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ABSTRACT. A new ruthenium-cytochrome derivative was designed to study electron transfer from
cytochromebc; to cytochromec (Cc). The single sulfhydryl on yeast H39C;C102T iso-1-Cc was labeled
with Ru(2,2-bipyrazine)}(4-bromomethyl-4methyl-2,2-bipyridine) to form Ryg-39-Cc. The Rit39-Cc
derivative has the same steady-state activity with yeast cytochtmmnas wild-type yeast iso-1-Cc,
indicating that the ruthenium complex does not interfere in the binding interaction. Laser excitation of
reduced Ry39-Cc results in electron transfer from hem# the excited state of ruthenium with a rate
constant of 1.5« 10 s™1. The resulting Ru(l) is rapidly oxidized by atmospheric oxygen in the buffer.
The yield of photooxidized hemeis 20% in a single flash. Flash photolysis of a 1:1 complex between
reduced yeast cytochronbe; and Ry-39-Cc at low ionic strength leads to rapid photooxidation of heme

¢, followed by intracomplex electron transfer from cytochroca¢o hemec with a rate constant of 1.4

x 10* s71. As the ionic strength is raised above 100 mM, the intracomplex phase disappears, and a new
phase appears due to the bimolecular reaction between solution Ru-39-Cc and cytobbyoiitee
interaction of yeast Ru-39-Cc with yeast cytochrobwg is stronger than that of horse Ru-39-Cc with
bovine cytochromdoc;, suggesting that nonpolar interactions are stronger in the yeast system.

The cytochromebc, complex (cytbg)! is an integral of a 1:1 reactant complex between reducedozytand Cé*,
membrane protein in the energy-conserving electron transportintracomplex electron transfer from cgt?" to Cc&*, and
chains of mitochondria and many respiratory and photosyn- release of C&". The interaction between Cc and dyt;
thetic prokaryotes1). The complex contains cyt;, the should be optimized to allow rapid electron transfer in the
Rieske iron-sulfur protein, and twd-type hemesly and reactant complex, as well as facilitate rapid reactant complex
by) in the cytb subunit ¢, 2). Electron transfer through the  formation and product complex dissociation. The overall
complex is thought to involve a Q-cycle mechanism in which reaction rate measured by both steady-state and stopped-
protons are translocated from the negative to the positive flow kinetics decreases with increasing ionic strength,
side of the membrane as electrons are transferred fromingicating that the interaction has an electrostatic component
ubiquinol to cytochromee (Cc) (). Cc is a small water-  (3—g). Chemical modification studies have suggested that
soluble heme protein that transfers electrons from the cyt gj lysine amino groups surrounding the heme crevice of
bc, complex to cytochrome oxidase by adiffusipnal shuttle ¢ are involved in the interaction with cipts (3, 4, 6-9).
mechanism §, 4). The electron-transfer reaction from the | i ewise, chemical modification and cross-linking studies
cytbc, complex to Cc involves at least three steps: formation o\ e implicated acidic residues on bovine cytn binding

t This work was supported by NIH Grants GM20488 (F.M. and CC» @S Well as acidic residues on subunit 8, called the hinge
B.D.), GM30721 (C.-A.Y.), and GM20379 (B.T.). protein (L0—12). The X-ray crystal structures of beef,
* To whom correspondence should be addressed. Fax: (479) 575-chicken, and yeast cyic; show that the cyt; heme edge

40?%;;,2?;% C(J?Z\%L::fgggg' E-mail: millett@comp.uark.edu. on the cytoplasmic surface is surrounded by acidic residues

s University of North Carolina, Chapel Hill. that could form a docking site for Cd8—16). The X-ray
' Dartmouth Medical School. crystal structure of the complex between yeast Cc and yeast

U Oklahoma State University. ; ;
1 Abbreviations: cybbey, cytochromebey: C, cytochromes: yCo, cyt be, has recently been determined to 2.97 A resolution

yeast Cc; Ru39-Cc, Ru(bpzimb-Cys-39-(H39C;C102T)-yCc; Ru (17) (Figure 1). The most remarkable feature of this structure
39-Cc, Ru(bpyydmb-Cys-39-(H39C;C102T)-yCc; bpy, 2Bipyridine; is that the complex is stabilized largely by nonpolar interac-

dmb, 4,4-dimethyl-2,2-bipyridine; bpz, 2,2bipyrazine; TMPD, tet- ; ; i ; i ;
ramethylphenylenediamine; 3CP, 3-carboxy-2,2,5,5-tetramethylbyrro- tions, mCIUdmgha planarf stacking mtelractlon betwheen yCe
lidine-N-oxyl; QoCi0Br, 2,3-dimethoxy-5-methyl-6-(10-bromodecyl)- Arg-13 and Phe-230 of cyt;. Complementary charged

1,4-benzoquinol. residues are located around the periphery of the binding
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Ficure 1. X-ray crystal structure of the complex between yeastocytand yCc (7). Cyt c; is colored gray, yCc is light blue, the heme
groups are pink, acidic residues on cy&ee red, basic residues on yCc are blue, and Phe-230 is purple. The ruthenium complex on Cys-39
is green.

domain, but only two are close enough to potentially make requiring efficient photooxidation of redox centers. Flash
direct polar interactions. The distance between the edges ofphotolysis of a 1:1 complex between reduced yeasbcyt
the hemec and hemec; groups is only 9.4 A, giving an  and Ry-39-Cc at low ionic strength leads to rapid photo-
estimated rate constant for electron transfer of 1(f to 8 oxidation of hemec, followed by intracomplex electron
x 10° S__l_ (17). o ) o transfer from cytc; to hemec with a rate constant of 1.4
In this investigation, a new ruthenium-Cc derivative has 1y <1 This is the first experimental measurement of
lt;\een dg&gn_ed to dsthudyt/) electrgn transfer fromcr;y:t;] C‘?' d intracomplex electron transfer from ogifto Cc in the yeast
new brominated Ru(bpajdmb) reagent was synthesize complex and is interpreted with reference to the X-ray crystal
and used to label the sulfhydryl group on yeast H39C,C102T i T
structure of the yeast Cc:cyic; complex. As the ionic

Cc to form Ry-39-Cc (Figure 1). The ReB9-Cc derivative strength is raised above 100 mM, the complex dissociates,

has the same steady-state activity with yeasbcyas native he bimolecul . uti
yeast iso-1-Cc, indicating that the ruthenium complex does 2nd the bimolecular reaction between solution-B8+Cc and
not interfere in the binding interaction. The Ru(bjdjnb) cyt bg is observed. The ionic strength dependence of the

complex is particularly effective for photooxidation of the kinetics indicates that nonpolar interactions between yeast
reduced heme in RtB9-Cc, with a rate constant of 1.6 Ru-39-Cc and yeast cyi; are quite strong, consistent with
10° st and a yield of 20% in a single flash. This new the X-ray crystal structure. By comparison, nonpolar interac-
complex, which has not been previously used in biological tions are not as strong in the complex between horse Ru-
electron-transfer studies, may be useful for other applications39-Cc and bovine cybc;.



2818 Biochemistry, Vol. 42, No. 10, 2003
EXPERIMENTAL PROCEDURES

Materials. Yeast cytbc; was purified as described by
Snyder and Trumpowerl). Bovine cytbc, was purified
as described by Yu et al19), while R. sphaeroidesyt bc;
was purified as described by Tian et &0). Aniline and
3CP were purchased from Aldrich, while [Co(NECI]>"
was synthesized®(). The H39C;C102T mutant of yeast iso-
1-Cc was prepared as described by Hilgen and Pigldk (
Wild-type yeast iso-1-Cc has a free cysteine at residue 102

ruthenium labeling. The C102T variant, which is structurally
and functionally identical to the wild-type proteigd3—25),

is used to circumvent these problems. The horse K39C ¢poin thalV;mal/ K

mutant was made with the Quikchange site-directed mu-
tagenesis kit (Stratogene) with the primers GGCCTGTTCG-
GCCGGCTGCACGGCCAGGCGCCGGGCL and GCCCG-
GCGCCTGGCCCGTGCAGCGGCCGAACAGGCC. The
protein was expressed and purified fr&ncoli as described

by Patel et al. Z6).

Synthesis of Ru(Z;bipyrazine)(4-bromomethyl-4meth-
yl-2,2-bipyridine).[Ru(4-hydroxymethyl-4methyl-2,2-bi-
pyridine)Cl] was prepared from RugBH,O (Aldrich) and
4-hydroxymethyl-4methyl-2,2-bipyridine 7) by the method
described in re28. [Ru(2,2-bipyrazine)(4-hydroxymethyl-
4'-methyl-2,2-bipyridine)](PF). was synthesized from Ru-
(4-hydroxymethyl-4methyl-2,2-bipyridine)Cl, and 2,2-
bipyrazine using the method described in 2 Ru(2,2-
bipyrazine)(4-bromomethyl-4methyl-2,2-bipyridine) was
prepared by brominating [Ru(2;Ripyrazine)(4-hydroxy-
methyl-4-methyl-2,2-bipyridine)](PF). using the procedure
described in ref30. The dry product was dissolved in a
minimum of dry dimethylformamide and stored under
nitrogen at—90 °C. The extinction coefficient was 12 000
M~ cm™t at 463 nm.

Preparation of Ry39-Cc. H39C;C102T yeast iso-1-Cc
(530uM) was treated with 26@M dithiothreitol in 50 mM
sodium borate, pH 9.0, under anaerobic conditions for 15
min to reduce any cross-linked dimers, and then 1.8 mM
Ru(bpz)}(4-bromomethyl-4methylbipyridine) was added
under anaerobic conditions and allowed to react¥d at
37 °C. The reaction mixture was exchanged into 5 mM
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assay mixture containing 25 mM sodium phosphate buffer,
pH 7.0, 0.3 mM EDTA, 150 mM NacCl, 2aM QoCioBr,
QoCioBrH,, and 50 uM Cc. Steady-state activity was
measured from the rate of reduction of Cc detected at 550
nm using a millimolar extinction coefficient of 18.5 crh

The rate of nonenzymatic reduction of Cc byGBrH,,
determined under the same conditions in the absence of
enzyme, was subtracted from the rate in the presence of
enzyme. The turnover number of purified yeast logit was

. . s . . A '150 s. To compare the steady-state activity of,/RR9-Cc
which causes dimerization and is an undesirable location for

with that of the C102T yeast iso-1 control, the reaction was
measured at low Cc concentrations down toull to
determine theVn./Kn parameter. Previous studies have
is the steady-state parameter that is most
sensitive to the interaction between Cc and cyt(3).
Moreover, Vma/Knm IS most sensitive to the interaction
between Cc and cy; at high ionic strength where complex
dissociation is not rate-limiting3). The ionic strength used
for the steady-state assay, 200 mM, was chosen to optimize
the sensitivity to the interaction between the two cytochromes
(31, 32). The steady-stat¥ma/Km value for yeast Ru39-

Cc with yeast cybc, was 100+ 15% that of the yeast C102T
iso-1-Cc control, indicating that the ruthenium complex did
not affect the interaction with cylic;. Likewise, theViad

Km parameter for horse R89-Cc with bovine cybg was
100 £+ 15% that of native horse Cc.

Flash Photolysis Experiment§ransient absorbance mea-
surements of internal electron transfer between ruthenium
and heme in R439-Cc were carried out as described by
Durham et al. 83). Solutions contained-520 uM Ru,-39-

Cc in 300 uL of 5 mM sodium phosphate, pH 7.0, in
semimicro glass cuvettes. The excitation pulse was provided
by the third harmonic of a Nd:YAG laser, with a pulse width
of 20 ns and wavelength of 356 nm. The probe source was
a pulsed 75 W xenon arc lamp, and the photomultiplier
detector had a response time of 10 ns. Transient absorbance
measurements of the reaction between-84#Cc and cyt

bc, were carried out as described by Heacock et3) by
flash photolysis of 30Qd solutions contained in a 1-cm
glass semimicrocuvette. The excitation light pulse was
provided by a phase R model DL1400 flash lamp-pumped
dye laser using coumarin LD 490 to produce a 480 nm light

sodium phosphate, pH 7.0, using Amicon concentrators to flash of <0.5 us duration. The detection system has been

remove excess reagent, and the-R8-Cc derivative was
purified using a Waters 625 HPLC equipped with a Waters

described by Heacock et aB4). The reactions of Cc and
cyt ¢ were monitored over the wavelength range of 540

1 x 10 cm Sp 8HR cation exchange column as described 560 nm using samples containing-8 uM cyt bcg;, 3—10

previously @0). The yield of Ry-39-Cc was 70%. Horse

UM Ru-39-Cc, 0.01% lauryl maltoside in 5 mM sodium

Ru-39-Cc was prepared using the same methods from horsephosphate, pH 7.0, and-800 mM NaCl. 10uM sodium

K39C Cc expressed i. coli. The location of the ruthenium

ascorbate and 2M TMPD were added to reduce cgt and

complex at Cys-39 was confirmed by tryptic digestion, HPLC Ru,-39-Cc, and 0.5 mM sodium cyanide was added to inhibit
separation of the resulting peptides, and sequencing thea small amount of cytochrome oxidase present in the yeast
ruthenium labeled peptide, as previously descril3&)l (The cyt b preparation. The oxygen in air-saturated buffer
UV/visible spectrum of Ru39-Cc was the sum of the spectra  oxidized Ru(l) and prevented the back reaction. All absor-
of 1 equiv of Ru(bpzYdmb) and 1 equiv of native yeast bance transients were analyzed using the KINFIT kinetics
iso-1-Cc, with no shifts in the absorption band maxima in program obtained from On-line Instrument Systems Inc. The
either redox state. absorbance spectra were obtained with a Hewlett-Packard
Steady-State Assay for the Reaction between Cc and8452A diode array spectrophotometer.
Cytochrome bg The purified cytbc; complex was diluted RESULTS
to a final cytb concentration of 1M with buffer containing
50 mM sodium phosphate, pH 7.0, 250 mM sucrose, 0.2 Preparation and Characterization of R89-Cc.To study
mM EDTA, 1 mM NaN;, and 0.01% lauryl maltoside. A rapid electron transfer from cyic; to Cc in the forward,
total of 3 uL of diluted bc; complex was added to a 1-mL  physiological direction, it is necessary to have a ruthenium
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Table 1: Standard Reduction Potentials of Ruthenium Compiexes

complex amyan QA oAy @H)
Ru(bpy) 1.27 -0.87 -131 0.83
Ru(bpy)(dmb) 1.27 -0.83  -1.36 0.79
Ru(bpz)(dmb) 1.76 -025  —0.79 1.22
Ru(bpd)(dmb) 1.49 -049  —1.00 0.98
Ru(bpm)(dmb) 1.55 -0.30  —0.95 0.90

aThe potentials for (I11)/(11) and (I1)/(I) were measured in acetonitrile
at 20°C with respect to a saturated calomel reference electr@@e (
36, 53, 54). The potentials for (I1)/(1I*) and (11*)/(1) were calculated

from the ground-state potentials and the emission energies, determined

at 77 K in ethylene glycol/water frozen glass3( 54).

bpy = 2,2-bipyridine dmb = 4,4'-dimethyl-2,2"-bipyridine

bpz = 2,2"-bipyrazine (1,4 N)

VW

bpm = 2,2"-bipyrimidine (1,3 N)

bpd =3,3"-bipyridazine (1, 6 N)

complex that will photooxidize the ferrous heme in Cc. The
Ru(bpy}(dmb) complex used in previous biological electron-
transfer studies is not able to photooxidize Cc in sufficient
yield (30, 35). We therefore designed a new complex, Ru-
(bpzk(dmb), which has a large reduction potential for the
Ru(1I*)/Ru(l) transition and should efficiently photooxidize
hemec according to Scheme 1 (Table 1). The new Ru(bpz)
(4-bromomethyl-4methylbipyridine) reagent was synthe-
sized and used to label the single sulfhydryl group on
H39C;C102T yeast Cc to form R39-Cc. The steady-state
activity of yeast Rir39-Cc with yeast cybg was compared
with that of C102T yCc at 200 mM ionic strength, where
the Vima!Km parameter is maximally sensitive to the reaction
between Cc and cy; (3, 31). The Vma/Km parameter of
yeast Ry39-Cc was 106t 15% of the value for the C102T
yCc control, indicating that the ruthenium complex does not
interfere in the interaction with cyy. The steady-statéma./
Km parameter of horse R39-Cc with bovine cybc, was
100 + 15% as compared to the activity of native horse Cc
under the same conditions.

Interprotein Electron Transfer in R«89-Cc. Transient
absorption measurements were carried out op3RdCc to
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0.077 0.141
T 434 nm T
o f=
4 - 0135
e N
8 0.074 1 ]
c c
[ ©
= =
5 -0.129 5
3 3
< 550 nm <
0.071 ———T— 0.123
0.2 0.2 0.6 1 1.4
Time (us)
—~ 0.130 1 .
3 Anaerobic
c
o
n
LA
(]
g
& 0.124
=]
= -
2 Aerobic
o2
<
0.118 T T T T |
0 0.2 0.4 0.6 0.8 1
Time (ms)

Ficure 2: Photoinduced electron transfer within yeast-89-Cc.

A solution containing %M Ru,-39-Cc in 5 mM sodium phosphate,

pH 7.0, was treated with 2M TMPD and 20uM ascorbate to
reduce the heme group. (A) The sample was photoexcited with a
356 nm Nd:YAG laser flash of 20 ns duration, and the absorbance
at 434 and 550 nm was monitored with the fast detection system.
The 434 nm transient represents the photoexcitation and recovery
of Ru(ll), while the 550 nm transient shows the photooxidation of
the reduced heme. (B) The same sample as in panel A was
photoexcited with the 480 nm flashlamp-pumped dye laser, and
the absorbance was monitored with the intermediate detection
system. Signals were recorded in the presence and absence of
atmospheric oxygen. The solid lines at both wavelengths in panels
A and B represent the best fit of Scheme 1 to the transients, with
ks = (1.5+ 0.2) x 10° 571, ky = 70004+ 1000 s, andky = (3.5

+ 0.6) x 10°s7%, using the equations and methods given in Durham
et al. 33).

the heme. Flash photolysis of reduced yeast34Cc under
anaerobic conditions resulted in electron transfer from
reduced heme Fe(ll) to photoexcited Ru(ll*) to form Ru(l)
and Fe(lll) (Figure 2A). The initial formation and decay of
Ru(II*) was detected at 434 nm, an isobestic for the Cc heme,
while the oxidation of Fe(ll) was detected at 550 nm. On a
longer time scale, the thermal back reaction from Ru(l) to
Fe(lll) was observed with a rate constantkef= 7000 +
1000 s (Figure 2B). A unique set of valuekg = (1.5 +

0.2) x 10°s7%, k; = 7000+ 1000 s?, andky = (3.5 0.6)

x 1P s71, were required to fit the 550 and 434 nm transients
to the mechanism of Scheme 1, using the equations and
procedures described in Durham et @3)( These values
were independent of protein concentration from 1 ta:lAQ)
indicating that they represent intraprotein electron transfer.
When the solution was oxygenated with air, the initial
electron transfer from Fe(ll) to Ru(ll*) occurred with the
same rate constant as observed under anaerobic conditions,

study electron transfer between the ruthenium complex andbut the back electron-transfer reaction from Ru(l) to Fe(lll)
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Ficure 3: Photoinduced electron transfer between yeast Ru-39-

Cc and yeast cyibg. A solution containing 5.2M yeast Ry-39-

Cc and 4.4uM yeast cytbc, in 5 mM sodium phosphate, pH 7.0,
250 mM NacCl, and 0.1% lauryl maltoside was treated witfa\2
TMDP and 10uM ascorbate to reduce the and c hemes and
photoexcited with a 480 nm laser flash of 500 ns duration. Cc
photooxidation and reduction was monitored at 550 nm, and;cyt

Engstrom et al.
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Ficure 4: Kinetic difference spectrum for photoinduced electron
transfer between RtB9-Cc and cybc;. (W) Absorbance transients
were recorded for the reaction between yeast34Cc and yeast

cyt bc; under the conditions of Figure 3. The absorbance ratio is
the ratio of the transient absorbance change at the indicated
wavelength to the initial absorbance decrease at 550 @). (
Absorbance transients were recorded for the reaction between horse

oxidation was monitored at 557 nm. The rate constants for the Ru,-39-Cc and bovine cyltc; under the same conditions as Figure

exponential transients at both wavelengths were 320D0 s*.

was prevented (Figure 2B), indicating that Ru(l) was oxidized
by oxygen in the solution. The back reaction could also be
prevented under anaerobic conditions by adding [CajNH
Cl]?* to the solution, which irreversibly oxidizes Ru(Bg).

Electron Transfer between RB9-Cc and Cyt ¢in the
Cytochrome bcComplex.The rapid photooxidation of the
reduced heme in RtB9-Cc makes it possible to study
electron transfer from cy in the cytbg complex to Cc in
the forward, physiological direction. Flash photolysis of
reduced yeast cyt hand yeast Ru39-Cc in 260 mM ionic
strength buffer resulted in rapid photooxidation of Fe(ll) by
Ru(I1*) in Ru,-39-Cc, as indicated by the decrease in 550

nm absorbance (Figure 3). The rapid decrease in 550 nm

3, except that the NaCl concentration was 120 mM.
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absorbance was followed by an exponential increase with a

rate constant of 390& 600 s%, indicating electron transfer
from cyt c; Fe(ll) to heme Fe(lll) in Ru39-Cc (Figure 3).
The oxidation of cytc; was observed directly at 557 nm,
which is an isobestic point for Cc. The rate constant for

oxidation of cytc; measured at 557 nm was the same as the

rate constant for reduction of hersameasured at 550 nm,
3900+ 600 s. Transients recorded over the wavelength
range of 546-560 nm all had the same rate constant and
gave a kinetic difference spectrum with a maximum at 550
nm and a minimum at 557 nm (Figure 4), which is consistent
with the difference spectrum for electron transfer from cyt
¢ to cyt ¢ (5). The Rieske irorsulfur protein is expected
to partially rereduce cyt; following oxidation under the
conditions of Figure 34, 37). However, there was no
difference in the kinetics of cyt; oxidation and heme

Ficure 5: lonic strength dependence of the rate constant for
photoinduced electron transfer between yeast3Cc and yeast

cyt bc,. Solution containing 5.2M yeast Ry-39-Cc and 4.4M
yeast cyic, in 5 mM sodium phosphate, pH 7.0-800 mM NacCl,

and 0.1% lauryl maltoside was treated wittu®@ TMDP and 10

uM ascorbate to reduce tlg andc hemes and photoexcited with

a 480 nm laser flash. The rate constants for electron transfer from
cyt ¢, to hemec were measured at 557 and 550 nm as described in
Figure 3. @) Fast intracomplex phas@®) Slow bimolecular phase.

The rate constant for electron transfer from cyto Ru-
39-Cc decreased with increasing ionic strength above 250
mM ionic strength, consistent with a reaction between
oppositely charged proteins (Figure 5). At 250 mM ionic
strength and above, the rate constant was linearly dependent
on the protein concentration, consistent with a bimolecular
reaction between solution cyic; and solution Rg39-Cc

reduction, suggesting that the rate constant for electronwith a second-order rate constégiy (Figure 6). The pseudo-

transfer from the irorrsulfur protein to cyt; is much faster
than the rate constant for electron transfer from Gyto
hemec. Under these conditions, the iresulfur protein and
cyt ¢; will remain in rapid equilibrium with each other as
electron transfer from cyt; to hemec occurs. The rate
constant for electron transfer between the ienlfur protein
and cytc, has been measured to be 80000 & R.
sphaeroidesand bovine cytbc, (37) but has not been
measured in yeast cyic; (38).

first-order rate constant reached a maximum of 5201000

s1 as the ionic strength was decreased to 210 mM. When
the ionic strength was decreased to 110 mM the transient
became biphasic, with a slow bimolecular phase with a rate
constant of 250@- 500 s* and a relative amplitude of 40%,
and a fast phase with a rate constant of 14 808000 s*

and a relative amplitude of 60% (Figure 5). As the ionic
strength was decreased below 75 mM, the slow phase
disappeared, and only a fast monophasic transient was
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Ficure 6: lonic strength dependence of the second-order rate photoinduced electron transfer between-B8-Cc and cybc;. The
constant for electron transfer between,R8-Cc and cybci. The  ate constants were measured as described in Figul) (dast
rate constants were measured as described in Figure 5 to Obta”'RuZ-BQ-Cc with yeast cybc;. (@) Horse Ru-39-Cc with bovine
the second-order rate constanI) O(Qast Ry-39-Cc with yeast cyther. (a) Yeast Ry-39-Cc with bovine cybc,. (#) Horse Ry-
cyt bc,. (@) Horse Ry-39-Cc with bovine cybc;. () Yeast Ry 39-Cc with yeast cybc;
39-Cc with bovine cytbc,. (®) Horse Ry-39-Cc with yeast cyt '
ba. . -

t bimolecular phase was similar to that for R39-Cc (data

Scheme 2 not shown).

The reaction between bovine clgt; and horse Ru39-
Cc was studied to characterize a mammalian system. At 5

hv k.
bC12+ZCZ+ —_— bclz+:c3+ —t bc13+:cz+

kakd erkd k;Hka mM ionic strength, the rate constant for electron transfer from
R . cyt ¢; to hemec in photooxidized horse RtB9-Cc was 6300
be 2+ ¢ —— b2+ e be, ™+ ¢#* + 1500 s?, independent of protein concentration. The

kinetics changed very little as the ionic strength was increased

Scheme 3 to 90 mM ionic strength, where the transient was monophasic
DLZP. with a rate constant of 690& 1500 s*! (Figure 7). The
Rufft--Fell == Rub-Fell wavelength dependence of the transient was similar to that
& D P seen for the reaction between yeast-B8-Cc and yeast cyt
hv H s Rym_.pel Lki Rull---Fell bc, (Figure 4). There was no difference in the rate constant
% ’ for cyt ¢; oxidation and cyt reduction and thus no indication
Rull---Fell of electron transfer between the ireaulfur center and cyt

observed (Figure 5). The rate constant of the fast phase wag:. Increasing the ionic strength above 100 mM resulted in
independent of ionic strength from 5 to 110 mM (Figure 5) a decrease in the rate constant of the monophasic transient.
and also independent of protein concentration, indicating that The rate constant was linearly dependent on protein con-
it represented electron transfer from cyto photooxidized centration above 120 mM ionic strength, indicating a second-
Ru,-39-Cc within a 1:1 complex between the two proteins. order reaction between solution dyt; and photooxidized
The results at all ionic strengths are consistent with SchemeRW-39-Cc (Figure 6). These results indicate that electron
2, in which electron transfer occurs within a preformed transfer occurs within a 1:1 complex between byt and
complex at low ionic strength, while at high ionic strength Ru,-39-Cc at ionic strengths below 80 mM, and the complex
uncomplexed Rp39-Cc must first bind to cybg before dissociates at about 80 mM ionic strength. It is apparent from
intracomplex electron transfer can take place. Reversethe ionic strength dependence that the complex between horse
electron transfer from Cc to cyic; was studied using yeast Ru-39-Cc and bovine cybc, dissociates at a much lower
Ru,-39-Cc, which is rapidly photoreduced according to ionic strength than the corresponding complex between yeast
Scheme 3 30). Aniline and 3CP were used as sacrificial Ru,-39-Cc and yeast cybc,. To determine whether the
electron donors to reduce Ru(lll) and prevent the back difference in binding affinity is due primarily to the Cc or
reaction. Flash photolysis was carried out in solutions cytbc component, various combinations were investigated.
containing 5«M oxidized Ry-39-Cc, 5uM yeast cythc, in The reaction between yeast R88-Cc and bovine cybc

5 mM sodium phosphate, pH 7.0, 0.1% lauryl maltoside, 10 was similar to that between the two yeast proteins. The rate
mM aniline, and 1 mM 3CP. Upon photoreduction of the constant for electron transfer between cyand heme was
hemec in Ru,-39-Cc, electron transfer from henseFe(ll) 8300+ 1200 s at low ionic strength and remained nearly
to cytc; Fe(lll) was observed with a rate constant of 14 000 the same up to 200 mM ionic strength (Figure 7). Further
+ 4000 s*. This rate constant at low ionic strength was increases in ionic strength led to a decrease in the rate
independent of protein concentration, consistent with intra- constant. In contrast, the interaction of horse-B2-Cc with
complex electron transfer. The rate constant remained theyeast cytbc, was quite a bit weaker than that of yeastRu
same as the ionic strength and was increased up to 100 mM39-Cc. The rate constant was 62801000 s at 5 mM

and then the fast intracomplex phase was replaced by a slowionic strength and decreased as the ionic strength was
bimolecular phase. The ionic strength dependence of theincreased to 20 mM and higher (Figure 7). The ionic strength
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10000 1 complex is attached to Cys-39 on the surface opposite from
] the heme crevice of Cc, where it should not affect the
interaction with cytbc, (Figure 1). The steady-staiéna/
Km parameter for the reaction of yeast,;Fa9-Cc with yeast
cyt bc is the same as that of the C102T yCc control,
providing evidence that the ruthenium complex does not
1000 3 affect the binding strength or orientation of the complex with
] cyt bci. There is an efficient pathway for electron transfer
between the ruthenium complex attached to Cys-39 and the
heme group consisting of 13 covalent bonds and one
hydrogen bond30). The closest distance between the heme
macrocycle and the Ru(bpgimb) complex is 12.6 A. Of
100 T T T T T T all the ruthenium complexes investigated, the newly devel-
¢ 01 02 03 04 05 06 07 oped Ru(bpz(dmb) complex has the largest reduction
Square Root lonic Strength potential for the Ru(II*)/Ru(l) transition and should be
Ficure 8: lonic strength dependence of the rate constant for optimized for photooxidation of the reduced hem@able

photoinduced electron transfer between yeast3Cc andR. 1). Laser excitation of the reduced R89-Cc derivative

sphaeroidegyt bg,. The rate constants were measured as described .
ionigure 5. z) Y(laast Rg-39-Cc withR. sphaeroidesyt bc;. (W) rgsulted in electron transfer from hernd-e(ll) to Ru(!l*)
Horse Ry-39-Cc with bovine cybc,. with a rate constant d&; = 1.5 x 10° s™%, followed by back

electron transfer from Ru(l) to Fe(lll) with a rate constant
dependence of the reaction of yeast,88-Cc with R. of ks = 7000 s™. The driving force of the Ru(lI*)-Fe(Il)~

")

k(s

sphaeroidescyt bc; was similar to that of bovine cybc, Ru(l)-Fe(lll) reaction (1.0 V) is close to the expected

(Figure 8). reorganization energyl of 0.8 V for electron transfer,
allowing a maximal rate of electron transfer (Table 1). Itis

DISCUSSION not clear why the back electron-transfer reaction from Ru(l)

to Fe(lll) in Ry-39-Cc is so slowk, = 7000 s, since the

Design of Ru39-Cc for Rapid Electron Transfer between driving force for this reaction should also be about 1.0 V
Ruthenium and Heme &teady-state spectroscopic studies (Table 1). It should be noted that the reduction potentials in
of the reaction between Cc and dy& have shown that the  Table 1 were measured in acetonitrile and may be somewhat
Vma!Km parameter decreases with increasing ionic strength, different in aqueous solution. In any case, the slow back
consistent with a reaction between oppositely charged reaction is advantageous for the present experiments since
proteins B, 4, 7). Stopped-flow spectroscopy has been used it can be easily prevented by atmospheric oxygen, which
to measure electron transfer between Cc andceyt high oxidizes Ru(l). The yield of photooxidized hersds 20%
ionic strength, where a second-order reaction between thein a single flash, which is quite large for this type of
two molecules in solution is observes, 6, 39). However,  derivative. The high yield is important for the electron-
the reaction becomes too fast to resolve by stopped-flow transfer studies with cylbc; because the spectra of Cc and
spectroscopy as the ionic strength is decreased below 20Qyt ¢; are very similar in theo region, leading to small
mM. The reaction has also been studiedRinsphaeroides absorbance changes upon electron transfer.
Chromatophores, where the reaction is limited by the diffu- Electron Transfer between RBg_CC and Cytochrome bc
sion of photooxidized cyt, from the reaction center to the  Flash photolysis of a 1:1 complex between yeastBa+Cc
cyt bc, complex with an apparent rate constant of 5000 s and yeast cybc, at low ionic strength results in intracomplex
(40—42). The techniques discussed above have providedelectron transfer from cyt,2" to photooxidized heme®*
important information about the nature of the reaction ith a rate constant of 14 008 3000 st. The rate constant
between cytc; and Cc but have not been used to measure of this phase was independent of ionic strength from 5 to
the intracomplex rate constant. In the only previous studies 100 mM, indicating that the complex does not change its
of intracomplex electron transfer between cyand Cc, the  configuration over this ionic strength range. The same
reaction between horse Ru-72-Cc and bovinelmytwas  intracomplex rate constant was also obtained for the reverse
found to occur with an intracomplex rate constant ok6  yreaction between photoreduced hecrend oxidized cyt;
10* s™* (34, 43). However, there were several features of ysing the Ry-39-Cc derivative. This indicates that electron
the Ru-72-Cc derivative that raise the question of how well transfer between cyt and cytc s fully reversible, consistent
the measured rate constant reflects the true rate constant ifyith the fact that the redox potentials of the two cytochromes
the native complex. The steady-statg./Kn parameter for - are nearly the same. It is of interest to interpret the
the reaction of Ru-72-Cc with cyic, was 4.5-fold smaller  experimental rate constant for electron transfer in the context
than that of native horse Cc, indicating that the binding of the X-ray crystal structure of the complex between yeast
strength and orientation of the complex is affected by the jso-1-Cc and yeast cybc, (17, 32) (Figure 1). In the
ruthenium complex at lysine 72 near the heme crevi@.(  crystallographic complex, the henteand hemec; groups
Moreover, it was only possible to measure electron transfer gre in close proximity with their pyrrol C rings oriented
in the Cc to cytc, direction with Ru-72-Cc, which is the  toward each other. The iron atoms of the two heme groups
reverse of the physiological direction of electron transfer. are separated by 17.4 A, while the edge-to-edge distance

The new yeast Re#39-Cc derivative was designed to  between the two porphyrin heterocycles is 9.4 A. Dutton and
reliably measure intracomplex electron transfer with the cyt co-workers have reported that electron transfer rate constants
bc; complex in the physiological direction. The ruthenium in a broad range of biological systems can be described
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approximately by a simple exponential dependence on thethe relationKq = ky/k;. As the ionic strength is increased to
distance between the redox centers, as originally proposed200 mM, the rate constakgpsincreases to a maximum, and
by Marcus 44): the fast intracomplex phase disappears, indicating an increase
in kg and complex dissociation. The maximum in the
ke = ko €Xp[—B(r — r)] exp[(—(AG® + 1)?14ART)] (1) bimolecular phase of electron transfer for,fR9-Cc occurs
at the same ionic strength, 200 mM, as the maximum in the
wherer is the distance between the closest macrocycle atomssteady-state assay using native yeast31c32). The second-
in the two redox centers, the van der Waals contact distanceprder rate constant decreases with increasing ionic strength
ro=3.6 A, =14 A, and the nuclear frequendy = above 250 mM, consistent with a reaction between oppositely
10" s™1. Assuming an edge-to-edge separation of 9.4 A charged proteins (Figure 6% Even though there is only
between the cyt; and Cc hemes, and a reorganization energy one electrostatic charge-pair interaction in the binding domain
A between 0.7 and 1.0 V, the rate constant estimated fromof the yCcipe, crystallographic complex, there are five
eq 1 is between 1.8 10° s™* and 3.3x 10° s'%. This lysine amino groups on yCc and five carboxylate groups on
estimated value is larger than the experimental value of 1.4 cyt be, immediately surrounding the interaction domain,
x 10* s* obtained with Rer39-Cc in the present experi-  which could contribute to complex formation between the
ments. However, the theory has been applied most exten+wo proteins (Figure 1). These residues may help guide Cc

sively to intraprotein electron transfer, with relatively few o the correct binding site during the final stages of the
applications to intracomplex electron transfer between two complex formation process.

specific environment between the two hemes, and a through-petween horse R«89-Cc and bovine cybc, was 6300+
space jump of 4.5 A between the CBC groups of the two 1500 s? at 5 mM ionic strength and remained nearly the
hemes as postulated in the -€loc; complex could give a  same up to 85 mM ionic strength (Figure 7). This value is
lower rate constant than that estimated from eq 1. Application smaller than that for the reaction between yeastFCc
of the pathway theory developed by Beratan and Onuchic anq yeast cybc,, 14 0004 3000, which could be due to a
(49) to this system gives a predicted rate constant of just sjight difference in the orientation of the two complexes.
500 s, assuming a pathway consisting of four covalent Apove 120 mM ionic strength the reaction rate decreased
bonds connecting the heme macrocycles to the CBC groupsas the complex dissociated, and the reaction became bimo-
and a through-space jump of 4.5 A between the heme CBC|gcylar. Separate intracomplex and bimolecular phases were
groups. Of course, it is likely that the gap between the CBC not observed at intermediate ionic strength, indicating that
groups is occupied by water molecules, which would help the dissociation rate constaktbecomes comparable tg;
mediate electron transfer. Nevertheless, these estimationgs the complex begins to dissociate, and rapid equilibrium
point out the difficulty of predicting interprotein electron ¢gnditions apply. The reaction rakg,s measured for Ru
transfer. It is also possible that the yBc: complex assumes  39-Cc begins to decrease at the same ionic strength, 120 mM,
a Sllghtly different orientation in solution than in the CryStaI. as theVma/Km parameter determined for native horse Cc by
An increase in the hemeneme separation from 9.4 to just  steady-state kinetics3), This indicates that RtB9-Cc
1to 1.5x 10*s™, the same as the experimental value. The horse Cc, consistent with the identical steady-state activities
complex might also fluctuate between several different of the two cytochromes.
configurations in solution, in which case the rate constant  The norse Ru39-Cc-bovinebc; complex dissociates at
for electron transfer could be controlled by configurational 5 |ower ionic strength than the yeast R9-Cc-yeastbc;
gating @6). o complex, but the slope of the plot of the second-order rate
When the ionic strength is increased to 110 mM, the constant versus ionic strength is similar for the two systems.
amplitude of the fast mtracomplgx phase of electron transfer These results suggest that the complex is stronger in the yeast
decreases, and a slow phase with a rate constant of 2500 s gystem because of more favorable hydrophobic contacts but
appears due to the bimolecular reaction of solutiog-B9+ that the electrostatic interactions are similar in the two
Cc with cytbc, (Figure 5). The relative amplitudes of the  gystems. It is interesting to compare the reactions of the
fast and slow phases are 60 and 40%, respectively, indicatinggifferent combinations of Cc and ct, species. Yeast Ru
that the 1:1 complex is 40% dissociated, and the equilibrium 39_c¢ interacted more strongly with bovine &y than did
dissociation constant Is = 0.85uM. The presence of both  porse Rw39-Cc, with an intracomplex rate constant of 8000
intracomplex and bimolecular phases at this ionic strength ¢-1 4t |ow ionic strength, which remained nearly constant
indicates that the bimolecular reaction involves formation up to 160 mM ionic strength (Figure 7). In contrast, the
ofa 1:1_ complex followed .by intracomplex electron-transfer jnieraction of horse ReB9-Cc with yeast cybc; was much
according to Scheme 2 with < ke (43, 47). The observed  \yeaker than that of yeast R89-Cc. The rate constakgps
rate constant of the bimolecular phase is given by eq 2:  pegan to decrease as soon as the ionic strength was increased
to 20 mM, indicating dissociation of the complex (Figure
Kobs = Ki(Eo — 1 Ako/ke + B+ Co — 7). The steady-state reaction of horse Cc with yeasbcyt
((kgk + E, + C)* — 4E,C.)"3) (2) also began to decrease from its optimum value at only 33
mM ionic strength, as compared to 220 mM ionic strength
where E is the concentration of cybg, and G is the for yeast Cc 81). These results indicate that yeast Cc has a
concentration of Ru39-Cc @3, 47). From this equation, the  much stronger hydrophobic interaction with both yeast and
formation and dissociation rate constants can be estimatedbovine cytbc, than does horse Cc. However, the electrostatic
to beks = 2.0 x 1® M~*standky = 1.7 x 10® s, using interactions of the two cytochromesre similar, as indicated
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by the similar slopes in the rate constant versus ionic strength 21
plots (Figure 7). This is comparable to the situation with
yeast cytochrome peroxidase, where yeast Cc has a much
stronger hydrophobic interaction than horse @8)( The
origin of this difference between yeast and horse Cc is 24
unknown. Most residues surrounding the heme domain of
Cc are the same in horse and yeast, or are conservative
substitutions 49). Significant differences include an Arg-

13 in yCc as compared with Lys-13 in hCc, and a trimethyl
Lys-72 in yCc as compared with Lys-72 in hCc. The planar
stacking interaction between yCc Arg-13 and cytPhe-

230 may be a significant source of the stronger interaction
for yCc.

Several electron transfer complexes share a common
binding motif consisting of a central nonpolar contact domain
surrounded by a peripheral electrostatic domain containing
oppositely charged residues on the two proteins. These
complexes include thR. sphaeroidesyt c;:reaction center
complex 60), the Cc:cytc peroxidase complex3, 47, 48,

51), and the Cc:cyt oxidase complex52) in addition to
the Cc:cytbc, complex (7). The peripheral electrostatic
interactions may guide the docking of Cc to the specific
configuration stabilized by the central nonpolar domain that
is optimized for rapid electron transfer.
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