain radical
formed in this protein is a cation. Alternatively, and more
likely, the tryptophan deprotonates during the oxidation but
the indole proton remains in the vicinity of the aromatic side
chain during the redox cycle. In other words,R3W1 does
not electrostatically relax the proton into the bulk phase
during the lifetime of the radical, which raises the potential
of the tryptophan contained within the protein. Potential
proton acceptors withinR3W1 include internal water, the
carbonyl groups associated with the protein backbone, and
the glutamate residues located in the more solvent-exposed
positions.

Y32 could be electrochemically oxidized in the unfolded
R3Y1 protein under conditions where the tyrosine was
deprotonated and in contact with the solvent. The peak
potential of the Y32

•/Y32
- redox couple at pH 13.4 was found

to be remarkably low, only 0.46 V. This value is 0.19 V
lower than the solution potential of the Y•/Y- pair, as shown
in Figure 10. To our knowledge, the 0.46 V potential
observed here for the Y32

•/Y32
- couple is the lowest potential

reported for tyrosine. There is one example of a covalently
modified tyrosine that has a similar low potential. The redox-
active tyrosine in galactose oxidase is cross-linked to a
cysteine, which forms a thioether bond to one of theortho
carbons in the phenol ring. The reduction potential of the
thiol-substituted tyrosine has been estimated to be about 0.4
V (113, 114).

The low potential observed for Y32
- in unfoldedR3Y1 most

likely arises from electrostatic effects.R3Y1 contains 17
glutamates, 17 lysines, and two arginines, all of which are
expected to be deprotonated at pH 13.4. Accordingly, at this
alkaline pH the peptide will contain 17 negative charges
associated with the deprotonated glutamates in addition to

FIGURE 10: Solution potentials ofN-acetyl-L-tryptophanamide
(dotted line) andN-acetyl-L-tyrosinamide (solid line) as a function
of pH. Also included in the figure are the peak potentials derived
from R3W1 at pH 9.9 (9) andR3Y1 at pH 13.4 (b).

W f W+ • + e- dielectric) 80

R3W f R3W
+ • + e- dielectric) 15

Y f Y+ • + e- (1)

Y f Y• + H+ + e- (2)

Y- f Y• + e- (3)

EP ) EP(Y
• +/Y) + 2.303RT/nF log [(10-pH + 10-pKred)/

(10-pH + 10-pKox)] (4)

W f W+ • + e- (5)

W f W• + H+ + e- (6)
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the tyrosinate at position 32. The electrostatic environment
generated by the glutamates is expected to destabilize the
reduced tyrosinate form relative to the oxidized neutral
radical and consequently lower the potential of the Y32

•/Y32
-

redox pair. OnceR3Y1 was folded and its tyrosine enclosed
within the hydrophobic core, the tyrosine potential became
higher than approximately 1.35 V and could not be measured.
Nonetheless, the pH-induced unfolding/folding ofR3Y1

allowed examination of the electrochemical properties of the
tyrosine as a function of large-scale changes in its local
environment. These results showed that when Y32 was moved
from a highly charged, disordered protein/solution milieu at
pH 13.4 to an ordered, apolar protein environment at pH)
10.3, the potential of the aromatic side chain increased about
0.9 V or more.

The patterns of1H and 13C chemical shifts observed in
the R3Y1 and R3W1 13C HSQC spectra shown in Figure 4
indicate that the hydrophobic cores of these proteins are
structurally similar. Consequently, it is reasonable to assume
that that their aromatic side chains reside in similar environ-
ments. Regardless, the tryptophan inR3W1 gave rise to a
peak potential of 1.09 V under conditions in which the
potential of the tyrosine inR3Y1 was too high to measure.
Overall, these results provide an experimental demonstration
that the reduction potential of tryptophan and tyrosine can
be raised considerably when they are moved from a solution
environment to an ordered protein milieu. Furthermore, when
tryptophan and tyrosine reside in similar hydrophobic protein
environments, the potentials of the these side chains differ
by g0.26 V, with the tyrosine being the more oxidizing
species. The observed increase in potential for the aromatic
residues when residing within a protein, relative to solution
values, may be due to a lack of an effective deprotonation
mechanism of the aromatic residues inR3W1 andR3Y1. The
protein introduces a kinetic barrier, which prevents or
impedes deprotonation of W32 or Y32 on the time scale of
electron transfer. The formation of a charge is expected to
affect R3Y1 to a greater extent owing to the high reduction
potential of the Y• +/Y redox couple, as shown in Figure
10. There are several studies that show that the presence of
a proton acceptor is essential to lower the potential of tyrosine
contained within a protein. The two redox-active tyrosines
in photosystem II, YZ and YD, are both hydrogen-bonded to
nearby histidines, which are essential for radical formation
in this enzyme (115-121). Debus and co-workers (119, 120),
for example, have shown that in mutants in which D1-H190
was replaced by a range of other amino acids the oxidation
time of YZ is lowered from microseconds to milliseconds
and the radical yield is decreased dramatically. Similar results
were reported by Mamedov et al. (121). It was also shown
that the microsecond oxidation rate of YZ could be restored
in the D1-H190 mutants if a high concentration of an external
base, like imidazole, was added to the bulk medium (120).
Blomberg et al. (122) used ab initio calculations to investigate
the ionization potential, IP, of tyrosine as a function of its
local environment. This study showed that the IP was
decreased significantly when the tyrosine was hydrogen-
bonded to a histidine. The IP was decreased further by
introducing a hydrogen-bonding chain. It was also shown
that the IP was modulated by the basicity of the hydrogen-
bonding network. When a stronger base was included in the
calculations, the tyrosine IP became lower. Interestingly, the

enzymes that contain redox-active tyrosines all involve
neutral radicals (4-6). Thus far, a catalytically active tyrosyl
cation radical has not been experimentally observed.

In conclusion, to develop a protein that efficiently lowers
the potential of a sequestered tryptophan or tyrosine, both
an electron as well as a proton acceptor should be taken into
account. Considerations along these lines will be explored
in the development of the next generation of radical
maquettes.
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