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ABSTRACT: The rate constants for the intramolecular electron transfer between the two [4Fe-4S] clusters
of a series of native and genetically engineered ferredoxins have been determined by proton magnetic
resonance (1H NMR) spectroscopy. The measurement relies on the properties of the signals assigned to
â-protons of the coordinating cysteines when the protein is substoichiometrically reduced: these signals
include coalesced peaks arising from the fast hopping of an extra electron between the two oxidized
clusters of the protein. An upper limit of significantly less than 105 M-1 s-1 for the intermolecular and
an average of the order of 5× 106 s-1 for the intramolecular electron transfer rate constants of several
ferredoxins have been obtained. Owing to the edge-to-edge intercluster distance of approximately 10 Å
derived from the crystallographic structure ofClostridium aciduriciferredoxin, the rate constant associated
with the intramolecular process is as expected for a nonadiabatic redox process, assuming a reasonable
value of less than 1 eV for the reorganization energy. The latter could not be determined from the
temperature dependence of the rate constant since no variation was observed over the temperature range
accessible in these experiments. Structural changes introduced around and between the two [4Fe-4S]
clusters inClostridium pasteurianumferredoxin by site-directed mutagenesis have been used to probe
the potential involvement of dominant electron transfer pathways between the clusters. These changes
have no major effect on the value of the intramolecular electron transfer rate constant. From this analysis,
no specific amino acid side chain seems to play a central role in the process. The rate constants derived
in the present work may serve as a basis for the study of enzymes containing two closely spaced [4Fe-4S]
clusters such as found in these ferredoxins.

The transfer of electrons is one of the most important
chemical steps in biological reactions. Long-range (i.e.,
beyond 5 Å) electron transfer (ET)1 sustains basic biological
functions, such as photosynthesis, respiration, and nitrogen
fixation (Lippard & Berg, 1994). These processes result in
a net vectorial flow of electrons over considerably long
distances in the protein matrix, across the ca. 40 Å membrane
separating lumen from stroma in the case of photosystem I,
for example (Chitnis, 1996; Brettel, 1997). Biological
systems cope with the problem of moving charges through
the protein matrix by regularly spacing various redox
cofactorsse.g., metal atoms or organic moietiessevery 5-25
Å along the way. Such design ensures efficient and highly
specific flow of electrons as required in each case. Despite
the diversity of systems obeying this schematic arrangement
and the number of studies dealing with biological ET
systems, the factors that control speed and specificity at the
molecular level are still largely unknown. One of the most
recent examples is provided by cytochromec oxidase, in
which ET from CuA to either hemesa or a3 proceeds at very
different apparent rates (Winkler et al., 1995; Einarsdo´ttir,

1995), despite the similar distances separating these redox
centers, ca. 21 and 23 Å, respectively (Tsukihara et al., 1996).

A lot of experimental work has been devoted to large and
integrated biological ET systems such as cytochromec
oxidase (Capaldi, 1996) or photosystems (Nugent, 1996),
including extensive studies on the reaction centers (Moser
et al., 1995). Despite the complexity and relative lack of
precision associated with the structures of these big mol-
ecules, the conclusions drawn from studies on the reaction
centers have led to a general model of biological ET (Moser
et al., 1995). A different approach, namely, the use of
smaller ET molecules such as cytochromes, Cu proteins, or
flavoproteins, has proved complementary and is providing
evidence that in some cases ET depends on the structural
features of the redox protein (Karpishin et al., 1994). For
the most part, these studies rely on the possibility of
engineering an artificial redox center into these molecules
besides the native cofactor and to study intramolecular ET
inside these well-characterized molecules (Gray & Winkler,
1996). A more recent approach aims at designing and
synthesizing ET proteins with specific structural properties,
the so-called ET maquettes (Robertson et al., 1994). A
common feature of all these studies is to obtain two redox
centers in a well-characterized protein framework.

These requirements are found in only a few natural
systems. Among these, ferredoxins (Fd) containing two
[4Fe-4S] clusters are particularly suitable proteins to study.
Indeed, the X-ray structures for the proteins fromPep-
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tostreptococcus asaccharolyticus(Adman et al., 1976),
Clostridium acidurici(Duée et al., 1994), andChromatium
Vinosum(Moulis et al., 1996) have been solved. Despite
the very similar structure around the two clusters (Moulis et
al., 1996) in all these simple (less than 100 amino acids)
proteins, very significant changes in the efficiency of ET
between the two clusters have been observed (Huber et al.,
1995). This family of proteins thus constitutes a valid model
to address the above-mentioned question of the factors
controlling ET rates. In addition to their thorough structural
characterization, they have been found to be amenable to
extensive genetic engineering (Davasse et al., 1995) and to
a variety of spectroscopic investigations (Johnson, 1994).
However, quantitative kinetic studies have been up to now

restricted to the intermolecular ET properties of these
molecules with various redox partners (Armstrong, 1982;
Navarro et al., 1989; Quinkal et al., 1996) because the two
[4Fe-4S] clusters, which lie at a center to center distance of
ca. 12 Å, cannot be easily distinguished spectroscopically.
The method of choice to solve this problem is1H NMR
spectroscopy: the very slight structural differences around
the two clusters induce slightly different chemical shifts of
the surrounding protons, particularly those of the coordinating
cysteines (Packer et al., 1977; Bertini et al., 1992, 1994;
Gaillard et al., 1993). This property has been used to
estimate a lower limit for the intramolecular ET rate constant
in half-reduced (one cluster oxidized, the other reduced in
the same molecule) samples (Bertini et al., 1992).
In the present work, quantitative kinetic data have been

derived for these reactions and possible effects of structural
changes around and between the two clusters have been
addressed using molecular variants ofClostridium pasteur-
ianumFd. The intramolecular electron exchange could be
physiologically relevant by establishing a vectorial flow of
electrons between the redox partners of ET chainsVia the
two [4Fe-4S] clusters of Fd (Quinkal et al., 1994; Moulis &
Davasse, 1995). In addition, this arrangement of two closely
spaced [4Fe-4S] clusters occurs in a wide range of more
complex ET systems, such as photosystem I (Chitnis, 1996),
NADH-ubiquinone oxidoreductase of the mitochondrial
respiratory chain (Walker, 1992), and various other enzymes,
such asEscherichia colidimethyl sulfoxide reductase subunit
DmsB orC. pasteurianumhydrogenase [Quinkal et al. (1994)
and references therein]. Of particular importance is the
comparison with the two [4Fe-4S] centers, denoted as FA

and FB, which act as terminal membrane-bound electron
acceptors of photosystem I. They are held by subunit PsaC,
a peptide homologous to bacterial 2[4Fe-4S] Fds, and they
have been shown by X-ray crystallography to be at a similar
intercluster distance of ca. 12 Å (Krauss et al., 1996).

EXPERIMENTAL PROCEDURES

Preparation of Proteins. RecombinantC. pasteurianum
2[4Fe-4S] Fd was produced inE. coli from a synthetic gene,
as previously described (Davasse & Moulis, 1992; Moulis
et al., 1994). Site-directed mutagenesis by oligonucleotide
modular replacement was used to obtain molecular variants
(Gaillard et al., 1993; Quinkal et al., 1994).C. aciduriciFd
was isolated as previously described (Gaillard et al., 1986).
NMR Spectroscopy.The preparation of Fd for NMR

experiments has already been presented (Gaillard et al.,
1993). For measurements of intramolecular ET rate con-

stants, protein samples (0.5-2.2 mM) were in 20 mM
potassium phosphate buffer, pH 8.2, containing 10% D2O.

1H NMR experiments were carried out at 298 K, unless
stated otherwise, on a Varian 500 MHz Unity Plus spec-
trometer as previously described (Huber et al., 1995). The
values of the transverse relaxation timesT2 were determined
from the line widths and an average precision of 10% on
these values was estimated, although larger errors may be
associated with some shifted resonances in the spectra of
the reduced or semireduced proteins.
Other Methods. The thermal stability of 2[4Fe-4S] Fd was

estimated as in previous work (Quinkal et al., 1994). The
search for favorable ET pathways between the clusters of
2[4Fe-4S] Fd has been carried out using the highest resolu-
tion structural model published forC. aciduriciFd (Duée et
al., 1994) with the program Greenpath v0.97 (Regan et al.,
1995) implementing the electronic coupling dependencies
previously estimated (Regan et al., 1993).

RESULTS

EVidence for ET Reactions in1H NMR Spectra.The 1H
NMR spectra of oxidized, 2[4Fe-4S]2+, and reduced, 2[4Fe-
4S]+, C. pasteurianumFd have already been reported
(Phillips & Poe, 1973; Gaillard et al., 1987, 1993; Bertini et
al., 1990, 1992). When the oxidized protein is reduced by
less than two electrons, the spectrum is not the mere
superimposition of the spectra of the oxidized and reduced
protein (Figure 1). The resonances of the fully reduced and
fully oxidized species are complemented by additional signals
that appear at intermediate chemical shifts between those of
the signals of the oxidized and reduced protein. The most
shifted signals of Figure 1 were assigned to theâ-protons
of the coordinating cysteines (Packer et al., 1977; Bertini et

FIGURE 1: Low-field part of the1H NMR spectra ofC. pasteur-
ianumferredoxin: upper spectrum, fully oxidized protein; middle
spectrum, semireduced; lower spectrum, fully reduced. The positions
of some of the intermediate peaks are starred.
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al., 1992), whichsowing to the magnetic moment of the
[4Fe-4S]1+/2+ clusterssare shifted outside the diamagnetic
envelope and well resolved. Cross-correlations between
peaks for the oxidized, reduced, and half-reduced species at
an intermediate redox level of the protein by EXSY experi-
ments (Bertini et al., 1994) extended the complete assign-
ments of theâ-protons of the coordinating cysteines of the
oxidized protein to the other redox levels. These observa-
tions indicate that the spectroscopic features specific to the
intermediate redox level can be interpreted as due to
fastscompared to the resonance frequency difference of the
signals for the fully reduced and oxidized speciesselectron
exchange between the clusters. The spectra of semireduced
2[4Fe-4S] Fd are thus the combination of the intrinsic spectra
of the protein at two different redox levels (oxidized and
reduced) with kinetic redox processes potentially involving
both inter- and intraprotein ET.

Intermolecular Electron Exchange. The occurrence of
chemical exchange, such as the ET reactions described above,
influences both the chemical shifts and relaxation times of
the NMR signals (Sandstro¨m, 1982). The different NMR
regimes observed in electron-transfer proteins and the
information derived in each case have been recently sum-
marized (Gaillard et al., 1996). In the case of the intermedi-
ate redox level in Figure 1 the resonances already observed
in the spectra of the fully reduced or fully oxidizedC.
pasteurianumFd correspond to subpopulations of the mixture
that contain either two reduced or two oxidized clusters.
These species take part in intermolecular ET with other
components of the mixture as evidenced by EXSY experi-
ments, a process that may broaden the corresponding peaks.
However, neither broadening nor chemical shift effects have
been observed as a function of the concentrations of these
subpopulations within the limits of the accuracy of the peak-
width measurements. Therefore, the rates of (intermolecular)
electron exchange involving these species are not kinetically
significant when compared to the transverse relaxation rates
of the oxidized or reduced signals observed in Figure 1. The
large chemical shift separation between correlated peaks of
different redox levels translates into second-order rate
constants smaller than 105 M-1 s-1. This value decreases
by almost one order of magnitude if the precision of the
NMR line widths is supposed to hinder the observation of
the broadening effect.

Intramolecular Electron Transfer. When the resonance
frequency difference between the signals of the same proton
in two redox environmentssfully reduced and fully
oxidizedsis smaller than the rate of electron exchange, the
two signals are coalesced as observed in Figure 1. The
positions and line widths of these coalesced peaks depend
neither on the concentration of protein nor on that of the
subpopulation of molecules containing one cluster reduced
and one oxidized, as observed, for example, during the redox
titration of the protein. Therefore, the existence of these
intermediate resonances reflects the intramolecular ET oc-
curring between the two clusters without significant contri-
bution from intermolecular processes.

The chemical shifts (δint) and the transverse relaxation
times (T2int) of these relatively broad coalesced peaks are
given by the following equations (Gaillard et al., 1996):

where fox is the fraction of time the cysteinyl proton is in
the oxidized environment (i.e., cluster coordinated by this
cysteine oxidized in 2[4Fe-4S] Fd),fred is the fraction of time
that the proton is in a reduced environment (adjacent cluster
reduced),k is the first-order rate constant for intramolecular
electron exchange, andT2ox/red are the transverse relaxation
times andνox/red the resonance frequencies of the signal in
the oxidized and reduced environments without exchange.
It follows from eq 1 and from the fact that for a given proton
fox + fred ) 1 that

In eqs 1 and 2 the chemical shift and transverse relaxation
time of the intermediate signal resulting from fast exchange
depend on the corresponding parameters of the signals for
the oxidized and reduced states. The relevantδox(red) and
T2ox(red) in these equations should be associated with states
in which one cluster is oxidized and the other reducedin
the absenceof exchange. Such conditions cannot be
generated and these parameters cannot be measured. No
direct evidence for changes in the chemical shifts or
relaxation times of a signal belonging to one ligand of one
cluster as a function of the redox level of the other cluster
of the same molecule is available for the ferredoxins studied
herein, although some experimental results (Benelli et al.,
1994) might be interpreted by implicating such changes. We
have assumed here thatδox(red) andT2ox(red) are the same as
the ones for theexclusiVely oxidized or reduced species. In
other words, the oxidation state of the second cluster is
supposed not to affect the chemical shifts and the relaxation
times of the signals of protons surrounding the first. Results
on the temperature dependence offox andfredpresented herein
appear to sustain this assumption, at least for chemical shifts
(see below).
In line with previous publications, we label the cluster

coordinated by Cys-8, Cys-11, Cys-14, and Cys-47 as cluster
I and the one coordinated by Cys-37, Cys-40, Cys-43, and
Cys-18 as cluster II (Figure 2). Equation 2 implies that the
most accurate values fork will be obtained from signals
whose difference in chemical shifts between fully reduced
and fully oxidized proteins is maximum and for which the
intermediate peak is well resolved.
In C. pasteurianumFd the protons that meet both these

criteria are Hâ2C40, Hâ1C43, and Hâ2C47. In the case of
Hâ2C40 the difference (∆δ ) δred- δox) may not be as large
(21.6 ppm at 298 K) as for other peaks but the intermediate
peak Hâ2C40int is well resolved. In contrast,∆δ is larger
for Hâ2C47 and Hâ1C43 (>40 ppm) but Hâ2C47int and Hâ1-
C43int overlap with other signals over part of the temperature
range. The most suitable protons in the case of other proteins
have been determined accordingly. The relevant parameters
concerning these protons along with the calculated rate
constantsk are listed in Table 1. Similar rate constants have
been measured in buffer prepared with 90% H2O or 90%
D2O.
The intramolecular electron-transfer rate constant ofC.

pasteurianumFd has been determined over the 283-308 K
temperature range accessible in these experiments and has
not been found to vary (Figure 3). Indeed, if the errors

1/T2int ) fox/T2ox + fred/T2red+ foxfredk
-1[2π(νox - νred)]

2

(2)

fox ) (δred- δint)/(δred- δox) (3)

δint ) foxδox + fredδred (1)
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associated with the measurements are taken into account,
an upper limit, and most probably a significantly overesti-
mated one, of 1.5-fold increase can be evaluated between
283 and 308 K. The results shown in Figure 3 suggest that

it is more realistic to considerk as temperature-independent.
Parameters f: Estimation of Reduction Potential Differ-

ences.The chemical shifts of theâ-protons of the coordinat-
ing cysteines inC. pasteurianumFd for the fully reduced,
fully oxidized, and semireduced levels givefox by eq 3 (Table
1). This is a measure of the difference (∆E°) of the reduction
potentials between the two clusters, and the driving force
(∆G°) associated with the intramolecular electron exchange
can be estimated (Table 1). Of particular note is the fact
that thefox values get nearer to 0.5 when the temperature is
increased (Figure 4). The intermediate peaks would then
occur approximately midway between the resonances of the
same proton in the fully oxidized and fully reduced protein
at high temperature. This observation suggests that the
chemical shifts of eq 3 used in the calculations are reasonable
and supports the assumption made above forC. pasteurianum
Fd about the actual values ofδox(red) in eq 2 for the
calculations ofk (Table 1).
Intramolecular ET Rate Constants in Related Proteins.

Since a relatively accurate estimate of the intramolecular ET
rate constant in 2[4Fe-4S] Fd could be obtained, it was of
interest to investigate whether structural changes introduced
around the clusters would affect these values. First, the
homologous Fd fromC. acidurici gave a value similar to
that determined forC. pasteurianumFd (Table 1). These
two proteins share a series of aliphatic residues surrounding
the clusters and contributing strongly to shield the active sites
from the solvent (Adman et al., 1976; Due´e et al., 1994).
Among them, I23 lies between the clusters and its interac-
tions with them have been suggested as important in the
intramolecular communications (Due´e et al., 1994). V20 and
P19 participate in building the hydrophobic environment for

Table 1: Intramolecular Electron Transfer Rate Constants and Reduction Potential Differences between the Two Clusters of Ferredoxinsa

CpFd CaFd I23V V20R P19K F30I

δox (ppm) 13.25 13.7 16.52 16.01 16.1 13.7
δint (ppm) 28.91 32.57 39.20 46.11 38.4 34.3
δred (ppm) 56.72 56.24 62.19 57.50 59.9 63.9
fox (%) 64 56 50 27 50 59
fred (%) 36 44 50 73 50 41
1/T2ox (Hz) 134 271 221 224 223 144
1/T2int (Hz) 1005 972 1413 1680 1306 1941
1/T2red (Hz) 556 314 650 1290 757 672
kintra(×10-6 s-1) 6( 1.3 6.5( 1.3 5.3( 1 4.9( 2 5.8( 1.5 4.0( 1.5
∆E° (mV) 15 6 0 26 0 10

a These data were obtained for Hâ2C47 in the cases of the native ferredoxins fromC. pasteurianum(Cp) andC. acidurici (Ca) and of the F30I
variant ofCpFd. In the cases of the other variants ofCpFd, Hâ1C43 was used instead. Therefore,fox refers to the fraction of time cluster I is
oxidized in the former cases and to the fraction of time it is reduced in the latter.

FIGURE 2: Folding ofC. acidurici ferredoxin. The two [4Fe-4S]
clusters and the residues ofC. pasteurianumferredoxin substituted
in this work are highlighted.

FIGURE 3: Variation of the intramolecular ET rate constant forC.
pasteurianum ferredoxin with temperature. The values were
calculated for the Hâ2C47 (crosses) and Hâ1C43 (diamonds) protons.
The error bars are estimated as described under Experimental
Procedures.

FIGURE 4: Variation of the parameterfox for C. pasteurianum
ferredoxin with temperature. Squares, data from the Hâ2C40 proton
(cluster II); circles, data from the Hâ2C47 proton (cluster I).
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cluster II, as Y30 (F inC. pasteurianumFd) does for cluster
I (Carter, 1977). All these residues (Figure 2) may be
important for the function of the protein, as already probed
for some of them (Quinkal et al., 1994).
A series of plasmids in which the codon for I23 was

replaced by those for P, G, A, V, L, E, Q, R, F, M, T, or S
have been generated. Among them, only those encoding the
I23L and I23V forms produce recombinant proteins. The
I23L and I23V variants contain the two [4Fe-4S] clusters
but are less stable than the native form (Table 2). The above
observations indicate that the hydrophobic side chain of I23
has an important stabilizing role for the protein. However,
the structural changes witnessed by the decreased stability
of I23V do not translate into a significantly different
intramolecular ET rate constant (Table 1).
In contrast to I23, V20 is a position inC. pasteurianum

Fd that can be substituted by G, A, H, or R. Only the variant
V20P displaying two successive proline residues could not
be purified. Although small chemical shift differences for
the cysteinyl signals assigned to Hâ2C43 and Hâ2C18 were
detected in the NMR spectra of V20R (Table 3), the
intramolecular ET rate constant did not significantly change
from that of the native form (Table 1). Similarly, the
previously obtained P19K (Gaillard et al., 1993) and F30L
(Quinkal et al., 1996) variants displayed rate constants in
the same range (Table 1).

DISCUSSION

Structural Variations among Molecular Variants.The
present1H NMR study of 2[4Fe-4S] ferredoxins has given
access to quantitative kinetic data for the ET process
occurring between the two clusters. It confirms the lower
limit of 105 s-1 estimated previously forC. pasteurianum
Fd (Bertini et al., 1992). It is noteworthy that the slight
structural changes introduced by site-directed mutagenesis
of C. pasteurianumFd or by use of another natural protein

(Table 1) do not drastically modify this value. The fact that
indeed structural changes are introduced in these molecular
variants is borne out by the clear detection of differences in
chemical shifts for the1H NMR signals associated with the
cysteinyl Hâ of the ligands (Table 3). These values are good
reporters of the detailed geometry of the ligands and of the
electronic distribution on the clusters (Mouesca et al., 1993;
Bertini et al., 1994; Huber et al., 1995), and the origin and
nature of the structural changes have been established in
detail for P19K (Quinkal et al., 1994).
In the case of the I23-substitutedC. pasteurianumFd

variants, additional large destabilizing effects result from
removal of the hydrophobic terminalδ-methyl of isoleucine
and neither polar, charged, nor bulkier side chains could
replace that of isoleucine. These observations strongly
indicate that I23 is one of the main contributors to the
hydrophobic effect stabilizing this kind of protein. More-
over, although I23V (and I23L) could efficiently be pro-
duced, I23A could not. Considering the structure of 2[4Fe-
4S] Fd around I23 (Due´e et al., 1994), this is an example of
cavity-creating changes introduced by site-directed mutagen-
esis. Such experiments have been carried out with several
proteins [Fersht and Serrano (1993) and references therein]
and led to the consensus that each methylenic group of
aliphatic side chains contributes an average of 1.3 kcal/mol
in conformational stability through the hydrophobic effect
(Kellis et al., 1988; Eriksson et al., 1992; Pace, 1992). In
the case ofC. pasteurianumFd, the inability to produce
recombinant I23A correlates with its complete destabilization
(Moulis et al., 1994) and gives an estimate of about 4 kcal/
mol for the free energy difference between the folded and
unfolded conformations ofC. pasteurianumFd. Although
this value is a very rough estimate, it confirms the very poor
stability of 2[4Fe-4S] Fd of the kind discussed herein when
compared to most other studied proteins, even of similar
sizes, which display conformational stabilities well above 5
kcal/mol.
Comparison between Measured and Predicted ET Rate

Constants. Considering that ET reactions in proteins result
from electron tunneling and nuclear rearrangements (Marcus
& Sutin, 1985), the rate constant for a nonadiabatic process
is given by

In this equation∆G° is the driving force,λ is the reorganiza-
tion energy, andVR is the electronic coupling.h ()2πp)
andKB are the Planck and Boltzmann constants, respectively.
The reorganization energy is a measure of the structural
rearrangements occurring when the redox system changes
its oxidation state. In the case of a redox metalloprotein
there are contributions from the redox cofactors (inner
reorganization energyλi) and the rest of the protein molecule,
including the solvent (outer reorganization energyλo).
(i) Homogeneous Mediation of Electron Transfer.On the

basis of the observation that the optimal (i.e.,-∆G° ) λ)
ET rate constants measured in many redox systems vary
exponentially with the distanceR separating the redox
cofactors (Moser et al., 1992), the electronic coupling decay
has been proposed not to depend on the structural features
of the intervening protein medium: a linear dependenceVR2

) V02 exp[-â(R- R0)] has been obtained, whereV02 is the

Table 2: Kinetic Constants for Thermal Denaturation ofC.
pasteurianumFd I23 Variantsa

native Fd I23L I23V

k (% h-1) 1.8 4.8 3.6
a These values were determined at 55°C under anaerobic conditions

as previously described (Quinkal et al., 1994).

Table 3: Chemical Shift Differences for Selected Cysteinyl Protons
Induced by Site-Directed Mutagenesisa

proton δ native ∆δ P19K ∆δ F30I ∆δ V20R ∆δ I23V

Hâ1C43 60.51 -5.4 -3.3
Hâ2C47 56.87 +7.13
Hâ2C8 55.00
Hâ1C8 40.96 +4.5
Hâ2C40 38.48 +7.0
Hâ2C11 34.07 +5.4
Hâ1C40 33.61 +9.2
Hâ2C37 28.26 -3.4 +3.8
Hâ1C47 26.90
Hâ2C18 24.98 +5.9 +10
Hâ1C14 25.47

aChemical shifts in parts per million were measured at 295 K for
fully reduced proteins. For molecular variants ofC. pasteurianum
ferredoxin, only chemical shift differences (mutated form-native) larger
than 3 ppm are reported. Assignments were initially proposed by
Bertini et al. (1994).

k) 2π/pVR
2(4πKBλT)-1/2 exp[-(-∆G° - λ)2/4KBλT]

(4)
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electronic coupling at van der Waals contact (R0) andâ )
1.4 Å-1 is the distance decay coefficient ofVR2. Equation 4
was thus simplified for room-temperature rates to

where (-∆G° - λ)2/λ is expressed in electron volts and
distanceR in angstroms (Moser et al., 1995).
The driving force for the intramolecular electron exchange

in 2[4Fe-4S] Fd is very small and does not correlate with
the measured rate constants (Table 1, Figures 3 and 4). Thus,
a value∆G° ) 0 has been assumed in the following.
The reorganization energyλ is very difficult to determine

experimentally since the most satisfactory experimental
method is to construct plots of ratek against∆G° and obtain
λ at the maximum of the parabolic curve (eq 4). Studies of
this type have only been performed for a few systems and
an upper limit of 1.3 eV forλ in redox proteins has been
deduced (Moser et al., 1992; Gray & Winkler, 1996). A
range of values between 0.5 and 1.0 eV has been considered
here: using the average of theshortestdistances between
the Fe atoms of the two [4Fe-4S] clusters (10 Å), eq 5 gives
a range of theoretical rate constants between 1.0× 106 and
3.5 × 107 s-1, in good agreement with the experimental
values listed in Table 1.
(ii) Dominant ET Pathways. Some experimental evidence

in other systems does not obey the simplified relationship,
eq 5, and has led to the proposal that there might be specific
electron transfer pathways that dominate the electronic
coupling between redox sites (Gray & Winkler, 1996).
Accordingly, physicochemical considerations about the
donor-acceptor interaction have assisted the building of
numerical algorithms designed to determine favorable ET
pathways through the structural details of the intervening
medium (Onuchic et al., 1992; Regan et al., 1993).
In the present case of 2[4Fe-4S] Fd we have carried out

this type of analysis on the 1.84 Å resolution model available
for C. aciduriciFd (Duée et al., 1994). If the two equivalent,
exclusively through-bond, pathways encompassing two cys-
teine side chains and the main chain of either of the 14-18
or 43-47 segments that link the two clusters are taken as
references (Figure 5), a few pathways including through-
space “jumps” are predicted to be more efficient. Among
these pathways, the best ones evidently contain only one
jump. The single through-space connection may occur
between the Hâ2 of cysteines 14 and 43, between Cys14O
and Cys18HN (a predicted H-bond), or between Cys43O and
Cys47Hâ2. If two jumps are considered, they occur between
Cys14Hâ2 and Ile23HCδ and between the latter proton and
Cys18Hâ2 in the most efficient predicted pathway involving
a side-chain atom other than one belonging to a cysteine
(Figure 5).
The immediate conclusion from these calculations is that

the electronic coupling between the two clusters is largely
independent of the nature of the residues building the protein.
Only when two energetically costly through-space interac-
tions are considered may a side chain (Ile23) be important
in the reaction. However, such a possibility cannot be
completely dismissed on theoretical grounds. Isoleucine 23
is one of the most conserved residues among the family of
clostridial 2[4Fe-4S] Fd and has been proposed to influence
the interactions between the clusters (Due´e et al., 1994). The
removal of theδ methyl group of this residue clearly does

not change the ET rate constant between the clusters (Table
1) and indicates that electronic coupling directly involving
side-chain atoms is unlikely to be important in these proteins.
The influence of side-chain substitutions on the intra-

molecular ET rate constant has thus to be analyzed through
the potential changes they may introduce into the structure
between the clusters, i.e., to the conformations of the
cysteinyl ligands or of the backbone linking the clusters. The
latter segments (residues 14-18 and 43-47) fold as distorted
helical turns (Due´e et al., 1994). No evidence for strong
movements of these parts of the molecule has been found
either by 1H NMR in the case of the molecular variants
investigated herein (Quinkal et al., 1994; data not shown)
or by EPR (Gaillard et al., 1993; data not shown), and their
conservation may well be a very important feature for the
stability of the molecule. This is not true for the slight
conformational changes of the cysteinyl side chains witnessed
by chemical shift differences (Gaillard et al., 1993; Table
3). However, the present ET rate constant measurements
indicate that the changes in the detailed conformation of the
cysteines are not enough to significantly affect the electronic
coupling between the clusters (Table 1).
Therefore, the main outcome of the above analysis is that,

as long as the relative geometric relationship between the
clusters is preserved, the electronic coupling between them
is unlikely to vary significantly. However, the components
of reorganization energy contribute also to ET rate constants
and have to be examined.
Reorganization Energy and Effect of Temperature on the

Rate Constant. The results in Figure 3 show that the
intramolecular ET rate constant between the clusters ofC.
pasteurianum2[4Fe-4S] Fd is hardly, if any, dependent on
the temperature between 283 and 308 K. However, care
must be taken for the interpretation of temperature effects
because all three parameters in eq 4, namely, electronic
coupling, driving force, and reorganization energy, can be
temperature-dependent (Hoffman & Ratner, 1996; Ortega et
al., 1996). Moreover, the form of eq 4 might not be adequate

FIGURE5: Structural details between the two clusters ofC. acidurici
ferredoxin illustrating the most efficient coupling pathways gener-
ated by the Greenpath program. Bold and normal dashed lines
indicate hydrogen-bond and through-space jumps, respectively.

log k) 15.2- 0.61R- 3.1(-∆G° - λ)2/λ (5)
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for the description of the system at very low temperatures
and, more generally, if the energy of nuclear motions,hω,
associated with ET is large compared to thermal energy,KBT
(Moser et al., 1992; Barbara et al., 1996). It is clear from
Figure 3 that the magnitude of the reorganization energyλ
associated with long-range ET between the clusters of 2[4Fe-
4S] Fds cannot be measured by the temperature dependence
of the rate constants. The experimental determination ofλ
will require the implementation of other methods.

Before this goal is reached, it is worth noticing that the
delocalization of electrons over the [4Fe-4S] clusters is
expected to result in a small inner reorganization energyλi.
This suggestion is supported by the limited structural
differences occurring between the oxidized and reduced
levels of model compounds (Berg et al., 1979; Reynolds et
al., 1980). A similar argument concerning a smallλi due to
electron delocalization has been put forward in the numerous
cases of ET metalloproteins containing polynuclear clusters,
such as, for instance, the dinuclear CuA site of cytochrome
c oxidase (Ramirez et al., 1995) or the octanuclear P-clusters
of nitrogenase (Kim & Rees, 1994). However, for many
biological redox processes the contribution ofλo might be
the most important one, especially for proteins bearing a high
total charge and being highly polar (Moulis & Davasse,
1995), as in the case of 2[4Fe-4S] Fd.

Implications for Related Systems and Conclusions. The
good agreement between the experimental data for the
intramolecular ET in 2[4Fe-4S] Fd and eq 5 on one hand,
and the nearly constant value for several molecular variants
of C. pasteurianumFd on the other hand, suggest that
electron exchange is mainly controlled by the distance
between clusters in this family of redox proteins. One could
then propose that the theoretical rate constant for the electron
exchange without driving force between FA and FB in the
PsaC subunit of photosystem I should be of the same order
of magnitude. In this case, however, the fact that the system
is membrane-bound, the presence of additional subunits and
redox cofactors, and the significant driving force (-60 meV,
Brettel, 1997) between the two clusters should affect the rate
of exchange. In fact, recent studies have addressed this
question and values of 3.3× 104 s-1 and>7× 105 s-1 have
been proposed based on flash-induced voltage changes
(Sigfridsson et al., 1995) and studies on a covalent complex
of PS I and its soluble redox partner ferredoxin (Lelong et
al., 1996), respectively. The spread of these values shows
the difficulty in resolving the ET process between FA and
FB in photosystem I. The data presented here suggest that
the ET rate constant between the two [4Fe-4S] clusters linked
by stretches of three amino acids as found in many biological
systems should be around 5× 106 s-1 and relatively
independent of the protein considered, when the two clusters
have similar reduction potentials. However, this generaliza-
tion contrasts with the experimental evidence obtained with
ChromatiumVinosum2[4Fe-4S] Fd, for which a significantly
decreased rate constant has been estimated (Huber et al.,
1995) despite the very similar geometry of the protein around
the clusters (Moulis et al., 1996) when compared with the
Fd from C. acidurici (Duée et al., 1994). Therefore, the
intramolecular electron exchange in 2[4Fe-4S] Fd, in the
absence of driving force, might have additional regulating
mechanisms, and studies are currently underway in an effort
to define the nature of such possible mechanisms.
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