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Abstract

Putidaredoxin (Pdx), a [2Fe-2S] redox protein of size M; 11600, transfers two electrons in two separate steps from the
flavin containing putidaredoxin reductase to the heme protein, cytochrome CYP101 in the P450cam catalytic cycle. It has
recently come to light, through NMR measurements, that there can be appreciable differences in the Pdx conformational
dynamics between its reduced and oxidized states. The redox reaction entropy, ASY, = (S5, . —S5,.), as determined from
measurements of the variation in formal potential with temperature, EY(T), provides a measure of the strength of this
influence on Pdx function. We designed a spectroelectrochemical cell using optically transparent tin oxide electrodes, without
fixed or diffusible mediators, to measure E”(T) over the temperature range 0-40°C. The results indicate that the redox
reaction entropy for Pdx is biphasic, decreasing from —213+27 J mol~! K~! over 0-27°C, to —582+ 150 J mol~! K~ ! over
27-40°C. These redox reaction entropy changes are significantly more negative than the changes reported for most
cytochromes, although our measurement over the temperature interval 0-27°C is in the range reported for other iron—sulfur
proteins. This suggests that Pdx (and other ferredoxins) is a less rigid system than monohemes, and that redox-linked changes
in conformation, and/or conformational dynamics, impart to these proteins the ability to interact with a number of redox
partners. © 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction tron transfer steps, but to date no other protein has
been reported that can perform the complete func-
tion of Pdx in the hydroxylation catalytic cycle. Spin-

ach ferredoxin and bovine adrenodoxin can donate

Putidaredoxin (Pdx) is a [2Fe-2S] redox protein of
size M. 11600 that serves as an electron shuttle in

the P450cam-catalyzed hydroxylation of camphor by
Pseudomonas putida. Pdx transfers two electrons in
two separate steps from the flavin protein, putidare-
doxin reductase, to the heme protein, cytochrome
P450cam (CYPI101; EC 1.14.15.1). Other low poten-
tial iron—sulfur proteins can replace individual elec-

* Corresponding author. Fax: +1-301-975-5449;
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the first electron to P450cam but not the second elec-
tron, whereas reduced rubredoxin and cytochrome
bs, which are incapable of giving the first electron,
can provide the second electron yielding the reaction
products [1]. The two Pdx electron transfer reactions
are tightly controlled by the redox potentials of the
interacting proteins, which in turn are affected by
substrate binding, spin state equilibria, and their as-
sociation with one another [2]. The formal reduction
potential (E”) for Pdx shifts upon binding to
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CYPI101 (substrate-bound) from —240 mV to —196
mV, while the reduction potential of CYP101 shifts
upon binding of substrate from —303 mV to —173
mV (vs. NHE, room temperature). These redox
changes switch on the first electron transfer from
Pdx to CYP101. The binding constant between re-
duced Pdx (Pdx") and oxidized CYP101 is about 100
times larger than between these two proteins when
both are in the oxidized state [3].

This report is part of our ongoing effort to inves-
tigate the relationship between the structural features
of Pdx and its interaction with redox partners [4-6].
Information gleaned from measurements of the for-
mal reduction potential will give insight into the elec-
tron transport activity that is critical to the function
of P450 catalysis, as well as contributing to general
understanding of structure—function in the broad
family of iron—sulfur redox proteins [7-11]. NMR
studies by Pochapsky and co-workers have led to a
proposal that the slower protein dynamics and more
compacted structure exhibited by reduced Pdx (rela-
tive to the oxidized form) could contribute to the
tighter binding of Pdx" to CYP101 by minimizing
conformational entropy loss upon binding [12,13].
More recent NMR studies, involving amide proton
exchange measurements by Lyons et al. [14] and N
NMR relaxation measurements showing decreased
backbone dynamics for Pdx" by our group [6], sug-
gest a significant decrease in the ps to ms mobility
upon reduction. Such coupling between protein dy-
namics and changes in oxidation state could provide
a mechanism for binding regulation without large
conformational changes.

Measurements of E” as a function of temperature
are difficult due to slow approach to equilibrium, and
restrictions on the range of solution conditions (tem-
perature, ionic strength, pH) imposed by protein
stability. Most known E” measurements have been
made by one of two broad methodologies: homoge-
neous or heterogeneous titration. In homogeneous
titration, the redox reaction is driven using some
chemical or biological reducing agent, and reaction
progress is monitored potentiometrically or spec-
troscopically (UV-Vis, IR, Raman, EPR, etc.).
Although in most cases high precision and reproduc-
ibility can be achieved, signal processing generally
becomes too complex when temperature dependent
studies are attempted by these methods. Heterogene-

ous titration methods have advanced significantly
over the last 20 years, and have become the methods
of choice in most cases since E” is obtained directly
from the voltammetric or spectroscopic response due
to the redox reaction of the protein active center.
However, proteins in general function poorly at
many electrode surfaces due to large electron transfer
distance, irreversible adsorption and/or protein dena-
turation. Surface properties of the electrode, such as
charge density and its distribution, hydrophilicity
and strength of interaction with the target protein,
are important. In certain cases, a reversible protein
response is achieved by employing charge transfer
mediators or electrode surface modifiers (promoters).
Data interpretation may be restricted by knowledge
of the temperature dependent interactions of the pro-
moter with the electrode surface and/or the redox
protein.

Voltammetry is often used to evaluate £ when a
quasi-reversible response can be achieved. In this
measurement, the so-called midpoint potential Ej/,
is determined from the peak separation of the cyclic
voltammetry data [15]. The difference between Ejj,
and E is usually only a few millivolts, and depends
on differences between the oxidized and reduced state
molecular diffusion coefficients. Such measurements
have been reported for proteins that undergo rapid
electron exchange with various electrodes, including
some iron-sulfur proteins [16-18], but only limited
voltammetry data is available for putidaredoxin
[19]. The primary difficulty is the absence of suitable
electrode materials for sustained, reversible voltam-
metry responses. For Pdx, E has been determined
using the dye photo-reduction method [2] which is
not suitable for variable temperature studies.

Absorption spectroscopy can be utilized for redox
titration whenever absorption spectra of oxidized vs.
reduced protein show significant differences through-
out the visible range. Spectroscopic measurements
have been combined with optically transparent, thin
layer electrode devices in order to measure EY of
various redox proteins [20-22]. Optically transparent
metal oxide electrodes [23] can be especially suitable
for these studies in some cases. Recently, we have
reported the electrochemically driven CYP101 based
bioreactor [24] using a thin film, antimony doped tin
oxide electrode. These electrodes provided direct re-
duction of solution Pdx, thus sustaining the enzy-
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matic cycle. Although the electrochemical response
is rather slow, redox equilibrium is established within
several minutes in a thin solution layer between
electrodes. Also, the electrode material is almost to-
tally transparent in the visible spectrum, therefore
UV-Vis absorption measurements can be conven-
iently utilized for the protein oxidation state deter-
mination.

In the current investigation, we describe our efforts
to measure the formal potential of Pdx as a function
of temperature with the expectation of learning more
about the behavior of this protein as a function of its
oxidation state. An anaerobic non-isothermal spec-
troelectrochemical cell and measurement procedure
enabled us to determine E(7) for Pdx. The thin
layer cell with a non-protein adsorbing metal oxide
electrode avoided the need for mediators or pro-
moters, which always introduce the possibility of dis-
torting the thermodynamic balance through intro-
duction of undesirable interactions. The cell was
used to reproduce similar measurements reported in
the literature for the ferri/ferrocyanide and ferri/fer-
rocytochrome ¢ redox couples. The redox reaction
thermodynamic properties are calculated from these
E%(T) measurements.

2. Materials and methods'
2.1. Protein solutions

Pdx was prepared by heterologous expression of
the protein on the plasmid pIBI25 in Escherichia
coli (DHS5a) cells. Cell growth and purification are
described in detail by Grayson et al. [25]. In brief, the
bacterial cells containing the plasmid were grown in
batch culture on rich medium supplemented with
ampicillin to maintain the plasmid. After overnight
growth, the cells were harvested and the Pdx protein
released from the cells by a combination of freeze—
thaw and lysozyme-DNase treatment. The protein

1 Certain commercial equipment, instruments and materials
are identified in this paper to specify adequately the experimental
procedure. In no case does such identification imply recommen-
dation or endorsement by the National Institute of Standards and
Technology, nor does it imply that the material or equipment is
necessarily the best available for the purpose.

was purified using two column chromatography steps
(all column packings were obtained from Pharmacia
Biotech, Uppsala, Sweden). First Pdx was loaded on
a DEAE Fast Flow Sepharose (anion exchange) col-
umn and eluted with a KCI gradient. The protein
was concentrated and placed on a Sephacryl S200
(gel filtration, size exclusion) column, and eluted.
Spectroscopic methods were used to determine that
the purity of Pdx was greater than 99 mol% with
respect to other proteins. The protein was prepared
for experiments by chromatography on Sephadex
G25 Super Fine equilibrated with the buffer of
choice. Alternatively, buffer exchange was effected
by a concentration and dilution series using centrifu-
gal membrane concentrators. Protein was stored at
—80°C in 100 ul vials and thawed at room temper-
ature prior to each experiment. For the cell valida-
tion tests, horse heart cytochrome ¢ (Sigma Chemi-
cal, product number C3256) was used without
further purification.

2.2. Electrochemical cell

The spectroelectrochemical cell was designed to
allow for potentiostatic control of the protein solu-
tion within a thin layer gap, for variable electrolyte
temperature settings from 0°C to 60°C, and for the
ability to measure absorption over the near UV-Vis
range during non-isothermal operation. Fig. 1 is a
schematic of the cell body, which was manufactured
from polystyrene with ports for three electrodes, pH
microelectrode, gas purging, solution introduction,
and uninhibited light passage.

The three electrode setup allows for control of the
protein solution potential without the introduction of
additional reducing or oxidizing agents. Electro-
chemical potential was maintained between the two
1 X3 cm transparent antimony doped tin oxide (Del-
ta Technologies, Stillwater, MN; product number
CG-100SN) electrodes mounted face to face forming
a 0.2 mm gap created by a Pt wire, which also served
as a contact lead to the working electrode pair. The
gap solution volume was about 100 ul, with the total
solution volume in the cell equal to 0.5 ml. Another
Pt wire, placed outside the gap, served as a counter-
electrode. Solution pH was monitored continuously
(Microelectrodes Inc., pH microelectrode MI-415,
Londonderry, NH) and adjusted with small amounts
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of HCI or KOH. The electrodes were prepared for an
experiment by several successive 5 min sonications in
ethanol and water, followed by activation using a
linear potential scan between —0.5 and +1 V at 0.1
V/s in 1 M HCI for 30 min. The working electrode
assembly was mounted in a 1 cm plastic cuvette,
equipped with two holes for the optical beam sealed
from the solution by two O-rings. Prior to an experi-
ment, the solution was slowly purged with argon gas
for about 2 h. During measurements, the space
above solution was kept filled with argon by care-
fully sealing the top with Parafilm (American Na-
tional Can). Argon gas was sequentially passed
through the oxygen scavenger (Oxyclear, Aldrich
Chemical Co., Milwaukee, WI) followed by a dis-
tilled water column. In order to maintain non-iso-
thermal conditions, the reference electrode (Ag/
AgCl 3 M KCI) Abtech RE-803) was mounted at
the end of the 40 cm long, 3 mm diameter Teflon
tubing and kept at ambient temperature. A glass frit
at the other end of the tubing formed a liquid junc-
tion with the thermostated protein solution. All po-
tential values are reported on the NHE scale. Poten-
tial control was provided by an EG&G Model 273A
electrochemistry system deployed in the chronoam-
perometric mode.

The cell was mounted in a two channel Ocean
Optics PC2000 fiberoptic CCD spectrophotometer
sample holder, modified for temperature dependent
measurements. Each optical component in a sample
holder was flushed continuously with dry argon to
prevent fogging at the lower temperatures. Temper-
ature in the cell was controlled using a water bath
(Neslab RTE-100) and an external probe held in
contact with the cell body via a heat sink compound
(Dow Corning 340). The temperature difference be-
tween the solution and the probe was calibrated
throughout the experimental range 0-40°C using a
thermistor inside the cell. This difference was found
to vary within *0.5°C.

2.3. Measurement procedure

Solutions were prepared in water, deionized by a
Milli-Q water purification system. Analytical grade
KCI and MgCl, were obtained from Mallinckrodt
LLtd; reagent grade Tris-HClI and Kj3;Fe(CN)g
were obtained from Sigma Chemical Co.

Performance of the non-isothermal cell was eval-
uated by testing against previously measured tem-
perature dependences of the formal potentials of
[Fe(CN)]>~/*~ and of ferri/ferrocytochrome ¢ [26,
27]. For both redox systems, at least three measure-
ments were performed at each temperature, for both
increasing and decreasing temperatures. The temper-
ature dependent ferri/ferrocyanide midpoint poten-
tials were determined from cyclic voltammograms
of thoroughly deaerated, argon purged solutions
(0.1 M KCl, 0.1 M KHPO4, 1 mM Kj;Fe(CN)g,
pH 7.5) recorded at 10 mV/s. Ferri/ferrocytochrome
¢ formal potential in deaerated, argon purged solu-
tion (0.1 M KHPO,, 100 uM cytochrome ¢, pH 7)
was measured by optical absorption. After thorough
deaeration, an initial reducing potential was applied
in the interval from 0.0 to 0.1 V. Potential was held
constant until the solution volume between the two
electrodes was totally reduced as indicated by the
stable reduced cytochrome c¢ absorption spectrum
[28], characterized by the maximum absorptivity at
550 nm and 520 nm. Next, potential was stepped to
more positive values with simultaneous monitoring
of the absorption spectra in order to ascertain the
establishment of the equilibrium. In the region near
equilibrium, the electrode potential was sequentially
increased or decreased in 50 mV steps with a single
step exposure between 1 min and 3 min, depending
on the rate (variable) of reduction. A total of 27
potential steps were applied at each temperature
which consisted of 12 steps in the negative direction,
12 in the positive and three steps at the extreme
negative potential before reversal. Step exposure
was varied to minimize hysteresis upon the reversal
of potential. Potential variation limits were adjusted
for each temperature accordingly in order to keep E”
approximately in the middle of the measurement in-
terval. Absorption data were continuously collected
for 30 s intervals at the end of each potential step.
The oxidized/reduced protein concentration ratio was
calculated from the absorbance differences at A =520
and 550 nm. Next, log C,,/C.q Was plotted against
electrode potential to check for linearity and slope
consistency with Nernst’s equation.

The Pdx formal potential was measured in solu-
tion containing 0.15 M KCl, 0.01 M MgCl,, and 200
uM Pdx buffered with 0.0375 M Tris—HCI to pH 7.5.
After thorough purging, the initial reducing potential
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was applied in the interval of —0.4 to —0.5 V. Po-
tential was held constant until the solution volume
between the two electrodes was totally reduced as
indicated by the stable reduced Pdx absorption spec-
trum (Fig. 3). Next, the potential was stepped in the
positive direction with simultaneous monitoring of
the absorption spectra. Electrode potential was se-
quentially increased or decreased in 20 mV steps.
Exposure at each single step was 5-40 min. The pat-
tern of potential stepping at each temperature was
the same as in the cytochrome ¢ measurements. Ab-
sorption data were collected continuously for 100 s

intervals at the end of each potential step. Pdx con-
centrations were determined from the oxidized minus
reduced molar absorptivities (Ag; =6.8 mM~! cm™!
at 455 nm and A& =64 mM~! cm™! at 415 nm)
using the average of two readings. Background var-
iation was accounted for by subtracting absorbance
at =750 nm for each spectrum. Each spectrum was
an average of 100 scans, 1 s exposure each, acquired
after the establishment of the equilibrium. At least
three measurements were performed at each temper-
ature for both increasing and decreasing tempera-
tures.

40cm teflon tubing

Gasinlet tubing

Counter electrode

0.2mm
Pt wire
N\

Temperature probe
—

PH microelectrode

Heat shrinkable tubing
Polystyrene cell

Ag/AgCl reference electrode

/ Tubing with glass fit ending

Tin Oxide coated glass plates

Ocean Optics PC1000
dual channel spectrometer

W

e s

Thermostated brass cell holder

Protein solution

O-rings
Light source
Lens

Optical fiber

Thermostat water channel

Fig. 1. Spectroelectrochemical cell (cross-section) used for temperature dependent redox titration. A polystyrene cell contains a pair of
working electrodes made of 3 mm thick glass plates having antimony doped tin oxide coated inside surfaces. The electrodes are held
together by Teflon shrink tubing with a 0.2 mm Pt wire between them. A thermostated brass cell holder is equipped with optical fiber
connectors (Ocean Optics, Dunedin, FL) for monitoring optical absorption of solution in the gap between the transparent working
electrodes. Spectrometer drift was compensated using a second channel connected to the light source through a bifurcated optical fi-
ber. Reference electrode connection to the cell is accomplished through the 40 cm 3 M KCI solution filled Teflon tubing.
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3. Results and discussion

We first tried to measure the redox potential of
Pdx by heterogeneous titration using cyclic voltam-
metry (CV) with an organically modified gold elec-
trode [19]. Drawbacks to this technique include the
instability of the organic layer [29], which results in a
non-persistent electrochemical response that obviates
the usefulness of this method for measuring E%(7).
CV was also tried with an antimony doped tin oxide
electrode with the intent to eliminate or minimize
Pdx degradation that occurs on bare gold. However,
we were unable to obtain a satisfactory electrochem-
ical response throughout the whole temperature
range, so that reliable formal potentials could not
be determined from voltammetry curves. This led
us to design a thin layer spectroelectrochemical cell
using the transparent tin oxide electrodes, thereby
permitting Pdx oxidation state changes to be ob-
tained directly from optical absorbance spectrum.
The thin layer geometry facilitates control of protein
solution redox composition by gradual electrochem-
ical reduction of the solution volume trapped in the
narrow gap. The solution spectral analysis is per-
formed after establishment of equilibrium, which is
approached from both low and high initial poten-

500
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Fig. 2. Temperature dependence of the formal potential of ferri-
cyanide (O) and horse heart cytochrome ¢ (a). Ferri/ferrocya-
nide measurements were made by cyclic voltammetry at a sweep
rate of 10 mV/s in a solution of 0.1 M KCI, 0.1 M KHPOy,
1 mM KiFe(CN)g, pH 7.5; Ferri/ferrocytochrome ¢ measure-
ments were made from absorption spectra (520 nm and 550
nm) in a solution of 0.1 M KHPOy, 100 uM cytochrome ¢, pH
7. Filled symbols are data from Koller and Hawkridge [26].

0.05

-0.15V

Absorbance

400 500 600 700 800
wavelength, nm

Fig. 3. Pdx visible absorption spectra at different electrode po-
tentials and 25°C. Argon purged solution contained 200 uM
Pdx in 0.15 M KCI, 0.01 M MgCl, and 0.0375 M Tris—HCI,
pH 7.5.

tials. Absence of free or immobilized mediator dyes
avoided spectral and chemical interference such as
those experienced when working with optically trans-
parent, thin gold film electrodes [22]. Our measured
Pdx potential at 25°C was found to be —0.23 V (vs.
NHE) which agrees well with the reported photo-
chemical titration value (E” =—0.24 V) for Pdx at
room temperature [2], although direct comparison
is complicated due to different buffers and the uncer-
tainty in the titration temperature.

The ability of the cell of Fig. 1 to maintain a stable
temperature and redox environment during an elec-
trochemical reaction was tested by measuring the
temperature dependence of the formal potential of
the ferro/ferricyanide couple over 0-60°C using cyclic
voltammetry. As seen in Fig. 2, our EY(7) measure-
ments agreed with those of Koller and Hawkridge
[26] to within 5 mV throughout the temperature
range. The ferro/ferricyanide reaction entropy
change, —149 J mol™' K~!, obtained using Eq. 1
and the slope of EY(T) data in Fig. 2, agrees with
previously reported values of Koller and Hawkridge
(—37 eu, or —155 J mol~! K™!) [26], and with re-
ports of Chi and Dong (—149 J mol~! K1) [28]. We
also measured EY(T) of horse heart cytochrome c¢
using absorbance at 520 nm and 550 nm for deter-
mination of the oxidation state. Again, our measure-
ments are in good agreement with the previous re-
port [26].

The visible absorption spectra of Pdx as recorded
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Fig. 4. Pdx titration curve obtained from absorbance at A =455
nm as measured in the spectroelectrochemical cell with tin oxide
electrodes at 40°C. Solid circles are measurements made for po-
tential changing in the negative direction, open circles signify
positive direction. Solution conditions same as in Fig. 3. The
half cell reaction is given by Pdx°*+e~ =Pdx™! and the poten-
tial by Nernst equation: E=EY—23 RT/nF log [Pdx°}/[Pdx'].
Inset shows Nernstian plot for concentration ratios obtained
from absorption differences between the oxidized and reduced
species at 455 nm.

in our spectroelectrochemical cell are shown for sev-
eral electrode potentials in Fig. 3. The absorbance
maxima for oxidized Pdx observed at E=—0.15 V
and wavelengths 415 nm and 455 nm are known to
arise from Fe-S charge transfer excitations [30].
Upon gradual reduction to more negative potentials,
these bands lose intensity and a band emerges at 540
nm which is characteristic of the reduced state. The
visible spectra of Pdx did not change significantly
with time for samples used in the EY(T) determina-
tions. However, after 3 h exposure at 40°C, visible
spectra demonstrated gradual decay in absorptivity
throughout the whole range, indicating denaturation
and/or chromophore separation. We limited expo-
sure in the runs at higher temperatures to less than
2 h.

We have calculated the oxidized/reduced protein
concentration ratio from the absorbance differences
at A=415 and 455 nm (Fig. 4). Next, log [Pdx°}/
[Pdx"] was plotted against the electrode potential (in-
set in Fig. 4). The linear relationship indicates that
the Nernst equation is a valid interpretation, so that

the log-zero intercept corresponds to equal concen-
trations of oxidized and reduced species, thus provid-
ing the value of the formal potential E”. The slope
varied from 50 mV/dec at 2°C to 76 mV/dec at 40°C.
There was no systematic variation of this slope with
temperature, and the range of values corresponds to
about 1x0.15 electrons transferred in the Pdx redox
reaction over the experimental temperature range.
The formal potential for Pdx was determined over
the temperature range 0—40°C. At each temperature
indicated in Fig. 5, measurements were made first
from low to high temperature, and then from high
to low temperature. The cycle was repeated a total of
three times. Equilibrium for each measurement was
approached from both the low and high potential
direction. Average values of E¥ and standard devia-

-0.16

-0.18

-0.20 ~

-0.22

-0.24

-0.26 -

E°, V (NHE)

-0.28 -

-0.30 -

-0.32

-0.34 T T T T T
0 10 20 30 40

t, deg

Fig. 5. Pdx formal potential as a function of temperature,
EY(T), from spectroelectrochemical titration. Open circles are
measurements made when temperature of the cell is being in-
creased from the previous measurement; solid circles are mea-
surements made when temperature is changed in the decreasing
direction. Each point is the average of three measurements. Er-
ror bars were calculated from standard deviation. Solid lines in-
dicate the least squares linear fit of the experimental data. Tem-
perature (°C), formal potential (V vs. NHE) for increasing
temperature data: 0, —0.192 (£0.006); 2, —0.194 (£0.006);
5, —0.195 (£0.006); 8, —0.205 (+0.004); 10, —0.207 (£ 0.005);
15, —0.224 (£0.004); 20, —0.228 (£0.005); 22, —0.240
(+£0.003); 25, —0.242 (£0.004); 27, —0.255 (£0.004); 30,
—0.280 (£0.004); 35, —0.310 (+0.003); 40, —0.320 (+0.007).
Values for decreasing temperature data: 35, —0.312 (£0.006),
30, —0.275 (£0.006); 27, —0.250(%£0.004), 25, —0.243
(£0.005), 22, —0.235 (£0.004); 20, —0.232 (£0.004); 15,
—0.227 (£0.004); 10, —0.209 (+0.004); 8, —0.207 (£0.006);
5, —0.192 (£0.006); 2, —0.195 (+£0.004); 0, —0.187 (£0.006).
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tions are plotted in Fig. 5. A most notable feature of
these measurements is the biphasic behavior of EY(T)
centered around 27°C. Similar behavior has been re-
ported for some c-type cytochromes [28,31-35] and
has been ascribed to changes in protein conformation
with change in oxidation state. Out of several mea-
surements made on iron-sulfur proteins [16-18,36—
39], there is the single report of biphasic behavior
for the [4Fe—4S] ferredoxin from the hyperthermo-
phile Pyrococcus furiosus [38]. This measurement
was based on interpretation of potentiometric EPR
spectroscopy data, and has not been reproduced by
electrochemical methods [18,39].

The temperature dependence of the protein formal
reduction potential provides a direct estimate of the
electron transfer reaction entropy, AS?;, when meas-
ured in a non-isothermal cell:

o

/ 6E / /
8% = (25 ) = (St She) 0

From the two distinct slopes for EY(T) shown in Fig.
5, the biphasic behavior in the redox reaction entro-

py gives:
ASY = —213427 Jmol ' K1, 0<t<27°C

ASY = —5824+ 150 Jmol ! K™!, 27<1<45°C

The complete electrochemical cell reaction [31]
due to Pdx reduction is: Pdx°+1/2H, —»Pdx"+H*
so that at 25°C, the cell reaction standard entropy
change is AS” =ASY—65.2 J mol™! K™!, and the
standard enthalpy and free energy changes are given
by; AHY =AG”—TAS” and AG" =—nFE". For our
measurements, these quantities are: AGY =21%5kJ
mol ™!, AS”=-278+27 J mol™! K™!, and AH" =
—62+12 kJ mol ™.

The reaction entropy we found for Pdx in the tem-
perature interval from 0°C to 27°C is in the range
reported for most other ferredoxins [9,11,17,18,36—
39], but is significantly more negative than the value
reported for most cytochromes [21,28,31-35]. Com-
paring our Pdx measurements with those for [2Fe—
28] ferredoxins that are most similar in size and func-
tion (carriers of reducing equivalents to oxygenase
redox partners), we find close agreement with the
determinations for adrenodoxin (M, =14000; E* =
—254 mV; AS% =—209 J mol™!' K'; AH" =—-57

kJ mol~! [36]), and significant differences from those
for benzene dioxygenase ferredoxin (M, =11900;
E¥=—155 mV; AS%=—10 J mol™! K™!; AH" =
—7 kJ mol™! [17]).

Next, we consider the implications of the E”(T)
measurements for understanding Pdx function as
an electron transfer protein. The protein induced ef-
fects on the iron-sulfur cluster reduction potential
include: (i) alteration of cluster geometry and sym-
metry; (i1) electrostatic effects due to unit charges,
fractional charges, and/or atomic cloud polarizabil-
ity; (iii) structural changes between oxidized and re-
duced states (reorganization energy); (iv) solvent—
cluster interactions; and (v) solvent shielding of pro-
tein—cluster electrostatic interactions [11]. Changes in
the oxidation of the cluster may cause changes in any
or all of these effects. These changes would be re-
flected in the redox reaction entropy and free energy
measurements. In particular, redox linked conforma-
tional changes have been suggested previously for the
[2Fe-2S] iron—sulfur proteins, adrenodoxin [36] and
Anabaena ferredoxin [40]. It is also possible that dif-
ferences in conformational dynamics between the
oxidized and reduced state can lead to the measured
entropy and free energy changes. This suggestion is
supported by NMR studies on Pdx in our group [6],
and in a report by Lyons et al. [14], where a signifi-
cant decrease in mobility of the protein backbone is
observed upon reduction. Such coupling between
protein dynamics and changes in oxidation state
could provide a mechanism for binding regulation
without need for large changes in conformation.

Finally, we note that the reaction entropy meas-
ured here (—213 J mol~! K™!) is more than twice as
negative as the partial entropy contribution calcu-
lated earlier [6] from N NMR backbone dynamics
measurements (—95 J mol~! K~!). This discrepancy
is in contrast to the results for cytochrome bs by
Dangi et al. [35] who found similar values for the
reaction entropy determined by cyclic voltammetry
E%(T) data on the one hand, and by ''’N NMR back-
bone dynamics on the other. Taken together, these
observations suggest that Pdx (and other ferredoxins)
is a less rigid system than monoheme cytochromes,
and that the other protein induced influences men-
tioned above are significant contributors too. This
conclusion would be in keeping with the perception
that these electron transfer proteins often must be
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flexible enough to accommodate a number of redox
partners. In the case of Pdx, both a flavin reductase
and a P450 cytochrome must be accommodated at
different points in the catalytic cycle. Tighter Pdx"
binding to CYP101 may result from a more rigid
structure thus minimizing the conformational entro-
py loss.
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