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ABSTRACT  The energetics and efficiency of light-induced
electron transfer across membranes is examined on a molecular
level. It is found that the activation energies that control the ef-
ficiency are determined by the solvation energies of the charge-
transfer states, the redox potentials of the donors and acceptors,
and the dielectric relaxation of the system. The formalism devel-
oped allows one to assess the efficiency of any artificial photosyn-
thetic system in terms of its molecular components and their local
environment. It is pointed out that the key problem in designing
an efficient photosynthetic system is the transfer of a charge
through a low dielectric environment and that this problem cannot
be overcome by choosing the position of the primary donor and
acceptor in the membrane. It is predicted that artificial photo-
synthetic systems can be optimized by placing the acceptors in
polar sites that provide a large effective dielectric constant and
low dielectric relaxation and by arranging the acceptors in order

of increasing redex potentials. The implication regarding bacterial’

photosynthesis is discussed.

Photosynthesis is the most efficient known process for conver-
sion and storage of light energy. Photosynthetic systems operate
by light-induced charge separation across membranes where
the electrostatic energy of the charge-separated state is stored
in the form of a pH gradient accompanied by conversion of ADP
to ATP (e.g., see ref. 1). Understanding the microscopic factors
that determine the efficiency of such systems is one of the most
fundamental problems in photobiology and the key bottleneck
in designing artificial photosynthetic membranes. The effi-
ciency of photosynthetic systems has-been analyzed from phe-
nomenological thermodynamic considerations (2-4), but no at-
tempt has been made to define the microscopic requirements
for efficient photosynthesis or to relate the energeties of light-
induced charge separation across membranes to the local dielec-
tric environment and molecular components involved. It is
clear that nature has achieved efficient photosynthesis by build-
ing an optimally arranged protein-membrane system. It is not
clear, however, what the problems are that were solved. To
address this issue, we take the engineering approach and ex-
amine specific problems in developing an efficient conduction
chain for light-induced electron transfer across membranes. We
find that the overall efficiency can be expressed in terms of the
stabilization (solvation) of the charge-transfer states by their lo-
cal dielectric environment, the oxidation and reduction poten-
tials of the donors and aceeptors, and the dielectric relaxation
at their sites. It is shown that the key problem faced by a de-
signer (and by evolution) is the inherent barrier of transferring
charge through the low dielectric region of the membrane.
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Phenomenological considerations of photosynthetic
efficiency

Photosynthetic units that transfer charge across membranes can
be described schematically as conduction chains (Fig. 1). The
overall process of light-induced charge separation by such sys-
tems can be represented in a phenomenological way by dia-
grams of the type presented in Fig. 2. This figure shows how
absorption of light by the ground state, 0, forms an excited state,
1, that relaxes to the initial charge-transfer state, 2. State 2 can
either relax to state n by further charge separation or return to
ground state 0. The efficiency. of energy storage for absorbed
photons can be defined as

"P(T) = Cn(‘r) AC’O—»n/AGO—»la [l]

where AGg,, and AG,,, are the free energies of the initial
exciton state and the final charge-transfer state, respectively.
C,(7) is the fraction of molecules in state n at a time, 7, char-
acteristic of converting the charge-separation energy of state n
to other forms of energy (e.g., 7! can be the rate of conversion.
of ADP to ATP).

For the system described by Eq. 1, it is possible to show from
kinetic considerations (5) that the population of state n as a func-
tion of time is approximately

C.(t) = ¢ Y,[exp(—kyt) — exp(—Kt)], 2]

where ¢ is the quantum yield of populating state 2 (¢ = k,_,o/
(kyso + ky_0) in which k,_,, is the rate of fluorescence and ra-
diationless transitions from state'1 to state 2. The yield of pop-
ulating state n from state 2is given by Y,, = k,_, ./ (ks + koso
2)- The rate at which state n is populated from state 2 is
glven by k; = ko, + koo + k.2, and the rate at which the
population of state n decays is given by ky = ko_ok, o/ (ks
+ koo + k,o). Eq. 2 was derived under the assumption that
K, > ko .o k,.z, which is satisfied by systems with significant
efficiency. For an efficient system, the parameters defining
C,(7) must assume values of ¢ = 1, Y, = 1, and k7 < 1. These
constraints are of phenomenological nature and do not reveal -
the molecular constraints imposed on the efficiency of the con-
duction chain:
Understanding the microscopic basis for efficiency requires
analysis of the individual rate constants k;_;, in terms of the
corresponding activation energies AGH IO

ki—»j B,,; exp {— Acf—»j/ RT}. (31

In the next section, the activation energies are related to a mi-
croscopic model of electron transfer across membrane.
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FiG. 1. A schematic model of a conduction chain for light-induced
charge separation across membrane. The chain is composed of a donor
(D,) and acceptors (A,) that span the width of the membrane.

Energetics and dynamics of charge separation across
-membranes

In this section, we derive the effective rates of light-induced
charge separation in terms of the microscopic parameters of the
system. As an example, we.will use the conduction chain of Fig.
1. The same type of treatment can be applied to other. config-
urations (e.g., D in the middle of the membrane). Light-in-
duced charge separation in the system of Fig. 1 can be repre-
sented as (5).

DAY ... AS = D%A%AS ... AS=DfAZAY ... AY  [4]
=...=DJANAY... A,

where 0 and * indicate ground and excited states, respectively,

- and we neglect all transitions except these that involve hopping
of only one charge [(+) or (—)] between neighboring sites.  The
successive stages of Eq. 4 will be denoted:

O=0H=Q=...=(0), (5]

where DfAJ ... A ... A} or DfA; is-denoted as (j). The pa-
rameters defining the rate constants of Eq. 3 can be expressed
by a formula that includes a classical.term for the low-frequency
.modes (6, 7) and a quantum ‘mechanical .term for tunneling
through the high-frequency-modes (8, 9):

B, = @mo*/h)4maRT) ™" exp[—S,]. (6]

AGY,; =[AGL,, = (—nhep,) + of*/(4a)
+ (n, = n)hev,/2 — RT In(S;"/n,)),

where i — j denotes Dy A; — Dy A{: , o is the Hamiltonian
matrix element between A; A and AA;", AGY,, is the differ-
ence between the equilibrium free energies$ of the A7 A} and
AJA] systems, and the () signs are for positive and. negative
AG?Y.,,, respectively. As shown in Fig. 3, a is the change in en-
ergy of the APA;” system when its coordinates are displaced from
their equilibrium position to that of the A AJ system. However,
a does not include the éffect of displacements along high-fre-

* Hopping: between nonneighboring sites could be. important when
other channels of electron' transfer are closed.

§In a realistic multidimensional system, the energy difference.in Eq.
6 should be taken as a difference in free energy rather than a difference
in potential energy (unpublished data). The AGs in this work are con-
sidered concentration-independent standard free energies.
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FiG. 2. A phenomenological description of the energetics of light-
induced charge separation.

quency modes, which are represented here by a single effective
frequency (in cm™?), #,. S, is proportional to the square of the
dimensionless - displacement corresponding to the frequency
7, and takes values of approximately 0.7 in typical chromophores
(9). n, is the quantum number of the effective mode 7, that
minimizes AG¥.

The classical expression for the activation energy, AGH,
which is given by Eq. 6 with n, = 0, is valid when the size of
a is larger than that of AG?,; (Fig. 3a). When the size of a is
less than that of AG?.,  (Fig. Siy), the classical expression greatly
overestimates the reaiistic barrier to electron transfer from i to
j, and the effects of tunneling through quantum modes must be
included. The effect of tunneling is taken into acount by varying
the quantum number n, in-Eq. 6.until the minimum AG?._; is
found. In a study of bacterial photosynthesis (9), it was found
that the neglect of tunneling in the 2— 0 reaction leads to errors
of more than 10 orders of magnitude in the calculated rate. It
appears that the importance of the n, #.0 channels in electron-
transfer processes has been overlooked by many workers in this
field.

For an arrangement of stacked acceptors, the rate constants
and, therefore, the overall efficiency can be analyzed by using
Egs. 3 and 6 in terms of the AG{_, s, as and B,_;s as described
in the next sections.

The Electrostatic Control of AG]_, . This section analyses the
AGY.,, for the various charge-transfer states and shows how the
solvation energies and redox potentials can be used to provide
a rough estimate of the energetics of the overall charge-sepa-

(b) a<|ac|

:Nuclear Coordinates "Nuclear €oordinates

Fic. 3. ‘The relation between AG®, a, and AG+ in electron-transfer
reactions. For a < |AGY, the figure shows an alternative channel of
tunneling (+++** ) that reduces the activation energy.
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ration process. The formalism developed previously for analyz-
ing the energetics of the proton pump of bactenorhodropsm in
(10) is used. In this formalism the free energy of the A; FAS
charge-transfer state (relative to that of the uncharged ground
state) is given by

AGsnl + chsol

AGY . pa;= Vry e+ ALL + ALY, [7]

where AGY is the change in solvation energy of the ith group
upon transfer from solution to its site in the membrane, ry is
the distance between i and j, €, is the dlstance-dependent di-
electric constant (defined in ref. 10), and ALY, is the free energy
of forming the charged form of the tth group yfrom its uncharged
form in solution. The Als are obtained from the redox potentials
of the corresponding groups in solution. Eq. 7 expresses the
work (AL + AL?) for forming the charged ith and jth groups
in-aqueous solutlon at infinite separation and the electrostatic
work of bringing the two charged groups to their respective sites
in the membrane. With this expression, we can evaluate the
AG? for different types of conduction chains.

For a conduction chain of identical acceptors placed inside
a membrane in a region of low dielectric (¢ = 2), where D, is
placed in aqueous solution, AGL, = 0 (because D; is in water)
and AGJ, — 1/(r,ey) is given to a good approximation by
AGY,,. Thus, we can express the energy of the jth charge-trans-
fer state relative to the final state, n, (where both charges are
in aqueous solution) by the energy of taking the jth charged
group from solution to its site in the membrane. The contri-
bution of AGZ,; can be estimated by considering the membrane
and the solution as continua with dielectric constants 2 and 80;
respectively. The energy of the charge jth group relative to its
energy in solution is given (in kcal/mol) by (5)

AGL, = 83{1/a — 1/(4R) — 1/[4L —R)]}, (8]

where d is the effective radius of the acceptor in A, L is the width
of the membrane, and R; is the distance of the jth group from
the membrane boundary. The dependence of AGl, on R, is
shown in Fig. 4. The value of the AG.,; curve at R, determines
the energy of state 2 for the given value of AI{ + AI. The values
obtained from the figure prov1de simple lower 11m1ts for the
crucial activation energies AG}_,,, and AG%,_,,. For example in
the situation presented in Flg 4 AGY,, and AGY,, are the
lower limits for AG} ,,, and AGLz, respectively. Although a
more refined treatment. requires the exact evaluation of the
activation energies (using Eq. 6), the rough lower limit provided
by Eq. 8 s sufficient in many cases for estimating the efficiency
of a given system.

a in Various Dielectrics. There are two contributions to the
energy relaxation a: an intramolecular contribution, a, due to
the change in the geometry of the donor and acceptor along the
low-frequency modes [the effective ay is about 1 kcal/mol for
typical aromatic molecules at room temperature (5, 9)] and an
intermolecular contribution, a(¢), due to relaxation of the sur-
rounding solvent and changes in the distances between neigh-
boring acceptors (9). In:the case of a donor.and acceptor- that
are embedded in the same dielectric and separated by a distance
X, the solvent contribution to.a(e) is given (in kcal/mol; ref.
6) by

ale) = 322 (1/a — 1/X)(e — 2)/(2¢). [9]

Note that when ¢ = 2, a(e) = 0.

For a case in which the donor is in an environment with &
= 80, the acceptor in an environment with £ = 2, and X is larger
than 2a, we obtain (from considerations. similar to that of ref.
6)
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Fic. 4. Evaluating the AG’ for light-induced electron transfer in
the system of Fig. 1. ——, Evaluation with Eq. 8; ——, a more realistic
mterpolatlon requiring that AG will vanish at R = —d. The energy of
the jth state is simply determined by the value of the AG® curve at the
position of A;. The lower limit of the activation energy AGS., is de-
termined by the difference between the maximum of AG® and the en-
ergy of state 2.

a(e, = 2, €, = 80) = 166/(24). [10]

B,_,;. The preexponential factor, B,_,J, at room temperature
can be expressed approximately (in sec™!; ref. 5) by
B,_,; = 6° 10"%exp[—2.7(X, — 4.6)], [11]

where Xj; is the distance between the donor and acceptor and
8 is an orientation factor. [8 is unity for electron transfer be-
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Fic. 5. The energetics and dynamies of light-induced charge sep-
aration in the conduction chain of Fig. 1. The energies of the various
charge-transfer statesare determined by the considerations of the first

section. The positions of the charges. are indicated in the diagram in
the upper part of the figure.
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Fic. 6. Energetics and dynamics of conduction chains in several limiting cases. (a) A conduction chain of identical acceptors in a low dielectric
membrane. This system cannot give an efficient charge separation because of the large energy of transferring the charge through the mgmbrape.
(b) A conduction chain of identical acceptors in aqueous solution. This is an inefficient system because of the high-activation barriers in the in-
dividual i — i + 1 steps. (c) An conduction chain that combines dielectric stabilization, redox gradient, and optimal relaxation [a(e) = AG.;.1]).

This provides an optimal downhill charge-separation process.

tween identical molecules in parallel orientation and up to 2
orders of magnitude smaller for orthogonal orbitals, such as 7*
of donor and 7 of acceptor, when a reasonable motion of the
donor and acceptor is taken into account (9).] Because efficient
population of state 2 requires that ¢ in Eq. 2 is close to unity,
k,_., must be larger than k,_,o, which is of the order of 10° sec™*
in typical conjugated molecules. This requires from Eq. 11 that
X,ois smaller than 5 A. The constraints on the distances between
other acceptors are less severe, and we assume for all i larger
than one average values of X = X, ;,; and B= B,_,;,; = By, _.;.

Optimization of the efficiency of conduction chains

In this section, the efficiency of conduction chains is examined
in terms of the microscopic parameters developed in the pre-
vious section.

As a simple example, we consider the system shown in Fig.
1 and calculate the efficiency of a conduction chain of identical
acceptors (AI° = AI}},) embedded in a membrane with a uni-
form dielectric constant of ¢ = 2. The free energies of the
charge-separation process for this system is shown schematically
in Figs. 5 and 6a. By assuming an effective radius of the accep-
torsY of @ = 3 A and that D, is in solution (R, < —3 A) and by
using the requirement that X, is less than 5 k (which requires
R, = 2 &), Eq. 8 gives AGY,; = AG3, — AGZ, = 10 keal/
mol. From Eq. 6, the activation energy of the forward reaction
for the situation shown in Fig. 5 is given by AG} ,, = AG}.,,
= 11 keal/mol. By using a typical value of AIY + AIY of 40
kcal/mol, value for oG}, of 4 kcal/mol is found. With B, _,,
= B, the efficiency of this system cannot exceed 6 X 107, Even
if B is 2 orders of magnitude larger than B, _,,, the efficiency of
the system is small. The reason for the inefficiency is the rel-
atively high activation barrier associated with transfer of a
charge through a low dielectric region. It can be shown (5) that
the same or higher “dielectric barrier” exists in other conduc-
tion chains of molecules with similar AI*, including the cases
when the primary donor and acceptor are placed in the middle
of the membrane or when D, is.on the membrane boundary
(R, =0).

To understand how nature overcomes the problems inherent
in light-induced charge separation across a membrane of low
dielectric, we examine the conditions for maximum efficiency
in Eq. 2. The optimal value of C,(7) is obtained with Y, = 1,
ko < 1 and ¢ = 1. The first two constraints are satisfied (5)
when

1 The effective radius of a nonspherical molecule is determined by cal-
culating the solvation energy with the microscopic model of ref. 11
and finding the radius of the spherical-charge group that gives the
same solvation energy.

0= AGL,, < AGL,, + RT In(B/By.,), [12]
0< AGY,,, [13]
AGY,, + AG} ., > RT In (By,7), [14]

in which the condition AG%_,, > 0 is satisfied in most conceiv-
able conduction chains (5). The constraint ¢ = 1 provides no
insight into the dielectric control of the overall process. It can
be satisfied as long as X, is less than 5 A (Section II) by choosing
a primary donor and acceptor that give a value of AGY_,, such
that AG%_,; = 0(5). Our main interest in this work is in the ways
to satisfy the conditions of Egs. 12, 13, and 14. The main options
are the following.

(i) Active Site Polarity. As shown in Fig. 4, the condition that
AG% ., = 0 is difficult to satisfy in a simple conduction chain
in a membrane with a low dielectric environment because AG,;
increases drastically with increasing charge separation (see first
section), which gives a large activation energy for the 2 — 3
reaction. Biological systems can overcome this problem and
reduce AG,, to 0 by placing the acceptors in protein active sites,
where the charged form of the acceptors will be stabilized by
permanent dipoles (e.g., hydrogen bonds) of the protein (11).
However, as shown in Fig. 6b, the condition AG,, = 0 is still
not sufficient for efficiency when AI', = AI%, because AGY.,,
= AGY_,, = 0 and Eq. 13 is not satisfied.

() Redox Gradient. Eq. 13 can be satisfied when AG,, =
0 by choosing acceptors so that they are arranged in a “redox
gradient” with AL’ > AL, |, where the free energy of the back-
wards reaction, AGL,,, satisfies Eq. 14. The AGY.,,, ;s will then
be negative (as in Fig. 6c). Note that the optimal value of
AL, — AL depends on the corresponding values of AG,,.!

(i#i) Optimal Relaxation. Given AGY,,, ,, the only additional
condition for optimal efficiency is the choice of a. As was
pointed out above, a has two contributions: a; = 1 kcal/mol
and an af¢) that depends on the dielectric relaxation of the en-
vironment and the interaction with neighboring acceptors.
When n, = 0, the optimal a() that gives AG%,,,, = 0 is

a(e) = AGY,,,, — ap. [15]

The above concepts can be used as design criteria for artificial
systems. To analyze the efficiency of a proposed system, the

ITt is well known that biological photosynthetic systems provide neg-
ative AGY,,,,. However, it has not been pointed out that this gradient
has two contributions: the obvious one of the AI" of the prosthetic
groups and the more subtle contribution of the protein dielectric sta-
bilization to AG, that helps to overcome the dielectric barrier of the
membrane.
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AGJ_, s of the relevant charge-transfer states can be evaluated
using Eq. 7, and the lower limits of AG} ., and AG#, ,; can be
obtained from diagrams such as Fig. 4. If these AG*s do not
satisfy Eqs. 12-14, then the design of the system should be
changed (e.g., by choosing different molecules with different
AIY). Once the proper AGy_,; are obtained, the deviations from
Eq. 15 should be analyzed and minimized.

The photosynthetic system in bacteria operates in an efficient
way that can be analyzed by the concepts of this paper. This
system is described in the notation of this paper as DsD;A;A3A
in which Dj is cytochrome ¢, D, is a chlorophyll dimer (or te-
tramer), A, is bacteriopheophytin, and A; and A, are ubiqui-
none acceptors in protein sites that probably involve bound
iron. The charge separation process DsD%A,Az;A, —
DZD,AA;A; involves the separation of charges in the interior
of a membrane rather than the transfer of charge from water into
the membrane as discussed. The electrostatic free energy for
this type of charge separation in a low dielectric environment
is given in ref. 5 and involves a high activation barrier. As be-
fore, the simplest way to eliminate this barrier is by a combi-
nation of (i) stabilization of the acceptors by the dipoles of the
protein active site to give a small value for AG,, — 1/ry€, and
(i) a redox gradient. The efficient operation of the system re-
quires a negative AG},,, ;, which is apparently satisfied (e.g.,
see figure 1 of ref. 12), and optimal as. The optimal as and their
relation to protein relaxation are discussed in detail in ref. 12.
We only mention here that if the primary acceptor is a tetramer

rather than a monomer, then no protein relaxation is needed
(12).

Discussion

The idea that photosynthetic systems operate by charge sepa-
ration across membranes has been around for a long time (e.g.,
see ref. 13), and various aspects of light-induced electron trans-
fer have been analyzed (9, 14). However, the crucial role of the
dielectric environment has not been examined on a molecular
level. This work takes a microscopic approach and shows that
the overall activation barrier for the photosynthetic process can
be evaluated by considering the electrostatic energies of con-
secutive charge transfer states. The energies of the intermediate
states are analyzed in terms of the free energies of transferring
charge from water to different sites in the membrane and the
reduction and oxidation potentials of the donors and acceptors
involved [this approach is also applicable to proton pumps (10)]
. This provides a microscopic basis (Fig. 4) for phenomological
diagrams such as Fig. 2. Our analysis is used to demonstrate that
the key problem in designing photosynthetic systems is the in-
trinsic barrier associated with transferring a charge through a
low dielectric region surrounded on both sides by a high die-
lectric medium. Although this point might seem obvious, it
should be noted that the relation between the well-known prin-
ciple of destabilization of charges in low dielectric environments
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and the overall rate of light-induced electron transfer across
membranes has not been pointed out. Our formalism is used
to examine the ways to obtain significant efficiency. It is found
that the efficiency of light-induced charge separation can be
increased by several means (i) The electron acceptors should
be placed in polar or partially polar sites (e.g., protein active
sites), where the charged forms of the acceptors are stabilized
by the dipoles of their local environment. (ii) The acceptors
should be arranged in order of decreasing redox potential, thus
providing a “redox gradient” that prevents the back reaction.
(i#i) The relaxation a of the acceptor sites and the other relaxing
components of the conduction chain should satisfy Eq. 15, giv-
ing a value of 0 for the activation energy of the forward reaction.
As shown in Fig. 6 and argued in ref. 5, the optimal a can not
be obtained in low dielectric sites and weakly interacting chro-
mophores or in sites with too large a dielectric relaxation (e.g.,
aqueous sites). The optimal a can be obtained by a small re-
laxation of the dipoles of the local environment or by relaxation
in the intermolecular interactions between neighboring com-
ponents of the conduction chain [e.g., the chlorophyll dimer
(9)], or by both. Obviously, various arrangements that combine
dielectric control and redox gradient in different ways could be
expected to provide efficient photosynthetic systems. Thus, the
main point of this work is not in proposing the most efficient
system but in pointing out the role of the membrane barrier and
in offering a way to analyze the efficiency of various conceivable
models at a microscopic level. This type of analysis is expected
to be particularly useful in designing the artificial photosyn-
thetic systems.
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