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ABSTRACT: Molecular dynamics simulations are used to evaluate the temperature dependent differences
in structure, solvation, and energies for the iron-sulfur protein rubredoxin from the hyperthermophilic
archebacteriumPyrococcus furiosusto understand the unusual temperature dependence of its redox potential
[Adams, M. W. W. (1992)AdV. Inorg. Chem. 38, 341-396]. Simulations of both redox states performed
at 295 and 363 K reveal that almost no backbone structure alteration occurs at the higher temperature and
that the radius of gyration of the protein is temperature and redox state independent. The most striking
change is that the penetration of the redox site by solvent molecules in the reduced form at 295 K, which
was also seen in simulations of the reduced form of the mesophilicClostridium pasteurianumrubredoxin
at 295 K (Yelle, R. B.,et al. (1995)Proteins 22, 154-167], is no longer seen to a significant extent in
either redox state at 363 K. Comparing 295 to 363 K, the calculated change in the electrostatic potential
of about-300 mV and in the negative of the potential energy of about-550 meV is consistent with the
observed change in redox potential of-160 mV. Moreover, the calculated change is in the wrong direction
if the penetrating water is excluded. These results show that changing solvent accessibility may be
responsible for the temperature dependence of the redox potential ofP. furiosusrubredoxin.

Electron transfer proteins function as electron carriers in
fundamental biological processes such as respiration and
photosynthesis. The redox potential of an electron transfer
protein is crucial since it affects both the rate of electron
transfer and the identity of its reaction partners. Moreover,
redox potentials of homologous proteins with the same
prosthetic group can vary by hundreds of millivolts even
though the structures of the redox sites themselves are highly
similar (Moura et al., 1979; Lovenberg & Sobel, 1965;
Meyer et al., 1983), suggesting that the protein is, in part,
responsible for determining the redox potential. Thus, an
understanding of the function of electron transfer proteins
at a molecular level is essential in clarifying their place in
metabolic mechanisms.

One class of electron transfer proteins is the iron-sulfur
proteins, which have prosthetic groups that contain one or
more iron atoms ligated to sulfur. The simplest of the iron-
sulfur sites, the Fe-S4 site, consists of a single iron atom
tetrahedrally ligated by four cysteinyl sulfurs and is found
in the protein rubredoxin. Rubredoxins have been isolated
from several different anaerobic bacteria and show consider-
able sequence homology. The crystal structures of five
rubredoxins have been solved (Freyet al., 1987; Watenpaugh
et al., 1980; Admanet al., 1991; Dayet al., 1992). The
structures of the redox sites of these five rubredoxins are
very similar, yet redox potentials for the four with measured
values range from-57 to+6 mV at 25°C (Mouraet al.,

1979; Lovenberg & Sobel, 1965; Adams, 1992; LeGallet
al., 1988).
The rubredoxin from the hyperthermophilic arche-

bacterium Pyrococcus furiosusexhibits an interesting
phenomenon: it has a highly temperature dependent redox
potential that changes from about 0 mV at 25°C to about
-160 mV at 90°C at pH) 8.0 (Adams, 1992). Under-
standing this temperature dependence of the redox potential
of P. furiosusrubredoxin is the major goal of this paper. Of
course, the degree of structural integrity of the rubredoxin
at high temperatures is important to ascertain in these studies.
TheP. furiosusrubredoxin has been shown to be stable, using
UV1 and EPR spectroscopy, after extended exposure at 95
°C (Blakeet al., 1991). By comparison, rubredoxins from
mesophilic species are rapidly denatured at less than 80°C
(Lovenberg & Sobel, 1965; Papavassilou & Hatchikian,
1985). However, the structure of the protein can change in
a temperature dependent manner without resulting in unfold-
ing. Since the electrostatic potential at the iron,φ, due to
the distribution of protein polar groups near the redox site
has been implicated in determining the redox potential for
rubredoxins (Swartzet al., 1996), it is important to know
how the structure of the protein near the redox site changes
with temperature. In addition, the solvation of redox proteins
also appears to be important in determining their redox
properties. Resonance Raman studies of ferredoxins and
HiPIPs indicate that the increased solvent accessibility and
number of NH‚‚‚S hydrogen bonds in ferredoxins relative
to those in HiPIPs is responsible for the preference for
different oxidation states of the Fe4S4(Cys)4 site (Backeset
al., 1991). Also, NMR experiments with cytochromec show
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changes in the number and location of water molecules at
the redox site, and in fact, one of the waters is considered to
be catalytically active (Qiet al., 1994). Furthermore,
molecular dynamics (MD) simulations of the rubredoxin
fromClostridium pasteurianumindicate that water can enter
a pocket near the redox site upon reduction (Yelleet al.,
1995). Earlier simulations of an analog of the rubredoxin
redox site indicate water can approach close to the iron
because of the particular arrangement of dihedral angles in
the analog (Yanget al., 1993). However, the minimum
distance and orientation of the water molecule in simulations
of C. pasteurianumrubredoxin and an analog has been shown
to be dependent on the charge distribution of the redox site,
although the preferred water penetration in the reduced state
appears to be independent (Yelleet al., 1996).
Considering the proposed influence of polar groups and

of water in redox proteins, it is of interest to determine if
the temperature dependence of the redox potential ofP.
furiosus rubredoxin can be linked to an alteration of the
protein backbone structure and/or solvation near the redox
site. In particular, changes in water penetration with
temperature are explored. To address this issue, MD
simulations of the oxidized and reduced forms ofP. furiosus
rubredoxin at both 295 and 363 K are performed. The
contribution of the protein and solvent toφ are calculated,
and their implications regarding the temperature dependence
of the redox potential are discussed. Also discussed are
differences in the behavior of the oxidized and reduced forms
of the protein at the same temperature as well as differences
between similar forms at high and low temperatures.

METHODS

MD simulations were performed using the molecular
dynamics and mechanics program CHARMM22g2 (Brooks
et al., 1983), using a procedure similar to that of Yelleet al.
(1995). MD simulations were carried out for systems using
rectangular-octahedral periodic boundary conditions in the
microcanonical ensemble at temperatures of about 295 and
363 K. The Verlet algorithm was used to propagate the
dynamics using a time step of 0.001 ps. The parameters of
CHARMM19 (Brookset al., 1983) plus additional param-
eters for the ions and the iron-sulfur site (Yelleet al., 1995)
were used in the potential energy function. The nonpolar
hydrogens were treated implicitly using the extended atom
method, and bonds containing polar hydrogens were con-
strained to their equilibrium bond lengths using the SHAKE
algorithm (Rychaertet al., 1977). Long range forces were
truncated using an atom-based force-switch method (Stein-
bach & Brooks, 1994) in the region of 8-10 Å. However,
no cutoffs were used in calculatingφ, the electrostatic
potential at the redox site. Nonbonded atom lists, which were
truncated at 11 Å, were updated using a heuristic method,
and image atom lists were updated every 20 steps. While
this update scheme is not optimal, similar results have been
obtained for simulations without periodic boundary condi-
tions and thus no image atom lists so there do not appear to
be any effects due to using differing schemes. A constant
dielectric of 1 was used, and atomic polarizability was not
included.
The crystal structures of the oxidized and reduced states

of rubredoxin fromP. furiosus(1.8 Å resolution) (Dayet
al., 1993), provided by Dr. Douglas Rees, were used for

starting coordinates for the respective oxidation state simula-
tions. Polar hydrogen positions were generated for the water
molecules that are resolved in the crystal structure and the
protein using the standard topologies and parameters of
CHARMM19 (Brookset al., 1983). The protein was then
further solvated by placing it in a pre-equilibrated 53.0×
49.0× 40.0 Å truncated rectangular-octahedral box of TIP3P
(Jorgensen, 1981) water containing 1730 water molecules
and deleting any water molecule within 2.6 Å of a crystal
atom. Counterions were placed near each charged group
(sodium for negatively charged side chains and the C
terminus and chloride for positively charged side chains and
the N terminus) of the protein except for the redox site, which
is deeper in the protein than the surface charges, to balance
the surface charge and prevent protein unfolding during
simulation (Yelleet al., 1995). Yelleet al. (1995) replaced
a crystal water located close to each charged group in the
C. pasteurianumrubredoxin with an oppositely charged
counterion; however, since not all charged groups in theP.
furiosusrubredoxin have resolved crystal waters near them,
any water molecule, preferentially a crystal water, close to
each charged side chain was replaced by the appropriate
counterion. Thus, the net charge in the oxidized protein
simulations is-1 and in the reduced protein simulations is
-2. A total of 14 Na+ and 6 Cl- ions were placed, resulting
in a box containing 1402 water molecules and a total of 4714
atoms for the oxidized state simulations and 1403 water
molecules and a total of 4717 atoms for the reduced state.
The high-energy interactions due to hydrogen position
generation, solvation, and counterion placement were relaxed
using 100 steps of steepest descents energy minimization
(Brookset al., 1983). For each redox state at both temper-
atures, the simulation box was equilibrated using 5 ps of
Gaussian assignment of velocities every 0.2 ps to solvent
only, holding the protein and counterion atom positions fixed.
This is followed by 5 ps of assigning velocities to the solvent
and counterions, holding the protein atom positions fixed,
and then an additional 5 ps of assigning velocities to the
entire system. The velocities were allowed to scale if the
temperature of the system was outside a 10 K window
centered on the temperature of interest until 5 ps of
simulation occurred with no scaling. Following this, data
were collected every 0.01 ps for 100 ps, during which time
the system was not perturbed.

RESULTS

The results of the MD simulations performed on the
oxidized and reduced forms of rubredoxin fromP. furiosus
at 295 and 363 K are presented here. In the following, OX
and RE refer to the oxidized and reduced rubredoxin,
respectively. The source of the structure will be further
indicated by the subscript X, C, or H to denote the crystal
structure, the average molecular dynamics structure at 295
K (“cold”), or the average molecular dynamics structure at
363 K (“hot”), respectively.
The root mean-square differences (RMSDs), averaged over

the N, Câ, C, and O atoms of the backbone, between the
various structures of the oxidized and reduced forms of
rubredoxin at both 295 and 363 K were calculated (Table
1). The agreement with experiment can be seen from the
differences between the average structure and the respective
crystal structure. The backbone RMSD of either OXC or
OXH from OXX is about 1.15 Å, which compares well with
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the RMSD of 1.06 Å seen in theC. pasteurianumsimulations
at 295 K (Yelleet al., 1995). The RMSDs of REC and REH
from REX are slightly larger, being 1.5 and 1.9 Å, respec-
tively. In addition, the temperature dependent change in the
structure for a given redox state is greater for the reduced
simulations (1.38 Å) than for the oxidized simulations (0.66
Å). Moreover, the RMSD of OXC from REC is 1.65 Å at
295 K and of OXH from REH is 1.33 Å at 363 K, which are
considerably higher than the RMSD of the oxidized crystal
structure from the reduced crystal structure of 0.24 Å. In
addition, the radii of gyration for the proteins in the
simulations (Table 2) for each of the oxidation states at both
295 and 363 K are very similar and indicate that the protein
is not unfolding more at the high temperature than at the
low temperature.
Temperature and redox state dependent structural changes

in P. furiosusrubredoxin that alter the solvent accessibility
of critical residues within the protein can have an effect on
both the stability and function of the protein. The solvent
accessible surface areas of the average dynamic structures
from each of the four simulations were calculated using the
method of Lee and Richards (1971) and a probe radius of
1.6 Å. The temperature dependent difference in solvent
accessible surface area per residue between the oxidized and
reduced forms (Figure 1) indicates that residues 1, 3, 14,
and 29, which are involved in a salt bridge that is suspected
of contributing to the thermal stability of the protein (Day
et al., 1993), are not more solvent-exposed in the protein at
363 K than at 295 K, suggesting that the proposed salt bridge
is not perturbed at high temperatures. Also, the solvent
accessible surface area of protein atoms at the first and
second coordination sites of the iron atom (residues 4-9 and
37-42, respectively) are altered less by the temperature
change than by reduction of the redox site. The solvent
accessibilities of the redox site of the various average
structures were also compared to those of reported crystal
and average NMR structures (Table 3). As reported forC.

pasteurianumrubredoxin, the iron atom is inaccessible in
all cases for theP. furiosus rubredoxin. The solvent
accessibility of the redox site in OXC and OXH compare well
with those of the experimental structures; however, in REC,
the accessibility shifts from Câ8 to Sγ8 and from Câ41 to
Sγ41, along with a considerable decrease in accessibility and,
in REH, an increase in accessibility at both Câ8 and Câ41.
The temperature and redox state dependent changes in the

distribution of polar groups near the redox site can have a
large effect onφ. The radial distribution functions,g(r), for

Table 1: Root Mean-Square Differences between the Oxidized
Crystal (OXX), Reduced Crystal (REX), Average Dynamic Oxidized
at 295 K (OXC), Average Dynamic Oxidized at 363 K (OXH),
Average Dynamic Reduced at 295 K (REC), and Average Dynamic
Reduced at 363 K (REH) Structures ofP. furiosusRubredoxin
Averaged over Backbone N, CR, C, and Oa

structure OXX REX OXC OXH REC REH

OXX 0 0.24 1.16 1.13 - -
REX 0 - - 1.49 1.91
OXC 0 0.66 1.65 -
OXH 0 - 1.33
REC 0 1.38

a All values are given in Å.

Table 2: Average Radius of Gyration for Various Average
Dynamic Structures ofP. furiosusRubredoxina

form of
rubredoxin

temperature
(K)

average radius
of gyration (Å)

OXC 295 10.18( 0.04
REC 295 10.17( 0.04
OXH 363 10.00( 0.04
REH 363 10.17( 0.08
OXX -160b 9.90
REX -160b 9.86

a Abbreviations are given in Table 1. All values are given in Å.
bD. Rees, personal communication.

FIGURE 1: Difference in solvent accessible surface area forP.
furiosusrubredoxin: (a) OXC and OXH (solid line, circles) and REC
and REH (dashed line, triangles) and (b) OXC and REC (solid line,
circles) and OXH and REH (dashed line, triangles).

Table 3: Solvent Accessibility, in Å2, of the Redox Site Atoms in
P. furiosusRubredoxina

crystalb NMRc simulation

OXX REX RE OXC REC OXH REH

Sγ5 0.1 0.0 0.0 0.0 0.0 0.0 0.0
Câ5 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Sγ8 0.0 0.0 0.0 0.0 10.7 0.0 0.2
Câ8 14.4 13.8 13.0 10.4 0.0 11.2 21.3
Sγ38 0.0 0.0 0.0 0.0 0.0 0.2 0.0
Câ38 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Sγ41 0.2 0.0 0.0 0.0 4.3 0.0 0.0
Câ41 15.4 18.1 16.7 18.8 0.0 18.7 20.6
total 30.0 31.9 29.7 29.2 15.0 30.1 42.1
a Abbreviations are given in Table 1.b From Day et al. (1992).

c From Blakeet al. (1992).
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backbone amide N and carbonyl C around the center of the
redox site (Figure 2) show very little change with temper-
ature. The REH shows a slight shift toward the redox site
for backbone amide and carbonyl groups relative to REC.
However, in both the 295 and 363 K simulations, there is a
significant shift to a smaller radius of about 0.35 Å for both
the amide and carbonyl groups due to reduction of the redox
site. The distribution functions for the amide and carbonyl
groups farther than 8 Å from the iron atom are mostly
unaffected by the redox state of the protein.
The extent to which water penetrates the redox site and

the temperature dependence of water structure around the
redox site can be seen from the radial distribution function
for water oxygens around the iron atom of the redox site
(Figure 3). The distribution function for OXC (Figure 3a)
has a closest approach of water oxygens of about 3.5 Å and
has three relatively well-defined solvation shells. The
distribution function for OXH (Figure 3b) is very similar,
although there is a new, very small (i.e., low probability)
solvation shell peak which is the result of a single water
molecule that approaches to 2.5 Å at about 61 ps into the
collection period of the simulation and leaves the position
about 3 ps later without replacement. On the other hand,
the radial distribution function for REC (Figure 3c) is
significantly different from that of OXC. The first peak, at
2.1 Å, is the result of penetration of the redox site by one

solvent molecule at about 83 ps into the collection period of
the simulation, which stays there through the remainder of
the simulation, and the peak at 5 Å indicates more water at
this distance than in OXC. The radial distribution function
for REH (Figure 3d) most resembles that for REC, although
it has no penetration of water molecules into the redox site
and there is slightly less water at the 5 Å distance.
The contributions toφ of the components of the protein

and solvent are presented in Table 4. Overall, for a given
redox state, the temperature dependent change inφ due to
the backbone and polar side chains is small. The changes
due to charged side chains are larger and of opposite sign
(OX, -660 mV; RE, 106 mV) but are canceled in part by
the counterions. The largest temperature dependent changes
in φ are due to the solvent contribution (-1204 to-1284
mV).

FIGURE2: Radial distribution function around the iron of the redox
site forP. furiosusrubredoxin for (a) the backbone amide N and
(b) the backbone carbonyl C in OXC (open triangles), REC (open
circles), OXH (closed triangles), and REH (closed circles).

FIGURE 3: Radial distribution function for the oxygen of water
around the iron atom of the redox site for the simulation ofP.
furiosusrubredoxin in the (a) oxidized form at 295 K, (b) oxidized
form at 363 K, (c) reduced form at 295 K, and (d) reduced form at
363 K.

Table 4: Average Electrostatic Potential at the Center of the Redox
Site,φ, from Protein Backbone Polar Groups (BB), Side Chain
Polar Groups (PSC), Charged Side Chains (CSC), Water Polar
Groups (SOLV), and Counterions (CI) forP. furiosusRubredoxina

OXC OXH REC REH

BB 2583 2679 3947 4154
PSC 76 114 83 69
CSC -7040 -7700 -7346 -7240
CI 6643 8425 7028 7751
SOLVb 1833 629 (562) 3625 (3266) 2341
totalb 4095 4147 (4080) 7337 (6978) 7075
a Abbreviations are given in Table 1. All values are given in

millivolts. bNumbers in parentheses are for solvent without the average
contribution of the solvent molecule that penetrates the redox site.
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More interestingly, the differences inφ upon reduction
(∆φ ) φRE - φOX) and in potential energy (V ) qREφRE -
qOXφOX, whereqRE ) -2 andqOX ) -1) are separated into
the contributions by components of the protein and solvent
at 295 and 363 K (Table 5). Overall, the temperature
dependent changes going from 295 to 363 K of the total∆φ

(-314 mV) and-V (-576 meV) are in agreement with the
temperature dependent changes in the measured redox
potential (-160 mV). The temperature dependent changes
in the total protein contribution to∆φ and-V are actually
positive (825 mV and 1124 meV, respectively) and are thus
in the wrong direction. Therefore, the contribution of the
counterions and solvent is necessary to bring the results into
the correct direction.
The distance dependence of the contributions toφ (i.e., a

cumulative sum as a function ofr) was calculated for the
oxidized and reduced forms of rubredoxin at 295 and 363 K
(Figure 4). In all cases, the contributions were calculated
per “group” as defined in the CHARMM19 parameter set
(i.e., they have net integer charge) so that polar groups are
added as dipolar (and higher multipolar) interactions. The
differences in contribution for the backbone amide and
carbonyl polar groups and the polar side chains are consistent
between the simulations of similar oxidation states at 295
and 363 K (panels a and b of Figure 4). The solvent
contribution however is lower in the 363 K simulation than
in the 295 K simulation by 565 mV in the oxidized form
and 820 mV in the reduced form, though the curves are
similar in shape and converge at approximately the same
radius. The charged side chain and counterion contributions
are different as well. Charged side chain contributions start
at 7.5 Å from the iron atom in the 363 K simulation but
start at about 9 Å in the 295 K simulation. This is mostly
due to movement of charged side chains rather than to a
deformation of the backbone of the protein. The radial
dependence ofφ for the reduced form at 295 and 363 K
(panels c and d of Figure 4) are very similar to those in the
oxidized form, though the charged side chain differences are
not as large and the start of the charged side chain
contribution shifts only about 0.5 Å closer to the redox site.

DISCUSSION

The simulation structures at 295 K are in good agreement
with crystal structures (Table 1), although the RMSD
between the simulation and the crystal for the reduced form

is about 0.4 Å greater than for the oxidized form. However,
the RMSD between the oxidized and reduced structures from
simulations is about 1.4 Å greater than that from the crystal
(Table 1), and no water was observed in the reduced crystal
structure. These differences may be due to the fact that the
reduced crystal was obtained by reducing the oxidized crystal
with sodium dithionite (Dayet al., 1993) and measuring
diffractions at-160°C (D. Rees, personal communication),
thus possibly limiting the structural changes upon reduction
through crystal contact forces and reduced mobility due to
low temperatures. Although an NMR solution structure of
the zinc-substitutedP. furiosus rubredoxin, presumably
mimicking the reduced state of rubredoxin, has been solved
(Blake et al., 1992), no solution structure for the oxidized
state is available and the study did not look for water.
However, NMR studies of HiPIP fromChromatiumVinosum
show a RMSD of 0.65 Å between the oxidized and reduced
structures, whereas the crystal studies show only a 0.24 Å
difference (Bertiniet al., 1995), indicating that the RMSD
of 0.24 Å seen in theP. furiosuscrystal structures may be
considerably smaller than the solution structure changes upon
reduction.
Overall, for a given redox state, there is a tendency forφ

from the proteins and the associated counterions to increase
with increasing temperature and for solvent to decrease with
increasing temperature so that the total actually increases
for the oxidized form and decreases for the reduced form
with increasing temperature. The change with temperature
in ∆φ of -314 mV gives rise to a change inV of 576 meV.
Moreover,e∆φ is the solvent reorganization energy andV
is related to the negative of the redox potential via the Nernst
equation, so the direction of change of-V is in agreement

Table 5: Differences in Average Electrostatic Potential at the
Center of the Redox Site upon Reduction,∆φ ) φRE - φOX in
Millivolts, and in Energy,V ) qREφRE - qOXφOX in Milli-Electron
Volts, from Protein Backbone Polar Groups (BB), Protein Side
Chain Polar Groups (PSC), Charged Side Chains (CSC), Water
Polar Groups (SOLV), and Counterions (CI) ofP. furiosus
Rubredoxin

∆φ -V

REC-OXC REH-OXH REC-OXC REH-OXH

BB 1364 1475 5311 5629
PSC 7 -45 90 24
CSC -306 460 -7652 -6780
CI 385 -674 7413 7077
SOLVa 1792 (1433) 1712 (1779) 5417 (4699) 4053 (4120)
totala 3242 (2883) 2928 (2995) 10579 (9861) 10003 (10070)

aNumbers in parentheses are for solvent without the contribution
of the solvent molecule that penetrates the redox site.

FIGURE 4: Cumulative sum of contributions toφ, the electrostatic
potential at the iron atom of the redox site, within a distance as a
function of distance. The sum is broken down into contributions
from backbone amide and carbonyl groups (closed diamonds), polar
side chains (closed triangles), charged side chains (closed squares),
counterions (open squares), and solvent water (open circles) for
the (a) oxidized form ofP. furiosus rubredoxin at 295 K, (b)
oxidized form ofP. furiosusrubredoxin at 363 K, (c) reduced
form of P. furiosusrubredoxin at 295 K, and (d) reduced form of
P. furiosusrubredoxin at 363 K. Contributions are added per group,
as described in the text.
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with the experimentally observed change in redox potential
of -160 mV. Since the temperature dependent change in
the total protein contribution-V is actually positive (1124
meV) and thus in the wrong direction, the contribution of
the counterions and solvent is necessary to bring the results
into the correct direction. Thus, it is important to understand
each of the contributions.
Comparing the simulations of similar redox states at 295

and 363 K, the RMS differences of the average radii of
gyration, and the radial distribution function for protein
backbone polar groups indicate that the protein structure does
not change considerably between 295 and 363 K. Moreover,
even though the deviation from REX of REH is larger than
that of REC while the deviations from OXX of OXH and REC
are similar, the deviation of OXH from REH is actually
smaller than that of OXC from REC. This suggests that there
are no additional structural changes upon reduction induced
by higher temperatures. Although simulations ofC. pas-
teurianum rubredoxin at high temperatures and longer
simulations ofP. furiosusrubredoxin would prove defini-
tively that our simulations can predict whether unfolding
occurs at the higher temperature, the lack of unfolding is
consistent with experiments (Blakeet al., 1991). Thus, the
high-temperature structure, whether stable or metastable with
respect to the CHARMM potential under these conditions,
should be reasonably accurate. Furthermore, the goal was
not to study stability but rather to look for a mechanism
consistent with observed experimental redox potentials. One
other concern is that a constant density for both the protein
and water was used at both temperatures, since between 295
and 363 K water density for pure water changes from 0.998
to 0.965 g/mL. However, neither the change in density of
rubredoxin nor the change in density of water near the protein
under these conditions is known, so constant densities were
chosen. It is, of course, possible that lower water and/or
protein densities at the elevated temperature could enhance
the motions of the protein. However, the conclusion that the
protein electrostatics itself is not the important factor in
causing the decrease in redox potential with an increase in
temperature is not likely to be affected since it seems unlikely
that enhanced flexibility would cause the degree of polariza-
tion upon reduction of the protein to decrease as would be
required. However, increased flexibility at elevated tem-
peratures is consistent with the idea that the water penetration
is more similar at high temperatures, and thus, the conclu-
sions here would still hold.
The simulation at 295 K of the reduced rubredoxin shows

water penetration near the redox site, whereas that of the
oxidized rubredoxin shows no such penetration, similar to
the results of Yelleet al. (1995) for the mesophilicC.
pasteurianum.One difference is that this penetration oc-
curred much later in the simulation forP. furiosusthan for
C. pasteurianum. Moreover, the mechanisms for water
penetration inP. furiosusrubredoxin are different from each
other and from the one reported forC. pasteurianum
rubredoxin (Yelleet al., 1995). In the reducedC. pasteur-
ianumrubredoxin at 298 K, the side chain of Val 8 moves,
whereas in the reducedP. furiosusrubredoxin at 298 K, the
side chain of Ile 40 moves. However, in both cases, the
backbone of the residue rotates in such a way that the side
chain moves away from the redox site and allows a water
molecule to penetrate the redox site. The side chain then
returns to its original position and traps the water molecule

in close proximity to the redox site. On the other hand, the
transient water penetration in the oxidized form ofP. furiosus
rubredoxin at 363 K is due to Ala 43, but the short duration
(3 ps) of the penetration indicates it is not significant and
does not significantly change the electrostatic potential.

It has been hypothesized by Yelleet al. (1995), on the
basis of the behavior ofC. pasteurianumrubredoxin at low
temperatures, that the temperature dependence of the redox
potential ofP. furiosusrubredoxin could be explained by
changes in water penetration. The changes proposed were
not seen; instead, water penetrates in a stable manner in the
reduced form at 295 K only. However, the observed water
penetration actually gives rise to temperature dependent
changes that are responsible for a total change in-V of -576
meV, which is consistent with the observed changes in redox
potential of-160 mV. Moreover, if the contribution of the
probably spurious water penetration for OXH is excluded,
the change in-V with increasing temperature (-509 meV)
is in even better agreement with experiment. On the other
hand, if the contribution of the penetrating water in REC is
ignored but all other considerations are included, the tem-
perature dependent change is very positive (142 meV), which
indicates that the penetrating water is very important to
understanding the temperature dependence. Apparently, the
water penetration in the reduced form does not occur at 363
K because water penetration also bears a heavy entropic
penalty or at least its binding constant is reduced. In
addition, the radial distribution function for water oxygens
around the center of the redox site shows that the solvation
shells move farther from the redox site with increased
temperature, possibly reducing the probability of water
penetration in the reduced form of the protein at 363 K and
also possibly contributing to the shift of the charged side
chains closer to the redox site in the higher-temperature
simulations.

The counterion contribution toφ is also important since
it tends to dampen the charged side chain contribution, as is
seen in theC. pasteurianumsimulations (Yelleet al., 1995)
and in simulations of four rubredoxins (Swartzet al., 1996).
Additionally, several sources have suggested that charged
side chain residues contribute little to the redox potential of
redox proteins. For example, experiments on redox proteins
in which charged residues are altered show relatively little
or otherwise inconsistent effects on the redox potential (Shen
et al., 1994; Gleason, 1992; Zenget al., 1995; Schejter &
Eaton, 1984). Also, for 4Fe-4S redox proteins, the differ-
ences in the charged side chain electrostatic interaction
energies calculated from crystal structures for similar proteins
do not correlate with the redox potential differences (Sweeney
& Rabinowitz, 1980). Additionally, redox potentials calcu-
lated using a model in which the side chains that are normally
charged at pH) 7.0 are neutralized correlate well with
experimental redox potentials in cytochromec and 4Fe-4S
proteins (Churg & Warshel, 1983; Langenet al., 1992).
However, this neutralization of the charged side chains is
never complete. In fact, a revised calculation of the 4Fe-4S
proteins was much less successful (Jensenet al., 1994). In
this study, the net contribution of the charged side chains
plus counterions does play a role, contributing-536 meV
to the change in-V, although we note that their contribution
is difficult to fully equilibrate in any feasible amount of
computer time.
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To further understand the dampening of the charged side
chain contribution, Poisson-Boltzmann calculations ofφ at
the Fe for a snapshot of the protein only from the OXC

simulation (Table 6) were performed using DelPhi (Gilson
& Honig, 1988; Gilsonet al., 1988). Calculations were for
the protein with charged side chains and termini with full
charges at pH) 7 or with neutralized charges. By
examination of the calculations with a solvent dielectric
reflective of water,εsolv ) 80, it can be seen thatφ is very
similar for full and neutralized charges, regardless of the ionic
strength or protein dielectric,εprot. This indicates that the
charged groups with anεprot of 1-4 are canceled by water
alone (ionic strength of 0.0 M) to within 186-83 mV,
respectively, and by water and counterions (ionic strength
of 0.3 M, the approximate value in the simulation) to within
139-35 mV, respectively. Also, the calculations with an
εsolv of 1 can be compared to the contributions of OXC in
Table 4. The neutralized value (Table 6) is equivalent to
the BB plus PSC contribution (Table 4), and the difference
between the full and neutralized values (Table 6) is equiva-
lent to the CSC contribution (Table 4). The differences
reflect the fact that Table 6 was calculated from a snapshot
from the simulation whereas Table 4 was calculated over
the entire simulation. The total CI+ SOLV contribution as
reflected by the difference between full charges with anεsolv
of 80 at 0.3 M salt and full charges with anεsolv of 1 is also
comparable to that in Table 4. However, the difference
between the full charges with anεsolv of 80 at 0.0 and at 0.3
M salt is not equivalent to the CI contribution alone since
the polarization of the solvent is different in these two cases
(i.e., the SOLV contribution would differ).
The relationship of the temperature dependence of the

redox potential ofP. furiosusrubredoxin to solvent acces-
sibility can also be compared to those of other proteins.
Adams (1992) notes that this temperature dependence is
larger than seen inP. furiosus ferredoxin and aldehyde:
ferredoxin oxidoreductase (AOR) and is characterized by a
transition at 50°C, whereas the ferredoxin showed a sharp
transition at 80°C and AOR showed no transition. Also,
the temperature dependence of all three is larger than that
for the cytochromec from mesophilic sources (Koller &
Hawkridge, 1988). It is interesting to note that ferredoxin
has a relatively exposed redox site like rubredoxin, whereas
the heme center in cytochrome is buried. The structure of
the AOR is unknown, but it hasMr of 85 000 and contains
approximately one W, seven Fe, and five S2- atoms per mole.
Also, the redox site of ferredoxins has been shown to be
solvent accessible by resonance Raman spectroscopy (Backes
et al., 1991). Thus, water penetration in rubredoxin and
ferredoxin may be occurring only up to the transition

temperature, at which point the redox potential begins to
change rapidly.

CONCLUSIONS

The temperature dependence of∆φ of the rubredoxin from
P. furiosus correlates very well with the temperature
dependence of the experimentally measured redox potential.
Moreover, this result is highly dependent on penetration of
the redox site by water since, without it, the rest of the
contributions to-V are in the wrong direction. In addition,
the only major structural difference in the protein or solvent
with temperature change is the lack of water penetration at
high temperatures, which could be responsible for the
transition in the temperature dependence seen at 50°C. In
this study, the counterions also contribute to-V in the correct
direction, but this contribution is more difficult to simulate
accurately.
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