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Abstract

Biological electron transfer is an efficient process even though the distances between the redox moieties are
often quite large. It is therefore of great interest to gain an understanding of the physical basis of the rates
and driving forces of these reactions. The structural relaxation of the protein that occurs upon change in
redox state gives rise to the reorganizational energy, which is important in the rates and the driving forces
of the proteins involved. To determine the structural relaxation in a redox protein, we have developed
methods to hold a redox protein in its final oxidation state during crystallization while maintaining the same
pH and salt conditions of the crystallization of the protein in its initial oxidation state. Based on 1.5 Å
resolution crystal structures and molecular dynamics simulations of oxidized and reduced rubredoxins (Rd)
from Clostridium pasteurianum (Cp), the structural rearrangements upon reduction suggest specific mecha-
nisms by which electron transfer reactions of rubredoxin should be facilitated. First, expansion of the
[Fe—S] cluster and concomitant contraction of the NH � � � S hydrogen bonds lead to greater electrostatic
stabilization of the extra negative charge. Second, a gating mechanism caused by the conformational change
of Leucine 41, a nonpolar side chain, allows transient penetration of water molecules, which greatly
increases the polarity of the redox site environment and also provides a source of protons. Our method of
producing crystals of Cp Rd from a reducing solution leads to a distribution of water molecules not observed
in the crystal structure of the reduced Rd from Pyrococcus furiosus. How general this correlation is among
redox proteins must be determined in future work. The combination of our high-resolution crystal structures
and molecular dynamics simulations provides a molecular picture of the structural rearrangement that occurs
upon reduction in Cp rubredoxin.
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Electron transfer is one of the most essential reactions in
life, occurring in processes such as photosynthesis, respira-
tion, and nitrogen fixation. Electron transfer reactions pro-
vide the means for transforming solar and chemical energy
into a utilizable form in all living organisms. A considerable
body of work has elucidated many aspects of the electron
transfer process in biological systems (Marcus and Sutin

1985; Moser et al. 1992; Farid et al. 1993; Gray and Ellis
1994; Gray and Winkler 1996). The driving force for trans-
ferring electrons from a donor to an acceptor is determined
by the magnitude and the sign of the redox potential. Elec-
tron transfer proteins can modulate the reduction potential
of their redox sites, with differences of up to a few hundred
millivolts between homologous proteins with the same re-
dox site and even larger differences between nonhomolo-
gous proteins with the same redox site (Cammack 1992).
Proteins may regulate electron transfer by gating processes,
such as conformational changes (Mei et al. 1999), coupling
to ATP hydrolysis (Lanzilotta et al. 1998), and proton trans-
fer (Graige et al. 1998; Regan et al. 1998). However, the
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basic mechanisms of redox potential control are not fully
understood and remain the subject of intense research. Non-
heme iron–sulfur [Fe—S] cluster-containing proteins are an
important class of redox proteins. They are ubiquitous in
living matter and contain sites with one to eight iron atoms
(Beinert et al. 1997; Johnson 1998; Bouton 1999). Rubre-
doxin is the simplest iron–sulfur redox protein and is found
in bacteria and archaea (Beinert et al. 1997). It is known to
participate in electron transfer reactions in sulfur, nitrate,
and superoxide reduction (Seki et al. 1988; Seki et al. 1989;
Eggink et al. 1990; Gomes et al. 1997; Jenney et al. 1999).
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 formal redox couples involve Fe(III)
and Fe(II); however, the electron density of the cysteinyl
sulfurs is known to be equally important (Noodleman et al.
1985). The reduction potentials of rubredoxins range from
−60 to +40 mV (Cammack 1992). The relative simplicity
and wealth of available data make rubredoxin a powerful
model system for investigating the fundamental molecular
behavior of proteins. In particular, rubredoxin was one of
the first proteins to be analyzed crystallographically at high
resolution (Watenpaugh et al. 1973). In reduction potential
studies of Clostridium pasteurianum (Cp) rubredoxin (Rd),
electrostatic effects do not play a significant role, based on
variants with surface charge–change mutations (Zeng and
Smith 1996). The net charge of Cp Rd may be increased or
decreased, and, in either case, the reduction potential of the
Cp Rd variant increases, indicating that simple Coulombic
electrostatic effects do not dominate redox potential tuning
in Cp Rd. Instead, a structural determinant causing a 50-mV
shift in reduction potential between two different groups of
rubredoxins has been predicted from computational studies
(Swartz et al. 1996) and confirmed experimentally
(Eidsness et al. 1999). However, there is some indication
that charged side chains may play a role in differentiating
reduction potentials in the HiPIPs (Bertini et al. 1997).

Comparisons of global protein structures do not yet allow
us to predict reduction potential differences among proteins.
Determinants of reduction potentials are believed to come
from the local protein structure that surrounds the redox
center. To elucidate these structural features, atomic reso-
lution data are needed. We have determined the three-di-
mensional crystal structures of the oxidized and reduced
forms of rubredoxin from C. pasteurianum (Cp Rd) to un-
derstand the underlying structural features responsible for
its redox reaction. Although other crystal studies of different
oxidation states of the same protein have derived one of the
states by oxidizing or reducing the already crystallized pro-
tein in the opposite state (Takano and Dickerson 1981a,b;
Michael et al. 1992; Stout 1993; Schipke et al. 1999), here
the protein is in its final oxidation state during the crystal-
lization while maintaining the same pH and salt conditions.

Thus, the crystal contacts will not hinder structural changes
upon change in oxidation state. Our approach yields signifi-
cant differences in water molecule movement in the crystal
structure of Cp Rd compared to the crystal structure of
reduced Pyrococcus furiosus. Significant differences in the
water structure have been observed in NMR structures of
cytochrome c in the oxidized and reduced state (Qi et al.
1994), which had not been seen in the crystal structures
(Takano and Dickerson 1981a,b). However, such differ-
ences have not been seen in crystal structures presumably
because the change of oxidation state of the protein in the
crystalline state may hamper the movement of water into or
out of the protein. This study presents the first such evi-
dence from crystallographic experiments, and demonstrates
that water motion can be detected when the crystallization is
performed for the protein in its final oxidation state. This
type of systematic study of high-resolution crystal structures
should provide essential data to better understand electron
transfer reactions in proteins.

Results

Crystallization

We succeeded in obtaining both reduced and oxidized forms
of Cp Rd crystals in the same pH and salt conditions by
adjusting the reservoir and crystallization drop conditions.
The reduced-state crystals were made by adding a minimum
amount of sodium dithionite (Na2S2O4) to the reservoir.
Oxidized crystals were made by instead adding an equiva-
lent amount of sodium chloride in order to minimize the
vapor pressure difference between the two crystallization
processes. The two forms crystallized in the same space
group, R3, with one molecule in the asymmetric unit, but
they show differences in their unit cell. We have collected
1.5 Å resolution data of both reduced and oxidized forms
under a −160°C N2 stream at the Stanford Synchrotron Ra-
diation Laboratory (Beam Line I-5). Although the structures
of rubredoxin from P. furiosus (Pf Rd) in its oxidized and
reduced state have been reported (Michael et al. 1992), there
is a caveat in the crystal structure of the reduced form be-
cause the reduced crystals were obtained by adding sodium
dithionite directly to the drop-containing crystals of the oxi-
dized form of rubredoxin. It was reported that upon addition
of sodium dithionite, the crystals became colorless and ex-
tremely fragile (Michael et al. 1992). The crystal was then
placed immediately in a −160°C nitrogen stream for the data
collection. The structural changes upon reduction were
therefore possibly limited through crystal contact forces.
Consequently, the unit cell dimensions were virtually iden-
tical to those of the oxidized form. Additionally, there may
have been differences in pH and/or solvent activity in the
two redox states. The overall structures of both forms of Cp
Rd are very similar to the other rubredoxins that have been
refined to high resolution (Watenpaugh et al. 1980; Sieker et
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al. 1986; Frey et al. 1987; Adman et al. 1991; Blake et al.
1992; Michael et al. 1992; Dauter et al. 1996; Bau et al.
1998; Misaki et al. 1999). The structures of oxidized forms
of Cp Rd from this work and a published work (1IRO [Dau-
ter et al. 1996]) have rms differences of all atoms and only
backbone atoms of 0.44 Å and 0.18 Å, respectively. Notable
features of typical Rd structures include a three-stranded
antiparallel � sheet consisting of the first fourteen residues
of the amino terminus and the last five residues of the car-
boxyl terminus. The remaining structure consists of numer-
ous loops and turns, two of which contain the iron ligands
Cys 6, 9, 39, and 42.

Comparison of oxidized and reduced structures
of rubredoxin

Changes in the overall crystal structures of the oxidized and
reduced forms of Cp were examined and compared with
results for the independently determined oxidized (1CAA)
(Michael et al. 1992) and reduced (1CAD) (Michael et al.
1992) forms of Pf Rd. These changes indicate the degree of
structural relaxation upon reduction of the protein. The rms
differences in coordinates upon reduction considering all
atoms or only backbone atoms are 0.77 Å and 0.18 Å,
respectively, for Cp Rd (excluding the two C-terminal resi-
dues out of 54 residues), and are 0.44 Å and 0.20 Å, re-
spectively (Michael et al. 1992), for Pf Rd (excluding the
C-terminal residue out of 53 residues). This indicates that
the side chains relax more than the backbone, especially in
our results for Cp Rd. Also, the radius of gyration (exclud-
ing the same residues as in the rms differences) of Cp Rd
changes from 9.68 Å to 9.63 Å upon reduction while that of
Pf Rd changes from 9.62 Å to 9.61 Å. This indicates that the
protein becomes slightly more compact as the redox site
becomes more negative, which is reasonable because the
protein surrounding the redox site has a positive polariza-
tion (Yelle et al. 1995). The changes are small because
changes at short distances are less heavily weighted in the
radius of gyration. Nevertheless, our results for Cp Rd show
slightly greater changes upon reduction than for Pf Rd. Fi-
nally, the structural relaxation energies (see Materials and
Methods) for only the backbone and for the backbone plus
polar side chains are −6 and −11 kcal/mole, respectively, for
Cp Rd and −9 and −7 kcal/mole, respectively, for Pf Rd.
These results indicate that there is significant relaxation in
the protein, but that the polar side chains are actually
strained in the Pf Rd results.

Overall, these results indicate that there are significant
changes in the structure and energetics in our reduced struc-
ture for Cp Rd obtained by crystallizing reduced protein that
are not seen in the reduced structure for Pf Rd obtained by
reducing the oxidized structure within the constraint of the
crystal lattice. In particular, there is significantly more re-
laxation of the side chains and perhaps less relaxation of the
backbone in our results. Thus, reduction in solution may

allow more rearrangement of the side chains, whereas re-
duction in the crystal lattice may force the rearrangement to
occur in the backbone to compensate for less overall free-
dom of movement.

Iron–sulfur cluster environment

Both the oxidized and reduced form of Cp Rd have five
hydrogen bonds of NH � � � S type: two to Cys 39 S� from
Leu 41 NH and Cys 42 NH, two to Cys 6 S� from Val 8 NH
and Cys 9 NH, and one to Cys 9 S� from Tyr 11 NH (Fig.
1a,b). The distances between Cys 42 S� and Val 44 NH in
both oxidized (3.72 Å) and reduced (3.84 Å) forms of Cp
Rd are probably too long for a strong hydrogen bond, unlike
the crystal structure of Pf Rd (Michael et al. 1992), in which
the valine is replaced by an alanine, which allows the back-
bone NH group to approach closer to the Cys 42 S�. As in
other rubredoxins, both Cys 6 and Cys 39 are in the hydro-
phobic core, but Cys 9 and Cys 42 are facing the surface of
the protein.

Reduction of Cp Rd is accompanied by an increase in the
four iron–sulfur bond lengths by an average of 0.10 Å
(SD � 0.03 Å) consistently in all four Fe—S bonds. It
should be noted that these bond lengths were not restrained
during final refinement cycles. However, in the previously
mentioned study (Michael et al. 1992) of Pf Rd (1CAA,
1CAD), the average Fe—S bond length increases by only
0.04 Å. The degree of change in the Fe—S bond length
found here (0.10 Å) is more consistent with a study of the
bis(o-xylyl-�,��-dithiolato)ferrate rubredoxin analog (Lane
et al. 1977) and high-potential iron protein (HiPIP) (Carter
et al. 1974) in which the average Fe—S bond length in-
creased by 0.09 Å and 0.1 Å, respectively, although the
latter structure is at a lower resolution. This expansion of the
Fe—S bonds has been viewed in terms of greater antibond-
ing character in the reduced state by the unpaired electrons
(Carter et al. 1974).

There is also a decrease in the average NH � � � S hydro-
gen bond distance by 0.08 Å (SD � 0.05 Å) upon reduction
consistently in all five NH � � � S bonds. The contraction of
these NH � � � S bonds would help stabilize the negative
charge introduced mainly onto the sulfur atoms upon reduc-
tion and is consistent with observed shortenings of the cor-
responding distances upon reduction of Pf Rd (0.09 Å) (Mi-
chael et al. 1992) and HiPIP (∼0.1 Å) (Carter et al. 1974).

Leu 41 residue and water penetration

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-
cine 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 confor-
mations, which refine with 60% and 40% relative occu-
pancy (Fig. 2a). However, in the oxidized structures, this
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side chain clearly has a single conformation (Fig. 2b) simi-
lar to the 60% occupancy conformation in the reduced state.
We note that in a previous structure of oxidized Cp Rd
(1IRO), Leu 41 was found to have two conformations (Dau-
ter et al. 1996); thus, various omit maps in this area were
carefully inspected.

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 S� and 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 S�. These results clearly show that the reduced form has
increased amounts of hydration around the redox site. It has
six water molecules within an 8 Å radius around the Fe
center, whereas the oxidized form has only one water mol-
ecule within the same radius. Contrary to this observation,

Fig. 2. The electron density map (2F0–Fc) around residue 41 for (a) the reduced form and (b) the oxidized form. In the reduced form,
there are two different conformations of Leu 41 side chain. When the side chain of Leu 41 is in the open conformation, a water molecule
(depicted by a star) can be placed in the electron density on the other side in hydrogen bonding distance of the S� atom of Cys 9.

Fig. 1. The distances between Fe and S�, and between S� and amide N for (a) the reduced form of Cp Rd, (b) the oxidized form of
Cp Rd. In reduced Cp Rd, the bond lengths between Fe and S� are longer by an average of 0.10 ± 0.03 Å and the bond lengths between
S� and backbone NH are shorter by an average of 0.08 ± 0.05 Å than those of the oxidized form. The distance between Cys 42 S�

and Val 44 N is not included because this distance is too long to be considered as a regular hydrogen bond.
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no extra water was observed in the reduced crystal structure
of Pf Rd. Upon reduction and concomitant increased hydra-
tion around the redox site, the backbone of the residues 42
and 43 becomes more rigid as seen in the lowered tempera-
ture factors (Fig. 4). This is most likely caused by the for-
mation of a hydration net around the carbonyl oxygens of
residues 42 and 43, which are exposed to the surface. The
two conformations also lead to very different electrostatic

potential surfaces (Fig. 5). In the oxidized state, S� of 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 state, the
opening of the Leu 41 gate leads to an extra electronegative
potential hole around the Cys 9 S� on the surface of the
protein.

Earlier molecular dynamics studies of Pf (Swartz and
Ichiye 1996) and Cp (Yelle et al. 1995) rubredoxins have
revealed that water is able to easily penetrate into the redox
site area via nonpolar side chain movement in the reduced
state, but is not able to penetrate in the oxidized state on the
time scale of the simulations. Thus, the movements of the
nonpolar side chains have been proposed to act as gates
controlling access of water to the redox site, with greater
solvent penetration in the reduced state owing to the higher
net charge of the redox site cluster (the couple is
Fe(III)(SR)4

− and Fe(II)(SR)4
2−) (Yelle et al. 1995). Given

these earlier results, new, longer simulations of Cp rubre-
doxin are presented here, which also show water entry in the
reduced state but not the oxidized state. In the simulation of
the reduced form, the Leu 41 gate remains open with two
waters entering and exiting from positions 3.2 Å from Cys
9 S�. The first water, which is in the crystal structure po-
sition, has occupancy of ∼65%, with a residence time of ∼4
psec and absence time of ∼3 psec. The second water, located
∼4 Å away from the first water, has an occupancy of ∼65%,
with a residence time of ∼10 psec and absence time of ∼4
psec. The gate apparently tries to close occasionally during
the reduced simulation; however, water is still present in the

Fig. 3. Local structure of the reduced form around Fe—S cluster and Leu 41 in its open conformation (open water gate). Placing the
side chain of Leu 41 away from Cys 9 S� allows the string of water molecules to approach the Cys 9 S�, with the first water forming
a hydrogen bond with Cys 9 S�.

Fig. 4. The backbone temperature factor plot of the oxidized and reduced
forms. Values of the oxidized form are marked as closed diamonds con-
nected with a dotted line and those of the reduced form as closed squares
connected with a solid line. In the reduced form structure, Leu 41, Cys 42,
and Gly 43 have lower temperature factors compared to those of the oxi-
dized form.

Leucine water gate in rubredoxin reduction
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crystal structure position and sometimes the second position
during these times so that the gate cannot fully close. In the
simulations of the oxidized form, the Leu 41 gate opens and
closes, but no waters enter. Also, in the simulation of the
reduced form, a third water enters to reside near Cys 42 S�
(3.53 Å). It appears to be controlled by a breathing motion
of the Val 8 and Val 44 side chains and has occupancy of
∼90%. This water is not seen in the simulation of the oxi-
dized form. However, both forms of crystal structures do
not show any water molecule closer than 5.0 Å from the Cys
42 S�.

The simulations only cover periods when the gate is
closed or open but with no water present for the oxidized
state and when the gate is open with water present for the
reduced state. However, our interpretation is that in the real
protein in solution, the Leu 41 gate opens and closes in the
reduced state as seen in our crystal structure, and in the
oxidized state because the open state has been observed in
other crystal structures of oxidized Cp Rd (1IRO [Dauter et
al. 1996]). For reduced rubredoxin in solution, the water can
enter and exit when the gate is open, attracted by the stron-
ger electronegative potential hole. The gate is prevented
from closing if a water is present but does not necessarily
shut if the water is not present. When the gate is completely
closed in the reduced state, which we have not seen in
simulation, presumably no water is present. However, for
oxidized rubredoxin in solution, if the gate is open, the
electronegative hole will not be as strong because of the
lower electron density on the sulfurs in the oxidized relative
to reduced state, so that water rarely enters. Thus, the gate
is likely to be closed more often in the oxidized state be-

cause no water molecules are present to prevent the gate
from closing.

It has been long recognized that reduction potentials de-
pend on the proximity of the redox active site and solvent
(Stephens et al. 1996). 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. In fact, calculations indicate
that the three water molecules in the molecular dynamics
simulations of Cp Rd will contribute ∼800 mV to the elec-
trostatic potential and that the single water in the crystal
structures of Cp Rd will contribute ∼240 mV to the elec-
trostatic potential assuming 40% occupancy.

Discussion

One of the most intriguing questions about redox proteins is
how the protein environment influences the electron transfer
properties of its redox site and what underlying structural
features are responsible for the redox reaction. Based on the
observed information with two 1.5 Å resolution structures,
we have come to the following picture of how the redox
reaction is controlled in rubredoxin. The concerted struc-
tural rearrangements that occur upon reduction suggest spe-
cific mechanisms by which electron transfer reactions are
facilitated: (1) The expansion of the [Fe—S] cluster and
contraction of the NH � � � S bonds stabilizes the extra nega-
tive charge, which is mainly on the sulfurs, and perhaps

Fig. 5. The electrostatic potential surfaces of (a) the oxidized form and (b) the reduced form (in open water gate state). Upon reduction
and consequent opening of the gate, Cys 9 S� exposes its electronegative potential surface to the solvent, and this extra electronegative
potential hole could attract the string of water molecules.

Min et al.

618 Protein Science, vol. 10



leads to electrostatic buffering by the NH � � � S bonds so
that structural perturbations of the rest of the protein are
minimized. (2) A gating mechanism arising from the con-
formational change of Leu 41, a nonpolar side chain, allows
a transient penetration of water molecules, providing an
electrostatic charge–dipole interaction between the nega-
tively charged cluster and the string of water molecules, and
possibly also providing a source of protons.

The water gating by a hydrophobic side chain presented
here is a mechanism that can promote the reduction of the
Fe—S cluster. Moreover, it is tempting to speculate on how
the water gating can promote electron transfer in an electron
transport chain. First, an electron would be transferred from
an electron donor protein to an oxidized rubredoxin, which
would result in a reduced rubredoxin. This reduced rubre-
doxin could be stabilized by the transient entry of water
through the gate. Next, the stabilized reduced rubredoxin
could diffuse to a partner electron-acceptor protein. On the
diffusion time scale, the gate could open and close many
times. If acceptor protein bound while the gate is closed and
no water is present in a manner that hinders the gate from
opening, the reduced rubredoxin would be kept in the less
stable state without the water. This would favor electron
transfer to the acceptor protein, which could occur through
the exposed Cys 42 S�. Alternatively, the water in the re-
duced rubredoxin could provide its proton to a partner ac-
ceptor protein such as superoxide reductase (SOR) in P.
furiosus (Jenney et al. 1999). After the proton donation, the
reduced rubredoxin would again be in the less stable state,
thus favoring subsequent electron transfer to the same part-
ner acceptor protein. A similar mechanism has been recently
described for the ferredoxin (Fd I) from Azotobacter vine-
landii in which the side chain of a surface Asp residue plays
a critical role in proton coupling and gating in the reduction
and oxidation cycle (Chen et al. 2000).

In summary, the availability of high resolution structures
of Cp rubredoxin crystallized in the oxidized and reduced
states under the same crystallization conditions allows us to
identify differences upon reduction, which may be obscured
by the crystal contacts when an oxidized crystal is reduced.
These differences are crucial in understanding the structural
basis of reduction potentials of electron transfer proteins.

Materials and methods

Overexpression and purification of Cp
wild-type rubredoxin

Escherichia coli strain BL21-DE3 containing plasmid of Cp Rd
wild type was grown while shaking (250 rpm) at 37°C in 4 L of
Luria–Bertani medium supplemented with ampicillin (100
�g/mL), until the optical density at 600 nm reached 1.2–1.5, at
which time 0.4 mM isopropyl �-D-thiogalactoside was added. The
culture was grown further for 8–10 h and harvested by centrifu-
gation for 20 min at 6000g. The cell pellet was resuspended in 50

mL of 50 mM Tris-HCl buffer at pH 8.0. The cells were then lysed
by sonication (Tekmar Sonic Disruptor), and the lysate was cleared
by centrifugation at 27,000g for 2 h. Cell lysate was applied onto
a DEAE column equilibrated with 50 mM Tris-HCl buffer at pH
8.0. Cp Rd was then eluted with a gradient application of the
elution buffer containing 1M NaCl. The eluted Cp Rd was desalted
and concentrated by ultrafiltration in an Amicon cell with a 3K
MWCO membrane, YM3 (Amicon) in 50 mM Tris-HCl at pH 8.5
and applied to a Uno Q-12 column (Bio-Rad) connected to a
BioCAD perfusion chromatography system (Perceptive Biosystem
Inc.). The final purification was performed using a hydroxyapatite
column (CHT10-I, Bio-Rad) with an equilibrating buffer of 5mM
sodium phosphate at pH 6.0 and an eluting buffer of 500 mM
sodium phosphate at pH 6.0. The Cp Rd wild-type protein, which
eluted at 14%–20% of the eluting buffer, was collected and con-
centrated to 30 mg/mL after changing the buffer with 0.1 M so-
dium acetate (pH 4.6) for crystallization. The Cp Rd protein was
characterized by its UV-visible absorption spectra and electrospray
ionization mass spectrometry.

Crystallization of oxidized and reduced
forms of Cp rubredoxin

The crystals of the oxidized Cp Rd were grown by the vapor
diffusion method in 2.0 M ammonium sulfate and 0.1 M sodium
acetate at pH 4.6. In addition, the reduced form crystals had 0.1 g
of sodium dithionite added in the 0.5 mL of reservoir solution, and
the oxidized form had an equivalent amount of NaCl instead. For
hanging drop crystallization, 2 �L of this reservoir solution con-
taining the reducing reagent was added to the 2-�L drop of protein
solution. The procedures for the reduced form were performed
under a gaseous nitrogen stream. Deep-red-colored crystals of the
oxidized form and transparent, colorless crystals of the reduced
form were grown in 24 h to the size of 0.3 × 0.3 × 0.3 mm. X-Ray
diffraction analysis revealed that both forms of Cp Rd were crys-
tallized in a trigonal space group R3. The unit-cell parameters of
oxidized Cp Rd were a � b � 64.115, c � 32.183 Å, and those
of reduced Cp Rd were a � b � 63.335, c � 32.420 Å.

Data collection, molecular replacement, and
crystallographic refinement

Both data sets were collected at the Stanford Linear Accelerator
Center (Beam line 1–5) under a −160°C liquid nitrogen stream
with a crystal-to-detector distance of 170 mm. To obtain the high-
resolution data, 2� was set to 15°. The final Rsym value of the Cp
oxidized form was 5.9%, generating 9328 reflections, and the final
Rsym of the Cp reduced form was 4.5%, generating 9224 reflec-
tions above the 1� level. A previous crystal structure of the Cp
oxidized form (1IRO [Dauter et al 1996]) was used in solving the
structures with the refinement computer program X-PLOR
(Brunger 1992). Initial rigid-body refinement was carried out using
1675 reflections for the oxidized and 1602 reflections for the re-
duced form from 15.0 Å to 2.5 Å resolution data and produced an
R value of 22% for the oxidized and 23.6% for the reduced form,
respectively. After several cycles of positional refinement, tem-
perature factor refinement, and simulated annealing omit map cal-
culation, we were able to fit all residues to the electron density.
The residue 54 (Glu) is disordered in our oxidized structure, and
the corresponding electron density was not visible from the early
stage of refinement. The R factors for the final models containing
477 nonhydrogen atoms for the oxidized and 502 for the reduced
forms are 19.1% and 18.0%, respectively. The reflection numbers
above 2� level were 7630 (99.7% completeness) for the oxidized
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and 7589 (97.3% completeness) for the reduced forms between
10.0 Å and 1.5 Å resolution. The rms deviations (from standard
geometry) of the oxidized form are 0.03 Å for bonds and 3.57° for
angles, and those of the reduced form are 0.02 Å and 3.01°, re-
spectively. There are 64 water molecules in the oxidized structure
and 79 water molecules in the reduced structure. The coordinates
have been deposited in the Brookhaven Protein Data Bank (Bern-
stein et al. 1977) (1FHH for the oxidized and 1FHM for the re-
duced).

Molecular dynamics simulations

Molecular dynamics simulations were performed with the molecu-
lar mechanics/dynamics program CHARMM (Brooks et al. 1983)
using truncated rectangular–octahedral periodic boundary condi-
tions in the microcanonical ensemble at ∼300 K. The Verlet algo-
rithm was used with a time step of 0.001 psec. The potential
energy parameters were CHARMM 19 set (Brooks et al. 1983)
with implicit nonpolar hydrogens and TIP3P water (Jorgensen
1981) plus additional parameters for the ions and the iron–sulfur
site (Yelle 1996). Long-range forces were switched smoothly to
zero using an atom-based force-switch method (Steinbach and
Brooks 1994) between 10 Å and 14 Å. The starting structure was
the 5RXN crystal structure of Cp Rd plus crystal waters. Addi-
tional water from a preequilibrated box and counter-ions were
added so that the final system consisted of 501 protein atoms, 1835
water molecules, 15 sodium ions, and 5 chlorine ions. The solvent
environment was equilibrated with 70 psec of dynamics in which
only the water and counter-ions were allowed to move, and then
the entire system was equilibrated by more than 10 psec of dy-
namics. The analysis was performed 400 psec after equilibration.

Energy calculations

The contribution of the waters to the change in electrostatic energy
was calculated by
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in which i is summed over the iron and C� and S� of the four
cysteinyl ligands of the redox site, j is summed over the oxygen
and hydrogens of the water, qi is the charge of atom i, rij is the
distance from atom i to atom j, and the superscripts oxd and red
denote oxidized and reduced, respectively. In the crystal structures,
this was calculated explicitly for each water molecule, whereas in
the molecular dynamics simulations, this was calculated by inte-
grating the potential multiplied by the radial distribution function
from the simulation to a value corresponding to the number of
water molecules. The structural relaxation energy was calculated
by a similar equation:
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in which now j is summed over the specified set of protein atoms
and the partial charges are for the reduced state only. No cutoffs or
switches in the long-range forces were used for these calculations.

Coordinates

The coordinates have been deposited in the Brookhaven Protein
Data Bank (1FHH and 1FHM).
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