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Protein of the Cytochrombc; Complex Affects the Mobility of the [2Fe2S]
Domairf

Mousumi Ghosh, Yudong Wang, C. Edward Ebert, Satya Vadlamuri, and Diana S. Beattie*
Department of Biochemistry, West Virginia Warsity School of Medicine, Morgantown, West Virginia 26506-9142
Receied July 24, 2000; Reésed Manuscript Receg¢d October 9, 2000

ABSTRACT: Mutating three conserved alanine residues in the tether region of thedudiur protein of

the yeast cytochrombc; complex resulted in 2256% decreases in enzymatic activity [Obungu et al.
(2000)Biochim. Biophys. Acta 14586—44]. The activity of the cytochromlec; complex isolated from

A86L was decreased 60% compared to the wild-type without loss of heme or protein and without changes
in the 2Fe2S cluster or proton-pumping ability. The activity of foe complex from mutant A92R was
identical to the wild-type, while loss of both heme and activity was observed ihdheomplex isolated

from mutant A90Il. Computer simulations indicated that neither mutation A86L nor mutation A92R affects
the a-helical backbone in the tether region; however, the side chain of the leucine substituted for Ala-86
interacts with the side chain of Leu-89. The Arrhenius plot for mutant A86L was apparently biphasic
with a transition observed at +719 °C and an activation energy of 279.9 kJ/mol below’C7and 125.1
kJ/mol above 17C. The initial rate of cytochrome; reduction was lowered 33% in mutant A86L;
however, the initial rate of cytochrome reduction was unaffected, suggesting that movement of the
tether region of the iroasulfur protein is necessary for maximum rates of enzymatic activity. Substituting

a leucine for Ala-86 impedes the unwinding of thehelix and hence movement of the tether.

The cytochromebc; complext an integral multiprotein results in the transfer of one electron to the 2Fe2S cluster of
complex of the inner mitochondrial membrane, catalyzes the the iron—sulfur protein, which subsequently is oxidized by
transfer of electrons from ubiquinol to cytochromeoupled transfer of an electron to the heme of cytochrocpeThe
to the translocation of protons across the membrane). strongly reducing ubisemiquinone anion formed during
The bc, complex of yeast mitochondria consists of 10 ubiquinol oxidation in the @ site immediately reduces the
subunits, of which 3 have prosthetic groups that serve aslow-potential heme of cytochromig that rapidly transfers

redox centers, cytochromésandc, and the Rieske iron an electron to the high-potential heme of cytochrome
sulfur protein. The transfer of electrons through the The reduced cytochroma, is then oxidized by transfer of
complex is best explained by the Q-cycle mechaniSm7) an electron to either ubiquinone or ubisemiquinone at the

in which four protons are translocated across the mitochon- @ site.
drial membrane per two electrons transferred from ubiquinol
to cytochromee. For electron transfer to continue according
to the Q-cycle, two separate ubiquinone or ubiquinol binding
sites are required in tHac, complex. A ubiquinol oxidizing
site (Q) is located at the positive (P) side of the membrane
and a ubiquinone reducing site j@t the negative (N) side
of the membrane. The oxidation of ubiquinol at thg €jte

The recent resolution of the crystal structure of the
cytochromebc, complex from beefg, 9), chicken @0), and
yeast mitochondrial(l) has revealed that thec, complex
exists as a dimer with the eight membrane-spanning helices
of cytochromeb comprising the core of the complex. In the
crystal structure, the ironsulfur protein consists of three
separate domains: a membrane-spanningelix at its
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! Abbreviations: cytochrombc; complex, ubiquinol:cytochrome The subsequent resolution of three different conformations

oxidoreductase; CCCP, carbonyl cyanisechlorophenylhydrazone; i ini indi
DBH,, 2.3-dimethoxy-5-methyl-6-decyl-1,4-benzoquinol: DM dodecy! of the iron—sulfur protein in thebc; complex indicated that

maltoside; SDSPAGE, sodium dodecy! sulfatgolyacrylamide gel this pro_tein can exist in different positions in the complex
electrophoresis; SMP, submitochondrial particle. depending both on the crystal form on and the presence of
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8{6 9|0 9|2 sphaeroidesn which the loss of enzymatic activity was

shown to result from disulfide bond formation, which would
TADVLAMAKVE  § cerevisiac increase the rigidity of the tether region8j. Other ap-
SADVLAMAKVE N crassa proaches to understanding the role of the flexible tether in
electron transfer have included using site-directed mutagen-
esis to either shorten or lengthen the tether as well as to
TADVLAMAKIE  H sapiens change individual conserved amino acid residues in the
tether. These changes resulted in variable decreases in
enzymatic activity of théoc, complex (9—21).

SADVLAMSKIE B. taurus

SADVKAMASIF R. capsulatus
Ficure 1: Sequence alignment of amino acids in the tether region

of the iron—protein of the cytochrombgc; complex from different In a recent study in our laborator@), we investigated
species 16). The vertical lines indicate the conserved alanine the role of the conserved amino acid residues Ala-86, Ala-
residues (Ala-86, Ala-90, and Ala-92) that were mutated. 90, and Ala-92 located in the tether region of the yeast+tron

sulfur protein (83-ARDVLAMA-92) by constructing site-

Qo site inhibitors. These observations have suggested thedirected mutations of these residues (Figure 1). The results
possibility that the extrinsic domain of the iresulfur indicated that the enzymatic activity of the, complex was
protein might undergo movement during electron transfer reduced between 22 and 56% in all these mutants, although
(4, 9-12). A model that explains electron transfer through no loss of cytochromeb or ¢; was detected spectrally. In
thebc; complex in light of the crystal structure suggests that addition, quantitative immunoblotting revealed no significant
when ubiquinol binds in the @site and is deprotonated, loss of the iror-sulfur protein in any of these mutants with
the headgroup of the irersulfur protein moves closer to  the exception of mutants of Ala-92. In all substitutions of
cytochromeb and assumes theb* state. The b’ state Ala-92, the loss of enzymatic activity of tHec, complex
involves ligand formation between His-161 of the 2Fe2S paralleled the loss in the amount of the iresulfur protein.
binding cluster on the iroasulfur protein and the carbonyl In the current study, the cytochronbe; complex has been
and methoxy oxygens of the ring system of stigmatell8) ( isolated and characterized from three of these alanine mutants
an inhibitor that is bound to cytochrome at the distal (A86L, A90I, and A92R) that had reduced electron transfer
ubiquinol binding pocket¥4). The deprotonated ubiquinol  activity through thebc, complex. The results obtained
bound at the Q site then undergoes oxidation through a suggest that the loss of activity in the A86L mutant may
concerted mechanism in which one electron is transferredoccur because of steric hindrance that occurs between the
to the iron-sulfur protein and the second electron im- substituted leucine at residue 86 and the conserved leucine
mediately transferred to hentig and subsequently to heme present at position 89. By contrast, th& complex isolated
by (15). The ubiquinone thus formed is released from the from mutant A92R is essentially identical to the complex
Qo binding pocket followed by the subsequent movement isolated from wild-type cells.
of the reduced irorrsulfur protein to thec;’ state close to
the heme of cytochrome where rapid electron transfer from MATERIALS AND METHODS
the 2Fe2S cluster to henog occurs (2, 13. ) o _

Despite the changes in the position of the 2Fe2S cluster  Materials. Decylubiquinone (DB, carbonyl cyanidem-
of the iron—sulfur protein, the crystal structure has indicated chlorophenylhydrazone (CCCP), antimycin, valinomycin, and
that the conformation of the membrane-spanning helix Stigmatellin were purchased from Sigma Chemical Co.
remains unaffected under all experimental conditions. The Podecyl maltoside (DM) was purchased from Anatrace Inc.
conformation of the headgroup of the protein also remains All other chemicals were of the highest quality available.
unchanged in both the ‘cytochrorbg(11) and ‘cytochrome Growth of Yeast Cells and Preparation of Mitochondria.
¢’ (9) positions, but shows a mina2 A shift in the Yeast cells were grown to mid-logarithmic phase in a
intermediate position9). This observation suggests that medium containing 1% yeast extract, 2% peptone, and 2%
movement of the 2Fe2S cluster during electron transfer galactoseAsso nm= 1.0-1.4) in 4 L flasks. Twenty liters of
results mainly from the rotation of the entire head domain the cell culture was harvested by centrifugation at 4200
of the iron—sulfur protein. The flexibility to allow this 5 min at 4°C. The pellets were resuspended in 400 mL of
rotation must come from the eight amino acids present in disruption buffer consisting of 10 mM potassium phosphate,
the “tether” region connecting the head domain to the PH 6.6, 0.65 M sorbitol, 2 mM EDTA, and 0.2 mg/mL
transmembrane. The tether domain, a highly conserved regiorPenzamidine hydrochloride, a serine protease inhibitor, and
of the iron—sulfur protein, has the sequence TADVLAMA  Wwere broken using the modified glass bead meti2)i§rior
in yeast, amino acids 882 in the yeast numbering system 1o isolation of mitochondria as previously describ&2)(
(16). The presence of several highly conserved amino acid The mitochondrial pellet was resuspended in a buffer
residues, including three alanines, in this region of the protein containing 0.9% KCI, 50 mM potassium phosphate, pH 7.5,
suggests that these small amino acid residues may providel MM EDTA, and 0.2 mg/mL benzamidine hydrochloride
the needed flexibility for the proposed stretching of the tether and recentrifuged at 18090
(Figure 1). In support of the need for flexibility in the tether Purification of Cytochrome hcComplex.The final mi-
region, a recent report has indicated that substituting two tochondrial pellet was suspended in ice-cold 50 mM <Tris
prolines for two alanines, 90 and 92, or three prolines for HCI buffer, pH 8.0, containing 1 mM MgS{10% glycerol,
residues 86:88 resulted in an almost complete absence of and 0.2 mg/mL benzamidine hydrochloride (Buffer A) prior
electron transfer through thec; complex ofRhodobacter  to sonication using a macroprobe and an output control set
sphaeroideg17). Further evidence for the movement of the at position 8 (Heat Systems-Ultrasonics, Inc.). Two pulses
flexible tether involves double cysteine mutants Rf of 45 s were used separated by an interval of 2 min to obtain
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submitochondrial particles (SMPs). The sonicated mitochon-

dria were centrifuged at 100090or 45 min. The pellet
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buffer, pH 6.0, containing 250 mM sucrose, 0.2 mM EDTA,
1 mM NaNs, and 1.0 mg/mL bovine serum albumin against

containing the SMPs was resuspended in Buffer A containing an equal volume of buffer containing 1% DBH,. The

100 mM NacCl. DM, 0.7 mg/mg of mitochondrial protein,
was added and the solution slowly stirred foh at 4°C.
The solubilized mitochondria were loaded onto a 250 mL
DEAE-Biogel A (Bio-Rad) chromatography column equili-
brated with 50 mM TrisHCI buffer, pH 8.0, containing 0.5%
DM and 100 mM NacCl at a flow rate of 2.0 mL/min using
an FPLC (fast performance liquid chromatography, Amer-
sham Pharmacia Biotech). After loading, the column was
washed with 2 volumes of the same buffer and eluted with
5 volumes of a linear gradient of 16600 mM NacCl in 50
mM Tris-HCI, pH 8.0, at a flow rate of 1 mL/min. The
cytochromebg; complex was eluted with 35450 mM
NaCl. The fractions with cytochrome reductase activity
were pooled and applied at a flow rate of 2 mL/min on a
prepacked 5 mL Hi-Trap Q column (Amersham Pharmacia
Biotech) equilibrated with the same buffer as the first column.
The column was washed with 4 volumes of 50 mM Tris
HCI, pH 8.0, containing 200 mM NacCl, followed by applying
a gradient of 2061000 mM NaCl (flow rate 5 mL/min)
onto the column. The purified cytochrorbe; complex was
eluted with 606-750 mM NacCl. The presence of subunits
of thebg complex was determined on a 15% SBISAGE
stained with Coomassie Blue.

Enzyme Assays and Spectral Determinatiime activity
of the cytochroméyc; complex was determined by measuring
the reduction of 4&M horse heart cytochromeat 550 nm
using the ubiquinol analogue decylbenzoquinol (BBES
electron donor. The assay was performed at@m 50 mM
Tris'HCI, pH 7.4, 1 mM EDTA, 250 mM sucrose, and 2
mM KCN. The enzyme reaction was initiated by the addition
of 150 uM DBH,. The inhibition of enzyme activity by 1
uM antimycin A and 1uM myxothiazol was determined for
both the wild-type and the mutant enzymes. The rate of
cytochrome ¢ reduction was calculated using a molar
extinction coefficient of 21.5 mM cm™ for cytochromec.

time course of reduction of cytochromdsand c; was
performed in the presence of M antimycin at 563 and
554 nm, respectively. For each experiment, at least three data
sets were averaged.

EPR Spectroscop¥PR spectra of the 2Fe-2S cluster of
the iron—sulfur protein in SMPs obtained from the A86L
mutant and the wild-type were recorded using a Bruker EMX
spectrometer equipped with a liquid BNewar at 77 K. The
membranes were resuspended in 50 mM potassium phos-
phate, pH 7.5, 0.9% KCI buffer and reduced with 20 mM
ascorbic acid under anaerobic conditions. Spectra were
recorded both in the presence and in the absence g5
stigmatellin dissolved in dimethyl sulfoxide. EPR conditions
were as follows: temperature, 77 K; microwave power, 0.05
mW,; modulation amplitude, 6.0 G; modulation frequency,
100 kHz; and microwave frequency, 9.398 GHz.

Molecular ModelingMolecular modeling was performed
with an Octane Silicon Graphics station. The X-ray crystal
structure for the cytochrombc; complex isolated from
Gallus gallus (PDB 1BCC) was downloaded from the
Brookhaven Protein Data Banki@. Unfortunately, the
coordinates (1LE2Y) for the crystal structure of the ydmst
complex were not available at the time of this writing for
use in this studyX1). The region of the irorrsulfur protein
corresponding to the flexible tether region sequence (SASA-
DVLAMSK in bovine heart) was examined in detail. Amino
acid substitutions to mimic appropriate mutations were made
using the Biopolymer module from Insight Il software
(Molecular Simulations, Inc., San Diego). With the exception
of the tether region, the entire molecule was fixed before
energy minimization and molecular dynamics calculations
were performed. The portion of the tether region that
protruded into the aqueous extramembranous region was
soaked with water using a sphere8dA radius sufficient to
soak the entire region of interest. Changes in the conforma-

The activation energy required for enzyme catalysis was tion of the tether region were examined using molecular

determined for both the mitochondrial and purified enzyme

dynamics as follows. Initially, energy minimization was

preparations by determining the steady-state activity at performed on the tether region with the water added by

temperatures between 10 and°&at 2.5°C intervals on a

soaking using a constant valence force field (cvff) and the

Cary 50 spectrophotometer equipped with a temperaturemethod of steepest descents with a nonbond cutoff of 12 A
controller. At each temperature, a minimum of three assaysuntil the gradient was less than 1 keabl-2-A-1. Molecular
were performed and averaged. The activation energy wasdynamics simulations using the leapfrog algorithm were used;

calculated from an Arrhenius plot.

Optical spectra for the purifiedc, complexes were
recorded using a Cary 50 Bio UWisible spectrophotom-
eter. The cytochrome; content was determined from the

the system was equilibrated for 0.1 ps and the simulations
continued for 5 ps at 300 K using 1 fs time steps with the
same constraints. Structures were saved every 0.1 ps.
Differences between mutant and wild-type conformations

ascorbate-reduced minus ferricyanide-oxidized difference were examined by visual comparison (overlays) and distance

spectrum at 554539 nm using an extinction coefficient of
24.1 mMtcm™L. The cytochromé content was determined
from the dithionite-reduced minus ferricyanide-oxidized
difference spectrum at 56575 nm using an extinction
coefficient of 21.0 mM* cm™.

measurements between reference atoms.

Preparation of Proteoliposomes Containing thg kom-
plex and Measurement of Cytochrome c¢ Reductase and
Proton-Pumping Actiity. Reconstitution of the purifiedc,
complex into phospholipid vesicles was performed by

Single-turnover measurements were performed at roomsuspending 5@l of the purified complex containing 0.5
temperature by rapid-scanning stopped-flow spectroscopy,nmol of cytochromé in 500uL of an ice-cold phospholipid
using an OLIS modernized Cary 17 spectrophotometer solution containing 30 mM MOPS, pH 7.0, 0.5% sodium

equipped with an OLIS stopped flow. As the dead time of

cholate, 30 mMn-octyl 5-p-glucopyranoside, and 50 mg/

the instrument was 5 ms, this time was chosen as time 0,mL soybean lecithin. The mixture was sonicated using a
after which point data were collected. Reactions were startedmicroprobe at an output control set at position 1(Heat
by mixing 1 mg/mL SMP in 50 mM potassium phosphate Systems-Ultrasonics, Inc.) for £@5 s until the suspension
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Ficure 2: Effect of different concentrations of the detergent
dodecyl maltoside (DM) on cytochronegeductase activity of wild-
type and mutants in the tether region of the i@ulfur protein.
Submitochondrial particles obtained from wild-typs)(and the
mutants A86L ), A90I (O), and A92R ) were treated with the
indicated concentrations of detergent (mg of DM/mg of SMP) for
1 h at 4°C. Enzyme activity was determined as cytochrome
reductase activity with DBKas substrate.

appeared transparent. The sonicated mixture was incubate
at 4°C for 2—3 h prior to enzymatic assays.

Both cytochromee reductase and proton-pumping activi-
ties were assayed at 2& in 2 mL of a medium containing
1 mM K-HEPES, pH 7.2, 100 mM KCI, 1 mM KCN, 7.5
uM cytochromec, 1 ug of valinomycin, and 5Q:L of the
proteoliposomes. The reaction was started by addition of 150
uM DBH,, prepared just prior to use by sodium borohydride
reduction of DB. The rate of proton pumping was determined

Ghosh et al.

purification was observed for the complex from wild-type
cells based on units per milligram of protein with a specific
activity of 1.54 units/nmol of cytochromb for the most
purified fraction (Table 1). A comparable 10-fold purification
of thebc, complex isolated from mutant A86L was observed
with a specific activity of 0.62 unit/nmol of cytochrone
for the purified protein, a value that is decreased by 60%
compared to the wild-typbc, complex. Purification of the
bc, complex from mutant A92R resulted in a 13.0-fold
purification such that the purified complex had a specific
enzymatic activity essentially identical to that of the wild-
type. By contrast, difficulties arose in our attempts to purify
the bc; complex from mutant strain A90I as low yields and
loss of enzymatic activity were observed such that the
purified complex had a 73% decrease in specific activity
compared to the complex from the wild-type yeast cells.
Characterization of the polypeptide composition of the
purified bc; complexes from the wild-type and three mutant
strains by SDSPAGE revealed an identical subunit com-
osition with no significant loss of any of the subunits
cluding the iron-sulfur protein (Figure 3). Visible spec-
troscopy was used to determine the cytochrdmand c;
heme contents of thiec, complexes isolated from the wild-
type and mutant strains. The dithionite-reduced minus
ferricyanide-oxidized difference spectrum indicated that the
bc, complex isolated from wild-type and the three mutants
strains had am-band at 563 nm for cytochromeand an
o-band at 554 nm for cytochrome; (Figure 4). The
concentrations of cytochromésandc; in the wild-type and

by the decrease in absorbance at 558 nm of the pH indicator, o wvo mutants AS6L and A92R were similar with a +.6

dye Phenol Red (50 mM) resulting from the increase in
proton concentration outside the proteoliposomes. Cyto-
chrome ¢ reductase activity in the proteoliposomes was
assayed as the rate of cytochromeeduction at 550 nm in

1.8 ratio observed for the heme of cytochromeelative to
the heme of cytochrome, (Table 1). This ratio is slightly
lower than the theoretical value of 2.0 for the two hemes,
suggesting that some loss of thédeme may have occurred

the same medium minus the Phenol Red indicator. Liposomesduring the purification process. By contrast, te complex

prepared without any protein were used as controls for both
assays.

RESULTS AND DISCUSSION

Purification and Characterization of Cytochrome ;bc
Complex Isolated from Wild-Type and Mutant Yeast Strains.
Prior to attempting the purification of the cytochrorbhe
complex from mitochondria isolated from the iresulfur
protein mutants, A86L, A90l, and A92R, which have
decreased enzymatic activity2@), it was necessary to
determine whether thbc, complex in these mutants was
stable to detergent solubilization. Solubilization of the SMP
membranes isolated from both wild-type and mutant yeast
cells with increasing concentrations of DM resulted in 200
300% increases in the enzymatic activity of the solubilized
bc; complex determined as cytochrorneeductase activity
(Figure 2). The maximum enzymatic activity for the wild-

isolated from mutant A90I had lost significant amounts of
both hemes andc, during purification with a final heme
b:c; ratio of 1.4. Due to the difficulties in purification, the
low yields and loss of hemk, no further investigations of
mutant A90I were performed.

To summarize the purification of the; complexes from
the other two mutants, the; complex isolated from mutant
A92R appeared to be identical to that isolated from the wild-
type in terms of enzymatic activity, subunit composition, and
heme content. These results support our previous conclusions
that the loss of enzymatic activity observed in mitochondrial
membranes of A92R correlated with the loss of the ion
sulfur protein. By contrast, thbc, complex isolated from
mutant A86L had enzymatic activity decreased by 60%
compared to the activity of the complex isolated from wild-
type cells; however, thibc, complex appeared identical to
the wild-type in terms of subunit composition and heme

type and all mutants was observed at a detergent-to-proteincontent. Further investigations of the; complex from

ratio of 0.6-0.8 mg/mg of SMP protein. The similar
increases in enzymatic activity after detergent solubilization

mutant A86L were conducted in an attempt to establish the
reason for the lowered activity in this mutant.

of mitochondrial membranes suggest that all three mutants Effects of Stigmatellin on Mutant AB6Examination of
are stable to DM extraction and hence should be amenablethe crystal structure of the beef heart enzyme has indicated

to further purification.

Purification of the cytochroméc, complexes from the
detergent-solubilized SMPs of the wild-type and mutant
strains was accomplished by DEAE Biogel A and HiTrap
Q column chromatography using an FPLC. A 10-fold

that Ala-86 is located at the start of the tether connecting
the headgroup of the irersulfur protein with the membrane-
spanning helix. In addition, Ala-86 is located near the end
of the membrane-spanning helix adjacent to ¢dehelices

of cytochromeb, which cover the quinol binding pocket
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Table 1: Enzymatic Activities in Mitochondria and Purified Cytochrobme Complexes Isolated from Wild-Type and Mutants A86L, A901,
and A92R of the Yeast IronSulfur Proteif

specific activity

mitochondria purified complex
growth units/mg % of units/mg % of units/nm % of cytochrome content
strain rate of protein  control of protein control of cytb control b a b/c; ratio
wild-type 2.0 0.65 100 6.7 100 1.54 100 4.35 2.80 1.6
A86L 3.0 0.31 48 2.6 39 0.62 40 4.18 2.54 1.6
A901 2.0 0.42 65 1.8 27 0.77 50 2.29 1.66 1.4
A92R 2.0 0.50 77 6.5 97 1.34 87 481 2.60 1.8

aWild-type and mutant yeast cell2@ were grown in a medium containing galactose and mitochondria isolated as des@ipethe bc
complex was isolated from detergent-solubilized SMPs as described under Materials and Methods. Cymoédantase activity and cytochrome
content were determined spectrophotometrically as descrit@d®(Doubling time (hours).

Std MW

markers WT A86L A92R A90I
66 —. \\1/
45 - — - — / ‘/\ WwT
36 -— == -— = |
29 — . — Ju— - g
24 : = /
+ ISP g / A861
20 - -§ \dl\
142 2 M
6.5 L = AR
o)
: Ve

isolated from wild-type and mutants in the tether region of the-iron
sulfur protein. The purified proteins were separated by SPAGE

on 15% acrylamide gels and stained with Coomassie Blue. Lanes
1-5 (from left to right): 1, molecular weight marker proteins; 2,
wild-type; 3, A86L; 4, A92R; 5, A90I. The position of the iren Wavelength (nm)

sulfur protein is indicated by an arrow. FIGURE 4: Spectral analysis of the cytochrome content of the
cytochromebc; complex isolated from wild-type and mutants in
(10—14, 17. Possibly, substitution of the bulky leucine the tether region of the iressulfur protein. Thebc, complexes
residue for alanine might result in changes in the stigmatellin were isolated from mitochondria obtained from wild-type and
(ubiquinol) binding pocket leading to a loss of sensitivity to Mutant yeast cells. Difference spectra of the dithionite-reduced
this inhibitor in the mutant. The inhibitory effects of minus ferricyanide-oxidized samples were recorded at room tem-

. . . perature.
stigmatellin on the cytochrome reductase activity were

determined in SMPs isolated from both the wild-type and the yeast iror-sulfur protein does not affect theg@ocket
the A86L mutant (Figure 5). A maximum inhibition of 65  \yhere ubiquinol is oxidized?@). These results are consistent
70% was observed at a concentration of 8 nM stigmatellin wijth the observation that Ala-86 is located approximately
for both wild-type and mutant A86L. Further increasing the 35 A from the 2Ee2S clusted.().

stigmatellin concentration did not lead to further inhibitory  proton Translocation Actity in Wild-Type and Mutant
effects. The lack of complete inhibition by stigmatellin was  aAg6L.\We wondered whether substituting leucine for alanine
surprising as both antimycin and myxothiazol inhibited jn the tether region of the irensulfur protein might have a
greater than 90% the cytochrorneeductase activity of the  (ifferential effect on the rates of proton movement that

kDa '* \/ A901
Ficure 3: SDS-PAGE of the purified cytochromlec, complexes

L ]
500 550 600

purified bc; complexes. accompany electron transfer in the, complex. Both the
EPR spectroscopy has also been used to characterize theate of electron transfer determined as cytochromezluctase
binding pocket for the 2Fe2S cluster on the ir@ulfur and the rate of proton movements measured as pH changes

protein. The 2Fe2S cluster in the A86L mutant mitochondrial were compared in proteoliposomes containing thg
membranes reduced by ascorbate exhibited an EPR spectrumomplexes isolated from wild-type and mutant A86L (Table
identical to that observed for the wild-type complex with 2). The rate of electron transfer in the; complex isolated
resonances al = 1.8 and atg, = 1.89 (Figure 6). These from mutant A86L was decreased 66% compared to the wild-
results indicate that substituting leucine for alanine at position type complex, a decrease similar to that observed with the
86 did not change the microenvironment of the 2Fe2S cluster.isolated solublébc; complex. The rate of proton pumping
Similarly, the EPR spectra of both the wild-type and the by thebc complex isolated from both wild-type and mutant
A86L mutant determined in the presence of stigmatellin were A86L mitochondria was double that of electron transfer,
identical. The characteristic shift of tlgg value from 1.805 indicating a ‘classical’ H/e™ ratio of 2.0. The rate of proton

to 1.791 was observed in both complexes, suggesting thatpumping by thebc, complex isolated from mutant A86L,
substitution of the bulky leucine for alanine at residue 86 of however, was decreased 55% compared to that of the wild-
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Ficure 5: Inhibition of cytochromec reductase activity of
submitochondrial particles by stigmatellin. The SMPs (Gf)
isolated from wild-type and mutant A86L were added to the reaction
buffer containing 50 mM TridHClI, pH 7.4, 250 mM sucrose, and

1 mM EDTA and incubated with the indicated concentrations of
stigmatellin for 5 min at 4°C prior to addition of DBH and
determination of enzymatic activity. Wild-typdllY and mutant
A86L (#). Starting (100%) activity of the wild-type, 0.75 unit/
mg; and for A86L, 0.33 unit/mg.

e

‘NW WT + Stigmatellin

\/W,u_wm A86L + Stigmatellin

Table 2: Electron Transfer and Proton-Pumping Activities in the
Cytochromebc; Complex Isolated from Wild-Type and Mutant
A86L Yeast Celld

proton pumping

strain electron transfer rate rate +CCCP
wild-type 1.30+ 0.27 2.60+ 0.50 1.51+ 0.45
A86 0.4440.28 1.18+ 0.47 0.65+ 0.41

a Fifty microliters of purifiedbc; complex isolated from wild-type
and mutant A86L mitochondria containing 0.5 nmol of cytochrdme
was incorporated into proteoliposomes as described under Materials (G
and Methods. Proton pumping was measured after addition ofi60 FIGURE 6: EPR spectra of the [2Fe-2S] cluster of the Rieske-iron
DBH; to the reaction mixture by the decrease in absorbance at 558 nmsulfur protein in the wild-type and mutant A86L. SMPs (40 mg)
of 50 mM Phenol Red, while cytochromereductase activity was isolated from wild-type and mutant A86L cells were resuspended
determine at 550 nm in the same mixture minus Phenol Red. in 0 mM potassium phosphate, pH 7.5, in 0.9% KCI buffer and
reduced with 20 mM ascorbate afO for 10 min under anaerobic
. . . conditions and frozen in liquid nitrogen prior to EPR. Spectra were
type. This loss of proton-pumping activity parallels the loss also recorded in the presence of 281 stigmatellin as indicated
of electron transfer in théc, complex isolated from this  on the traces. EPR conditions were as follows: temperature, 77 K;
mutant (Table 1) and indicates that proton movements in Microwave power, 0.005 mW; modulation amplitude, 6.0 G;
mutant A86L are coupled to electron transfer. This conclu- Medulation frequency, 100 kHz; and microwave frequency, 9.398

sion is further supported by the observation that addition of '
the uncoupler CCCP to the incubation mixture decreased by, ara within 12 A of the mutated amino acids to ensure that

nearly 50% the rate of proton pumping in both the wild- 5 21om that might have an interaction with the mutation

type and mutant complexes. It has been well established tha(NOuld be able to do so

uncouplers affect the release of electrogenic protons but not i ) o ] )
The computer simulations indicate that neither mutation

the release of the scalar protons from the quinol substrate 3 .
A86L nor mutation A92R affects the-helix backbone (blue

during its oxidation by a Q-cycle mechanisi24j. ) : > ] '
Molecular Modeling of the Tether Region of the Iren ribbon) present in the tether region of the iresulfur protein

Sulfur Protein.The effects of mutating the conserved alanine (Figure 7). By contrast, closer examination of the model for
residues, 86 and 92, in the iresulfur protein of yeast "€ A86L mutant reveals that the side chain of leucine
mitochondria were further investigated by computer model- substituted at th|sf p03|t|on_(h|ghl|gh.ted in red) mteract.S with
ing. Simulations of thebc, complexes isolated from wild- atoms of the Ieucme_ at r<_aS|due 89 (in ye_llow) present in both
type and mutants A86L and A92R were performed using the yeast and bovine irersulfur protelns._ Two s_ets of
the same parameters, wherein hydrogens were added to alfydrogen atoms located on these leucine residues are
atoms, potentials were fixed, and the algorithm of Steepestobserved to be located within 2.6 A of each other. These
descent was selected utilizing the constant valence force field.results suggest that this proximity may lead to decreased

i LI T
3400 3600 3800 4000 42bO 44b0

Dynamics calculations were performed at 300 K for 5000
steps after 100 iterations of equilibration. All atoms of
residues 83 through 93 of the yeast iresulfur protein
(residues 6373 in the bovine iror-sulfur protein) were
allowed free range of motion, while all other atoms of the
bc; complex were held fixed over the course of the

flexibility of the tether due and hence the 50% loss of activity
observed in mutant A86L. Movement of the tether region
requires unwinding of the smatkhelix present in this region,
which may be impeded as a result of the interactions of the
two leucine side chains. It should be noted that substituting
a cysteine residue for Ala-86 did not affect enzymatic activity

simulations. Prior examination ensured that no fixed residuesof the bc; complex 0).
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Wild Type

Ficure 7: Molecular modeling of the tether region of the yeast irgalfur protein. Residues 833 (using the yeast numbering system)

of the yeast iror-sulfur protein were subjected to computer simulations as described under Materials and Methods. The backbone of the
a-helix is shown in dark blue for the wild-type and mutants A86L and A92R. The amino acid side chains are shown as yellow wire-frame
models. In the wild-type, Ala-86 and Ser-92 (Ala-92 in yeast) are shown as red wire-frame stick models, while the amino acids substituted

at residues 86 and 92 by site-directed mutagenesis are shown as red wire-frame models.

By contrast, the computer simulations indicate that the 4]
arginine substituted for Ala-92 (highlighted in red) did not
interact with any other amino acids or change the conforma-
tion of the tether region of the irersulfur protein (Figure
7). It should be noted that a serine residue is present at
position 92 in the bovine ironasulfur protein indicated in
orange in Figure 7. These results are consistent with the
observation that substitution of an arginine for Ala-92 had
no effect on the activity of théc, complex. 04

Determination of Actiation Energy for the bcComplex 330 335 340 345 350 3.55
from Wild-Type and Mutant A86LTo test the possibility
that the loss of activity in mutant A86L results from steric
hindrance due to the interaction of the substituted Leu-86 FIGURE 8: Arrhenius plots of the temperature dependence of
with Leu-89, the activation energy for ubiquinol to cyto- cytochromec reductase activity of the wild-type and mutant A86L.

X One slope is observed for the wild-type at temperatures ranging
chrome c reductase was compared in the; complexes from 10 to 25°C. Two slopes are observed for mutant AS6L with
isolated from the wild-type and the mutants A86L and A92R. an apparent transition at +28 °C. Correlation coefficients
The Arrhenius plots for the purifiebc; complex isolated ~ determined for the two slopes drawn above and belowd 7or
from wild-type cells revealed a straight line (Figure 8) for Mutant AB6L were-0.97975 and-0.97037, respectively. Both of

. . these values are more statistically significant than the correlation
which an.a(?tlvatlon energy of 55.38 k‘]/mOI was calculated, coefficient of —0.96815 determined for a single line drawn using
a value similar to that previously published for the ydast the entire temperature range studied for mutant A86L.
complex @5). By contrast, the Arrhenius plot for the complex
isolated from A86L was biphasic with an apparent transition tion of Leu-86 and Leu-89, which may directly result in an
observed at 1719 °C. An activation energy of 279.8 kJ/  increased rigidity of the tether. The transition temperature
mol was calculated for the slope obtained at temperaturesobserved at 17C is consistent with a large increase in
below 17°C, while an activation energy of 125.1 kJ/mol molecular motion in proteins above this temperature.
was calculated for the slope obtained at temperatures above By contrast, Arrhenius plots of thiec, complex isolated
17 °C. Drawing a single slope for the entire temperature from mutant A92R revealed an activation energy of 79.89
range from 10 to 25C resulted in a calculated activation kJ/mol, a value only slightly greater than that obtained for
energy of 204.7 kJ/mol (data not shown). The increased the bc; complex from wild-type mitochondria (data not
activation energy observed for the A86L mutant compared shown). This result supports the computer simulation reveal-
to the wild-type may result from decreased movement of ing that the arginine residue substituted for Ala-92 did not
the headgroup of the irersulfur protein due to the interac- interact with any other residues of the tether region con-

14 T

In [V, (tmol/min/mg)]
N

AB6L

1000 x 1/T (K")
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SECONDS

Ficure 9: Initial rates of cytochrombé (563 nm) andt; (554 nm)
reduction in wild-type and mutant A86L. The pre-steady-state rates

were determined at room temperature by rapid-scanning stopped-

flow spectroscopy as described under Materials and Methods.
Reactions were started by mixing SMPs obtained from either the
wild-type or mutant A86L in a buffer system containingum
antimycin with an equal volume of buffer containing 18@ DBH.

A representative trace is shown in the figure. The initial rates were
calculated by averaging—=6 different reactions.

necting the headgroup with the membrane-spanning helix
of the iron—sulfur protein A similar increase in activation
energy was reported in mutants Rf sphaeroides which
amino acid residues Pro-Leu-Pro were substituted for the
sequence Ala-Leu-Ala in the tether region of the iraulfur
protein (7). In chromatophores, the activation energy for
cytochromec reductase activity in this mutant was 69 kJ/
mol as compared to the 24.7 kJ/mol observed for the wild-
type chromatophores.

Initial Kinetics of Cytochrome b and;cReduction in
Mitochondria from Wild-Type and Mutant A86L Straiiifie
computer simulations and activation energy calculations have
suggested that the decrease in enzymatic activity observe
in thebc; complex in mutant AB6L may result from a steric
hindrance and thus decreased movement of the tether regio
of the iron—sulfur protein. This suggestion prompted us to
investigate the initial rates of cytochrorhendc; reduction
in the mutant compared to the wild-type under single-
turnover conditions to learn whether the A86L mutation
affects differentially the reduction of cytochronte or
cytochromer;. The pre-steady-state kinetic experiments were
performed with DBH as substrate in the presence of
antimycin to block further oxidation/reduction of cytochrome
b at center N. Under these conditions, the reduction of both
cytochromeds andc; was biphasic in SMPs isolated from
wild-type and mutant A86L (Figure 9). The initial rate of
the rapid phase of cytochrontereduction was 125 2.2
s tin the wild-type. A similar rate of cytochroniereduction
of 130+ 19.4 s was observed in the SMPs from mutant
A86L. By contrast, the initial rate of the rapid phase of
cytochromec; reduction in the A86L mutant was 73 2.8
s™1, a decrease of 33% compared to the rapid phasg of
reduction in the wild-type of 10 17.1 s. The decrease

}
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of cytochromec observed in both mitochondria and the
purified bc; complex of mutant A86L. It should be pointed
out that this decrease is indeed significant when compared
to the observation that the initial rate of cytochrorbe
reduction in the A86L mutant was unchanged compared to
the wild-type. Steric hindrance due to the leucine substituted
for alanine would be expected to impede the unwinding of
the a-helix with a resultant loss of flexibility and hence
movement of the tether toward cytochromme Decreased
motion in the tether of the mutant irersulfur proteins would

be reflected in lowered rates of electron transfer from the
iron—sulfur protein to cytochrome;. Decreased motion in
the tether region of the irensulfur protein, however, would
not be expected to affect the rate of electron transfer from
the iron—sulfur protein in the by’ state to cytochromd in

the @ site. These experiments are initiated with the iron
sulfur protein in the oxidized state and the reaction started
by addition of reduced quinol, which would facilitate the
docking of the iror-sulfur protein to cytochromb. Similar
differences in the rates of cytochronteandc; were recently
obtained with thebc, complex of R. capsulatusn which
addition of -2 alanine residues in the tether region of the
iron—sulfur protein resulted in decreases in the rate of
cytochromec; reduction but not of cytochromiereduction
(21). Moreover, the decreased rate of cytochrameduction
was correlated with loss of the postulated movement of the
tether region of the ironsulfur protein. Apparently, under
these experimental conditions, movement of the tether is
more critical for rapid rates of cytochronegreduction than

for cytochromeb reduction.

CONCLUSION

Substituting a leucine residue for the conserved Ala-86
located in the tether region of the yeast iresulfur protein
resulted in a 50% or greater loss of cytochroomeductase
activity without loss of protein or heme and without changes
in the 2Fe2S cluster in either mitochondrial membranes or
he isolatedbc; complex. Moreover, this mutation did not
mpede the ability of the isolatdat; complex to translocate
rotons across the membrane and establish a membrane
otential. Computer simulations have indicated that the side
chain of the leucine substituted for Ala-86 may interact with
the side chain of Leu-89. We suggest that the close proximity
of several hydrogen atoms present in the side chains of the
two leucine residues may impede the unwinding of the
o-helix located in the tether region necessary for movement
of the headgroup of the irersulfur protein. Consequently,
mutant A86L had lowered activity of thac; complex. This
suggestion is supported by the higher activation energies
calculated for the mutant A86L compared to the wild-type
at all temperatures. Moreover, the apparent biphasic nature
of the Arrhenius plot observed for mutant A86L provides
further evidence for the suggestion that steric hindrance
causes the loss of enzymatic activity in mutant A86L of the
iron—sulfur protein.
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