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ABSTRACT. Electron transfer between the Rieske ir@ulfur protein (F&S;) and cytochrome; was studied
using the ruthenium dimer, R, to either photoreduce or photooxidize cytochrameithin 1 us. RuD

has a charge of-4, which allows it to bind with high affinity to the cytochrome; complex. Flash
photolysis of a solution containing beef cytochrobwg, RwD, and a sacrificial donor resulted in reduction
of cytochromec; within 1 us, followed by electron transfer from cytochromgto FeS, with a rate
constant of 90 000 8. Flash photolysis of reduced beed;, RwD, and a sacrificial acceptor resulted in
oxidation of cytochrome; within 1 us, followed by electron transfer from § to cytochromec; with

a rate constant of 16 000’5 Oxidant-induced reduction of cytochronbg was observed with a rate
constant of 2507 in the presence of antimycin A. Electron transfer from3;e&0 cytochromec; within

the Rhodobacter sphaeroideyt bc; complex was found to have a rate constant of 60 00(as 25°C,
while reduction of cytochromby occurred with a rate constant of 100¢t.sDouble mutation of Ala-46
and Ala-48 in the neck region of the Rieske protein to prolines resulted in a decrease in the rate constants
for both cytc; and cytby reduction to 25 s, indicating that a conformational change in the Rieske
protein has become rate-limiting.

The cytochrome (cyt)bc; complex is an essential com-  the original bovinebc, 14,22 crystals, an anomalous signal
ponent of the energy-conserving electron-transfer chains offor FeS; is found close to cyb,, but its intensity is small,
mitochondria and many respiratory and photosynthetic suggesting conformational mobilityt( 7). Addition of the
prokaryotes ). The complex contains two b hemés,and Qo inhibitors UHDBT or stigmatellin significantly increased
bu, located in a single polypeptide; the Rieske iraulfur the intensity of FgS,, suggesting that the Rieske protein
protein; and cyt; (1, 2). Itis generally accepted that electron underwent a transition to an immobilized state near the
transfer through the complex involves a Q-cycle mechanism surface of cyty (7). In contrast, addition of MOA-stilbene
in which four protons are translocated to the positive (P) abolished the signal for the irersulfur center in the native
side of the membrane per two electrons transferred from crystals and gave rise to a new low-amplitude signal closer
ubiquinol to cytc (2). A key bifurcated reaction occurs at  tg cytc,;, suggesting increased mobility)( In native chicken
the Q site where the first electron is transferred from QH  (5) or beefP6522 bc; crystals b, 6), the Rieske protein is in
to the Rieske ironsulfur center and then to cgt and cyt a conformation with F£5, close to cytc; (c; state, Figure
¢ (1-3). Following proton release, the second electron is 1) which would support very rapid electron transfer between
transferred from semiquinone in the Qlte to hemeb, and FeS, and cytc; (5, 6). In chickenbc; crystals grown in the
then to heméy, and ubiquinone in the @ite. Three different  presence of stigmatellin, the Rieske protein is in a conforma-
groups §—6) have recently determined the X-ray crystal jon with FeS, close to the @site in cytb (b state, Figure
structure of the cybc, complex from beef and chicken 1) \yhich would allow rapid electron transfer from quinol
mitochondria. An unexpected result of these studies is that;, FeS; (5). One puzzling aspect of the Q-cycle mechanism
the Rieske_z irop-sulfur pr_otein is found in several different ;5 how QH at the Q site can deliver electrons sequentially
conformations, depending on the crystal form and the {4 the high and low potential chains, even though thermo-
presence of inhibitors at the quinol oxidationc[@ite. In 4y namics would favor delivery of both electrons to the high
potential chain 1—3). The X-ray crystallographic studies
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Ficure 1: X-ray crystal structures of cytochronie; from chicken in the presence of stigmatellin and antimycin (b st&eartd in the
beefP6s22 crystals (¢ state) 6). The Rieske, cyt;, and cytb subunits are colored blue, yellow, and gray, respectively. The hemes, the
FeS, center, stigmatellin, and antimycin are represented by space-filling models colored red, yellow, cyan, and green, respectively. The
Rieske neck region residues-682 are colored orange, and His-161 is colored green. Bovine Rieske residu&g 66rrespond tdR.
sphaeroidesesidues 4248.

An important goal is to determine the conformation of the EXPERIMENTAL PROCEDURES

Rieske protein in each state of the; complex, the rate of Materials. Ru,D was prepared by a modification of the
electron transfer in each of the conformations, and the method of Downard et al1@). Bovine cytbc; was purified
kinetics of change between the different conformations. as described by Yu et al.14). Native and mutantR.
However, very limited kinetic information is currently Sphaeroides:yt bc, were prepared as described by Tian et
available on the intracomplex electron-transfer reactions g|. (15). Paraquat and antimycin A were obtained from
involving the Rieske center, cgt, and cytc. The kinetics  Sigma, stigmatellin was purchased from Fluka, and [Co-
have previously been studied with the greatest time resolution(NH,)sCI)2+ was synthesizedL).
in chromatophores frofRhodobacter sphaeroideshere the Flash Photolysis Experiment§ransient absorbance mea-
electron-transfer CyCle can be initiated by a short ||ght flash surements were carried out by flash ph0t0|ysis Of,BDQ)f
(8—10). Experiments using this system are limited by the solutions contained in a 1-cm glass semi-microcuvette. The
rate of diffusion of photooxidized cyt, from the reaction excitation light flash was provided by a Phase R model
center to théac; complex kairr ~ 5000 s) (8, 10. The rate  pL.1400 flash lamp-pumped dye laser using coumarin LD
constant for intracomplex electron transfer between the 490 to produce a 480-nm light flash &f0.5 us duration.
Rieske center and cgi has been estimated to be much larger The detection system has been described by Heacock et al.
than 5000 s* using this method1(0). A ruthenium photo-  (11). Samples typically contained#M cyt bc, in a buffer
excitation method has been developed to measure the rat6yith 0.01% lauryl maltoside. In photoreduction experiments,
constant for intracomplex electron transfer betweerceytd 10 mM aniline and 1 mM 3CP were used as sacrificial
cyt ¢, to be 60 000 s (11, 12. _ donors, and catalytic concentrations of horsecayd bovine

In this paper, we report the use of a novel binuclear cyt oxidase (20 nM) were present to maintain byt in the
ruthenium complex, RiD, to directly add or remove an  oxidized state. In photooxidation experiments, paraquat or
electron from cytc, in the cytbc, complex upon flash  [Co(NHs)sCI]2+ were used as sacrificial acceptors, and 2,3-
photolysis in the presence of an appropriate sacrificial dimethoxy-5-methyl-6-(10-bromodecyl)-1,4-benzoquinol

A

electron donor or acceptor. lihas a net charge of4,  (Q,C,4Br) was used to reduce cht;. The experiments were
which allows it to bind strongly and selectively to the carried out aerobically to rapidly reoxidize the highly
negatively charged domain on the surface of gytPhoto- absorbing reduced paraquat.

oxidation or photoreduction of cy; is complete within 1

us, the lifetime of the metal-to-ligand excited state otBu RESULTS

This new method has been used to measure electron transfer Flash photolysis of a sample containing purified beef cyt
between the Rieske irersulfur protein and cyt; in both c: and RuyD results in rapid reduction of cyt; by the
the forward and the reverse directions as well as oxidant- excited-state Ru(lI*) as shown in Figure 2. Aniline and 3CP
induced reduction of cyby. Experiments are reported with  serve as sacrificial electron donors to reduce Ru(lll) and to
both bovine andR. sphaeroidesyt bc; complexes as well  prevent the back reaction. The reduction of@yis complete
asR. sphaeroidesnutants that affect the flexibility of the  in 1 us, the lifetime of the excited state of B The amount
neck region of the Rieske irersulfur protein. of cyt ¢; reduced in a single flash increases hyperbolically
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Ficure 2: Photoinduced reduction of bovine aytby RwD. (A)

A solution containing &«M bovine cytc; and 7uM RuD in 5

mM Tris-HCI, pH 8.0, 10 mM aniline, and 1 mM 3CP at 2&
was excited with a single 480-nm laser flash of 300 ns duration.
(B) The absorbance changeA at 552 nm is plotted vs RD
concentration.

as the concentration of RD increases, consistent with the
formation of a complex between K and cytc; with a
dissociation constant of #M (Figure 2B). The yield of
reduced cyt; obtained with a single flash is 8% of the initial
concentration present, with an fuconcentration of 2@M.
The yield decreased to 2% upon addition of 100 mM NacCl,
indicating dissociation of the complex.

Flash photolysis of a solution containing bovine by,
RwD, and aniline results in rapid reduction of cyt,
followed by biphasic reoxidation of cygt with rate constants
of 90 000 and 73007¢ and relative amplitudes of 57% and
43% (Figure 3). When stigmatellin is added to the solution,
the reoxidation of cyt; is eliminated after several flashes
(Figure 3). Stigmatellin binds preferentially in the presence
of reduced Fg5, and locks the Rieske protein in the b
conformation {—6). These results indicate that photoreduced
cyt ¢; transfers an electron to the Rieske irgulfur center
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Ficure 3: Electron transfer between 8 and cytc; following
photoreduction of bovine cyic;. A sample containing 8M bovine

cyt bc; and 25uM Ru,D in 5 mM Tris-HCI, pH 8, 10 mM aniline,

1 mM 3CP, and 0.01% lauryl maltoside was excited with a 480-
nm laser flash. The 552-nm transient is the average of 10 single
transients. Catalytic concentrations (50 nM) of cgnd cyt oxidase
are present in the solution to slowly reoxidize dy; between
flashes. The smooth curve is a biphasic fit with rate constants of 9
x 10* and 7.3x 10° s~ and relative amplitudes of 57% and 43%.
The top curve was recorded following addition of stigmatellin and
flashing several times to reduce the Rieske protein.
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of a solution containing reduced bovine &, RwD, and
paraquat leads to rapid oxidation of cgf, followed by
biphasic reduction with rate constants of 16 000 and 250 s
and relative amplitudes of 66% and 34% (Figure 4A).
Addition of stigmatellin completely eliminates the reduction

of cyt ¢, consistent with locking the reduced iresulfur
center in the b state. These results indicate that the fast phase
is due to electron transfer from the Rieske ir@ulfur center

to cyt ¢;. The rate constant of the fast phase has a large
temperature dependence, consistent with an activation energy
of 59 kJ/mol. The rate constant is also sensitive to the ionic

in a biphasic reaction with rate constants of 90 000 and 7300 strength of the buffer with values of 6000'sat 3 mM ionic
s 1. The rate constant of the fast phase was independent ofstrength, 16 0003 at 15 mM ionic strength, and 4700%s

temperature down to 5C, within an error limit of £20%.

at 53 mM ionic strength, all at 2%5C.

The slow phase decreased in amplitude and could not be The oxidant-induced reduction of cit; was studied in

measured reliably at low temperatures.

To study electron transfer from the Rieske ireulfur
center to cyt; (the physiological direction), RD was used
to photooxidize cytc; in the presence of the sacrificial
electron acceptor paraquat. Purified, reduced @ytvas
photooxidized within 1us by RuyD in the presence of

the presence of antimycin A to inhibit reduction of quinone
at the Q site. Sufficient QC,0Br was added to completely
reduce the Rieske center and cytand to reduce cyy by
about 20%. Rapid photooxidation of cgf by RwD was
followed by biphasic reduction with rate constants of 4700
and 180 s! at 53 mM ionic strength, as monitored at 552

paraquat (data not shown). The mechanism may involve nm (Figure 4B). The absorbance at 562 nm increased in a
either of the pathways shown in Scheme 1. Flash photolysisstep function due to the contribution of ogt oxidation at
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Ficure 4: Electron transfer within the bovine cyic; complex
following photooxidation of cytc;. (A) The 552-nm transient is
shown for a solution containing M bovine cytbg and 20uM
RwD in 20 mM Tris-HCI, pH 8, and 10 mM paraquat. M
QoC,0Br is added immediately before the flash to reducehmyt

The smooth curve is a biphasic fit with rate constants of 16 000
and 250 s! and relative amplitudes of 66% and 34%. The bottom
transient was obtained after addition of @01 stigmatellin. (B) A
sample containing ZM bovine cytbc; and 19uM Ru,D in 5 mM
Tris-HCI, pH 8.0, 50 mM NaCl, 10 mM paraquat, and 2M
antimycin A was treated with sufficient Q10Br to completely
reduce the Rieske center and cytand to reduce cyiy by about
20%. Rapid photooxidation of cyt; by RuD was followed by
biphasic reduction with rate constants of 4780700 and 180+

40 s1, as monitored at 552 nm. The 562-nm transient indicated
biphasic reduction of cyty with rate constants of 25& 50 and
30+ 10st

this wavelength. This was followed by biphasic reduction
of cyt by with rate constants of 250 and 30*sThe small
contribution of cytc; to the 562-nm absorbance was taken
into account in the kinetic analysis. Addition of MOA-
stilbene completely eliminates the slow phase of cyt
reduction and both phases of cgt reduction. The rate
constant for the fast phase of dyf reduction is comparable
to that for the slow phase of cyt reduction. This phase
thus represents transfer of the first electron fromy@HeS,
and cytc,, followed rapidly by transfer of the second electron
from the semiquinone to cyf and cytby. The slow phase
of cyt by reduction may be due to a small amount of the
Ru(lll) form of RwD that is bound to a nonproductive site
on the enzyme, slowly dissociates, binds to cyt and
accepts an electron.

Photoinduced electron transfer in tRe sphaeroidesyt
bc; complex was similar to that observed with the beef
complex. It was found that [Co(N$Cl]>" was a more
efficient sacrificial electron acceptor than paraquat in this
system, giving a photooxidation yield of 22%. Flash pho-
tolysis of a solution containing reduc&®l sphaeroidesyt
bc;, RwD, and [Co(NH)sCI]?t results in rapid photooxida-

Accelerated Publications

0.669 44 A
E
o 0664
o
©
3
2 0.659
@
2
2
S 0.654
< + Stigmatellin
AN A bt oo o e PPN i poti ot
0.649 : : : T
-0.02 0.03 0.08 0.13 0.18
Time (ms)
B 562 nm
0.65 -
8
2 064 1
o
2
2
2 063
<
062 552 nm
0.61 T T T T 1
0.0 2.0 4.0 6.0 8.0 10.0
Time (ms)

FIGURES: Electron transfer withifR. sphaeroidesyt bc; following
photooxidation of cytc;. (A) A solution containing 5«M R.
sphaeroidegyt bg; and 17uM RupD in 20 mM sodium borate,
pH 9.0, and 5 mM [Co(NKR)sCl]?* was treated with @C10Br to
reduce cyibc, and excited with a laser flash. The smooth curve is
a biphasic fit with rate constants of 61 000 and 1000 $he lower
transient was obtained with the same sample after treatment with
20 uM stigmatellin. (B) The same solution in panel A was treated
with antimycin A, and sufficient @C;0Br was added to completely
reduce Fg5; and cytc; and to reduce cyby by about 20%. The
562-nm transient indicates biphasic reduction of lgytwith rate
constants of 1000 and 260'sand relative amplitudes of 50% each.
The biphasic 552-nm transient has rate constants of 60 000 and
1000 s and relative amplitudes of 60% and 40%.
tion of cyt ¢, followed by biphasic reduction with rate
constants of 61 000 and 1000t ¢Figure 5A). Both reduction
phases were completely eliminated by addition of stigma-
tellin. Flash photolysis in the presence of antimycin A led
to biphasic reduction of cylby with rate constants of 1000
and 260 s! and relative amplitudes of 50% each (Figure
5B). Addition of MOA-stilbene eliminated both phases of
reduction of cytby and the slow phase of reduction of cyt
c1. The slow phase of reduction of cgt has the same rate
constant as the fast phase of reduction of tgyt

The importance of flexibility in the neck region of the
Rieske iron-sulfur protein was explored using twR.
sphaeroidegyt bc; mutants that should increase the rigidity
of the neck region. The ALA-PLP mutant has double proline
substitution at Ala-46 and Ala-48 in the neck region, and
the ADV-PPP mutant has triple proline substitution at
residues 4244 (15). Photooxidation experiments using4Ru
in the presence of §;0Br and antimycin A were carried
out as described above for wild-type sphaeroidesyt bc;.
No fast phase was observed in the 552-nm transient for the
reduction of photooxidized cyt; in the ALA-PLP mutant.
Instead, the reduction of cgt occurs in a single slow phase
with a rate constant of 25§ which is the same as the rate
constant for reduction of cyi; observed at 562 nm. These
results suggest electron transfer from$¢o cytc, becomes
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rate limiting in the double mutant, and thus the rate constants60% in a mobile stated]. In contrast, the Rieske protein is
for reduction of cyfc; and cytby are the same. No reduction largely in the g state in the beeP6s22 andP2; crystals b,
of cyt ¢; or cytby was observed when the same experiment 6), while an intermediate conformation is found in the beef
was carried out on the ADV-PPP mutant, indicating that P6s crystals 6). The rate of electron transfer between cyt
electron transfer from K&, to cytc; is completely inhibited. and FgS; is expected to be very fast in the state but
negligible in the b state.
DISCUSSION Dutton and co-worker2Q) have found that a semiclassical
Measurement of the kinetics of electron transfer between relation for long-range electron transfer, developed by
the Rieske iror-sulfur protein and cyt; has been a difficult ~ Marcus @1), applies to a wide range of biological systems:
problem 8—10). The ruthenium photoexcitation technique . )
provides a new way to rapidly oxidize or reduce cyand ket = ko eXH—B(r — 1,)] exd—((AG* + A)74ART)] (1)
initiate internal electron transfer in the dyt; complex. The
+4 charge on RiD allows it to bind selectively to the  wherer is the distance between the closest macrocycle atoms
negatively charged cytbinding site on cyt; in the cytbc in the two redox centers, the van der Waals contact distance
complex. The lifetime of the metal-to-ligand charge transfer r, = 3.6 A, 8 is taken to be 1.4 A!, the nuclear frequency
state, RuD*, is 1.0 us, so the observed electron transfer to k, is 10° s71, 1 is the nuclear reorganization energy, and
or from cytc, occurs within this time scalely). Oxidized ~ AG® is the driving force 20). In the structure of the bovine
cyt ¢; is photoreduced by RD* in the presence of the  P6522 crystals reported by Zhang et &),(the FeS, ligand
sacrificial electron donors aniline and 3CP, which reduce His-161 is only 4.0 A from the oxygen atom of herg
Ru(lll) and prevent the back reaction as shown in Figure propionate D and 8.2 A from the heraemacrocycle atom
2A. The dependence of photoreduction yield on.Ru  C3D. These distances are even closer in the boRBg2
concentration and ionic strength is consistent with formation structure reported by Iwata et al)( 3.8 and 7.8 A,

of an electrostatic complex betweenRuand cytc;. Ru,D respectively, and His-161 forms a hydrogen bond with the
has also been used to photoreducg {Dicyt ¢ oxidase 17). heme propionate. The reorganization enetghould be in
Reduced cyt; is photooxidized by R4D in the presence of  the range of 0.71.0 eV for electron transfer between,Bg
the sacrificial electron acceptors paraquat or [CogNE]>*. and cytc; (22), andAG® is close to zero. A rate constant of

Cyt ¢; could be oxidized by either Ru(ll*) or Ru(lll) as 1 x 10°—2 x 10’ s 1 is estimated from eq 1 assuming that
shown in Scheme 1. The detailed mechanism is currentlyr = 8.2 A, AG*” = 0, and41 = 1.0-0.7 eV. Given the
under investigation. Upon receiving an electron, [Cog¥H  uncertainties in this calculation, the experimental value of 9
Cl]#* rapidly decomposes to aqueous?Ceso the reaction  x 10* s! is in reasonable agreement with the smaller
is irreversible {8). Likewise, reduced paraquat is rapidly theoretical value and may represent the true rate of electron
oxidized by oxygen, so this reaction is irreversible under transfer in the ¢conformation. It is also possible that the
aerobic conditions. The yield of photoreduction or photo- observed rate constant is affected by dynamic fluctuations
oxidation is between 8% and 22%, which is more than 10- in the conformation of the Rieske protein. If the fluctuations
fold larger than using ruthenium trisbipyridine under the same are slow as compared to electron transfer in the optimal ¢
conditions. state and the population of the state is small, then the
Electron transfer between the Rieske ir@ulfur center observed rate constant is limited by the rate of the fluctua-
and cytc, was studied in both the forward and the reverse tions and is “gated” 23, 24. On the other hand, if the
directions in bovine cybc;. Photoreduction of cyd; by RwD fluctuations are rapid as compared to electron transfer, then
in the completely oxidizedbc, complex led to biphasic  the observed rate constankiss = fke, Wheref is the fraction
oxidation of cytc; with rate constants of 90 000 and 7300 of molecules in the cstate and electron transfer is “coupled”
s1 It is important to note that the initial amplitude of (24). A recent molecular dynamics simulation indicated that
photoreduction of cyt; is the same in the presence and in rotation of the soluble domain of the Rieske protein within
the absence of stigmatellin; thus, there is no faster phase ofl ns is feasible, consistent with the rapid fluctuation model
electron transfer that was not detected. The total extent of (25, 2. The small temperature dependence of the fast phase
cyt ¢, reoxidation is 30% of the amount photoreduced, of electron transfer from cyt; to FeS; is consistent with a
consistent with the finding that the redox potentials of cyt model in which the Rieske protein rapidly fluctuates within
¢ and FegS; are nearly the same at pH 89). However, it an ensemble of conformations that includes thstate and
is possible that a small fraction of cipt; molecules may  various intermediate states. The slow phase with a rate
have lost the Rieske protein during purification, so the extent constant of 7.3« 10° s~ could be controlled by the rate of
of cyt ¢; reoxidation cannot be used to accurately measure dissociation of the Rieske protein from the b state to the
the difference in redox potentials of the two centers. It is ensemble of rapidly fluctuating conformations.
tempting to speculate that the fast phase represents electron Electron transfer in the reduced bovine &g complex
transfer from cytc; to the Rieske iron-sulfur center thatis  with cyt ¢c; and FeS; initially reduced and cyb, and cytby
initially in the ¢ conformation, while the slow phase initially oxidized was studied by rapidly photooxidizing cyt
represents electron transfer to the Rieske center that isc; with RuD in the presence of paraquat. The reduction of
initially in the b conformation. In the latter case the Rieske cyt ¢; has a fast phase with a rate constant of 16 000 s
center would have to rotate to the conformation before  due to electron transfer from initially reduced,Bgto cyt
electron transfer could occur. However, the conformational ¢;. Since the redox potentials of cgt and FgS; are nearly
status of the Rieske protein in oxidized bovine byt in the same at pH 819), the two redox centers will approach
the absence of inhibitors is unclear. In thg22 crystals, equilibrium during the fast phase. The slow phase with a
the Rieske protein is about 40% in the b state and aboutrate constant of 250°%is due to electron transfer from QH
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to FeS,, which then undergoes electron-transfer equilibration iron—sulfur protein and cyt;. The rate constant depends
with cyt ¢;. The fast phase rate constant is much slower than on the redox state of the enzyme and, under some conditions,
the predicted value in the state, suggesting that electron may be controlled by conformational changes in the Rieske
transfer is conformationally gated or coupled. The difference protein. This new method can also be used to study the
in rate constants in the oxidized and reduced complexes maykinetics of electron transfer from quinol to the Rieske protein
be due to a difference in the dynamics of Rieske protein and hemdo, andby and can be applied to cigt; complexes
conformational changes or to the presence of quinol in the jsolated from different sources.

reduced complex. The rate constant in the reduced complex

has a large temperature dependence, suggesting that th®UPPORTING INFORMATION AVAILABLE

reaction could involve conformational changes in the Rieske
protein with a significant energy of activation, 59 kJ/mol.
The rate constant is also sensitive to ionic strength, suggest
ing that ionic interactions may affect the conformational
changes. The slow phase of @ytreduction has nearly the REFERENCES
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