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In the catalytic cycle of cytochroneoxidase (EC 1.9.3.1), (lwata et al., 1995) and bovine heart (Tsukihara et al., 1995)
electrons are transferred sequentially from water-soluble were determined. An analysis of these structures shows that
cytochromec to Cu, and heme and to the binuclear center  the distances from Guo hemes andag are 19.5 and 22.1
heme ag/Cug, where dioxygen is reduced to water. The A, respectivel§[given in lwata et al. (1995)]. The relatively
electron current through the enzyme, across the membranesmall difference in distances cannot alone account for the
dielectrics, drives a transmembrane proton current in the large difference in the electron-transfer rates between Cu
opposite direction. This coupling requires careful control and the two hemes. In this work, two models (not mutually
of the pathways and rates of the internal electron- and proton-exclusive) are proposed which explain this apparent incon-
transfer reactions in order to prevent dissipation of the sistency.
electronic energy into heat. The basic principles of this  Rapid internal electron-transfer reactions in cytochrome
coupling have been summarized in the so-called cubic ¢ oxidase have been studied following flash photolysis of
scheme by Wikstim et al. (1981) as well as by Malmstro  the mixed-valence CO complex [e.gd@lroth et al. (1995a),
(1985) in the transition-state model. Verkhovsky et al. (1992), and Boelens et al. (1982)]. In

When an electron is injected into gaf the fully oxidized this complex, reduced hema&/Cug is stabilized by the
enzyme, it equilibrates first with henaawith a rate constant  binding of CO, whereas henszeand Cuy are oxidized. Upon
of about 18 s™* [see the review by Winkler et al. (1995)]. pulsed illumination, CO dissociates, which results in a
The reduction rate of hema; is much slower, and rate  decrease of the apparent reduction potential of hagy@ad
constants in the range—1.00 s! have been observed, electron transfer from this site to herag(Figure 1A). In
depending on the experimental conditions [Verkhovsky et bovine cytochrome oxidase, the observed rate constant of
al., 1995; Sarti et al., 1990; Antalis & Palmer, 1982; reviewed this reaction is 3« 10° s~ and the driving force (from heme
by Winkler et al. (1995)]. Thus, the electron-transfer rates ato ag) is about—40 meV (Verkhovsky et al., 1992;delroth
from Cun to hemesa (kaa)* andas (kap), respectively, differ et al., 1995a). This equilibration is followed by equilibration
by 2—4 orders of magnitude. with Cu, with an observed rate constant of abouk 210*

Recently, two high-resolution three-dimensional structures s™*, about the same as that observed in the three-electron
of cytochromec oxidases fromParacoccus denitrificans ~ reduced enzyme (Morgan et al., 1989).

These reactions are followed by additional electron transfer

t This study has been supported by grants from the Swedish Natural TomM hemeas to a on a millisecond time scale (Figure 1B).
Science Research Council, the Magn. Bergvalls Foundation, and theBoth the rate constant and the extent of this reaction display

HEI% t,?]ﬁrs%n Jﬁgnqsgo??ezgggggggglsho Id be addressed. Fa&6)¢ complex pH dependeneieé dalroth et al., 1995b; Hlfe
*Au wi u . . ; ; :
31-773 3910. E-mail: PETER.BRZEZINSKI@BCBP.GU.SE. et al., 1994; Brzezinski & Malmstro, 1987). Recently, our

! Abbreviations: a, hema; b, hemeag; A, copper A; B, copper B. research group showed that this electron transfer is kinetically
These abbreviations are used as indexes of the different variables. Forroupled to proton release (Figure 1C) from a protonatable
example kq, represents the electron-transfer rate from herte ag
andka, from Cua to hemesgs. kg is the Boltzmann constantKps used
for pKa. 2 All distances are center to center.
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Ficure 1: (A) Transient absorbance changes at 445 nm following
dissociation of CO from mixed-valence bovine cytochrome

oxidase, normalized to the CO-dissociation change. (B) Absorbance
changes at 598 nm on a longer time scale than in panel A measuredFiGure 2:
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(A) Model for internal electron-transfer reactions

simultaneously with proton-conductance changes (C) associatedfollowing electron injection into the fully oxidized enzyme. The
with proton release (pH 10). A change in conductivity associated intrinsic electron-transfer rates between,Cliemea, and hemes

with heating of the sample by the laser flash (8§02 °C) has

are all rapid, but the apparent rate to hemgés slow because the

been truncated. The slow signal decrease in panels B and C iselectron must be stabilized by a proton [proposed by Verkhovsky
associated with CO recombination and proton uptake, respectively, et al. (1995)]. A limit is given for the Ci+to-hemeag transfer (see

with a rate constant of50 s™1. Data from Adelroth et al. (1995a,b).

group in the vicinity of hemes. This group interacts more
strongly with hemeas than with heme, and is buried inside
the protein, in contact with the bulk protons through a proton-
conducting pathway (delroth et al., 1995b). Thels of
this group with hemeas oxidized and reduced are 8.5 and

panel B). (B) Electron-transfer reactions in mixed-valence cyto-
chromec oxidase following flash photolysis of CO. On the time
scale of these measurements, groups interacting with lagraee
protonated. Experimentally, it sbsewved that hemeaz and heme

a equilibrate first, followed by equilibration with Gu It is not
possible to determine if henag equilibrates directly with Caor
through hemea. Only a limit of <10* s™! can be given for the
Cua—heme a3 equilibrium. Bold arrows indicate larger rate

9.7, respectively. The interaction energy was determined constants.

to be about 70 meV, and the maximum proton release/uptakerate, which is always rapid, but rather by proton uptake
was found to be~0.7 H'/e". Thus, the mixed-valence associated with the electron transfer to hese These
experimental system provides a unique opportunity to study electron-proton coupled reactions are also likely to deter-
the intrinsié internal electron transfers and, in the same mine the route of intramolecular electron transfer.
experiment, the proton-transfer coupled electron transfers. As discussed above, electron transfer from, @uheme

The above-discussed results are consistent with the threea is accompanied by a smaller proton-charge compensation
dimensionalP. denitrificansstructure which shows that a than that associated with electron transfer to heme
larger number of protonatable groups are found around hemegMitchell & Rich, 1994). This may explain why electron
az than near hema. This situation is similar to that on the  transfer from Cy to hemea is always rapid £10* s™9),
acceptor side of the photosynthetic reaction center (e.g. fromwhereas the intrinsic direct electron-transfer rate from Cu
Rhodobacter sphaeroidgis which reduction of the primary  to hemeag may be rapid, but since it is limited by a larger
acceptor quinone, Q(compare to heme), results in a extent of proton uptake, the apparent rate is slow (Figure
smaller fractional proton uptake<(Q.4 H'/Q,, in the pH 2A). This is the same model as that proposed by Verkhovsky
range 6-10) than reduction of g (compare to hemeyg) et al. (1995) for the electron transfer from hemt® a3, but
(0.4-1.0 H'/Qg) (McPherson et al., 1988; Maio& here applied to the Guto-hemeas electron transfer. In the
Wraight, 1988). mixed-valence system, the intrinsic electron-transfer rates are

Recently, Verkhovsky et al. (1995) presented a model observed (see Comment) because the measurement time scale
which suggests that, during reduction of the fully oxidized is shorter than that of proton transfer. From these experi-
enzyme, the observed reduction rate of heageis not ments, it is not possible to conclude whether electrons
determined by the intrinsic heneto-as electron-transfer ~ equilibrate directly between hena and Cu or through

hemea, and it is only possible to give a limit for the direct

3 The “intrinsic rate” is defined as the rate of the electron transfer hemea.g-to-CuL\ rate Constan_t of10s, i.e. the obgeryeq
alone, not limited by other events such as protonation reactions or féduction rate of Cu(see Figure 2B). Thus, the intrinsic
structural changes. electron-transfer rate between £andbothhemesa andag
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maybe rapid, but since the rate of electron transfer to heme 10° — ——
ag is limited by proton uptake (Verkhovsky et al., 1995; - 3;57“636\, 1
Adelroth et al., 1995b)kinetically, reduction of Cu is F 1324 E
always followed by rapid reduction of henagbefore heme 1w b \ §
a is reduced. g ;

The electron-transfer ratégr, from a donor (D) to a 100 |

weakly coupled acceptor (A) is [first investigated by Marcus % i oA
(1956); for reviews see e.g. Marcus and Sutin (1985) and g 1°F / E
Moser et al. (1992)] e b ]
g b i

ker = ZTon(N)F(FC) ) gy

$ wl ]

where (FC) is the FranekCondon factor andTpa(r)|? is 1o | ]
the electronic-tunneling matrix element, coupling the donor :
and acceptor localized states. The latter factor generally 100 L 4

decreases exponentially with increasing D-to-A distance,

101 L L L I
0.0 0.5 1.0

IToa(N)I* = To* exp[=A(r — o] 2) AG (eV)

Ficure 3: Electron-transfer rates as a function of driving force for
where T¢? is the maximum electronic coupling at van der three different internal electron-transfer reactions. Also see Com-
Waals contactr(= ro = 3 A) and = 1 A1 has earlier ment.
been found to be applicable for the hemo-a; transfer \//1— F{

ab
exp —

- ° 2
(Adelroth et al., 1995a) and is used for the other electron- @ (—AGp; — 4nd) _

transfer reactions (see below). Assuming the classical limit k, = XL aa )] \/i— Ak TAp,

where the vibrational energy is much smaller than the thermal Aa . 5

energy ksT), (FC) is (=AG,, = A @)
4k TA 4

_ 1 Ao 2
(FC)= 4 lkBTexp[ (AG*—A)T4lkeT]  (3) Using the distances determined from the three-dimensional

VAT cytochromec oxidase structures (lwata et al., 1995; Tsukihara

Ao . et al., 1995)AGR, = —12 meV, and the same parameters
gﬁg;ei5$£ ;Zgr]e;;?;aﬁgﬁrg%gr'ﬁereﬂcig ?r?;wrﬁznnli)tl?ggcﬁ as for the hemea-to-hemea; transfer (see above and Table
9 9y- 9 1), alna value of~0.4 eV is obtained.

the electronuclegr couplmg, l.e. the energy reqwrgd to change The temperature dependence of the observed electron-
the nuclear configuration around the redox site in response

to the change in charge. It generally increases with increasedlrans}cer rate between Guand hemea in the mixed-valence
. 9 rge. g y : enzyme is small; the “activation enthalpy” is 260 meV
polarity of the protein environment around the site.

Th ; ; 2 and 3 for the electron trans (Adelroth et al., 1995a; Brzezinski & Malmstrg 1987). A
€ parameters of €gs < an or the electron ranster, a1ye in that range was also obtained by Morgan et al. (1989)
from hemea to az in the mixed-valence enzyme are as

-- in studies of the perturbation of the £uhemea equilibrium
follows: (Adelroth et al., 1995a) (see Comment), = 0.76 ; ) ;
eV, Tulra)| = 9.9 x 10°5 eV, AGZ = —40 meV, ancke in the three-electron reduced enzyme. Assuming the extreme

~ 2% 10 s (at pH 7 and 22C). In Figure 3 is shown case where the temperature dependence of the observed rate

the driving-force dependence of the electron-transfer rate constant originates only from that of the forward rate
f hIVI 9 o h P Note that under th diti constant, i.ekas, a limiting value foria, of <0.2 eV was
rom hémea o hémeas. Nole that under these Conaitions o i 15164, Ramirez et al. (1995) have estimated this value
groups interacting with hemeg are protonated; i.e. the heme

aJ/Cls “ch ] s diff tthan in th idized to fall in the range 0.150.5 eV. Theoretical calculations
te “charge environment IS difierent than in the oxidized ¢ 4, reorganization energy of the binuclear,Gite alone
enzyme. Upon electron injection into the fully oxidized have given a value of0.2 eV (Larsson et al., 1995). In
enzyme, the_ intrinsic rate may therefore be slower due to Aihe calculations below, an average valug = 0.3 eV will
smaller driving force. It should also be noted that, under be used
the conditions when the highe&t, = 2 x 10° s! is L :

) . To estimate al-value for the direct Cuito-heme
measured(in the mixed-valence enzyme)AGg < Aap A as

Consequently, this measured rate constant is 3 orders Oftransfer, It is assumed that it is possible to ascribe a
=q Y, . reorganization energy to each of the redox sites, that these
magnitude smaller than the maximum value~e® x 10°

s which would be obtained at AGS, = Aqp values are linearly additive, and that all individuavalues

The observed electron-transfer rate between & heme are=0.1 eV (values are in electronvolts):
a (i.e. kaa 1 kap) in the mixed-valence enzyme is about 2 A+ 4,=0.8, 1, +1,=0.3
x 10* s71 [e.g. Adelroth et al. (1995a) and Morgan et al.
(1989)]. In this enzyme form, the equilibrium constant = 1, and1, < 0.2, 0.6=4,=< 0.7,
between Cn and hemea is ~1.5 (Morgan et al., 1989), 071, +1,<09 (5
which giveskaa = 1.2 x 10* s™1. The reorganization energy
associated with the Geto-hemea transfer can be calculated Using egs 13 with an average valug,, = 0.8 eV and
from the ratio ofkaa andkay, Using egs +3: keeping other parameters the same as those determined
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Table 1: Summary of Parameters of Internal Electron-Transfer
Reactions in Cytochrome Oxidasé

electron-transferdistance [ Toa(r)| maximum rate
reaction (NEEAGY) (eV) (at—AG°=21) (s Y

a— ag (Ka) 132  0.76 9.% 10° 2 x 108

Cua —a (Kag) 195 0.3 3.8 10° 5 x 10

Cus—as(kay) 221 0.8 1.0x 10°© 2 x 10

New Concepts in Biochemistry

In the above discussion, the details of the medium between
Cus and the two hemes have not been considered,; i.e. it is
assumed thakpa?(r) only depends on the site-to-site distance,
and possible pathways for electron transfer have not been
considered [see e.g. Wuttke et al. (1992) and Beratan et al.
(1991)]. However, this type of model is not expected to
change the conclusions of the above discussion [see coupling

aA B-value of 1 AL was assumed for all reactions (see text). The distances in Fig 1 in Ramirez et al. (1995)].

value T2 = 2.2 x 107 eV?, determined from measurements kg,

Figure 3 also shows that, for large driving forces50Q0

was used for all reactions. Also see Comment at the end of the paper.meV), e.g. when partly reduced oxygen intermediates are

cytochrome ¢ oxidase bacterial reaction center

Cu, P
A=0.3 eV A=0.8 eV A=0.65eV A=12eV
rapid slow rapid slow
AG"=-40 meV AG"=-60 meV
a = ! Q, Qg
AN AN
N strong N strong
weak N interactions weak N interactions
interactions \, interactions \,
R / T2, A y 22222,
/ protqgatable % 4 protonatable %
residues
i

g

Ficure 4: Comparison of internal electron-transfer reactions in

bacterial photosynthetic reaction centers (fr&h. sphaeroidgs
and in cytochrome oxidase. In reaction centers, tigectcharge-
recombination rate from Qto P" is slower than that from Dto

P because the reorganization energy ¢ssociated with the £
site is larger than that associated with thg §)te [A values are

bound to hemeg or in mutant bacterial cytochronueoxidase
[e.g. Calhoun et al. (1994)] in which reduction potentials
and/or reorganization energies are alteied may become
comparable to or larger thdq, and a direct transfer from
Cua to hemeas may be observed. However, this refers only
to the intrinsic electron-transfer rates. If slow protonation
reactions limit the reduction rate of herag[c.f. Verkhovsky

et al. (1995)], heme would still become reduced before
hemeag during electron input into the enzyme. In the mixed-
valence enzyme, on the other hand, where the rapid electron-
transfer reactions on time scales©f00us are not coupled

to protonation events, a direct electron transfer from heme
a;z to Cuy, may be possible.

COMMENT

The Marcus parameters for the hem&-hemeas (3 us)
electron transfer were determined from the temperature
dependence of the electron-transfer rate. These parameters
may beincorrectif the electron transfer is rate-limited by
other events such as e.g. structural changes [cf. photosyn-

from Labahn et al. (1995) and Gunner and Dutton (1989)]. inetic reaction centers (Brzezinski & Aridison, 1995)].
Similarly, in cytochromec oxidase, the reorganization energy L . o

associated with hema is much larger than that associated with AN indication against such rate-limiting structural changes
hemea. In addition, hemay/Qg interacts more strongly than heme — around hemeg is that in the closely related cytochrorhe;
a/Qa with protonatable groups, resulting in a net proton uptake the inter-heme rate slows upon replacement of henhy

upon electron transfer from henago ag in cytochromec oxidase hemeo (Morgan et al.,, 1993). A more complete study

and from Q to Qg in reaction centers. The driving force for electron ; ; ot o
transfer from Q to Qg is given at pH 8. The similarities between shouI(_j |nclude_ systematic var_latlon e_fAG , 8s has been
the two systems discussed in this figure are only on a functional d0n€ in bacterial photosynthetic reaction centers (Gunner &

level. In cytochrome oxidase, they refer only to electron-transfer Dutton, 1989; Feher et al., 1988; Lin et al., 1994). Future
reactions in the absence 060 mutant studies may provide more accurate values [cf. Lin et

experimentally from measurementskyp(Table 1), it is also al. (1994)]

possible to estimate the driving-force dependende pénd ACKNOWLEDGMENT
Kap, respectively (Figure 3). .

Because of the larger reorganization energy associated with | thank Pia Adelroth, H&kan Sigurdson, and Margareta
hemeas than with hemen, for driving forces in the range ~ Svensson-Ek for helpful discussions.
—200 < —AG° < +500 meV, the direct electron transfer
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