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ABSTRACT: A disulfide bond, adjacent to the [2Fe-2S] cluster, is conserved in all high-potential Rieske
proteins from the respiratory and photosynthetic cytochrbmendbsf complexes but is absent from the
low-potential, bacterial dioxygenase Rieske proteins. The role of the disulfide is unclear, since cysteine
mutants have resulted in only apoprotein. The high stability of the solthdemus thermophiluRieske

protein permits chemical reduction of the disulfide bond and characterization of the sulfhydryl (dithiol)
form by protein-film voltammetry. The effect of disulfide reduction on the cluster potential is s (

< —0.04 V) and attributed to relaxation of the disulfide tether between the protein loops ligating the
cluster, including possible mechanical strain release and hydrogen-bonding modification. Above pH 6 an
additional decrease in potential of the sulfhydryl form is assigned to the nearby negatively charged thiolates
(AE” —0.16 t0—0.12 V); the histidine-ligand nitrogers are correspondingly increased. Entropies of
reduction for the native and dithiolate forms are equad® + 5 J K- mol~?, pH 7—8); thus changes in
reduction potential are enthalpic in origin. Following sulfhydryl alkylation the cluster redox properties
mirror those of the native proteil\g” ~ —0.1 V) over all pHs. While a sustained electrode potential of
—0.85 V fails to reduce the disulfide, the free sulfhydryls recombine upon an oxidative excursion, at low
pH, to restore the native redox properties. This unique behavior is attributed to preorganization of the two
thiolate groups upon uptake of one or more protons by the sulfhydryl pair.

Rieske iron-sulfur proteins contain a 2Fe-2S center with serine residue is conserved in ubiquinone-utilizing organisms
unique ligand coordination, one of the two iron centers being but is replaced by glycine or alanine when menaquinone is
coordinated by two cysteine residues and the other by twoused 8, 9). The pH dependence, 6450 mV over~5 pH
histidine residuesl(—4). They are essential components of units for theT. thermophilusRieske protein?), is ascribed
the respiratory cytochroméc, and photosynthetic cyto-  to the deprotonation of the two histidine cluster ligantls (
chrome bsf complexes and of the bacterial dioxygenase 10, 11). In contrast, Rieske clusters in bacterial dioxygenase
systems which initiate the degradation of aromatic com- systems have much lower reduction potentials, aroth&0

pounds. Rieske centers adopt a wide range of reductionmy, which are pH-independent over the physiological range
potential, encompassing a total spread of around 500 mV at(1, 5 12).

pH 7 (@, 5 6), and how their reduction potentials are
determined is therefore a question of much contemporary
interest. Rieske clusters within cytochronbe; and bef
complexes display very positive reduction potentials, typi-
lly around+ mV at pH 7 for mplex that oxidizes . . . .
ﬁziguingr, gndaog strongppH ge;?eﬁtc)ier?cee. Men(z)iqgin?)ne-the h|gh-potentlgl Rieske pTO‘e'”S frqm the cytochrdmoge
utilizing organisms such aEhermus thermophilusave lower ~ COMPlex of bovine heart mitochondrid)( the cytochrome
potentials of around-150 mV at pH 7, in line with the  Psf complex of spinach chloroplast¢3), and the terminal
difference between their quinone potentials, and retain the ©Xidase SoxM supercomplex ulfolobus acidocaldarius
pH dependencel( 7). This 150 mV decrease appears to be (14) show that each protein has two subdomains, a cluster-

due to the absence of one cluster-serine hydrogen bond; thdinding subdomain and a larger basal subdomain. The
cluster-binding subdomains (residues +380 for the bovine

T This work was supported by The Medical Research Council and protelp) are virtually identical (though SO).(F has a 12-residue
by NIH Grant GM35342. insertion), whereas the basal subdomqlns have a common
*To whom correspondence should be addressed. ¥4l 1223 overall topology but are much more variatB(14). Figure
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Atomic resolution structural models are available for both
major classes of Rieske protein, enabling evaluation of the
factors which may contribute to producing these alternative
characteristics. The structures of the soluble fragments of




Disulfide Reduction in a Rieske Protein

Disulfide bond

I

from the structure of the Rieske protein from bovine heart
mitochondria (PDB code 1RIER). The cluster is ligated by two
loops, 4—p5 and f6—(7, connected by the disulfide bridge
between Cys 144 and Cys 160.
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which lack the disulfide but which present a stable cluster,
within a virtually identical structure. In all three high-
potential Rieske structures, the disulfide bridge is close to
van der Waals contact with the ireisulfur center; for the
bovine protein the closest approach is 4.0 A between the
sulfur of Cys144 and the cluster sulfide S2. It is therefore
likely that the two redox groups interact, such that the redox
and protonation states of one affects the redox and proto-
nation properties of the other. Indeed, chloroplast ferredoxin:
thioredoxin reductase uses the direct interaction of a [4Fe-
4S] cluster to stabilize the one-electron reduced form of an
active site disulfideZ1—23), and a related mechanism has
recently been proposed for the heterodisulfide reductase from
Methanothermobacter marburgeng4).

In a previous publication7), the application of protein-
film voltammetry (PFV§ (25, 26) to quantify the thermo-
dynamics of proton-coupled electron transfer by the soluble
bc-type Rieske protein fragment froffhermus thermophilus

carry two cluster ligands and are tethered together by a4 %) \as described. For PFV a film of protein molecules,

disulfide bond, and the “Pro-loop38—/39 is also crucial
for cluster stability. The cluster is located at the tip of the
fold, close to but protected from solvent, though both
titratable histidine nitrogens are solvent exposed. The low-
potential Rieske ferredoxin from the biphenyl dioxygenase
of Burkholderiasp. strain LB40016) also has a very similar

ideally a monolayer, is formed upon a pyrolytic graphite edge
electrode, placed into the experimental solution, and the
potential is scanned reversibly between two limits. Thus the
reduction potentials of redox centers can be measured rapidly,
under a wide range of conditions, using only very small
amounts of sample. For the thermophilusRieske protein

cluster-binding subdomain, with the basal subdomain bearing o, ersible voltammetry could be recorded from pH 3 to pH

most similarity to the mitochondrial homologue.

The high structural similarity between the cluster-binding
subdomains of the high- and low-potential Rieske proteins
rules out the possibility that changes in cluster solvent
accessibility determine their widely different properties

[previously suggested from the structure of naphthalene 1,2-

dioxygenase, in which the low-potential Rieske center is
buried in the protein interiorl(7)]. Instead, calculations of

14, and two [ values were determined for each oxidation
state of the iror-sulfur cluster. Additionally, the reduction
potential of each protonation state was quantified, providing
a complete thermodynamic “map” for the redox-coupled
protonation of the Rieske cluster)( This publication now
describes how the high stability of tie thermophiluRRieske
protein permits the disulfide bond to be chemically reduced
while retaining an intact ironsulfur cluster, thus allowing

electros_tatic pote_ntials have suggesteo_l that the r_edox potentiaémy changes in the pH-dependent reduction potential to be
of the biphenyl dioxygenase ferredoxin cluster is decreasedquantified. Although the disulfide cannot be reduced elec-
because it lacks five of the side chain or backbone interac- trochemically, oxidation of the two sulfhydryl groups, to

tions which stabilize the reduced state of the Rieske cluster

in the mitochondrial and chloroplast proteins6). One
further clear distinction is the presence of a disulfide bridge,
shown in Figure 1, located immediately adjacent to the
Rieske cluster and connecting logg—/£5 to loop36—/7

in only the high-potential Rieske proteing)( The two
disulfide-bonding cysteines are fully conserved in all of
these proteins within the cluster sequence binding motif:

Cys-X-His-X-Gly-Cys*-X;,_44Cys-X-Cys*-His

(residues underlined are cluster ligands; disulfide-bonding
residues are marked by an asterisl}) Site-directed mutants
of the cytochromdoc; complexes oSaccharomyces cerie
sae Rhodobacter capsulatuandRhodobacter sphaeroides
have shown that substitution of any one of the four conserved
cysteine residues results in the absence of the cluster
indicating the disulfide bridge to play an important role in
cluster stability or construction18—20). However, this
assumption is challenged by the low-potential ferredoxins,

1 The structure of thd. thermophilusRieske protein has recently
been solved, and a manuscript is in preparatid). (As predicted, the

recover the native protein, is observed with a rate strongly
dependent upon both electrode potential (or cluster oxidation
state) and pH. These latter experiments exploit the redox
properties of the irorrsulfur center as an accurate and real-
time “on-site” reporter of the status of the disulfide bond.

EXPERIMENTAL PROCEDURES

Expression and Purification of the T. thermophilus Soluble
Rieske Protein Fragmenthe soluble domain (residues-37
210) of the Rieske protein frofi. thermophilug27) was
obtained by heterologous overexpressiokdtherichia coli
A detailed description of the overexpression and purification
protocols, along with the atomic resolution structure of the
T. thermophilusRieske protein fragment, is in preparation
and will be published separatelil5). Protein purity was
confirmed by SDSPAGE analysis, and the N-terminal

'sequence was Vverified by automated Edman degradation on

a Model 494 Procise protein sequencer (Applied Biosystems,

2 Abbreviations: BAL, British Anti-Lewisite; BMPA,N--male-
imidopropionic acid; DTT, dithiothreitol; EPR, electron paramagnetic
resonance; ESI-MS, electrospray ionization mass spectrometry; 1AA,
iodoacetamide; NBMN-benzylmaleimide; NEMN-ethylmaleimide;

cluster-binding subdomain has the same fold as described for the PDI, protein disulfide isomerase; PFV, protein-film voltammetry; TAT,

published high-potential Rieske protein structures, with the disulfide
bridge located in exactly the position expected.

twin arginine translocation (pathway); TCEP, tris(2-carboxyethyl)-
phosphine hydrochloride.
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U.K.), following transfer from an SDSPAGE gel to an incubated anaerobically at 6@ for 1 h; this produced a
Immobilon P membrane (Millipore, Bedford, MA) in a completely reduced sample stable for at least 24 h when kept
solution of 25 mM tris(hydroxymethyl)aminomethane, 192 anaerobically at 4£C. Free thiol groups were alkylated,
mM glycine, and 10% methanol. following reduction by TCEP, biN-ethylmaleimide (NEM,
Protein-Film Voltammetry.Reduction potentials were  Sigma-Aldrich),N-3-maleimidopropionic acid (BMPA,; Per-
measured using protein-film voltammetry. To prepare the bio Science U.K. Ltd., Cheshire), iodoacetamide (IAA;
film, protein solution 200 uM, pH 7.5) was applied  Sigma-Aldrich), orN-benzylmaleimide (NBM; Sigma-Ald-
directly to a fresh pyrolytic graphite edge electrode surface rich). The reduced protein was incubated at room temperature
[polished with 1um alumina (Buehler, Lake Bluff, IL),  with 100 mM alkylating reagent, added from a 200 mM
sonicated, and rinsed thoroughly with Millipore water] and aqueous stock solution; by monitoring the reaction with
then placed into solution in an all-glass electrochemical cell. voltammety 1 h was found sufficient to alkylate the free
A standard calomel reference electrode was separated fronsulfhydryls completely. The extent of alkylation was also
the cell by a Luggin capillary, and all potentials were investigated by electrospray ionization mass spectrometry
corrected to the standard hydrogen electrode se&)e The (ESI-MS; see below).
cell was encased in a Faraday cage to minimize electrical UV—Visible and EPR SpectroscopyV —visible spectra
noise, thermostated with a water jacket, and housed in anwere recorded using a small-volume (&Q) quartz SU-
anaerobic glovebox (~1 ppm; Belle Technology, Porte- PRASIL precision cuvette (Hellma, Southend-on-Sea, U.K.),
sham, U.K.). Remaining electrical noise was removed by sealed under anaerobic conditions, and a UV-1601 Shimadzu
Fourier transformation, provided that signal and noise were spectrometer. Electron paramagnetic resonance (EPR) spectra
on sufficiently separate time scales. Analogue-scan cyclic were recorded on a Bruker EMX X-band spectrometer using
voltammetry was performed using a PGSTAT30 Autolab an ER 4119HS high-sensitivity cavity maintained at low
electrochemical analyzer (Eco-chemie, Utrecht, The Neth- temperature by a ESR900 continuous-flow liquid helium
erlands) equipped with ADC750 and Scan-Gen modules. cryostat (Oxford Instruments, Abingdon, U.K.); the sample
Background currents, attributable to electrode capacitancetemperature was measured with a calibrated Cernox resistor
and surface chemistry, were subtracted using an in-house(Lake Shore Cryotronics Inc., OH). Power levels were
analysis program (courtesy of Dr. H. A. Heering) which fits determined to be below microwave saturation, and 100 kHz
a cubic spline function to the baseline in regions sufficiently field modulation amplitudes were chosen to avoid signal
far from the peak and assumes continuation of a similar, distortion and rapid-passage effects.
smooth function throughout the peak region. Solution pH  Protein Mass MeasuremenBamples were applied to a
values were controlled by mixtures of four buffers at 10 mM reverse-phase HPLC Agquapore RP-300 column (Perkin-
concentration (total 40 mM) chosen, depending on the pH, Elmer) to denature and desalt them, eluted by an acetonitrile
from sodium acetate, 4-(2-hydroxyethyl)piperazine-1-ethane- gradient in 0.1% TFA, and examined using ESI-MS in the
sulfonic acid (HEPES), 2-morpholinoethanesulfonic acid positive ion mode. The Sciex API filtriple quadrupole mass
(MES), N-[tris(hydroxymethyl)methyl]-3-aminopropane- spectrometer was tuned and calibrated with a mixture of
sulfonic acid (TAPS), 3-(cyclohexylamino)-1-propanesulfon- poly(propylene glycol)s over the rangemfz 59—2010 and
ic acid (CAPS), and sodium phosphate; volumetric solutions checked using horse heart myoglobin (average mass 16951.4
of NaOH were used above pH 13. The pH of each solution Da). Samples were introduced, via a Rheodyne loop, into a
was checked immediately following measurement, at the stream (3L min~t) of 50% aqueous acetonitrile and spectra
experimental temperature, by using a standard glass electrodeiecorded by scanning the first quadrupole (Q1) frofm 700
calibrated at temperature according to known stand@®s (  to m/z 1700.
NaOH (1 M) was used as a pH 14 standard. The effects of
high Na" concentration were corrected by standard formulas RESULTS
(28). All potentials were confirmed to be independent of the  pH-Dependent Reduction Potential of the T. thermophilus
buffer composition, and NaCl, generally2M concentra- Rieske ProteinReversible oxidation and reduction of the
tion, was used as the supporting electrolyli Entropies soluble Rieske domain &f. thermophilusvas observed by
of reduction were calculated from the variation of reduction adsorbing the protein directly upon a freshly polished
potential with temperature at a specific pH val@®)( The pyrolytic graphite-edge electrode surface. Upon cycling the
temperature of the reference electrode was held constant teelectrode potential, clearly defined oxidation and reduction
preclude any additional contribution 1S thus ASg,s = waves were observed; these signals were not observed in
ASes the absence of adsorbed protein. At slow scan rates the
Reduction of the Disulfide Bond and Alkylation of Free response was reversible, since peak half-height widths and
Sulfhydryl Groups.The disulfide bond was reduced by separations were close to their Nernstian (equilibrium) values
incubation with TCEP [tris(2-carboxyethyl)phosphine hy- (typically 110 and 20 mV, respectively), reflecting facile
drochloride, Perbio Science U.K. Ltd., Cheshire], and the exchange of electrons between adsorbed protein redox centers
progress of the reaction was monitored by extracting small and the electrode3(). Protein coverage (determined from
aliguots from the reaction mixture and assessing the relativepeak areas) was maximally>2 10-* mol cn1?, correspond-
sizes of the reactant and product signals (see below).ing to formation of a monolayer or submonolayer of protein.
Conditions were therefore selected which produced a com-Typical examples are shown in Figure 2A, which presents
pletely reduced sample but which minimized the reaction raw data along with “background-subtracted” signals, cor-
time and, therefore, protein denaturation. Specifically, a rected for electrode capacitance. Notably, reversible voltam-
solution containing~200 uM Rieske protein (pH 7.5) and  metry could also be observed at unusually high pH, up to
10 mM TCEP (added from a 50 mM stock, pH 7) was pH 14 (7). At these alkaline pHs the signals were still clearly
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and Scheme 1, anH and (K values are given in Table 2. The
C L e feature at pH~5 in the curve for the native protein is due to reversal
SR | 751 || e /7\ . of the protein charge at the isopotential point (4.7). Experimental
| N / \\ conditions are as for Figure 2.
0s / o
4 \_\. AN N " Scheme 1: Thermodynamic Square Scheme Showing
L A ™ 03 \os 4:.:7/-0-3 o Oxidation and Protonation States of the Rieske Cluster and
X / \ / o Parameters Which Describe Their Interconversion
e N LT g
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2 18 FeS,y.2H FeS, H™ === FeS,
Ficure 2: Examples of voltammograms recorded for the three main
states of the Rieske protein: (A) unmodified Rieske protein, (B) E® y E"
aci alk

with the disulfide reduced by TCEP, and (C) with the free sulfhydryl

groups modified with NEM. In each case two examples are

presented: at pH 8 [8.04, 8.13, and 7.98 for (A), (B), and (C), FeS,q.2H" FeS, o H
respectively] and at pH 14. The raw data are presented on the same PKreds e PK ey
graph as background-subtracted voltammograms which show more e e

clearly the signals resulting from the reversible oxidation and . L
reduction of the Rieske center. For these peaks, the intensity hasconclusions may be drawn: (i) Between pH 10 and pH 12

been corrected so that in all cases a perfect Nernstian peak heighthe gradient of the curve is116 mV; thus two protons are
would be equivalent to thg-axis span; thus peak areas from graph transferred for every electron. Between pH 8.2 and pH 9.2

to graph are equivalent. Theaxis covers 0.6 V in each case, though the gradient is close te-58 mV, reflecting the stability of

the ranges are shifted to allow for the different peak potentials. All ; .
voltammograms are recorded at 20 mv%,s20 °C; solution the singly protonated state. (ii) In Scheme Ko and fKox

conditions are as described in Experimental Procedures using 2 M'€fer to values for the cluster in the oxidized state, akd4
NaCl. and K2 refer to values in the reduced state; thelserplues

are assigned to deprotonation of the two cluster-ligating
visible, and repeatedly switching the electrode, carrying the histidine residuesi( 10, 11). (iii) The reduction potential
protein film, between solutions of high and low pH did not of the cluster is strongly dependent on protonation state,
affect the recorded potentials. This demonstrated that thefalling almost 450 mV from the acid to the alkaline limit.
strongly alkaline solutions did not result in irreversible (IV) Reduction potentia|s are ionic Strength dependent7
damage to the protein. The average peak potential, measure@articularly below pH 8. Previously, this behavior was
under reversible conditions, is equivalent to the reduction ascribed to the influence of a weakly coupled protonation
potential of the redox center, and Figure 3 includes the pH distant from the cluster site’Y. However, we now believe
dependence for the reduction potential of nafivehermo- it is due to changes in protein charge with pH, since the
philusRieske protein between pH 3 and pH 14. As described measured value of the isopotential point, 4%, &grees well
previously ) the pH dependence can be modeled using eq with the pH (5) at which the potential switches from
1 (32) to determine the I¢ values and reduction potentials, increasing, to decreasing, with decreasing ionic strength.
5 Similar behavior has been described in detail for the [2Fe-
Ay A+ Z)/ 2S] cluster of the overexpressed 24 kDa subunit of NADH:

FeSred

1+

0 _ 0 RT
E obs_E alk_?ln

KOX2+ Koy iKox (ubi)quinone oxidoreductase (complex B3. Since this
2 complication can largely be removed by using high ionic
14 A+ n 8+ ) Q) strengths, all experiments described here were carried out
in 2 M NacCl, thus displaying simply the pH-dependent
properties of the Rieske cluster.
as defined in Scheme 1, which describe conversion between The Rieske Center Reduction Potential Responds to
each state of the system (Table 2). Fits to the data areDisulfide Bond ReductionAll attempts to reduce the
included in Figure 3. As previously discussed), (several disulfide bond electrochemically failédgven the application

Kred2 I(redlKred
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Table 1: Reduction Potentials (V vs SHE) at Four pH Values, Representative of the Accessible pH Range, Recorded for the Rieske Center
under a Variety of Conditioris

pH5 pH 8 pH 11 pH 14
native 0.175 0.140 —0.097 —0.275
heated without TCEP 0.174-0.001) 0.138+0.002) —0.097 (0.0) —0.273 (-0.002)
ascorbate reduced 0.173Q.002) 0.14140.001) —0.097 (0.0) —0.277 (-0.002)
NEM only 0.171 0.004) 0.1450.005) —0.101 (-0.004) —0.278 (-0.003)
BMPA only 0.173 (0.002) 0.140 (0.0) —0.095 (+0.002) —0.274 (-0.001)
recombined 0.174-+0.001) 0.14240.002) —0.095 (+0.002) —0.274 (-0.001)
TCEP —0.003 —0.169 —0.392
DTT —0.003 —0.167 —0.391
TCEP+ NEM 0.097 0.070 —0.129 —0.356
TCEP+ BMPA 0.059 0.036 —0.153 —0.360

a All data are specific experimental points, rather than calculated from the modeling. As discussed in the text-@osvglrows 7 and 8
display equivalent values. Numbers in parentheses show the difference with the native protein.

of potentials as low as0.85 V forup to 1 h, leading us to  Table 2: Thermodynamic Parameters for the Various States of the
pursue the use of chemical reductants. TrialkylphosphinesRieske Protein

have been used widely to effect the two-electron reduction PKoxi  PKoxz  PKredr PKredz E%cd  E%ai
of disulfides on the surfaces of soluble proteiB§)( and it unmodified 785 965 125 125 0.161-0275
was found that the disulfide bond in the thermophilus TCEP 87 105 13.0 13.0 0.000-0.395

Rieske protein (Figure 1) was reduced to two free sulfhydryls TCEP+NEM 8.5 9.9 129 129 0.075-0.355
by treatment with 10 mM TCEP [tris(2-carboxyethyl)- TCEP+BMPA 85 103 129 129 0044-0363
phosphine hydrochloride] at 6@ for 1 h under anaerobic
conditions (no other cysteines are present in the sequence)uniquely by theE and K values defined by Scheme 1 and
This procedure relies strongly on the thermostability of the €gn 1; their numerical values are compared in Table 2.
protein, since shorter reaction times, or lower temperatures, Disulfide reduction thus causes a decreade®ipg andE” acig
did not result in complete conversion. Typical voltammetric of 120 and 160 mV, respectively, and a corresponding
signals recorded following disulfide reduction are shown in increase in the ¢ values assigned to deprotonation of the
Figure 2B for comparison with those of the native protein two histidine ligands of 0.85 and 0.5 units foKfs,» and
in Figure 2A. Although the signals are decreased in intensity, PKred1, respectively. All voltammetric experiments on the
the peaks remain compact and peak-to-peak separationd CEP-reduced form were recorded starting from a reducing
remain small, though some extra broadening and separatiorpotential poise to minimize any reoxidation of the free
occurs at the highest pHs. These effects may result from asulfhydryls before the experiment (see below). At low pH
change in the adsorption isotherm, a decrease in cluster{<6) a more complex behavior than that displayed in Figure
content, and perhaps a decrease in the homogeneity of th& was exhibited; while this is described separately below,
cluster environment. Mutation of the two cysteine residues the open squares in Figure 3 represent our best estimation
in other species has indicated that the disulfide bond is critical Of the reduction potential of the cluster with the two thiolates
for either assembly or stability of the Rieske cente8 protonated:+0.14 V. Reduction of the disulfide bond with
20), and a decrease in stability upon disulfide reduction may an alternative reagent, dithiothreitol (DTT), resulted in very
therefore be expected. Rinsing the film with water to ensure Similar changes in potential (Table 1, row 8), although the
removal of any excess TCEP from the electrode surface didpresence of DTT in solution produced significantly larger
not affect the observed results, and reduction potentialsbackground currents than for TCEP. This necessitated
recorded for the free sulfhydryl form changed by less than extensive rinsing of the protein film after application to the
10 mV over the 24 h following reduction, provided that the surface; hence for convenience all further experiments were
protein sample was kept anaerobic and atG4 Control carried out using TCEP.
samples heated fd h at 60°C, but in the absence of TCEP,  Figure 4 compares the UWisible spectra of three forms
produced voltammetric signals indistinguishable in either Of the Rieske protein: oxidized, reduced with ascorbate, and
potential or intensity from those of the native protein (Table reduced with TCEP. While voltammetric results (Table 1)
1, row 2). A further control, in which the Rieske cluster was clearly distinguish the state of the disulfide in these reduced
reduced using ascorbate, a single electron reductant with aforms, the optical spectra simply show that treatment with
higher potential, which does not affect the disulfide bond, €ither ascorbate or TCEP reduces the irsalfur center;
also produced no changes in potential (Table 1, row 3).  there is no apparent difference in the absorption spectra of
Figure 3 compares the pH-dependent reduction potentialthe reduced proteins, merely a slight decrease in the cluster
of the Rieske center with the disulfide intact and with the €ONteNt of the TCEP-reduced protein which varies from

disulfide reduced to two free sulfhydryl groups. Both curves sample to sample. Figure 5 presents the corresponding

in Fi 3 display th fund tal sh d are fittegcOMparison of the EPR spectra of the reduced species.
N FIgUre = dispiay the same fundamental shape and are fitte Samples reduced by ascorbate or dithionite produced virtually

identical spectra, witlgy,, values of 2.026, 1.901, and 1.802,
3 Our inability to electrochemicallyeducethe native disulfide bond, in general agreement with values published previously for

even by poising at-0.85 V for 1 h, and the requirement for wWo-  the T thermophilusRieske center4, 37, 38), and other
electron, chemical reductants are consistent with strongly irreversible ) ’ ’

voltammetry; electrochemical studies of thiols typically report irrevers- Ri€ske _proteinslo- An a_dditional narrow signal, at around _
ible behavior 84, 35). g = 2, is present only in ascorbate-reduced samples. This
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Scheme 2: Summary of All Reactions of the Disulfide

Bond and Thiol3
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Ficure 4: Comparison of the U¥visible spectra of the oxidized 3+Fe< >Fe\ e 2+Fe< Wi
T. thermophilusRieske protein, the protein reduced with 5 mM i S Cys Bl " d \Cys
TCEP anaerobically fol h at 60°C (both the cluster and the Tr:f“;?e’:
disulfide bond are reduced), and the protein reduced with.@40
ascorbate (which reduces the cluster but leaves the disulfide bond NEM / BMP
intact). In all cases the same conditions were used: protein SR RS A SR RS
concentration approximately 8@M, pH 7.5, buffer solution - — - —
containing 0.1 M NaCl. The oxidized and TCEP-reduced proteins His S Cys His S Cys
have been shifted upward by 0.05 and 0.1 absorbance units, 3+Fe< ~ —_— 2+Fe< ~
respectively, for clarity. w7 Ny Electron i T Ny
Transfer
, TCEP
NEM BMPA
0 (o]
(o]
S S\Pmtein
\ \Protein d N
N
Dithionite o
and TCEP reduced 0o

a Different protonation states of the Rieske cluster are not considered
for simplicity, and parentheses are used to show that the free thiols
may be either protonated or deprotonated, depending on the pH.

1.788, thoughg,, (=1.906) and these new values remain
comfortably within the range of a typical Rieske-type center
(40). Power saturation curves for all three species were
essentially identical, with the signal being 50% saturated at
Magnetic field (G) ~100 mW and with no b_roadening be_lcmﬂ mw. Nota_bl_y,

the sole example of a disulfide cysteine mutant retaining an

Ficure 5: Comparison of EPR spectra of tie thermophilus 0 ;
Rieske protein reduced with ascorbate or dithionite (which maintains pbservable amount of clusterb%), the C1555 mutation

the integrity of the disulfide bond) and with TCEP, which reduces 1" the R. capsulatugytochromebc, complex (L9), contains

the disulfide. Rieske protein{100xM, pH 7.5, 0.1 M NaCl) was a cluster with altered physical characteristics similar to those

reduced anaerobically by the addition of 0.4 mM ascorbate or reported here. The reduction potential is decreased by

e 1 0 YAy TP o ety osen.pr, SPPEXMALCly 130 m\ (oH nol repored) and changes n

gonditions: microwave freqdency 9.38 GHz, microw);\ve power 0.2 the EPR spectrum are very similar: a_shght smfg;,n‘rom

mW, modulation amplitude 10 G, modulation frequency 100 kHz, 1-89 to 1.90 and a much shallower signal, shifted from

time constant 10.24 ms, conversion time 40.96 ms, and sample1.80 to approximately 1.77.

temperature 33 K. Alkylation of the Free Sulfhydryl Group3he two free
sulfhydryl groups formed by reaction with TCEP could be

signal saturates rapidly as the microwave power is increasedalkylated by incubation with standard reagents, as shown in

and is probably due to formation of a small amount of Scheme 241). Several reagents were triedN-ethylmale-

ascorbate free radicaB®). Figure 5 also compares samples imide (NEM), N-3-maleimidopropionic acid (BMPA)N-

reduced by dithionite and TCEP. Overall, the two spectra benzylmaleimide (NBM), and iodoacetamide (IAA). The

are very similar; thus disulfide reduction has no more than limited solubility of NBM in aqueous solution meant that

a modulatory influence on the cluster electronic structure. nonaqueous solvents such as methanol were required to attain

However, two clear differences are consistently observed: a high enough concentration; this requirement markedly

(i) the peak corresponding to thge transition is broadened  decreased the stability of the protein films, and only limited

upon TCEP reduction, perhaps reflecting increased hyperfineinformation could be acquired in this case. For NEM, BMPA,

interaction with the two Fe-ligandé¢N-nuclei, and (ii) small and IAA stable and well-defined redox peaks were observed

shifts are observed in the values@Rf,, to 2.023, 1.907, and  at all pHs, and examples recorded using NEM are shown in

Ascorbate
and dithionite reduced

b T T T T T 1

3200 3300 3400 3500 3600 3700 3800 3900
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04 - FIGURE 7: Voltammetric peaks from the first and tenth scan at low

pH showing the positive shift in potential which occurs for the
FIGURE 6: Variation of reduction potential with pH following  oxidative peak (fromH-0.133 to+0.186 V), the reductive peak
alkylation of the free sulfhydryls by NEM4) or BMPA (M) remaining invariant in potentiaH{0.157 and+-0.163 V). Condi-
compared to the potentials of the native and TCEP-reduced proteinstions: pH 4.06 2 M NaCl, and scan rate 0.1 V5 All other
from Figure 3. Fits to the data are using eq 1 and Scheme 1, andconditions are as for Figure 2.

E and (K values are given in Table 2. Experimental conditions are

as for Figure 2. form; thus alkylation partially restores the high potential of

. . . ] o the native protein. While both alkyl groups result in similar
Figure 2C. Incubation of the native Rieske protein with NEM potentials, those of the NEM-derivatized protein are slightly
or BMPA alone (without TCEP pretreatment) produced only pigher than their BMPA-derivatized counterparts, particularly
very small variations in reduction potential (Table 1, rows 4 gt jower pH.
and 5), but treatment with only IAA changed the observed  preq gyifhydryl Protonation and Recombination. (i) The
reduction potentials significantly{40 mV). Thus, in addi-  pjio| Form Can Be Reoxidized Voltammetrically to the
tion to reacting with free sulfhydryl groups, IAA reacts with  pjg jifide Form At high pH, stable and reversible oxidation

other residues in the protein, such as His, Lys, Met, or Tyr, onq requction peaks (with small peak separations) are
to a more significant extent than e|ther' NEM or BMPA.  jpserved for the sulfhydryl form, but at low pHe6) the
Therefore, only results from the maleimide reagents NEM pepayior is complicated, and peak positions vary from one
and BMPA are considered. , , cycle to the next. Repeated cycling, however, generates a
The integrity of the reaction with NEM was confirmed  giaple product, which displays reversible voltammetry and
by measurement of the intact mass of the Rieske protein inyynich retains invariant peak potentials over subsequent

each state of modifi(_:ation: unmodified, treated with iny cycles. This same species can be generated by poising the
NEM, and treated with both TCEP and NEM. Following  gthydryl-protein film at positive potentiat0.4 V, 5 s) in
reaction with only NEM the mass corresponding to the g3 |ow-pH solution. Subsequent transfer of the protein-coated
unmodified protein was observédalong with several  gjectrode into a solution of different pH (an “instant dialysis)
additional species with masses augmented by one, two, Ofihs allows measurement of the reduction potential over the
three NEM residues (an extra mass of 125 Da each).hole pH range; results are presented in row 6 of Table 1.
Following treatment with TCEP first and then NEM, neither - gince the product of the oxidative poise displays character-
the unmodified protein mass or any mass augmented by on€ics jdentical to those of the native protein, over the whole
NEM could be observed, though masses corresponding top range, it is concluded to be the result of re-forming the

the addition of two, three, and four NEM groups were gisyifide bond. As recombination returns the protein to its
observed. The data are therefore in accord with the reactionp, 5tive state, any environmental change in the vicinity of the

scheme presented in Scheme 2. The overderivatized productg|yster upon breaking (reduction) of the disulfide is revers-
are likely to result from nonspecific reactions and, since they jpje. Thus, observed changes in potential are unlikely to be

are associated with only small variations in the reduction y,e to large deformation or denaturation of the protein
potential, are not considered further. structure.

Upon alkylation of the free thiol groups, reversible signals (i) The Low-pH Sulfhydryl Form Is a Species Distinct from
could again be measured over the whole pH range, and the,oih the Natie Protein and Its High-pH Counterparigure
sample could be repeatedly cycled with no change in 7 ghqyys an example of the voltammetric peaks observed at
observed potential. The variation in reduction potential with |5, pH. Starting from a reducing potential, where the free
pH is shown in Figure 6, following alkylation with either ¢ ity dryis are stable, the potential is scanned in a positive
NEM or BMPA. The intrinsic X and E values for the girection, and a single oxidative peak is observes-#0.14

system, as defined in Scheme 1 and eq 1, are presented if, nexpectedly, the reverse scan reveals the reductive peak
Table 2. The potentials of both alkylated forms lie between potential to be morepositive than its oxidative partner

the potentials of the native protein and the free sulfhydryl (~+0.16 V), showing clearly that a change to the cluster or

its environment, which affects the reduction potential, has
* The mass of the unmodified protein was found to be 18386.0 (SD occurred at oxidizing potential (scan A). After several

1.0). This is 39 Da larger than the mass predicted from the sequence ;
(18347.0), a difference which at present remains unaccounted for. subsequent cycles, as discussed above, the two peaks reach

Additional masses corresponding to deletion of the C-terminal residues the potentials exhibited by the native protein (scan B). The
TWRYV and YTWRV were also observed in some preparations. initial oxidative peak potential represents @oper limitfor
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Scheme 3: Dependence of Thiol Recombination on the exhibited by the TCEP-reduced protein at low pH (the
Redox and Protonation States of the Cluster and Thiols apparent reduction potential is scan rate and scan number

s s s s dependent) means that threie reduction potential cannot
- ™~ - ™~ be defined by this experiment. In addition, increased scan
_ High pH . rates aimed at “outrunning” the kinetics of recombination
His 5N /CYS P His, 5N /Cys proved unsuccessful due to peak broadening rendering the
3+E Fe —— 2+, Fe . .. . . h .
A TN I N peaks indistinguishable fror_n t')aclfgroumx, this behavior
His Cys %Z;‘:g: His Cys of the TCEP-reduced form is in direct contrast to that of the
native protein, for which reversible voltammetry was ob-
Equilibrium of w served at scan rates up to 2000 V},sand may result from
starting species disruption of the disulfide affecting the coupling between
cluster and electrode. However, since the voltammetric
=g~ =S~ S-S~ response is independent of the length of time for which the
His S Cys Low pH i oys potential is poised at reducing potential beforg the scan but
N4 < Z}F(S\Fe/ very dependent on the duration and magnitude of any
e \d \Cys Electron w7 e oxidative potential that is applied, it is clear that recombina-
Transfer Y tion either depends on cluster oxidation or results from direct
Fast sulfhydryl oxidation. The latter appears unlikely since the
disulfide bond cannot beeduceddirectly by the electrode.
— _ —_ - The potential dependence of disulfide re-formation was
e S—s o e §—S o estimated by applying a pulse of varying oxidative potential
J}Fe(S\Fe/ . 2+\Fe,5‘Fe Vs and then initiating a voltammetrlp scan from Iow_ pqtenual
e o N\ 2 2 4N to measure the d(_egre_e of recom_blnatldm)(ResuIts |nd|cate_
: o Election His s that little or no disulfide formation occurs at any potential

) _ . . _ ) below 0V, that thiol oxidation begins when potentials above
the reduction potential of the initial species since (i) the 0 05 v are accessed, and that complete oxidation occurs
corresponding reductive peak would be more negative thanyery rapidly abovet0.2 V. Qualitatively, these potentials
its oxidative partner, under reversible conditions, and (i) correlate with the potential estimated for the cluster with the
following reactions, coupled to cluster oxidation, would act ipigls protonated £+0.14 V), again suggesting that thiol

to decrease the reduction potential. Oxidative peak potentials,yiqation is dependent on cluster oxidation. Scheme 2

for the sulfhydryl form at 0.1 V's are included in Figure g, mmarizes our model for the interconversion of oxidized
3 and are clearly separated from the higher average peak,.q reduced forms of cluster and disulfide.

potentials of the native protein. . - .
(iii) Conversion between the High- and Low-pH Sulfhydryl  (¢) Cluster and Thiols Are Both Oxidized Rapidly at

StatesThe high- and low-pH forms are clearly distinguish- Nominally the Same Potentidt has not proved possible to
able in both potential and recombination kinetics, the observe an additional oxidative peak, or an amplification of

disulfide being re-formed rapidly at low pH but much more the cluster oxidative peak current, which could correspond
slowly, or not at all, at high pH. Since this variation with {0 €lectron transfer from the two sulfhydryls to the electrode.
pH is uniquely present when the two cysteines are presentTher? are two possible explanations: (i) the thiol oxidation
as free sulfhydryls (not with the cysteines disulfide bonded Peak is very broad and cannot be resolved from background,
or alkylated), the apparenKpvalue of approximately 6.5, ~and (i) while communication between cluster and thiols
which describes the transition between high- and low-pH Means that thiol oxidation depends on the cluster oxidation
forms, most likely describes the addition of either one or State, electrons are actually donated from the thiols to a
two protons to the dithiolate pair. Voltammetric peaks at the Solution species upon disulfide formation. Two pieces of
pH transition are broad and difficult to distinguish from evidence support the second hypothesis rather than the first:
background, suggesting a slow equilibration between the (&) the disulfide cannot be reduced directly by the electrode,
protonated and deprotonated forms, with signal broadeningmaking it unlikely that thiol oxidation occurs electrochemi-
resulting from the presence of two separate peaks; indeedgcally; (b) the rate of recombination is fast, so slowing the
our best protein films have indicated this to be the case. Voltammetric scan rate should have revealed a thiol
However, since rates of protonation and deprotonation of €lectrode electrode exchange (either direct or mediated by
the nearby cluster histidines, in the native protein, have so the cluster) if it were occurring. The identity of the proposed
far proved too fast to measure by voltammetry, even at 500 oxidant is currently unknown. Finally, more detailed inves-
V s tat pH 11 where an electron transfer requires the transfertigations of the recombination kinetics and mechanism are
of two protons, it is unlikely that proton expulsion or access currently precluded by our inability to maintain a consistent
to the disulfide vicinity is itself rate limiting35). Scheme 3 rate of thiol recombination between different preparations
presents our model for the pH dependency of the recombina-of the TCEP-reduced form (though reduction potentials
tion rate: at low pH the two sulfhydryl groups are “preor- remain completely reproducible) and by voltammetric peak
ganized” by the addition of one or two protons to the broadening at high scan rate. The recombination reaction
sulfhydryl pair (the slow conversion step), thus facilitating itself appears mechanistically complex, as may be expected
rapid disulfide formation upon cluster oxidatioB4( 42, 43). for a system in which different protonation and electronation

(iv) Dithiol to Disulfide Oxidation Occurs Only at Posi# states of cluster and thiols interconvert in a pH-, time-, and
Electrode PotentialThe lack of voltammetric reversibility  potential-dependent fashion.
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DISCUSSION been correlated with decreases in reduction potential and are
Dependence of Rieske Cluster Potential and Adfinity commonly invoked to explain variations in potential within
upon Disulfide Bond StatuFhe [2Fe-2S] Rieske cluster, in  the same class of proteid{, 49, 50). Furthermore, it has
all known structures, is sandwiched between two cysteine been suggested that reduction potentials are dominated by a
histidine motifs on thgg6—/7/34— /35 loops that contribute  strong negative enthalpy change, characteristic of the class
two Cys (S) ligands to Fel and two His (N) ligands to Fe2 of protein, but modulated by an opposing negative entropy
(2, 13, 14, 16, 17). In the high-potential, respiratory proteins, change $3). A major contributor to the entropy of reduction
a disulfide bond also bridges these two loops in what may is the change in solvation with oxidation state; thus, if a
be considered a tether, and looking at Figure 1, one canreduction potential changes as a result of increased solvent
imagine that this disulfide could “push” or “pull” the loops, accessibility, a corresponding increase in the entropy of
thereby conferring special properties on the cluster. Currentreduction is expected4{, 53, 54). Entropies of reduction
theories describing the function of the Rieske cluster in the for the native and free sulfhydryl proteins were therefore
respiratory cytochromebc; and bef complexes involve  measured from the temperature dependence of their reduction
electron transfer, and also perhaps proton transfer, frompotentials at pH 7, 7.5, and 8 (chosen to be in the pH-
bound quinol. How the redox potential of the cluster and independent region to avoid protonation effects dominating).
the (Ks of the coordinated histidine imidazole rings are The two valuesi—48 (£5) J K™* mol, were indistinguish-
determined is therefore of central importand§, (46). Our able within experimental error (data not showi), (dem-
results show that the thermodynamic stabilities of the onstrating that the change in reduction potential is enthalpic,
oxidized cluster and the protonated histidines are increasedrather than entropic, in origin. Thus the observed decrease
upon reduction of the disulfide bond but that the spectral in reduction potential is unlikely to be due to increased
properties of the cluster are largely unchanged. Thus, with solvation of the cluster. Our results are quite different from
the two Cys side chains disulfide bonded, reduced to two those of Osyczka and co-workers, who found that the
free thiolates, or bisalkylated, it has been possible to explore potential of theR. capsulatusytochromec;, decreased by
the pH dependence of the cluster reduction potential overover 300 mV upon removal of an adjacent disulfide bond,
the range~3—14. Below pH 6, with the reduced Cys in the could be raised almost back to its native value by the addition
protonated thiol form, disulfide bond formation occurs of a g-branched amino acid two residues away, effects
concurrently with cluster oxidation to regenerate the native attributed to changes in solvent access to the activeSie (
protein. Second, changes in hydrogen-bonding and amide dipole
A number of factors may contribute to changing the cluster interactions may result from releasing the disulfide tether.
environment upon reduction of the disulfide. These include Since there is no direct structural information available on
relaxation of strain in thegg6—37/54—p5 loop region and  the effects of reducing the disulfide, our model is the structure
“across” the cluster, the introduction of two additional of the low-potential Rieske protein frof@urkholderiasp.
(thiolate) negative charges close to the cluster, and possiblestrain LB400 biphenyl dioxygenase [PDB Accession No.
introduction of new strain, particularly in the bisalkylated 1FQT (6, 16)], which has a highly similar, overall cluster
form. The open squares in Figure 3 show our best estimationfold (and solvent accessibility) but in which the cysteines
of the potential for the dithiol form, which i£0.04 V less of the disulfide bond are replaced by a tryptophan and a
than that of the native protein. Since the two SH groups do leucine, in van der Waals contact. Three hydrogen-bonding
not differ greatly in charge or polarizability from the SS interactions, present in the high-potential Rieske protein, are
moiety, this decrease in potential, corresponding-tbkJ absent from the low-potential protein; two result from
mol~2, is considered to result from relaxation of strain effects rearrangement of the three residues immediately preceding
in the cluster region. Referring to Figure 6, the nonionizable, the first disulfide cysteine and the third from a change in
bis-NEM form behaves very similarly to the native protein orientation associated with replacing the second cystéB)e (
over the entire pH range (since alkylation removes the While quantitative predictions of the effect of a hydrogen
possibility of ionization), withE” decreased by-0.085 V; bond on reduction potential are difficult, the combined effect
the additional small effects of bisalkylation are considered of three bonds could easily account for the estimated decrease
to be due to the bulky organic groups imposing new strain of >0.04 V (8, 9, 48—50). Indeed, the effect of removing
on the structure, causing a further relative stabilization of the hydrogen bond from the conserved Ser or Tyr residues
the oxidized cluster. The additional stabilization of the in the Rieske proteins froRaracoccus denitrificanands.
oxidized states, relative to the dithiol form, ard.3 kJ mot? cerevisae ranges between 0.045 and 0.13 & 9). Note,
upon NEM alkylation and 7-44.6 kJ mof! upon BMPA however, that subtle differences in the structures of the two
alkylation (depending on pH). As widely discussed in the proteins may also contribute to determining their hydrogen-
literature, all of these may affect the reduction potential of bonding patterns.
the cluster by altering cluster solvation, hydrogen-bonding  Finally, at higher pH, the negative charges on the depro-
patterns, the proximity and orientation of amide and side tonated thiols interact electrostatically with the cluster and
chain dipoles, and the electrostatic interactions from chargedthe histidine ligands, promoting a decrease in the cluster

residues (as modulated by the intervening dielect8cB( reduction potential and an increase in the histidikesplues.
47—-52). Our evaluation of the observed changes, in terms The behavior shown in Figure 3 fits well with this simple
of such considerations, follows. prediction and indicates that thiol deprotonation occurs above

First, cleavage of the disulfide bond might allow for pH 6.5 &1). As reported in Table 2, the cluster potential
increased solvent access to the cluster, particularly in thedecreases by a total of 0.26.12 V (depending on whether
dithiolate form where the anions will repel one another. For the histidines are protonated), and the histidiKe picrease
iron—sulfur clusters, increases in solvent accessibility have by 0.85 to 0.5 (depending on cluster oxidation state). The
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extra effect on the reduction potential of 0-1208 V to support the hypothesis that the cluster is able to mediate
corresponds to 11:67.7 kJ motl?, whereas the analogous electron transfer between the thiols and the electrode. The
free energy changes associated with changing ikhegtues remaining possibility is the participation of an unidentified
are 4.8-2.8 kJ mot?; this reflects the spatial separation and solution species oxidant. However, thiol oxidati@ de-
distinct environments of the redox and protonation sites. Our pendentupon cluster oxidation, so that the two occur
estimate of 6.5 for thelp of either one or both free thiols is  concurrently; thus the cluster has a defining influence upon
lower than the K of a typical cysteine thiol (8.7) and at the the recombination of the disulfide, even if not directly
lower end of the range typically exhibited by other alkane- involved in channeling electrons out to the electrode.
thiols (7—11) (29, 56). However, cysteine ks are, like Why a Disulfide? Finally, our results have possible
cluster redox potential, subject to variation in electrostatic, relevance to the broader questions concerning biosynthesis
dipolar, and hydrogen-bonding interactions and solvent of the protein and its function within the respiratory
accessibility, and there are numerous examples of proteincomplexes. First, the point of disulfide incorporation is
thiols with K values below 6; the reactive thiols in DsbA currently unknown, and while disulfide formation is pro-
and glutaredoxin havelpvalues as low as 3.%8, 57, 58). moted in the oxidizing environment of the bacterial periplasm

Interactions between Free Thiols and Cluster Oxidation (59, 60), this is not true of the mitochondrial intermembrane
State: Re-Formation of the Disulfide Bontdihe rate of space in redox contact with the cytosol. Additionally, it is
oxidative recombination of the two free thiols is strongly not known whether soluble, overexpressed Rieske proteins,
pH dependent, occurring rapidly at low pH but more slowly, retained in the reducing cytoplasm Bf coli (—0.27 V),
if at all, as the pH is increased. This is opposite to the display native disulfide incorporation or whether the disulfide
behavior usually associated with disulfide formation, since forms during aerobic purification7( 14). However, it is
thiol exchangeeactions are faster at higher pH due to the known that in bacteria thbg—Rieske protein is exported
requirement for a deprotonated thiol nucleophi&, (56). from the cytoplasm fully folded, with an intact irersulfur
Formation of the Rieske protein disulfide, however, is not cluster, via the TAT pathway6(l), whereas low-potential
an exchange reaction, but a direct oxidation reaction, and isRieske proteins, which do not require the disulfide, are
thus not confined to a mechanism involving nucleophilic retained in the cytoplasm.
attack. Instead, as shown in Scheme 3, the increased Second, the ability of 2,3-dimercaptopropanol (BAL) to
recombination rate upon thiol protonation may reflect pre- either destroy the Rieske irersulfur cluster or prevent its
organization of the two free thiols, which, when protonated, reduction in a normal fashion6®) suggests the need to
no longer electrostatically repel one another and may evenmaintain the disulfide intact during catalysis. The modifica-
interact by hydrogen bondin@4, 43). Thiol protonation at tion of the Rieske cluster EPR spectrum upon disulfide
pH ~6.5 may involve addition of either one or two protons reduction is similar to that observed in the inthct complex
to the thiol pair; proton sharing has been reported for the in response to changes in the redox potential of the Q pool
thiol pair in E. coli thioredoxin and for several other pairs and @ site occupancy, changes in the position of the Rieske
of acidic residues4?2). subdomain at the site, and upon binding of stigmatellin

In addition to the pH dependence of the recombination (63—65). It is also becoming clear that binding of Qlih
rate, there is also a clear dependence on electrode potentialthe @ site involves a hydrogen bond to one of the Rieske
This is indicated by the fact that the thiols are stable when cluster histidine ligands; this may facilitate electron transfer,
the cluster is reduced but rapidly convert to the disulfide and perhaps proton transfer, from the bound quinol to the
upon application of an oxidative potentiab@.00 V). cluster @5, 46, 64). Finally, the <5% cluster present in the
Furthermore, voltammetric experiments at low pH have been R. capsulatu€£155S mutant displayed a decreased potential
unable to separate thiol oxidation from cluster oxidation; and could not bind stigmatellin or sense the redox state of
faster scan rates did not succeed in outrunning thiol oxidationthe Q pool (9). Taken together, these observations strongly
(to measure the reversible potential of the cluster) nor did suggest a role for the disulfide bond in maintaining the
placing a limit on the potential range isolate the oxidation conformation of the @site and the integrity of the hydrogen-
of only one of the two redox couples. Instead, cluster and bonding network therein and, thus, in quinol binding.
thiols are both oxidized rapidly, at nominally the same  Third, the possible role of the conserved disulfide in the
potential. electron/proton transfer functions within the respiratory

Typical redox potentials for the disulfigehiol couple lie complex has been little discussed. Most obviously, the
in the range-0.4 t0—0.2 V (pH 7), with the highest values  disulfide might aid in raising the redox potential and
around —0.12 V reported forE. coli DsbA and protein decreasing the histidines’Ks; both are required to be
disulfide isomerase (PDI)34, 43); a value for the Rieske  optimized for maximal cytochromiec;/bsf complex activity
protein thiols has not been determined, but since disulfide (45, 46, 63). However, our work has shown that the influence
formation is likely to be sterically favored and there is little  of the disulfide, particularly when converted to tweutral
dihedral strain in the disulfide bond-P0° (34, 43)], the ligands, is only small, and thus if a functional cytochrome
potential is likely to tend toward the lower end of the range. bcg; complex lacking the disulfide could be produced, any
Thiol oxidation at +0.14 V is therefore at significant effect on catalysis would be unlikely to be due to alteration
overpotential. It is highly unlikely that thiol oxidation occurs of the redox potential. Our results have also demonstrated
directly at the electrode, since no corresponding oxidative that the redox and protonation states of the cluster affect,
signal is observed and since disulfide bond reduction cannotand are affected by, the redox and protonation states of the
be brought about electrochemically. Moreover, since there disulfide; in particular, thiol oxidation, to re-form the
is no amplification of the cluster oxidation current, despite disulfide, is controlled by cluster oxidation. This tentatively
recombination being very rapid, there is no concrete evidencesuggests a role for the disulfide as an electron/proton transfer
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agent, perhaps in protecting the cluster from attack by 15.Hunsicker-Wang, L., Heine, A., Chen, Y., Luna, E., Todaro, T.,
reactive oxygen species generated at thes@e. Finally,

this communication between the Rieske cluster and the

disulfide provides a direct link between the redox potential
of the electron transport chain and the potentials of the
cellular thiol/disulfide pools, implying a possible regulatory
function.
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