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ABSTRACT: The formal equilibrium reduction potentials of recombinant electron transport protein, rubredoxin
(MW ) 7500 Da), from both the mesophilicClostridium pasteurianum(Topt ) 37 °C) and hyperther-
mophilic Pyrococcus furiosus(Topt ) 95 °C) were recorded as a function of pressure and temperature.
Measurements were made utilizing a specially designed stainless steel electrochemical cell that easily
maintains pressures between 1 and 600 atm and a temperature-controlled cell that maintains temperatures
between 4 and 100°C. The reduction potential ofP. furiosusrubredoxin was determined to be 31 mV at
25 °C and 1 atm,-93 mV at 95°C and 1 atm, and 44 mV at 25°C and 400 atm. Thus, the reduction
potential ofP. furiosusrubredoxin obtained under standard conditions is likely to be dramatically different
from the reduction potential obtained under its normal operating conditions. Thermodynamic parameters
associated with electron transfer were determined for both rubredoxins (forC. pasteurianum, ∆V° ) -27
mL/mol, ∆S° ) -36 cal K-1 mol-1, and∆H° ) -10 kcal/mol, and forP. furiosus, ∆V° ) -31 mL/mol,
∆S° ) -41 cal K-1 mol-1, and∆H° ) -13 kcal/mol) from its pressure- and temperature-reduction
potential profiles. The thermodynamic parameters for electron transfer (∆V°, ∆S°, and ∆H°) for both
proteins were very similar, which is not surprising considering their structural similarities and sequence
homology. Despite the fact that these two proteins exhibit dramatic differences in thermostability, it appears
that structural changes that confer dramatic differences in thermostability do not significantly alter electron
transfer reactivity. The experimental changes in reduction potential as a function of pressure and temperature
were simulated using a continuum dielectric electrostatic model (DELPHI). A reasonable estimate of the
protein dielectric constant (εprotein) of 6 for both rubredoxins was determined from these simulations. A
discussion is presented regarding the analysis of electrostatic interaction energies of biomolecules through
pressure- and temperature-controlled electrochemical studies.

The ocean, a diverse habitat spanning a wide range of
pressures and temperatures, contains more than half of the
world’s biosphere. Many marine organisms flourish at depths
of >4000 m at pressures of>400 atm (1), conditions
sufficient to inhibit growth in nonadapted microorganisms
(2). Hyperthermophilic microorganisms, includingPyrococ-
cus furiosus, have been isolated near hydrothermal vents at
these great depths, and at temperatures exceeding 100°C
(3-5). In the past several decades since their first isolation,
considerable progress has been made in elucidating their
unusual biochemical pathways, although it is far from
understood how these unusual organisms are able to thrive
in such an extreme environment.

Electron transport chains are an important pathway by
which virtually all living organisms, including hyperther-
mophiles, obtain energy. In this study, we investigate the
role of pressure and temperature on this fundamental process.

It has been previously determined that the electron transfer
properties of hyperthermophiles are dramatically influenced
by temperature (6-9). For instance, the reduction potentials
of P. furiosusrubredoxin (-1.4 mV/°C up to 70°C; 6) and
ferredoxin (-1.7 mV/°C; 7) were found to be temperature-
dependent as determined by potentiometric EPR titrations.
Rubredoxin serves as an ideal model for investigating the
role of pressure and temperature on biological electron
transfer since it is a relatively simple electron transfer protein
(MW ) 7500 Da), and it has been isolated from a number
of microorganisms that grow over a broad temperature range.
The primary and tertiary structures have also been determined
for a number of microbial rubredoxins (10). In this study,
we present electrochemical results as a function of pressure
and temperature for both mesophilicClostridium pasteur-
ianum and hyperthermophilicP. furiosusrubredoxins. In
addition, we discuss the implications at a molecular level of
pressure- and temperature-dependent reduction potentials.

While pressure- and temperature-dependent reduction
potentials have been reported for a number of proteins (11,
12), few studies have been aimed at understanding these
observed changes at a molecular level (13-15). It has long
been recognized that electrostatic interactions are an impor-
tant determinant of enzymatic and electron transfer reactivity.
In simple terms, Coulombic interaction energies, which
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contribute to the magnitude of the reduction potential, are
directly related to the magnitude of charge and inversely
related to the distance between charges and the screening of
the medium. Coulombic interaction energies between two
charged particlesi and j in a homogeneous medium can be
calculated as follows:

whereq is the charge,ε is the dielectric constant, andr is
the distance between the two charges. Electrostatic interaction
energies are much more difficult to determine for biomol-
ecules that contain numerous charge groups that are im-
mersed in media with different dielectric constants. In typical
macroscopic continuum models for proteins (16), distances
between atoms (r) are determined from X-ray crystal
structures, atomic partial charges (q) are assigned to indi-
vidual atoms on the basis of molecular mechanical simula-
tions, and a dielectric constant is assigned to both the protein
(εprotein) and solvent (εsolvent).

In the past, the magnitude of the charge (q) and the
distance between charges (r) have been traditionally per-
turbed through molecular biology approaches (e.g., site
mutations) or chemical modification to investigate the role
of electrostatic interaction energies in proteins. Despite the
progress in this area, we are still far from understanding the
fundamental role of electrostatic interactions in proteins. In
this study, we present a novel approach that provides
additional insight into the role of electrostatic interactions
in proteins through the analysis of equilibrium reduction
potentials as a function of pressure and temperature. In this
new approach, pressure and temperature are used to perturb
the dielectric constant (ε) of both the protein and solvent.

Both pressure- and temperature-reduction potential
profiles provide important information about electrostatic
interaction energies in proteins. As illustrated in Figure 1,
the dielectric constant of water increases as a function of
pressure and decreases as a function of temperature. Thus,
as temperature is increased or pressure is decreased, the level
of ordering or shielding of the solvent molecules around a
charged electron transfer center decreases and hence charged
atoms are “felt” more strongly near the electron transfer
center. It would be expected that at high temperatures or
low pressures, it would require more work to bring an
electron to an electron transfer center that is surrounded by
atoms with a net negative charge. The change in the amount
of work required to bring an electron to the electron transfer
center, through the perturbation of the dielectric constant of
the medium, is reflected in the experimentally measured
formal equilibrium reduction potential (E°′).

Formal equilibrium reduction potentials represent an
important aspect in the thermodynamic analysis of biological
electron transfer reactions. This parameter has been measured
for many electron transfer proteins using a variety of
voltammetric methods and various modified and unmodified
solid electrode surfaces (18-20). Advantages of direct
electrochemical methods include low cost, rapidity and
nondestructive nature of the measurements, and small sample
volume and low concentration requirements. To further our
understanding of biological electron transfer reactions,
electrochemical cells were specifically designed to measure
equilibrium reduction potentials as a function of pressure
(13) and temperature (21). These pressure- and temperature-
controlled electrochemical experiments provide important
information concerning the role of protein-solvent interac-
tions on electron transfer, as well as information concerning
changes in electrostatic interaction energies of electron
transport proteins.

MATERIALS AND METHODS

Protein Sources. Escherichia colistrains BL21-DE3
(Novagen, Inc.) containing plasmids with synthetic genes
with wild-type sequences of eitherC. pasteurianumor P.
furiosus rubredoxins were grown in LB medium supple-
mented with ampicillin (50µg/mL) at 38°C in a shaker water
bath (22). M. K. Eidsness, D. M. Kurtz, Jr., and R. A. Scott
(Department of Chemistry and Center for Metalloenzyme
Studies, University of Georgia, Athens, GA) generously
supplied both strains. At an optical density of 0.6-0.8 at
600 nm, 0.9 g/L isopropylâ-D-thiogalactoside (IPTG) and
1 g/L ferrous sulfate were added to the medium. The cultures
were shaken for an additional 4 h at 38°C and then harvested
by centrifugation. The cell pellets were resuspended, soni-
cated, and centrifuged, and the rubredoxin was purified by
ion exchange and size exclusion chromatography. The purity
was determined by UV-visible spectroscopy as previously
described (A494nm/A280nm > 0.36;10).

Electrochemistry.The cross-section view of the pressure-
controlled stainless steel electrochemical cell is shown in
Figure 2A (13). This electrochemical cell was designed and
tested to maintain an anaerobic sample at pressures from 1
to 600 atm and temperatures from 4 to 100°C. Additional
improvements were made to the original electrochemical cell
design (13). An electrical contact with the counter and
reference electrode was redesigned to minimize the compres-
sion of the Delrin sheath (see Figure 2B). Despite these
changes, the Delrin components that insulated the electrodes
(d and l) needed to be replaced every other experimental
run due to their compression at high pressures. A vice
purchased from a local hardware store was used instead of
a hydraulic jack to minimize problems with drifting in the
pressure measurements. Last, the sample injection port was
replaced with a tiny bolt to ensure that no leaking occurred
at high pressures.

A 2.0 mL solution containing 0.5 mM recombinantC.
pasteurianumor P. furiosusrubredoxin in 25 mM phosphate
(pH 6.7) and 0.05 M MgCl2 as an electrode promoter in a
stoppered 8 mL vial was made anaerobic by cycling between
a vacuum and nitrogen gas. The sample and reference
solution (0.100 M NaCl) were then transferred under
anaerobic conditions using an anaerobic glovebox into the

FIGURE 1: Dielectric constant of water as a function of pressure
and temperature (17).

E ) qiqj/εij rij (1)
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appropriate sample compartment of the electrochemical cell,
avoiding the introduction of gas bubbles. The entire assembly
was placed within a vise, and a load was applied and
monitored via a load cell as previously described (13). The
applied pressure was calculated by dividing the load by the
known surface area of the piston, and converted to units of
atmospheres. The temperature was maintained utilizing a
circulating water bath via a ported stainless steel water jacket
(13), or by using a temperature-controlled electrochemical
cell as previously described (21). While both electrochemical
cells can be used to obtain temperature-controlled voltam-
mograms, the sample can be visually monitored for dena-
turation in the earlier cell design (21), and the potential of
the saturated Ag/AgCl reference electrode as a function of
temperature has been well-established.

Reduction potentials were determined by direct electro-
chemistry, a method that entails the unmediated interfacial
reduction and reoxidation of an electron transfer molecule
at an electrode surface. At least two cyclic voltammograms
were recorded at each pressure and temperature utilizing a
CV-50W BAS potentiostat. Cyclic voltammograms were
determined to be reversible at scan rates of<30 mV/s, and
scan rates from 5 to 30 mV/s were used throughout the study.
Reduction potentials from each cyclic voltammogram were
determined from the midpoint between the anodic and
cathodic peak potentials. All reduction potentials were
normalized for pressure and temperature as previously

described (13) and reported versus the SHE.1 Thermody-
namic parameters associated with electron transfer were
calculated from the electrochemical experiments described
above according to the following equations:

where∆V°, ∆S°, and∆H° are the standard molar volume,
standard reaction entropy, and standard reaction enthalpy,
respectively.

Electrostatic Calculations.It has been proposed (13, 14)
that pressure- and temperature-induced changes in the
reduction potential [(∆E/∆P)T or (∆E/∆T)P] can be attributed
to changes in atomic partial charges, charge separation, or
charge environment according to the following equations:

All of these parameters are likely to be influenced by pressure
and temperature to various degrees, but experimental evi-

1 Abbreviations: SHE, standard hydrogen electrode.

FIGURE 2: (A) Cross section of the pressure-controlled electrochemical cell showing the upper jacking component (a), the stainless steel
rod (b) with pyrolytic graphite working electrode (c, illustrated in black), the upper Delrin sheath (d), the stainless steel piston (e), the cell
body (f), the sample port (g), stainless steel frits (h), the stainless steel retaining ring (i), the threaded brass fitting (j), the Ag/AgCl reference
and counter electrodes (k, illustrated in black), the lower Delrin sheath with a reference solution port (l), and the lower jacking component
(m) (modified from ref13). (B) Top and partial side view of the pressure-controlled cell showing the electrical connections to counter and
reference electrodes. The lower Delrin sheath in the partial side view has been rotated 90° along its vertical axis relative to its position as
illustrated in panel A (component l).

∆V° ) -nF(∂E°/∂P)T (2)

∆S° ) nF(∂E°/∂T)P (3)

∆H° ) -nF[∂(E°/T)/∂(1/T)]P (4)

(∆E/∆P)T ) [∆(∑qiqj/εij rij)/∆P]T (5)

(∆E/∆T)P ) [∆(∑qiqj/εij rij)/∆T]P (6)
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dence suggests that electronic charge and charge separation
are not as likely to be as pressure- and temperature-dependent
as the dielectric constant (13). On the basis of these
assumptions, the dielectric constants of the solvent and
protein were changed as described below to simulate pressure
and temperature changes.

Changes in reduction potential as a function of pressure
and temperature were calculated using the continuum
macroscopic electrostatic model (DELPHI, 1989, Columbia
University, New York). This macroscopic model treats the
electrical properties of the solvent and protein as distinct
continuums, visualizing the protein as a low-ε “cavity”
embedded in a solvent medium with a higher value ofε.
The average electrical properties of a protein are ap-
proximated by the internal protein dielectric constant,εprotein.
This continuum dielectric model is particularly attractive in
that it is able to model with reasonable accuracy the electrical
properties of the solvent,εsolvent, including solutions with
different ionic strengths. Moreover, this model in conjunction
with a finite-difference technique accounts for the complex
structure of proteins at a microscopic level. On the basis of
its X-ray crystal structure, a protein is mapped onto a three-
dimensional grid, partial atomic charges and dielectric
constants are assigned to points on the grid, and the potential
energy of the grid is calculated utilizing a numerical solution
to the Poisson-Boltzmann equation.

Atomic partial charges were assigned for amino acids (23)
and the FeS4 center (24). Spatial arrangement of atomic
charges were assigned as determined from X-ray crystal
structures of the proteins (25 forC. pasteurianumrubredoxin
and 26 forP. furiosusrubredoxin). The value of the dielectric
constant of water was assigned as a function of pressure and
temperature as shown in Figure 1. The value for the protein
dielectric constant was varied (see Results and Discussion).
In this unique application of DELPHI, the dielectric constants
of the solvent and protein are varied to reproduce changes
in the reduction potential of rubredoxins as a function of
pressure and temperature. For example, the calculated net
change in electrostatic energy is the difference in energy
between two temperatures, represented by different dielectric
constants for the solvent and protein, and the difference in
energy between both oxidation states. Thus, the calculated
net change in electrostatic energy represents a [∆(∆G)]
converted to units of millivolts.

RESULTS AND DISCUSSION

Influence of Pressure on Reduction Potentials. Representa-
tive cyclic voltammograms ofC. pasteurianumrubredoxin
at two pressures and the reduction potential ofC. pasteur-
ianum rubredoxin as a function of pressure are shown in
panels A and B of Figure 3, respectively. The reduction
potentials of bothC. pasteurianumand P. furiosusrubre-
doxins were determined to be linearly pressure-dependent,
0.028 and 0.033 mV/atm, respectively. Both proteins have
negative standard molar volumes (∆V°), which were calcu-
lated from eq 2, and they are listed in Table 1. This indicates
that the oxidized state of the electron transfer center, [FeS4]-,
is more stable than the reduced state, [FeS4]2-, at lower
pressures. This observation can be rationalized in simple
electrostatic terms. The dielectric constant of water (εsolvent)
is lower at lower pressures as illustrated in Figure 1A. Since

a species with a lower net negative charge would be more
stable in a medium with a lower dielectric constant, it would
be expected that the oxidized protein is more stable at lower
pressures.

Electrostatic Calculations as a Function of Pressure.It
is established from the data presented in Figure 3B that
pressure influences electron transfer equilibrium. A key issue
to be resolved now is the rationalization at a molecular level
of the direction and magnitude of experimentally observed
changes in reduction potential. The continuum dielectric
model (DELPHI) was used to reproduce changes in the
reduction potential of rubredoxin as function of pressure. This
electrostatic model calculates changes in electrostatic interac-
tion energies, which can be converted to changes in reduction
potential, based on differences in charge (q), charge separa-
tion (r), and the dielectric constant (ε). The dielectric constant
of water is known as a function of pressure (Figure 1A),
and the dielectric constant of rubredoxin was assigned in
the calculations as described below.

Protein Dielectric Constant as a Function of Pressure.
The dielectric constant of water does not change significantly
as a function of pressure from 1 to 600 atm (∆εsolvent< 4%;
see Figure 1A). It has been previously assumed that the
dielectric constant of a protein is low (εprotein < 4) since the
reorientation of its dipoles in response to an electric field is
highly restricted (27, 28). Therefore, the dielectric constant
of a protein would be expected to be even less pressure-
dependent than that of a polar solvent such as water (i.e.,
∆εprotein, 4% from 1 to 600 atm). Therefore, it was assumed
in our calculations that the protein dielectric constant (εprotein)
was pressure-independent from 1 to 600 atm.

The calculated change in reduction potential ofC. pas-
teurianumrubredoxin as a function of pressure for different
values of the pressure-independent protein dielectric constant
(εprotein) is shown in Figure 4. The dashed line in this figure
represents the experimentally observed value (dE°′/dP )
0.028 mV/atm). It is seen from this figure that the experi-
mental results cannot be reproduced using low values for
the dielectric constant (εprotein< 4). Relatively large negative

FIGURE 3: (A) Cyclic voltammograms of 0.5 mMC. pasteurianum
rubredoxin in 25 mM phosphate (pH 6.7) recorded at 84 atm (solid
line) and 536 atm (dashed line), 25°C, and a scan rate of 5 mV/s.
(B) Reduction potential ofC. pasteurianumrubredoxin as a function
of pressure.

Table 1: Thermodynamic Parameters Associated with Electron
Transfer of Rubredoxin

C. pasteurianum P. furiosus

E°′at 25°C and 1 atm (mV) -55 31
∆V° (mL/mol) -27 -31
∆S° (cal K-1 mol-1) -36 -41
∆H° (kcal/mol) -10 -13
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changes in the reduction potential are predicted for small
changes in pressure at these low dielectric constants. Little
change in the reduction potential as a function of pressure
(dE°′/dP ) 0.002 mV/atm) is predicted for rubredoxin for
large values of the dielectric constant (εprotein g 6). Thus, a
reasonable estimate of the protein dielectric constantεprotein

is 6. Similar results as illustrated in Figure 4 were also
obtained forP. furiosusrubredoxin [results not shown, (dE°′/
dP)observed) 0.033 mV/atm and (dE°′/dP)calcd ) 0.001 mV/
atm for anεprotein of g6].

Influence of Temperature and Reaction Entropies. The
reduction potentials of bothC. pasteurianumandP. furiosus
(see Figure 5) rubredoxins were determined to be linearly
temperature-dependent (-1.6 and-1.8 mV/°C, respectively).
The latter value is comparable to the value determined for
P. furiosusrubredoxin by spectroelectrochemistry (-1.4 mV/
°C up to 70°C; 6). The standard entropies forC. pasteur-
ianumandP. furiosusrubredoxin calculated using eq 3 were
determined to be similar (see Table 1). These values were
significantly more negative than those reported for other
mesophilic electron transfer proteins (∆S° ) -2 to -16 eu;
11) but similar to values reported for other hyperthermophilic
proteins (∆S° ) -28 to -60 eu;9). Both C. pasteurianum
andP. furiosusrubredoxins have negative standard entropies
(∆S°), indicating that the oxidized state of the electron
transfer center, [FeS4]-, is more stable than the reduced state,

[FeS4]2-, at higher temperatures. This observation can be
rationalized in simple electrostatic terms. The dielectric
constant of water (εsolvent) is lower at higher temperatures as
illustrated in Figure 1B. Since a species with a lower net
negative charge would be more stable in a medium with a
lower dielectric constant, it would be expected that the
oxidized protein would be more stable at higher temperatures.

Reaction Enthalpies (∆H°′). The standard reaction enthal-
pies ofC. pasteurianumandP. furiosusrubredoxins were
calculated from eq 4, and they are listed in Table 1. These
values are within the range of values reported for other
hyperthermophilic electron transfer proteins (9). The standard
reaction enthalpy for both proteins was negative, indicating
that reduction is exothermic. On the basis of Le Chaˆtlier’s
principle, the concentration of the oxidized species would
be expected to increase as the temperature increases.
Interestingly, both the enthalpy and entropy terms contribute
to the preferential formation of the oxidized species at
elevated temperatures.

Electrostatic Calculations as a Function of Temperature.
It is clear from the data presented in Figure 5 that temperature
also influences the electron transfer equilibrium. As discussed
above for pressure-dependent reduction potentials, a key issue
to be resolved is the rationalization at a molecular level of
the direction and magnitude of experimentally observed
changes in reduction potential. The dielectric continuum
model (DELPHI) was likewise used to reproduce changes
in the reduction potential of rubredoxin as a function of
temperature using appropriate values of the dielectric constant
for the solvent and protein. The dielectric constant of water
is known as a function of temperature (Figure 1B), and the
dielectric constant of rubredoxin was assigned as described
below.

Protein Dielectric Constant as a Function of Temperature.
The dielectric constant of water is known to change ap-
preciably from 5 to 100°C (∆εsolvent> 30%; see Figure 1B).
The dielectric constant of a protein cannot be readily
measured, and it cannot be assumed to be temperature-
independent (29). It is known that pure nonpolar solvents
have temperature-dependent dielectric constants, but they are
not as temperature-dependent as water (17). We propose that
a reasonable value of the protein dielectric constant can be
estimated from the information obtained from pressure-
controlled electrochemical experiments and the simulations
of these data. As discussed above, the protein dielectric
constant is likely to be pressure-independent. Thus, the value
of the protein dielectric constant (εprotein) 6) that reasonably
reproduced the room-temperature pressure-induced changes
in the reduction potential ofC. pasteurianumrubredoxin was
then used to reproduce the temperature-induced changes in
its reduction potential. The value of the protein dielectric
constant was changed as a function of temperature to
reproduce the experimental observations shown in Figure 5.
Similar calculations have been performed by our group to
reproduce reduction potentials of other electron transfer
proteins as a function of temperature (29). These earlier
calculations, however, did not include an estimate of the
protein dielectric constant based on information obtained
from pressure-induced changes in the reduction potential.

Both the experimental reduction potentials ofC. pasteur-
ianumandP. furiosusrubredoxin as a function of temper-
ature (see Figure 5) were reproduced using dεprotein/dT )

FIGURE 4: Calculated change in reduction potential ofC. pasteur-
ianumrubredoxin as a function of pressure for different values of
the protein dielectric constant. See the text for details of the
calculations.

FIGURE 5: Reduction potential ofC. pasteurianum(A) and P.
furiosus (B) rubredoxin as a function of temperature. Symbols
denote experimental points, and the solid line represents the
simulation based on dielectric constants as described in text.
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-0.005 and-0.010°C-1, respectively, over a temperature
range from 5 to 100°C. A protein dielectric constantεprotein

of 6 at 25°C was used for both proteins. The dεprotein/dT of
P. furiosusrubredoxin was greater, which suggests that the
actual protein dielectric constant is likely to be slightly higher
than that ofC. pasteurianumrubredoxin. In comparison, dε/
dT ) -0.324 and-0.002 °C-1 for water and benzene,
respectively (17, 30). Thus, the observed changes in the
protein dielectric constant with temperature are reasonable
for a medium that is believed to have a low dielectric
constant.

Thermodynamic Considerations.The thermodynamic pa-
rameters for electron transfer (∆V°, ∆S°, and∆H°) for both
proteins were very similar, which is not surprising consider-
ing their structural similarities and sequence homology (26).
These parameters for both proteins indicate that the formation
of [FeS4]- is favored at high temperatures and low pressures,
which is consistent with the electrostatic calculations.
Remarkably, the two proteins exhibit dramatic differences
in thermostability.P. furiosusrubredoxin remains essentially
undenatured after incubation at 95°C for more than 24 h,
whereasC. pasteurianumrubredoxin is rapidly denatured at
80 °C (6). On the basis of the data presented in Table 1, it
appears that structural changes that confer dramatic differ-
ences in thermostability do not dramatically alter electron
transfer reactivity. It is noted that the reaction volume (∆V°)
is slightly more negative, the reaction entropy (∆S°) is
slightly more negative, and the reaction enthalpy (∆H°) is
more exothermic forP. furiosusrubredoxin. These param-
eters suggest that the oxidized state, which has a lower net
negative charge, is slightly more stable than the reduced state
of the protein when compared to the different oxidation states
of C. pasteurianumrubredoxin. In general, we predict that
in most cases, standard reaction volumes (∆V°) and standard
reaction entropies (∆S°) of electron transfer proteins will
have the same sign because they both are a measure of the
differences in stability of each oxidation state.

Electrostatic Considerations. Both rubredoxins have re-
duction potentials that decreased as the pressure decreased
(see Figure 3B) or the temperature increased (see Figure 5).
This inverse relationship between the slopes of pressure-
and temperature-reduction potential profiles has previously
been noted for cytochromec (14). Interestingly, these inverse
changes in reduction potential with pressure and temperature
appear to follow the same trend as the dielectric constant of
the solvent (see Figure 1). At a macroscopic level, reduction
potentials reflect the changes in electrostatic interaction
energies resulting from changes in pressure and temperature.
Changes in reduction potential observed in both pressure-
controlled (12, 31) and temperature-controlled (11, 32)
electrochemical experiments are thought to result from
differences in solvent-solute interactions between oxidation
states of an electron transfer molecule. The stability of each
oxidation state is dependent on the ability of protein-solvent
interactions to neutralize excess charge as a function of
pressure and temperature. At low pressures or high temper-
atures, the solvent dielectric constant is lower (see Figure
1), and therefore, the solvent is less efficient at solvating
excess charge. To a lesser extent, the protein dielectric
constant will also decrease as the temperature increases.
Thus, the oxidation state with the least amount of excess
charge is more likely to be the most stable at low pressures

or elevated temperatures.
An accurate representation of the protein-solvent interface

is a significant challenge for any electrostatic model used to
reproduce experimentally observed changes in reduction
potential. The continuum dielectric model (DELPHI) has had
reasonable success at reproducing these changes (33).
Recently, quantum mechanical calculations have revealed
that the net surface charge of a protein may be transferred
to the solvent, and this charge transfer across the protein-
water interface is likely to be significant (34). An important
consequence of changes in solvent-solute interactions
induced by pressure or temperature is that the electrostatic
environment of a redox center is perturbed. These changes
alter the electrostatic interaction energy between atoms in a
protein, which determines the reduction potential.

Additional Consequence of Pressure- and Temperature-
Dependent Reduction Potentials.When the thermodynamics
of electron transport pathways are being considered, it is
equally important to consider the relevant operating condi-
tions of the electron transfer proteins. Pressure- and tem-
perature-controlled electrochemical experiments with electron
transfer proteins allow for thermodynamic measurements to
be made under more relevant experimental conditions,
specifically their normal operating conditions. For example,
in this study, it was determined that the rubredoxin isolated
from P. furiosus, which grows at 95°C and 400 atm, has an
E°′ of 31 mV at room temperature and atmospheric pressure,
an E°′ of -93 mV at 95°C and atmospheric pressure, and
anE°′ of 44 mV at room temperature and 400 atm. Although
not measured in this study, the reduction potential ofP.
furiosusrubredoxin is predicted to be around-80 mV at 95
°C and 400 atm. The potential of the reference electrode at
95 °C and 400 atm needs to be determined to report the
reduction potential ofP. furiosusrubredoxin versus the SHE,
and these experiments are currently in progress.

CONCLUSIONS

An abundance of electrostatic information is obtained from
pressure- and temperature-controlled electrochemical experi-
ments that are not available through a single room-temper-
ature measurement. Electrochemical experiments with other
rubredoxin variants as a function of pressure and temperature
should provide further support that electrostatic interactions
play an important role in determining the reduction potential
of a protein as previously suggested (13, 14).
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