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Electron-transfer reactions play essential roles in numerousScheme 1
important biological processes, including photosynthesis, hv
mitochondrial respiration, and intermediary metabolism. |
Kinetic characterization of biological electron-transfer reac- DRyl
tions has proven to be a formidable task because the rate
constants are often very large. Relatively few techniques have
been developed to measure rapid electron transfer between
redox centers within a protein complex. These techniques
include pulse radiolysislj and flash photolysis methods
utilizing photosynthetic reaction centey,(metal-substituted
porphyrins 8), flavins @), thiouredopyrenetrisulfonaté®)
and CO-bound heme proteir®)(We have introduced a new
method to study intracomplex electron transfer that utilizes

a photoactive tris(bipyridine)ruthenium group [Ru(Il)] which DESIGN OF RUTHENIUM COMPLEXES FOR

is covalently attached to a protein such as cytochrame PHOTOINITIATION OF ELECTRON TRANSFER
(Scheme 1) 7). Photoexcitation of Ru(ll) to the metal-to-

ligand charge-transfer state, Ru(ll*), a strong reducing agent, Gray and co-workers27) and Isied et al.Z8) introduced
leads to rapid electron transfer to the ferric heme group in the use of tethered ruthenium complexes by specifically
cytochromec (Cc)! Subsequent electron transfer from attaching a Ru(Nk)s complex to His-33 of cytochrome
photoreduced hemeto redox center(s) in the other protein  Since the resulting Ru(N$}(His) complex is not itself
can be measured on a time scale as fast as 50 ns. Thighotoactive, an external reducing agent was used to initiate
technique has been used to measure intracomplex electrorlectron transfer between the ruthenium and heme groups.
transfer between cytochroneeand its physiological partners,  Our laboratory introduced four different strategies for specif-
ically labeling proteins with photoredox-active ruthenium

T This work was supported by NIH Grants GM20488 and NCRR polypyridyl complexes. In methods 1 and 2, a lysine amino

cytochromec oxidase 8—12), cytochromebc; (13—15),
cytochromec peroxidase 16—24), and cytochromdss (25,
26). In this review, we will discuss the design of ruthenium
complexes for efficient photoinitiation of electron transfer,
and their use for studying intracomplex electron transfer.
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group is labeled with a ruthenium reagent containing a
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4999, FAX: 479-575-4049. E-mail: millett@uark.edu. reactiveN-hydroxysuccinamide ester (29 or bromomethyl

1 Abbreviations: Cc, cytochrome hCc, horse Cc; yCc, yeastiso-  group @0), respectively. Method 3 involves the reaction of
1-Cc; CcP, cytochromeperoxidase; CcO, cytochrome oxidase; 2Fe2S, Ru(bpyy(H,0),*" with a surface histidine, followed by
(R};gg'gc{g%s_%‘g bg‘;”tgfébip@gjﬁé?‘gmb“ﬁ%g@gg% reaction with imidazole to form Ru(bpyjmidazole)(His)-
bipyridine; bpz, 2,2bipyrazine; bphb, 1,4-bis(2:Dipyridyl-4'-yl)- Cc (31, 32. We discovered that this ruthenium complex can

benzene; qpy, 2.2 ,4":2",2""-quaterpyridine. be photoexcited to the redox-active Ru(ll*) stad2)( Gray
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and co-workers developed a method to convert Ru(ll*) to
Ru(lll) using sacrificial oxidants33) and have used this
complex extensively in electron-transfer studig4,(33. In
method 4, the sulfhydryl group of a protein cysteine residue
is labeled with a ruthenium reagent containing a bromo-
methyl group 9, 16, 25. A major advantage of method 4 is
that the location of the cysteine residue on the protein can
be genetically engineered to address specific questions about
intra- and interprotein electron transfé&, 2—26, 36-39).
Extensive studies on a wide range of ruthenium-labeled
proteins have provided important information on the depen-
dence of electron transfer on driving force, distance, and
pathway 7—39). The theory developed by Marcus has
revealed that two important factors control the rate of electron
transfer: the reorganization energy and the electronic
coupling between the redox cented9(47). The reorganiza-
tion energyl is a measure of the energy required to rearrange
and repolarize the reactants and surrounding solvent before
electron transfer can occur. Dutton and co-workers have
reported that the rate constants in a broad range of biological
systems can be described approximately by a simple
exponential dependence on the distance between the redo¥ cure 1: X-ray crystal structure of the CeR/Cc complex 52).
centers, as originally proposed by Marcd)( The heme groups are shown in red CPK models, the Trp-191 indole
group is purple, the Trp-191 backbone and Ala-193 are green, Gly-

— - _ _ or 2 192 and Ala-194 are yellow, and Ru-39 is green. Cc residues 39
kEt Ko €XPI=A(r — 1o)] expl(—(AG™ + 4)74/RT)] (1) 41 between Ru-39 and hemere colored yellow. The side chains

) ) of CcP residues E32, D34, E35, E290, and E291, and yCc residues
wherer is the distance between the closest macrocycle atomsk73 and K87 are labeled. The low-affinity Cc binding site is

in the two redox centers, the van der Waals contact distanceproposed to be located near D148 and K149, which are labeled
o = 3.6 A, = 1.4 A%, and the nuclear frequendy = 71).
10 571, Beratan and Onuchic have developed a dominant gcheme 2
pathway model in which the electronic coupling is described
by a combination of covalent bond, hydrogen bond, and D P
through-space contributiond3). More comprehensive dis- Ru---Fell Lklt Rul---Fell
cussions of electron-transfer theory are found in several ko Ky
recent reviews44—46). D P

Two design criteria must be satisfied for the ruthenium hv || kg Rulll--_Fell LZ» Rul---Fel
photoexcitation technique to provide a reliable means of kg
measuring intracomplex electron transfer. The ruthenium ky
complex must not interfere with the conformation of the Rufl---Fell
protein complex, and the rate of electron transfer from ) ) )
Ru(ll*) to the first redox center must be fast compared to Condon term in eq 1 is close to the maximum val@k (
subsequent electron-transfer reactions under investigation. A wide range of different ruthenium complexes and
This requires an efficient pathway for electron transfer from sacrificial electron donors have been investigated to optimize
Ru(ll*) to the redox center, and optimum photoredox both the rate and yield of photoreduction of heme iron using
properties for Ru. A new yeast Ru-Cc derivative, Ru-39- the reaction paths shown in Scheme 2. Heme Fe(lll) can be
Cc, was designed to satisfy both of these criteria for the reduced by Ru(ll*) in stepk; andks using a sacrificial donor
reactions of Cc with its physiological electron-transfer (D) such as aniline. We have also found that a donor with a
partners (Figure 1). The single sulfhydryl at Cys-39 on the lower potential such a$,N-dimethylaminobenzoate can
back surface of yeast H39C,C102T iso-1-Cc was labeled directly reduce Ru(ll*) in stepks, followed by electron
using method 4 to form Ru-39-C®,(22. The binding transfer from Ru(l) to heme Fe(lll) in stdp (47). One of
constant and second-order rate constant for the reaction othe advantages of the cysteine labeling chemistry is that all
Ru-39-Cc with both cytochrome oxidase (CcO) and cyto- three chelating ligands can be varied to tune the redox
chromec peroxidase (CcP) are the same as for native yCc properties of the ruthenium complex to optimize photo-
(9, 22. These results provide evidence that the ruthenium chemical production of the desired products. The redox
group on Ru-39-Cc does not affect the interaction with either potentials of some of these complexes are shown in Table 1
CcO or CcP, an important criteria for the reliability of the (48). Ru-39-Cc and Ru-65-cyis derivatives with many of
method. The rate constant for electron transfer from Ru(ll*) these complexes have been used to measure electron transfer
to the heme group is 5% 10 s™%, consistent with good  as a function of driving forcAG, spanning both the normal
electronic coupling between the ruthenium complex and the and the inverted Marcus region, to determine the reorganiza-
heme group involving 13 covalent bonds and 1 hydrogen tion energyl (36—39). The bipyridazine ligand has been
bond (Figure 1). The driving force of 1.1 eV is close to the found to have significant promise for photoreduction studies.
reorganization energy of 0.74..0 eV, and thus the Franek For example, Ru(bpe)dmb) has a large positive potential
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Table 1: Standard Reduction Potentials of Ruthenium Complexes photooxidation of reduced heme was observed in Ru-Cc

vs NHE derivatives in the presence of the sacrificial oxidant Co-
(NH3)sBr?t. Ru(Il*) is oxidized to Ru(lll) by Co(NH)sBr?*,
__ _ followed by oxidation of Fe(Il) by Ru(lll) with rate constant
/ \ / \ k.. The Ru(bpz)Xdmb) complex is particularly effective for
\ / \ / photooxidation. The driving force for the Ru(lI*)-Fe(H)-
=N N —N N Ru(l)-Fe(lll) reaction (1.0 V) is close to the value &f
bpy = 2,2-bipyridine dmb = 4,4"dimethyl-2,2-bipyridine leading to a large value d&, 3.5 x 10° s™. The resulting

Ru(l) is rapidly oxidized by @under aerobic conditions in

N—— ——N —_— —
__>_<_ <—>_<—> stepks, leading to 20% photooxidation yield in a single flash
\ 7 \ N\ 7/ N\ / (49).
N N N——N N——N

Ruthenium complexes which interact noncovalently with
proteins have been used for photochemical reduction or

—N N— oxidation. Nilsson found that the positively charged complex
Ru(bpy)}?*" photochemically reduced Guof CcO using
\ / \ / Scheme 250). The novel binuclear ruthenium complexes
N N [Ru(bpy)]2(bphb) and [Ru(bpy).(qpy) were designed with
a net charge of-4 which allow them to bind strongly to the
acidic domain on subunit Il of CcO and donate electrons
specifically to Cyu upon photolysis. The yield of reduced
CcO obtained with a single laser flash is more than 5-fold
larger than obtained with Ru(bpy¥) (11). The complex [Ru-
(bpy)]2(gpy) has also been found to photooxidize cytn
the cytbg complex with a yield of 25% using Scheme 3
(15). Recently, a new complex, [Ru(bpkXqpy), has been
designed which photoreduces @ytin the cytochromeoc;
complex with a yield of greater than 50% using Scheme 2
qpy = quaterpyridine bphb (S. Rajagukguk et al., manuscript in preparation). Gray and
" " co-workers have recently designed a ruthenium-linked
complex SO C G O VR CyilU) substrate in which Ru(bpy)s linked by a hydrocarbon chain

bpz = 2,2"-bipyrazine (1,4 N) bpd =3,3"-bipyridazine (1, 6 N)

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

Eﬂgggﬁ(cﬂmb) 112277 :8:32 :i:gé 8:38 to adamantane, which has a high affinity for the cytochrome
Ru(dmb) 117 —0.94 —1.44 0.67 P450 binding pocke&(). This substrate could rapidly reduce
Ru(bpz)(dmb) 1.76 —-0.25 —-0.79 1.22 or oxidize the heme group in cytochrome P-450 upon
Ru(bpd)(dmb) 1.49 —0.49 —1.00 0.98 photooxidation of Ru(bpy)in the presence of reductive or
Ru(bpm)(dmb) 1.55 -0.30 —-0.95 0.90 oxidative quencherss().
Scheme 3 Cytochrome c Peroxidase (CcP)he re_action between
Cc and CcP has become one of the most important prototypes
AP for investigating fundamental questions about biological
Rull"---Fell %4 Rutl---Fell electron transfer. The reaction is initiated when hydrogen
k, ’ ky peroxide oxidizes the resting ferric state of CcP to CMPI-
AP (FEV=0,R*), which contains an oxyferryl heme 'Fe=O
hv | | ks Rul---Felll L-Z» Rull---Fell and an indolyl radical cation,*R, located on Trp-19152—
kg 60). CMPI is then sequentially reduced to CMPII and CcP
ﬁ4 by two molecules of Cc(ll). An important question is whether
Rul---Fell Cc initially reduces the oxyferryl heme or the radical cation

for the Ru(lI*)/Ru(l) reaction, which provides efficient (61—63). The yeast Ru-Cc derivative, Ru-39-Cc, was specif-
reduction of Ru(Il*) to Ru(l) byN,N-dimethylaminobenzoate ically designed to measure the true rates of electron transfer
(Table 1). Subsequent electron transfer from Ru(l) to heme to the radical cation and the oxyferryl heme in CMPI. Laser

Fe(lll) is also very favorable, giving a larde. The Ru-39- excitation of a 1:1 Ru-39-Cc/CMPI complex at low ionic
Cc derivative with this complex has a yield of 35% for strength resulted in rapid electron transfer from Ru(ll*) to
photoreduction of heme with a single laser flash4Q). hemec Fe(lll), followed by electron transfer from hente

The ruthenium technique has also been used for photo-Fe(ll) to the Trp-191 radical cation in CMPI with rate
oxidation of heme iron according to Scheme 3. Rapid constantke,= 2.0 x 10f s (Figure 1; Scheme 42@). A
Scheme 4

k k. b

cl + (R, FelV=0) — LR, FelV=0) — (R, FeV=0) — I + (R, FeV=0)
k, ky
ke k ky

I+ (R, FeV=0) = CL(R, FelV=0) —= cI:(R Fell) T (I + (R, Fel)
k, ke
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Table 2: Effect of CcP Mutants on Reaction with Ru-3%Cc
mutant Keta x 1076572 Kethx 1073571 Kg (uM)
CcP 2.0 5.0 0.6
E32Q 2.1 4.3 0.9
D34N 0.5 1.2 13
E35Q 0.8 2.3 1.2
E290N 0.9 2.0 11
E291Q 2.0 4.4 0.8
A193F 0.8 1.5 5.1

3 Keta and key Were measured at 5 mM ariy at 100 mM ionic
strength 22, 23.

subsequent laser flash led to electron transfer from heme
Fe' to the oxyferryl heme in CMPII(F¢&=0,R) with rate
constanke, = 5000 s!. Ruthenium photoreduction studies

Current Topics

Scheme 5
CCH

R, FeIV—O) — (R'+ Fem 0) \L_. ®, Fem 0)

o *DH

R™, Fe™ %ﬁ (R, Fe'™)
D eta E

constant of 11008 (20), which is rate-limited by proton
transfer to the oxygen atom on the iron. Reduction of CMPII-
(FEV=0,R) by low concentrations of solution mvolves
steps A— B — D — E with second-order rate constdqt
(22). It is proposed that reduction of oxyferryl heme by bound

with a wide range of horse and yeast Ru-Cc derivatives asCc' involves the steps A~ B — C — E with rate constant
well as stopped-flow studies with native hCc and yCc have ken = 5000 s* (22). Proton transfer would be faster in the
demonstrated that the Trp-191 radical cation is the initial C — E step than in the B~ D step due to electrostatic

site of reduction in CMPI under all conditions of pH and
ionic strength {6—24, 64.
Pelletier and Kraut §2) have determined the crystal

repulsion by the radical cation. The rate of reduction of the
oxyferryl heme by yC¢ was decreased more than 10 000-
fold by mutating Trp-191 to Phe, demonstrating the critical

structure of the complex between yeast iso-1-Cc (yCc) and role of the Trp-191 radical catiorb§). Thus, both steps in
CcP, and have proposed an electron-transfer pathway thathe complete reduction of CMPI involve electron transfer
extends from the exposed heme methyl group of Cc throughfrom Cc' to the Trp-191 radical cation using the-R
CcP residues Ala-194, Ala-193, and Gly-192 to the indole binding site and pathway.

group of Trp-191 (Figure 1). The effects of CcP surface
mutations orKg, Kew andken provide strong evidence that
the P-K crystalline binding domain is used for the reaction
of Ru-39-Cc with both the radical cation and the oxyferryl
heme in solutionZ2, 23 (Table 2, Figure 1). The mutations
D34N, E290N, and A193F each decreased totrandkeyp

by 3—4-fold and increased the dissociation constanof
the complex between Ru-39-Cc and CMPI by-1D-fold
(Table 2). Asp-34 and Glu-290 interact electrostatically with
yCc lysines 87 and 73, respectively, within thekbinding
domain (Figure 1). The Ala-193 methyl group is in van der

Kang et al. 65 and Kornblatt and English6g) have
shown that a second molecule of Cc can bind to a low-
affinity site on the 1:1 complex to form a 2:1 complex at
low ionic strength. The binding of Cc to the low-affinity
site increases the rate constant for reduction of the oxyferryl
heme measured by both steady-state and stopped-flow
kinetics at low ionic strengthb(l, 67, 68. Experiments using
both the ruthenium photoreduction method and stopped-flow
spectroscopy have indicated that yQiinding to the low-
affinity site significantly increases the rate constant for
dissociation of yC¢ from the high-affinity site in a substrate-

Waals contact with the heme CBC methyl group at the center assisted product dissociation mechani&3\, 69. Moreover,

of the P-K binding domain. The value d{:»was indepen-

these techniques have provided evidence that the low-affinity

dent of viscosity and temperature, indicating that it is not Cc binding site is not significantly active in direct electron
controlled by conformational gating, but is the true rate transfer to either the Trp-191 radical cation or the oxyferryl
constant for electron transfer from the Cc heme to the Trp- heme 23, 69. In contrast, Hoffman and co-workers have
191 radical cationZ4). This system, therefore, provides an found thatZn-hCc is active in electron transfer to the ferric
excellent opportunity to compare the experimental rate heme from the low-affinity site on CcP, but is nearly inactive
constant with Marcus theory predictions based on the crystalfrom the high-affinity site 70). However, the Trp-191 indole
structure. The distance between the closest heme macrocycleannot be oxidized to the radical cation by the reductfre
atom of yCc and the closest Trp-191 indole ring atom in porphyrin, and thus cannot be a redox intermediate in the
CcP is 16.0 A in the PK crystal structure. It is assumed reaction. The large separation between #e-hCc in the
that the driving force-AG® equals the reorganization energy high-affinity site and the CcP heme (26.5 A metal-to-metal)
A, sinceke, is independent of temperature. Application of would therefore limit the rate of electron transfer. Evidence
eq 1 with the parameters suggested by Duti) gives a has been presented th&n-hCc binds in the low-affinity
theoretical rate constant é&f; = 3 x 10° s, which is in site close to Asp-148 with a metal-to-metal distance of 22
reasonable agreement with the experimental value.gf 25 A (71), which would allow a faster rate of electron transfer
2 x 10°s71(22). The best pathway between hemand the than from the high-affinity site. Reduction of the CcP ferric
Trp-191 indolyl radical cation consists of 11 covalent bonds heme by®Zn-hCc is a pure electron-transfer process, while
and a van der Waals contact of 4.1 A between the hemereduction of the oxyferryl heme is a complex process

CBC methyl group and the Ala-193 methyl group.

involving proton transfer to the oxygen atom and release of

Ruthenium photoreduction experiments have provided water. Electron transfer from yCc to the oxyferryl heme is

evidence that reduction of CMPII(Fe=0,R) involves rapid

greatly accelerated by the use of the Trp-191 radical cation

internal electron transfer leading to transient formation of as a redox intermediate, and the presence of an efficient

the radical cation in CMPII(F&,R*), which is then reduced
by yCc' in the high-affinity binding site (Scheme 5]§,
20, 22. The steps A~ B — D in Scheme 5 have a rate

pathway from the high-affinity binding site.
The complete reduction of CMPI by two molecules of'Cc
requires at least two complex formation and dissociation steps
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Scheme 6
k, k, k,
Sh(Cet ¥ — F(Cet P — Fh(Cut ) = 3 (Cuttad?)
hv k,
e =l Al
k
S+ (C* ) — 2+ (@t @) A3+ (Cu?t a2
hv

and two intracomplex electron-transfer steps, as shown inM~1 s, intracomplex electron transfer from €do Cus?"
Scheme 4. A ruthenium photoreduction technique was with rate constank, = 6 x 10* s %, and product complex
developed to measure the formation and dissociation ratedissociation with rate constakf = 8 x 10° s (Scheme 6)
constant; andky of the high-affinity complex between yeast  (9).

iso-1-cytochromec (yCc) and cytochromec peroxidase A prominent cluster of acidic residues on subunit Il near
compound | (CMPI) over a wide range of ionic streng2B)( the binuclear Cn center is apparent in the X-ray crystal

The value ofky for the 1:1 high-affinity complex increases structures of bovine7s, 7§ andP. denitrificans(77) CcO.
from <5 s! at low ionic strength to 4000°$ at 150 mM Trp-143, a highly conserved aromatic residue at the center
ionic strength, whilé; decreases frorr3 x 10° M~tstat of this acidic cluster, is in van der Waals contact with the
low ionic strength to 1.3x 10° M~1 s71 at 150 mM ionic Cua center and could form an electron-transfer pathway from
strength. The rate constants in Scheme 4 at physiologicalthe surface of subunit Il to Gu The location of the binding
ionic strength (150 mM) ar = 1.3 x 1° M1 s % ky = domain for Cc on subunit Il of CcO was investigated using
4000 s, keta= 1.0 x 10f 571, andkep, = 3000 s (23). The a series ofR. sphaeroide<CcO mutants in which acidic
rate-limiting step in enzyme turnover is product dissociation residues were replaced with neutral Asn or GIn residues
below 150 mM ionic strength, and reduction of the oxyferryl (Figure 3, Table 3)X0). In the 1:1 complex between Ru-
heme at higher ionic strength. The interaction betweea yC 55-Cc and wild-type CcO at low ionic strength, electron
and CP is optimized at physiological ionic strength to allow transfer from photoreduced hersgo Cu, occurs with an
both rapid substrate complex formation and product complex intracomplex rate constant & = 4 x 10* s, followed by
dissociation. electron transfer from Guto hemea with a rate constant of
Cytochrome ¢ Oxidase (CcQJytochromec oxidase, the ke = 9 x 10* s1. The D214N mutation decreased the
terminal member of the mitochondrial electron-transport intracomplex electron-transfer rate constapnto 700 s*,
chain, is a redox-linked proton pump that transfers electronsindicating a significant change in the binding orientation of
from cytochromec to molecular oxygena2, 73. Three of Ru-55-Cc. The E157Q, E148Q, and D195N mutations also
the redox-active centers, henae hemeas, and Cu, are decreased the value kf by 2—4-fold. The D214N, E157Q,
located in subunit I, while Cuis located in subunit 1l. Cu E148Q, and D195N mutations all significantly increase the
consists of two copper atoms bridged by the sulfur atoms of
Cys-196 and Cys-200. The characterization of the electron- Ru-39-Cc Cytochrome Oxidase
transfer reaction from cytochron®to the initial acceptor
in cytochromec oxidase has been a difficult problem. Flow-
flash photolysis studies of the complex between ferrocyto-
chromec and reduced-CO-inhibited cytochromeoxidase
indicated that heme transferred an electron to Gwith a
rate constant greater thanx7 10* s™* (74). The Ru-39-Cc
derivative was designed to measure intracomplex electron
transfer to the initial acceptor in Cc@)( Laser excitation
of the 1:1 complex between Ru-39-Cc and beef CcO at low
ionic strength leads to the electron-transfer sequence: Ru(ll*)
— hemec®" — Cu,?"™ — hemea®" with rate constants df;
=5x 1P st ky=6 x 10°s7%, andk, = 1.8 x 10¢ s,
according to Scheme 6 (Figure B)(As the ionic strength
is increased from 40 to 100 mM, the amplitude of the fast
phase decreases as the 1:1 complex dissociates, and a slow
phase appears due to intermolecular reaction between free
Ru-39-Cc and CcO. The intracomplex rate conskamioes
not change from low ionic strength up to over 100 mM ionic
strength, indicating that the orientation of the complex does
not change as a function of ionic strength. Both intracomplex - 7 N '
and mtermolecular phases were observed simultaneously inFicure 2: Complex between Ru 39- Cc and CcO. Ru-39-Cc is
D T e e (50, The G bacibone S ol s o bt o
determination of complex formation and dissociation rate : ' '
constants. At physiological fonic sirength (100 mM), the 3ad So0 St s blue, Subuni | Trp-143, M 265, and i
complete reaction involves substrate complex formation g 13, 72, 86, and 87 are colored blue, while subunit Il Glu-148,
between C&" and CcO with rate constaht = 1.8 x 10° Asp-151, Glu-157, Asp-195, and Asp-214 are colored red.
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Cytochrome ¢ Cytochrome Oxidase

Ficure 3: Model for the high-affinity complex between horse Cc and CcO determined by Roberts and&iguehé backbone of horse

Cc and CcO subunit Il are shown with the side chains of selected lysines and acidic residues colored blue and red, respectively. The residue
numbers on subunit Il are fd&kb. sphaeroide€cO. van der Waals surfaces are shown for Cc heme, and subunit Il Trp-143 and Met-263.

The Cuy, coppers are represented by green CPK models.

Table 3: Reaction of Ru-55-Cc witR. sphaeroide€ytochrome ASp-lQS intera_c_t W_ith posit_ively charged residues on Cc.
Oxidase Mutangs Chemical modification studies have demonstrated that the
CcO mutant ke (s Kq (M) Kescond M 15 1) positively charge_d amino groups on lysines 8, ;3, 72, 8_6,
, and 87 surrounding the heme crevice of Cc are involved in
wild-type 38000 1.0 310 . . . .
W143A 32 0.9 0.6 the interaction with CcO718—83). Roberts and Pique have
W143F 85 1.5 1.7 used a computational program to propose a structure for the
E148Q 15000 23 125 complex between Cc and CcO that is consistent with the
E%g%g/ D152Q fgggg é-g 15982 kinetic studies (Figure 334). The interaction consists of a
D188N/E189Q 45000 13 285 central hydrophobic domain, surrounded by complementary
D195N 25000 2.3 152 electrostatic interactions between Cc lysines 8, 13, 86/87,
D214N 700 3.2 37 72, and CcO Asp-195, Glu-157, Glu-148, and Asp-214,
E254A 10500 1.0 120

respectively. The indole ring of Trp-143 is in van der Waals

& The intracomplex rate constaktfor electron transfer from heme  contact with the heme CBC methyl group at the center of
cto Cu, the dissociation constakt, and the second-order rate constant ¢4 hydrophobic domain. The closest distance between the
Ksecondwere at 5 mM, 45 mM, and 95 mM ionic strength, respectively, hemec macrocyvcl d the Met-263 Cli dis 12.5 A
at pH 8 and 23C (10). ycle and the Met tligand is 12.

in the Cc/CcO model complex. Using this distance, a

. . Lo . theoretical electron-transfer rate constant of 60* s ™! is
dissociation constankp, indicating that these mutations calculated from the Marcus eq 1, assuming= 0.65 eV
affect both binding strength and orientation. The D151N/ andAG® = —0.03 eV. This is in é)od a reemen.t with the
E152Q and D188N/E189Q double mutants have essentially . ' P 904 _1? h .
the sameks Ko, and Kecons values as wild-type CcO, experimental values dfe = 6 x 10" s™* for the reaction
indicating that the mutated residues are outside the bindingbfeltWeen Ru-39-C_c and Gun beef CcO §), and 4>.< 10°
domain. The potential role of Trp-143 in mediating electron > for the reaction between Ru-55-Cc and ,Cin R.
transfer from the heme group of Cc to Qwas investigated sphaer0|de$3_co (10)‘. Electronic cou_pll_ng IS extremely good
by substituting this residue with Phe or Ala. The intracom- because the indole ring of Trp-143is in dlrec_t van der Waals
plex electron-transfer rate constdqtwas decreased 450- contact with both thg Cc heme and theJigands Cys-
fold and 1200-fold by the mutations W143F and W143A, 256 and Met-263 (Figure 3).
respectively 10). Since these mutations have no effect on ~ The Cu center in CcO has a novel binuclear structure in
binding strength, it is proposed that they cause a substantiawhich the two copper atoms are bridged by the sulfur atoms
disruption in the pathway for electron transfer rather than of Cys-252 and Cys-256. His-217 and Met-263 are terminal
simply leading to a change in the orientation of the complex. ligands to one copper atom, and His-260 and the backbone
The kinetic studies of the surface mutants indicate that carbonyl of Glu-254 are terminal ligands to the other copper
Cc binds to a highly conserved acidic domain on the surface atom R. sphaeroide€cO sequence numbering). To inves-
of subunit Il (Figures 2 and 3). The negatively charged tigate the mechanism of electron transfer from Cc tq Cu
carboxylates on residues Asp-214, Glu-157, Glu-148, and and hemea, two R. sphaeroide€cO mutants were exam-
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ined, M263L and H260Ng5). Met-263 ligates the copper

Biochemistry, Vol. 41, No. 38, 20021321

no effect on the F~ O transition, while mutations in the D

that is closest to Cc, while His-260 ligates the copper that is channel (D132N) strongly inhibited electrogenic proton

linked by a hydrogen-bond network to heraeln both of

transfer in the F— O step 00). These results suggest that

these mutants, two copper atoms are retained at the Cu the D channel is involved in uptake of both “chemical” and

center, but the redox potential of Cwas increased by 120
mV for the M263L mutant and by 90 mV for the H260N
mutant. The mixed-valence Cu(1:5Cu(1.5) state of the

“pumped” protons, while the K channel is used for loading
the enzyme with protons at an earlier step in the catalytic
cycle. Ruthenium photoreduction techniques continue to

wild-type Cu, center appears to be converted to a state in provide important information on the mechanism of electron
which the two copper atoms are no longer equivalent. The transfer and proton translocation in CcO.

rate constant for intracomplex electron transfer from heme

cto Cu is 16 000 s* for M263L CcO and 11 00078 for
H260N CcO, compared to 40 000'sfor wild-type CcO.
The rate constants for electron transfer betweentGlneme

a arek, = 4000 s andk. = 66 000 s* for M263L CcO
andk, = 45 st andk. = 180 s for H260N, compared to

ko, = 90000 s! andk; = 17 000 s* for wild-type CcO.
The effects of the M263L mutation on the kinetics appear

Cytochrome beComplexCytochromebc, is perhaps the
most universal electron-transfer complex, and is found in
eukaryotic mitochondria as well as many prokaryo@&h.(
The complex contains twi cytochromesh, andby, located
in a single polypeptide, the Rieske irerulfur protein, and
cytochromec; (91, 92. In the generally accepted Q cycle
mechanism, four protons are translocated to the positive (P)
side of the membrane per two electrons transferred from

to be largely due to the increase in redox potential of the ubiquinol to Cc 91-93). A key bifurcated reaction takes
Cua center. However, the large decrease in the rate constantplace at the @site, in which the first electron is transferred

for electron transfer between £and heme in the H260N

from ubiquinol to the Rieske ironsulfur center (2Fe2S),

mutant is due to a disruption in the structure between the and then to cytc; and cyt c (91-93). The resulting
two centers. It has been proposed that the pathway forsemiquinone in the Qsite transfers the second electron to

electron transfer from Guto hemea involves a hydrogen-
bond network through the Guigand His-260, the peptide

backbone, and the highly conserved subunit | residue Arg-

482 to the hema propionates {5—77, 86, 87. The large

cyt b, and then to cyby and ubiquinone in the Qite. X-ray
crystallographic studies of chic; have shown that the Rieske
iron—sulfur protein assumes different conformations in
different crystal forms and in the presence of Qite

decrease in the rate constants for electron transfer betweerinhibitors (Figure 4)94—98). The Rieske iror-sulfur protein
Cus and heme a in the H260N mutant provides experimental is in a conformation with 2Fe2S proximal to the tytheme,

evidence for the involvement of this pathway in electron
transfer.

The reduction of oxygen by CcO involves binding ©
the reduced hema—Cug binuclear center and two-electron

called theb state, in bovine, chicken, and yeast &y
crystals grown in the presence of stigmatelli®5,96, 98.
In contrast, the Rieske irersulfur protein is in a conforma-
tion with 2Fe2S close to cyt;, called thec; state, in native

reduction to form the peroxy (P) state followed by successive chicken or bovind>6:22 crystals (Figure 4)35, 99. In native
one-electron reduction steps to the oxyferryl (F) state and 1122 bovine crystals, a major portion of the Rieske iron

the resting oxidized (O) stat&Z, 73. Wikstrom has shown

sulfur protein appears to be conformationally mobid,(

that proton pumping is coupled to reduction of the P and F 97). A novel shuttle mechanism for the Rieske iresulfur

states 73). Compound F, which contains an oxyferryl heme protein has been suggested on the basis of these structural
ag (Fe**=0?"), can be obtained by treatment with hydrogen studies. The Rieske protein is proposed to change conforma-
peroxide 88). Electron transfer within compound F has been tion from the b state, where oxidized 2Fe2S accepts an

studied by injecting an electron into £y photolysis of
either Ru(bpy¥" (50) or [Ru(bpy)]2(bphb), which has a net
charge of+4 and binds strongly to subunit Il of CcO near
Cua (11). Following electron transfer from photoexcited [Ru-
(bpy)]2(bphb)* to Cw within less than Jus, Cuy, transfers
an electron to hema with a rate constant of 2.8 10*s ™.
Reduced hemathen transfers an electron to oxyferryl heme
az in compound F with a rate constant kf = 470 s
Reduction of the oxyferryl hemas, monitored at 580 nm,
occurs simultaneously with oxidation of heragnonitored

at 605 nm, indicating that an intermediate with an electron
on Cu; does not transiently accumulatélf. Experiments

in D,O revealed a deuterium kinetic isotope effect of 4.3,
indicating that electron transfer from heraeto oxyferryl
hemea;s is rate-limited by a proton-transfer step, ultimately
leading to protonation of the oxygen atom on the oxyferryl
hemeaz iron and formation of F&—OH~. Konstantinov and

electron from ubiquinol in the gxite, to thec; state, where
reduced 2Fe2S transfers an electron togy(94—97).

To understand the mobile shuttle mechanism, it is impor-
tant to determine the dynamics of conformational changes
in the Rieske iror-sulfur protein, and the rate constants for
electron transfer from quinol to 2Fe2S, and from 2Fe2S to
cyt ¢;. However, only limited kinetic information was
previously available on the intracomplex electron-transfer
reactions involving the Rieske center, cytand Cc. Previous
experiments in chromatophores fraj sphaeroidesvere
limited by the rate of diffusion of photooxidized cg4 from
the reaction center to thkec, complex, which has a rate
constant of about 500075 (99). A lower limit for intra-
complex electron transfer between the Rieske center and cyt
¢, was estimated to be 18! using this techniquedg). A
new method has been developed to study electron transfer
within the cytbc; complex using the binuclear ruthenium

co-workers have developed an electrometric method to complex [Ru(bpyj2(gpy) (Scheme 7)1(5). The 4+ charge
measure the kinetics of electrogenic proton translocation in on [Ru(bpy}]2(qpy) allows it to bind with high affinity to

CcO following electron injection from photoexcited Ru-
(bpy)?* (89). It was found that two protons were translocated
across the membrane in both the-F- and F— O electron-
transfer steps3@). Mutations in the K channel (K362M) had

the negatively charged binding domain on the surface of cyt
c; as a surrogate for Cc. Photoexcitation of [Ru(bp{ipy)

to the metal-to-ligand charge-transfer state, [Ru(Hpy)
(gpy)*, results in reduction or oxidation of cgf within 1
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beefP6s22 crystals €; state) 06). The Rieske, cyt;, and cytb subunits are colored blue, green, and gray, respectively. The hemes, the
2Fe2S center, stigmatellin, and antimycin are represented by CPK models colored red, red/yellow, cyan, and green, respectively. The
Rieske neck region residues-682 are colored orange, and His-161 is colored purple.

Scheme 7 was also not changed by the Rieske protein mutations
Y156W, S154A, or Y156F/S154A which decrease the redox
potential of 2Fe2S by 62, 109, and 159 mV, respectively
(100. The reaction is thus not rate-limited by electron
transfer, since Marcus theory predicts that the increase in
the driving force of the reaction for these mutants would
increase the rate constant by up to 15-fold.

The effects of temperature, pH, and driving force indicate
that the electron-transfer reaction from the Rieske-guifur
center to cyftc; is not rate-limited by true electron transfer,
but rather by dynamic fluctuation in the conformation of the
Rieske protein. This conformational gating mechanism
requires that the fluctuations are slow compared to electron
transfer in the active; state and the population of thee
state is small. The rate constant for electron transfer in the
us in the presence of appropriate sacrificial reductants or active ¢, state must be much larger than the observed rate

oxidants. Reduced cyt; is photooxidized by [Ru(bpy).- constant. The active; state could be similar to the bovine
(gpy) in the presence of the sacrificial electron acceptor [Co- P6s22 crystal structured46), in which the iror-sulfur ligand
(NH3)sCl)2" as shown in Scheme 3. His-161 forms a hydrogen bond with the hem@ropionate

Electron transfer in th&. sphaeroidesyt bc; complex oxygen (Figure 4). This provides a direct pathway for
has been studied using [Ru(bpi¢lqpy) to photoinitiate the  electron transfer from the 2Fe2S center to the heme
reaction (5). The reduction of photooxidized cyt has a macrocycle with a distance of 7.8 A from the His-161
fast phase with a rate constant of 80 000due to electron nitrogen to the heme; macrocycle atom C3D (Figure 4).
transfer from 2Fe2S to cyh, and a slow phase with a rate  The rate constant calculated from the Marcus eq 1 ranges
constant of 1000 ¥ due to rate-limiting electron transfer from 1.5 x 1(f to 3 x 10’ s assumingl values between
from QH, to 2Fe2S and cyt;, followed by rapid electron 1.0 and 0.7 eV. The true rate of electron transfer in the active
transfer from the semiquinone to dyt and cytby (Scheme ¢; state could thus be considerably faster than the observed
7). A series of experiments were carried out to determine value of 8 x 10* s™%, satisfying the requirements of the
whether the fast phase of electron transfer from 2Fe2S toconformational gating mechanism. The conformational fluc-
cyt ¢, was rate-limited by pure electron transfer, proton tuations which gate the observed rate of electron transfer
gating, or conformational gating. The temperature depen- could involve the whole range of conformations from the
dence of the reaction yielded an enthalpy of activation of State to thec; state, or a smaller ensemble of conformations
+17.6 kJ/mol, which is consistent with a mechanism including the activec; state and intermediate states.
involving rate-limiting conformational gatinglQ0). How- The conformational changes in the Rieske protein are
ever, the temperature dependence is also consistent with théocalized in the “neck” region (residues 682), which is
Marcus theory of electron transfer (eq 1) with a distance of helical in thec; state and extended in tiestate (Figure 4).
11.3 A between 2Fe2S and cgt, and a reorganization The importance of conformational flexibility in this neck
energy of 1 eV. The rate constant was independent of pHregion has been evaluated using a double proline mutant
even though the redox potential of 2Fe2S decreases signifi-which should increase the rigidity of the neckb). This
cantly due to deprotonation of His-161. The reaction is, mutation decreases the rate of electron transfer between the
therefore, not rate-limited by proton gating. The rate constant iron—sulfur center and cytc; from 80000 to 25 s,
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demonstrating the critical role that the Rieske neck region 15
plays in the conformational change between ltretate and
the c, state.

The electron-transfer reaction between Cc and bovine
cytochromebc; was studied using the ruthenium photo-
reduction technique. Horse Ru-72-Cc was chosen because
it has a high efficiency of photoreduction in a single flash
(35%), allowing measurement of the rate constant for
intracomplex electron transfer from herogo cyt c; to be
60 000 s* (14). However, the ruthenium complex on lysine
72 at the edge of the Cc heme crevice does appear to alter
the binding strength and orientation of the complex with cyt
bcy, raising the question of how well the measured rate 21
constant reflects the true rate constant in the native complex ,,
(14). Studies using a series Bhodobacter sphaeroidest
bc; mutants indicate that acidic residues on the intramem-
brane surface of cyt; are involved in directing the diffusion
and binding of Cc from the intramembrane spatd).(A
recent X-ray crystal structure revealed that the complex
between yCc and yeast cytochrorbe; is stabilized by
interactions between nonpolar residues, including a planar
stacking interaction between yCc Arg-13 and Phe-230 of cyt
1 (101). The distance between the edges of the heraed
hemec; groups is only 9.4 A, leading to an estimated rate
constant for electron transfer of between 8 3(f and 9.7
x 10° s using eq 1 and assumirigbetween 0.7 and 1.0
eV (101). Experiments are underway to measure this rate
constant experimentally using a yeast Ru-39-Cc derivative
labeled with the Ru(bpzjdmb) complex, which is particu-
larly effective for photooxidation. The ruthenium complex
at Cys-39 on the back of Ru-39-Cc does not affect the
binding interaction with cytochromigc,;, indicating that this
derivative should provide a reliable estimate of electron
transfer in the native complex.
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