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Coupled electron and proton transfer observed in flow-flash experiments on CO-inhibited mixed-valence
cytochromec oxidase is discussed in terms of a model proposed by Brzezinski and co-warkBisdnerg.
Biomembr 1998 30, 99—-107]. The model includes two redox states of the hefinemea; pair and two
states, protonated and deprotonated, of a redox-linked group L, which is in contact with bulk solution via a
proton conducting channel. The proton channel is represented by another protolytic grougch is in
equilibrium with bulk solution, but not with group L. The theory reproduces the experimentally observed pH
dependence of the slow kinetics of hemeeduction following dissociation of the enzym€0O complex,

and additionally predicts a pH dependence of the fast kinetics due to varying proton equilibrium between
group L and bulk solution prior to dissociation. The rates of internal proton transfer between L anithé
reduced and oxidized states, and the bimolecular rate of protonatidrbgfidulk protons have been evaluated
from the present theory and experimental data. The protonation rate of the group L in the reduced state of
hemeas is rend = 10* s L. From the observed pH dependence of the rate constant for the slow kinetic phase
of backward electron transfer the rate dfgrotonation is estimated to b§, =5 x 10** M1 s™L.

1. Introduction

: . . @t LH - atL
Cytochromec oxidase (CcO) performs an important function 3 3

of translocating protons across the inner mitochondrial mem-
brane, and thereby creating the membrane potential, by utilizing
the energy released in dioxygen reducti@rystalline structures AGY AGY
of CcO from bovine heart and some bacteria at high resolution L L
have been recently obtainéc? CcO performance under various

conditions has been investigated in great detail (for recent

reviews see refs 69). Theoretical studies of CcO include

calculations of electrostatic potentials and interaction energies @ LHY oo 1 gL

of ionizable groups of this enzym&, molecular dynamics 2 1

simulationst! ab initio studies of coupled electremroton Figure 1. Four-state model by Brzezinski et'dt?? Solid lines, fast
transfer!2 proton conducting networks (proton wirégyl? electron transfer. Dashed lines, slow proton transfer.

electron tunneling pathway$,and others. o .

The development of a detailed kinetic model of the catalytic €O complex is dissociated by a laser flash, and subsequent
cycle is one of the major theoretical challenges. Such a model changes in the populations of the redox states are monitored.
could be based on the assumption that the oxidase possesses-';fe fast decay on the m!crosecomi;thme scale is attrlbuteql
set of states with well-defined state energies and state-to-statd® €1€Ctron transfer that is not coupled to proton translocation,
rate constants. The specific CcO model could be characterized®nd the slow decay (the millisecond (ms) phase) is thought to

by parameters (energies and rate constants) found from experiP® due to coupled electrerproton transfer. The authors

mental and calculated data. This program is far from being ProPosed a simple model (see Figure 1), which includes two

implemented in full yet. However, simpler models have been '€d0X states of hemes and two states (protonated and
proposed for interpreting the results of particular experinmgrits _deprotonatgd) ofa protonqtable group L, Wh'.Ch electr_o statically
that characterize different steps of the catalytic cycle of the INtéracts with hemes. This group communicates with bulk
enzyme. The development of simple models can be consideredsolution via a proton channel identified as the K-channel in ref
as a first step toward constructing a more complete model of 22. The proton channel is represented by a single protonatable

the enzyme. In this paper we consider one of such models. 9"0UP L, Whic_h IS in contact with .bOth L and bulk sol_ution
Recently, Brzezinski and co-worké?s?2 have measured the and does not interact with L, nor with herae The following
Kinetics of électron transfer between heragsnda. Initially scheme is considered for proton transfer between bulk solution

the oxidase is fully oxidized except for the binuclear center held (BS) and group L,

in the reduced state by carbon monoxide bound to it. The-€cO P
ag L<L <BS (1.1)

T Russian Academy of Sciences.
* University of California. Here, ag?3*L represents group L interacting with herag
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TABLE 1: Experimental and Theoretical Data from Refs 19—21

kon— ko (57 k(S  AGY (MeV)  pHnax  (APmgmax pK' PKied  PKo®
bovine heart 174& 120 2104+ 8(¢¢ +42 9.4 0.21 7402 9.7 8.5
Rhodobacter sphaeroides  200¢ <150 +10 9.7 0.19 8.7 10.3 9.1

aThis difference is designated &s, in refs 19-21. P Calculated by fitting the observed pH dependencégf with eq 3.27 assuming fast
equilibrium between Land bulk solution® Calculated by fitting the observed pH dependence of the amplitude of the ms phase with an equation
based on apparent redox potentials of hegia different protonation states of group L (see Discussi8ixperimental errors? ¢ No experimental
errors are indicated, and only the upper limit fgf is estimated®

TABLE 2: Parameters Calculated in the Present Work K s -
bovine heart Rhodobacter sphaeroides K'= K 10 (2.3)
pKred 9.7 10.1
PKox 8.4 9.0 wherek;xis the monomolecular rate constant of deprotonation
z’é abmev f;-g 2-22 and«., is the bimolecular rate constant of protonation 6f L
- . .
ko KE4 1 7660+ 1590 8940+ 2070 The fraction of the protonated groups$ ik
kop= K 51 200+ 90° 120+ 307 -
k=K% s1 610+ 260 1250+ 270° R L 1 (2.4)
kis = K%, 571 360+ 230° 190+ 40 TILHT AL 14 10K '

2 Calculated from the on/off rate ratio, eq 3.30Che interaction . , S . .
energy of the L group with the heragiron; see eq 3.1 Uncertainties 1 "€ @ssumption of fast'tBS equilibrium will be discussed

include experimental errors and the scatter of rate values, eq 4.5,in sections 4 and 5.
introduced by our assumption of eq 4%No experimental errors are The kinetic equation for reaction 2.1 with the reduced heme
included. The scatter of values is due to the assumption of eq 4.2. g5 has the form

Because of this interactionkp of this group depends on the  d;_ 24, ;41 _ 1 ired 24 g+
redox state of hemas. The bulk solution is characterized by a dt[a13 LHT] =~ a)k"fﬂ% LHT]+
given value of pH fixed by experimental conditions. oa'kYa,2*L] (2.5)

In this paper we present a detailed treatment of Brzezinski's
group model. Our theory, which is based on kinetic equations where the “off’ and “on” rate constants are multiplied by
for coupled electrortproton transfer, permits us to express both fractions of deprotonated and protonated groupsdspectively.
the rate constant and amplitude of the slow kinetic phase in The “on/off’ rates depend on the redox state of hemgeAt
terms of a common set of parameters of the model and to equilibrium
determine all the parameters from experimental data. The rates
of protonation and deprotonation of the group L in two redox [a,> L] (1— o)k HoK
states ofsg, i.e., K2 K K2 andk®:, obtained with this theory = = 1P P (2.6)

. n ff n . off . LH ] o

are shown in Table 2. In addition, the theory predicts that the [as n
amplitude of the fast phase must also depend on pH. The lack

of such a dependence in experiment is discussed. These resuItrggl];gnpi(éeg'scgfgemul‘e:]ncéhgf rtiitrﬁ%% Sliztrii(fs?. tzgfrzeﬁ(i)rgg that
are obtained under condition that' lis in fast protonic q y q

e . X - L equilibrium between L and bulk solution be independent of any
equilibrium with bulk solution. The condition for maintaining . . X e e .
k e . - . . intermediate L Then the ratio of the “on” and “off” rates is
this equilibrium in the slow kinetic phase is derived. An

i i 1 26
indication of a breakdown of the equilibrium is obtained from expressed in terms of the difference betwekfspf L and L,

experimental data, and the rate constant for protonation’ of L red
from bulk solution is estimated. When the proton exchange 2off K —PKrea (2.7)
between L and bulk solution is slower than betweehdnd L, k[)‘f]d
the slow kinetics is biphasic, with two rate constants being
linearly dependent upon proton concentration. The fraction of protonated groups L at the reduced state of heme
az,
2. Proton Transfer at a Given Hemeaz Redox State 1
Kinetic equations for proton transfer in the scheme of eq 1.1 red ™ 1 4 PHPKrea (2.8)

depend on the model of the proton channel. We will assume

that protonation and deprotonation of L occur via exchange is the same as if L were immersed directly into bulk solution.
reactions with L. On the other hand,'Lis treated as being  Equations 2.52.8 are written similarly for the oxidized state
immersed directly into bulk solution. The reaction scheme is ag®".

LHY L'=L.HL 2.1) 3. Kinetic Equations for Coupled Electron—Proton
Transfer
LH =L +H" (2.2) In Figure 1 the numbering of states is indicated. The scheme

of Figure 1 does not account for electron flow from heate
Proton exchange betweehdnd bulk solution, eq 2.2, isassumed the Cu, center since the electron backflow observed in flow-
to be very fast, so that equilibrium is maintained with the flash experiments on the CO-inhibited CcO does not exceed
equilibrium constant 109%20
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The kinetic equations are written for the relative populations,

a1 _[a”"LH] a1
1N 2T N 3TN
[a33+LH+]
47 N
P,+P,+P,+P,=1 (3.1)

whereN is the total concentration of the active enzynteO
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KlS 12

100K 3.15

K24 K34 ( )

Initially, CO is bound to the binuclear center, so that heaye
is fixed at its reduced stateg?", whereas hema is in the
oxidized statea3". At timest < 0, no electron transfer occurs
and proton equilibrium is established. It is assumed that the
presence of CO does not affett4of L due to a large separation
(5—10 A, as estimated in ref 21). Then, the initial conditions at
t=0 are

complexes. For brevity, proton-transfer rate constants at a given

redox state are denoted as PO = # =1—qa PO =0
1-ao + oKy,
_ red _ yred _ _
= kgi ko = reﬁ kyy = kgﬁ Kys= o?f (3.16)
3.2 '
©2 PO =2 2 _ PO=0 (3.17)
Electron-transfer rate constants at a given protonation state are 1—ao'+aKy,

kis, ka1, kos, @and kgo. Using eq 2.5, we obtain the kinetic
equations in the form where, for brevityo stands foraeqin €q 2.8, and egs 2.4 and
3.13 were used.

After CO is flashed out, the 4> 3 and 2<> 4 electron-transfer
channels become open. They govern the fasy phase of the
observed kinetics of hema reduction. The difference in the
electron and proton-transfer rate constants is about 3 orders of
magnitude. Therefore, we can neglect protonic transitions in
the fast phase and solve eqs-336 with the initial conditions
(3.6) (3.16) and (3.17). After completion of the fast phase and before

beginning the slow phase, at a momensuch thatk;; ™1 > t;
> kgt

—(o'ky, + kP + (1 — o)k, P, + K3iP5 (3.3)

Pz = o'k Py = [(1 — a')kyy + kg P, + KpoP,  (3.4)

pa kigP1 — (Kgy + o'ky )P + (1 — a)ksP,  (3.5)

P, = KyyP, + a'kg Py — [Kyo + (1 — a')k,g P,

The electron-transfer rate constants obey the following ther- » we obtain the following populations:
modynamic relations:

PP = 11+;£ (3.18)
Ky AG? 13
Kag=r—=exp— = 3.7)
ka1 kT P = (3.19)
. 1+ Ky,
AG) =E,, —E, (3.8)
(1= a)Kyg
A
Kag AGly- E 1+Kys (3:20)
Kpy= = = expg — (3.9)
k42 kBT
pl) — & (3.21)
AG Uy = Epuns — E, (3.10) 1+ Ky

whereE, is the reduction potential of hemseand Eg 1+ and Tgf ;ig;ctlon degree of heraequals to the population of the

Ea are the redox potentials of henag for protonated and as
deprotonated states of group L, respectively. The change in the
reduction potential of hemegz upon protonation of L is
expressed in terms of the change iK,pf L,2°

PO =P + P (3.22)

The change of the degree of the heamexidation during the

AE, = E, s — Eo = kgTIN(10APK  (3.11) /i4ss phase, i.e., the observed amplitude of the fast kinetic phase,
ApK = pKieg = PKoy .12 (1— oKy
AP, =PW(a;*") — POa ") = ——
The proton-transfer rate constants obey the relations which stem  “* 1+Ky
from eq 2.7, 24
(3.23)
Ke, 1+K,,
K= — = 1P P (3.13)
Koy At t > t; the slow (ms) phase develops. The relevant quantities
to describe the slow kinetics are populations of the deprotonated
Kas :k_s_ 1Ko PK (3.14) and protonated stateB, = P; + P; and P y+ = Py + Py,
" Kyg ' respectively. Using the relations established in the fast phase,

P3; = Ki3P, and P4 = K24P,, which are approximately obeyed
From eqgs 3.73.14 we obtain the relations between the in the slow phase as well, we obtain from the sum of eqgs 3.3
equilibrium constants, and 3.5
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P o =—ao'k, P+ (1 — o )kuPLy+ (3.24) ms phase, i.e., the observed amplitude of the slow kinetic phase,
is

_ k12 + k34K13 — K12(k21 + k43K24)

= (3.25) (1 - &%l — o)
n 1+K 1+K AP = P@(a.3") — pW(a.3H) =
= r ms = P@T) = P @) = (kA — ot a)
Koy + KygKoy (3.35)
T I Ky (3.20)

Equation 3.35 predicts that the slow phase disappears when
electron transfer is decoupled from proton transfer. In this case
ApK = 0 and the electron-transfer rate constants are independent
of the protonation state of L, i.eK13 = Kysand& = 1. The pH
dependence akPnsis explicitly governed byx. The amplitude
Kops= o'k, + (1 — o)k (3.27) of the slow phase disappears in both low and high pH limits
since L remains fully protonated or deprotonated in the course

Thus, eq 3.24 predicts a single-exponential decay in the msOf experiment. The maximum occurs at
phase with the rate 3.27. After completion of the slow decay,

where egs 3.133.15 were used. The populations are normalized
according to eq 3.1R. + Py~ = 1. The observed slow decay
rate constant is

at a moment, > k., the populations of the reduced heime PHinay = PKreq + 0.5 l0g& (3.36)
states are
(AP - (]'_—\/E)Z (3.37)
o _ (1= @k mIne = TR, |
i =k05(1+K3) (3.28)
b ! We note that the amplitude of the fast phase given by eq 3.23
o'k, also depends on pH, but in a different manner. Sip& > 0
@) =_ — T (3.29) and Ex it > Ea > Eqq,20 one hasKiz > 1 > Kyzand AP,
Kopdd + Kz) increases with increasing pH.

These populations are in fact independent of the intermediate 4 Results
group L. To show this explicitly, we express the ratio of the

“on” and “off’ rates according to egs 3.25 and 3.26 as Here, we will calculate the parameters of the model and
compare the present theory with experimental and theoretical
Kon results of refs 1921. Experimental values &, Ko, AGEHH
Kp &Ky, (3.30) PHmae and APmdmax for CcO from bovine heart anRhodo-
bacter sphaeroideare shown in Table 1. Our theoretical results
1- Ky, 1+ Ky, are summarize_d in Table 2 and_d_isgussed below in this section.
17K X (3.31) The rate ratiokoy/kost, the equilibrium constanky, at T =
13 1+ K2410A 295 K, andé¢ are directly calculated using the data of Table 1
. . and egs 3.9 and 3.37. Th&ny, K13, ApK, andAE,, are found
Then, eqgs 3.28 and 3.29 are rewritten in the form from egs 3.30, 3.31, and 3.11. FurtheKga and Koy are
1-o calculated by eqs 3.36 and 3.12. Finall¥X' is found from eq
P(lz) = 3.13. The calculated parameters for bovine heart enzyme are

1+ KA — o+ ad) as follows (the parameters for bacterial enzyme are given in

o o parentheses)ko/kor = 9.3 (14.3) K24 = 0.19 (0.67)£ = 0.25
Py = 1+ Kl —a+od) (3.32) (0.19),K1 = 37 (75),K13 = 3.8 (7.8),ApK = 1.3 (1.1). The
1 values of {X's andAE,, are shown in Table 2.

The pH dependence of the amplitude of the slow phase in
CcO from bovine heart calculated by eq 3.35 with the above
parameters is given in Figure 2 along with the experimental
data and the theoretical curve from Figure 3B of ref 21.

_ The present theory predicts a pH dependence of the degree
of hemeas oxidation in the fast phase as well. Indeed, proton
equilibration occurs prior to the flash, resulting in pH-dependent
initial populations of the protonated and deprotonated states
which thereafter decay with different electron-transfer rates. This
fact is described by our egs 3.16 and 3.17. In ref 20 the second

independent of L It is worthwhile to note that in general the
state-to-state rate constarks and ksqz cannot be expressed
individually in terms of the measured “on” and “off” rates since
the on/off ratio (3.30) is independent of the state-to-state rates.
Yet, these constants can be reasonably estimated from experi
mental data (see section 4).

The degree of hem&reduction at momert is equal to the
population of the oxidized heme; states,

PO ) =1—- PP — PP = ﬁ - term of eq 16 also represents the pH-depende®. In our
131 notations it reads
- Ba
(1= (3.33) 1
1+ Kl —a+af) AP (4.1)

us 1+ K247110((171)ApK
The same quantity at momeftis given by eqs 3.203.22,
The amplitude of the fast phase calculated by eqs 3.23 and 4.1
pW(a,) = Kis 1-¢& « (3.34) is shown in Figure 3.
8 1+ Ky & 1+Kg ' Next we will estimate the rate constants (3.2) for protonation
and deprotonation of group L in the reduced and oxidized states
The change of the degree of the heaaeoxidation during the of hemeas. These four state-to-state constants are not measured
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0.0 5 7 9 1 I_:igure 4. Engr_gy diagram for_proton movement in the reduced (solid
pH lines) and oxidized (dashed lines) states of heme

Figure 2. Amplitude of the slow phase in CcO from bovine heart. Using AE,, from Table 2, we obtain the values AiE; = 66
Solid line, eq 3.35 with parameters from Table 2. Squares and dots, 1 12 meV for bovine enzyme and 50 12 meV for b%lcterial

(ra(;(pg{lmental data from ref 21. Dashed line, theoretical curve from enzyme. From Figure 4 one can see that the rate constants obey

the relation
1.0 T r -— t
Kys AR, — AR,
—=exp——F—=— (4.3)
k21 kBT
Using inequality (4.2), we obtain the following restriction onto
3 the rate constants,
>
E o5t 1 K
& 1< =2<10P=25 (4.4)
< k21
This additional condition helps us find all four constants. From
egs 3.26 and 4.4 we obtain
1+K k
0.0 | 1 f —24 < ﬁ < 1 (45)
5 7 9 11 13 1+2.5K,, kg
pH ‘
Figure 3. Amplitude of the fast phase in CcO from bovine heart. Solid 3 1+ i 1— 2
line, eq 3.23 with parameters from Table 2. Dashed line, eq 4.1 with Koft Kos Koft
parameters from Table 1.
Then, k2 andks, are calculated from egs 3.13, 3.14, and 3.30,
individually. Rather, only two average constakts and Ko, which are rewritten as
egs 3.25 and 3.26, representing the state-to-state constants
weighted with equilibrium constants for electron-transfer reac- K. = &1@
tions are obtained in experiment. With equilibrium constants 127 & kg
K12 andKsg, €gs 3.13 and 3.14, we have only three independent
equations to find the above four unknowns. Yet, we can get _ Kon Kaz — ApK
: . - kyy =—7—10
reasonable estimates by assuming that deprotonation is faster & K

and protonation is slower in the oxidized state than in the
reduced state of hemas. This is illustrated by the energy  For bovine heart enzyme, usifgs from Table 1 andKp4
diagram of Figure 4 wher&E! and AE,, are energy incre- calculated at the beginning of this section, we obtain 105 s
ments of the transition state and the protonated state of L, < ko1 <290 s orkp; = 200+ 90 s™*. The uncertainty includes
respectively, due to electrostatic repulsion between proton andboth the scatter of values, eq 4.5, owing to our assumed scatter
heme iron ion, which is stronger in the oxidized state of the in AE;3 values, eq 4.2, and the experimental errors in the
heme. One hadE,, > AE. since the proton is closer to the ~measured values okon and ke. For bacterial enzyme no
heme iron in the LH state than in the transition state. Further, experimental uncertainty was indicated in ref 20; therefore we
if we assume that the distance between the position of the protontreatedks, and ko of Table 1 as exact. The calculated rate
in the LH* state and that in the transition state (L)His 1—2 constants are given in Table 2.
A, then from Figure 6 of ref 21 we can estimate that the decrease  Finally, we studied the slow kinetics in the case where no
of the electrostatic energy when the proton moves from L to L'—BS equilibrium is established. Then, all four protonation
the transition state does not exceed Okt umits ~ 24 meV. states of L and Lhave to be considered according to the reaction
Hence, we obtain the following estimate, scheme in egs 2.1 and 2.2. The kinetics depends on two pairs
of rate constants, i.ek; and«g, governing proton exchange
(4.2) between Land bulk solution, and the constakgg andk given

AE, — 24 meV< AE! < AE ,
% % % by egs 3.25 and 3.26, which govern the»LL' proton exchange.
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10° 3.27 to the experimental data assuming ful-BS equilibrium
(see Table 1). If this discrepancy between the two values of
pK' is significant, it can be explained in the present theory by
10° F E a deviation from the full L—BS equilibrium in the course of
the slow kinetic phase, as shown in Figure S5A &f = 5 x
. 10 Mt s7L. The slow rate (the bottom full line) is smaller,
T 10 F E and it fits experimental data better than the rate under fuH L
& BS equilibrium (dashed line). Whet, is further decreased
T 10 L | below 3x 10" M~1s71 the L'—BS equilibrium does not exist
= ] anymore, as illustrated in Figure 5B fef, = 5 x 100 M1
s1, which is close to the diffusion-controlled limit of {24) x
10° k . 109 M~1 57127 The kinetics is biphasic and logarithm of the
] slower rate shows a linear dependence upon pH atpBl Tt
strongly deviates from the experimental data, and its pH
10’ L : ! = : dependence shows a slope-af characteristic of the diffusion-
5 6 7 8 9 10 11 . e
pH controlled protonation kinetics.
1o . . . . : 5. Discussion
B Equation 3.27 for the rate constant of the slow phase rewritten
o in the form
kobs: a'(kon - kof'f) + kof'f (5.1)
\n ‘104 3 E
2 is similar to that proposed in refs $21 whereky, — Kot in
9“ the first term is replaced witti,,. It predicts the same pH
® 10° F 3 dependence, with saturation at both low and high pH. However,
the meaning of the parametéts, and ko is different. Apart
) from a numerical change due to the above replacement, our
0 3 egs 3.25 and 3.26 explicitly take into account the dependence
of the proton-transfer rates on the redox state of hegn@he
10" . ) ; ) : present theory enabled us to estimate these redox-dependent
5 6 7 8 9 10 11 rates using the experimental data. The results are shown in Table
pH 2. It is worthwhile to note that the measured rate of proton
Figure 5. pH-dependent rate constants for proton movement in bovine transfer along the gramicidin channel across biomembranes is
heart enzyme. Panel A, high combination rgje=5 x 10 M~1s™%, 6.5 x 10* s71, and that the same mechanism is assumed to
Panel B, low combination rate,, = 5 x 10 M~ s™%. Full lines, operate in other proton-transporting proteins including €tO.

three roots of the secular equation for the reaction scheme of eqs 2.10yr result for protonation of L (proton transfer in forward
and 2.2. Dashed line, eq 3.27 witip= 8.2. Dotted line, eq 3.27  qiraction from bulk to the active site), (8 9) x 10° 51,

ith pK' = 7.7. S d circles, i tal data fi Fi - .
‘évl'\ Ofp ref 21. quares and circles, experimental data from Figure compares well with the above-cited rate.

We also emphasize that eqgs 3.27 and 5.1 are only valid on
By solving the secular equation we calculated three rate condition of fast equilibrium betweer Bnd bulk solution, and
constants for bovine heart enzyme shown by full lines in Figure this condition was specified quantitatively. We estimated that
5.We found that at high combination rai&, > 10'2M~1s™% it is fulfiled when «i, > 102 M~! s71, where«}, is the
two higher rates represent the kinetics of fastBS equilibra- bimolecular rate constant for protonation of the proton channel
tion, whereas the lowest rate relates to the slow kinetics of the from bulk solution, and it is broken down whef), < 3 x 10!
L'—L proton exchange (not shown). The slow kinetics is M~!s™t. From comparison with experiment, which shows some
monophasic and its rate constant shows a sigmoidal pH deviation from the full equilibrium, we estimateg], = 5 x
dependence, as described by eq 3.27. On a limited pH interval, 10" M~! s1. This value is significantly higher than the
e.g., pH 8-10, this dependence may appear as a linear one with determined rate constants for proton binding to macromolecular

the slope at the middle point of structures, (26) x 109 M~1 s7128 which are in the range of
diffusion-controlled reactions. Yet, proton binding can be
d logk,, /dpH = — l(kon - koff) ~_05 accelerated due to proton-collecting antedhaad fast proton
b 2\k,, T Kot ’ translocation via networks of hydrogen bonds.

We can formulate a criterion for the fast equilibrium and for
since kon > kot (see Table 1). In the opposite limit of low the lack thereof based on the pH dependence oklgg This
combination ratesg,, < 3 x 101 M~1s71, the slow kinetics is dependence is linear for low combination rafg(no equilib-
biphasic and two rates are linearly dependent on the protonrium) with the slope of-1 at pH < pK' since in this cas&gps
concentration, with d logepddpH = —1 at pH < pK' (not ~ K, [HT]. On the other hand, in the case of fast equilibrium
shown). Two patterns of nonequilibrium behavior are shown (high combination rate) the pH dependence is sigmoidal, but it
in Figure 5, where points are experimental data from Figure may appear as linear in a limited interval of pH around the
3A of ref 21, and dashed and dotted lines are calculated by egmidpoint, with twice as low the slope 6f0.5. For instance, in
3.27 with K' = 8.2 and 7.7, respectively. The value &f'p= the stopped-flow experiment by Verkhovsky et?alon the
8.2 was calculated by us from the rate data (see Table 2),reaction of pulsed oxidized CcO with reduced ruthenium
whereas ' = 7.7 was suggested in ref 21 as the best fit of eq hexaammine a biphasic behavior was observed with linear
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dependence of two rates upon pH in the range of pt9.7The independent amplitude of the fast phase in accordance with the
slope of both graphs is close t60.5, which testifies the fast  experiment in refs 1922. However, our theory predicts that
L'—BS equilibrium, whereas the biphasicity originates from in this case the amplitude of the slow phase will be monotoni-
other reasons than the lack oftBS equilibrium. cally increasing with pH whereas the experiment shows a

Next we discuss the amplitudes of the kinetic phases. We maximum (see Figure 2). The experimentally observed inde-
note that the equations for the amplitudes are independent ofPendence of the fast phase upon pH may indicate an inhomo-
the actual kinetics, i.e., whethet i or is not in fast equilibrium ~ geneous decay. For instance, a fraction of the active enzyme
with solution, since the amplitudes depend on equilibrium or CO complexes may have a water molecule near the binuclear
quasiequilibrium states of the system. Our eq 3.35 for the center that could provide a large pH-independent contribution
amplitude of the slow phase is essentially different from eq 16 to the fast kinetic phase whereas another population with no
of ref 20, and the same is true for the amplitude of the fast water molecule at the binuclear center would contribute to the
phase. For example, the amplitude of the fast phase is a lineardescending branch of the amplitude of the slow phase. Another
function ofa in eq 3.23, whereas it is an exponential function POssibility is that a significant fraction of enzyme molecules
in eq 4.1. This is becauseédelroth et al. considered electron- May have had their proton channels impaired, so that their L's
transfer equilibrium between two redox states with apparent are decoupled from the bulk solution and always remain in a
reduction potentials whereas we took into account individual 9iven state of protonation. Then, the fast decay is mostly due
contributions of all four participating states. As a result, our eq t0 this population of enzymes, whereas the contribution of
3.35 depends on the equilibrium constaits and Ka4 for the “normal” enzymes is seen only in the slow phase. On the
individual electron transfers with deprotonated and protonated Other hand, we note that the appearance of the maximum in
L group, respectively, rather than on the averaged equilibrium the amplitude of the slow phase does not seem to be very
constants derived from the apparent potentials. The otherconvincing, especially for bacterial enzyme. If the maximum
important feature is that the theory of ref 20 does not provide IS an artifact, a water molecule will be a good candidate for the
any relation between the amplitude and the rate of the slow L group responsible for the observed pH dependence of the slow
phase, while both quantities describe one and the same proces$hase. _

In contrast, the present theory shows this relation explicitly since A few comments are also due to the following features of

eq 3.30 for the on/off rate ratio and eq 3.35 for the amplitude the present model. o
depend on the common parameter (i) It is assumed that CO locks heragin its reduced state,

while there are data indicating thag?™—CO complex can be
oxidized by ferricytochromé? This means that in the course
of preparation of the mixed-valence enzyn@O complex a

Equation 3.30 was used to calculate tthé palues from the
rate data (Table 2) and compare them with the results of refs

19 and 2 ined from a fi h rved r min . . C
9 and 20 obtained from a fit to the observed rate assu gfractlon of the complexes is destroyed at the stage of oxidation.

fast equilibrium between 'Land solution (Table 1). The The total trati fth ved | howi
difference between two values can be explained by a deviation. € total concentration o h€ survived complexes showing up

from fast equilibrium, as explained above. Yet the difference n a'flash-photolysls experiment F’ep?”ds on_experimental
of 0.5 in the X' values is not very large as compared to the _condltlons, n part!cular on pH. Th|_s circumstance does not

uncertainty involved, to make a definite conclusion. The second influence our equations because all kinetic curves are normalized
result of this analysis is our finding that the equilibrium is to the total concentration of the available complexes.

definitely not maintained at a combination rate of slower than (i) In addition to the centers rgpresentgd in Figure 1, there
3% 101 M~1sL Since the equilibrium, or nearly equilibrium, 27 two copper centers that are ignored in the present model.

_ : This is justified because Gualways remains in its reduced state
does exist in the flow-flash experiment under study, we can o |
conclude that the combination rate is significantly higher, and the e'e‘i,"o” flow to Gudoes not exceed 10% in these
approaching 18 M~1s71 experiments!

. ' . ) . i (iii) The pK of the L group is assumed to be unaffected by
It is seen that both theories give nearly identical pH g ynhinding fromes. If L is located far away fromas, so that

dt_apgndencies of the amplitudes of the slow and fast phases.ApK due to a change in the redox statesgis small, then this
Similar results are obtained for bacterial CcO (not shown). Our ;g justified since CO does not move a long way from the

values for 's of L in Table 2 are nearly the same as those pnclear center when flashed out of it. Instead, CO resides in
obtained in refs 20 and 21 despite the fact that our equationsy yjicinity of the center because its rebinding starts very shortly
are analytically very different from those of ref 20. However, ager the coupled electron and proton transfer is completed.
this difference is expected to manifest numerically at higher qvever. the K of L can be affected when L is a ligand g,
ApK, e.g., like those found in ref 29. High&pK are expected as discuésed above in this section. ’
if a water molecule boynq to the reduced binuclear center plays (iv) The present model does not exclude the possibility that
a role of the L group in its protonated state. the event called here an “electron transfer” is in fact concerted
The present model accounts for a single protonatable groupelectron plus proton transfer in which both electron and proton
L in a vicinity of the binuclear center. In fact, there is a second are translocated rapidly with the same rate. Our equations apply
proton channel, the D-channel, redox-linked to heanand a to this case as well.
channel for outgoing protons, as well as several protonatable (v) The redox cooperativity is usually an important factor

groups at each redox site (see, e.g., refd®, 22, and 2932 affecting the redox potentials of the participating centers.
and references therein). Papa et°aidentified two groups  However, in the experiments under study, only a single electron
interacting with hemes, one interacting with hema and one s translocated between the centers whereas the second one
with Cug. The [K's of the groups near henag are equal to 7 resides permanently on guTherefore, there is no change in

in the oxidized state ang 12 in the reduced state of herag the redox potentials in the course of the back electron flow from

which are far from the values found in ref 20 and in the present the binuclear center.

work. One of these groups might be a water molecule mentioned

above. With a high value ofiyeq this L group will always be Acknowledgment. We appreciate helpful discussions with
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