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Two-electron transfer reactions in proteins: Bridge-mediated and proton-assisted processes
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Nonadiabatic two-electron transf€FET) reactions through donor-bridge-acceptbBA) systems is inves-
tigated within the approximation of fast vibrational relaxation. For TET reactions in which the population of
bridging states remains smdless than 10?) it is demonstrated that a multiexponential transition process
reduces to three-state kinetics. The transfer starts at the state with two excess electrons at the D center
(D?”BA), goes through the intermediatgansient state with one electron at the D center and one at the A
center (D BA ™), and ends up with the two electrons at the A center (BBA Furthermore, if the population
of the intermediate state becomes also small the two-exponential kinetics can be transformed with high
accuracy to single-exponential D-A TET kinetics. The related overall transfer rate contains contributions from
stepwise and from concerted TET. The latter process is determined by a specific two-electron superexchange
coupling incorporating the bridging states (B~ A and DB A™) as well as the intermediate state (BA ™).
As an example, the reduction of micothione reductase by nicotinamide adenine dinucleotide phosphate is
analyzed. Existing experimental data can be explained if one assumes that the proton-assisted reduction of the
enzyme is realized by the concerted TET mechanism.
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[. INTRODUCTION mediated by the vanadium haloperoxidak&®| proceeds as
a proton-assisted TET procek®©f central importance for
Oxidation-reduction reactions which take place in biologi-many catalyzed reactions is the hydridel™) transfer, i.e.,
cal systems are characterized by the transfer of electrons atlde transfer of the coupled system of two electrons and a
protons through protein complexes, DNA fragments, orsingle proton. Theoretical descriptions of hydride transfer are
through the various phosphor lipid molecules of the cellundertaken either by direct numerical simulati¢g3] or by
membrane$1-8]. A number of these reactions refer to the the calculation of the transfer rate based on the Marcus
multielectron type. The eight-electron reduction reaction oftheory of ET in D-A system§24]. However, it might be also
N, to ammonia in nitrogenag®] and the four-electron re- possible that proton-coupled TET occurs as a reducing
duction of G to water in cytochrome oxidase[10] are the  equivalent, i.e., as a hydride fraction. Or alternatively, the
most famous examples. Even the two-electron tran3fem) proton and the electrons may be transferred step|tie
reaction which represents the simplest multielectron transfer Thus, there exists a real need for a suitable theory which
process proceeds in a much more complex way than this able to describe the various types of TET reactions includ-
single-electron transfer. This difficulty has been clearly deming the single(two) proton-assisted TET. In contrast to this
onstrated for the two-electron cyclic voltametry in the modellack of a comprehensive TET theory, well-established mod-
systems for flavoenzme activitigd1] and for numerous els for single-electron transfer reactions eXigt Modified
chemical compoundgl2—14. Despite the fact that TET re- versions of this theory have been utilized to evaluate proton
actions in proteins are characterized by a number of intermeransfer reaction§25-28, proton-coupled ET29,30, and
diate electronic states related, for example, to the substratéyydrogen atom transfef31,32. But the question arises
enzyme (S-E) complex, most of the oxidation-reduction whether in such S-E complexes the sequential and/or the
reactions can be described by single- or two-exponential kisuperexchange mechanism is responsible for the bridge-
netics. We mention here the reaction in mycothione reductasmediated D-A TET(For example, it has been recently dem-
[15], in monoohygenasél6], in nickel-iron hydrogenase onstrated that a two-electron reduction of flavin adenine di-
[17], and in hemerythrif18]. In noting that the observed nucleotide(FAD) by quinone in fumarate reductase occurs
single-exponential and two-exponential kinetics often resulalong the chain of hemes or Fe-S clustg83].) To charac-
from underlying two-state or three-state systems, respederize the importance of the sequential and the superex-
tively, just such types of simple systems can be taken ashange mechanisms for D-A TET reactions it seems to be
reference models to describe TET processes. As an exampl®eost adequate to generalize the unified description of single-
we refer to the three-state model used to describe donoelectron transfer as given in Ref84-42. Therefore, we
acceptor(D-A) TET in polar solution 19,20 (with an appli-  will follow our earlier approachsee Refs[40—42. Within
cation of the Marcus theory of E[R1]). this treatment of single-electron transfer, rate equations for
In protein structures, numerous enzyme-catalyzed D-Ahe electronic state populations have been derived including
TET reactions are accompanied by the uptake and/or the rexonadiabatic rate expressions which account for the superex-
lease of a single or a few protor$:or instance, the inter- change as well as the sequential mechanism of ET.
conversion between vanadiugill) and oxovanadiumV) It is the goal of the present paper to adopt this approach
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and to develop a unified description of D-A TET capable of A. DBA model and basic rate equations

evaluating contributions from superexchange and sequential A comprehensive description of TET reaction in DBA
pathways through the bridging structure. For the special Cas§stems has been given recently by us in Ré8]. Below,

given approach allows one to specify thel dependence of toreq electrons substantially increases the energy gap be-
nonadiabatic TET reactions in protein structures and 1Qeen the initial donotfinal acceptorstate and the interme-
clarify the possible pathways of the TET reaction within the 45t bridging state. As a result the TET with the
catalitic center of enzymes. _participation of single-electron bridge states becomes more
~ The paper is organized as follows. In Sec. Il the deriva-gftective compared to pathways where two electrons simul-
tion of the basic kinetic equations is presented. They INCOManeously occupy the bridge=&(B,B, . . . By) (see, i.e., the
porate concerted as well as stepwise pathways of nonadig;scssion in Ref.[44]). Single-electron pathways may

batic TET through the bridging structure. Furthermore, th&jominate the TET reaction if the D and the A redox-centers

quoted. To have an example or the distance dependence gf,nseq 1o a nonpolar mediusuch a situation is typical for
the overall rate, D-A TET through a regular bridge is dis-pjqqystemy In this case, polarization effects can essentially
cussed in Sec. Ill. Additionally, the description of proton- increase the energy gaB(DB2~A)—E(D? BA) between
assisted D-A TET valid for oxidation-reduction reactions aC-the states related to a twofold occupied bridge and the reac-
companied by fast protonation-deprotonation ransitions igynt giate. Roughly speaking, a restriction to single-electron

given. An application of the theory to interpret experimentalpathways in the case of nonadiabatic TET becomes possible
results on the TET reduction of mycothione reductase is Pret the energy differenc&(DB2~A) —E(D~B~A) exceeds 1
sented in Sec. IV. In Sec. V, some general remarks on thg,,

interplay of concerted and stepwise mechanisms of D-ATE

Let us introduce the set of electronic states of the DBA
are presented.

system involved in the TET reaction. The initial state of the
TET reaction is given by the D center populated by two

excess electrons:
II. KINETICS OF NONADIABATIC D-A TET PROCESSES

=|p2- S ce
Distant TET will be considered in the following as a [D)=[D*"B1By- By~ - ByA). (2)

nonadiabatic reaction where the two electrons are transferr
between spatially well separated D and A centers. In S-
complexes both centers are interconnected by specific mo-

lecular structures acting as a bridge. It is a characteristic |By)=|D BBy - - B -ByA). (3)
feature of nonadiabatic ET that it proceeds against the back- m m

ground of considerably faster relaxation processes. Since Wethe single electron arrived at the A center we get what will

will study ET processes on a time scale much larger than thge considered in the following as the intermediate state of
characteristic timer of the (intrastate relaxation processes the TET process:

an essential simplification of the description becomes pos-

sible. As it is well established such a simplified description [1'=|D"B1B,- - -By- - -ByA 7). 4
may be based on a coarse-grained apprd@chr-47. In

complex molecular structures such as proteins each eled-he state with one electron in the bridge B and one at the A
tronic state is characterized by a number of different subcenter reads

states formed, e.g., by the associated or dissociated states of ~

a S-E complex including protonated or deprotonated states of |Bn)=|DB.B,---B, - - -ByA™), (5)
separate molecular groups. Here we will restrict ourself to

such TET processes where the characteristic tigpg,0f the ~ and the product state of the reaction is given by

transitions between those substates which belong to the same

electronic state largely exceedg, but remains much smaller |A)=|DB;B;- - -Bp- - - ByA*"), (6)
than the characteristic timeygr of the TET reaction itself.
The related inequality

‘Idone of the two electrons through the bridge we obtain the
ates

where both electrons arrived at the A centetere and below

the electronic states and the sites of electron localization are

denoted by capital italic and capital roman letters, respec-

Trel<< Toubst< TTET (1) tively.) As already discussed, those states referring to a popu-

lation of B with both electrons will not be taken into account.
In this way we assume that the TET proceeds via the inter-

represents the precondition to apply the coarse-grained desediate state$l) which are created after the firgsingle-

scription of transfer processes. But before utilizing thiselectron step of the TET.

method we have to fix the model ready to describe TET The related electronic energiésinimum of the respec-

reactions. tive potential energy surfaceare denoted by
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AE FIG. 2. Kinetic scheme of the D-A TET process through a regu-
y E(DBA’") lar bridge ofN units.
FIG. 1. Energetic position of the electronic states in the DBAthe TET Hamiltonian is written in local electron-vibrational
system with a regular bridge. states|M{vy}) (note the introduction of the symbaV
. which additionally accounts for the presence of electronic
Ep=E(D" BA), () sublevels denoted bl. Its diagonal part reads
Eg=E(D B™A), tS)
Ho=2> > EM{omh)IM{vp})(M{vw}l, (12
E,=E(D BA"), (9) M {om)
Ezg=E(DB"A"), (100 whereas the off-diagonal part is given by
and
V= \% i, |M{v M {ou}.
e w S S Vit wiMpubOM o

MM foyboy,

For notational simplicity we had omitted the indicég (13

specifying the conformational states of the DBA system. o _
Moreover, Eqs(8) and (10) assume that the two categories E(M{vwm}) are the two-electron vibrational energies of the
of the N states with a single electron in the bridgee states DBA system, for example, i1 =Dl thenE(DIp {v;_}) is

IBn), Eq.(3), and the statefB,,), Eq.(5)], are each charac- the energy of thev, }th vibrational level of thelpth sub-
terized by the set of energids(D B; B,---Bp,- - - ByA) state belonging to the electronic state with both electrons
~E(D BB, - -B - - -ByA) ~E(D"B;B,- - - By - - By A) located at the D. Furthermore, to give another example, if
=E(D"B"A)=Eg and E(DB;B,---By---ByA")  M=Blg, thenE(B,,I5 {vg }) is the energy of th¢v }th
~E(DByB;- - -Byy- - -ByA ) ~E(DBB;- - - By - -ByA7) vibrational level of thelg th substate belonging thB, th

EE(DB_A_.)EEE' respec.tlvelly. The relative positions .Of electronic state. The coupling among all these types of states
these energies are shown in Fig. 1. To have a positive drlvm% described byVy(, .- It accounts for electron-
UM UMr *

force for the overall TET reactiok, has to be positioned at ~ =~ N ) )
the bottom of the energy scheme. Although two excess elecdbrational transitions between different substdigsandl
trons are located at the A part of the DBA system a huge®f the same electronic stat@ (M=ml,,, M'=mly), or
reorganization stabilizes this state against all other states. petween the substatds, and |, belonging the different
similar assumption of a remarkable reorganization has bee@lectronic statesnandm’ (M=ml,,M'=m’l ).
taken for the initial state of the TET. Because of that reorga- The introduced TET model is of such a type that we can
nization Ep could be placed just abovE, . If we provide directly use the technique of Refgl0—47 to derive a set of
that a possible energy reorganization of the bridge B upogoarse-grained rate equations for the populations of all states
the presence of a single excess electron atratty unit is  introduced so far(A short explanation of how to derive the
less than that of the D and the A, the arrangement of théate equations can be found in Appendiy Ahe populations
remaining levels shown in Fig. 1 becomes clear, Eg.and  for which time evolution is described by the rate equations
Eg have been positioned at the top aBdin between. The arePp(t), Pi(t), andP4(t) for the basic electronic states,
sequence ofg and Eg, however, seems to be somewhat EGs. (2), (4), and (6). Moreover, we have to consider the
arbitrary but settindEg>Eg may correspond to the fact that populationsP(t) and P, (t) referring to the first and the
the A shows the biggest reorganization if excess electrons asecond type of bridging states, E¢3) and(5), respectively.
present. According to the notation of all rate constants as given in
To achieve a unified description of nonadiabatic electronscheme of Fig. 2 the set of equations for the state populations
transfer processes as in the case of single-electron transfezads
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Po(t)=—(dp+kpa) Po(t) +KipP1(t) +kipPy(t)

+KkapPa(t), (14)
P1(t)=—01P1(t) +kp1Pp(t) + BPo(1),  (15)
Pro(t) = = qPp(t) + aPp_1(t) + BP (1),
(m=2,3,...N=1), (16)
Pn(t)=—anPn(t) +kinPi(D+aPy_y(t), (17

Pi(t)=—(qM+q®)P,(t) +knPn(t) + kp Pp(t)

+17 Py(t) +ka Pa(t), (18
Put)=—qiPi() +r P+ BPy(1), (19
Po(t)=—qPy(t) +aP,_1(1)+ BPy,1(1),
(n=2,3,...N-1), (20)
Pr(t)= —OnPr(D) + T anPA(D +aPy_1(t),  (21)
PA(t) =—(gatKkap)Pa(t)+ rNAE’N('[) +KkaP (1)
+kpaPp(t). (22

These rate equations have to be complemented by the fol-
lowing abbreviations introduced for different rate expres-

sions
do=kpitkp, Gi=kipte, dy=ky+s,
Qu=ry+a, qu=rnatB,
da=rantka, aY=kytkp, af?=r;tka,
qg=a+p. (23

PHYSICAL REVIEW E68, 061916 (2003

and
AEp= E(D_BA_)_E(DZ_BA)=AED—AEI(1)_

The corresponding reorganization energigg, are denoted
as\ip, Ani, and\p . r,, describing the second step of the
TET reaction have the same form as in Eg4), but the
transfer coupling matrix elementéy;, Van, andV,p have

to be replaced by/[,;, Van, @andVy,, respectively. Further-
more, the energy gaps and the corresponding reorganization
energies are

AE;=AE®=E(DB"A")—E(D"BA),
AEyA=AE,=E(DB A")—E(DBA?"),
AEA=E(D BA™)-E(DBA?")=AE,—AE{?,
and
ANy Anas Mas

respectively. In the case of the two-electron superexchange
rate constant kpa (kap) we take AEp,=AE
=E(D?> BA)-E(DBA?7) and the reorganization energy
Apa. The rate of the sequential electron motion along the
regular B are taken as

2m Vgl Ag

a=B= ———expg —
B ﬁ \/47T)\BkBT F{ 4)\BkBT
where it has been assumed that the bridge driving forces

vanish. |Vg|=|Vmm+ 1l =1Vmm-1| @and Az denote the elec-
tronic coupling and the reorganization energy, respectively.

. (29

B. Reduced set of kinetic equations

The TET reaction described by the rate equatiGh¥—
(22) is determined by a multiexponential law withI2¢ 1)
different transfer rate&; ,K,, ... ,Koyio In the most gen-

For the numerical calculations presented later we have usefal case it is only possible to determine the rates by numeri-

rate expressions of the Marcus form,

_27T |Vnm|2 F{_ (AEmn_)\mn)2 ’ (24)

Kimn=7~ AN ke T

——eX
fi \Y 4\ mnkBT

which are widely employed for the description of distant

D-A ET in biological system$2,3,5—§. If the rates belong
to superexchange transitions the coupling matriégg are

effective quantities formed by the elementary transfer inte-

grals which couple neighboring sitésf. Appendix B. For

the other case¥,,, are given by the elementary transfer

integrals. The various energy gapsf,,, in Eq. (24) are
defined as followgsee also Fig. )1 Those participating in
the first single-electron transfer step are

AE,;p=AEp;=E(D B A)-E(D? BA),

AEN=AEM=E(D"B~A)-E(D BA"),

cal methods. However, in the regime of the so-called D-A
TET, analytical expressions for the overall rates can be de-
rived and a detailed analysis of the TET reaction becomes
possible. The D-A TET regime is met if the integral popula-
tion of the bridging structureRz(t), remains very small dur-
ing the transfer. To derive reduced rate equations valid for
this D-A TET regime we follow our approach given in Ref.
[42]. To start with we define the integral bridge population as

N N
PB(t)zmz,l Pm(t)+nzl P, (t)=<1. (26)

It is our aim to reduce the large set of rate equati@B to

a set of three equations valid for the population of the basic
states, Eqs(2), (4), and(6). It follows (for details see Refs.
[42,43) that

Po(t)=— (kM +kpa) Po() + KPP, (1) +KapPa(t),

061916-4



TWO-ELECTRON TRANSFER REACTIONS IN . ..
Py(t)=— (kP + kD) P, (1) + kVPp (1) + kPP A(L),

Pa(t)=— (k{2 +kap) Pa(t) + KPP, (1) + kpaPp(t).
27

The effective forwardf) and effective backwartb) rates are

given by a specific combination of those rate constants ap- c®

pearing in the initially derived rate equatiofisd)—(22):

ki =kopi + k5, kV=kip + k{3,

k§*9=kpikniaN "Dy, KkR*I=kipkinsN YDy,
(28

and

2)_ 2)_
ki =kia+kz*?, K =ka+kg?,

Kiz*I=r11rnaa™ Dy, KGEd=ryranBN D,
(29

where
Dy =kyjaN  +kyp BN T kypky D(N—2),

Dy=ryac™ 11y BN Ty ryaD(N-2), (30

and

sin x(M+1)]

D(M) = (ap) "=

. [e¥=(alB)*].
(31

PHYSICAL REVIEW B8, 061916 (2003

are the steady state populations of the respective states. The
concrete form ofc§! andC{? follows from the normaliza-

tion conditionPp(t) + P, (t) + Ps(t)~1 and the initial con-
dition which is taken here aBp(0)=1, P,(0)=0, PA(0)

=0, Pg(0)=0. One obtains

Kyt Po()K,—a;— ki

b Ki—Kz '
C(z)_al+ kEY —Kp—Pp()Ky
b Ki—Kz '

_ Pa(®)Ky—ap— ki)
- Ki=K; '

@tk —Pa(2)K,

c '
A Ki1=Kz

c@

cH=—cP+c{), cP=-(c@+c?). (39

The overall transfer rates read

Ki=3[as+d;+ (a;—dp)?+4ayd,],

Ko=3[a;+d;—(a;—d;)*+4a,d,], (35
where

a,=k{?+kP+kap, @=kpa—k{?,

di =k +k{V+kpa, dy=kap—kY. (36)

Figure 3 shows the excellent agreement between the descrip-
tion of the D-A TET kinetics by an exact numerical solution
of the set of Eqs(22) and by the approximate analytical

The rate expressior@8) characterize the forward transitions so|ytion (coarse-grained approactEg. (32). The analysis
related to the first and the second single-electron step of thenows that such an agreement persists if the bridge popula-

common TET process and the rate expressi@fsare valid

for the backward transitions. Each transfer rate includes Su{ions P

perexchange contributionsateskp, ,k;p andk;, ,ka;) and
sequential contributiongrates k$¢9, k{829 and k{§*9,

k{Sed) pointing out the complex character of both single-

electron steps of the TET reaction.

Note that the TET process is also defined by the direc

pathways, (B~ +A—D+A2?") and (F~ +A—D+A?").

The corresponding transfer raties, andk,p are caused by
the repeated superexchange between D and A cefgees

tion Pg does not exceed 18. Note that the bridge popula-

m(t) and P,(t) exhibit a multiexponential time be-
havior with fast and slow kinetic phases, Figbg although

the state populationBp(t), P,(t), andP,(t) follow a two-
exponential evolution. But, due to the inequali®6) the fast
kinetic phases do not influence the time dependence of the
ID), |1}, and|A) state populations.

Ill. SINGLE-EXPONENTIAL D-ATET

Appendix B). Just this type of superexchange leads to the Let us suppose that the population of the intermediate
concerted mechanism of the TET reaction along a singlelectronic statél), Eq. (4), becomes small during the D-A

bridge.
The exactsolution of Eqs(27) is simply obtained as
P,(t)=Py(»)+CHe Kit+ cPe K, (J=D,I,A),
(32

where
Pp(20) = (ark{"+dk{?)/(a1d, — a,dy),
Pa(0)=(ak{P+d ki?)/(ayd; —a,d,),

P()=1—Pp(*) —Pa(*) (33

TET. Therefore the conditio26) has to be complemented
by the inequality

Pi(t)<1. (37)

The inspection of the coarse-grained solution shows that this
inequality is satisfied if

kD ks kM k2 (39
what finally results in the relatiol;>K,. Concentrating on

the time scaleAt>K; ! single-exponential kinetics is ob-
tained:
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FIG. 3. Kinetics of the D-A TET process described by the exact F|G. 4. Kinetics of the D-A TET process decribed by the exact
numerical solution of Eqs(22) and the analytic two-exponential nymerical solution of Eqs(22) and the analytic two-exponential
solution(32). The two-exponential evolution of the donor, acceptor 5| tion (39). The two-exponential evolution of the donor and the
and intermediate state population completely coincides with the €Xacceptor population completely coincides with the exact evolution
act evolution[panel(a)] despite the fact that the bridge state popu- [panel (a)] despite the fact that the intermediate and bridge state
lations exhibit a multiexponential time behavifanel (b)]. The populations exhibit a multiexponential time evolutifanel (b)].
rate constants(24) are taken atAEp=AEA=0.32 eV, AE(Y  The indexl indicates the curv®, = P,(t). For the notation 1 and 2
=0.30 eV, AE(Y=0.28 eV; Aip=Ay=N\p=0.8 €V, \yy=Aya  [panel(b) including the inseitsee Fig. 3. Equationé4) are cal-

=\a=0.5eV, App=1 eV, \g=0.7 eV; Vp;=Vna=Vp1=Vna  culated for the same parameters as in Fig. 3 exchpf®
=002 eV, Vg=0.03 eV, Vp;=0.02 eV; N=5, T=298 K. The 0 005 eV and\E(?—0.003 eV.

notations 1 and Zpanel (b)] indicate the set of curve®,,
=Pm(t), (m=_1,2, .. ._,5) andPnan(t)_, (n=1,2,...,5) for_ Ko (Kia Kakip
bridge populations which appear at the first and the_ second S|ng|q<(TS§p): th)eer ngt)e)p’ th)epzmi gttzp:W’
electron stage of the common TET process, respectifgite that IDT KA IDT KA

bridge populations are smaller by the factor 1@han the interme- (42
diate state population8, shown in panela).]

and
Pp(t)=Pp()+[1—Pp()]e” e,
Kgl'clg‘ll'm)z K<(32n0+ Kc(:tc)J)nc' Kt(:fc)mc= I(DA ' Kt(:g)ncz kAD :
PA()=Pa(x)(1—e~Krer), (39) 42
Figure 4 confirms the validity of the single-exponential de-
The overall D-A TET ratK =K, takes the form scription of the bridge-mediated D-A TET reaction based on
Egs. (39—(42). (A single-exponential description is valid if
Krer= T;ElT: K(Tslgp)Jr K(TchTnc). (40) Pg,P,<10 2.) Although the evolution of the bridge and in-

termediate state populations includes fast components, as
shown in Fig. 4b), the fast kinetic phases does not influence
The ratesk (") and K{%'®) are originated by the stepwise the evolution of the donor and the acceptor populations, what
and of the concerted mechanism, respectively. Both are reps justified by Fig. 4a). In what follows we will consider two
resented as a sum of corresponding forward and backwarmkample for a single-exponential description of bridge-
transfer rates so that we get mediated D-A TET processes.
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A. Length dependence of D-A TET overall transfer rate 10— . . . T T T

A dependence of the overall D-A TET rate on the number
of bridge unitsN can be found in the stepwise as well as the
concerted contribution. Let us introduce the sequential decay

parameter \.\.
e
~e._
Kip[Kni—a(1—7y)] N '\°\.\.
1= (43) Ly T
a(kyi+kip) 14 "~ e
—8— 3,=0.7 8V T

10" (OVERALL TET RATE)

It characterizes the electron hopping in the course of the first
single-electron bridge-mediated pathway. That for the second
single-electron bridge-mediated pathway reads ' ' ' ' - - '

Crylrna—a(1-y)] BRIDGE UNITS

27 a(kyatky)

(44) FIG. 5. Distance dependence of the D-A TET overall transfer

rate (40) obtained from Eqs(47) and (53). The calculation of the
Respective superexchange decay parameters can be intrate constants are performed with parameters identical to those of

duced as Fig. 4 except\g=0.4,0.6,0.7 eV. The superexchange mechanism
dominates aN = 2,3 while atN> 3 the main contribution to the rate
|VB| stems from the sequential mechanism. At the given parameters,
[1=—21In m , (45 both mechanisms form a stepwise pathway of D-A TET.
DAL,
riaf I ANl
and KOseg_ T NA ) (0seq_ AN 11 (49)
A rnatky ™ A rnatry’
|Vg|
{r=—2In ————=—1. (46) and
’ (AEAAE()™72
. (Osup) _ 2m |Vp1Vyal?
Then, the transfer rates related to the stepwise pathway, Egs. kD,(|D)—7 —m(FC)DM(HD) ;
(28) and (29), can be written in the following form: AEpAE;
k(Oseu) 20 |V’ V! |2
K~ =KkOsuPg={1(N=1) L, k(OSUP):_ﬂ FC)| . ara_ 50
DI DI 1+ §1R(N) IA(Al) i AEAAE|(2)( )I A(A—1) ( )
kfgse@[l—(l— Y)R(N)] are rates of sequential and superexchange transfer through a
K = k(0sUuP g={1(N=1) ¢ . . - . .
ID = Kip 1+ &R(N) ' bridge with a single unit, respectively.
Introducing the two-electron superexchange decay param-
(0seq eters
—kOsupg—o(N-1) A
n=kin e I+ ER(N)’ v
{i=— __Vel _ (Ep=AEp+AEP—AEM)
k(OSEQ[l_(l_ )R(N)] ! (AEDAED)llz ’ I L
Ky = K(QsUP = C2N-1) 4 ZA! y (51)
Al 1+ &R(N)
(47 and
In Egs. (45) and (46) the quantitiesAE,p=AEp—AE®, V4l _
and AE,,=AE,—AE® are the gaps between the energy {,=—2In ——————|, (EA=AEA+AEMN—AE®)
- : - (AEAAEL) Y2
position of intermediate staf¢) and the|D) and|A) state, ASEA
respectively(see Fig. 1 Note, that theN-dependence of the (52)
;equential mechanism of single-electron transfer is containeﬁi1e respective rates can be written as
in the factor
1-N-1 Koaao)=KoAape ™Y, ((=4+8), (B3
R(N)= ———, =gla<1). 48 )
(N) 1-y (y=pla=<l) “9 where k(DO,l(AD) is the two-electron superexchange transfer

. rate through a bridge with a single unit.
The quantities Equationg28) and(29) together with the concrete expres-
Kk Kk sions for the transfer rates, Eq4.7) and (53), allow us to
k(DOIse@:&, fgse@:&, estimate the length dependence of the D-A TET for different
kni+Kip kni+Kip transfer regimes. As an example, we will consider this length
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|D'(H+) A(HY) D(H) A~ | FIG. 6. Kinetic scheme of the D-ATET in a
@ é é L" é g © model where the transient stateEq. (4), corre-
| D A HY) D A- | sponds to a singly oxidated donor and singly re-
duced acceptor cente. and d denote the elec-
tronic substates with two accepted and two
% =D BAY \f’" released protons, respectively, whetasand c
(9 ky, give the substates with one accepted and one re-
leased proton. Wavy lines indicate the fast single-
|D2‘(H*) AGT) DE (HOA | |D(H*) AZ-(H) D(H) A% | particle protonation/deprotonation process; thg
M k. v proton exchange between the D and A centers is
@é § i é §© P @é é e é §© represented by the dashed arrov&ince the en-
| D2 A(HY) D> A | K, | D AZ(H") D A% | ergies of bridge units are assumed to be indepen-
dent of thepH value the symbols B . .. ,By are
omitted in scheme
D=(D"BA) A=(DBA™)

dependence for different hopping rateé= ). The differ-  nation or deprotonation of the D and the A centers proceed
ent values ofx follow from a variation of the related reor- independently. Therefore we may write

ganization energyg. According to Eqs(43) and (44) for

the sequential decay parameters and E45S). and (46) for

the superexchange decay parameters both types of param-
eters decrease for an increasikg (due to the increase of

«). Figure 5 displays th&l dependence df;gt at the step-
wise regime of TET, wher& gr~K{3P [see Eq(40)]. Al-  where the statistical weights have been introduced for the
though the concerted contribution remains small for theprotonated {{3, f{) and the deprotonated {7, £
given set of parameters the superexchafsjegle-electron  centers D and A and for the case where the DBA system is in
mechanism dominates at a short bridge Witk 2,3. When its mth electronic state. The standard expression for the
the number of bridge units exceeds three, the main contribuweights reads

tion to Kgr stems from the sequential D-A TET mechanism.

Just originated by this contributio{gr shows a much

weaker decrease when the reorganization energyde- fémL) =
creases(compare the values;=0.40, ¢£,=6.33 at \g
=0.7eV and the values¢;=0.016, ¢,=0.26 at Ag
=0.4 eV).

Q=B Q= 1{

Q=TI AP, (59

dp A

[H*] K™

— 0 = (55
[HF ]+ K™

® R K™

where[H" ] is the proton concentration an{™ is the dis-
sociation constant for th&e=D and L=A centers The
scheme of substates belonging each to a separate electronic
state is depicted in Fig. 6. Every electronic state includes a
anifold of four protonated and deprotonated substates de-
- oted bya, b, ¢, andd. The large boxes refer to the initial
TET. can be reduced to the transitions between t_hree ele(E'D), the transient I(), and the final(A) electronic states
tror_uc statesD), |.|>’ and|A) if the bridge populatlon_re- which include all the mentioned substates shown in the small
mains small. In biosystems, as a rule, each electronic Sta(}?oxes
has to be charcaterized by a manifold of substates. Accord- :

) . : The kinetic processes shown in Fig. 6 are described by a
ingly, the D-A TET reactions have to be analyzed by takmgSet of three cc?upled equations like t%ose of E2j). The y
into account all these substates. In the following, we will

) ; time evolution of the state populationBp(t), P,(t), and
consider D-A TET in such systems where the substates arl_e]iA(t), is given by Eq.(32). Here we consider the single-

only associated with protonated and deprotonated groups Q 2O o _ )

the donor and the acceptor, while each bridge unit is define Epo?ggt]lal |I:|rcr)1r|t, :qfrfz)a’llwgggulg t\i/:rl:d ;?rl:t’;](;)férgém/
by a single electronic ter_m only. It means that_ each electrom?ntermediate electronic stale the kinetics is characterized
state|m) = |D),|I),|A) is characterized by its protonated

- = .7 by an overall D-A ET transfer ratié g7, Eq. (40). The con-
(Im=p) and dep_rotonatedrg—d.p) substatdsee Appendix (ferted and stepwise contribution to the overall D-A TET can
A). The protonation-deprotonation processes are supposed

2 esti i i 0}
be fast enough so that the D-A TET rate consthgjscan be be estimated in comparing the transfer ras,. and Kstep
defined by Eq.(A9). In this expression the contributions

The concerted TET is defined as a process for which two
from the various protonated-deprotonated ET channels a

r%Iectrons change their location in a single hop without alter-
defined by the substate WeigI@r':), Eq. (A6), and by the ation of the proton location. It means that the corresponding
substate-substate rate constamts .., Eq. (A2). To

partial rate constants obey the propertip_ A
specify Q™ we restrict ourself to the case where the proto-general form of the rat&(), . reads as follows:

B. pH dependence of the D-A TET overall transfer rate

It has been shown in the preceding section that the D-

=kpi_aidr (8, is the Kronecker symbpland thus the
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K= kpa= E| Q™ ko) ar- (56) 10 ]
1 81 KTET T
The summation covers all substatds=@,b,c,d). Among ] % K5 KED
the substates related to the initial electronic sizthe larg- 64 [ Ko _
est statistical weight belongs to the substatesdc. This is <
due to the fact that both are characterized by the uptake ofa ¥ 4 K oK® ke
proton near the doubly reduced donor center. Therefore, Eq. TET TET TR
(56) can be specified a2 =kp,_ A1) 2+ | :
D) (D) (D D)£(D) 1 (D R
K ARAOMED+ (RDKED. 67 e — ]
In accordance with Eq41) there exist two limiting cases for 2 4 6 8 o 12 14

the stepwise rates, namelt), ~kp, if kia>kip andK{,, PH

~(kpi /kip)Kia if kia<kjp . The first limiting case results in FIG. 7. Example for the replacement of the stepwise pathway by
an expression for the stepwise transfer rate that depends @k concerted one. The calculations are based or(@with K
the actualpH value in a manner which is identical to the =10K,, K.=K,.

above mentioned dependence of the concerted transfer rate,
Eq. (57). The other limiting case is of much more interest. The inequalitie62) show that due to different values of the

Bearing in mind relatiorfA10) we may derive parameterpK{" and pK{™ an effective switching of the
7 TET pathways is possible via an alteration of {iid value.
KO =L 2 E QM Ky apr - (58) This result can be underlined by noting that along with the
Sep zp g 47 < A inequalities(62) the conditionpK®™)>pK®) is also valid.

Therefore, if one evaluates thEH dependence of the rate
constants in the vicinity op K ) the approximatiorf (%)

=1 can be used since it is fulfilled in an excellent manner.
Correspondingly, one obtains

It is not difficult to show that in the case of four protonated-
deprotonated substates as displayed in Fig. 6 the ratio of t
electronic partition functions reads

Z f f
7o = (OIS he 20 T (59 K§r= Kt KOne:

where AG,p is the difference between the free energies of KO — Ks KO — Ke (63)
the completely protonatetl and D states. Substituting the seP 44 10prpKA(D5’ cone g 4 10pKA(DLpH’
ratio (59) into Eq. (58), employing the definition54), and
keeping only two main termé&elated to substatesandc)  whereKg andK. are pH-independent constants characteriz-
one derives ing the transfer rates along the sequential and the concerted
pathways. Figure 7 shows the switching of the TET path-
K FOR AR G+ (FUBERE A ESMKE,.  (60)  ways caused by the change of thid value in the vicinity of
0 _ a certain value opK{?) . It is clearly seen that the stepwise
Here, each rate ConStamétengl’leAl’, includes alterna-  4nq the concerted mechanism dominate in two diffepgt
tive channels to reach the final electronic state from the conggmains.
crete substatél. For instance, the channéh— Aa corre- The scheme of the proton-assisted D-A TET reaction as
sponds to a pure single-electron transfer while the channgjien in Fig. 6 indicates that the interpretation of the results
la— Ab results in a single-electron transfer accompanied bBéssentiaIIy depends on the weights of the corresponding sub-
the removal of the proton from the D center. states. If the major weights are related to identical substates,
Comparsion of Eqs(57) and (60) shows that the con- ¢ g D¢ andAc, the transfer of electrons can be character-
certed pathway related to tlegh substates exceeds the cor-j;ed as a pure D-A TET reaction. If the weighde andAb
responding stepwise pathway onlyKo>KS2) . But, in  gominate in the respective electronic stabeandA, then the
the case of thecth substates it occurs ifK{J%  D-A TET is accompanied by proton release and proton up-
>KEFEIEE) o (FAF0L). If one takes into account Eq. take, and consequently a hydride transfer reaction proceeds.
(55) it yields Below we will apply the coarse-grained approach to the de-
(DD 10610 (1) 10 (D) sc_ription of the transfer of reducing equivalents in myco-
Keone> Ksep( KA KR ™). (61)  thione reductase.

Since a proton uptake by a center is much more effective
when the center has a higher negative charge we may realize
that

IV. TET REDUCTION OF MYCOTHIONE REDUCTASE
BY NADPH

) 0 ) D) 0 ) Micothione reductaséMycR) catalyzes the nicotinamide
PKL'>pKp'>pKpY,  pKy'<pKy'<pKy”. (62)  adenine dinucleotide phosphdADPH)—dependent reduc-

061916-9



PETROV, TESLENKO, AND MAY PHYSICAL REVIEW E68, 061916 (2003

tion of mycothione disulfide. The reduction proceeds as the
transfer of two electrons from NADPH to the active-site cys- | NADPH, FAD-E,, Lo NADPH-FAD-E, |
teines, Cys—S—S—Cysyg across the bound FADflavin ® é % ks é 2 ) _karg
adenine dinucleotide The catalysis includes a lot of differ- ky Ton
ent electron and proton coupled steps. We restrict ourself tc | NADEH FADFoH [ip) NADPH-EADSR.H |
the consideration of the two-electron reduction of the en- ® @
zyme MycR. Detailed experimental studies of th@and
othep catalytic steps are reported in REE5] where a mini-
mal kinetic model has been introduced and where an expla " "
nation has been given of the chemical mechanism related t s | NADE™ EADEy Bl pm\;j NADE™ BADH} o | ks
the ET events. In particular it has been found that the enzymee— ©) é é o g % © S
reduction by NADPH occurs via single-exponential kinetics *** | NADP*_FADH _E, H |;\//\§3| NADP*_FADH _E,, | eE
with an overall TET rateK,.s~130 s *. The reduction is ® @
fixed by the appearance of the thiol-flavin charge-transfer
complex FAD—(E.gH) ~ with a characteristic absorbance at
about 530 nm(Here and below the symbols,Eand Eq4
stand for the oxidized and the twofold reduced forms, respec: | NADP*-FADH'-EH NADP*-FADH"™-E %
tively of the enzyme.A detailed analysis of theH depen- fng,, ® 3§ 3 7 F © e
dence of this reaction given in R¢fl5] shows that(a) there s . Tl P oo
exists a group Xprobably Arg whose deprotonation at high | NADPFAD™ —EH |333| NADP-FAD™ £ |
pH values affects the binding of NADPH to MycRb) ® @
Cysi—S—S—Cys;g disulfide is cleaved to generate the
dithiolate while Cys, remains ionizedjust such an ioniza-
tion is responsible for the strong charge-transfer interaction | NADPFAD-E® | | NADP", FAD—E- |
with FAD), (c) the protonation of Cyg might slow down the ~ _ken ) Y ) =
rate of the enzyme reduction, afw) the very fast step of the e é é %o é é
common TET process refers to the creation of a FAD— |NADP+—FAD—(E,edH)’| INADP", FAD—(E ., H)‘I
E.x«NADPH charge-transfer complex. ® ®

To understand the possible electron-proton transfer path EI

ways in a given TET reaction we consider the transition . .

scheme depicted in Fig. 8. The box&sB, C, D, andD’ FIG. 8. Scheme for the extended version of proton-assisted two-

represent the different electronic states 'Wit,h i as the electron reduction of mycothione reductase. The notation of the

final reduced state which corresponds’ to the removal of2Y™Me 9roups which participate in the TET is explained in Eq.

NADP* from the enzvme. Wawv arrows indicate the fast 64). Wavy lines indicate the protonation/deprotonation processes.
rotonation/de rotona%;on ) rocegses in each electronic sta he large boxes represent the electronic states which contain those

Fcompare the gchemes in ?:igs 8 and Mote that the fol- %bstates with various groups which accept or release pratorer

. T din th héRis th boxes. The shaded inner boxes denote the major substates which
lo.ng abbreviations have been used in the schefnis the participate in the formation of the sequential TET pathway.
Hisga—H- - - Gluy,g pain:

=AB,C,D,D’. Note that besides the rates of sequential trans-

Exx=X,Cysys—S—S—Cysg, .. ., R, fer which are shown in the scheme, there also exists rates
kgp andkpg (not shown in the schemeavhich characterize
EoxH=X,Cys;—S", Cysg—SH, ... R, the concerted transfer of two electrons. All transfer ritgs
can be evaluated in line with E¢A9). For instance, one
E"=X,Cysy—S, S—Cysy, .. .,R, obtains kBC=E,BE,CQfBB)kB,BC,C where the quantityQ,(BB)

=Zg 1exp(—GfS’/R'l’) denotes the weight of thgth substate
in the electronic stat8 (G,(S) is the free energy of substate

Eed=X,Cys$3—S ,Cyse—S , ... ,R, Ig in electronic statdB). To proceed we take into consider-
ation the fact that the FAD reduction takes place on a shorter
(EredH)  =X,Cys;—S ,Cysge—SH ... ,R. (64 time scale than the TET between FADHand the site
Cysi—S—S—Cys;. It means that the TET occurs against
Remember that the coarse-grained description used in thtae background of much faster transition processes between
present paper supposes that the TET proceeds against ttee A and theB electronic states. Therefore a quasiequilib-
background of fast protonation/deprotonation processesium exists between the populations of both states, i.e.,
Therefore and with noting that the binding of NADPH is also PA(t)/Pg(t) =Z/Zg [cf. Eq. (A10)]. This circumstance al-
a fast kinetic process the set of kinetic equations looks similows us to operate with the integral populatid®y(t)
lar to that of Eq.(A8). This set includes the corresponding =P,(t)+ Pg(t), and we are able to utilize a coarse-grained
transfer rateky, and describes the evolution of the integral relation P g, (t) =[Zas)/(Za+ Zg) IP1(t). Moreover, it is
population Pq(t) of each electronic state m necessary to underline that NADPis removed from the

EH=X,Cys;m—S, Cysq—SH, ..., R,
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enzyme rather fast compared to the TET reduction of theontribution from the stepwise TET mechanism. In the fol-
enzyme. Therefore, a coarse-grained relatiBgp)(t) lowing, we will analyze thepH dependence of both contri-
=[Zpry/(Zp+Zpr)]P5(t) is also valid and we can intro- butions.

duce an integral population of the finalandD’ electronic In accordance with the experimental findings noted above,
statesP5(t)=Pp(t) + Pp.(t). The introduction of two inte- there has to exist a certain group Xrobably Arg

gral populations?,(t) andP,(t) allows us to operate with a which, if being in the protonated state, favors the

set of three coupled equations binding of NADPH to the enzyme. Based on the partial sta-
. tistical sum exp{-GLY/RT) +exd — (Gl + RTH'])/RT]
P1(t)=—(r+q)Py(t) +gPa(t), (65  =exp(-GLI/RT[Y]~* which includes the protonated
and the deprotonated substates of the X group in the elec-
Pz(t)z —(g+k)Py(t)+rPy(1), tronic ground state Qwith the corresponding free energies
GYY and GY)), one can introduce a partition function for
|b3(t)=qp1(t)+ kPy(t), each electronic state=A,B,C,D,D’ as

where the population of the transient electronic siatés
denoted byP,(t)=P(t). To derive Eqs(65), we took into
consideration the fact that the quantum yield of the reduced

fraction (EedH) ~, cf. Eq.(64), is near unity and thus back- Wheref’(JX)Ef’(Jo))( is defined according to E¢55), andG(™ is

ward rateskpc and kpg are negligible compared with the .
corresponding forward ratds.p andkgp, respectively. The g]r(ca)uf;;ee energy of théyth substate with a protonated X
transfer rates which enter EG85) are given by To derive a commompH dependence of the TET transfer
Zs rates a precise specification of those major substates which
rzklz=m > > Qf:)ksleCl form the electron pathways and which are completely con-
AT4B Ig lc nected with the electronic stat& C, andD becomes nec-
essary. To compare our theoretical model with experimental
g=k :2 2 Q¢ data we restrict ourself to the consideration of {ité do-
AT 2 e main from 6 to 10. At suclpH values, the weight of the
fraction FADH, in the electronic stat® is smaller than the
B Zs () weight of the corresponding fraction FADH Besides, it is
q=kiz=5— >~ IE |2 Q1. Ksigpig: well known (cf., e.g.,[45]) that FADH is oxidated in a
ATTB T D much more effective way than FADH Therefore, the sub-
statesh andd in the electronic statB seem to be more likely
KEk23:2 2 QI(C)kCI e (66) to participate in TET reaction as the remaining substates
c 1, ¢ TP andc. Experimental data on flavin reduction and its reoxida-
) ) _ tion by disulfide show46] that the most efficient oxidation
~ The exact solution of Eq$65) results in two-exponential f the FADH™ occurs for the disulfide group whether this
kinetics. Since the experiment shows a S_'”9|e'eXp°”_e”“5%roup is cleaved or protonated. Therefore, in the electronic
behavior we have to suppose that only a minor population o&tateB, just the substatd is the major candidate to form the
the transient stat€ is realized in the course of the TET. This g|ectronic pathways. In contrast, the free energies of all sub-

means that one has to pgi«>r,q which allows us to in-  gtates of the electronic stafeare positioned below the sub-

Zn=Z[f{017" Zp=2 exp(—G{"/RT), (69)
| m

m

)kCICBIBv

troduce the following approximate solution: state energies which belong to the electronic stBtasdC.
q p As a result of this, one can pLI[A+ZB~ZA:ZA[f§]*1
PD(t):( 1—Pimax— — PlzmaxF) e Krett, when calculating the transfer_rates given in E8p). To de-

rive a concrete expression fa@, we have to note that the
Kot symbolsc andd in box A (cf. Fig. 8 indicate the substates
PiO)=Pimag "5, with the absorbed NADPH while the symbdisandd refer
to the protonated Cys in the  structure
Pa(t)=1— ( 1-P, maxﬂ + pfmaxg e KTE  (67) Cy&4—S—S_—Cys39. _Denoting byGf,A) the free energy of
r r substated which contains the bound NADPH and the proto-
nated Cygy, one derives
Here,P,| na=r/(xk+Q) is the maximal population of the tran-

sient electronic state and > -
Za=exp(—GPRDfRopuf %171 (70

Kret=Kied™ Keonet K Keone s Kster= P o . .
reT= Krea™ Keonct Ksiep - (Kaone=0: Kisteg™ P max) The distribution functiorf (Y=f{% characterizes the pro-

(68) tonation of Cysgg. Its concrete expression is given in Eq.

denotes the overall transfer rate of the enzyme reduction. Th&5), where K&\ =exi] —(G{c,s~ Ghc,d/RT]. Moreover,
rate (68) contains a contribution from the concerted and awe have introduced the quantity ffﬁ%DpH]
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=[NADPH]/([NADPH] +Ky;s), which defines the weight and thus there must exist several single-electron superex-
of the NADPH-bound fraction of the S-E compleK {;; and  change couplings responsible for the transitiBas C (cou-
[NADPH] are the dissociation constant and the NADPH con-plings Vca gn.Veesgd @and for the transitionsC—D (cou-
centration, respectively plings Vpp ch:Vpacd . Besides, a lot of single-electron
Formation of the concerted pathwain line with Eqs. pathways are accompanied by the removal or the uptake of a
(66) and(68) the concerted transfer rate is expressed via th@roton. As an example we refer ¥q, gg andVpp, cc, Which
partial rate constant&g p . Since,Bd is the dominant are responsible for the mentioned transitids:C and C
substate for the electronic pathways one can write — D, respectively. Experimental results, however, indicate a
small population of stateC (including all substatedc).

_ Therefore, in noting Eq(B4) one derives
Keone=exp(~G{V/RTZA" 2 kea-pipr (7D
D

Vo, cicl Ve d?
where the relationZ,+Zg~Z, has been also used. To |VD|DBd|2= AE AE . (74)
specify the exponential prefactor we note that the substates Clc Ba==ClicDlp
Bd and Ad refer to the deprotonated and the protonated
group of Cysg, respectively, and to the case where the en-The matrix elementQ/uch and Vbicie which determine
zyme exists in the oxidized forifef. the notation in Eq(64)  the two-electron coupliny/p) gq are maximal if the corre-

and Fig. 8 Therefore, we set exp(Gf/R1)/Z, sponding substateSl: andDIy show a minimal conforma-
=exp(-AGPARTI/YY, where the quantiyAG{*® de-  tional difference with respect to the substaéd, and if the
fines the difference of free energies related to substtes substates forming the two-electron pathway involve a mini-
andAd. Note that due to the fact that both electronic stétes mal number of protonsto reduce the number of overlap
andB contain the same structureg,&nd E,H, we have to integralg. In the case under consideration, we derive an ex-
put K(CAy)S~ KE;By)S. Thus, the functionfé%ys) specifies the pression foVp, _gq by only using pure single-electron cou-
weight of the substates with the deprotonated group;£ys plings (such asVc, gg and the couplings describing com-
i.e., the weight of the fraction J&in both electronic state$y  pined electron-proton transitiongsuch as the coupling
and B. Now, the concerted part of the overall transfer ratey . .. Therefore, a two-electron superexchange matrix el-
Krer can be written as ementVp, g is formed by two pairs of possible pathways,
K. = f(0§(Cys)(0) 72) either with the participation of the virtu&c or by the par-
concTp Tdp Thcone ticipation of the virtualCb substates. The first pair corre-
This expression shows that t#d dependence of the con- SPOnds to the channeBd—Cc—Da andBd—Cc—Db,

certed transfer rate is completely included in the weigfjts while the second pair of pathways is associated with the
andfggys) defined by Eq(55), while the part channelsBd—Cb—Da and Bd—Cb—Db. Each of the

channels contains the pure electron transition and the proton-
o assisted electron transition. As an example we refer to the
KO =t opn exp(—AGgBA)/RT)T channelBd— Cc— Db, where the Bd—Cc) and the Cc
—Db) pathways refer to pure single-electron and proton-
assisted electron transitions, respectively. Another example is
X 2, Vo ed 2FC)aa o1 (73)  given by the channeBd—Ch—Db, where the pathway
'o Bd— Cb is associated with a single-electron transfer accom-

is apH-independent factor. Just this factor defines the maxiPanied by the proton displacement within the enzyme, while

mal value of the concerted TET rate. It remains to specify thé)athwayc_b—> Db refers to apure single-electron transfer.
electronic coupling®/p, g4 for the TET process. qumanon of the stepwise pathway has been already
A di d . Db Y mentioned that the representation of the overall transfer rate
irect determination ofVp,

sa can be achieved by . aq4ing contributions from the concerted and stepwise
quantum chemical computations as it has been done to @echanisms of TET, Eq68), is correct at a rather small
large extent for single-electron transfer proceqs@sHere,  population of the transient stat® (<10~ 2). Just in this

we will remain on a qualitative level and explain one pos-case the substat&l can be considered as virtual interme-
sible mechanism for the formation of the two-electron cou-giate substates which are responsible for the formation of a
pling Vp, g4 To this end, one has to note that D-A TET in two-electron superexchange coupling between the initial and
MycR occurs between the FADH (donor sit¢ and the final states denoted in Fig. 8 IB/and D, respectively.
Cysi—S—S—Cysyg (acceptor sitg and thus appears as a The principal difference between the stepwise mechanism
distant TET. Therefore, a two-electron coupling could beand the concerted one is related to the fact that within the
formed via a repeated mechanism of superexchange if orgtepwise donor-acceptor TET the transition st@atacts as a
supposes that in line with the scheme of Fig. 8 the transiergtate which really becomes populated although its total popu-
(intermediatg state is given by the stateé while the state®  lation remains small. It means that the stepwise pathway ap-
and D act as the donor and acceptor, respectively. In theears as a hopping process of electrons between the substates
system under consideration, there exist several singldselonging to the electronic stat8s C, andD. The concrete
electron pathways between the donor and the acceptor sitéferm of the stepwise transfer rat€e=r«/(g+ «) follows
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from Eq. (68). As far as the electronic stat€sand B are " " ' " "
intermediates for the initial stat® and the final stat® (in- ol
cludingD’) we can suppose thétg>kcp, i.€.,g> k. This
yields Kgeg=(Zc/Zp)x, where the relationr/g=Kk;,/Ky;
=Zcl(Zp+2Zg)~Zc1Z, has been used. The main contribu-
tion to the transfer ratec=kys follows from the channels
which are associated with the oxidation of FADHrather
than of FADH . This fact is supported by the data on
electron/proton transfer in flavoproteifé5]. Therefore, the -14
substated andd of the transient stat€ are preferable can-
didates to participate in the stepwise pathway. Note now that 5 : 7 z ; 0 p
in contrast to the electronic stalBewhere the enzyme MycR pH
is not reduced yet, the staté corresponds to a singly re-
duced enzyme. The location of the transferred electron FIG.9.pH dependence of the two-electron reduction reaction of
within the enzyme is associated with one of the Cys residu@ycothione reductase. The .points correspond to the experimental
[for the definition of E and EH see Eq64)]. Therefore, for data of Ref.[15]. The theo_retlcal curve follows from the concerted
the pH range of 610 under consideration the appearance ghechanism of proton-assisted TET, Eg2).
an extra negative charge on sulfur makes the substate EH
where a proton has been absorbed more stable than the iof the pH-dependence lggy=Iog;o{C/(1+[H"]/K,
ized state E of the enzyme. +Ky/[H™])} in using pK,=6.8+0.2 andpK,=9.1+0.2

Of even greater importance is the fact that in the final[15]. The groups exhibitingpK values of 6.8:0.2 and 9.1
electronic stateD just the substateDb with the proton  +0.2 are Cys and presumably Arg, respectively. Protonation
coupled to Cysy specifies a stable dithiolate while Gys and deprotonation of the corresponding groups decreases the
remains ionized and creates the charge-transfer complereT reduction of the enzyme MycRee the detailed discus-
FAD—(EdH) . Eq.(64). Therefore, the most effective hop- sjon in Ref.[15]). Utilizing pK(®¥=6.8 andpK™ =9.1 we
ping channel which lets one move an electron from state  see that the theoretical cur¥erer= K1er(pH), Eq.(72) de-
stateD can be associated with the transitiGi— Db. This scribes the measurq[H dependence with a rather good ac-
yields k~kcp=Q{?kcppp. Note that the given one- curacy. Therefore, just the concerted mechanism of TET
particle hop corresponds to a pure electron transfer and thysrobably should dominate the reactions and thus should be
has to be thought of to be more effective than the, e.g., morgsed to explain the experiments.
complicated electron hopS§b— Da or Cd— Db, where
the ET is accompanied either by a proton removal or by a

pK,=6.8+0.2
pK,=9.1£0.2

Ing Keer

proton uptake, respectivelyin Fig. 8 the most important V. CONCLUSION
substates forming the stepwise pathway are indicated by the
inner shaded boxes.The final form of the stepwise In the present paper we have considered different types of

forward TET rate follows from the expression concerted and stepwise pathways controlling bridge-
Kstep~EXD(—GE,C)/kBT)Z/Ilkc:bDb- Introducing the pH- mediated two-electron transféfET) reactions. It has been

independent factdk (), the stepwise transfer rate of the two- shown that at small bridge populatiofiess than 10°) the

electron enzyme reduction reaction can be represented as cOmplex multiexponential TET process can be reduced to a
simple two-exponential electron transfer process between

Ksteg= FSOK D, (75 three distinct two-electron states, the initidonop stateD
_ ) = D2~ BA with both electrons at the donor, the intermediate/
with the pH-independent factor transient staté= D BA~, and the staté=DBA?~ with
5 both electrons at the acceptor. If, additionally, the population
KO — A vy — AGCARTI—— |V 2(FC)ep_py. Of the intermediate electronic state remains srtias than
step TNADPH EXN d R [Von el (FC)ep-oo 1072) the TET is reduced to a single-exponential process,

(76)  Eq.(39), i.e., reduced to a D-A TET reaction. In this case, the

. . . X . corresponding overall transfer rate, E40), contains an ad-
In line with Eq. (55) the funct|onf§, ) decreases with the ditive contribution from the stepwise and the concerted path-
decrease of proton concentratipid*]. Therefore, the step- \ays. The stepwise pathway is originated by sequential and
wise transfer rat€75) decreases only when tipél increases.  syperexchange single-electron transfer processes which dif-
In contrast, the functiois’® increases with increasing pH. fer in their dependence on the bridge length. In contrast, the
As a result we obtain a bell-shapgdH-dependence of the concerted pathway is a specific two-electron superexchange
concerted transfer rat@2) which is defined by the product process based on repeated single-electron superexchange
of f09 and of f{5¥9. Hence, it becomes obvious that the through the bridging state8) and(5) as well as through the
concerted and the stepwise contribution are characterized bgtermediate statéd).
a differentpH dependence. Special attention has been put on id dependence of

Figure 9 shows the@H-dependence of the two-electron the reaction. Therefore, D-A TET has been studied for those
MycR reduction. The experimental data are best fittecdcases where itis accompanied by a fast uptake and/or release
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of protons which becomes possible if the protonated strucbkridge through the dependence of the local energy levels and
ture groups carry out a proton exchange with the surroundingeorganization energies on the position of the transferred
solvent. As far as the protonation/deprotonation process iglectrons within the DBA systerfsee, for example, the dis-
faster than the nonadiabatic TET, the weights of the protocussion in Ref[47]).

nated and the deprotonated substates (%), determine the

probability for each ET channel participating in the con- ACKNOWLEDGMENTS

certed or the stepwise pathway. The differpht dependence

of the concerted and the stepwise contribution to the overal&_}
D-A TET rate just results from the presence of this transien
state. According to this state the protonated and deprotonat
substates contribute differently to the formation of the par-
ticular electronic pathways. The proposed model shows that
the participation of protonated and deprotonated substates in ~ FOR THE DESCRIPTION OF NONADIABATIC

the initial, transient, and final electronic state reduces the BRIDGE-MEDIATED TET PROCESSES
proton-assisted TET to three types of D-A THil:the com- If an electron transfer proceeds against the background of
pletely electronic D-A TET((ii) the hydride D-A TET, and 5t vibrational relaxation, one can employ a coarse-grained
(iii) the two-proton involved D-A TET. Which type of TET 555r0acH{40,41] to derive kinetic equations for the integral
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demonstrated by a comparison of the theoretical model Wiﬂ[l)y ... In order to derive kinetic equations for the popula-
available experimental data on the TET reduction of micojgng Py(t) (M=ml_) we follow Refs.[40,41. The ap-
thione reductase by NADPH. Our analysis of the possible, 4ch starts with the Hamiltoniari$2) and (13) and leads
electronic pathways indicates that the TET-reduction procesg, e following set of kinetic equations:

of the enzyme can proceed through the concerted mechanism
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APPENDIX A: KINETIC EQUATIONS

of proton-assisted TET. Just in this case the compuptdd Nim Np

dependence of the TET reduction reproduces the measuref,, (t)=— > K, —ml’ T > > Kmi,—ni, | Pni, (1)
data rather well. We have also discussed a possible mecha- o #m mon#Em =1

nism of the formation of distant two-electron superexchange N

coupling, Eq.(74), between the FADH (donor sit¢ and + i‘ . P (1)

Cysi—S—S—Cys;g (acceptor sitevia virtual substates of v Miy— My mlg,

the transient electronic state. The concrete form of the mem

coupling is shown to express the product of single-electron Ny

superexchange couplings between the substates belonging ei- + 2 E kmn_,m,umn(t). (A1)
ther to theB and C or to theC and D electronic statescf. n#m =1

notations in scheme in Fig.)8Thus the discussed mecha- The rate constants

nism of the formation of a TET superexchange process be-

tween the initial donor and final acceptor states can be de- o

scribed by a repeated single-electron superexchange through Kmi, —nl = T|V”'n m|m|2(FC)rmm_m,n (A2)
the intermediate virtual electronic staie

. Finishing the d|scu33|on we note that the derived EXPreSeharacterize the transitions between theh and|th sub-
sions for the sequential and superexchange transfer rat

e . .
Eqs. (47) and (53), respectively, follow from the model of a States related to different electronic statesndn. Accord

reqular bridae where onlv th linas between the t rmiing to the nonadiabatic nature of the transitions the rates are
eguia ge where only the couplings between the te iven as a product of a pure electronic factor and the Franck-
nal bridge groups and the adjacent donor and acceptor cep:

. -~ ~~Condon factor, FC. This separation implies the Condon ap-
ters depend on the charging of these centers. The interior . tion V o vl YV h
bridge energies and the intersite bridge couplings have beddoXimation Vi, yur: 1={vmi{vy)Vmm: . where
assumed to be independent of the distance from the D andv}|{v,,,}) denotes the overlap integral between the vi-
the A sites. Such a phenomenological model serves as thgrational states whild/,, . is the electronic coupling be-
basis for the investigation of numerous transfer processes ifiveen the electronic substatéé=ml, and M’=m’l, .
molecular systemssee, for instance, Reff3,5-8). In the  The concrete form of the Franck-Condon factor is detemined
framework of such a model the bridge-length dependence dy the used model for the vibrations and their coupling to the
the sequential and the superexchange contribution is detegictronic statescf. Refs.[3,5,7,41,42,48,49.
mined by different decay parametef43)—-(46). Recently, In contrast to the foregoing type the rate constants
this modgl has been sucgessfully applied to the explanatlonmlmﬂml, are responsible for transitions between the sub-
of e'xpenme.ntal data on &nglg-electrqn D-A transfer throughstateslm andl/, belonging to the sammth electronic state.
proline chaing42]. Generally, if studying the length depen- Their form is similar to that given in EqA2), but the inter-
dence of rate constants, one has to carefully account for thect'on matrix elementsy have to' be replaced
influance of the Coulomb interections between the charges‘? : X nlymlp, v P '
Just this interaction is able to destroy the regularity of the(ml/|HN®|mI.), whereHN® denotes the electronic nona-
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diabatic coupling operatd8,49. Obviously, the processes Knm/Kmn=Zm/!Zn, (A10)
which are characterized by the rate constan{@mﬁm,';] do

nqt F:hange the spatial position of the transferred electronand accumulate contributions of various ET channels each of
within the DBA system in contrast 10 those processes goViyhich is related to the transfer between the substagemd

erned by th‘? lnter5|t_e rate CO”StaW)- . I,. The efficiency of each channk}—1, is determined by
The kinetic e.quatlonsé\l) are valid for at.|me scale much the statistical weigthm) of the reactant substate,, Eq.

larger thanr, (in molecular systems,, typically amounts mo .

to values between 0.1 and 10[f,51). Since nonadiabatic (A6), and the corresponding partial rate const@gt _ni,,

TET is considered the ratg#2) have to be much smaller EQ. (A2). Choosing the electronic states and n as those

than the ratescy .mi. This requires that the TET has to given by Egs.(2)—(6) we obtain the Eqs(14)—(22) where

also proceed against the background of fast substate-substéli‘éee types of rate_ constants characterlz_e the TEdte that

transitions within each electronic state. Therefore, the char®’ @ regular bridge we have sei=Kym., and S

acteristic timerg,,.;0f these transitions is much smaller than — "m+1m )

the time g7 of the TET itself[cf. basic inequality(1)]. This

ineqqality aIIovys one to perform an add[tional coarse- APPENDIX B: SUPEREXCHANGE AT D-A TET

graining reduction of Eq(A1). To this end we introduce the

total population of thenth electronic state: The coupling matrix elements:émn mi, are those quantities
which specify the type of rate constarits,, in the TET
Pm(t)ZIE P (1). (A3)  procesgsee Egs(A2) and(A9)]. Single-electron transitions
m between nearest-neighbored sites of electron location are de-
These quantities are related to particular spatial positions dfned by a direct overlapping of the corresponding electronic
both transferred electrons within the DBA systéef. Eqs.  Wave functions. Such an overlapping defines the couplings
(2—(6)] and fulfil the normalization conditior®,P(t) VlllDID’VNINAlA andV, ’V',\“&A'A which are related to the

4 : /DIy
=1. Next we note that a> 7y, the substate populations st ang the second step of the TET process, respectively.

satisfy a quasiequilibrium conditioan|m(t)/Pm,rfn(t) Moreover, intersite bridge couplings Vg, |
_ . m'm+1
=Zmi, [ Zmy; Wit =V, m+u;  are also defined by electronic overlapping
B B integrals between neighboring units. At the same time the
Zmlp, = 2, exil E(Mln{vi, })/keT] (Ad) couplingsVp 1., Vi1 ar.. andVp, _a,. are formed owing to
{or } o'l 1Al pAla

m

the consecutive overlapping of wave functions of the D, the
being the partition function of thig,th electronic state. Then, B, and the A unitssuperexchange mechanigrit is a spe-
one may derive cific property of the coarse-grained iteration proced(see
P (1)=Q(MPy(t). (A5)  Appendix A and Refs[40,41) that it not only allows one to
m m derive the set of rate equations and corresponding rate con-
To define the statistical weight of substdtg in the mth ~ Stants but it also determines the superexchange electronic
electronic state, couplings,Vpy i1, Vi al,, andVp aj,.
Ql(m):ZmI 1Z, (AB) We present the form of these quantities for the case of
m m deep tunneling between the stalBy, |I), and|A) (see Egs.
one has to calculate the partition function of timth elec- (2 (4) and (6), respectively. In the simplest case where
tronic state further electronic substates are absent an iteration procedure
yields (the indicedp, |4, IBm, andlg;n have been omitted

Z0=2 Zmi,, (A7)
Im
o IVD1VE ™ "Vyal®
Equation(A5) indicates that at> r,pthe partial(substatg Voll*=———pn
population changes only via a change of the integral popula- (AEpAE!™)

tions of the electronic states. According to EGs1), (A3),
and (A5) these populations satisfy the following set of VRV
coarse-grained rate equations: IV,a]2= D1'B "NA

_ (AEAAE(P)N
Po()== 2 [KnaPm(D) = KnmPn(D)],  (A8)

n#m

[Vo1VE ~ VnaVhi Ve Va2

where the intersite transfer rates read IVpal2= £ L . (B
Nm  Np [AERAERAEAAEAINAE pAE A
Kmn= kmﬁnzlzl I§=:1 ann:)kmlmﬁnln- (A9)
nor The different types of energy gaps are given in Fig. 1, and
These rates satisfy the balance conditions we have additionally introduced the energy differences
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AEp,=E(DB"A")—E(D"BA), AEA,=E(D B A) IVoig1VE Vaa,l®
—E(DBA%7), AE,p=E(D?> BA")—E(D" BA)=AEp IVoi i, 1#= DN
~AE®, and AE,=E(D B~A)—E(DBA2)=AE, (AEpipAES)
—AE® . 1t follows from the definition of the electronic
~ ~ ’ N—1y,7 2
states thabEp=AE,p+AE@, AE,=AE,+AED, and , [Voi,1Ve Vi
thus if AE,p<AE() andAE,,<AE™, we may identify Vi1, = (AEn, AEPN (B3)
A
|VDA|2:|VD||2|V|A|2_ (B2  Where the energy gapsEp AE,, AEnp,, andAE(z) are
AEpAE|s completely analogous to the above ment|oned energy gaps
AEp, AE®, AE,, andAE(®, respectively.
Since the quantitie¥p, andV, refer to single-electron su-  For the two-electron coupling we only present the expres-
perexchange couplings the formula ffp,|* clearly indi- S|on which is valid for AE; o <AE[Y and AEj a,

cates that the two-electron superexchange is originated
repeated single-electron superexchange transitions.

If the electronic states are characterized by add|t|onaﬁE|D<AE(2) andAE,<AEM),
substates, then the superexchange couplings do not only

XAE(” (compare this with the above given mequalltles

2
depend on the substatég, |,, andl, but also on the v 2= |VD' ”| Vi (Al | (B4)
bridge - substatesly, (m=B;,Bz,....By) and I; (n PloAAT ™ AE) o1 AEj a1,
=B4,B,, ... ,By). Here we will only restrict our consider-

ation to the case of a rigid bridge where the electronic stateklere, theAE, p; (AE;; a),) are the energy gaps between
of the bridge units do not split off into various substates. Thethel,th intermediate and thig,th donor (sth acceptor two-
corresponding single-electron couplings read electron substate.
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