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A structural feature common to many iron-sulfur proteins is
the presence of aromatic residues close to the metal cofactors.1-4

These highly conserved residues are thought to modulate the
protein reduction potentials by excluding water from the redox
center.3,5 More direct electronic interactions between the aromatic
rings and metal have been proposed on the basis of model studies
butremainlargelyuninvestigatedinthecorrespondingmetalloproteins.6-10

Here, we present the chemical synthesis of a series of metallo-
proteins based on the 53-residue hyperthermostable rubredoxin
from Pyrococcus furiosis(Pf Rd).11,12 Total synthesis enables
the facile incorporation into the protein matrix of nonstandard
amino acids with unusual electronic properties. We present
evidence for electronic communication between the rubredoxin
Fe(III) center and a nearby aromatic ring (mediated by an iron-
bound sulfur) and demonstrate that these interactions may be used
to fine-tune protein reduction potentials.

All rubredoxins feature a conserved tyrosine at the position
analogous to Y10 of Pf Rd.13 The Pf Rd crystal structure shows
the side chain of Y10 in close proximity to the ligand sulfur of
C38 (3.95 Å at closest approach) (Figure 1), and this ring
participates in an extended chain of interacting cysteine and
aromatic residues.8,14 The relative orientations of the side chains
of Y10 and C38 in Pf Rd are typical of sulfur-aromatic
interactions found in the cores of proteins.15-17 To investigate
the influence of the aromatic ring on the electronic properties of
the metal center, we have replaced the native Y10 of Pf Rd with

a series of tyrosine analogues featuring the following para
substituents: -H (F10 Pf Rd), -F (4-F F10 Pf Rd), -NO2 (4-NO2

F10 Pf Rd), and -CN (4-CN F10 Pf Rd). These substituents
encompass both electron-withdrawing and -donating groups,
spanning a wide range of Hammettσp values: -0.37 (-OH), 0
(-H), +0.06 (-F), +0.66 (-CN), +0.78 (NO2).18 The crystal
structure of wild-type Pf Rd shows that the side chain of Y10 is
only partially buried, with thep-hydroxy group exposed to
solvent;14 we therefore reasoned that this position would be
reasonably tolerant to the resulting changes in substituent sizes
with minimal impact on the overall protein structure.

Prior studies of synthetic Rds have employed simple stepwise
strategies for assembly of the polypeptide.19-21 In this study,
native chemical ligation of unprotected peptide segments22 was
used to prepare multi-milligram quantities of rubredoxin ana-
logues. A series of thioester peptides corresponding to Pf Rd
1-37 with the variable residue at position 10 were synthesized
by highly optimized solid-phase synthesis on thioester generating
resin.23,24 Pf Rd 38-53 was prepared by manual peptide synthesis
on Asp-OCH2-PAM resin. Purified N- and C-terminal segments
were then joined together by thioester-mediated amide bond
formation in aqueous buffer (6 M guanadinium hydrochloride,
20 mM sodium phosphate, pH 7, containing 0.5% thiophenol,
peptide concentration 2.5 mM). Ligation reactions were complete
after stirring overnight at room temperature, and the full-length
apoproteins were purified by HPLC. The apoproteins were then
treated with a 2-fold molar excess of FeSO4 in 0.5 M Tris buffer
containing 60 mMâ-mercaptoethanol. Complete metal incor-
poration was confirmed using electrospray-ionization mass spec-
trometry. The holoproteins were purified by FPLC (Mono-Q 5/5,
20 mM Tris HCl, pH 8, NaCl gradient).

All of the holoproteins were dark red and exhibited absorption
spectra characteristic of Fe(III)(Cys)4 active sites. In particular,
all of the proteins featured a prominent LMCT band at 492 nm,
assigned to the Sσ-ef Feσ-b2(dxy) transition (Figure 2).25 While
the position of the LMCT manifold in the 350-nm region is
roughly constant in all five proteins, its shape varies, with the
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Figure 1. Molecular structure of Pf Rd showing the iron coordination
environment and the nearby side chain of Y10. Coordinates were obtained
from the Brookhaven Protein Data Bank, file 1CAA.
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higher energy transitions gaining intensity as the ring substituents
become more electronegative. The variable intensity of the 280-
nm band results from the different absorption profiles of the five
different aromatic residues at position 10. All five proteins
exhibited typical Rd-like circular dichroism spectra with minima
at 202 and 226 nm, indicating that the overall Rd fold is conserved
throughout this series.20,26

The reduction potentials for the Fe(III)/Fe(II) couple of the
proteins were determined by square-wave and cyclic voltamme-
try.27 The values shifted predictably as a function of ring sub-
stituents; proteins with more electron withdrawing groups on the
ring in position 10 showed more positive Fe(III)/Fe(II) couples
(e.g., 4-NO2 F10 Pf Rd,-49.5; 4-CN F10 Pf Rd,-43.5 mV vs
NHE), while those with more electron-donating groups exhibited
more negative potentials (F10 Pf Rd,-69.5; 4-F F10 Pf Rd,
-61.5; Y10 Pf Rd,-78.0 mV). A plot ofE0

(Fe(III)/Fe(II)) vs σp for
the ring substituents reveals a linear correlation (Figure 3),
indicating the Fe(II) oxidation state is stabilized relative to
Fe(III) by 0.7 kcal mol-1 per unitσ. A similar effect has been
observed in simple Fe(II) tetrapeptide complexes bearing a distal
aromatic ring.6,7 The observed difference in potential between
Y10 and F10 Pf Rd (∆E1/2 ) 17 mV) is in good agreement with
that of the analogous pair of recombinantClostridium pasteur-
ianum proteins (∆E1/2 ) 13 mV).28 The trend in reduction
potentials does not correlate well with the dipole moment of the
side chains nor with the size of the para substituent, indicating

that the variation in reduction potential is not due to local dipole
or steric effects.29 Theoretical studies indicate that the interaction
between the cysteine sulfur and the aromatic ring is likely to have
an electrostatic component, with the negatively charged sulfur
attracted to the positive ring periphery.16,17 It has been noted that
this interaction is markedly enhanced by the presence of a nearby
cation.16 Alternatively, hydrogen bonding has been suggested to
influence protein reduction potentials, and the electronic properties
of the ring substituents may be modulating the strength of the
hydrogen bond between the position 10 amide NH and the sulfur
of C38.6,7,14,30-32

The electrochemical behavior of this series of proteins supports
the postulated direct interaction between the rubredoxin active
site and neighboring aromatic residues. Modification of the
neighboring amino acid results in fine-tuning of the protein
reduction potential in a predictable manner. Since close contacts
between cysteine ligands and neighboring aromatic rings are
common in crystal structures of non-heme iron proteins as well
as in other metalloproteins containing metal-sulfur ligation,
aromatic residues may play a general role in the regulation of
metalloprotein reduction potentials, and incorporation of noncoded
amino acids with unusual electronic properties may provide an
elegant means of modulating their electrochemical properties.
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Figure 2. UV-visible absorption spectra of the five analogues of Pf
Rd. Spectra were acquired on a Hewlett-Packard 8453 spectropho-
tometer in masked 1 cm path length quartz cuvettes. Protein concentrations
were approximately 50µM in 20 mM ammonium acetate buffer, pH 7.
A: 4-NO2 Pf Rd; B: 4-CN Pf Rd; C: 4-F Pf Rd; D: Y10 Pf Rd; E:
F10 Pf Rd.

Figure 3. Plot of reduction potentials measured by square-wave
voltammetry of Pf Rd analogues vs the Hammettσp of the para ring
substituent on residue 10. The line represents a linear least-squares fit to
the data. The reduction potentials (vs NHE) are: Y10 Pf Rd,-78.0 mV;
F10 Pf Rd,-69.5 mV; 4-F F10 Pf Rd,-61.5 mV; 4-CN F10 Pf Rd,
-43.5 mV, 4-NO2 F10 Pf Rd,-49.5 mV.
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