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ABSTRACT. Rieske [2Fe-2S] clusters have reduction potentials which vary by over 500 mV, and which
are pH dependent. In the cytochroiib@ complex, the high-potential and lowKpvalues of the cluster

may be important in the mechanism of quinol oxidation. Hydrogen bonds, from both side-chain and
mainchain groups, are crucial for these properties, but solvent accessibility and a disulfide bond (present
in only high-potential Rieske proteins) have been suggested to be important determinants also. Previous
studies have addressed the hydrogen bonds, disulfide bond, and a leucine residue which may restrict
solvent access, by mutations in the cytochroboe complex. However, influences on the complex
(disruption of quinol binding and displacement of the Rieske domain) are difficult to deconvolute from
intrinsic effects on the Rieske cluster. Here, the effects of similar mutations on cluster potéttialups,

and stability are characterized comprehensively in the isolated Rieske domain of the bovine protein.
Hydrogen bonds from Serl63 and Tyrl165 are important in increasing the reduction potential and decreasing
the K values. The disulfide has a limited effect on the redox properties, but is crucial for cluster stability,
particularly in the oxidized state. Mutations of Leu142 had little effect on cluster poterialalues, or
stability, in contrast to the significant effects which were observed in the complex. The sum of the effects
of all the mutated residues accounts for most of the differences between high- and low-potential Rieske
proteins.

Rieske clusters are [2Fe-2S] clusters in which one of the compounds, have lower reduction potentials, typical®/15
iron centers is coordinated by two histidines instead of by V (10, 11). Furthermore, the potentials of the high-potential
two cysteines1—3). The histidine ligands exert a significant  proteins are pH-dependent above pH, but those of the
effect on the cluster properties. They are neutral and electronlow-potential proteins remain pH independent up topiD,
withdrawing, so in the reduced ([2Fe-29] state the extra  because thelp values of their histidine ligands are higher
electron is localized on the histidine ligated iron, and the (8). Significant effort has been put into understanding how
reduction potentials of Rieske clusters are generally higherthe potentials andk values of Rieske clusters are deter-
than those of all-cysteine ligated clusteBs 4). In addition, mined, both in the isolated proteiB,(8) and in the complex
they can ligate the cluster either as neutral imidazole or as(12, 13, and into determining their importance in oxidation
negative imidazolate5j. Imidazolate is less effective in  (and perhaps deprotonation) of quinol at the site of the
stabilizing extra negative charge in the reduced state, andcytochromebc,; andbsf complexes 14—18).
so, at high pH, Rieske clusters have lower reduction The overall structures of the cluster-binding domains of
potentials, comparable to those of all-cysteine ligated [2Fe- high- and low-potential Rieske proteins are very similr (
28] clusters 4). Consequently, and because the imidazole 10, 19-22). The high-potential proteins are distinguished
ligands deprotonate more easily when the cluster is oxidized, by extra hydrogen bonds to the cluster and by a disulfide
Rieske cluster reduction potentials are pH-depend&md,(  bond between the two cluster-coordinating loops. Site-
7). Although it is now known that all Rieske clusters exhibit  directed mutations in the cytochrorne, complex suggested
pH-dependent reduction potentials, their cluster potentials that both are important in elevating the cluster potential; the
and histidine g values vary significantly 3, 8. High- mutations also exerted significant effects on the activity of
potential Rieske proteins, which are essential componentsthe complex (see below). However, in most cases, potentials
of the respiratory cytochromiec, and photosynthetic cyto-  were reported at only one pH value, neglecting the influence
chromebgf complexes9), typically have reduction potentials  of the histidine X values on potential and activity, and
of +0.35 to+0.15 V at pH 7. Low-potential Rieske-type cluster stabilities were not considered an additional possible
ferredoxins (such as BphFfrom Burkholderiasp. strain influence on apparent activity. Furthermore, when evaluated
LB400), involved in the bacterial catabolism of aromatic
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observed (from 130 mV (pH 7.0) f@. cereisaeS183A to
44 mV (pH 6.0) forP. denitrificansY159F), and the catalytic
rate was suggested to depend exponentially on cluster
potential @3). In R. sphaeroidesthe decreased catalytic
activities of the Y156H, -L, -F, and -W mutants were
proposed to be due to the increasdf yalue of Y156W
\ (ApK = +1) as well as to the decreases in reduction potential
His141 i observed (from only 4 mV in Y156H to 114 mV in Y165W)
(25). The high-potential Rieske protein ®hermus thermo-
philus, which naturally contains Ala in place of Set, 22,
and the low-potential Rieske proteins, which lack five of
the hydrogen bonds to the bovine clust8r 10, provide
further support for the influence of S163 and Y165. Here,
we describe the potentialsKpralues, and stabilities of the
S163A, Y165F, and Y165W mutants of the bovine Rieske
protein.
— The Disulfide BondHigh-potential Rieske clusters, such
asBtRp, are ligated by the conserved mdiifsX-His-X-
Gly-Cys*-X1,-44-CysX-Cys*-His (cluster ligands are in
italics; the asterisked residues form a disulfide bond which
bridges over the cluster, connecting the two cluster-binding
loops (Figure 1B) 2)). The importance of the disulfide was
indicated first by specific destruction of the Rieske cluster,
in mitochondria, by 2,3-dimercaptopropanol, a disulfide
Hisl41 reductant 26). Later, mutations of one of the two disulfide-
{ cysteines in the cytochronie; complexes oR. capsulatus
(27) and R. sphaeroides(28) resulted typically in the
Ficure 1: Structures oBtRp (2) in the vicinity of the Rieske  complete lack of any cluster, precluding investigation of the
cluster: (A) hydrogen-bonding interactions from Ser 163 and Tyr jhfluence of the disulfide on the cluster: only tHR.

165; (B) the position of Leul42 and the disulfide bond, both of .
which are surface exposed, and which help to obscure the clusterc@PSUItUSC155S mutant contained a low amourts0b).

from solvent. L142 @1 is 3.6 A from G1 of H161 and 3.7 A Recently, among a range of double mutants in the cyto-
from Cel of H141. chromebc, complex ofS. cereisae the Tyr—Leu (YL) and

Tyr—Val (YV) variants contained close to stoichiometric
in the cytochromebc, complex, Rieske-protein mutants amounts of Rieske protein and observable amounts of cluster
provide convoluted information: it is difficult to distinguish ~ (29). Only negligible catalytic activities were observed,
effects on the cluster from effects on the complex (for probably because the mutants have decreased reduction
example, position of the Rieske headgroup or integrity of potentials ¢ 105 mV) and disrupted quinol binding sites
the Q@ site). (they did not respond to stigmatellin), as well substoichio-

Here, the potentials,ipvalues, and cluster stabilities of metric cluster levels. Interestingly, cluster stability appeared
three classes of high-potential Rieske protein mutants areto be uncompromised.
defined, using the structurally characterized soluble domain  Previously, we described chemical reduction and reforma-
of the Rieske protein from the bovine cytochrorbe tion of the disulfide in the thermostable Rieske domain of
complex @), overexpressed iRscherichia coli Each class  the cytochromebc; complex fromT. thermophilus(30).
embodies a clear difference between high- and low-potential However, the behavior we observed was complex. The
Rieske proteins, and the results provide a comprehensivecluster potential decreases upon disulfide reduction, but much
picture of how the potentialsKpvalues, and cluster stabilities  of the decrease is due to the proximity of the negatively
are determined. Comparison with the results of equivalent charged thiolates; measurements at low pH (to protonate
mutations in the cytochromiec, complex provides insight  them) resulted in spontaneous reformation of the disulfide
into the effects of the Rieske cluster potentiak palues, upon cluster oxidation. Mutations of the two cysteine residues
and stability on catalysis. should avoid these complications, and two such classes of

Hydrogen Bonds to the Clustem the high-potential mutant are described here. The single mutants, CA and CS,
Rieske protein from the bovine cytochronbe; complex mimic the sulfhydryl state and are compared to Re
there are seven hydrogen bonds to the cluster, five-NH capsulatusC155S mutantZ7). The AA, AL, VL, and WL
interactions from the protein backbone, and two ©HS double mutants are based on the sequences of the low-
interactions, from Ser163/o cluster S1, and from Tyrl65 potential Rieske-type proteins, in which the disulfide is
On to Cys139 & (a ligand) (Figure 1A)%). They increase  replaced by a pair of hydrophobic residues in van der Waals
the cluster potential by delocalizing negative charge density, contact (0); they complement recent studies in the cyto-
preferentially stabilizing the reduced state. The two ©H chromebc; complex ofS. cereisae(29). For each mutant,
S interactions have been studied previously, by mutationsthe cluster reduction potentialsKpvalues, and cluster
in the cytochroméddc, complexes ofSaccharomyces cerie stabilities, are described in detail, leading to a new proposal
sae(23), Paracoccus denitrificang24), and Rhodobacter  for the role of the disulfide bond in high-potential Rieske
sphaeroideg25). Significant decreases in potential were proteins.

Hisl6l

Leuld2
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Leucine 1421142 is conserved in high-potential Rieske Ltd.)). A5 mL aliquot of 2x TY medium (containing 100

proteins, in the first half of the cluster-binding motys 1g mL~t ampicillin) was inoculated and incubated overnight
Thr-His-Leu-Gly-Cys*). Typically, a Gly residue replaces at 37°C, and then 0.5 mL aliquots were used to inoculate
Leu in low-potential Rieske-type proteinkd). The L136G, 500 mL volumes of the same ampicillin-containing medium
-D, -H, and -R mutants of thB. capsulatugytochromebc, (with 100uM L-cysteine and 10@g mL~* ferric ammonium

complex contained substoichiometric amounts of Rieske citrate (Sigma-Aldrich Ltd.)). Cells were grown aerobically
protein and exhibited negligible activitie81). Their Rieske at 25°C until ODgpp~0.1, then induced by 10@M isopropy!
clusters had perturbed EPR spectra and decreased potentia)$-p-thiogalactopyranoside (IPTG, Melford Laboratories Ltd.).
(L136D, 75 mV; L136R, 32 mV; L136H, 21 mV; L136G, Following overnight growth at 25°C, the cells were
14 mV (pH 7)), and they were unable to sense the Q-pool harvested by centrifugation, resuspended in a minimal
redox state or bind stigmatellin properly, indicating severe volume of 50 mM Hepes (pH 8.0) containing 0.3 M NaCl
impairment of the @ site. The L136A and L136Y mutants and one complete EDTA-free protease inhibitor cocktail
possessed higher activity-25%), although their potentials  tablet per 25 mL (Roche Diagnostics Ltd.), and stored at
were also decreased (45 mV, pH BR2). Most probably, —20 °C. This protocol maximized cluster incorporation
the hydrophobic Ala and Tyr residues resemble L142 more (rather than protein yield) and minimized inclusion body
closely within the structure of thedite. Thus, in mutants  formation.
of L142 in the cytochroméc, complex, effects on the cluster Purification of BtRp was carried out at 4C. Cells were
are convoluted with alterations of the;Q@ite. Here, L142 thawed on ice, lysed by double passage through a French
mutants aimed to test the proposal that the hydrophobic Leupress (16 000 psi), and centrifuged (200 @®6r 30 min).
side chain occludes the cluster from solvent, promoting the The supernatant was filtered, then loaded onto a preequili-
“coupling” of cluster reduction and histidine protonation and brated (buffer A: 50 mM Hepes and 0.3 M NacCl, pH 8.0)
raising the potential8). In addition, because the Leu side column of Ni-NTA superose (Qiagen, 1 mL per liter of cell
chain is close to the side chains of the two histidine ligands culture). The column was washed with 8 vol of buffer A,
(Figure 1B), we aimed to use mutations of L142 to introduce then with buffer A containing 40 mM imidazol&tRp was
point charges close to the histidine ligands, to modify their eluted with buffer A containing 250 mM imidazole, dialyzed
pK values as well as the cluster reduction potential. Recently,back into buffer A, and concentrated using a YM10
a combined density functional theory/continuum electrostatics membrane (Millipore Corp.). Preparations yielded up to 6
approach has suggested that extra negatively chargedmg of highly pureBtRp per liter of culture. Gel filtration
surface-exposed residues in the low-potential Rieske ferre-chromatography (Sephacryl S-100, Amersham Biosciences,
doxin, BphF, are important for its low-reduction potentials 50 mM Hepes and 0.2 M NaCl, pH 8.0) demonstrated that
and high-X values 83), and the L142D and K mutants form  BtRp was monomeric and monodisperse. Puriid@p was
an experimental test for this proposal. stable at £C for at least a week; it could also be frozen in
50% glycerol. The molecular mass BfRp was confirmed
EXPERIMENTAL PROCEDURES by electrospray mass spectrometry in the positive ion mode
Cloning, Expression, and Purification of BtRpesign of (Sciex API IlIt spectrometer) following reverse-phase HPLC
the recombinant, truncated bovine Rieske protBiRf) was with an acetonitrile gradient (0.1% TFA, Perkin-Elmer
based on the structures of the Rieske protein in the cyto- Aquapore RP-300 column). The observed mass (15 112.4
chromebc; complex @4) and the soluble Rieske cluster- Da, SD= 0.8), was close to the expected mass (15 114.3
binding domain, resolved from the bovine cytochrobte Da); the 2 Da decrease is attributable to the formation of an
complex by proteolysis2). The soluble domain lacks the additional disulfide upon denaturation. For determination of
N-terminal membrane-spanninghelix, but otherwise retains  iron/protein ratios, protein concentrations were measured
native structure and propertie3, 35, 3§. In BtRp, the first using the Pierce bicinchoninic acid (BCA) method, and iron
residue was Ala70, and a six-histidine tag was introduced concentrations were measured using the bathophenanthroline
to the N-terminus, to give Met-Ser-(Hishla’-Met'*-Ser. method of Doeg and ZiegleBY).
PCR was used to amplify the required section of DNA from  Site-Directed Mutagenesis and Preparation of BtRp Mu-
a bovine heart cDNA library, using expand DNA polymerase tants.The primers used to create point mutations inBitiep
(Roche Diagnostics Gmbh) and the following primers: expression plasmid are summarized in Table S1 (Supporting
forward, TAGGAATTCTCATG.AGC.CAT.CAT.CAC. Information). Mutants were cloned using a modification of
CAT.CAT.CAGGCC.ATG.TCG.AAA.ATT.GAA.AT- the Stratagene QuikChange site-directed mutagenesis kit. The
C.AAG (BsH I restriction site underlined, initiator methion-  expression plasmid was amplified by PCR, usifgTurbo
ine codon in bold, six-histidine codons in italics); reverse, DNA polymerase (Stratagene), in the presence of the

CAGAAGCTT.CTA.ACC.AAC.AAT.CAC.CAT.AT- mutagenesis primers, then the unmodified plasmid was
C.ATC.GCT. GG Hindlll restriction site underlined, stop  selectively digested witDpnl (New England Biolabs Inc.).
codon in bold). Following digestion witBspHI andHindlll The mutagenized plasmids were amplified by transformation

(New England Biolabs Inc.), the insert was ligated into the into E. coli strain XL1-Blue and confirmed by direct
complementariNcd andHindlll sites of the pIC expression  sequencing of both strands. Plasmids for the overexpression
vector (a derivative of pET11a provided by Dr. E. R. S. of double mutants oBtRp were created by sequential single
Kuniji, Dunn Human Nutrition Unit) and checked by direct mutations.
sequencing of both strands. Unless otherwise stated, mutantsBiRp were overex-

A single colony ofE. coli strain C41(DE3) was trans- pressed and purified by the protocols described above. In
formed and grown overnight (37C, TYE—agar plate some cases, lower iron-to-protein ratios were observed.
containing 100ug mL~* ampicillin (Melford Laboratories  Therefore, all mutants dBtRp were coexpressed with the
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iscgene cluster3d) (plasmid supplied by Prof. Y. Takahashi, \ A
Osaka University, all growth media supplemented by: 0
mL~*tetracycline), and this significantly increased the lower
values. Some of th8tRp mutants were oxygen sensitive,
and so all mutants were purified in a room-temperature
glovebox (Q < 2 ppm; Belle Technology, U.K.). For
mutants obtained in lower yields, column bed volumes of
0.5 mL per liter culture were employed, and the buffer for
the second wash step contained only 20 mM imidazole. Gel
filtration chromatography was used routinely for purification
of the mutants and demonstrated that they were monomeric
and monodisperse. The exception was Y165W which eluted
in two distinct peaks: this mutant is generally unstable and
may be partially misfolded or degraded. The molecular mass
of each mutant was confirmed by mass spectrometry; all
values were within 2 Da of the expected values. The VL,
WL, and Y165W mutants typically contained only 1.6 irons
per protein, and L142D, despite being obtained in high yield
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and high purity, contained only 0.7 irons per protein; all other gx = 1.768
mutants contained close to stoichiometric amounts. The CA o0 3300 se00 w0700
and CS mutants had to be purified as quickly as possible, Magnetic Field (G)

since they tend to precipitate, even when kept strictly
anaerobic.

Disulfide Reduction and Sulfhydryl Alkylatiofhe disul-
fide bond inBtRp was reduced by incubation BfRp (200
uM, pH 8.0) with a 20-fold excess of tris[2-carboxyeth-

Ficure 2: (A) UV—Visible spectra of oxidized (dashed line,
maxima at 323, 458, and 579 nm) and reduced (solid line, maxima
at 305, 383, 428, and 520 nm) wild-tyB&Rp. Protein concentration

25 uM, in 50 mM Hepes (pH 8.0) and 0.3 M NaCBtRp was
isolated in the reduced state and oxidized by the addition of a

ylphosphine]hydrochloride (TCEP, Perbio Science U.K. Ltd.)
for 2 h, at room temperature, under anaerobic conditions.
Free sulfhydryl groups were alkylated by reaction with a 20-

stoichiometric amount of potassium ferricyanide. (B) The EPR
spectrum of reduced “as-isolateBtRp (~120uM, 50 mM Hepes
(pH 8.0) and 0.3 M NaCl). EPR conditions as described in
Experimental Procedures.

fold excess ofN-ethylmaleimide (NEM) for 30 min, at room
temperature, under anaerobic conditions. The stoichiometriesously @30, 39. Briefly, the protein was applied directly to a
of the alkylation reactions were confirmed by mass spec- pyrolytic graphite edge electrode surface, freshly polished
trometry @0). with 1 um alumina (Buehler, IL), and then placed into
UV—Visible and EPR Spectroscopi&s/ —visible spectra  solution in an all-glass cell. The cell was thermostated at 20
were recorded using anaerobically sealed quartz cuvettes andC and encased in a Faraday cage and an anaerobic glovebox
a UV-1601 Shimadzu spectrometer. Samples for electron(O, < 2 ppm, Belle Technology, U.K.). The reference
paramagnetic resonance (EPR) spectroscopy-{160uM) electrode was a standard calomel electrode; all potentials are
were either frozen as prepared or treated with a 5-fold excessreported relative to the standard hydrogen electrode. Analogue-
of sodium hydrosulfite (dithionite) ar-ascorbic acid, under  scan cyclic voltammetry was performed using an Autolab
anaerobic conditions. Spectra were recorded on a Brukerelectrochemical analyzer (Eco-chemie, The Netherlands).
EMX X-band spectrometer using an ER 4119HS high- Data were analyzed using Fourier transformation and an in-
sensitivity cavity, maintained at low temperature by a house analysis program (courtesy of Dr. H. A. Heering).
ESR900 continuous-flow liquid helium cryostat (Oxford Solution pH values were controlled using mixtures of four
Instruments, U.K.); the sample temperature (10 K) was of the following buffers (total concentration 40 mM): 10
measured by a calibrated Cernox resistor (Lake Shoremm sodium acetate, Hepes, MES, TAPS, CAPS, and sodium
Cryotronics Inc., OH). The following conditions were phosphate, depending on the pH. The pH of each solution
applied: microwave frequency-9.38 GHz, modulation  \yas checked immediately following measurement and, when
amplitude 10 G, modulation frequency 100 kHz, time npecessary, the effects of high Naconcentration were

constant 10.24 ms, and conversion time 40.96 ms. Thecorrected for. Volumetric solutions of NaOH were used at
microwave power, 5@W, was low enough so that no signal  anqd above pH 13.

distortions due to saturation were observed. Spectra were

modeled using the Bruker Win-EPR SimFonia program and RESULTS

a Lorentzian line shape; values®f= 400 andp = 40 were

used to ensure convergence. Spin quantification was carried Characterization of the @erexpressed Wild-Type BtRp
out using EPR spectroscopy, by comparison of the spectrumRieske ClusterfFigure 2A shows the U¥visible spectra of

of the Rieske cluster with thatf @ 1 mM CuSQ, standard. oxidized and reduceBtRp, and Figure 2B shows the EPR
The spectra were recorded under identical (nonsaturating)spectrum of reduceBtRp (as expected oxidizeBtRp was
conditions in standardized EPR sample tubes. The ratio of EPR silent). They demonstrate tf&Rp contains a correctly
spin concentrations was calculated from the ratio of the formed Rieske cluster and are very similar to spectra reported

double integrals divided bga.
Protein-Film Voltammetry.Reduction potentials were
measured using protein-film voltammetry as described previ-

for the soluble Rieske protein domain isolated from the
cytochromebc, complex @, 35, 3§. Spin and iron quanti-
fications showed that all the iron was cluster-bound and that
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Ficure 3: Typical protein-film voltammograms of wild-ty®&Rp. g 0
The raw data are displayed alongside background-subtracted signals, 0.1
which are adjusted in magnitude so that a theoretically shaped W Red
(Nernstian) peak would have an amplitude equal to/thgis span. B Red.H+

All voltammograms were recorded at 0.1 ¥2s20°C, 2 M NaCl,
as described in Experimental Procedures. The potential was poisedriGure 4: (A) Variation in the reduction potential with pH for
at the oxidative limit for 15 s prior to scanning. BtRp () (conditions were 0.1 V$, 20°C, 2 M NaCl as for Figure
3). Fits to the data (eq 1 and Scheme 1) are shown, and the

>90% of theBtRp molecules contained correctly incorpo- Parameters defined are reported in Table 2. (B) Corresponding
Pourbaix (stability) diagram. Protonated states are shaded, and
rated clusters. Py
. . . oxidized states are dotted.
Reduction potentials fdBtRp were measured over a wide
range of pH, using protein-film voltammetry (PFV). As
described previously, reduction potentials were measured in
2 M NaCl to minimize the influence of charge reversal at
the isopotential point and to allow all measurements to be FeS.. 2" PKox) FeS. H- PKoxa
made at the same ionic strength, even at very alkaline pH
values 4, 8, 39. Typical voltammograms are presented in
Figure 3. The oxidation and reduction peaks are both clearly
defined, and their maximum areas are consistent with a
protein (sub)monolayer. The peak shapes and separations are
Clos.e. to tr;]ew I%eal _Nernstlan.vlaug%s, andhthe averaﬁe peak 3 Eacig and Eqi are the pH-independent reduction potentials at the
position, the reduction potential, did not change as the scaNycjq and alkaline limits, respectivelyKp. and [Kox are the [Ka values

rate was decreased. Therefore, adsoilp is thermody-  for the two histidine ligands when the cluster is oxidizeH;q and
namically homogeneous, and, on this experimental time pKred. are the corresponding values for the reduced cluster.

scale, it exchanges electrons rapidly and reversibly with the
electrode. Reduction potentials measured by PFV correspondooth histidines are protonated. Figure 4B shows the corre-
closely to values measured by diffusional voltammetry under sponding Pourbaix (stability) diagram, to identify the most
identical conditions, showing that the adsorbed protein retainsthermodynamically favored states at different potentials and
its native conformation. In addition, they are close to values pH values. At low pH, the histidines are fully protonated in
reported for the isolated Rieske protein doma&@n35: the each oxidation state; at high pH, they are fully deprotonated
difference is~30 mV at pH 7.2, 25C, 0.01 M NacCl, either in each oxidation state. At intermediate pH values, the
because of small differences in the experimental conditions reduced state is more highly protonated than the oxidized
or because of the histidine tag &tRp. state, and the reduction potential is pH dependent. In contrast
The variation of reduction potential with pH, for wild- to previous studies of other Rieske proteins by PFV, the
typeBtRp, is reported in Figure 4A. As described previously singly protonated reduced state is observed BiRp.
in detail, the pH dependence can be modeled by using eq 10therwise, the pH-dependent reduction potential of wild-
to determine thel§ values and reduction potentials defined typeBtRp behaves very similarly to those of the homologous
by Scheme 14). The data fit is included in Figure 4A and  high-potential Rieske proteins frofh thermophilusandR.

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

FeS

Eycia Eak

FeS,.qH =~—=

red

pKred] pKredZ

FeSeq.2H" FeS

red

the parameters are reported in Table 2. sphaeroidesdescribed in detail previousha).
K K K Design of Site-Directed Mutants of BtRfigure 1 shows
E —g .- RTlg 4 Do Boaoe), the structure of nativ8tRp, in the vicinity of the Rieske
obs — Tacd | Ayt a, cluster, including the three sets of residues which were
targeted. First, mutants of S163 and Y165 were designed to
Kredl KredlKredZ . e
1+ + > (1) test the effects of removing specific hydrogen bonds (Table
Ay (< 1, top). Second, six variants which lack the disulfide bond

were designed (Table 1, top), and the disulfid@tRp was
PKox1 and Koxz and Kreqz and fKreqgz refer to the K values also modified chemically, by reduction and by reduction
of the oxidized and reduced cluster, respectively, and arefollowed by alkylation (Table 1, bottom30). Third, mutants
assigned to the two cluster-ligating histidine residu&siqy of L142A were designed to increase solvent access to the
is the pH-independent reduction potential of the cluster when Rieske cluster by substitution of the hydrophobic side chain,
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Table 1: Variants oBtRp Produced by Site-Directed Mutagenesis, Disulfide and Sulfhydryl Variants Produced Chemically

Mutants ofBtRp
variant disulfide designation rationale
S163A v S163A Eliminates the hydrogen bond from the hydroxyl group of S163 to clustet)S1 (
Y165F Vv Y165F Eliminates the hydrogen bond from the hydroxyl group of Y165 to thef$139 (a cluster ligandg§.
Y165W v Y165W  Eliminates the hydrogen bond from the hydroxyl group of Y165 to thefSC139; large change in
pK reported previously in cytochronte; complex @5).
C144A C160A X AA Alanine side chains are neutral and relatively smaid steric interference expected.
C144A C160L X AL Common motif in low-potential “Rieske-type” proteins, in place of the disulfitié) (
C144v C160L X VL Valine is intermediate in size, between alanine and tryptophan.
C144W C160L X WL Common motif in low-potential “Rieske-type” proteins, in place of the disulfitig) (
C160A X CA (Simple, single mutations, which mimic the disulfhydryl form but cannot form the disulfide equivalent.
C160S X CS May allow the influence of thiol protonation to be explored.)
L142A v L142A Decreases the size of the hydrophobic side chain, which is proposed to shield the cluster from&olvent (
L142D Vv L142D Introduces a negative charge close to the cluster and the histidine ligands.
L142K v L142K Introduces a positive charge close to the cluster and the histidine ligands.
BtRp variants
variant disulfide production
BtRp-TCEP X Wild-type BtRp treated with TCEP to reduce the disulfide to two sulfhydrg®.(
These can be deprotonated (negative) or protonated (neutral).
BtRp-NEM X Wild-type BtRp treated with TCEP to reduce the disulfide to two sulfhydryls,
and then with NEM to alkylate the sulfhydryl3@). Alkylated sufhydryls
are uncharged.
CA-NEM X CA mutant treated with NEM to alkylate the single cysteine residue irreversibly.
Cys-NEM is a neutral residue.
CS-NEM X CS mutant treated with NEM to alkylate the single cysteine residue irreversibly.

Cys-NEM is a neutral residue.

incorporated correctly into each of the mutants during
expression or retained during chemical modification.

EPR spectra were recorded for each varianBiXp and

Table 2: Reduction Potentials an& Yalues for Variants oBtRp?

variant pH range Eacie, MV Eak, MV pKoxt PKoxe PKredr PKred2
WT 4.0-14.0 311 —152 755 9.10 11.80 12.81

S163A 45140 164 _597 815 931 1188 1354  Wwere alltypical of Rieske clusters, withivalues altered only
Y165F  3.714.0 252 —225 7.74 9.43 1208 13.31 slightly with respect to wild-typ@&tRp. The shape of thgx
Y165W  4.7-13.0 214 <-216 8.00 940 >1240 component was sharper than that of wild-tyg&p for the
ﬁﬁ j‘?‘:ﬁ-g %gg B :g; ;-gg g-gg g ggg hydrogen-bond mutants (particularly S163A) and broader for
VL 54-127 172 <-243 833 934 >12.40 the disulfide-bond double-mutants (particularly VL and WL)
WL 47-128 246 <-198 7.80 9.16 > 12.30 and for the L142 mutants. The spectra of S163A, AL, and
\é/;'NEM ig—igg %22 = —iég ;-gg g-ig g ig-gg L142A are representative examples and are presented in
— < — . . .
CA-NEM 45-126 251 <-169 798 940 = 1230 Figure 5. Theg-values and line widths for every mutant are
cs 45-12.0 235 <-152 8.07 928 >12.00 reported in Table S2 (Supporting Information). Initial EPR
CS-NEM 45-123 235 <-183 812 929 >1230 samples of the CA and CS mutants, prepared following gel-
ﬂigg i-;j‘z‘-(l’ ggz <‘_1§g ;-g;‘ g-g 1£5i32 0(1)3-06 filtration, clearly contained multiple species. However, the
L142K  3.7-140 326 —149 722 931 1153 1318 Spectrum included in Figure 5 shows only a typical Rieske

a Parameters are defined by Scheme 1, and derived from the fits to clu_sttlar; this Sa?;.ple W?js.' _punﬂed 3S_qUICk(ij aslposfflble'l ur_lder
the data (Figures 4 and 8). Where exact valuesEgs pKreq, and strictly anaerobic conditions, and immediately after elution

PKred2 cannot be determined, the maximum value Ei and the from the Ni=NTA column. Further experiments confirmed

minimum average value forkpeq; and (Kreaz are reported. Errors are  that the CA and CS mutants are unstable, perhaps due to

;yplczlly +3 mV for Bacig £20 MV for B, £0.1 for foa,» and+0.2 dimerization and aggregation via their free thiol groups.

OF Pred.2 For comparison of the different EPR spectra, Figure 6
shows a plot of thg-values for the 16 variants, against their

and to introduce extra charges close to the histidine ligands, \pombicities R, eq 2). For Rieske and Rieske-type proteins
with the aim of modulating their o values (Table 1, top). ’ '

Spectroscopic Characterization of Variants of BtRpe 3000, — g,)
twelve mutants oBtRp (Table 1, top), and the four further == = 2)
variants which were created by disulfide bond reduction and/ ((29,—9)—9)

or alkylation (Table 1, bottom), all showed WWisible

spectra which were typical of Rieske proteins in the reduced approximately linear relationships have been established
state (as isolated, data not shown). In each case, the spectraetween theg-values andR; (3), and so Figure 6 aids in
were very similar to that of wild-typBtRp (Figure 2A), with classifying the behaviors of the different variants and in
slight variations in the positions<(10 nm) and widths of  identifying outliers. In accordance with Figure 6, Y165W
some of the bands. The largest differences were observedand VL are clearly distinct from the other variants; VL also
for S163A, Y165F, and Y165W, consistent with the removal has anomalous voltammetric properties (see below). It is
of a hydrogen bond modulating the electronic structure of possible that the clusters in Y165W and VL are structurally
the cluster. The spectra confirmed that Rieske clusters weredistorted, perhaps because of newly formed steric interac-
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Y165F 1 AA
2 0 0 \0.2/ 04 ;0.6 0 0 2 /04 0.6
B 1
LE) CS-NEM L142D

0 \02/ 04 06 0 0 .2 (04 0.6
-1

Potential vs. SHE

Ficure 7: Voltammograms recorded for examples of each class
of BtRp variant, presented as in Figure 3. All voltammograms were
recorded at 0.1 V 3, 20 °C, 2 M NaCl, as described in
Experimental Procedures. The pH values were 7.94 (Y165F), 7.94
(L142D), 7.92 (AA), and 7.96 (CS-NEM). L142D is an example
of a mutant which gives poorly defined peaks, visible over only a
limited range of pH.

| %{2
S N
(@)
> > B >
— = —_

y y y y y 03 03
3200 3400 3600 3800 4000
Magnetic Field (G) 02 02
FicurRe 5: The EPR spectra of representative mutant fornmstep, —_ 01 o1
normalized to equal spin concentrationsl0uM, 50 mM Hepes g o 6 8 10\12 14 88 0N 1
(pH 8.0) and 0.3 M NaCl). EPR conditions as described in @ 01 \ -0.1 \
Experimental Proceduregy-values are reported in Table S2 202 vigsw 02 wL
(Supporting Information). =03 03’
H-bond  L142 5§03 03
mutants mutants a? 0.2 0.2
0.1 0.1
2 Juann N ¥ SUNY S
2] : —_—— _0014 6 8§ 10N2 14-0014 6 8 10 \Q4
g ! i Distglﬁgie i 0'2 0'2
S | YI6SW BrRp futants VL o) BRPNEM PRRSEES
- } .

1 1 ‘ pH

19] (O mbe
‘ ‘ ! Ficure 8: Variation in the reduction potential with pH, for four
| ‘ 1 representative variants 8tRp (conditions were 0.1 V3, 20°C,

2 M NacCl, as described for Figure 7) and fits to the data (using eq

18 ~ SI63A! ! 1 and Scheme 1). The parameters defined are reported in Table 2.
. <o All other

variants | . .

Sl6in R : peak-to-peak separations. As may be expected from its

Y165F . heterogeneity, Y165W gave poorly defined peaks. The

1.7 L142K signals from L142D were also very weak, perhaps because

80 90 100 110 120 130 140 the extra negative charge weakens the adsorption to the
Rhombicity (R, %) surface (L142K forms particularly stable films), but also

FiGURE 6: Plot of g, gy, andg, values for each mutant, derived because of its lower cluster content (see Experimental
from the EPR spectra, as a function of the rhombicRy),(and Procedures). The voltammetric signals from the disulfide
best-fit lines through the data. ValuesRyf> 100% correspond to mutants were all weaker than for wild-tyf&Rp, but the

R« values of approximately (200% R;). Different symbols are ; : } ;
uged for different classes of variant@, wild-type BtRp; <, variants with free sulthydryl group8{Rp-TCEP, -CA, and

hydrogen-bond mutants (S163A, Y165F, Y165W); mutants of -CS) showed the weakest signals of all. These variants are
L142; #, double mutants of the two disulfide bonding cysteines; unstable (see above), and in reporting their potentials we

0, BtRp-TCEP andBtRp-NEM; ®, CA, CS, CA-NEM, and CS-  rely on the assumption that any degraded clusters present
NEM. Exact values ofg, g, and g, are given in Table S2 (o not contribute to the voltammetric signals observed.
(Supporting Information). Interestingly, alkylating the free thiol groups BfRp-TCEP,
tions. This observation is consistent with the heterogeneity/ -CA, and -CS with NEM promoted the voltammetry signifi-
instability of these two mutants, suggesting that they are not cantly, suggesting that the negative thiols inhibit adsorption
good candidates for studying the isolated effects of disulfide Or that the alkylated proteins are more stable. Figure 8
and hydrogen bond alterations. The C164Y:C180L (YL) and Presents the variation of potential with pH for four repre-
C164Y:C180V (YV) mutants studied recently in tiSac- sentative variant forms @tRp. The parameters determined
charomyces cerésae cytochromebc, complex showed — Using eq 1 to fit the data are presented for all variants in
similar large increases in cluster rhombici9). Table 2.

Protein-Film Voltammetry of Variants of BtRpigure 7 The Effects of the Mutations on Cluster Stabilifjhe
shows example voltammograms from each class of the stabilities of six representative variants &tRp were
variant forms oBtRp, recorded at pH-8. Although the peak ~ compared: wild-typeBtRp, S163A, Y165F, AA, VL, and
areas vary, in all cases the voltammetric behavior is similar L142K. CA and CS were not included, as their instability is
to that of wild-typeBtRp, with compact peaks and small most likely due to the free cysteine. The variants were
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Table 3: Differences between the Reduction Potentials &d p with the _removal _(_)f a hydrogen-bond?ng dipole, which
Values of Variants oBtRp and Wild-Type Protein, Calculated from  preferentially stabilizes the most negatively charged state

the Values Presented in Table 2 (reduced or deprotonated). As discussed previously, the
AE.ca AEak AEsa  ApKoxi2 effects on potential are significantly greater than those on

variant  (mV) (MmV) ApKoxz2 ApKrea12 (kJ mof?) (kJ mol?) pK (Table 3), because the redox active iron center is closer

S163A  —147 —145 041 0.41 14.2 23 to the hydrogen-bonding dipole than the protonation sites

Y165F -59 -73 026 0.39 5.7 15 are and because the histidine residues are solvent-exposed

Yliesw - —97 0.38 9.4 21 (8). In these mutant$acia — Eak and Kox1.2 — pKiregr2are

AA —54 0.28 5.2 1.6 i - ;

AL _76 014 73 08 not altered significantly (th&—pH curves (Figures 3 and

VL —~139 0.51 134 29 8) require only translations to map them onto the wild-type

WL —65 0.16 6.3 0.9 curve) Q). This shows that the mutations do not affect

WT-NEM  —56 0.24 5.4 13 coupling between the reduction and protonation states of the

CA —65 0.15 6.3 0.8 cluster. The changes Biqobserved (Table 3) are consistent

CA-NEM  —60 0.37 5.8 2.1 . . . :

cs ~76 0.35 73 20 with values reported previously from equivalent mutations

CS-NEM -76 0.38 7.3 2.1 in the cytochromédc, complexes oSaccharomyces cerie

L14§A —34 +4 8.32 0.14 2263 3%.1 sae(23) andParacoccus denitrificang4) and confirm that

L142D -27 5 . 1 ;

L 149K 415 +3 —006 005 —1i4 03 the effects of mutating S163 are greater than the effects of

mutating Y165. This is because S163 hydrogen-bonds
“Errors are typically=3 mV for Eaciq, £20 mV for Eax, £0.1 for directly to cluster S1, placing its dipole closer to both the
PKoa.2 and£0.2 for fKreaa reducible iron center and the histidine ligands than the dipole
- ) o of Y165, which hydrogen-bonds to thes 8f cluster ligand
purified anaerobically, by affinity chromatography only; 1 cys139 (Figure 1A)2). The Y165W mutation is slightly
mM ascorbate was added to ensure complete reduction, thefinore significant than the Y165F mutation, perhaps because
the samples were dialyzed into 50 mM Hepes and 0.3 M of the steric bulk of the Trp side chain (and reflected in the
NaCl, pH 8.0. A portion of each sample was then oxidized instability and heterogeneity of the Y165W protein). It has
using a 5-fold excess of ferricyanide and redialyzed. The peen suggested that the Trp side chain contacts S163, altering
UV —visible spectrum of each variant, in both the oxidized its interaction with the cluster and augmenting the effects
and reduced states, was monitored under the following of mutating Y165 25). Interestingly, although the decreased
conditions: room temperature (anaerobic); room temperaturepotentials of both Y165 mutants are consistent with those
+ O (aerobic); pH 4, room temperature (anaerobic, corrected reported by Guergova-Kuras and co-workers, we do not
using a known volume of 0.1 M HCI). The results are gpserve the significantly increase® values of mutant
presented in Table 4. _ Y165W (ApKoxi» > 1) which were reported and interpreted
All the variants, except VL, were fully stable in the {5 support the importance of the deprotonated Rieske cluster
reduced state in the absence of oxygen; mutant VL degradedn quinol oxidation by the cytochrombc, complex @5).
only slowly over the 24 h period of the experiment. In the Muytations of S163 and Y165 caused only small decreases
oxidized state, in the absence of oxygen, BtRp and  in the stability of both the oxidized and reduced clusters
L142K were fully stable and S163A and Y165F degraded (Taple 4), consistent with disruption of the hydrogen-bonding
only slowly over 24 h. However, the oxidized clusters in network around the cluster.
AA and VL were very unstable; the oxidized cluster in AA The Roles of the Disulfide Bondll of the disulfide
could be observed only transiently, and the oxidized cluster \griants studied, except mutant VL, gave very similar values
in VL could not be observed at all. The behavior of all the g, Eacia (235-257 mV, AE.q = —54 to —76 mV) and
oxidized clusters was very similar whether oxygen Was average Ko values which were increased by 0.14 to 0.38
present or not, suggesting that oxygen acts only as an oxidanipjts (Tables 2 and 3). These values are consistent with those
toward the reduced clusters. Consequently, the behavior ofgstimated from the chemical reduction of the disulfide bond
the rgduced clustt_ers in the presence of.oxygen can bein the Rieske protein frorT. thermophilu—AEagq = 40
explained by considering that clusters which have higher ) put interpretation of the data is less ambiguous because
potentials, such as WBRp and L142K, are not oxidized  there are no complications from deprotonation or recombina-
by oxygen at a significant rate, but those with lower (o of the free thiol residuesS0). It is likely that the lower
potentials (S163A, Y165F, AA, and especially VL) are potentials and increasepvalues result from removal of
susceptible. T_he stablhty. of the cIuster;, starting from the the polarizable sulfur groups and from the release of the
reduced state in oxygen, is thus a combination of the rate of gisyifide tether between the two cluster coordinating loops
OX|dat_|on and the stablll_ty of the oxidized cluster. The perturbing the hydrogen-bonding network and increasing
experiments at pH 4 confirm that reduced clusters are moregg|yent accessibility to the cluster region. As discussed above,
stable than their oxidized counterparts and that the generakne histidine X values are less affected than the reduction
order of stability is WTBtRp, L142K> S163A, Y165F> potential because the histidine ligands are more exposed to
AA, VL. solvent.
In designing the disulfide mutants, we expected a trend
DISCUSSION in their behavior, following the size of the residue side chains
Hydrogen Bonds to the Cluster from S163 and Y Tét (AA < AL < VL < WL). However, mutant VL is clearly
three hydrogen-bond mutants, S163A, Y165F, and Y165W, anomalous, while AA, AL, and WL are very similar. It is
all have decreased cluster reduction potentials and increaseghossible that the steric strain, which should build up as the
cluster (K values (Tables 2 and 3). The results are consistentside chains increase in size, is relieved, in WL, by an
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Table 4: Stability of the Rieske Cluster under Different Conditions, in Wild-TBtiRp and Representative Mutahts

reduced reducegt O, oxidized oxidizedt O reduced pH 4 oxidized pH 4
wild-type BtRp stablé stablé stablé stablé partial degradation immediate
after 1 h degradation
L142K stablé stablé stablé stablé partial degradation immediate
after 1 h degradation
S163A stable oxidized after~1 h  >90% remaining >90% remaining significant degradation immediate
after 24 h after 24 h after 1 h degradation
Y165F stable oxidized/degraded  partial degradation partial degradation partial degradation immediate
after 24 h after 24 h after 1 h degradation
AA stablet partial degradation  fully degraded immediate
after 24 h in <5 mint degradation
VL partial degradation no cluster observable oxidized cluster immediate
after 24 h after~1h not observable degradation

a“Stable” indicates that no significant spectral changes were observed after®Zftér 24 h the spectrum indicated that the cluster was
predominantly oxidized. However, the spectral features were broadened, suggesting that the sample was also slowly ti¥grallisggr could
be observed in AA or VL following oxidation with ferricyanide and dialysis. Reaction with a stoichiometric amount of ferricyanide in thasuVv
cuvette demonstrated the formation of the oxidized cluster in mutant AA only. In this case, no cluster remained after 5 min.

alternative orientation of the Trp side chain. Consequently, and is less discriminating than an oxygen or nitrogen ligand.
VL may be the most “strained” mutant, consistent with its Consequently, the oxidized cluster is less stable because
lower stability and anomalous EPR signal. Note that the disruption of the cluster to form [Fe@®)s]*" is more
distance between the two disulfide residue8iRp (G3— favorable energetically than disruption of the cluster to form
Cp) is 3.7 A (), whereas in BphF, the equivalent distance [Fe(H.O)s)?*, and so, it is likely that the disulfide impedes
(TrpCB—LeuB) is 4.5 A (10). Therefore, it is very likely cluster degradation kinetically, not thermodynamically. If this
that steric strain will be present in thBtRp variants, is correct, then how do low-potential Rieske proteins, which
particularly those with larger side chains. The YL and YV do not contain a disulfide bond, maintain their cluster
mutants in the cytochrombc, complex of S. cereisae stability? Although it is possible that low-potential clusters
showed increases in rhombicity comparable to those of theare protected, as effectively, by the two van der Waals
BtRp VL mutant, and similarly large decreases in potential residues that replace the disulfide, it is more likely that high-
(YL 115 mV; YV 105 mV; BtRp-VL 139 mV @9)). potential clusters are intrinsically more susceptible to hy-
However, the potential of the C155S mutant in the cyto- drolytic breakdown. Hydrogen-bonding dipoles, which are
chrome bc; complex of R. capsulatuswas also more  the predominant determinant of cluster potential, act by
significantly decreased (180 mV) than the equivalent mutants decreasing electron density on the cluster, and this has the
in BtRp (27). Therefore, it is possible that there are extra additional consequence of increasing its susceptibility to
contributions operating in the cytochrorng complex, such nucleophilic attack by solvent. A tyrosine residue was
as alterations to the position of the Rieske headgroup with proposed to play a similar role in blocking solvent access

respect to the @site (12, 13.

In the cytochromebc; complex, previous studies on
mutants of S163 and Y165, which are buried in the Rieske
protein interior and therefore unlikely to affect the-Qite,
established a relationship between catalytic activity and
Rieske cluster reduction potenti&23). However, the de-
creased reduction potentials of tBecereisaecytochrome
bc; complex YL and YV mutants are not sufficient, within
this relationship, to bring about the decreases in activity
which were observed (0.04%). The EPR spectra ofShe
cerevisaeYL and YV mutants and thR&. capsulatu€£155S
mutant, are not responsive ta@ite inhibitors, suggesting
that quinol binding is disrupte@{, 29. However, the results

and preventing hydrolytic breakdown in high-potential iron
proteins (HiPIPs)40).

Mutations of L142The L142A mutation is electroneutral,
and therefore, changes in potential and pre due to
alterations in the solvent accessibility of the cluster or to

small changes in the conformation of the protein backbone,
which affect the hydrogen bond from the amide of L142 to

cluster S2 2). In L142A, Eaciq has decreased by 24 mV and
pKox12 has increased by 0.38 units (Table 3). The two
changes are very similar energetically (2.3 and 2.1 kJ ol
respectively) and so are unlikely to be attributable to
perturbation of the hydrogen bond (which would affegsy
more than o1 2). Furthermore, changes Ey (4 mV) and

presented here suggest that an important role for the disulfidepKeq1 2 (0.14 units) are smaller, consistent with increased
is to stabilize the cluster, most crucially in the oxidized state solvent access to the cluster and a small decrease in coupling

and that, in the absence of the disulfide, the cluster will

degrade. Indeed, treating submitochondrial particles with 2,3-

between reduction and protonatidffg — Eax = 435 mV
in L142A, 463 mV in WT; ApK = 3.7 in L142A, 4.0 in

dimercaptopropanol to reduce the disulfide does result in lossWT) (8).

of the Rieske cluster2g). Note also that th&. capsulatus
C155S mutant contained only a small amount of Rieske
cluster @7), while no cluster quantification was reported for
the S. cereisae YL and YV mutants 29).

It is clear that oxidized high-potential Rieske clusters are

For the L142D and L142K mutants, an additional charge
is present, closer to the histidines than to the redox-active
iron center. Relative to L142/E,.iq is decreased by 3 mV
in L142D and increased by 39 mV in L142KKp 2 is
increased by 0.18 in L142D and decreased by 0.44 in L142K.

less stable than their reduced counterparts, the opposite trend’hus, the effect of the extra negative charge in L142D is

to that predicted by the IrvingWilliams series (F&€ forms
stronger complexes than#¢. However, $ is a soft ligand

small, perhaps because the Asp side chain moves away from
the histidines and because the negative charge is solvated.
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The effect of the positive charge in L142K is significant,
and the effects ofEaciq (3.8 kJ mot?) and Koxi2 (2.5 kJ
mol™Y) are similar. The magnitudes of the observed changes
in pKox1 2are consistent with the calculated effects of solvent-
exposed negatively charged residues in BphF-0.8 K
units) 33). Note that the L142K mutant is the only variant
which has a higher potential and lowef palues than wild-
type BtRp.

Similar mutants in the cytochromlec; complex of R. 7

capsulatuscaused decreases in reduction potential of up to
114 mV (L136G), and the potentials did not follow the trend 8
predicted from the residue charge (L138E; = —32 mV,

L136D AE; = —75 mV, L136GAE; = —114 mV, L136A

AE; = —45 mV) (31, 32, so it is interesting that the L142

mutations inBtRp have, comparatively, so little effect. It is 9.

likely that, in the complex, there is an additional significant
contribution to these changes in reduction potential, perhaps
alteration of interactions between the Rieske protein and the
Qo site or alterations in the position of the Rieske protein
headgroup. Consistent with this, these mutations also caused
significant decreases in catalytic rate because thgisi@s
are perturbed and because they cannot bind quinol in a
productive conformation.

Comparison with Low-Potential Rieske-Type Proteirse
sum of the effects of the S163A, Y165F, AL (a typical
disulfide variant), and L142A mutations may be expected

to produce a protein with potentials and palues similar 13.

to that of the low-potential Rieske-type proteins. Predicted
values forEaciq and fox1,2 are Eacia = 5 mV and fKox 2 =
9.52. Measured values for BphF arel35 mV and 10.65
(8). Therefore, 70% of the difference B,.q is accounted
for, but only 50% of the difference inKax 2 is accounted
for. The remaining difference is attributable to additional

hydrogen bonds from the protein backbondiRp (2) and 15.

to the influence of extra negatively charged residues in BphF

(33). 16.
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