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A family of redox proteins that directly employs amino acids or
posttranslationally modified amino acids as electron-transfer co-
factors has grown in significance since the original proposal by
Yonetani et al.1 The use of side chains as catalytic cofactors for
protein mediated redox chemistry raises significant mechanistic
issues as to how these amino acids are activated toward radical
chemistry in a controlled manner. Some enzymes generate and
confine the radical to a single site while others allow controlled
migration.2,3 The potentially very high reactivity of the side chain
free radical, combined with the apparent ability of proteins to
undertake controlled migration of the radical in the protein milieu,
suggests that that molecular motifs have evolved to manage this
remarkable capability. It is therefore of considerable interest and
importance to delineate the general structural and energetic
principles by which a protein is able to promote and then control
the formation of an amino acid-based radical. Mechanistic studies
of side-chain redox proteins are often hampered by the properties
of their radical cofactors including high reduction potentials,
transient lifetimes and small optical extinction coefficients. To
address some of these issues, alternative approaches have been
developed that include a covalently linked ruthenium/tyrosine model
complex,4 redesign of a photosynthetic bacterial reaction center5

and rhenium-modification of the structurally well-characterized
protein azurin.6

We have employedde noVo protein design to examine the
structural basis for the creation and maintenance of a tryptophanyl
radical.7 A radical maquette was designed on a three-helix bundle
scaffold8 with a single tryptophan buried in the interior of the
protein. To provide a stabilizing environment, the rest of the protein
was designed to be redox inert. Initial characterization of the protein,
termedR3W, found it to be cooperatively stable, highly helical and
to display properties consistent with the formation of a stable radical
with redox potentials considerably above those seen in solution.
Here we report the detailed structural analysis ofR3W using
multidimensional NMR methods. The NMR work identifies a
π-cation interaction that provides a structural basis for the unusual
redox properties ofR3W.

The original 65-amino acid protein was recombinantly expressed
in Escherichia colias a fusion with thioredoxin.9 The protein (GS-
R3W) resulting from thrombin cleavage contains a GS N-terminal
extension relative to the original sequence. Studies here are based
on this 67-amino acid protein, which displays all of the important
characteristics of the shorter version.

The15N- and13C HSQC spectra of GS-R3W have small chemical
shift dispersions indicative of a protein with a degenerate acid
content (e.g., 17 Lys, 17 Glu) and highly helical secondary structure.
Nevertheless, effectively complete1H, 15N, and 13C resonance
assignments were obtained by triple resonance and total correlation
spectroscopy.10 Stereospecific assignments of isopropyl methyl
groups were obtained by the glucose-labeling approach.11 The
resonance assignments have been deposited in the BMRB databank
(accession number 5356).

Though essentially complete resonance assignments could be
obtained, the poor spectral dispersion made assignment of1H-1H
NOEs problematic. The assignment of NOEs from three-dimen-
sional15N- and13C-resolved NOESY spectra12 was quite limited,
yielding only 550 unequivocal NOE-based distance restraints.
However, four-dimensional13C,13C-resolved NOESY spectra,13

yielded an additional 580 NOE-based distance restraints. NOE-
based distance restraints were supplemented withæ torsion angle
restraints derived fromJ-coupling constants obtained from a 3D
HNHA spectrum.14 The experimental restraints employed are
summarized in Table 1.

A family of structures was obtained using the structural refine-
ment program DYANA.15 The quality of the family of structural
models obtained for the protein is excellent in every important
respect (Table 1), indicating that a highly precise view of the protein
has been obtained. The coordinates have been deposited in the PDB
(accession number 1LQ7).
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Table 1. Structural Restraints and Structural Statistics

NOE-based distance restraints (1130)
intraresidue 534
sequential 221
medium range (1> |i - j| e 5) 247
long range (|i - j| > 5) 128

J-basedæ angle restraints (43) 43
number of structures 30
maximum/average DYANA penalty (Å2) 2.67/2.55
average max. distance restraint violation (Å) 0.26
average max. torsion angle restraint violation (degrees) 0.03

average pairwise rmsd (Å)

backbone atoms (all residues) 0.76( 0.18
backbone atoms (residues 2-18,25-41,48-64) 0.32( 0.10
heavy atoms (all residues) 1.29( 0.11
heavy atoms (residues 2-18,25-41,48-64) 1.11( 0.13

Procheck-NMR18 analysis (all residues)

residues in most favored regions 81.4%
residues in allowed regions 16.2%
residues in generously allowed regions 1.8%
residues in disallowed regions 0.6%
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As designed, the protein (see Figure 1) folds into a compact three
helix bundle with average inter-helical angles of∼26° (helices 1/2),
∼21° (helices 2/3), and∼19° (helices 1/3) and a clockwise topology
leading to favorable inter-helical E-K salt bridge interactions. The
indole ring of the sole tryptophan residue is largely buried within
the interior of the bundle, although the indole NH does have
significant solvent exposure.

The indole ring displays an orientation with the side chain of
Lys-36 that is suggestive of aπ-cation interaction with theε-amino
group. While the indole ring occupies the same orientation with
respect to Lys-36 in all structures, the end of the Lys-36 side chain
is distributed roughly equally (16/14) between two conformers
arising fromø4 values of-89 ( 2° and +92 ( 4°. The former
conformer results in a distance of 4.7 Å from theε-amino nitrogen
to the center of the benzoid ring of the indole side chain and an
angle of 38° to the ring plane normal. These values are in the center
of the distribution seen forπ-cation interactions in natural
proteins.16 The otherø4 conformer of Lys-36 that is seen in the
family of structures gives parameters that are not within the ranges
seen in natural proteins.

This ambiguity was resolved on the basis of the chemical shifts
of the Lys-36 side chain. Although the chemical shift was not
employed as a refinement parameter, an analysis of the ring current
shifts17 indicates that the conformer most consistent with the
chemical shifts observed for the Lys-36 side chain is also consistent
with a π-cation interaction. The orientation of the two side chains
in this conformer is shown in Figure 2.

The effects of theπ-cation interaction are potentially compli-
cated. Previous work indicates that the reduced anion of the indole
does not participate in the redox chemistry,7 leaving only the neutral

reduced species (WH) to be considered. Simple electrostatic
arguments indicate that the cation WoH+/WH potential will be raised
by theπ-cation interaction. How aπ-cation interaction will alter
the potential of the neutral Wo/WH pair is less obvious and was
examined by calculating the indole N-H bond strength in the
presence or absence of aπ-cation using an indole-methylammo-
nium model system.19 The N-H bond strength was found to
increase by 6.8, 3.2, and 1.4 kcal/mol in the presence of the
π-cation in a dielectric medium of 1, 4, and 80, respectively. Thus,
these calculations are consistent with theπ-cation interaction
observed in the structure contributing to the measured raised
reduction potential of the tryptophan.7 In conclusion, the radical
protein maquette described here provides a unique platform with
which to explore the structural basis for the extraordinary radical
chemistry of a critically important class of enzymes.
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Figure 1. Main-chain superposition of the family of refined structures of
GS-R3W. Helical regions are shown in red (residues 2-18), blue (residues
25-41), and green (residues 48-64). Also shown in magenta are the heavy
side-chain atoms of Trp-32 and Lys-36 that are found to form aπ-cation
pair.

Figure 2. Side chains of Lys-36 and Trp-32 illustrating the observed
π-cation interaction. Shown are local superpositions of the subset of 16
structures having Lys-36ø4 values centered on-89° (see text).
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