The Journal of Microbiology, September 2001, p.149-153
Copyright (t) 2001, The Microbiological Society of Korea

Vol. 39, No. 3

MINIREVIEW
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The electron transfer reaction is one of the most essential processes of life. Not only does it provide the
means of transforming solar and chemical energy into a utilizable form for all living organisms, it also
extends into a range of metabolic processes that support the life of a cell. Thus, it is of great interest
to understand the physical basis of the rates and reduction potentials of these reactions. To identify the
major determinants of reduction potentials in redox proteins, we have chosen the simplest electron
transfer protein, rubredoxin, a small (52-54 residue) iron-sulfur protein family, widely distributed in
bacteria and archaea. Rubredoxins can be grouped into two classes based on the correlation of their
reduction potentials with the identity of residue 44; those with Alad4 (ex: Pyrococcus furiosus) have
reduction potentials that are ~50 mV higher than those with Vald44 (ex: Clostridium pasteurianum).
Based on the crystal structures of rubredoxins from C. pasteurianum and P. furiosus, we propose the
identity of residue 44 alone determines the reduction potential by the orientation of the electric dipole
moment of the peptide bond between 43 and 44. Based on 1.5 A resolution crystal structures and
molecular dynamics simulations of oxidized and reduced rubredoxins from C. pasteurianum, the struc-
tural rearrangements upon reduction suggest specific mechanisms by which electron transfer reactions

of rubredoxin should be facilitated.
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A considerable body of work has elucidated many aspects
of the electron transfer processes in biological systems (9,
11, 12, 17, 19). Biological electron transfer is an efficient
process even though the physical distances between the
participating redox moieties are often quite large. The
driving force for transferring these electrons from a donor
to an acceptor is determined by the magnitude and the
sign of the reduction potential. In biological processes,
redox proteins are the keys to controlling the rate and the
direction of this electron transfer reaction. The structural
relaxation of the redox protein that occurs upon change in
the redox state gives rise to the reorganizational energy,
which is important in the rates and the reduction poten-
tials.

Electron transfer proteins can modulate the reduction
potential of their redox sites, with differences of up to a
few hundred mV between homologous proteins with the
same redox site and even larger differences between non-
homologous proteins with the same redox site (4). To
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date, however, the basic mechanisms of establishing and
controlling the redox potentials of redox proteins are
largely unknown and remain the subject of intense research.
Comparisons of global protein structures do not yet allow
us to predict reduction potential differences among pro-
teins. Determinants of reduction potentials are believed to
come from the local structure that surrounds the redox
center (8). In order to elucidate these fine structural fea-
tures, atomic resolution data are absolutely required. Clear
understanding of these bioenergetics of the redox proteins
will open new prospectives for all biotransformations (car-
bon fixation, nitrogen fixaticn, metanogenesis, etc.) and
for engineering a variety of biosensors.

The iron-sulfur [Fe-S] proteins are the most widely dis-
tributed electron transfer proteins that participate in var-
ious biological reactions, and are ubiquitous in living
matter (2, 3, 4, 7, 14, 21, 22). Rubredoxin (Rd) with for-
mal redox couples of Fe(lll) and Fe(Il), is the simplest
ron-sulfur redox protein and is found in bacteria and
archaea (2, 20). It is known to participate in electron transfer
reactions in sulfur, nitrate, and superoxide reduction (7,
10, 13, 22, 23). In addition, Rd from Desulfovibrio gigas



150 Min et al.

has been shown to be the redox partner of Rd-oxygen oxi-
doreductase (ROD), the terminal component of a soluble
electron transfer chain that couples NADH oxidation to
oxygen consumption (10, 21). In Pseudomonas oleovorans,
Rd is part of a three component system: alkane hydrox-
ylase, Rd, and Rd reductase that carry out the oxidation of
alkanes to alkanols (7).

Rubredoxin consists of a short polypeptide chain (52-54
amino acid residues) and its redox site contains a single
iron atom, which is tetrahedrally coordinated by four cys-
teinyl thiolates. The relative simplicity and wealth of avail-
able data make rubredoxin a powerful model system for
investigating the fundamental molecular behavior of pro-
teins. Four subtle points make Rd a particularly good
choice for systematically investigating the various fea-
tures responsible for tuning the reduction potential and the
electron transfer properties. The first is that unlike the
hemes, the redox sites of Rds are all relatively small so
that the area of direct interactions with the protein is much
smaller than that of heme proteins. The second is that the
reduction potentials of Rds cover a range of reduction
potential (from -60 to 40 mV vs. NHE) (4), even though
they all have high similarity in their backbone structure
(Fig. 1) and about 50 to 60% sequence identity. The third
is that all structurally characterized Rds share an essen-
tially isostructural [Fe(SCyS)4] site, so focus can be placed
on the environment, whereas there is much more vari-
ability in the metal ligand structure in the copper proteins
(1). The fourth point is that it has been very successful in
making well-diffracting crystals of various Rd constructs.
In general, the sensitivity of crystallization to even single
site mutations plus the inherent difficulties associated with
obtaining crystals of different oxidation states generally

Fig. 1. Rubredoxin backbone structure. Rd structure includes a three-
stranded-anti-parallel B-sheet and two short a-helices. Sy (Cys) and Fe
are depicted yellow and gray respectively.
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tends to make in-depth study using crystallography a very
hard approach. In contrast, we can design Rd recom-
binants of various redox phenotypes and investigate those
at an ultra-fine scale.

Modulation of the reduction potential of rubredoxin
Based on the observation of nine homologous Rds on
which we have information about their sequences and
reduction potentials, it has been pointed out that Rds may
be separated into two classes on the basis of the cor-
relation of their reduction potentials with the identity of
residue 44 (24). Those with Ala44 have a redox potential
of ~0 mV, and those with Val44 have a redox potential of
about 50 mV. A structural determinant causing this -50
mV shift in reduction potential between two different
groups of rubredoxins has been predicted by computa-
tional studies (24).

In order to confirm this prediction, two Rds from Pyro-
coccus furiosus (Pf) and Clostridium pasteurianum (Cp),
representing each group, have been mutated at residue 44,
The resulting redox potentials of these [V44A]Cp Rd and
[A44V]Pf Rd, were measured and the crystal structure of
[V44A1Cp Rd was solved (8). In fact, measurements
show that [V44A]Cp Rd has a raised reduction potential
similar to that of wild type Pf Rd and that [A44V]Pf Rd

Fig. 2. Top: Rd backbone showing the position of residue Vald4. Bot-
tom: comparison of distances from the iron center to the peptide back-
bone of Vald44 and from Cys42 sulfur to Val44 amide nitrogen in wild
type CpRd (red) and [V44A]Cp Rd (blue), and the resulting peptide
dipole moments.
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has a lower reduction potential similar to that of wild type
Cp Rd. The 1.6 A resolution crystal structure shows that
the basic coordination geometry of the Fe-S site, includ-
ing the second sphere NH-S type hydrogen bonding pat-
tern of the ligand residues, is essentially unaffected by the
V44A mutation. However, significant structural changes
at residue 44 were found in both structures (Fig. 2). The
distance between the Alad4 peptide nitrogen atoms and
the Fe centers is 4.9 A, which is significantly shorter than
the corresponding (Vald4)-NH-Fe distances in the wild
type Cp Rd crystal structure. The V44A mutation in Cp
Rd also shortens the hydrogen bond distance between the
residue 44 peptide nitrogen and the Cys42-sulfur by an
average of 0.32 A compared to that of wild type Cp Rd
(3.84 A). In short, a single mutation (Val to Ala) at posi-
tion 44 of Cp Rd makes a local environment at residue 44
and a reduction potential very similar to those of Pf Rd.
These results support that the identity of residue 44 and its
consequent peptide electric dipole moment alone deter-
mines whether Rd reduction potential of about -50 or 0
mV is observed. For our [V44A] and [A44V] Rds, other
contributions in addition to the movement of the peptide
dipole would seem to be relatively minor. Increased expo-
sure of the Fe-S site to solvent water accompanying the
Val-Ala substitution seems unlikely, given how well the
Ala methyl group in [V44A]Cp Rd occupies the space
previously occupied by the Val side chain.

Comparison of oxidized and reduced structures of rubre-
doxin

There have been several attempts to analyze the crystal
structures of the oxidized and reduced forms of the same
redox protein to understand the underlying structural fea-
tures responsible for their redox reactions. These studies
were mainly achieved by the approach that crystal struc-
tures of different oxidation states have derived by oxi-
dizing or reducing the already crystallized protein in the
opposite state. Although there has been a report about the
structures of Pf Rd (6) in its oxidized and reduced state,
there is a caveat in the crystal structure of the reduced
form. Those reduced crystals were obtained by adding
sodium dithionite to the drops containing crystals of the
oxidized form of Rd. As reported in that article, the crys-
tal became extremely fragile upon addition of sodium
dithionite, suggesting there are substantial amounts of relax-
ation energy generated, enough to aftect the crystal lattice,
thus maintaining a proper redox environment during crys-
tallization is very important in studying the corresponding
structural relaxation upon redox reaction. After a series of
modifications to the crystallization methods and appa-
ratus, we succeeded in obtaining both reduced and oxi-
dized forms of Cp Rd crystals in the same pH and salt
conditions by adjusting the reservoir and crystallization
drop conditions (18). The reduced state crystals were
made by adding a minimum amount of sodium dithionite
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(Na,S,0,) to the reservoir. Oxidized crystals were made
by instead adding an equivalent amount of sodium chlo-
ride in order to minimize the vapor pressure difference
between the two crystallization processes.

Both the oxidized and reduced form of Cp Rd have five
hydrogen bonds of NH"S type: two to Cys 39 Sy from
Leu 41 NH and Cys 42 NH. two to Cys 6 Sy from Val 8
NH and Cys 9 NH, and one to Cys 9 Sy from Tyr 11 NH.
The distances between Cys 42 Sy and Val 44 NH in both
oxidized (3.72 /D\) and reduced (3.84 A) forms of Cp Rd
are probably too long for a strong hydrogen bond.

Reduction of Cp Rd is accompanied by an increase in
the four iron-sulfur bond lengths by an average of 0.10 A
(SD=0.03A) consistently in all four Fe-S bonds. The
degree of change in the FeS bond length found here (0.10
A) is consistent with a study of the bis (o-xylyl-a,o-dithi-
olato) ferrate rubredoxin analog (16) and high-potential
iron protein (HiPIP) (5) in which the average Fe-S bond
length increased by 0.09 A and 0.1 A respectively, although
the latter structure is at a lower resolution. This expansion
of the FeS bonds has been viewed in terms of greater anti-
bonding character in the reduced state by the unpaired
electrons (35). There is also a decrease in the average NH'S
hydrogen bond distance by 0.08 A (SD=0.05A) upon
reduction consistently in all five NH"S bonds. The con-
traction of these NH-S bonds would help stabilize the
negative charge introduced mainly onto the sulfurs upon
reduction.

In addition to the structural changes of the Fe-S cluster,
there is another structural change that implicates the side
chain of Leu 41 in the electron transport mechanism. Leu
41 is adjacent to the Cys 42 ligand of the redox site and
is found at the surface of the protein. In the reduced struc-
ture, the side chain of Leu 41 adopts two different con-
formations, which refine with 60% and 40% relative
occupancy. However, in the oxidized structures, this side
chain clearly has a single conformation similar to the 60%
occupancy conformation in the reduced state.

Interestingly, the two conformations of Leu 41 in the
reduced state lead to very different water structure at the
redox site. In the 40% occupancy conformation of Leu 41,
there is a water molecule in hydrogen bonding distance of
Cys 9 Syand a distinct ordering of a series of water mol-
ecules following it (Fig. 3). Therefore, one conformation
(40% occupancy) of residue 41 in reduced Cp Rd allows
the penetration of water molecules, which, in turn, allows
the formation of a string of water molecules attached to
the Cys 9 Sy. These results clearly show that the reduced
form shows increased amounts of hydration around the
redox site.

The two conformations also lead to very different elec-
trostatic potential surfaces. In the oxidized state, Syof Cys
42, which does not have any hydrogen bonds to it from
any backbone amides, is the most solvent exposed atom
of the Fe-S cluster. On the other hand, in the reduced
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Fig. 3. Top: Rd backbone showing the position of residue Val41. Bot-
tom: Possible redox gate mechanism based on the observed structure. In
the reduced form, there are two different conformations of Leu 41 side
chain. Upon reduction and consequent opening of the gate, Cys 9 S
exposes its electromagnetic surface to the solvent, and this extra elec-
tronegative potential hole attracts the string of water molecules.

state, the opening of the Leu 41 gate leads to an extra
electronegative potential hole around the Cys 9 Sy on the
surface of the protein.

The difference in the water structure near the redox site
in the oxidized versus reduced states will obviously affect
the reduction potential. The presence of a polar water
molecule near the redox site in the reduced state will
greatly enhance the affinity of the site for an electron by
making the electrostatic environment more favorable, thus
increasing the reduction potential over the case where a
water molecule is not present. Recent molecular dynamics
(MD) studies of Pf Rd and Cp Rd revealed significant dif-
ferences in the movement of the side chain at positions 8
and 41 upon an oxidation-reduction reaction (25, 26) that
are consistent with the crystal data.

Conclusion

Despite the rapidly growing number of structural infor-
mation and redox potentials for a given type of redox
sites, the structural origins of the enormous diversity of
the redox potentials for these proteins remain unclear and
quantitative predictions are still not possible. Understanding
the structural origins that lead to the differences in reduc-
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tion potentials is crucial to understand how the electron
transfer proteins can function in such diverse roles. More-
over, an increasing number of biosynthetic pathways have
been found to involve redox proteins. The information
gained, therefore, can be immediately utilized in tuning
bioengineering applications based on these chemical reac-
tions.

Based on currently available information, it is likely
there are local contributions from the 1) backbone, 2)
polar side chain, 3) the number of hydrogen bonds to the
redox center and 4) solvent near the redox site that tune
the redox potential of the protein. All these properties par-
ticipate in setting the value of the reduction potential, but
establishing if one, or a few, of them dominates still relies
on experimental work (15).
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