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Ahstract 

A mechanism based on conformational control of electron transfer provides a reinterpretation of the observed 
temperature dependence of electron transfer from cytochrome c to the special pair of bacteriochlorophylls in 
the reaction center of several photosynthetic bacteria. More generally, it constitutes an alternative contribu- 
tion to the temperature dependence of electron transfer reactions in biological systems compared to the 
vibronic coupling and parallel path mechanisms. Starting from the crystallographic structure of the reaction 
center of Rhodopseudomonus bid& a detailed molecular mechanism of conformational gating of electron 
transfer is derived by studies of conformational states and electronic structure. The low temperature, 
unactivated, electron transfer is assigned to a direct, superexchange, mechanism involving intermediate 
orbit& on a bridging tyrosine. In the high temperature, activated, region, hydrogen bond formation and 
proton transfer between the bridging tyrosine and an asparagine residue, in a high energy conformational state 
of the reaction center, makes sequential electron transfer dominate the rate. This mechanism predicts the 
formation of a neutral tyrosine radical during electron transfer, which should be possible to detect by 
timeresolved spectroscopy. The mechanism also is of interest with respect to coupling of electron and proton 
transfer, gating of electron transfer in biological energy transduction, the role of bridging aromatic amino acids 
in long-range electron transfer, and molecular electronic devices. 

Keywords: Conformational gating of electron transfer: Coupled electron and proton transfer; Bridged electron transfer; Electron 
transfer temperature dependence; Photosynthetic reaction centra; Rhodopseudomonus viridis 

1. Introduction 

Electron transfer processes are vital to living 
organisms, one of the most important contexts in 
which they occur being biological energy trans- 
duction [l]. In photosynthesis, as well as in respi- 
ration, a sequence of electron transfer steps is 
primary in the reactions by which energy from an 
external source is transformed for storage and 
utilization. The elucidation of the mechanisms of 
electron transfer in biological systems therefore 

has been the objective of extensive investigations 
over several decades, see Refs. [2-81 for reviews 
and current status. The interest in biological en- 
ergy conversion systems also is stimulated by the 
quest of achieving their efficiency in artificial 
systems. More recently, great interest in electron 
transfer processes also has arisen for the design 
of molecular electronic devices. 

Particularly valuable insight into the mecha- 
nisms of electron transfer reactions is provided by 
the temperature dependence of their reaction 
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Fig. 1. The rate constant k(s-‘) of electron transfer from 
cytochrome c to the photoionized special pair of bacteri- 
ochlorophylls in the reaction center of C. virwsum vs. abso- 
lute temperature T(K). Circles represent experimental values 
(21, and the curve is obtained by the model described in the 

text. 

rates. A striking temperature dependence of the 
electron transfer from cytochrome c to the pho- 
toionized special pair of bacteriochlorophylls in 
the reaction center of the photosynthetic bac- 
terium Chromatium virwsum was observed by 
Chance and DeVault [9]. The electron transfer is 
nearly temperature independent below 120 K and 
thermally activated above, see Fig. 1. Similar types 
of temperature dependence have then been ob- 
served for this reaction in other photosynthetic 
bacteria, such as Rhodobacter sphaeroides [lo] 
and Rhodopseudomonas viridis ([ 1 1 - 131; G. 
Neshich, D. DeVault and C.A. Wraight, personal 
communication). This particular behaviour has 
had a large impact on the development of elec- 
tron transfer theory. 

The principal interpretations have been based 
on the vibronic coupling mechanism, i.e. vibra- 
tionally assisted electron tunneling [ 14-161, see 
Ref. [2] for a review of the early formulations. 
Certain nuclear degrees of freedom are assumed 
to be coupled to the electronic transition. A 
separation of the nuclear and electronic degrees 
of freedom by the Born-Oppenheimer approxi- 
mation results in a factorization of the reaction 
rate into nuclear and electronic parts. The nu- 
clear factor derives from the thermally averaged 

Franck-Condon factors, i.e. overlaps of nuclear 
wavefunctions. The electronic factor is deter- 
mined by the interaction matrix element between 
initial and final electronic states. The tempera- 
ture dependence of the reaction rate is ascribed 
to the nucIear factor. At high temperatures an 
activated rate expression results from both quan- 
tum and classical treatments of the nuclear mo- 
tion. At temperatures below that corresponding 
to the lowest frequency of coupled nuclear modes, 
the reaction proceeds by temperature indepen- 
dent nuclear tunneling. The vibronic coupling 
model has subsequently undergone develop- 
ments, e.g. with respect to the inclusion of the 
coupling between the reaction coordinates and 
the bath of other nuclear modes, producing fric- 
tion for motion in the reaction coordinates [17- 
191. The applicability of classical vs. quantum 
descriptions of the nuclear dynamics has been 
investigated 1201. 

More recentIy, it has been realized that certain 
parameters which result from a vibronic coupling 
analysis of the experimental data on C. vinosum, 
in particular the nuclear reorganization energy 
and the electronic interaction matrix element, 
assume unrealistic values 121,221. An alternative 
interpretation has then been forwarded based on 
parallel electron transfers from two distinct hemes 
of the cytochrome c [21-231. The high tempera- 
ture region is proposed to be dominated by ther- 
mally activated electron transfer from a high po- 
tential heme and the low temperature region by 
nearly activationless electron transfer from a low 
potential heme. It was shown in Ref. [241 that the 
parallel path model cannot account for all experi- 
mental observations. Whereas the cytochrome c 
subunit of both C. vinosum and Rps. viridis con- 
tains four hemes, it only has a single heme in ti. 
sphaeroides and yet the cytochrome c oxidation in 
this bacterial reaction center shows the same type 
of temperature dependence as in the others [lo]. 
Recently, the electron transfer from a high po- 
tential heme in the cytochrome c to the special 
pair of bacteriochlorophylls in Rps. viridis has 
been resolved and again shows a similar type of 
temperature dependence ([ 1 l-131; G. Neshich, 
D. DeVault and C.A. Wraight, personal commu- 
nication). 
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The present paper is based on an extension of 
the electronic-vibrational coupling model by 
electronic-conformational coupling [25]. In Ref. 
[241 it was shown that a mechanism based on 
conformational control of electron transfer can 
account for the observed temperature depen- 
dence of the cytochrome c oxidation in bacterial 
photosynthetic reaction centra. A specific molec- 
ular mechanism of such conformational control in 
&v. uiridis has been preliminarily reported [26]. 
The present paper describes the detailed molecu- 
lar mechanism of conformational gating of elec- 
tron transfer, and accounts for the underlying 
calculations of conformational states as well as of 
electronic interaction matrix elements, in Rps. 
viridtk The principles of conformational gating of 
electron transfer are briefly outlined in Section 2. 
The calculations of conformational states and 
electronic structure are described in Sections 3 
and 4, respectively. The resulting molecular 
mechanism and its implications are discussed in 
Section 5. Suggestions for further experimental 
and theoretical investigations are included in Sec- 
tion 6. 

2. Conformational gating of electron transfer 

The electronic-vibrational coupling model of 
electron transfer [2,14-161 was extended by elec- 
tronic-conformational coupling by means of a 
decomposition of the nuclear degrees of freedom 
into vibrational and conformational types for the 
purpose of formulating a model of biological en- 
ergy transduction [25]. A mechanism of confor- 
mational gating of electron transfer was intro- 
duced to account for the low dissipation in energy 
transducing processes [25]. The influence of con- 
formational transitions on electron transfer kinet- 
ics was studied by a stochastic model of protein 
dynamics 1251. Conformational control of electron 
transfer is not restricted to such conformational 
degreees of freedom that are directly coupled to 
electronic transitions, i.e. shift equilibrium be- 
tween electronic states. As discussed in Ref. [241, 
the state of the intervening medium between the 
electron donor and acceptor can affect the elec- 
tron transfer rate. Conformational influence on 

electron transfer can occur via the nuclear factor 
of the reaction rate, e.g. via the activation and 
reorganization energy parameters of the vibronic 
coupling theory, but also via the electronic factor 
of the reaction rate, i.e. the eIectronic interaction 
matrix element between initial and final states. 
The internal dynamics of proteins can be decom- 
posed into transitions between and fluctuations 
within conformational states. The existence of a 
manifold of conformational states of proteins is 
well established both experimentally [27-291 and 
theoretically 1301. A particular type of conforma- 
tional transition is that primarily characterized by 
an altered location and orientation of a bridging 
group between the electron donor and acceptor. 

A bridging group can assist long range electron 
transfer by two different mechanisms, direct and 
sequential_ In the direct mechanism, the elec- 
tronic coupling between the initial and final states 
is enhanced by superexchange via electronic states 
of the bridge. The resulting interaction matrix 
element is given by perturbation theory as 

hi&a 

6, = c - i AEi’ 

where i denotes a bridge orbital, Vdi and V,, 
interaction matrix elements between the states 
indicated by subindices, and A Ei the difference 
in energy of the tunneling electron and bridge 
orbital i. The sum over intermediate states runs 
over occupied and unoccupied bridge orbitals, 
corresponding to hole and electron conduction, 
respectively. The electronic coupling between 
donor and acceptor increases with decreasing 
AEi. In the limit where one AEi + 0, the sequen- 
tial type of electron transfer is approached, in 
which the electron or hole actually resides on the 
bridge. One situation where the discrimination 
between these two mechanisms has been exten- 
sively investigated is the primary charge separa- 
tion between the special pair of bacteriochloro- 
phylls and one of the bacteriopheophytins in bac- 
terial photosynthetic reaction centra, where an 
accessory bacteriochlorophyll is a potential bridge 
[31,32]. The observation of an anion radical of 
this accessory bacteriochlorophyll has recently 
been reported in Rb. sphaeroides [33,34]. Conse- 
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quences on the overall electron transfer kinetics 
in sequential transfer due to vibrational relax- 
ation of the intermediate state have recently been 
addressed [35,36]. 

Conformational control of electron transfer re- 
actions can impose a temperature dependence of 
the rate constant in two different ways depending 
on the relative rates of the conformational and 
electronic transitions. If the electron transfer in- 
trinsically is fast in one conformational state, e.g. 
if it is nearly adiabatic, so that the equilibrium 
distribution between conformational states among 
systems in the initial electronic state is disturbed, 
the resulting electron transfer rate is limited by 
conformational transitions to this state. The ther- 
mal activation of such transitions is then underly- 
ing the temperature dependence of the apparent 
electron transfer rate. In the alternative situation, 
the conformational transitions are sufficiently 
rapid to maintain a thermal equilibrium distribu- 
tion between conformational states among sys- 
tems in the initial electronic state. The resulting 
electron transfer rate then is given by 

(2) 
i=l 

where p,(T) is the probability of state i, kJT) the 
electron transfer rate in state i and N the total 
number of states. In a canonical ensemble the 
equilibrium pi(T) are given by the Boltzmann 
distribution 

1 
piCT) - Z(T) - -exp( -E,/k,T), i=l,...,N 

(3) 

where Z(T) is the partition function and Ei the 
free energy of state i. The ki(T) can in principle 
be obtained by vibronic coupling theory and may 
be less temperature dependent than the p,(T). In 
a system with two conformational states, for which 
the intrinsic electron transfer rate constants are 
temperature independent, and with an energy 
difference larger than k,T the resulting rate is 
approximately given by 

k(T)=k,+k, exp[-(E,-E,)/k,T]. (4) 

Conformational gating of electron transfer results 
when the electron transfer rate in one state ex- 

ceeds that in other states. We will now proceed to 
investigate a photosynthetic reaction center with 
respect to possible conformational control of 
electron transfer underlying its observed temper- 
ature dependence. 

3. Conformational states 

Detailed studies of protein states and dynam- 
ics in photosynthetic reaction centra are made 
possible by the X-ray crystallographic structure 
determinations, first accomplished on the reac- 
tion center of the photosynthetic bacterium 
Rhodopseudomonas viridti [37,38]. The electron 
donor and acceptor groups of the presently stud- 
ied electron transfer step are the cytochrome c 
and the special pair of bacteriochlorophylls. The 
eytochrome c subunit contains four hemes and is 
hydrophobically linked to the L and M subunits 
embedding the special pair. The heme proximal 
to the special pair has a high redox potential and 
the other ones low, high and low potentials in 
order from the special pair [39]. An aromatic 
amino acid, a tyrosine at the end of an a-helical 
section of the connection between membrane 
penetrating cy-helices of the L subunit, is located 
halfway between the centra of the proximal heme 
of the cytochrome c and the special pair of bacte- 
riochlorophylls. This residue, tyrosine L-162, 
therefore is interesting to investigate with respect 
to a possible role in bridging the electoron transfer 
between these centra, which are 20 A apart. An 
X-ray crystallographic structure determination is 
also available for the reaction center of the pho- 
tosynthetic bacterium Rhodobacter sphaeroides 
[40,41j. In this species, the cytochrome c is a 
single heme subunit and it does not form such a 
strong complex with the L and M subunits as is 
the case in Rps. airi&. The binding sites of the 
subunits are, however, known and a docking 
structure has been determined [41]. Also in ti. 
sphaeroides there is a tyrosine L-162 located mid- 
way between the heme of the cytochrome c sub- 
unit and the special pair of bacteriochlorophylls. 
In the photosynthetic bacterium C. vinosum the 
cytochrome c subunit contains four hemes as in 
Rps. viridis, but the structure of the reaction 



B. Cartling / Biophys. Chem. 47 (1993) 123-138 127 

center has not been determined. As mentioned in 
Section 1, all these three species show a similar 
type of temperature dependence of the cy- 
tochrome c oxidation by the photoionized special 
pair of bacteriochlorophylls. In Rps. viridis the 
kinetics of the electron transfer from the proxi- 
mal high potential heme to the special pair is 
resolved under conditions maintaining the low 
potential hemes oxidized ([ll-131; G. Neshich, D. 
DeVault and CA. Wraight, personal comrnunica- 
tion). The measured reaction rate in C. vinosum 

refers to the oxidation of a low potential heme, 
but the electron transfer between the proximal 
high potential heme and the special pair is rate 
limiting due to rapid interheme electron transfer 
[42]. - 

A gating mechanism is based on transitions 
between conformational states with different 
electron transfer rates. The position and orienta- 
tion of the aromatic ring of the bridging tyrosine, 
which may affect its electron transfer capability, 
are largely determined by the dihedral angles ,yl 
and xZ, describing rotation around the C, - C, 
and C, - C, bonds, respectively. An energy sur- 
face in the conformational space spanned by x1 
and xZ of the tyrosine G162 in Rps viridis is 
determined by energy minimizations with respect 
to all other degrees of freedom at constrained 
values of x1 and xZ. Steepest descent energy 
minimizations are performed by means of the 
GROMOW program system [43], which also de- 
fines the interaction function parameters. The 
system treated includes all atoms within a sphere 
of radius 16 A and centered at the crystal posi- 
tion of the tyrosine C, atom. Aliphatic CH, CH,, 
and CH, groups, as well as aromatic CH groups, 
are treated as extended carbon atoms, which 
makes the total number of atoms equal to 1078. 
Neither bond lengths nor bond or dihedral angles 
are constrained. Non-bonded interactions, i.e. 
Coulomb and van der Waals interactions, are 
completely included for interatomic distances be- 
low a cutoff at 10 A, and the list of non-bonded 
interactions is updated every 20 steps of the en- 
ergy minimization process. In addition, Coulomb 
interactions are included for atoms further apart 
than this cutoff but closer than 20 A and at 
positions updated at the same time as the list of 

non-bonded interactions is. The parameters of 
the non-bonded interactions are determined-as to 
include the effects of hydrogen bonding implic- 
itly. The molecular topology of the bacteri- 
ochlorophyll group, defining its intramoIecular 
interactions, is not included in the GROMOW 

system and has been added, with the phytyl chain 
substituted by a methyl group. The topology of 
the heme group has been extended to account for 
the two covalent thioether linkages between the 
vinyl side chains and cysteine sulfurs of the cy- 
tochrome c subunit and also for the axial ligation 
of a methionine and a histidine residue. In the 
crystal structure, which is obtained with the mem- 
braneous environment substituted by detergent 
molecules, some water molecules have been iden- 
tified. It is not clear to what extent they represent 
the in viuo situation, in particular for the hy- 
drophobic region studied here, where the cy- 
tochrome c forms a complex with the subunits L 
and M embedded in a membrane. During an 
energy minimization the crystal water molecules 
do not retain their localizations. For these two 
reasons water molecules are not included. The 
vacuum environment implies that charges have to 
be compensated locally, i.e. by charges on nearby 
atoms, to simulate their screening. As a boundary 
condition, atoms within a 2 A thick shell inside 
the outer spherical boundary are restrained to 
their crystal positions by harmonic forces. In ad- 
dition, the acetyt groups of the bacteriochloro- 
phylls are similarly restrained for a more realistic 
distribution of electron density between the two 
bacteriochlorophylls of the special pair in their 
highest occupied molecular orbitals, as deter- 
mined by the quantum chemical method de- 
scribed in Section 4. 

The nearest neighbour interactions make an 
energy surface of a tyrosine residue typically have 
three minima with respect to x1, spaced by ap- 
proximately 120” and near doubly degenerate due 
to the approximate symmetry with respect to xZ- 
rotations of 180”. In the reaction center of Rps. 
viri& one of the three minima is not present 
because the non-bonded interactions between the 
tyrosine and the edge of the proximal heme of 
the cytochrome c dominate over those local inter- 
actions that would define this minimum. In Ref. 
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Fig. 2. Stereoscopic view of the conformational state 1. The part of the reaction center of Rps. uiridis included in the structural 
calculations is shown. The proximal heme of the cytochrome c is located at the top, and the special pair of bacteriochlorophylis at 

the bottom. The tyrosine L-162 residue of the L subunit is at the center. 

[24] the presence of a second conformational 
state was reported based on analogous calcula- 
tions on a smaller system than the presently stud- 
ied. Starting from the coordinates of this state 
and allowing complete relaxation in the present 
system results in a conformational state which we 
will refer to as state 2. By performing energy 
minimizations at successive XI-values and con- 
stant xz towards the principal minimum, fol- 
lowed by complete relaxation of all degrees of 
freedom at this minimum, the ground state, state 
1, is reached. Stereoscopic projections of the 
specified part of the reaction center in the two 
conformational states are shown in Figs. 2 and 3. 

The energy difference between state 2 and 1 is 
0.58 eV, x1 shifts from -73” in state 1 to 42” in 
state 2, i.e. by 115”, and x2 from -57” to -79”. 
The completely relaxed state 1 can be compared 
to the unrelaxed crystal structure, in which x, 
and x2 are - 82” and - 54”, respectively, and the 
position of a phenylalanine C-253 of the cy- 
tochrome c subunit is shifted with respect to its 
x1. The small differences to values reported in 
Ref. [24] are due to the larger size of the system 
treated in the present study. 

The orientation of the aromatic ring of the 
tyrosine, relative to the proximal heme of cy- 
tochrome c and the special pair of bacterio- 

Fig. 3. As Fig. 2, but for the conformational state 2. Note the different orientation of the aromatic ring of the tyrosine L-162 
residue at the center, as compared to that in state 1. 
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enabled, whereas in state 1 there is no hydrogen 
bond partner for the tyrosine in the protein. The 
oxygen atoms of the tyrosin: hydroxyl and the 
asparagine amide are 2.75 A apart in state 2, 
which is optimal for a hydrogen bond [44]. A 
transfer of the proton in this hydrogen bond to 
the hydrogen acceptor, the oxygen of the as- 
paragine amide, stabilizes a second hydrogen 
bond. The latter is between the nitrogen of the 
asparagine amide, serving as a hydrogen donor, 
and the oxygen of the tyrosine hydr,oxyl. The 
distance between these atoms is 3.09 A, optimal 
for this type of hydrogen bond [44]. The stabiliza- 
tion of the second hydrogen bond provides driv- 
ing force for the proton transfer. The occurrence 
of hydrogen bond formation and proton transfer 
is supported by observations on the plant photo- 
system II reaction center to be discussed in Sec- 
tion 5. The hydrogen bonds and, more impor- 
tantly, the proton transfer in state 2 have a con- 
siderable influence on the electronic structure of 
the tyrosine residue, and thus on its bridging 
properties for electron transfer, and this is the 
subject of the next section. 

Fig. 4. Part of the reaction center of Rps uiridk in conforma- 
tional state 2, including the proximal heme of cytochrome c 
(top), the special pair of bacteriochlorophylls (bottom), and 
the tyrosine L-162 and asparagine L-158 residues (labelled at 
the center). The hydrogen bonds discussed in the text are 

indicated by dashed lines. 

chlorophylls, differs between the two conforma- 
tional states, cf. Figs. 2 and 3, in a way as to 
increase the overlap in state 2 of the molecular 
?r-orbitals involved in the electron transfer. In 
particular, the overlap between the tyrosine high- 
est occupied r-orbital and the corresponding of 
the special pair improves via the C,,-C,-C, 
sidechains of the bacteriochlorophylls stretching 
like arms towards the tyrosine ring. Of more 
importance, however, is the influence on the or- 
bital energies of the tyrosine by the following 
circumstances. In state 2, hydrogen bond forma- 
tion between the tyrosine and an asparagine 
residue in the L subunit, L-158, see Fig. 4, is 

4. Electronic structure 

We are interested in determining the elec- 
tronic interaction matrix element of the electron 
transfer steps involved in the different possible 
mechanisms. In the direct, superexchange, mech- 
anism, the donor and acceptor states are local- 
ized to the cytochrome c proximal heme and 
special pair of bacteriochlorophylls, respectively. 
In a sequential mechanism the donor and accep- 
tor are the tyrosine and special pair, respectively, 
for the first electron transfer step, and the cy- 
tochrome c proximal heme and tyrosine, respec- 
tively, for the second step. The objective is to 
compare the interaction matrix elements deter- 
mining the electron transfer rates of the various 
steps for the two different conformational states, 
states 1 and 2. 

For the calculation of electronic matrix ele- 
ments of long-range electron transfer reactions, 
semi-empirical quantum chemical methods have 
proven useful [45-481. The basic approach used 
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here is to determine an interaction matrix ele- 
ment V,, from the energy splitting A at an 
avoided crossing of the energy surfaces of the 
electronic states involved, where A = 21/,,. The 
initial photoionization of the special pair of bac- 
teriochlorophylls implies that the electronic states 
of interest are excited charge transfer states. We 
denote the proximal heme of cytochrome c by C, 
the special pair by P, the tyrosine by T and the 
acceptor of the initially photoexcited electron 
from the special pair by A. The direct superex- 
change electron transfer from C to P+ then oc- 
curs at the avoided crossing of the energy sur- 
faces of the CTP’A- and C+TPA- states. The 
first step of the sequential mechanism involves 
the CTP+A- and CT+PA- states, and the sec- 
ond step the C’l’+PA- and C+TPA- states. The 
initially excited state of the special pair has a 
lifetime of about 3 ps in Rps. uiridis [49], where- 
after the excited electron is transferred to, con- 
secutively, one of the bacteriopheophytins, a 
menaquinone, and, finally, a ubiquinone. The 
lifetime of the excited state of charge separation 
between the special pair and a bacteriopheo- 
phytin in Rps. uiti&s is about 170 ps and not 
temperature dependent [50]. This is much shorter 
than the time constants of the cytochrome c oxi- 
dation by the special pair, and we therefore select 
one of the quinones, the menaquinone, as the 
acceptor A. The choice of A is not critical be- 
cause the interaction matrix elements of interest 
here involve states localized on C, T or P. 

The quantum chemical calculations are per- 
formed with the CNDO method [Y-53] with 
parameters obtained as described in Ref. 1471. 
The one-center electron repulsion integrals are 
determined non-empirically from atomic 
Hartree-Fock-Slater calculations based on a lo- 
cal density energy functional. This procedure 
generates parameters which are similar to those 
of the spectroscopic CNDO version, CNDO/S 
[52], for H, C, N and 0 atoms, but it allows the 
inclusion of all types of atoms. The two-center 
electron repulsion integrals are obtained by the 
Mataga-Nishimoto approximation [54,55]. The 
one-electron Coulomb integrals are obtained em- 
pirically from averages of ionization energy and 
affinity, and the resonance integrals, finally, by 

the Wolfsberg-Helmholtz approximation [56]. 
This method has been applied to the primary 
charge separation between the special pair of 
bacteriochlorophylls and a bacteriopheophytin in 
the reaction center of Rps. Gridis [47]. 

The size of the system for the quantum chemi- 
cal calculations has to be reduced from that of 
the conformational studies. The proximal heme 
of the cytochrome c, the special pair of bacterio- 
chlorophylls and three intervening amino acids as 
well as the acceptor, menaquinone, are included. 
The amino acids are tyrosine L-162 and as- 
paragine L-158 of the L subunit and phenylala- 
nine C-253 of the cytochrome c subunit. Periph- 
eral atoms of the heme and the special pair 
outside the spherical boundary of the conforma- 
tional studies are included at their crystal posi- 
tions. The crystal coordinates are also used for 
the menaquinone. Those hydrogens that were 
included in extended atoms in the conformational 
studies have to be added separately, which results 
in the total number of atoms of 330. The total 
number of electrons and orbitals are 944 and 894, 
respectively. The convergence criterion of the 
self-consistent field iterations is a relative change 
of the total electronic energy less than 5 X lo-“. 
The excited charge transfer states involved in the 
different electron transfer steps, as discussed 
above, are obtained by means of the configura- 
tion interaction technique. The number of lowest 
energy singly excited configurations included is 
100 and has been checked to provide convergence 
by calculations with 200 configurations for both 
direct and sequential matrix elements. 

The reaction field from the surroundings of 
any center induced by changes of the charge state 
is simulated by the introduction of charged Born 
spheres [57]. The reaction field energy is approxi- 
mately given by the expression 

r>a, 

rla, (6) 

where E is the dielectric constant of the protein 
medium, a is the radius of the Born sphere and 
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Q its ckarge. The radius is chosen to be 5, 4, 8 
and 4 A for the C, T, P and A groups, respec- 
tively. The reaction field charge of the ionized 

menaquinone, A-, is put equal to + 1. The initial 
excited state, of any of the electron transfer steps 
we are interested in, has a positively charged 
acceptor, which should have a reaction field 
charge of - 1. Analogously, the final excited state 
of an electron transfer step should have a reac- 
tion field charge of - 1 at the donor due to its 
positive charge. The avoided crossing of these 
two excited states is obtained by varying the donor 
and acceptor Born charges maintaining their sum 
equal to - 1. This procedure implies that the 
effect of any other reaction coordinate than the 
polarization of the surrounding medium is substi- 
tuted by the effect of the latter. It has been 
shown that electronic matrix elements are not 
sensitive to the precise way in which an avoided 
crossing of states is obtained, and that the ap- 
proximation of reaction fields by charged Born 
spheres provides matrix elements in good agree- 
ment with experimental observations, for long- 
range electron transfer in biological systems 
[47,48]. The choice of dielectric constant E is not 
critical, since a change can be compensated by an 
altered charge Q. That this holds true even with 
the constrained total charge has been verified by 
calculations with E = 6 and E = 10 in the present 
system. 

In conformational state 1, the direct, superex- 
change, matrix element is calculated to be 2.9 X 

IO-6 eV. The sequential mechanism cannot be 
operative because the highest occupied r-orbital 
of the tyrosine is located about 2.4 eV below the 
average of the energies of the highest occupied 
orbitals of the cytochrome c proximal heme and 
the special pair of bacteriochlorophylls. This im- 
plies that the energy of the CT+PA- state is too 
high relative to those of the CTP+A- and 
C+TPA- states for avoided crossings involved in 
sequential electron transfer to be reached. In 
conformational state 2, the tyrosine highest occu- 
pied r-orbital is shifted in between the corre- 
sponding of the heme and the special pair, 0.2 eV 
of this shift being caused by the hydrogen bond 
formation between the tyrosine and the as- 
paragine and the remaining, dominating, shift by 

the proton transfer from the tyrosine hydroxyl to 
the asparagine amide, as described in Section 3. 
This enables the sequential electron transfer 
mechanism, and the interaction matrix elements 
of the first and second electron transfer steps, 
from tyrosine to special pair and from heme to 
tyrosine, are obtained as 4.3 x 10e4 and 6.0 x 

10e4 eV, respectively. The direct, superexchange, 
matrix element in state 2 is calculated to be 
3.7 x 1OF eV. 

5. Discussion 

Conformational gating of electron transfer 
provides a reinterpretation of the temperature 
dependence of the electron transfer from cy- 
tochrome c to the special pair of bacteriochloro- 
phylls in the reaction center of several photosyn- 
thetic bacteria. More generally, it constitutes an 
alternative contribution to the temperature de- 
pendence of electron transfer reactions in biolog- 
ical systems compared to the vibronic coupling 
[2,14-X] and parallel path 121-231 mechanisms. 
In the bacterial photosynthetic reaction centra, 
the temperature independent branch of the elec- 
tron transfer rate vs. temperature is assigned to 
direct electron transfer between the cytochrome c 
and the special pair in the conformational ground 
state, state 1. The bridging tyrosine group assists 
the electron transfer by providing intermediate 
orbitals in a superexchange mechanism couphng 
the donor and acceptor states. The temperature 
independent process thus can be described as 
electron tunneling rather than the nuclear tunnel- 
ing assumed in the vibronic coupling mechanism. 
This is actually more in accordance with the 
original proposal by the investigators that first 
observed the remarkable temperature depen- 
dence of the cytochrome c oxidation in C. vi- 
nosum [9]. 

In the high temperature activated regime, the 
electron transfer proceeds by a sequential mecha- 
nism enabled in the conformational high energy 
state, state 2. An electron is first transferred from 
the tyrosine to the special pair of bacteriochloro- 
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phylls, and then the hole on the tyrosine is filled 
by an electron from cytochrome c. This does 
imply the formation of a tyrosine radical with a 
lifetime determined by the second electron trans- 
fer step. Since it is important that a proton is 
transferred in a hydrogen bond from the tyrosine 
hydroxyl to the asparagine amide, for the tyrosine 
highest occupied r-orbital to be suitably located 
for a sequential electron transfer mechanism, the 
tyrosine radical formed will be neutral. It should 
be possible to detect, and determine the lifetime 
of, this radical by time-resolved spectroscopy. 
Support for this type of mechanism is also pro- 
vided by observations on the plant photosystem II 
reaction center. Tyrosines at sequence positions 
161 and 160 of the Dl and D2 subunits, respec- 
tively, corresponding to the L and M subunits of 
the bacterial reaction center, serve as primary 
and accessory electron donors to the chlorophyll 
dimer. The formation of tyrosine radicals during 
electron transfer from the oxygen evolving com- 
plex has been detected by ESR spectroscopy [581. 
By an electron spin-echo modulation study, the 
type of spectrum observed has been specifically 
assigned to a neutral tyrosine radical, in which 
the phenyl oxygen is hydrogen-bonded to an adja- 
cent amino acid residue [59]. It has been pro- 
posed that the tyrosine in the Dl subunit forms a 
hydrogen bond to a histidine [601. 

The different orientation of the tyrosine in the 
two conformational states is expected to influ- 
ence the overlaps of the r-orbitals involved on 
the donor, bridge and acceptor groups and thus 
the magnitude of the interaction matrix elements. 
The overlaps are enhanced in state 2 as com- 
pared to state 1, as discussed in Section 3. A 
comparison of the interaction matrix elements for 
the direct transfer between cytochrome c and the 
special pair shows an increase in state 2, also due 
to the smaller energy difference of the transfer- 
ring electron and the bridging orbitals. The dif- 
ference of the rate of direct electron transfer in 
the two states is, however, not sufficient to ac- 
count for the observed electron transfer tempera- 
ture dependence by conformational control. It is 
for this reason that the sequential mechanism is 
concluded to be dominating in state 2. The intrin- 
sic electron transfer rate in both electron transfer 

steps is very high, and the overall rate is limited 
by the conformational control of the first electron 
transfer step, i.e. that from the tyrosine to the 
special pair. The comparatively small influence of 
orientation on the coupling matrix elements im- 
plies that reorientation of the tyrosine around its 
C, - C:, axis, as described by the dihedral angle 
x2, which may proceed without large potential 
barriers, does not affect the bridging capability of 
the tyrosine significantly. 

The conformational control of electron trans- 
fer raises the question of the influence of protein 
dynamics. Two different situations were distin- 
guished in Section 2 for the high temperature 
activated electron transfer, depending on whether 
the conformational equilibrium in the initial elec- 
tronic state of electron transfer is maintained or 
disturbed by the electron transfer. The very initial 
electron transfer kinetics, in an experiment in 
which the special pair is ionized by a short laser 
light pulse, reflect the equilibrium distribution of 
conformations in accordance with eq. (4), assum- 
ing that sufficient equilibration has been allowed 
for in the experiment. The subsequent time course 
of the electron transfer reaction, however, is de- 
pendent on whether the intrinsic eIectron trans- 
fer rate is high enough to deplete the number of 
reaction centra simultaneously in the high energy 
conformational state and in the initial electronic 
state of electron transfer. The relevant rates to 
compare are those of the intrinsic electron trans- 
fer and of the conformational transition from the 
high energy state. If the former dominates, the 
conformational transition to reach this state will 
be limiting the apparent rate of electron transfer. 
The activation energy should then, in addition to 
the state energy difference, include the energy 
barrier of the back conformational transition, 
which may be low. The larger the high tempera- 
ture activation energy is, the larger the intrinsic 
electron transfer rate in the high energy confor- 
mational state has to be for a given apparent high 
temperature electron transfer rate. In systems 
with low activation energies, such as C. uinosum 
and Rb. sphaeroides with observed activation en- 
ergies of 0.15 and 0.1 eV [9,101, respectively, the 
intrinsic electron transfer rate need not be so 
high as to disturb the conformational equilibrium. 
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In C. uinosum the measured room temperature 
rate is 7.6 x IO5 se1 and the low temperature 
rate is 2.9 x lo2 s-i [9]. A fit of the expression in 
eq. (4) to the experimental data is shown in Fig. 1 
and results in the values k = 2.9 x lo2 s-l and 
k = 2.5 x 10’ s-l. The observed temperature de- 
pendence indicates that there is not a large en- 
tropic contribution to the free energy difference 
between conformational states. In Rps. viridis the 
threshold for activated behaviour is higher, about 
200 K, the activation energy is 0.43 eV, the room 
temperature rate 3.7 X lo6 s-l and the rate at 
150 K 5 X lo3 s-r ([ll-131; G. Neshich, D. De- 
Vault and C.A. Wraight, personal communica- 
tion). Application of eq. (4) results in k, = 5 X lo3 
S -' and k, = 5.6 x 1013 s-‘, i.e. the intrinsic elec- 
tron transfer in conformational state 2 would 
have to be adiabatic, From this we conclude that 
the apparent electron transfer rate may rather be 
limited by the conformational transitions to this 
state. 

The intrinsic electron transfer rate in any given 
conformational state can be determined from the 
interaction matrix element by the vibronic cou- 
pling theory, e.g. by the Landau-Zener [61,621 
expression for the non-adiabatic transition proba- 
bility at an avoided crossing of energy surfaces 

4T2 
k=- vd’, 

h (4Thk,T)“’ exp 
(7) 

where V,, is the electronic interaction matrix 
element between donor and acceptor states, A is 
the nuclear reorganization energy and AG+ the 
activation energy. h and k, are the Planck and 
Boltzmann constants, respectively, and T the ab- 
solute temperature. In a harmonic approximation 
of the initial and final energy surfaces 

where AG” is the free energy difference between 
the initial and final states, or the driving force of 
the reaction. In the present system an experimen- 
tal value of AG” is available only for the direct 
electron transfer between cytochrome c and the 

special pair, it is obtained from the difference of 
the redox potentials of the proximal high poten- 
tial heme of the cytochrome c and the special 
pair as 0.15 eV [42,63]. If the intrinsic electron 
transfer in the different conformational states are 
unactivated, i.e. AGt = 0, then A = AG” accord- 
ing to eq. (81. With this assumption, the experi- 
mental value of the rate in Rps. viridis at 150 K, 
5 X lo3 ssl, corresponds to a coupling matrix 
element of 2.9 X 10m7 eV to be compared to the 
superexchange matrix element obtained above for 
conformational state 1, 2.9 X 10m6 eV. As dis- 
cussed above, in the activated region the ob- 
served rate may reflect conformational transitions 
to the conformational state 2. The intrinsic elec- 
tron transfer in this state then has to be suffi- 
ciently rapid that the conformational equilibrium 
in the initial electronic state of electron transfer 
is disturbed. The calculated interaction matrix 
elements of 4.3 x 10e4 and 6.0 X 10e4 eV for the 
tyrosine to special pair and the cytochrome c to 
tyrosine steps, respectively, correspond to rates 
1.1 x 10” s-l and 2.2 x 10” s-l at room tem- 
perature, assuming unactivated steps and dividing 
the total AG” equally among the two steps. The 
large difference to the direct, superexchange, 
electron transfer rate at low temperatures clearly 
demonstrates the dramatic gating effect of the 
conformational transition between states 1 and 2. 
This conformational transition therefore func- 
tions as an electron transfer switch. 

The calculated energy difference between the 
two conformational states, 0.58 eV, is slightly 
larger than the observed high temperature activa- 
tion energy of electron transfer, 0.43 eV ([ll-131; 
G. Neshich, D. DeVault and C.A. Wraight, per- 
sonal communication). The interaction function 
parameters used in the energy minimizations are 
of course of an approximate nature. In particular, 
the parameters of the nonbonded interactions, 
electrostatic and van der Waals, are determined 
in GROMOSW [43] as to include the effects of 
hydrogen bonding only implicitly. It is therefore 
not possible by these means to determine the 
detailed energetics of the formation of the two 
hydrogen bonds and the proton transfer between 
the tyrosine and asparagine residues. The varia- 
tion of the high temperature activation energy of 
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electron transfer between different photosyn- 
thetic bacteria may be ascribed to structural dif- 
ferences affecting the energy difference between 
the conformational states involved. 

For the determination of the rates of the type 
of conformational transitions discussed here, a 
recent approach is of particular interest [64,651. It 
is based on theories of stochastic processes in 
order to extend the time scales beyond those 
presently accessible by the direct molecular dy- 
namics simulation techniques [661. In the stochas- 
tic model, the coupling strength between a con- 
formational reaction coordinate and the remain- 
ing degrees of freedom in the system is deter- 
mined from an analysis of the short-time fluctua- 
tions. The rates of conformational transitions is 
determined from this coupling strength and an 
effective potential energy function of the reaction 
coordinate by means of the non-stationary solu- 
tions of the Fokker-Planck equation. The latter 
determines the time evolution of the probability 
density function in the phase space for Brownian 
motion. The resulting electron transfer kinetics in 
a system with coupled electronic and conforma- 
tional transitions were investigated in Ref. [25] 
for different relative rates of these processes by 
means of coupled Smoluchowski equations. 

The stochastic model of protein dynamics has 
been applied to conformational transitions of an 
aromatic amino acid in an a-helix [64,65], in 
particular between states primarily distinguished 
by different values of the dihedral angle x1, be- 
cause of the possible significance of such confor- 
mational transitions to electron transfer. The 
stochastic methods make it possible to study this 
type of conformational transition in a realistic 
system such as the reaction center. The detailed 
analysis of Rps. uiridh will also require more 
detailed experimental data on the temperature 
dependence of the electron transfer kinetics. An 
estimate of the conformational transition rate in 
the present system can be obtained from the 
curvature with respect to x1 of the calculated 
energy surface in the conformational ground state, 
determining the force constant, and the moment 
of inertia of the tyrosine around the C, - C, 
axis. This results in an estimated frequency w of 
about 4 x 1O1’ s-l. An upper limit of the transi- 

tion rate can be obtained from the transition 
state theory as (w/2a)exp( - AE/k,T), where 
AE is the energy barrier. If AE is put equal to 
0.43 eV, i.e. the back transition barrier is ne- 
glected, the resulting rate is 4 x lo4 s-l at room 
temperature. The reduction of the actual reaction 
rate compared to the transition state value is 
determined by the strength of coupling of the 
reaction coordinate to the rest of the system, or 
the damping constant. A method to determine 
the resulting rate constant, which is useful at all 
strengths of the damping, has been developed 
and applied to transitions in bistable potentials 
[67,68]. From a moderate reduction of the reac- 
tion rate at intermediate damping it is consider- 
ably reduced at both strong and weak damping. 
Whereas an intermediate damping resulted from 
model studies of the swinging of an aromatic 
amino acid in an a-helix [64,65], the estimated 
rate is still lower than the apparent electron 
transfer rate at room temperature. 

The role of bridging aromatic amino acids in 
long-range electron transfer reactions has long 
been debated. A particularly large influence was 
detected in the cytochrome c-cytochrome c per- 
oxidase complex, in which electron transfer is 
considerably faster for cytochrome c with pheny- 
lalanine or tyrosine at sequence position 82 than 
for the serine or glycine mutants [69]. An X-ray 
crystallographic structure determination of the 
reduced form of cytochrome c revealed confor- 
mational changes upon substitution of the native 
phenylalanine by serine 1701. It was then shown 
that it is not changes of the superexchange cou- 
pling that accounts for the different electron 
transfer rates, but more likely structural changes, 
in particular at the protein-protein interface [71]. 
The role of tryptophan in a superexchange mech- 
anism of quinone reduction in photosynthetic re- 
action centra has been studied [72]. The forma- 
tion of radicals implies a decisive influence of 
aromatic amino acids on electron transfer. As 
mentioned above, it has been observed in the 
plant photosystem II reaction center, but also in 
other systems [73]. In a recent discussion [74] it is 
concluded from a comparison of the redox poten- 
tials of polarizable amino acids that in particular 
tyrosine and tryptophan are good candidates for 
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ionization in both aqueous and non-polar envi- 
ronments. 

It is interesting to contrast the present mecha- 
nism of electron gating with the conclusions of 
extensive investigations of other electron transfer 
steps in the reaction center of Rps. uiridk by 
large scale molecular dynamics simulations com- 
bined with a spin-boson model of electron trans- 
fer [75-771. There it has been concluded that the 
coupling between electronic and nuclear degrees 
of freedom is not localized to a few crucial nu- 
clear degrees of freedom but rather is distributed 
over a large number. The detailed study in the 
present work demonstrates an occurrence of the 
reverse situation. Molecular dynamics simulations 
of the reaction center have also been combined 
with the dispersed polaron model of electron 
transfer [78-811. Alternative roles of the bridging 
tyrosine, in the electron transfer step discussed in 
this work, have been considered. The tempera- 
ture dependent amplitude of rotational fluctua- 
tions of the tyrosine was suggested to be tmderly- 
ing the high temperature activation via the influ- 
ence on the dielectric constant of the intervening 
medium [82,83]. The dynamics of this tyrosine has 
then been studied by molecular dynamics simula- 
tions [84,85]. 

Conformational gating of electron transfer was 
introduced as a means of limiting dissipative pro- 
cesses in biological energy transductions [25]. Ex- 
periments on electron transfer in cytochrome oxi- 
dase have been interpreted in terms of electron 
gating 1861. Conformational influence on nuclear 
reorganization energies has been considered as 
an underlying mechanism 1871, partly based on 
the argument that efficient gating via the elec- 
tronic interaction matrix element would require 
unreasonably large changes of the distance be- 
tween donor and acceptor. The conformational 
switch discussed in the present paper demon- 
strates a quite different molecular mechanism 
underlying electron gating, although the particu- 
lar electron transfer step studied is not coupled 
to phosphorylation. The involvement of a proton 
transfer also makes the mechanism interesting 
with respect to coupling of electron and proton 
transfer, which is fundamental to biological en- 
ergy transductions. The molecular mechanism of 

a conformational switch of electron transfer also 
provides guidance for the development of crucial 
components of molecular electronic devices. 

6. Conclusions 

The classical electron transfer experiment by 
Chance and DeVault on the temperature depen- 
dence of the cytochrome c oxidation by the pho- 
toionized special pair of bacteriochlorophylls in 
the reaction center of the photosynthetic bac- 
terium C. uinosum [91 and analogous experiments 
on other bacterial reaction centra, such as Rps. 
uiridis ([ll-131; G. Neshich, D. DeVault and C.A. 
Wraight, personal communication) and Rb. 
sphaeroides [lo], are reinterpreted in terms of 
conformational control of electron transfer. The 
low temperature unactivated behaviour is as- 
cribed to direct electron transfer between cy- 
tochrome c and the special pair, assisted by inter- 
mediate orbitals on a bridging tyrosine in a su- 
perexchange mechanism. This corresponds to 
electron tunneling rather than the nuclear tunnel- 
ing concluded from the vibronic coupling theory. 
In the activated high temperature region, the rate 
of electron transfer by a sequential mechanism, 
enabled in a high energy conformational state, 
dominates. In Rps. uiridis, hydrogen bond forma- 
tion and proton transfer between the bridging 
tyrosine and an asparagine residue in the high 
energy conformational state shifts the highest oc- 
cupied n-orbital of the tyrosine as required for 
the sequential electron transfer mechanism to be 
operative. This mechanism implies the formation 
of a neutral tyrosine radical, which should be 
possible to detect by time resolved spectroscopy, 
as it has been in the plant photosystem II reac- 
tion center. 

Two different situations were distinguished by 
the relative rates of conformational and elec- 
tronic transitions. The conformational equilib- 
rium in the initial electronic state of electron 
transfer can be maintained or disturbed by the 
electron transfer. In the latter case the conforma- 
tional transitions to the state with fast electron 
transfer are limiting the apparent electron trans- 
fer rate. A recent stochastic approach [64,65] was 
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concluded to be useful for the determination of 
the conformational transition rates, since the 
timescales are beyond those accessible by molecu- 
lar dynamics simulations. 

to Sven Larsson and Anders Broo for valuable 
discussions and for providing a CNDO program. 

The existence of a conformational switch of 
electron transfer contrasts with the conclusion, 
from extensive molecular dynamics simulations 
combined with a spin-boson model of electron 
transfer on other electron transfer steps in the 
reaction center [75-771, that the electronic- 
nuclear coupling is distributed over a large num- 
ber of nuclear degrees of freedom. The involve- 
ment of a proton transfer makes the mechanism 
of interest with respect to the coupling of elec- 
tron and proton transfer, which is fundamental in 
bioenergetics. Conformational gating of electron 
transfer was introduced as a means to limit dissi- 
pative processes in biological energy transduction 
[25]. It is also of interest for the design of molecu- 
lar electronic devices. 
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