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Protein Contributions to Redox Potentials of Homologous Rubredoxins:
An Energy Minimization Study

Paul D. Swartz and Toshiko Ichiye
Department of Biochemistry and Biophysics, Washington State University, Pullman, Washington 99164-4660 USA

ABSTRACT The energetic contributions of the protein to the redox potential in an iron-sulfur protein are studied via energy
minimization, comparing homologous rubredoxins from Clostridium pasteurianum, Desulfovibrio gigas, Desulfovibrio vulgaris,
and Pyrococcus furiosus. The reduction reaction was divided into 1) the change in the redox site charge without allowing the
protein to respond and 2) the relaxation of the protein in response to the new charge state, focusing on the latter. The energy
minimizations predict structural relaxation near the redox site that agrees well with that in crystal structures of oxidized and
reduced P. furiosus rubredoxin, but underpredicts it far from the redox site. However, the relaxation energies from the
energy-minimized structures agree well with those from the crystal structures, because the polar groups near the redox site
are the main determinants and the charged groups are all located at the surface and thus are screened dielectrically.
Relaxation energies are necessary for good agreement with experimentally observed differences in reduction energies
between C. pasteurianum and the other three rubredoxins. Overall, the relaxation energy is large (over 500 mV) from both the
energy-minimized and the crystal structures. In addition, the range in the relaxation energy for the different rubredoxins is
large (300 mV), because even though the structural perturbations of the polar groups are small, they are very near the redox

site. Thus the relaxation energy is an important factor to consider in reduction energetics.

INTRODUCTION

Iron-sulfur proteins are an important class of electron trans-
fer proteins that participate in a wide variety of biological
reactions and are found in a wide variety of organisms. The
small (M, 6000 Da) iron-sulfur protein rubredoxin comes
primarily from anaerobic bacteria and appears to play a role
in electron transport and nitrate reduction (Seki et al., 1989;
Hugenholtz and Ljungdahl, 1989). The iron-sulfur site in
rubredoxin consists of an iron atom tetrahedrally ligated to
four cysteinyl sulfurs, and is the easiest complex to under-
stand in terms of its redox properties.

One important property of an electron transfer protein is
its redox potential, because it determines the energetics and
rates of electron transfer to its donor and from its acceptor.
However, proteins with the same redox site can have dif-
ferent redox potentials (Moura et al., 1979; Lovenberg and
Sobel, 1965). In similar 4Fe-4S proteins, the differences in
redox potential cannot be attributed to differences in the
redox site (Backes et al., 1991), so that they are attributed to
the protein environment instead (Sweeney and Rabinowitz,
1980). The work here addresses how different protein en-
vironments can influence the redox potential. Rubredoxin is
ideal for study, because there are five homologous rubre-
doxins for which high-resolution (<2.0 A) crystal structures
have been solved (Frey et al., 1987; Watenpaugh et al.,

Received for publication 3 February 1997 in final form 5 August 1997.

Address reprint requests to Dr. Toshiko Ichiye, Department of Biochem-
istry and Biophysics, Washington State University, P.O. Box 644660,
Pullman, WA 99164-4660. Tel.: 509-335-7600; Fax: 509-335-9688; E-mail:
ichiye@wsu.edu.

Dr. Swartz’s present address is Department of Biochemistry, Texas A&M
University, College Station, TX.

© 1997 by the Biophysical Society

0006-3495/97/11/2733/09  $2.00

1980; Stenkamp et al., 1990; Adman et al., 1991; Day et al.,
1992), four of which have reported redox potentials ranging
from +6 to —57 mV (Moura et al., 1979; Adams, 1992;
Lovenberg and Sobel, 1965; LeGall et al., 1988). The rubre-
doxin structures are all highly similar in backbone structure
and have ~50-60% sequence identity (Fig. 1).

An earlier study examined the electrostatic potential of
crystal structures of these rubredoxins (Swartz et al., 1996).
This work identified the determinant of a 50-mV lower
redox potential in one of the four rubredoxins as a Val at
residue 44 rather than a Ala, which causes a concerted shift
in the backbone polar groups, and further confirmed this
result by using sequence and redox potential data for nine
other rubredoxins. However, this work neglected the con-
tribution of protein relaxation upon reduction to the redox
potential, which has been shown to be substantial (up to
—16 kcal/mol) for Clostridium pasteurianum rubredoxin
(Shenoy and Ichiye, 1993). Therefore, the present work
examines whether protein relaxation also contributes to the
different redox potentials observed in other homologous
rubredoxins.

Of the contributions to the reduction energy of a protein,
the electrostatic energy is generally the largest of the envi-
ronmental contributions (i.e., apart from the intrinsic energy
difference of the metal site). The electrostatic energy can
come from three different sources: charged groups, polar
groups, and solvent water. Several experimental results sug-
gest that surface charges (e.g. charged side chains) contrib-
ute little to the electrostatic component of redox potential.
For instance, experiments on redox proteins in which a
charged amino acid residue is mutated to a neutral residue
show relatively little effect on the redox potential (Shen et
al., 1994; Gleason, 1992). In other experiments, replace-
ment of nonconserved nonpolar residues immediately adja-
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FIGURE 1
ligating the iron are indicated by dots.

cent to the iron-coordinating cysteines in C. pasteurianum
rubredoxin with either a negative Asp or a positive Arg
slightly increases the redox potential (Zeng et al., 1996),
indicating that the charged nature of these side chains is
unimportant. In addition, Warshel and co-workers have
shown good correlation of electrostatic potential with ex-
perimental redox potentials in cytochrome ¢ (Churg and
Warshel, 1986; Langen et al., 1992a) and 4Fe-4S proteins
(Langen et al., 1992b), using a model in which the side
chains that are normally charged at pH 7.0 are neutralized,
although a more recent study of the 4Fe-4S proteins gave
poorer results (Jensen et al., 1994). Furthermore, calcula-
tions of the electrostatic potential from the crystal structures
of four rubredoxins indicate that the solvation energy due to
water alone can significantly dampen charged side-chain
contributions and that the contributions of the polar back-
bone and polar side chains correlate with the redox poten-
tials if the charged side chains (which are all at the surface)
and solvent contributions are neglected (Swartz et al.,
1996). These results are compelling evidence that surface-
charged side chains contribute little to the redox potential,
leaving the polar side chains and backbone and the solvent
accessibility as the only distinguishing features in homolo-
gous proteins without buried charged groups such as the
rubredoxins. Moreover, in the case of native rubredoxins,
solvent accessibility does not appear to be a factor (Swartz
et al., 1996).

Given these results, it is reasonable to propose that the
reduction energy, including the relaxation energy, due to
polar groups in rubredoxins should correlate with the redox
potentials. Hence a series of energy minimization studies
similar to those on C. pasteurianum rubredoxin by Shenoy
and Ichiye (1993) were performed on four rubredoxins of
known redox potential and well-defined crystal structure to
understand the structural and energetic differences leading
to the observed differences in redox potential. The reasons
for using energy minimizations rather than molecular dy-
namics simulations, even though the latter will give the
important contributions from thermal fluctuations, are as
follows. The first reason concerns the potential energy func-
tions used in the calculations. Molecular dynamics simula-
tions will explore more conformations because of the ther-
mal fluctuations, which in theory should lead to a more
accurate prediction of structural changes upon change in
redox state. However, this is dependent on the accuracy of
the potential energy surface. Because errors in the potential
energy may lead to a series of structural perturbations that
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Alignment of the sequences for the rubredoxin from C. pasteurianum (Cp), D. gigas (Dg), D. vulgaris (Dv), and P. furiosus (Pf). Cysteines

cause the structure to wander further and further from a
correct structure, energy minimizations are used here to
look for the minimum and thus most likely changes. Thus
the gentlest possible minimization procedures for the relax-
ation step were used, so that the results represent the min-
imum possible changes. The second reason concerns the
electrostatic interactions, which are the controlling interac-
tions for changes in the redox state. Because molecular
dynamics simulations are computationally intensive, long-
range electrostatic interactions in protein simulations must
be handled by approximate methods, such as cutoffs with or
without periodic boundary conditions or Ewald sums with
periodic boundary conditions (Allen and Tildesley, 1987).
Because of possible anomalies due to these methods (see,
for instance, Steinbach and Brooks, 1994), the less compu-
tationally intensive method of energy minimization was
used here, so that no cutoffs in the electrostatics were
necessary.

In the Results section, the minimized structures are com-
pared with crystal structures, and the degree of relaxation is
compared with that between the crystal structure studies of
oxidized and reduced Pyrococcus furiosus rubredoxin (Day
et al., 1992). Moreover, the contributions of both the change
in electrostatic energy of the initial structure upon change in
redox site charge (without relaxation) and the relaxation
energy to the observed differences in redox potentials of the
homologous rubredoxins are studied.

METHODS

The crystal structures of oxidized rubredoxin from Clostrid-
ium pasteurianum (Cp) at 1.2-A (Watenpaugh et al., 1980),
Desulfovibrio gigas (Dg) at 1.4-A (Frey et al., 1987), and
Desulfovibrio vulgaris (Dv) at 1.5-A resolution (Adman et
al.,, 1991) were taken from the Brookhaven Protein Data
Bank (PDB). The crystal structures of oxidized and reduced
rubredoxin from Pyrococcus furiosus (Pf) at 1.8-A resolu-
tion (Day et al., 1992) were provided by Dr. Douglas Rees
and are available from the PDB.

Protein relaxation

Energy minimization and energy calculations were per-
formed with the molecular mechanics and dynamics pro-
gram CHARMM22¢g3 (Brooks et al., 1983). All energy
minimizations were performed with charged side chains,
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even though the polar contributions to the energy are
focused on. Energy parameters and topologies from
CHARMM19 (Brooks et al., 1983) plus additional param-
eters for the iron-sulfur redox site (Yelle et al., 1995) were
used. The nonpolar hydrogens were treated implicitly with
the extended atom method, and bonds containing polar
hydrogen were constrained to their equilibrium bond length
with the SHAKE algorithm (Rychaert et al., 1977). All
energy interactions were included in the energy calcula-
tions, so that no cutoffs were used. Water molecules were
modeled using the TIP3P potential (Jorgensen, 1981). To
ensure uniformity among the different rubredoxins, new
polar hydrogen positions were generated for each of the
rubredoxins even if hydrogen positions were reported in the
crystal structures.

The oxidized and reduced forms of rubredoxin are dis-
tinguished in the computational model, both in the potential
energy function and in the structure. The potential energy
parameters for the iron-sulfur site differ for the oxidized and
reduced states, not only in the partial charges but also in the
equilibrium bond lengths and angles (Yelle et al., 1995).
High-resolution crystal structures of both the oxidized and
reduced forms of rubredoxin are only available for Pf;
therefore the oxidized structure was simulated by energy
minimizing the oxidized crystal structure with energy pa-
rameters for the oxidized form to obtain a structure referred
to as OXD, and the reduced structure was simulated by
energy minimizing the minimized oxidized structure with
energy parameters for the reduced form to obtain a structure
referred to as RED’. In addition, a Frank-Condon state,
referred to as RED*, is actually the OXD structure of the
protein, but with the energetics calculated using the energy
parameters of the reduced form.

Because the object of this work is to compare the energies
of the oxidized and reduced states of rubredoxins, it was
necessary to perform extensive minimization on the proteins
so that convergent structures could be obtained. The proce-
dure used here to obtain the structures in the reaction (Fig.
2) is similar to that used by Shenoy and Ichiye (1993), with
a few exceptions. Crystal structures of all four rubredoxins
were prepared similarly for energy minimization. First, to
relieve high-energy interactions, the newly generated polar
hydrogens, including crystal waters and protein hydrogens,

RED*
AQ Relaxation

OXD > RED'

Reduction

FIGURE 2 Reduction cycle for the energy minimization study. The
minimized oxidized protein (OXD) first undergoes an instantaneous charge
change (AQ) to form the oxidized protein structure with a reduced redox
site (RED*), which is followed by a relaxation of the protein structure to
accommodate the new charge (Relaxation) for the reduced form of the
protein (RED’). The sum of the AQ and Relaxation steps is the reduction
of the protein (Reduction).
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were energy minimized while all other atoms were held
fixed by unconstrained adopted basis set Newton-Raphson
(ABNR) (Brooks et al., 1983) energy minimization with no
energy cutoff values. Next, because different crystal struc-
tures have different amounts of resolved crystal water, the
protein structures were then solvated with additional water
molecules, unlike in the method of Shenoy and Ichiye
(1993), where only crystal waters were included. This was
accomplished by overlapping the protein with a 41-A cubic
box of previously equilibrated water and removing overlap-
ping waters within 2.6 A and any waters further than 5.0 A
from protein or crystal water atoms, so that all proteins have
similar solvation (Shenoy, 1992). The added water mole-
cules were then energy minimized to eliminate any voids
and high-energy interactions, using unconstrained ABNR
minimization with no energy cutoff values on all waters
(including crystal waters) with all protein atoms held fixed.
OXD was obtained by unconstrained ABNR energy mini-
mization with no energy cutoff values, of the oxidized
crystal plus all waters, with oxidized parameters, until the
total energy change over the final 30 steps was less than
0.01 kcal/mol. The RED’ state of rubredoxin was obtained
by harmonically constrained ABNR energy minimization
(Bruccoleri and Karplus, 1986) with no energy cutoff values
of OXD plus all waters, with reduced parameters. The
harmonically constrained minimization helps to ensure that
the structure does not change much.

Energy calculations

The relationship between the standard free energy change
upon reduction, AG, and the redox potential, E°, is given by

— nFAE® = AG

where F is Faraday’s constant and n is the number of
electrons transferred. In this work, the entropy differences
between the four rubredoxin proteins were assumed to be
negligible. The change in energy due to the redox reaction
may be divided into energy changes due to the charge
change, and that due to the relaxation of the protein and
solvent in response to the charge change. The energies were
total energies for the system calculated in the various states
in Fig. 2.

RESULTS

The structural results of the energy minimization studies of
the four rubredoxins are presented here, followed by the
energetics. The sequence alignment and numbering scheme
for the four rubredoxins is given in Fig. 1.

Initial energy minimization

The root mean square deviations (RMSDs) in atomic posi-
tions averaged over all N, Ca, and C backbone atoms,
between the crystal and energy-minimized protein struc-
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tures are presented in Table 1. The RMSDs of the OXD
structures from XOXD, the oxidized crystal structures, were
all less than 0.9 A, indicating that the energy minimization
method used here is gentle and avoids dramatic structural
deformation. In comparing the XOXD to the OXD struc-
ture, the rubredoxin from Cp has one significant difference
compared to Dg, Dv, and Pf near the redox site. In Cp
rubredoxin, energy minimization to the OXD structure
causes the amide group of Cys®, which is ligated to the iron,
to move 0.06 A away from the redox site, whereas in Dg,
Dv, and Pf rubredoxins, Cys9 moved between 0.06 and 0.20
A closer to the redox site. The backbone amide group of
Cys® is one of the closest protein polar groups to the redox
site (N-Fe distance of 3.8 A), with the other being the
backbone amide group of Cys*? in all four rubredoxins.

Structural relaxation upon reduction

The RMSDs upon reduction (Table 1) show that structural
changes on reduction of OXD to RED’ are minimal, with
average backbone RMSDs of ~0.08 A, for the four rubre-
doxins. Most significantly, they are localized around the
cysteines that coordinate the redox site (Fig. 3). The
RMSDs per residue for backbone atoms alone between the
OXD and RED' structures indicate that structural relaxation
is very similar in all of the rubredoxins (Fig. 3). Not only
did the largest deviations occur at comparable residues, but
the magnitudes of the displacements differ by only ~0.05
A. The largest displacements in all cases were localized
around the cysteine residues that coordinate the iron; for
instance, upon reduction of the redox site, the backbone
amides of Cys® and Cys*?> moved between 0.10 and 0.23 A
farther from the redox site. In addition, in the first redox
site-coordinating loop, the conserved Gly'® consistently
showed large RMSDs in all of the rubredoxins. However, in
the second coordination loop, the semiconserved nonpolar
residue 41 showed large relaxation in Dv and Dg rubredox-
ins, whereas the conserved Gly** showed relaxation in Cp
and Pf. Furthermore, in Cp and Pf, the backbone of Glu*®
showed considerable relaxation, whereas in Dg and Dv,
Phe*® showed relaxation (Fig. 3).

Because crystal structures of both the oxidized and re-
duced Pf rubredoxin (Day et al., 1992) have been solved, the

TABLE 1 Root mean square deviations in backbone atom
positions between the oxidized crystal structures (XOXD) and
the energy-minimized oxidized (OXD) and reduced (RED’)
structures for C. pasteurianum (Cp), D. vulgaris (Dv), P.
furiosus (Pf), and D. gigas (Dg) rubredoxins and for the crystat
structures of the oxidized and reduced forms of the P.
furiosus (Pfx) rubredoxins

Dg Dv Pf Cp Pfx
XOXD-OXD 0.85 0.60 0.71 0.86 —
OXD-RED' 0.07 0.08 0.06 0.08 0.24

The oxidized and reduced crystal structures in Pfx are considered to
represent the OXD and RED’ structures from the energy minimization
studies. Values are given in A.
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FIGURE 3 Root mean square differences in atomic position between the
energy-minimized oxidized and reduced structures averaged over the back-
bone atoms N, Ca, and C for each residue in rubredoxin from C. pasteu-
rianum (dotted line), D. gigas (long and short dashed line), D. vulgaris
(dashed line), P. furiosus (light solid line), and the oxidized and reduced
crystal structures for P. furiosus (Day et al., 1992) (dark solid line).
Cysteines ligating the iron are at residues 6, 9, 39, and 42.

structural relaxation predicted by the energy minimization
can be compared with experiment. Compared to the average
backbone RMSD of 0.24 A between the oxidized and re-
duced crystal structures of Pf, the structural deviations of
~0.08 A in the minimization studies constitute a lower
estimate. However, the discrepancies were not the same
throughout the protein, as seen in a comparison of the
backbone atom RMSD per residue between oxidized and
reduced states per residue for the crystal and the minimized
structures for Pf rubredoxin (Fig. 3). The largest RMSD for
any residue in the minimized structures was equal to or
lower than that seen in the crystal structures, and the resi-
dues farther from the redox coordinating cysteines showed
considerably less deviation in the minimized than in the
crystal structures. Moreover, the largest RMSD per residue
between the crystal structures of Pf is quite small, less than
0.5 A (Fig. 3). Most importantly, the residues that make the
largest contribution to the electrostatic reduction energy are
those close to the coordinating residues for the redox site,
and the shifts mentioned above at both coordinating loops
are seen in the crystal structure.

Side-chain position changes in the minimized structure
upon reduction were small. The large distance from the
polar and charged side chains to the redox site and the
diffuse charge distribution of the redox site result in small
forces acting on the atoms, and there was little relaxation in
portions of the protein far from the redox site. The RMSDs
per residue for side-chain atoms alone between the OXD
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and RED’ structures indicate again that very little structural
relaxation occurs (0.29 A maximum RMSD per residue),
and again, the residues close to the redox site relax the most
(Fig. 4). Side-chain relaxation in all of the rubredoxins was
very similar and, in general, was a response to the backbone
relaxation, because they were seen in the same residues and
were of the same magnitude (Fig. 4).

The RMSD for side chains between the oxidized and
reduced structures from crystal for Pf rubredoxin generally
showed more movement than did the minimized redox pair.
Moreover, in the reduced crystal structure of Pf, all of the
charged side chains showed considerable movement toward
or away from the redox site, depending on the charge of the
side chain, with two lysines exhibiting dihedral transitions,
none of which were observed in the energy minimization
studies.

Protein reduction energy

The total energies were calculated for the OXD, RED*, and
RED’' structures (Table 2). The energies for RED* are
calculated using the oxidized structure, but with reduced
charges and internal coordinate parameters for the redox site
(see Methods); in addition, the energies are given for
RED**, which is the oxidized structure but with reduced
charges only. The energy differences between RED** and
RED* are minimal. Energies are shown both with and
without charged side chains (Table 2). Unless otherwise
stated, the reduction energies due to the polar groups alone
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FIGURE 4 Root mean square differences in atomic position between the
energy-minimized oxidized and reduced structures averaged over the side-
chain atoms for each residue in rubredoxin from C. pasteurianum (dotted
line), D. gigas (long and short dashed line), D. vulgaris (dashed line), and
P. furiosus (solid line).
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TABLE 2 Total energies for various structures calculated for
the oxidized structures with oxidized energy parameters
(OXD), the oxidized structures with reduced charge but
oxidized internal coordinate parameters (RED**), the oxidized
structures with reduced energy parameters (RED*), and the
reduced structures with reduced energy parameters (RED’)

Dg Dv Pf Cp

With charged side chains

OXD —-1679  —1740  —1888 —895

RED** —1528 —1597 —1748 —624

RED* —1523 ~-1593 —1744 -621

RED' —1538 —1609  —1757 —647
Without charged side chains

OXD —1949  —1869  —1948 —1981

RED** -1979  —1900 —1977 —1992

RED* —-1974  —1897 —1972  —1989

RED’ —1988 —1909 -—1984  —2007

Values are given in kcal/mol.

(Table 3) will be discussed, although the entire reduction
energy of the redox system includes that of solvent and
charged side chains. Here the reduction reaction of rubre-
doxin is divided into two events. The first is a Frank-
Condon-type reduction of the redox site, which consists of
an instantaneous change in the overall charge of the redox
site from —le to —2e, where e is the charge of an electron,
without allowing the protein to respond. The energy of the
Frank-Condon reaction, referred to as AQ, ranged from
—400 to —1200 mV. Cp had the highest AQ, which is
primarily due to the amide group of Cys® being ~0.2 A
farther from the redox site than in the other three rubredox-
ins. The second event is the response of the protein to the
change in charge of the redox site. The energy of this
response, referred to as the relaxation energy, ranged from

TABLE 3 Changes in energy (in mV) of the protein due to
change in redox state (AQ), protein relaxation (Relaxation),
protein reduction (Reduction), and protein reduction relative
to that of P. furiosus (Relative) for polar groups alone from
this study for C. pasteurianum (Cp), D. vulgaris (Dv), P.
furiosus (Pf), and D. gigas (Dg) rubredoxins and the crystal
structures of the oxidized and reduced forms of the P.
furiosus (Pfx) rubredoxins

Dg Dv Pf Cp Pfx
AQ —-1104 —1202 -—1060 —374 —1143
Relaxation —600 —524 —493 —781 —508
Reduction —1704 —1726 —1554 -—1155 —1651
Relative to Pf (polar) —-150 —172 0 399 -97
Potential at Fe* 2610 2550 2670 2350 —
Exp. redox potential 6* 0° or 57 ot
Net protein charge -8 -7 -9 —-13 -9

Also shown are changes in potential at the Fe (in meV) due to change in
redox state (potential) from Swartz et al. (1996), experimental redox
potentials, and net protein charge (in units of electron charge).

*Swartz et al. (1996).

#Moura et al. (1979).

fLeGall et al. (1988).

1Adams (1992).

"Lovenberg and Sobel (1965).
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—500 to —800 mV. Cp had the most negative relaxation
energy, again because of the backbone structure at Cys®.
The total reduction energies due to polar groups alone
ranged from —1200 to —1700 mV and can be compared to
the experimental redox potentials (Table 3), because the
redox potential differences are proportional to the negative
of the energy differences (Eq. 1). However, to compare with
experiment, relative energies must be considered, because
the contribution of intrinsic electron affinity energy for the
redox site is not known. The reduction energies relative to
Pf showed that the predicted redox potentials for Cp were
much more negative than the other three, as is true in the
experiment, but the difference was overestimated.

DISCUSSION

The energy minimization methods used in this study do not
perturb the structures significantly from the crystal struc-
tures. Earlier studies show that including crystal waters in a
minimization of Cp rubredoxin significantly improves the
structure compared to the vacuum energy minimization
(Shenoy and Ichiye, 1993). Here, because the different
crystal structures contained different amounts of water, a
~5-A shell of water was added. This approach does not
represent the structure of liquid water at room temperature
and may tend to dampen the relaxation of the protein.
However, this approach does prevent the large distortions
seen in extensive minimizations of a protein in vacuum
(Shenoy and Ichiye, 1993; Ichiye et al., 1986). In addition,
the relaxation step used a constrained minimization proce-
dure (see Methods). A previous study (Shenoy and Ichiye,
1993) has shown that unconstrained minimization results in
dramatic changes in the protein structure, whereas con-
strained minimization results in much smaller perturbations;
thus the constrained minimization also improves the results.

The calculations presented here show that, in rubredox-
ins, the protein reduction energy differences due to the polar
groups of the protein correlate well with the experimental
redox potential differences. This agrees with conclusions of
previous work (Churg and Warshel, 1986; Churg et al.,
1983; Swartz et al., 1996; Warwicker, 1995) that the elec-
trostatic contributions of surface charged side chains (all
side chains in the rubredoxin are at the surface) must be
dampened and that the polar groups are the important de-
terminant. The charged side-chain contributions are damp-
ened by dielectric screening of the charges by the solvent, as
has been shown in molecular dynamics estimates of the
solvent relaxation energies (without counterions) around the
oxidized minimized structures of this study (Swartz, 1996)
and around crystal structures (Swartz et al., 1996). Further-
more, molecular dynamics simulations of Cp rubredoxin
that include counterions along with solvent have shown that
the two together almost exactly cancel the charged side-
chain contributions (Yelle et al., 1995). These findings are
also consistent with the experimental findings discussed in
the Introduction. Thus we concentrate only on the polar
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contributions to the energies, as was done previously
(Swartz et al., 1996).

The availability of crystal structures of both oxidation
states of Pf rubredoxin (Day et al., 1992) provides an
opportunity to evaluate our minimization procedure. The
localized nature of the protein relaxation in our minimized
Pf structures compared to the oxidized and reduced crystals
structures of Pf (Fig. 3) requires some discussion. The
crystal structures of the oxidized and reduced forms of Pf
rubredoxin suggest that considerably more structural relax-
ation occurs in the protein backbone (Fig. 3) and that
charged side chains exhibit more pronounced movement
upon reduction than predicted by the minimization studies
(Fig. 4). Overall smaller differences are not unexpected,
because the energy minimization procedure was chosen
specifically so that structural changes upon relaxation
would be small. However, for Pf, the relaxation energies of
the polar groups, as well as AQ energies, calculated from
the oxidized and reduced crystal structures are quite similar
to those calculated from the energy-minimized structures
(Table 3). This is because the majority of the differences in
structural relaxation between the crystal structures and the
energy-minimized structures occur in regions that are far
from the redox site, and because the regions close to the
redox site not only contribute the most to the change in
energy, but are the most similar in terms of the changes
between the crystal structures and the minimized structures
(Fig. 3). The physical interpretations of these results are
based on the fact that charge-dipole interactions are rela-
tively short range (i.e., as compared to charge-charge inter-
actions). Thus the structural relaxation at long range is not
seen here, because small barriers to the relaxation cannot be
overcome simply by considering the charge-dipole interac-
tions. These small barriers would be crossed in the real
system because of thermal fluctuations. However, because
the charge-dipole interactions are relatively short range, the
contributions of the relaxation at long range is relatively
small and thus will not contribute significantly to the dif-
ferences in redox potential. On the other hand, the minimi-
zation procedure does appear to accurately predict the
changes near the redox site, which also contribute the most.
We also note that a more vigorous minimization procedure
(i.e., one without constraints) may predict structural
changes at longer range; however, for comparisons of dif-
ferent structures, it may be unreliable to use them, because
different subsets of the long-range changes for different
structures may be predicted as a result of slightly different
barrier heights.

Overall, similarities between experiment and calculation
in relaxation energy rather than in RMS differences per
residue are more important. This is because RMS differ-
ences between the oxidized and reduced structures are based
on a least-squares fit of the entire backbone; thus, even if the
structural changes in the crystal and in minimized structures
were identical, they would not necessarily appear to be the
same. Superimposing limited regions of the protein only
helps in part because the redox site also distorts slightly. In
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fact, it is changes in the distances between the atoms of the
redox site and those of the rest of the protein that are
important. Furthermore, the importance of these changes is
weighted by the energies. Thus the energy differences are
the best measure. Hence, at least in the portion of the protein
close to the redox site, the energy minimization study rep-
resents the structural relaxation of the protein relatively
well.

Note that the results for the reduction energies of just the
polar contributions show the same trends as the experimen-
tal redox potentials (Table 3), keeping in mind that the
energy is proportional to the negative of the redox potential
(Eq. 1). As pointed out by Swartz et al. (1996), rubredoxins
of known sequence and redox potential can be separated
into two groups separated by ~50 mV. Cp falls in a group
of four rubredoxins that have redox potentials of about —50
mYV and a Val at residue 44, whereas Dv, Dg, and Pf fall into
a group of five rubredoxins that have redox potentials of ~0
mV and an Ala at residue 44. This sequence difference leads
to a shift in the backbone of ~0.4 A very near the redox site,
and thus to a change in the polar contributions, which
appears to be the root of the 50-mV difference (Swartz et
al., 1996). The reduction energies, normalized to Pf (Table
3), indicate a clear difference between Cp and the higher
potential rubredoxins in that the reduction energy of Cp was
~500 mV less negative. Although this is an overestimation
of the difference, the overestimation would be even greater
if relaxation were not included, because the relaxation en-
ergy of Cp is much greater than the other three. There is no
obvious difference in the relaxation of Cp compared to the
other three rubredoxins that can explain the larger relaxation
energy, but the large difference in AQ between Cp and the
other three was primarily due to the 0.2-A shift of the amide
group of Cys® away from the redox site.

Although the studies here predict the correct trend, they
overestimate the experimental redox potential differences
between Cp and the other three, which may come from a
few sources. Residual energetic contributions of charged
side chains, counterions, and solvent relaxation may cause
slight differences, but, as mentioned above, the overwhelm-
ing experimental and computational evidence is that this
should contribute a negligible amount. In addition, the
structural contributions of charged side chains and solvent
were included in the energy minimization steps, although
not in the final energies in Table 3, and the good agreement
between the minimized and crystal structures for oxidized
and reduced Pf in Table 3 and Fig. 3 indicate that the energy
minimization adequately describes both oxidized and re-
duced structures. Another important factor is electronic
polarization; however, the CHARMM and TIP3P potentials
include electronic polarization implicitly via the partial
charges. The doubly charged reduced redox site will induce
slightly more electronic polarization; however, studies of
ions in water indicate that electronic polarization becomes
important only for charges greater in magnitude than 2e
(David Smith, personal communication), and in addition,
the change here is quite diffuse, because it is spread over the
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entire redox site. A third factor to consider is the partial
charges of the redox site; however, other studies (Churg et
al., 1983; Shenoy and Ichiye, 1993; Jensen et al., 1994)
indicate that the results are relatively insensitive to the exact
charge distribution used. As a whole, the overestimation is
probably due to the exaggerated shift of Cys® in Cp rubre-
doxin during the initial minimization of the oxidized form,
which is caused by inaccuracies in the interaction potential.

The results presented here can also be compared to our
earlier calculations. This work is a considerable improve-
ment over our previous minimization study of Cp rubre-
doxin alone (Shenoy and Ichiye, 1993), because the RMS
differences of the OXD structure from the crystal structure
here are 0.30 A less than previously reported, because of the
additional water beyond crystal water (see Methods), indi-
cating that the structures here are probably better. Further-
more, Shenoy and Ichiye (1993) indicate that there was a
constriction of the redox site that may be indicative of a
general constriction of the protein, which did not occur to as
great an extent here, giving rise to a lower RMS difference
with the crystal and lower AQ in the present studies. Most
important, the relaxation energy here is very close to the
previous result of ~16 kcal/mol, although the RMS differ-
ence between the OXD and RED’ structures is 0.06 A less
than that reported by Shenoy and Ichiye (1993).

This work also presents an interesting contrast to a pre-
vious study of the same proteins, in which crystal structures
were used (Swartz et al, 1996) instead of the energy-
minimized structures used here. Because there is no struc-
tural relaxation in the charge change step of the reduction
reaction, the energy due to charge change of the redox site,
AQ, is similar in definition to the negative of the electro-
static potential calculations in Swartz et al. (1996) (Table 3).
However, the values are different, partly because of the
differences between the energy-minimized versus crystal
structures. More important is the fact that here the differ-
ence in the interaction energy between the redox site (via
the partial charges) and the rest of the protein is reported,
whereas in Swartz et al. (1996) the electrostatic potential at
the iron is reported. If the change in charge of the redox site
were concentrated at the Fe rather than being distributed
over the Fe, S, and C, the calculations would be the same.
Because this is not the case, here the potential changes at all
of the atoms of the FeS site are probed. Moreover, because
of the exclusion rules for bonded atoms in the nonbonded
interactions, the contributions of the cysteinyl backbone
groups will be severely modified. However, this contribu-
tion appears to make mainly an additive difference. Thus the
differences in AQ between Cp and the other three here can
be compared with the differences in potential in Swartz et
al. (1996). The remarkably good results in Swartz et al.
(1996) were obtained because the important contributions to
the electrostatics come from polar groups and because the
structure of the polar groups was accurately represented in
the high-resolution crystal structures used in those calcula-
tions. Here again, the focus on the polar groups leads to
good results, although the exaggerated shift of Cys® in Cp
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causes the difference in AQ of Cp from the other three to be
too large. More generally, it appears that energy minimiza-
tion may cause unequal distortion of the structures, so that
using crystal structures may be more accurate for determin-
ing the AQ contribution. However, to obtain the relaxation
energy, energy minimization must be used. Thus the fact
that the correct trends in AQ were obtained with the energy-
minimized structures is important (even if the results were
not as good as those obtained from crystal structures).
Moreover, it indicates that the changes in structure and thus
in energy upon change in redox state are reasonable, be-
cause the starting structures are reasonable. The constrained
minimization ensured reasonable relaxation.

In sum, our earlier study of the energetics of the crystal
structures of the same homologous rubredoxins (Swartz et
al., 1996) may be the most reliable means of determining
the AQ contribution at this time. Our studies indicated that
the unconstrained minimization here and molecular dynam-
ics (Yelle et al., 1995) cause a large enough deviation to be
less accurate than the crystal structure. However, the accu-
racy is sufficient to reproduce general trends. Constrained
minimization may be a better compromise. On the other
hand, the relaxation contribution can only be determined
through computational methods such as energy minimiza-
tion or molecular dynamics, unless crystal or NMR struc-
tures are available for both forms.

CONCLUSIONS

Previously reported experimental results suggest that the
structural differences in the redox site and charged side-
chain distribution of iron-sulfur redox proteins cannot ac-
count for their differences in redox potential. The remaining
protein component that can influence the redox potential is
then polar groups, of which only those close to the redox
site will influence the potential. By comparison with oxi-
dized and reduced crystal structures of Pf rubredoxin, the
constrained energy minimization methods used here are
shown to represent well the crucial protein backbone and
polar side-chain structural relaxation near the redox site,
although not the relaxation of portions of the protein farther
from the redox site. However, the latter does not contribute
significantly to the electrostatic potential at the redox site,
and so the relaxation energies from energy minimization
agree well with those from crystal structures. In addition, as
in Swartz et al. (1996), the energy contribution without
relaxation predicts that Cp has a lower redox potential than
Dv, Dg, and Pf. The relaxation energy of backbone polar
groups in Cp is ~250 mV greater than the other three
rubredoxins studied here, and this relaxation energy is nec-
essary to bring the magnitude of the energy difference
between Cp and the other three into better agreement with
experimental values. Overall, the relaxation energy is
shown to be large (500-800 mV), by both the energy
minimizations and the crystal results, and considerable vari-
ations in the relaxation energy (a range of 300 mV) due to
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polar groups near the redox site are possible, even with very
similar structure near the redox site. Thus the relaxation
energy is an important factor to consider in the energetics of
reduction.
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