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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 be&@en

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 froRhodobacter sphaeroidéRRp) andThermus thermophilugT'tRp)

and the low-potential Rieske ferredoxin froBurkholderiasp. strain LB400 (BphF)RRp andTtRp

differ because there is a cluster to serine hydrogen boft¥Rp, 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 ®Rp andTtRp, the potential versus pH curve of

BphF is shifted to lower potential and higher pH, and tKg yalues of the histidine ligands of the oxidized

and reduced cluster are closer together. Therefore, in addition to simple electrostatic effecésdn

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 cytochroméc; and bsf complexes are discussed.

Rieske iron-sulfur [2Fe-2S] clusters play important roles  quinol oxidizing cytochromebc, or bsf complex to—150
in the respiratory and photosynthetic quinol/cytochrotne mV for a Rieske-type ferredoxiri).
oxidoreductases (the cytochrorbe andbsf complexes) and In Rieske clusters, two histidine ligands coordinate the
in bacterial oxygenases, such as those involved in theredox-active iron center9¢-11). At low pH, these ligands
catabolism of aromatic compoundg(The Rieske clusters  are formally uncharged. However, it is generally accepted
from the cytochroméc, andbsf complexes are distinguished  that in the high-potential proteins they deprotonate as the

by their high and pH-dependent reduction potentiats), ~ pH is increased, rendering the reduction potential pH-
whereas the Rieske clusters from dioxygenase-associate@iependent4, 12—14). For the high-potential Rieske cluster
ferredoxins have lower, pH-independent, potenti&is7{. from Thermus thermophilydtRp ! the decrease in reduction

At pH 7, Rieske cluster potentials span over 600 mV. The potential that occurs when both histidines deprotonate is
highest reported valuei-490 mV at low pH, is from the  approximately 440 mvi5). In contrast, [2Fe 2S] clusters
cytochromebc; complex of the acidophilic proteobacterium,  that are ligated by four cysteine ligands have pH-independent
Thiobacillus ferrooxidang8). More typically, Rieske cluster  reduction potentials: their ligands are always negatively
potentials range from+350 mV for a ubiquinol or plasto-  charged, and the clusters have the same charge as a fully

deprotonated Rieske cluster.
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be high enough to initiate the catalytic oxidation of bound at approximately pH 12.5 in the reduced cluster. Therefore,
quinol at the @ site (L6). Point mutations, which decrease between pH 7.85 and 9.65, one proton is released when the
the reduction potential, also decrease the catalytic activity, cluster is oxidized, but between pH 9.65 and 12.5, two
suggesting that quinol oxidation by the Rieske cluster may protons are released. The thermodynamic coupling between
be the rate-determining step in catalysig<19). Further- reduction and protonation is significant: the reduction
more, the Rieske proteins from quinol/cytochromexi- potential decreases by almost 450 mV from its acid limit to
doreductases that oxidize menaquinol, rather than ubiquinolits alkaline limit.

or plastoquinol, have reduction potentials that are decreased Herein, we describe the use of PFV to compare the redox

by approximately 150 mv, inline With the differe_nt quinone - pepavior of three different Rieske proteifRp, TtRp, and

potentials g0).2 Tr."s |Ilustrat.es that '.t IS egsentlal 'to tupe BphF. RRp, the Rieske cluster from the cytochrorne

the cluster reduction potential to optimize its physmloglcal complex ofRhodobacter sphaeroidésa high-potential, pH-

:ﬁ:ae‘ r:srt]i?j?naelsﬁgt;en?jg pirSOpgssseedn:int 3)8Qatgogzté%?e(gu%?:szfdependent Rieske protein from a ubiquinol oxidizing enzyme.
TtRp is from a menaquinol oxidizing cytochromiec,

func:]lorlt E[?ar: tf?erEL?Skr?ddu?;er e;;ra;ztszg p_:_cr)]torn,f ars well complex and therefore has a lower, pH-dependent reduction
?hsea hﬁsteiginoe 1o valzlés g:; djglso, bé rzéchgn?s%ci{ll potential. BphF, a low-potential Rieske protein, is the soluble
important Inthg ?)xidized stateythe lowest histiditg palue Y ferredoxin associated with the biphenyl dioxygenase of
Important. . y . pa Burkholderiasp. strain LB400. Each Rieske cluster potential
is typically 7.5, four to five units lower than in the reduced is reported over a wide ranae of oH values and is used to
state (4, 15). Consequently, at physiological pH, the ep ge ol pr ) : ;
reduction of a deprotonated Rieske cluster is strongly define the electron and proton affinities. In conjunction with
known structural information, a detailed picture is constructed

cogplec:hthﬁirr?]od{narlfally,;cir:tslrepggtgggtg n | of how the reduction potentials andKpvalues of Rieske
ow the high potentials, and the low histidinkvalues, clusters are determined.

of Rieske clusters in quinol/cytochronteoxidoreductases

are determined is not fully understood. The overall structure EXPERIMENTAL PROCEDURES

of the cluster binding subdomain is highly conserved between

both high- and low-potential Rieske proteins, and the clusters  protein Preparation. RRp was isolated intact from the
are exposed to solvent to a similar degréé, @4—27). A cytochromebc, complex; the hydrophobic N-terminal do-
diSU|fide b”dge iS adjacent to the CIUSter in Only the hlgh' main was retained. The Cytochroml Comp|ex was
potential proteins but is unlikely to exert a significant effect yrepared as described previousBB), For fractionation, it
on reduction or deprotonation2§). Several conserved \yas exchanged into a solution containing 10 mM CAPS and
hydrogen bonds, from amino acid side chains and main-chaing 019 DM -decyl3-p-maltoside) at pH 12, incubated on
amides, interact with the high-potential clusters and contrib- jce for 30 min, and filtered using a Centriplus centrifugal
ute to their increased reduction potentiald, (17, 18, 26, concentrator with a cutoff of 50 kDa. The Rieske protein

27). However, it is not clear how much they affect the a5 contained in the filtrate. It was exchanged into 20 mM
histidine K, values. Moreover, the lack of pH-dependence histidine, pH 7.5, 0.5 mM EDTA, 1% glycerol (v/v), and

in the low-potential proteins, throughout the physiological £og mM KCI and concentrated wita 7 kDa cutoff
region, appears inconsistent with the solvent exposure of their .\ ~antrator. The soluble domain (residues-380) of the
histidine residues. Although a comprehensive understandingg;oqje protei.n fronT. thermophilugTtRp), and BphF, were

of c_oup_led electrorproton tr_ansfer IS (_:ru0|al for the heterologously expressed and purified as described previously
elucidation of energy transduction mechanisms, how electron (7, 26)

transfer is coupled to proton transfer at Rieske clusters has o ) )

not been addressed directly. Iresulfur clusters are also Protein-Film Voltammetry.Reduction potentials were
implicated in coupled proton-transfer reactions in respiratory Méasured using PFV as described previoust$, (34).
complex | (NADH/quinone oxidoreductasel9), nickel— Bnefly,_the protein was applied directly to a freshly polished
iron (30) and iron-only 81) hydrogenases, and nitrogenase pyrolytlc _graph|te edge electrode surface and then placed
(32), and many enzymes contain active sites at which proton- into solution in-an all-glass cell. The cell was ther_mostated
coupled redox reactions occur. In contrast, low-potential @nd encased in a Faraday cage and an anaerobic glovebox
Rieske-type ferredoxins are simple electron-transfer proteins,(Oz2 ~1 ppm, Belle Technology, Portesham, UK). Analogue-

not adapted for coupled proton transfer. scan cyclic voltammetry was performed using an Autolab
Protein-film voltammetry (PFV) was used previously to electrochemical analyzer (Eco—ch_emie, Uf[recht, The Nej[h-
characterize the respiratory-tyjiéRp (15). Reversible vol- erlands). Data were analyzed using Fourier transformation

tammetric signals spanning a wide potential range were @nd an in-house analysis program (courtesy of Dr. H. A.
observed between pH 3 and 14, allowing the thermodynamicsHee””Q)- Solution pH'vaIues were controlled usmg.m|xtures
of cluster reduction and histidine deprotonation to be Of four of the following buffers (total concentration, 40

described comprehensively. The potential is pH-independentmM): 10 mM sodium acetate, HEPES, MES, TAPS, CAPS,
at low pH, where both histidines are protonated, and at high @nd sodium phosphate, depending on the pH. Volumetric
pH, where both histidines are deprotonated. The histidinessolutions of NaOH were used above pH 13. All standard

deprotonate at pH 7.85 and 9.65 in the oxidized cluster andréagents were supplied by Fluka or Merck-BDH. The pH of
each solution was checked immediately following measure-

. . . o ment 1 M NaOH was used as a pH 14 standard. The effects
2The reduction potentials of plastoquinone, ubiquinone, and . . .
menagquinone are estimated to b&10, +70, and—60 mV at pH 7, of high Na" concentration were corrected using standard
respectively 20, 21). formulas @5).




12402 Biochemistry, Vol. 42, No. 42, 2003 Zu et al.

pH 7 pH 14

0.6

RsRp | 041 —

0.2

03 /04 05/ 06 01 02

-0.21

-0.41

TtRp 0.037

0.02 7

0.01

02 -0.1
-0.014

(i) Juarm)

-0.02

-0.03-

0.27 0.47

BphF

0.1 .2

Potential (V)

Ficure 1: Voltammograms recorded for each Rieske protein, adsorbed on the electrode surface, in solutions of pH Ryt 145,

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 yhaxis span. Therefore, peak areas on each graph are equivalemtaXtsecovers 0.6 V in each

case, although the range is shifted to allow for the different peak potentials. All voltammograms were recorded at 20 20V,

solution conditions as described in the Experimental Procedureg Agih NaCl.

RESULTS consistent with the formation of a monolayer or submono-
] o layer of protein. The reduction potential is the average
Reversible Protein-Film Voltammetry (PFV) Measure- potential of the forward and reverse peaks of Figure 1. In
ments.All three Rieske proteinsRRp, TtRp, and BphF,  each case, the reduction potentials are ionic-strength de-
could be adsorbed directly to a freshly polished pyrolytic pendent, particularly at low pH, as described previously for
graphite edge (PGE) electrode. Upon cycling of the electrode TtRp (15). The ionic-strength dependence is believed to be
potential, clearly defined oxidation and reduction peaks were que to changes in the protein charge with 84, (36), an
observed; these signals were not present in the absence ogffect that can be dampened-out by high ionic strength.
adsorbed protein. Typical examples for each protein, at pH Therefore, all the data reported here were obtained in 2 M
7 and 14, are shown in Figure 1, where raw data are NaCl, to display only the intrinsic pH-dependent properties
displayed alongside the normalized peaks obtained by of the Rieske clusters.
correction for the electrode background. Peak half-height Potentials Measured by PFV Correspond Closely to Those
widths and separations were close to their ideal Nernstian Measured in SolutiorThe close correspondence of potentials
values and did not decrease if the scan rate was decreased.
Therefore, the voltammetry is reversible, the interfacial 3 nterfacial electron transfer to the BphF cluster is less rapid than
electron transfer is facile, and the layer of adsorbed protein to theRRp andTtRp clusters since (i) peak separations are 40 mV at

is thermodynamically homogeneotBrotein surface cover- 20 mV.gll (as compared to 15 and 25 mV fcsltst ":‘j”d TFRp-I
. 11 295 101 and 1.4 respectively) and (i) at scan rates above_lO'V BO clear redox signals
ages were maximally 2.5 107, 2.2 x ) A could be observed. FaftRp andR<Rp, signals remained obvious at

107 mol cnr? for RRp, TtRp, and BphF, respectively, scan rates above 1000 Vs
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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 cytochroméoc; complex and membranes @&.
sphaeroidegave a reduction potential of 300 mV at pH 7.0
and Eqcig, PKox1, and foxz vValues (see below) of 315 mV,
7.6, and 9.8, respectivel2?). PFV studies oRRp gave
280 mV at pH 7.0 (0.1 M NaCl) anHqcig, pKox1, and fKoxz
values of 308 mV, 7.6, and 9.60i2 M NaCl. Small
differences may be due to variation in the experimental
conditions. In addition, the potential of the cluster in the
cytochromebc, complex depends on the conformation of
the Rieske protein within the complex because of alterations
to the hydrogen bonding network around the clusg).(

For TtRp, voltammetric experiments were performed over a
range of conditions (pH 48, 0.01, 0.1, att 2 M NacCl, 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-HCI)
(3), is close to the PFV measurement of 132 mV (pH 7, 0.1
M NacCl).

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 is157
mV, for comparison with the PFV measurement-0160
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 0180 mV by PFV. The effect
of neomycin was greater in low ionic-strength solutions: in
0.01 M NacCl, the reduction potential increased frerh96
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FiIGURe 2: Variation of reduction potential with pH for each Rieske
protein: RRp @), TtRp (¢), and BphFA4) 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 X, values are reported in Table 1.

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

. PKox . PKeo
FeS,2H FeS, H FeS,,
Eacia Eak
FeS,q.2H" FeS,eq.H' FeS,eq
PKred1 PKreaz

3 Eacig and Eq are the pH-independent reduction potentials at the
acid and alkaline limits, respectivelyKpa and Kox are the K, values
for the two histidine ligands when the cluster is oxidizeH;ep and
pKreq2 are the corresponding values for the reduced cluster.

to —153 mV upon the addition of 2 mM neomycin, butin 2 potential proteins are pH-dependent above pH 7. In contrast,
M buffer it did not change (therefore, neomycin has a the potential of BphF is pH-independent up to pH 10. This
significant effect on the ionic-strength dependence). Similar is the first time that the full pH-dependence of a low-potential
effects have been described previously and may be due toRieske cluster has been reported because previous studies
coadsorbateprotein interactions or to the coadsorbate only accessed lower pH valueg, (6, 7). As described
producing a surface-constrained region of a high dielectric previously for TtRp (15), the pH-dependent reduction

that mimics high ionic-strength condition34).
Reduction Potential Measurements at High ghbure 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 oRRp 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 oRRp 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 interpre?). These data suggest that

potentials can be modeled using the thermodynamic cycle
presented in Scheme 1 and eq 1 derived fron38) (

2
RT Ay Ayt /
=Ey— —=In||{1+ Tk
obs alk F K0X2 KoleOXZ)
2
14 ey G ) 1)
Kred2 KredlKred

In Scheme 1 and eq 1Kgx1, PKoxz, PKreds, and pKeq2 refer

to the K, values of the oxidized and reduced cluster; they
are assigned to the two cluster-ligating histidine residues
(4, 12—14). E,x is the reduction potential of the cluster at
the alkaline limit, when both histidines are fully deprotonated.
CorrespondinglyEaciq will denote the reduction potential at
the acid limit. The fitted curves obtained using eq 1 are

the Rieske cluster in BphF is less stable, perhaps due to theshown along with the experimental data in Figure 2; values

lack of an adjacent disulfide bond and several hydrogen
bonds (1, 27).

All Three Rieske Clusters kia pH-Dependent Reduction
Potentials.Figure 2 shows how the reduction potential of

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

each Rieske center varies between pH 3 and 14. The thredlistinct regions of pH are observed for each cluster: (i) at
curves display the same overall shape, but they are shiftedlow pH, below both Ko« and Koxe, the reduction potential

significantly with respect to one another. The two high-

is pH-independent, and the histidines remain fully protonated
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Table 1: Reduction Potentials an&pValues for the Three Rieske Proteins

pKoxl pKox2 pKredl pKredZ ADK Eacid Ealk AE
RRp 7.6+£0.1 9.6+ 0.1 124+ 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 3.75 164 —275+ 8 436
BphF 9.8+ 0.2 115+ 0.4 13.3£ 0.8 13.3+0.8 2.65 —135+5 —441+ 20 306
ApKoxl ApKon ApKredl ApKredZ AEacid AEalk
RRp vsTiRp 0.15 0.05 0.10 0.10 —147 —141
R<Rp vs BphF 2.20 1.90 0.90 0.90 —443 —307

aThe parameters are defined in Schem@pK is the difference between the average Bf,p and Kox and the average oftfeq: and Kreaz
Error values are estimated 95% confidence intervals. The larger errok&en and pKreqz allow for their possible separation.

0.4 7 FeSox

to the amounts by which the electron and proton sense one
oo RsRp y P

another: to the degree of interaction (or coupling) between

03 electron- and proton-transfer events at the cluster.
021 FeSox Enthalpy and Entropy of Reductiohe temperature
0.1 F§IS{$d dependence of the reduction potential was measured for each
ol N 'pHI Rieske protein at pH 7 and 14. These two pH values represent
6 8 10 2 14 Eax andE,cig and were chosen since there is no contribution
-0.14 from coupled protonation events. Potentials were measured
024 FeSred from 5 to 35°C in a nonisothermal cell, and the pH of each
solution was checked immediately after voltammetry, at the
0.2 1 F;flix FeSox TRp experimental temperature. Several measurements were re-
Mmool H* corded around pH 7 and then interpolated to provide an exact
T FeSox value. The variation of reduction potential with temperature
m' 0 N\ . is linear, andAS,,s could therefore be calculated from the
2 o1 6 $ O\ " 1‘119H first derivative & nF(dE/dT)). Since the reference electrode
m FeSred was held at constant temperature, it does not contribute to
02 2H* A5 therefore, AQres = ASops (39). Values for ASees
0.31 FeSred are presented in Table 2. At each temperat€&%, =

—nFE, and since all values were corrected to the standard
hydrogen electrode scalé\G% refers to the following
reaction:

FeS, + ,H, = FeS,4+ H" (2)

Values for AG%, are presented in Table 2 at 2&. To
calculateAH%, the standard enthalpy change for the SHE
half-reaction (65 J K mol™) was added ta\Sk.sto give
the value forAS that relates to eq 280). Values forAS,
Ficure 3: Pourbaix diagrams for each of the three Rieske proteins, and AH%; are presented in Table 2. Our values at pH 7 are
RRp, TRRp, and BphF. The diagrams show which redox state and ¢onsjstent with values reported previously for the bovine

which protonation state are the most thermodynamically favored, : ) : :
over a range of potentials and pH values. The parameters used aré?_r()te'n @, 6), the low-potential ferredoxin from the benzene

derived from the data fits shown in Figure 2. dioxygenase oPseudomonas putiddL2 (6), and BphF 7).

in each oxidation state. (i) Atk < pH < pKoxz, One DISCUSSION

histidine is deprotonated, but only in the oxidized state: the (i) Single Scheme for Coupled ElectreRroton Transfer
gradient of the curve is theoretically58 mV per decade.  at Rieske ClustersA single reaction scheme, Scheme 1,
(i) At pKoxz < pH < pKred1,3 both histidines are deproto- describes coupled electreproton-transfer events at all
nated in the oxidized state but protonated in the reduced Rieske clusters (see Figure 2). Twkivalues, ascribed to
state: the gradient of the curve is theoreticalf16 mV deprotonation of the two histidine ligands, are always
per decade. (iv) Above Keq1 and [Kredz the reduction required for each redox state.

potential is again pH-independent, as both histidines are For the reduced cluster, the appareit, palues of the
deprotonated in both oxidation states. Because there is nohistidine ligands are high (see Table 1), and they differ by
clear region, at high pH, in which the gradient tends toward less than 2 units from the<g value of free imidazole (14.2)
—58 mV per decade before it reaches the alkaline limit and (40). However, there is no clear region of pH in which only
becomes pH-independent, our data have been modeled usingne proton is bound to the reduced cluster: in each case,
equal values of §req1 and [Keq2 This produces a good fit  the pH-dependence appears to switch frethl6 mV per

to the data for all three proteins but does not rule out the decade atlfox> < pH < pKreq1 2(two protons are bound upon
possibility that fKeq: and Krea2 are separated by a small reduction) to pH-independent at pH pKieq1,2 (the protein
amount, particularly in BphF, for which fewer data points remains fully deprotonated upon reduction). Because of
were obtained at high pH. The differences betwe&gp difficulties in defining accurately the pH values of alkaline
and Kreqs, PKoxz and fKreqz, andEqqgandEq are proportional solutions containing high concentrations of'Nand because
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Table 2: Free Energy, Enthalpy, and Entropy of Reduction of Each of the Three Rieske Proteins at pH 7 and 14

AG% (25°C) AHO%; —TASt (25°C) ALt ASres
kJ mol? kJ mol?t kJ mol? JK1tmolt JKtmol?
pH7
RRp —29.74+ 0.2 —68.4+ 2.4 38.7+ 2.4 —130+ 8 —65+8
TtRp —15.54+0.2 —51.6+2.4 36.1+ 2.4 —121+8 —56+8
BphF 13.0+£ 0.2 —-52+15 18.5+ 1.5 —62+5 3+5
R<Rp — BphF —42.74+ 0.3 —63.2+ 2.8 20.2+ 2.8 —68+9 —68+9
pH 14
RRp 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
R<Rp — BphF —29.74+ 0.3 —441+ 4.3 14.0+ 4.3 —47+ 14 —47+ 14
pH 7-14
RRp —42.64+ 0.3 —47.3+4.6 4.7+ 4.6 16+ 15 16+ 15
TiRp —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 —54+8 —-5+8

predicted variations in the shape of the curve are subtle, it The structure of the soluble fragment of the Rieske protein
is not possible currently to determine unique values Ke isolated from the bovine cytochronie; complex (PDB
and [Krq2 Therefore, for simplicity, our data have been 1RIE, (11)) is our model forRRp. In the bovine protein,
modeled using i1 = PKredz they exclude the possibility  Serl63 (Serl58 ilRsRp) provides a hydrogen bond to the
that Kreq1is significantly less thankeqs.but do not exclude  cluster (Ser-@ to S1). In TtRp, the hydrogen-bonding
the possibility that Kreq:1 is higher than Keq2 (implying that network to the cluster is largely conserved except that a
the two protons bind cooperatively in the reduced state). The glycine replaces this serine (PDB 1INYR®)). It is likely
characteristics of the fully deprotonated Rieske cluster are that this hydrogen bond accounts for the difference between
currently under further investigation. RRp andTtRp: the @~—H%" dipole pulls electron density

For the oxidized form of each protein, three protonation from the cluster core, preferentially stabilizing the reduced,
states are apparent: fully protonated (FHpKox), singly electron-rich state4@), and the strength of the hydrogen bond
protonated (Koxx < PH < pKox2), and fully deprotonated  increases upon cluster reduction. The serine appears to be
(PH > pKoxo); the protons are removed sequentially as the conserved in Rieske proteins from enzymes that oxidize
pH is increased. Thek values deviate further from the  ubiquinone (such aB<Rp) or plastoquinone but not in their
value for free imidazole than with the cluster reduced (see lower-potential menaquinone-oxidizing counterparts, such as

Table 1), most simply because'Fexerts a greater electro-  TtRp (20, 26). Mutating the serine residue to alanine in
static effect than Pe(15). Paracoccus denitrificansand Saccharomyces cefisae

caused decreases in potential of 95 mV (pH 6.0) and 130
potential of a low-potential Rieske protein has been de- mV (pH 7.0) (L7, 18). In RRp andTtRp, the corresponding

scribed. Our success has relied upon the speed of ouref!ceCt on th? hi;tidine i, values is negligible £10 mV);
measurements: PFV experiments are complete within 30 stS aspect is discussed below.

of the initial immersion of the film; therefore, they do not (iii) Comparison of the High- and Low-Potential Rieske
rely upon long-term stability of the protein in the experi- Proteins.The high- and low-potential proteins differ due to
mental solution41). It is clear that the reduction potentials ~changes in both the electrostatic potential and the coupling
of the low-potential proteins were classified previously as between reduction and protonation. Comparison of the pH-
pH-independent because of the limited pH range available dependent reduction potentials RERp and BphF (Figure

(1, 6, 7) and that, as expected from atomic resolution 2) shows that, unlikdRsRp andTtRp, they are not related
structural models which show that the histidine ligands of simply by translation along the potential and pH axes but
both the high- and the low-potential proteins are solvent that for RRp, the differences betweefu:q and Eax, and
exposed?7), their histidine ligands also deprotonate at high between [eq1,2and Kox1,2, are significantly larger than for
pH. BphF (see Table 1). Therefore, RRp, the redox center

(ii) Comparison of the Two High-Potential Rieske Proteins, "€SPonds more strongly to the protonation state and vice
The reduction potential versus pH curve ReRp is very ~ Versa: the coupling is stronger.
similar to that of TtRp, but it is shifted (along the ordinate) Hydrogen Bonding to the Cluster: the Effect of Electro-
to a higher potentialE,iq and Ey are shifted by the same  statics.Comparison of the structures of BphF (PDB 1FQT),
amount (see Table 1), indicating that the difference is due the bovine Rieske proteirl{), and the Rieske protein from
to an extra positive charge or dipole, close to the reducible spinach chloroplast2§) indicated that the lower potential
iron center, iNRRp. However, the i¥, values for both of BphF results from the relative absence of five hydrogen
proteins are very close (there is little shift along the abscissa,bonds to the cluste2{). In RRp andTtRp, these hydrogen
see Table 1, and the difference in reduction potential is pH- bonds preferentially stabilize the reduced cluster and increase
independent). Therefore, the extra positive charge or dipoleits reduction potential. They are from Ser158-0 S1 RRp
does not affect the deprotonation of the histidine nitrogen only, see previously), Tyr160+#pto Cys133-%, and from
centers significantly, consistent with them being spatially the amide bonds of His156 (cluster ligand) to S1, Leul36
separated from the redox center and exposed to solvent. to S2, and Cys138 (disulfide bond) to S2. The hydrogen

This is the first time that the pH-dependent reduction
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bonds from both the serine (see previously) and the tyrosineRRp, the redox and protonation states are more strongly
increase the reduction potential significantly. Tyrosine muta- interdependent than in BphF. The coupling strength is
tions in S. cereisae (17), P. denitrificans(18), and R. proportional to the differences betweén.q and E;x and
sphaeroide$19) decreased the cluster potential by typically between the average oKpi > and fKreq12 (ApK, see Table

60 mV. Therefore, together, the serine and tyrosine residuesl). For RRp and BphF,ApK is 3.8 and 2.65 units,
account for around 170 mV. Interactions from the three respectively, an.qq — Eax is 442 and 306 mV, respectively.
backbone amides are expected to be weaker than those fronsimilarly, the increased reduction potential of the protonated
the @~—H?°* dipoles. They may be structurally supported cluster has been identified with an increase in theH\bond

by the disulfide bond ilRRp andTtRp (27), although it is strength upon reductiori§). The enthalpy changes at pH 7
unlikely that the disulfide has a significant direct effe28) and 14 differ much more foRRp andTtRp than for BphF
Therefore, the difference in thE,.q values ofRRp and (see Table 2), again demonstrating that the coupling between
BphF, 443 mV (Table 1), is unlikely to be completely reduction and protonation is smaller in BphF.

accounted for by five extra hydrogen bonds to the cluster in  Inspection of the structures of the bovine Rieske protein

RKRp. (12), TtRp (26), and BphF 27) reveals that the decreased
The hydrogen bonds may also decrease the proton affini-coupling in BphF may be due to increased access of solvent
ties of the two histidines: indeed, th&palues ofRRp dipoles to the active site. In each case, the cluster and iron-

are significantly lower than those of BphF (Figures 2 and 3 center geometries are very similar. Irehistidine bond

and Table 1). Considerind$.q1 2(because the reduced state lengths are unchanged, although small variations in the
is less affected by the charge on the iron), the hydrogen bonddN—Fe—N bond angle and in the tilt of the plane of the
reduce the K values by only 0.9 units. Therefore, the total imidazole ring of the second histidine ligand (in the
shift for the two histidines is 1.8 units, thermodynamically sequence) with respect to the cluster rhomboid are apparent.
equivalent to 24% of the shift in potential. The decreased These may reflect minor variations in N(Hisfre bonding,
effect is due to two factors: (i) in contrast to the iron center, particularly insz back-bonding from the iron to the imidazole
the histidine rings are exposed to solvent, screening them(43), but they are insufficient to explain the different coupling
from buried partial charges and (ii) the hydrogen bonds are strengths. However, reduction and deprotonation may be
farther removed from the NH imidazole bond, both interms  coupled electrostatically, as well as electronically. Although
of bonds (four more) and in terms of through-space distance.the distances between the redox center and the protonation
(In the bovine Rieske proteii{) andTtRp (26), the average  sites are conserved, electrostatic coupling depends on the
dipole to histidine distance is 7.7 A but only 5.3 A to the intervening medium as well as the distance. In the high-
iron.) The effects on thelfy, values of the serine and tyrosine potential proteins, 23% of the first ligand (in the sequence)

mutations inP. denitrificansand S. cereisae were not is solvent accessibfeand 45% of the second is solvent-
reported 17, 18); in R. sphaeroidesthe Y156F mutation accessible. For BphF, the corresponding values are 38 and
did not alter fKox1 significantly (L9). Therefore, the signifi- ~ 45%, and so the exposure of the first histidine is significantly

cant difference in the K, values of the high- and low-  higher. The redox-active iron centers of the bovine Rieske
potential proteins cannot be explained satisfactorily by the protein &#RRp) andTtRp are 5.9 and 5.8 A from the nearest

hydrogen-bonding dipoles. structurally resolved water molecules, respectively, but that
The effects of the hydrogen bonds are also reflected in of BphF is only 4.3 A away. Access of water molecules into
the enthalpies of reduction (Table 2HC values forRRp the intervening protein structure, as a result of thermal

andTtRp are considerably more negative than for BphF, at fluctuations or because of structural changes upon histidine
both pH 7 and 14, and differences &XH®% dominate the deprotonation, may also be greater in BphF. Therefore, the
differences inAG%.. Although negative enthalpies of reduc- cluster in BphF is more solvent exposed, and the coupling
tion indicate increased bonding upon reduction, the extra between cluster redox state and histidine protonation state
electron on the iron-center is antibondih@herefore, the is screened out. A key determinant of the solvent accessibility
increased bonding is due to the strengthening of the of the active site is the hydrophobic side chain of a leucine
hydrogen-bonding network around the cluster, upon reductionresidue, replaced by glycine in BphF. In agreement with our
of the high-potential proteins, consistent with the ©/N proposal, the L136G mutation in thR. capsulatuscyto-
H* dipoles orientated toward the cluster core. Furthermore, chromebc; complex decreased the Rieske cluster potential
the increased rigidity decreases the conformational freedom;by 114 mV (from 310 to 196 mV at pH 71b).
therefore, entropies of reduction f®Rp and TtRp are Finally, for cysteine-ligated iroasulfur clusters, the
significantly more negative than for BphF (Table 2). negative charge on the cluster increases upon reductian (
Coupling between Cluster Redox State and Histidine to —3), increasing the solvent ordering. Therefore, more
Protonation State.n both RRp and BphF, the cluster solvent accessible clusters have more negative entropies of
oxidation state is coupled to the histidine protonation state. reduction 46). In contrast, the more solvent accessible BphF
The reduction potential is lower when the histidines are cluster has a less negative entropy of reduction thip
deprotonated because the neutral imidazoles are electroror RRp. However, there is little difference between the
withdrawing and favor reduction, whereas the negatively entropies of reduction at pH 14 (the charges on the Rieske
charged imidazolates favor oxidation. Correspondingly, the cluster are the same as for a cysteine-ligated {2rs]
pKa is lower when the cluster is oxidized, as the more cluster) and at pH 7 (the charge on the cluster changes from
positively charged P& favors deprotonation. However, in 0 to —1). This suggests strongly that solvent effects are not

4This may be the origin of the positive enthalpy change observed 5 Solvent accessible surface areas were determined using a 1.4 A
for BphF at pH 14. probe, by using GETAREA (http://www.scsb.utmb.edd#)j.



Electron—Proton Coupling in Rieske Clusters

Scheme 2: Thermodynamic Square Scheme Describing
Coupled Proton and Electron Transfer between the Rieske
Cluster and Bound Quindl

3+ 2+
F = Fe\N4\ +
N-----H-QH —————»» |\/N ----- H—QH
AE=-0.82V S
-1
ApK =3.65 =79.2 kJ mol’ ApK =-12.5
AG=20.5 AG=-70.1
KJ mol! kJ mol’!
3+ 2+
Fe'l Fe\
SN\ - N\
N—H-----QH k/N —H----2QH
S AE = 0 12V \

AG=-11.4kJ mol’!
2 The reaction begins with the top, left-hand species upon binding

Biochemistry, Vol. 42, No. 42, 20032407

high-potential Rieske proteins, as discussed previously, are
consistent with this proposal. (i}ax. values are low (see
Table 1); thus, the singly deprotonated form is thermody-
namically accessible: since deprotonation is fds),(it
represents a preequilibrium process. (ii) The reduced Rieske
proteins have very highiy, values (see Table 1); therefore,
proton uptake upon reduction is imperative. (iii) The strong
coupling between electron transfer and proton trangfét (
andApK 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 electrqmoton-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

of the deprotonated Rieske protein and finishes with the bottom, right- 2 top right and bottom left) are 79.2 kJ and 20.5 kJ THol

hand species and the dissociation of the protonated and reduced Riesk

protein. The thermodynamic parameters for the Rieske protein are taken,
from Scheme 1 and Table 1, and those for ubiquinol/one are the
consensus values cited by RicRu.

predominant in determining the entropies of reduction of

?nus on this basis, the preferred route is proton transfer
"followed by electron transfei5Q). Overall, the free-energy

is regained on the second step. However, since both possible
intermediates are highly unstable, a concerted eleetron
proton-transfer reaction along the diagonal, involving a single

Rieske proteins, and that, as described previously, they aretransition state for the simultaneous transfer of both species,

determined mostly by contraction of the hydrogen-bonding
network around the cluster.

(iv) Biological Implications and Summarin respiratory
cytochromebg; and photosynthetibgf complexes, the rate
of catalytic quinol oxidation decreases markedly as the
reduction potential of the Rieske center is decreadé&e- (
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 cytochrome;. 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: Kox: and Kox, must be significantly lower than
pKred1 2 t0 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 cluster1). Rieske-type ferredoxins have lower
potentials at physiological pH because there are fewer
hydrogen bonds to the cluste2® 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 cytochrinme

and bsf complexes, are still debated. It has been suggested 10.

that quinol binding involves a hydrogen bond from the quinol

—OH to the N of one of the histidine ligand<8, 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 @ site 22, 23, 49). The following properties of

appears energetically more likel$1).
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