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ABSTRACT: Rieske [2Fe-2S] clusters can be classified into two groups, depending on their reduction
potentials. Typical high-potential Rieske proteins have pH-dependent reduction potentials between+350
and +150 mV at pH 7, and low-potential Rieske proteins have pH-independent potentials of around
-150 mV at pH 7. The pH dependence of the former group is attributed to coupled deprotonation of the
two histidine ligands. Protein-film voltammetry has been used to compare three Rieske proteins: the
high-potential Rieske proteins fromRhodobacter sphaeroides(RsRp) andThermus thermophilus(TtRp)
and the low-potential Rieske ferredoxin fromBurkholderiasp. strain LB400 (BphF).RsRp andTtRp
differ because there is a cluster to serine hydrogen bond inRsRp, which raises its potential by 140 mV.
BphF lacks five hydrogen bonds to the cluster and an adjacent disulfide bond. Voltammetry measurements
between pH 3 and 14 reveal that all the proteins, including BphF, have pH-dependent reduction potentials
with remarkably similar overall profiles. Relative toRsRp andTtRp, the potential versus pH curve of
BphF is shifted to lower potential and higher pH, and the pKa values of the histidine ligands of the oxidized
and reduced cluster are closer together. Therefore, in addition to simple electrostatic effects onE and
pKa, the reduction potentials of Rieske clusters are determined by the degree of coupling between cluster
oxidation state and histidine protonation state. Implications for the mechanism of quinol oxidation at the
QO site of the cytochromebc1 andb6f complexes are discussed.

Rieske iron-sulfur [2Fe-2S] clusters play important roles
in the respiratory and photosynthetic quinol/cytochromec
oxidoreductases (the cytochromebc1 andb6f complexes) and
in bacterial oxygenases, such as those involved in the
catabolism of aromatic compounds (1). The Rieske clusters
from the cytochromebc1 andb6f complexes are distinguished
by their high and pH-dependent reduction potentials (2-5),
whereas the Rieske clusters from dioxygenase-associated
ferredoxins have lower, pH-independent, potentials (6, 7).
At pH 7, Rieske cluster potentials span over 600 mV. The
highest reported value,+490 mV at low pH, is from the
cytochromebc1 complex of the acidophilic proteobacterium,
Thiobacillus ferrooxidans(8). More typically, Rieske cluster
potentials range from+350 mV for a ubiquinol or plasto-

quinol oxidizing cytochromebc1 or b6f complex to-150
mV for a Rieske-type ferredoxin (1).

In Rieske clusters, two histidine ligands coordinate the
redox-active iron center (9-11). At low pH, these ligands
are formally uncharged. However, it is generally accepted
that in the high-potential proteins they deprotonate as the
pH is increased, rendering the reduction potential pH-
dependent (4, 12-14). For the high-potential Rieske cluster
from Thermus thermophilus, TtRp,1 the decrease in reduction
potential that occurs when both histidines deprotonate is
approximately 440 mV (15). In contrast, [2Fe-2S] clusters
that are ligated by four cysteine ligands have pH-independent
reduction potentials: their ligands are always negatively
charged, and the clusters have the same charge as a fully
deprotonated Rieske cluster.

The high reduction potentials of respiratory-type Rieske
centers are essential for energy transduction since they must
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be high enough to initiate the catalytic oxidation of bound
quinol at the QO site (16). Point mutations, which decrease
the reduction potential, also decrease the catalytic activity,
suggesting that quinol oxidation by the Rieske cluster may
be the rate-determining step in catalysis (17-19). Further-
more, the Rieske proteins from quinol/cytochromec oxi-
doreductases that oxidize menaquinol, rather than ubiquinol
or plastoquinol, have reduction potentials that are decreased
by approximately 150 mV, in line with the different quinone
potentials (20).2 This illustrates that it is essential to tune
the cluster reduction potential to optimize its physiological
role. It has also been proposed that deprotonation of one of
the histidine ligands is essential to the oxidoreductase
function: that the Rieske cluster extracts a proton, as well
as an electron, from bound quinol (16, 19, 22, 23). Therefore,
the histidine pKa values may also be mechanistically
important. In the oxidized state, the lowest histidine pKa value
is typically 7.5, four to five units lower than in the reduced
state (14, 15). Consequently, at physiological pH, the
reduction of a deprotonated Rieske cluster is strongly
coupled, thermodynamically, to its reprotonation.

How the high potentials, and the low histidine pKa values,
of Rieske clusters in quinol/cytochromec oxidoreductases
are determined is not fully understood. The overall structure
of the cluster binding subdomain is highly conserved between
both high- and low-potential Rieske proteins, and the clusters
are exposed to solvent to a similar degree (11, 24-27). A
disulfide bridge is adjacent to the cluster in only the high-
potential proteins but is unlikely to exert a significant effect
on reduction or deprotonation (28). Several conserved
hydrogen bonds, from amino acid side chains and main-chain
amides, interact with the high-potential clusters and contrib-
ute to their increased reduction potentials (11, 17, 18, 26,
27). However, it is not clear how much they affect the
histidine pKa values. Moreover, the lack of pH-dependence
in the low-potential proteins, throughout the physiological
region, appears inconsistent with the solvent exposure of their
histidine residues. Although a comprehensive understanding
of coupled electron-proton transfer is crucial for the
elucidation of energy transduction mechanisms, how electron
transfer is coupled to proton transfer at Rieske clusters has
not been addressed directly. Iron-sulfur clusters are also
implicated in coupled proton-transfer reactions in respiratory
complex I (NADH/quinone oxidoreductase) (29), nickel-
iron (30) and iron-only (31) hydrogenases, and nitrogenase
(32), and many enzymes contain active sites at which proton-
coupled redox reactions occur. In contrast, low-potential
Rieske-type ferredoxins are simple electron-transfer proteins,
not adapted for coupled proton transfer.

Protein-film voltammetry (PFV) was used previously to
characterize the respiratory-typeTtRp (15). Reversible vol-
tammetric signals spanning a wide potential range were
observed between pH 3 and 14, allowing the thermodynamics
of cluster reduction and histidine deprotonation to be
described comprehensively. The potential is pH-independent
at low pH, where both histidines are protonated, and at high
pH, where both histidines are deprotonated. The histidines
deprotonate at pH 7.85 and 9.65 in the oxidized cluster and

at approximately pH 12.5 in the reduced cluster. Therefore,
between pH 7.85 and 9.65, one proton is released when the
cluster is oxidized, but between pH 9.65 and 12.5, two
protons are released. The thermodynamic coupling between
reduction and protonation is significant: the reduction
potential decreases by almost 450 mV from its acid limit to
its alkaline limit.

Herein, we describe the use of PFV to compare the redox
behavior of three different Rieske proteins,RsRp,TtRp, and
BphF. RsRp, the Rieske cluster from the cytochromebc1

complex ofRhodobacter sphaeroidesis a high-potential, pH-
dependent Rieske protein from a ubiquinol oxidizing enzyme.
TtRp is from a menaquinol oxidizing cytochromebc1

complex and therefore has a lower, pH-dependent reduction
potential. BphF, a low-potential Rieske protein, is the soluble
ferredoxin associated with the biphenyl dioxygenase of
Burkholderiasp. strain LB400. Each Rieske cluster potential
is reported over a wide range of pH values and is used to
define the electron and proton affinities. In conjunction with
known structural information, a detailed picture is constructed
of how the reduction potentials and pKa values of Rieske
clusters are determined.

EXPERIMENTAL PROCEDURES

Protein Preparation. RsRp was isolated intact from the
cytochromebc1 complex; the hydrophobic N-terminal do-
main was retained. The cytochromebc1 complex was
prepared as described previously (33). For fractionation, it
was exchanged into a solution containing 10 mM CAPS and
0.01% DM (n-decyl-â-D-maltoside) at pH 12, incubated on
ice for 30 min, and filtered using a Centriplus centrifugal
concentrator with a cutoff of 50 kDa. The Rieske protein
was contained in the filtrate. It was exchanged into 20 mM
histidine, pH 7.5, 0.5 mM EDTA, 1% glycerol (v/v), and
500 mM KCl and concentrated with a 7 kDa cutoff
concentrator. The soluble domain (residues 38-210) of the
Rieske protein fromT. thermophilus(TtRp), and BphF, were
heterologously expressed and purified as described previously
(7, 26).

Protein-Film Voltammetry.Reduction potentials were
measured using PFV as described previously (28, 34).
Briefly, the protein was applied directly to a freshly polished
pyrolytic graphite edge electrode surface and then placed
into solution in an all-glass cell. The cell was thermostated
and encased in a Faraday cage and an anaerobic glovebox
(O2 ∼1 ppm, Belle Technology, Portesham, UK). Analogue-
scan cyclic voltammetry was performed using an Autolab
electrochemical analyzer (Eco-chemie, Utrecht, The Neth-
erlands). Data were analyzed using Fourier transformation
and an in-house analysis program (courtesy of Dr. H. A.
Heering). Solution pH values were controlled using mixtures
of four of the following buffers (total concentration, 40
mM): 10 mM sodium acetate, HEPES, MES, TAPS, CAPS,
and sodium phosphate, depending on the pH. Volumetric
solutions of NaOH were used above pH 13. All standard
reagents were supplied by Fluka or Merck-BDH. The pH of
each solution was checked immediately following measure-
ment; 1 M NaOH was used as a pH 14 standard. The effects
of high Na+ concentration were corrected using standard
formulas (35).

2 The reduction potentials of plastoquinone, ubiquinone, and
menaquinone are estimated to be+110, +70, and-60 mV at pH 7,
respectively (20, 21).
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RESULTS

ReVersible Protein-Film Voltammetry (PFV) Measure-
ments.All three Rieske proteins,RsRp, TtRp, and BphF,
could be adsorbed directly to a freshly polished pyrolytic
graphite edge (PGE) electrode. Upon cycling of the electrode
potential, clearly defined oxidation and reduction peaks were
observed; these signals were not present in the absence of
adsorbed protein. Typical examples for each protein, at pH
7 and 14, are shown in Figure 1, where raw data are
displayed alongside the normalized peaks obtained by
correction for the electrode background. Peak half-height
widths and separations were close to their ideal Nernstian
values and did not decrease if the scan rate was decreased.
Therefore, the voltammetry is reversible, the interfacial
electron transfer is facile, and the layer of adsorbed protein
is thermodynamically homogeneous.3 Protein surface cover-
ages were maximally 2.5× 10-11, 2.2 × 10-11, and 1.4×
10-11 mol cm-2 for RsRp, TtRp, and BphF, respectively,

consistent with the formation of a monolayer or submono-
layer of protein. The reduction potential is the average
potential of the forward and reverse peaks of Figure 1. In
each case, the reduction potentials are ionic-strength de-
pendent, particularly at low pH, as described previously for
TtRp (15). The ionic-strength dependence is believed to be
due to changes in the protein charge with pH (34, 36), an
effect that can be dampened-out by high ionic strength.
Therefore, all the data reported here were obtained in 2 M
NaCl, to display only the intrinsic pH-dependent properties
of the Rieske clusters.

Potentials Measured by PFV Correspond Closely to Those
Measured in Solution.The close correspondence of potentials

3 Interfacial electron transfer to the BphF cluster is less rapid than
to theRsRp andTtRp clusters since (i) peak separations are 40 mV at
20 mV s-1 (as compared to 15 and 25 mV forRsRp and TtRp,
respectively) and (ii) at scan rates above 10 V s-1, no clear redox signals
could be observed. ForTtRp andRsRp, signals remained obvious at
scan rates above 1000 V s-1.

FIGURE 1: Voltammograms recorded for each Rieske protein, adsorbed on the electrode surface, in solutions of pH 7 and 14 (RsRp: 7.05,
14.0;TtRp: 7.09, 14.0; BphF: 6.95, 14.0). The raw data are displayed alongside background subtracted signals, which have been corrected
for the effects of electrode capacitance and surface reactions, and which are adjusted in magnitude such that a theoretically shaped (Nernstian)
peak would have an amplitude equal to they-axis span. Therefore, peak areas on each graph are equivalent. Thex-axis covers 0.6 V in each
case, although the range is shifted to allow for the different peak potentials. All voltammograms were recorded at 20 mV s-1, 20 °C,
solution conditions as described in the Experimental Procedures using 2 M NaCl.
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measured by PFV with those measured in solution confirms
that adsorption-induced structural changes were negligible.
CD-monitored redox titrations for the Rieske protein in the
isolated cytochromebc1 complex and membranes ofR.
sphaeroidesgave a reduction potential of 300 mV at pH 7.0
andEacid, pKox1, and pKox2 values (see below) of 315 mV,
7.6, and 9.8, respectively (22). PFV studies ofRsRp gave
280 mV at pH 7.0 (0.1 M NaCl) andEacid, pKox1, and pKox2

values of 308 mV, 7.6, and 9.6 in 2 M NaCl. Small
differences may be due to variation in the experimental
conditions. In addition, the potential of the cluster in the
cytochromebc1 complex depends on the conformation of
the Rieske protein within the complex because of alterations
to the hydrogen bonding network around the cluster (37).
For TtRp, voltammetric experiments were performed over a
range of conditions (pH 4-8, 0.01, 0.1, and 2 M NaCl, 0
°C) with the protein diffusing; potentials differed from their
PFV equivalents by less than 25 mV. The potential measured
spectroelectrochemically,∼140 mV (pH 7, 75 mM Tris-HCl)
(3), is close to the PFV measurement of 132 mV (pH 7, 0.1
M NaCl).

For BphF, reduction potentials were measured previously
by diffusional voltammetry in solutions containing 2 mM
neomycin (7). At pH 7.0 (22°C), the value reported is-157
mV, for comparison with the PFV measurement of-160
mV in an identical solution. However, adsorption promoters
such as neomycin were avoided throughout the work
described here since they had a significant effect on the
measured potentials. In an identical buffer lacking neomycin,
BphF yielded a potential of-180 mV by PFV. The effect
of neomycin was greater in low ionic-strength solutions: in
0.01 M NaCl, the reduction potential increased from-196
to -153 mV upon the addition of 2 mM neomycin, but in 2
M buffer it did not change (therefore, neomycin has a
significant effect on the ionic-strength dependence). Similar
effects have been described previously and may be due to
coadsorbate-protein interactions or to the coadsorbate
producing a surface-constrained region of a high dielectric
that mimics high ionic-strength conditions (34).

Reduction Potential Measurements at High pH.Figure 1
shows that reversible voltammetric signals can be observed
up to pH 14. To confirm that changes in the reduction
potential observed at such an alkaline pH were reversible,
protein films were switched repeatedly between solutions of
high and low pH (15). The potentials ofRsRp andTtRp
responded to pH exactly as expected. For BphF, the signal
intensity decreased significantly when the protein film was
exposed to high pH. However, weak signals at the potential
expected were observed upon returning to low pH. Similarly,
the redox signals ofRsRp andTtRp were stable for at least
10 cycles above pH 12, while the signals from BphF were
observable for only one or two cycles. In previous diffusional
voltammetry studies of BphF, signals observed above pH
10 were too weak to interpret (7). These data suggest that
the Rieske cluster in BphF is less stable, perhaps due to the
lack of an adjacent disulfide bond and several hydrogen
bonds (11, 27).

All Three Rieske Clusters HaVe pH-Dependent Reduction
Potentials.Figure 2 shows how the reduction potential of
each Rieske center varies between pH 3 and 14. The three
curves display the same overall shape, but they are shifted
significantly with respect to one another. The two high-

potential proteins are pH-dependent above pH 7. In contrast,
the potential of BphF is pH-independent up to pH 10. This
is the first time that the full pH-dependence of a low-potential
Rieske cluster has been reported because previous studies
only accessed lower pH values (1, 6, 7). As described
previously for TtRp (15), the pH-dependent reduction
potentials can be modeled using the thermodynamic cycle
presented in Scheme 1 and eq 1 derived from it (38)

In Scheme 1 and eq 1, pKox1, pKox2, pKred1, and pKred2 refer
to the pKa values of the oxidized and reduced cluster; they
are assigned to the two cluster-ligating histidine residues
(4, 12-14). Ealk is the reduction potential of the cluster at
the alkaline limit, when both histidines are fully deprotonated.
Correspondingly,Eacid will denote the reduction potential at
the acid limit. The fitted curves obtained using eq 1 are
shown along with the experimental data in Figure 2; values
for the six constants are reported in Table 1. Figure 3 shows
a Pourbaix diagram for each cluster, to illustrate the pH
values and potentials at which the different protonation and
redox states are the most thermodynamically favored. Four
distinct regions of pH are observed for each cluster: (i) at
low pH, below both pKox1 and pKox2, the reduction potential
is pH-independent, and the histidines remain fully protonated

FIGURE 2: Variation of reduction potential with pH for each Rieske
protein: RsRp (9), TtRp ([), and BphF(2) in 2 M NaCl (solution
conditions as described in the Experimental Procedures). Fits to
the data, obtained using eq 1 and Scheme 1, are shown, and the
correspondingE and pKa values are reported in Table 1.

Scheme 1: Thermodynamic Square Scheme Describing
Coupled Proton and Electron Transfer to Rieske Clustersa

a Eacid and Ealk are the pH-independent reduction potentials at the
acid and alkaline limits, respectively. pKox1 and pKox2 are the pKa values
for the two histidine ligands when the cluster is oxidized; pKred1 and
pKred2 are the corresponding values for the reduced cluster.

Eobs) Ealk - RT
F

ln[(1 +
aH+

Kox2
+

aH+
2

Kox1Kox2
)/

(1 +
aH+

Kred2
+

aH+
2

Kred1Kred2
)] (1)
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in each oxidation state. (ii) At pKox1 < pH < pKox2, one
histidine is deprotonated, but only in the oxidized state: the
gradient of the curve is theoretically-58 mV per decade.
(iii) At p Kox2 < pH < pKred1,2, both histidines are deproto-
nated in the oxidized state but protonated in the reduced
state: the gradient of the curve is theoretically-116 mV
per decade. (iv) Above pKred1 and pKred2, the reduction
potential is again pH-independent, as both histidines are
deprotonated in both oxidation states. Because there is no
clear region, at high pH, in which the gradient tends toward
-58 mV per decade before it reaches the alkaline limit and
becomes pH-independent, our data have been modeled using
equal values of pKred1 and pKred2. This produces a good fit
to the data for all three proteins but does not rule out the
possibility that pKred1 and pKred2 are separated by a small
amount, particularly in BphF, for which fewer data points
were obtained at high pH. The differences between pKox1

and pKred1, pKox2 and pKred2, andEacid andEalk are proportional

to the amounts by which the electron and proton sense one
another: to the degree of interaction (or coupling) between
electron- and proton-transfer events at the cluster.

Enthalpy and Entropy of Reduction.The temperature
dependence of the reduction potential was measured for each
Rieske protein at pH 7 and 14. These two pH values represent
Ealk andEacid and were chosen since there is no contribution
from coupled protonation events. Potentials were measured
from 5 to 35°C in a nonisothermal cell, and the pH of each
solution was checked immediately after voltammetry, at the
experimental temperature. Several measurements were re-
corded around pH 7 and then interpolated to provide an exact
value. The variation of reduction potential with temperature
is linear, and∆S0

obs could therefore be calculated from the
first derivative () nF(dE/dT)). Since the reference electrode
was held at constant temperature, it does not contribute to
∆S0

obs; therefore,∆S0
FeS ) ∆S0

obs (39). Values for∆S0
FeS

are presented in Table 2. At each temperature,∆G0
tot )

-nFE, and since all values were corrected to the standard
hydrogen electrode scale,∆G0

tot refers to the following
reaction:

Values for ∆G0
tot are presented in Table 2 at 25°C. To

calculate∆H0
tot, the standard enthalpy change for the SHE

half-reaction (65 J K-1 mol-1) was added to∆S0
FeS to give

the value for∆S0
tot that relates to eq 2 (39). Values for∆S0

tot

and∆H0
tot are presented in Table 2. Our values at pH 7 are

consistent with values reported previously for the bovine
protein (4, 6), the low-potential ferredoxin from the benzene
dioxygenase ofPseudomonas putidaML2 (6), and BphF (7).

DISCUSSION

(i) Single Scheme for Coupled Electron-Proton Transfer
at Rieske Clusters.A single reaction scheme, Scheme 1,
describes coupled electron-proton-transfer events at all
Rieske clusters (see Figure 2). Two pKa values, ascribed to
deprotonation of the two histidine ligands, are always
required for each redox state.

For the reduced cluster, the apparent pKa values of the
histidine ligands are high (see Table 1), and they differ by
less than 2 units from the pKa value of free imidazole (14.2)
(40). However, there is no clear region of pH in which only
one proton is bound to the reduced cluster: in each case,
the pH-dependence appears to switch from-116 mV per
decade at pKox2 < pH < pKred1,2(two protons are bound upon
reduction) to pH-independent at pH> pKred1,2 (the protein
remains fully deprotonated upon reduction). Because of
difficulties in defining accurately the pH values of alkaline
solutions containing high concentrations of Na+, and because

Table 1: Reduction Potentials and pKa Values for the Three Rieske Proteinsa

pKox1 pKox2 pKred1 pKred2 ∆pK Eacid Ealk ∆E

RsRp 7.6( 0.1 9.6( 0.1 12.4( 0.4 12.4( 0.4 3.8 308( 3 -134( 6 442
TtRp 7.85( 0.15 9.65( 0.12 12.5( 0.5 12.5( 0.5 3.75 161( 4 -275( 8 436
BphF 9.8( 0.2 11.5( 0.4 13.3( 0.8 13.3( 0.8 2.65 -135( 5 -441( 20 306

∆pKox1 ∆pKox2 ∆pKred1 ∆pKred2 ∆Eacid ∆Ealk

RsRp vsTtRp 0.15 0.05 0.10 0.10 -147 -141
RsRp vs BphF 2.20 1.90 0.90 0.90 -443 -307
a The parameters are defined in Scheme 1.∆pK is the difference between the average of pKox1 and pKox2 and the average of pKred1 and pKred2.

Error values are estimated 95% confidence intervals. The larger errors in pKred1 and pKred2 allow for their possible separation.

FIGURE 3: Pourbaix diagrams for each of the three Rieske proteins,
RsRp,TtRp, and BphF. The diagrams show which redox state and
which protonation state are the most thermodynamically favored,
over a range of potentials and pH values. The parameters used are
derived from the data fits shown in Figure 2.

FeSox + 1/2H2 S FeSred + H+ (2)

12404 Biochemistry, Vol. 42, No. 42, 2003 Zu et al.



predicted variations in the shape of the curve are subtle, it
is not possible currently to determine unique values for pKred1

and pKred2. Therefore, for simplicity, our data have been
modeled using pKred1 ) pKred2; they exclude the possibility
that pKred1 is significantly less than pKred2but do not exclude
the possibility that pKred1 is higher than pKred2(implying that
the two protons bind cooperatively in the reduced state). The
characteristics of the fully deprotonated Rieske cluster are
currently under further investigation.

For the oxidized form of each protein, three protonation
states are apparent: fully protonated (pH< pKox1), singly
protonated (pKox1 < pH < pKox2), and fully deprotonated
(pH > pKox2); the protons are removed sequentially as the
pH is increased. The pKa values deviate further from the
value for free imidazole than with the cluster reduced (see
Table 1), most simply because FeIII exerts a greater electro-
static effect than FeII (15).

This is the first time that the pH-dependent reduction
potential of a low-potential Rieske protein has been de-
scribed. Our success has relied upon the speed of our
measurements: PFV experiments are complete within 30 s
of the initial immersion of the film; therefore, they do not
rely upon long-term stability of the protein in the experi-
mental solution (41). It is clear that the reduction potentials
of the low-potential proteins were classified previously as
pH-independent because of the limited pH range available
(1, 6, 7) and that, as expected from atomic resolution
structural models which show that the histidine ligands of
both the high- and the low-potential proteins are solvent
exposed (27), their histidine ligands also deprotonate at high
pH.

(ii) Comparison of the Two High-Potential Rieske Proteins.
The reduction potential versus pH curve forRsRp is very
similar to that ofTtRp, but it is shifted (along the ordinate)
to a higher potential.Eacid andEalk are shifted by the same
amount (see Table 1), indicating that the difference is due
to an extra positive charge or dipole, close to the reducible
iron center, inRsRp. However, the pKa values for both
proteins are very close (there is little shift along the abscissa,
see Table 1, and the difference in reduction potential is pH-
independent). Therefore, the extra positive charge or dipole
does not affect the deprotonation of the histidine nitrogen
centers significantly, consistent with them being spatially
separated from the redox center and exposed to solvent.

The structure of the soluble fragment of the Rieske protein
isolated from the bovine cytochromebc1 complex (PDB
1RIE, (11)) is our model forRsRp. In the bovine protein,
Ser163 (Ser158 inRsRp) provides a hydrogen bond to the
cluster (Ser-Oγ to S1). In TtRp, the hydrogen-bonding
network to the cluster is largely conserved except that a
glycine replaces this serine (PDB 1NYK (26)). It is likely
that this hydrogen bond accounts for the difference between
RsRp andTtRp: the Oδ--Hδ+ dipole pulls electron density
from the cluster core, preferentially stabilizing the reduced,
electron-rich state (42), and the strength of the hydrogen bond
increases upon cluster reduction. The serine appears to be
conserved in Rieske proteins from enzymes that oxidize
ubiquinone (such asRsRp) or plastoquinone but not in their
lower-potential menaquinone-oxidizing counterparts, such as
TtRp (20, 26). Mutating the serine residue to alanine in
Paracoccus denitrificansand Saccharomyces cereVisae
caused decreases in potential of 95 mV (pH 6.0) and 130
mV (pH 7.0) (17, 18). In RsRp andTtRp, the corresponding
effect on the histidine pKa values is negligible (<10 mV);
this aspect is discussed below.

(iii) Comparison of the High- and Low-Potential Rieske
Proteins.The high- and low-potential proteins differ due to
changes in both the electrostatic potential and the coupling
between reduction and protonation. Comparison of the pH-
dependent reduction potentials ofRsRp and BphF (Figure
2) shows that, unlikeRsRp andTtRp, they are not related
simply by translation along the potential and pH axes but
that for RsRp, the differences betweenEacid and Ealk, and
between pKred1,2and pKox1,2, are significantly larger than for
BphF (see Table 1). Therefore, inRsRp, the redox center
responds more strongly to the protonation state and vice
versa: the coupling is stronger.

Hydrogen Bonding to the Cluster: the Effect of Electro-
statics.Comparison of the structures of BphF (PDB 1FQT),
the bovine Rieske protein (11), and the Rieske protein from
spinach chloroplasts (24) indicated that the lower potential
of BphF results from the relative absence of five hydrogen
bonds to the cluster (27). In RsRp andTtRp, these hydrogen
bonds preferentially stabilize the reduced cluster and increase
its reduction potential. They are from Ser158-Oγ to S1 (RsRp
only, see previously), Tyr160-Oη to Cys133-Sγ, and from
the amide bonds of His156 (cluster ligand) to S1, Leu136
to S2, and Cys138 (disulfide bond) to S2. The hydrogen

Table 2: Free Energy, Enthalpy, and Entropy of Reduction of Each of the Three Rieske Proteins at pH 7 and 14

∆G0
tot (25 °C)

kJ mol-1
∆H0

tot

kJ mol-1
-T∆S0

tot (25 °C)
kJ mol-1

∆S0
tot

J K-1 mol-1
∆S0

FeS

J K-1 mol-1

pH 7
RsRp -29.7( 0.2 -68.4( 2.4 38.7( 2.4 -130( 8 -65 ( 8
TtRp -15.5( 0.2 -51.6( 2.4 36.1( 2.4 -121( 8 -56 ( 8
BphF 13.0( 0.2 -5.2( 1.5 18.5( 1.5 -62 ( 5 3 ( 5
RsRp - BphF -42.7( 0.3 -63.2( 2.8 20.2( 2.8 -68 ( 9 -68 ( 9

pH 14
RsRp 12.9( 0.2 -21.1( 3.9 34.0( 3.9 -114( 13 -49 ( 13
TtRp 26.5( 0.2 -3.3( 0.8 29.8( 0.8 -100( 2 -35 ( 2
BphF 42.6( 0.2 23.0( 1.8 20.0( 1.8 -67 ( 6 -2 ( 6
RsRp - BphF -29.7( 0.3 -44.1( 4.3 14.0( 4.3 -47 ( 14 -47 ( 14

pH 7-14
RsRp -42.6( 0.3 -47.3( 4.6 4.7( 4.6 16( 15 16( 15
TtRp -42.0( 0.3 -48.3( 2.5 6.3( 2.5 21( 5 21( 5
BphF -29.6( 0.3 -28.2( 2.3 1.5( 2.3 -5 ( 8 -5 ( 8
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bonds from both the serine (see previously) and the tyrosine
increase the reduction potential significantly. Tyrosine muta-
tions in S. cereVisae (17), P. denitrificans (18), and R.
sphaeroides(19) decreased the cluster potential by typically
60 mV. Therefore, together, the serine and tyrosine residues
account for around 170 mV. Interactions from the three
backbone amides are expected to be weaker than those from
the Oδ--Hδ+ dipoles. They may be structurally supported
by the disulfide bond inRsRp andTtRp (27), although it is
unlikely that the disulfide has a significant direct effect (28).
Therefore, the difference in theEacid values ofRsRp and
BphF, 443 mV (Table 1), is unlikely to be completely
accounted for by five extra hydrogen bonds to the cluster in
RsRp.

The hydrogen bonds may also decrease the proton affini-
ties of the two histidines: indeed, the pK values ofRsRp
are significantly lower than those of BphF (Figures 2 and 3
and Table 1). Considering pKred1,2(because the reduced state
is less affected by the charge on the iron), the hydrogen bonds
reduce the pK values by only 0.9 units. Therefore, the total
shift for the two histidines is 1.8 units, thermodynamically
equivalent to 24% of the shift in potential. The decreased
effect is due to two factors: (i) in contrast to the iron center,
the histidine rings are exposed to solvent, screening them
from buried partial charges and (ii) the hydrogen bonds are
farther removed from the N-H imidazole bond, both in terms
of bonds (four more) and in terms of through-space distance.
(In the bovine Rieske protein (11) andTtRp (26), the average
dipole to histidine distance is 7.7 Å but only 5.3 Å to the
iron.) The effects on the pKa values of the serine and tyrosine
mutations inP. denitrificans and S. cereVisae were not
reported (17, 18); in R. sphaeroides,the Y156F mutation
did not alter pKox1 significantly (19). Therefore, the signifi-
cant difference in the pKa values of the high- and low-
potential proteins cannot be explained satisfactorily by the
hydrogen-bonding dipoles.

The effects of the hydrogen bonds are also reflected in
the enthalpies of reduction (Table 2).∆H0

tot values forRsRp
andTtRp are considerably more negative than for BphF, at
both pH 7 and 14, and differences in∆H0

tot dominate the
differences in∆G0

tot. Although negative enthalpies of reduc-
tion indicate increased bonding upon reduction, the extra
electron on the iron-center is antibonding.4 Therefore, the
increased bonding is due to the strengthening of the
hydrogen-bonding network around the cluster, upon reduction
of the high-potential proteins, consistent with the O/Nδ--
Hδ+ dipoles orientated toward the cluster core. Furthermore,
the increased rigidity decreases the conformational freedom;
therefore, entropies of reduction forRsRp and TtRp are
significantly more negative than for BphF (Table 2).

Coupling between Cluster Redox State and Histidine
Protonation State.In both RsRp and BphF, the cluster
oxidation state is coupled to the histidine protonation state.
The reduction potential is lower when the histidines are
deprotonated because the neutral imidazoles are electron
withdrawing and favor reduction, whereas the negatively
charged imidazolates favor oxidation. Correspondingly, the
pKa is lower when the cluster is oxidized, as the more
positively charged FeIII favors deprotonation. However, in

RsRp, the redox and protonation states are more strongly
interdependent than in BphF. The coupling strength is
proportional to the differences betweenEacid and Ealk and
between the average of pKox1,2 and pKred1,2(∆pK, see Table
1). For RsRp and BphF,∆pK is 3.8 and 2.65 units,
respectively, andEacid - Ealk is 442 and 306 mV, respectively.
Similarly, the increased reduction potential of the protonated
cluster has been identified with an increase in the N-H bond
strength upon reduction (15). The enthalpy changes at pH 7
and 14 differ much more forRsRp andTtRp than for BphF
(see Table 2), again demonstrating that the coupling between
reduction and protonation is smaller in BphF.

Inspection of the structures of the bovine Rieske protein
(11), TtRp (26), and BphF (27) reveals that the decreased
coupling in BphF may be due to increased access of solvent
dipoles to the active site. In each case, the cluster and iron-
center geometries are very similar. Iron-histidine bond
lengths are unchanged, although small variations in the
N-Fe-N bond angle and in the tilt of the plane of the
imidazole ring of the second histidine ligand (in the
sequence) with respect to the cluster rhomboid are apparent.
These may reflect minor variations in N(His)-Fe bonding,
particularly inπ back-bonding from the iron to the imidazole
(43), but they are insufficient to explain the different coupling
strengths. However, reduction and deprotonation may be
coupled electrostatically, as well as electronically. Although
the distances between the redox center and the protonation
sites are conserved, electrostatic coupling depends on the
intervening medium as well as the distance. In the high-
potential proteins, 23% of the first ligand (in the sequence)
is solvent accessible,5 and 45% of the second is solvent-
accessible. For BphF, the corresponding values are 38 and
45%, and so the exposure of the first histidine is significantly
higher. The redox-active iron centers of the bovine Rieske
protein (≈RsRp) andTtRp are 5.9 and 5.8 Å from the nearest
structurally resolved water molecules, respectively, but that
of BphF is only 4.3 Å away. Access of water molecules into
the intervening protein structure, as a result of thermal
fluctuations or because of structural changes upon histidine
deprotonation, may also be greater in BphF. Therefore, the
cluster in BphF is more solvent exposed, and the coupling
between cluster redox state and histidine protonation state
is screened out. A key determinant of the solvent accessibility
of the active site is the hydrophobic side chain of a leucine
residue, replaced by glycine in BphF. In agreement with our
proposal, the L136G mutation in theR. capsulatuscyto-
chromebc1 complex decreased the Rieske cluster potential
by 114 mV (from 310 to 196 mV at pH 7) (45).

Finally, for cysteine-ligated iron-sulfur clusters, the
negative charge on the cluster increases upon reduction (-2
to -3), increasing the solvent ordering. Therefore, more
solvent accessible clusters have more negative entropies of
reduction (46). In contrast, the more solvent accessible BphF
cluster has a less negative entropy of reduction thanTtRp
or RsRp. However, there is little difference between the
entropies of reduction at pH 14 (the charges on the Rieske
cluster are the same as for a cysteine-ligated [2Fe-2S]
cluster) and at pH 7 (the charge on the cluster changes from
0 to -1). This suggests strongly that solvent effects are not

4 This may be the origin of the positive enthalpy change observed
for BphF at pH 14.

5 Solvent accessible surface areas were determined using a 1.4 Å
probe, by using GETAREA (http://www.scsb.utmb.edu/ (44)).
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predominant in determining the entropies of reduction of
Rieske proteins, and that, as described previously, they are
determined mostly by contraction of the hydrogen-bonding
network around the cluster.

(iV) Biological Implications and Summary.In respiratory
cytochromebc1 and photosyntheticb6f complexes, the rate
of catalytic quinol oxidation decreases markedly as the
reduction potential of the Rieske center is decreased (17-
19), suggesting that electron transfer from quinol to the
Rieske cluster is rate limiting. However, since a constant
difference is maintained between the cluster and the quinone
potentials, (20) unnecessarily high cluster potentials appear
to have a detrimental effect, perhaps on stability or on cluster
reoxidation by cytochromec1. Clearly, the Rieske cluster
potential is tuned for optimal overall performance. The high
reduction potential at physiological pH is strongly dependent
upon (i) the histidine ligands being protonated so that they
have high electronegativity and neutral charge and (ii) upon
the coupling between cluster reduction and histidine proto-
nation: pKox1 and pKox2 must be significantly lower than
pKred1,2 to elevate the reduction potential as the pH is
decreased. Coupling is both by the cluster electronic structure
and by electrostatic interaction; electrostatic coupling is
increased by the exclusion of solvent from the active site.
The reduction potential is increased further by hydrogen
bonding, to delocalize the increased electron density on the
reduced cluster (1). Rieske-type ferredoxins have lower
potentials at physiological pH because there are fewer
hydrogen bonds to the cluster (27) and because increased
solvent accessibility weakens the coupling between reduction
and protonation.

The mechanistic details of the redox reaction between the
Rieske center and the bound quinol, in the cytochromebc1

andb6f complexes, are still debated. It has been suggested
that quinol binding involves a hydrogen bond from the quinol
-OH to the Nε of one of the histidine ligands (23, 47), and
in the stigmatellin-inhibited enzyme, there is no hydrogen-
bonding network linking the quinol/histidine hydrogen bond
to bulk solvent (48). These suggest the possibility of coupling
proton transfer to electron transfer from quinol to the Rieske
cluster and using the histidine ligand to shuttle the proton
out of the QO site (22, 23, 49). The following properties of

high-potential Rieske proteins, as discussed previously, are
consistent with this proposal. (i) pKox1 values are low (see
Table 1); thus, the singly deprotonated form is thermody-
namically accessible: since deprotonation is fast (15), it
represents a preequilibrium process. (ii) The reduced Rieske
proteins have very high pKa values (see Table 1); therefore,
proton uptake upon reduction is imperative. (iii) The strong
coupling between electron transfer and proton transfer (∆E
and∆pK are large) optimizes the efficiency and is promoted
by the exclusion of solvent from the active site.

Finally, although our results do not suggest directly a
mechanism for the putative coupled electron-proton-transfer
event, they do define the thermodynamic cycle (Scheme 2),
using experimentally determined values. The free energies
required to access the two possible intermediates (Scheme
2, top right and bottom left) are 79.2 kJ and 20.5 kJ mol-1;
thus, on this basis, the preferred route is proton transfer
followed by electron transfer (50). Overall, the free-energy
is regained on the second step. However, since both possible
intermediates are highly unstable, a concerted electron-
proton-transfer reaction along the diagonal, involving a single
transition state for the simultaneous transfer of both species,
appears energetically more likely (51).
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