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FOREWORD

The ADVANCES IN CHEMISTRY SERIES was founded in 1949 by
the American Chemical Society as an outlet for symposia and
collections of data in special areas of topical interest that could
not be accommodated in the Society’s journals. It provides a
medium for symposia that would otherwise be fragmented
because their papers would be distributed among several
journals or not published at all. Papers are reviewed critically
according to ACS editorial standards and receive the careful
attention and processing characteristic of ACS publications.
Volumes in the ADVANCES IN CHEMISTRY SERIES maintain the
integrity of the symposia on which they are based; however,
verbatim reproductions of previously published papers are not
accepted. Papers may include reports of research as well as
reviews, because symposia may embrace both types of
presentation.
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PREFACE

IN BIOLOGICAL SYSTEMS, FUNDAMENTAL QUESTIONS REMAIN about the
mechanism of electron transfer between metalloprotein active sites separated
by polypeptide chains and about factors controlling the rate and specificity
of biological electron transfer. The work presented herein includes both
theoretical and experimental aspects of electron transfer in metalloproteins,
as well as in appropriate model systems. In solid-state materials, theoretical
interest in electron transfer is currently centered on understanding materials
that display electronic phase transitions, particularly the high-transition-
temperature oxide superconductors. Experimental work on solid-state ma-
terials includes studies of the design, preparation, and characterization of
numerous one-, two-, and three-dimensional systems displaying a variety of
electronic properties. This volume includes chapters pertaining to electron
transfer in both biological systems and solid-state materials.

In March 1989 a symposium on “Inorganic Compounds with Unusual
Properties. III. Electron Transfer in Biology and the Solid State” was held
at the Georgia Center for Continuing Education of the University of Georgia
as one of the biennial symposia of the Division of Inorganic Chemistry of
the American Chemical Society. The purpose of this symposium was to
stimulate communication among scientists who are studying mechanisms of
electron transfer in metalloproteins and those who are studying similar proc-
esses in solid state materials. This symposium was a sequel to symposia
entitled “Inorganic Compounds with Unusual Properties. I and II.” that
were held at the University of Georgia in January 1975 and February 1978
and were published as Volumes 150 and 173 of the Advances in Chemistry
Series.

The program of the 1989 symposium included 27 oral presentations, of
which 23 are included in this volume. The speakers at the symposium rep-
resented industry, government laboratories, and diverse academic institu-
tions.
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Overview of Biological
Electron Transfer

R. J. P. Williams

Inorganic Chemistry Laboratory, University of Oxford, South Parks Road,
Oxford OX1 3QR, United Kingdom

Electron transfer in biological systems uses metalloproteins to a very
large degree. In this chapter, the properties of the metal ion sites are
examined first. Subsequently the proteins are analyzed. The discus-
sion is divided into metalloproteins for simple wirelike electronic
conductor systems and proteins that couple electron transfer with
other movements (e.g., of protons). Stress is placed on both structural
and dynamic features of metalloproteins. It is shown that the metal
ion and the protein are cooperatively adjusted in their properties,
differently in different molecules, so as to optimize function.

THIS SURVEY OF LONG-RANGE OUTER-SPHERE ELECTRON TRANSFER in bi-
ology deals first with simple electron-transfer proteins (Table I). The follow-
ing description of the sites of the metal ions in these proteins is considered
to be proven.

1. The ligands around metal ions in simple electron-transfer pro-
teins are selected to aid electron-transfer rates; they reduce
the central charge on the metal or induce the low-spin rather
than the high-spin state of a metal ion. Examples are sulfur,
imidazole, and porphyrin ligands for iron and copper atoms
in all the most important simple electron-transfer proteins.

2. The geometry around the metal ion in simple electron-transfer
proteins is generated by the protein fold. This fold is so strong
that there is minimal ligand rearrangement on change of
charge. Examples are the close-to-tetrahedral, entatic, state

0065-2393/90/0226-0003$06.25/0
© 1990 American Chemical Society
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ELECTRON TRANSFER IN BIOLOGY AND THE SOLID STATE

Table 1. Simple Electron-Transfer Proteins

Protein Electronic Circuit
Cytochrome ¢ Mitochondrial periplasmic space
Copper blue proteins ~ Chloroplast chains

Ferredoxins All energy capture chains
Cytochrome bs Reductases

of the blue copper proteins and the coordination geometry of
low-spin iron in cytochrome c.

. The metal ion sites are buried some 10 A into the protein so

that adventitious reactions of the metal ions with small ligand
molecules cannot occur. The coordination sphere is effectively
complete and inviolate because the protein fold does not relax
readily. The metal ion sites are also removed from the solvent,
water.

. The conditions in items 1, 2, and 3 generate ideal electron-

transfer sites. Such sites would provide very fast electron
transfer if the metal coordination spheres could come into
contact with each other (i.e., as in small-molecule outer-
sphere reactions, in which the unimolecular rate constant for
electron transfer would be close to 10’ s if there were no
thermodynamic barriers). In the context of the buried sites of
the electron-transfer proteins, this means that a factor of up
to about 10° in unimolecular rate constant has been forfeited
in order to gain positional depth in an insulator. The electron-
transfer sites are partially or completely hidden centers. The
rate constants now achieved, around 10° s, are adequate for
biological systems.

. Placing the metal ion just below the surface of a protein allows

it to be covered by a recognition zone so that the electron-
transfer distance is in the range of 10 A between its coordi-
nation sphere and one or perhaps two electron-transfer
spheres of other protein centers.

. The metal ion is oriented toward one quadrant edge of a

roughly spherical protein (e.g., the cytochromes and the blue
copper proteins), so that electron-transfer distances to all other
quadrant edges exceed 15 A.

. The distance constraints in item 6 and the recognition surface

constraints in item 5 ensure a highly selective route for elec-
trons in and out of the available similarly designed electron-
transfer proteins.
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1. WiLLiaMs Overview of Biological Electron Transfer 5

8. Thermodynamic control (the redox potential) is generated by
a complex set of factors, including the coordination sphere
atoms and geometry, the surrounding protein, and the ex-
posure to solvent. These potentials have evolved to control
rates and to allow devices such as potential droppers to connect
electrons with proton movements.

9. Apart from these simple electron-transfer proteins, which
transfer electrons at low driving force, there are two further
groups of simple biological electron-transfer centers. In very
fast light-induced reactions there is often a considerable re-
action driving force, and of course the center is highly ener-
gized. This chapter will not consider such excited-state
electron-transfer reactions. After the initial light absorption,
electron transfer in biological photoreaction centers becomes
thermal transfer. The thermodynamic driving force is also
important in another group of proteins, oxidases, in which
there is a large energy change between the redox couples.
One typical case is the reactions of oxocations (such as FeO)
in simple oxidases (such as peroxidases) with restricted relax-
ation of the protein.

This description applies to simple electron-transfer proteins that are
involved only in allowing electrons to go from one site to another. The prime
examples are cytochrome c, blue copper proteins, and many iron-sulfur
proteins. We have called these proteins uncoupled electron-transfer pro-
teins. Another variety of proteins is involved in electron-transfer reactions
that are coupled to other events (e.g., opening of clefts, cytochrome P ,;
proton movement, cytochrome oxidase). In these proteins, which are often
based on heme centers and quite different copper centers from the blue
copper proteins (see item 6), there is evidence for considerable change in
protein structure associated with change of oxidation state.

At least two extreme sets of electron-transfer proteins have evolved.
Both appear to be designed for the functions in hand. We can combine
X-ray crystallographic data and high-resolution NMR spectroscopy to look
closely at protein structure and dynamics to evaluate the design. Crystal-
lographic data reveal the outline structure most accurately. These data can
assist NMR spectroscopy to provide a wider perspective on the dynamics.

To begin, we must identify the function. For convenience, I separate
three types of function of electron-transfer proteins (Figure 1).

1. Simple electron transfer, as in a wire made from hop centers
(e.g., many FeS§ centers in electron-transfer chains (Figure 2).

2. Scavenger simple electron transfer, as when a protein brings

In Electron Transfer in Biology and the Solid State; Johnson, M., € a.;
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6 ELECTRON TRANSFER IN BIOLOGY AND THE SOLID STATE

redox potential/mV
NADH =320
‘ complex | (NADH-ubiquinone reductase)
FMN
Fe-S., -305 succinate
. Fe=Ses -245 I complex II (succinate-
site | Fe=Sce FAD |ubiquinone reductase)
ATP =
Fe-S¢, -20 Fe-S +30 mV
Fe-S¢s +40 Fe-S;,
ubiquinone «———d Fe-Sp,
+30
site [1 cyt-bx | complex III (ubiquinone-cyt. ¢ reductase)
ATP < cyt. by (+240)
Fe-Sg +280
cyt.c, +22§
cyt.c +270
. 1 complex IV (cyt. c oxidase)
site 111
cyt.a +200
ATP =
cy(. a, +4m
2Cu
0, +815

Figure 1. A representation of the electron-transfer chain of the mitochondrial
inner membrane. There are three types of electron-transfer protein. Those
described in the text as static simple electron-transfer proteins are represented
by Fe-S and cytochrome (cyt) c.. Simple scavenger electron-transfer proteins
are represented by cytochrome c. The remaining cytochromes belong to cou-
pled proteins. Some copper proteins belong to each of the three classes. (Sub-
scripts identify different protein centers and are not of consequence in this
chapter. Reproduced from ref. 28.)
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Figure 2. A typical fold of an Fe,S; electron-transfer protein, a ferredoxin,

which shows a B-sheet structure of parallel strands cross-linked by H bonds.

(Reproduced with permission from reference 29. Copyright 1981 Japanese
Biochemical Society.)

reducing (oxidizing) equivalents from many centers and de-
livers them to one site by diffusion of the protein in a matrix
(e.g. cytochrome c of mitochondrial electron-transfer chains).
These proteins are similar to the first group, except for their
surfaces.

3. Coupled electron-transfer proteins that, after or before the
electron-transfer event, undergo considerable conformational
adjustment so as to couple electron transfer with proton move-
ments, for example.

Further understanding of these functions depends on a detailed analysis of

protein structure against the background of knowledge from model studies
and theory.
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8 ELECTRON TRANSFER IN BIOLOGY AND THE SOLID STATE

Simple Electron-Transfer Proteins

How closely do these proteins resemble solid-state electron-transfer matrices
with which we are familiar, such as hop semiconductors? In my own model
work (1) on electronic conduction in what is effectively a solid, crystal or
glass, matrix, we made various mixed-valent solids from complex ions and
analyzed their conductivity (Table II). Some were quite good conductors,
but the overwhelming impression this research made upon me was that the
cooperative electrostatics of the lattice made it difficult to create rapid charge
movement by a hop mechanism in a molecular solid (I).

Table II. Some Examples of Model Semiconductor Crystals

Compound Log (Resistivity), 300 °C Activation Energy, ev
KFeFe(CN)s ~8 0.75

M *5(CuCl,)*(CuCl,)* ~10 0.3
T13FC(CN)6 6 0.4
[Fe(o-phen)s]2*[IrCle] > >8 >1.0

Fe;0, -2 0.1
Crocidolite® 10 >0.5

NofTE: In these solids, high conductivity and low activation energy were observed only for very
short metal-to-metal distances.
*Fe(Il), Fe (III) asbestos.

I would suggest that those who study simple electron-transfer chains
should look at the problems we met. We also investigated many black in-
organic ionic lattice solids at room temperature, but failed to find any really
good conductors (unpublished observations). I was astonished when others
found superconductors in some of these families.

A great advantage of a protein matrix is that the electrostatics are not
cooperative, as is obviously the case in an NaCl matrix. Moreover, although
crystal lattices are rigid and proteins crystallize in ordered matrices, protein
molecules are not crystallites. They more closely resemble glasses or even
rubberlike molecules that are easily open to low-energy minor relaxations.
Typical examples are the iron—sulfur proteins described in Table III. How-
ever, their relaxation is also limited by cross-linking, as in a hard rubber.
The Fe,S, proteins are cross-linked by the Fe-S links, but they are also
built of B sheets cross-linked over remote parts of the sequence. They are

Table III. Structural Features of Fe-S Proteins

Protein Structural Feature
Ferredoxin (Fe,S;) Antiparallel B sheet
Ferredoxin (Fe,S.) Short antiparallel sheet
HIPIP® (Fe.S.) Three-stranded B sheet
Rubredoxin (Fe) Small sheet segments

“HIPIP is high-potential iron protein.

In Electron Transfer in Biology and the Solid State; Johnson, M., € a.;
Advances in Chemistry; American Chemical Society: Washington, DC, 1989.



Publication Date: May 5, 1989 | doi: 10.1021/ba-1990-0226.ch001

1. WiLLiaMs OQverview of Biological Electron Transfer 9

found in fixed positions in biological organization. Finally, the electron-
transfer centers are buried away from solvent, so the charge switch does not
involve solvent electrostatic energies.

It is worth stressing some other points from Table II. In mixed-valent
crystals, we found strong inter-complex-ion charge-transfer spectral absorp-
tion bands only at very short distances (e.g., Fe;O, and Prussian blue). At
somewhat longer distances (e.g., the Cu(I)-Cu(II) system) the bands were
much weaker and were not detected in the [Fe(o-phen);]2* [IrCl¢]* systems,
where o-phen is 1,10-orthophenanthroline. They have not been detected in
complexes of simple electron-transfer proteins. The overlap integral in these
systems must be very small indeed.

Consider a metal center taken from such a protein, but now surrounded
by a protein sphere of radius close to the shortest distance to the protein
surface, for example, 10 A. In this position it can make the usual pro-
tein—protein contact distance for biological electron transfer in all directions.
A crystal from an equimolar mixture of such molecules in its two oxidation
states will show an extremely weak charge-transfer band and it will be a
very poor conductor. This characteristic is generated not because of the
rather low number of potential carriers, nor because of a high activation
energy, but because the overlap is so small in the lattice and motion is
restricted.

Contrast this situation to a cluster, Fe,S,, within which the conductivity
will be high, as in Fe; O, (Table II). Biological systems can make Fe O, or
FeO(OH) crystals, but do not use them in electronic devices. Biological
electron transfer is slow, even in proteins where some or all of the barriers
found in crystals have been removed to gain very selective local circuit
pathways.

Analysis. Shortly after our “failures” to develop suitable electronic
conductivity devices in mixed-valent crystals, we devoted our attention to
the analysis of what simple electron-transfer proteins are really like. We and
others now have very detailed NMR spectroscopic studies of two series:
cytochromes c and by (2, 3, 15) and blue copper proteins (4, 5). These are
all simple electron-transfer proteins.

I shall concentrate on the properties of cytochrome c. We have full (90%)
proton NMR spectroscopic assignments for yeast, tuna, and horse cyto-
chrome c in both Fe(II) and Fe(IIl) states as well as 3 crystal structures for
all the proteins (6-8). The NMR spectroscopic work established not just the
resemblance of the solution and crystal structures, but the many dynamic
features of these proteins. Space does not permit detailed analysis here, and
I shall therefore state the conclusions briefly.

There is a general belief that proteins are to be compared with ordered
crystal solids. Our NMR spectroscopic data accumulated since 1972 do not
match this picture, which we believe to have arisen through a misinterpre-
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10 ELECTRON TRANSFER IN BIOLOGY AND THE SOLID STATE

tation of X-ray diffraction data. The X-ray data, diffraction patterns, reflect
the highly populated states of proteins in a regular lattice surrounded by
water. This water contributes little to the diffraction pattern because much
of it is in a liquid state. Only a very small number of water molecules have
residence times in excess of 10~ s.

The outside of proteins (e.g., lysines) must be in rapidly fluctuating
states. This rapid fluctuation is confirmed by the narrow line widths of
€-CH, groups of lysines in NMR spectra. The inside of proteins has been
represented as fixed to a fixed secondary structure. The degree to which
this structure fluctuates can be determined in part experimentally by using
NMR spectroscopic analysis of, for example, aromatic ring flip rates, NH-ND
exchange, and relaxation times, especially for isolated *C nuclei. The results
of such studies give a mobility map of a protein (Figure 3) (2).

Figure 3. A mobility map imposed on the structure of cytochrome c. Some
Jfast-moving flipping or flapping groups are hatched. Some slow-moving groups
are filled in. Helices are illustrated. (Reproduced from ref. 2.)
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A more detailed map showing line-width studies throughout a protein
would distinguish atoms that have NMR relaxation times equal to the tum-
bling time of the protein, approximately 10° s™ for a 10,000-dalton protein,
from those that tumble more rapidly. All parts of the major secondary struc-
ture are resistant to very fast independent motion. On a longer time scale,
slower motions of considerable amplitude affect the intensities of cross-peaks
in two-dimensional NMR spectra. Furthermore, signal averaging is possible
when more than one site is occupied by a given atom for appreciable lengths
of time. These analyses show that motions of the main chain increase in
loops of the structure relative to helices and B sheets. They also show that
relative motions of main-chain segments must exceed 1.0 A on the time
scale of 10° s™'. This conclusion follows from the observation of aromatic
ring flipping with this rate constant inside most proteins, but noticeably not
in cytochrome c.

Molecular Dynamics. Since proteins were first described in these
terms, there has been a very considerable advance in computational studies
of molecular motion in proteins. These molecular dynamic calculations give
a picture of a protein as a highly fluctuating assembly. From both this work
with the experimental NMR spectroscopic data and today’s X-ray diffraction
B factors, we can be certain that amino acid side chains such as valines and
leucines flip as rapidly as phenylalanines. However, they are asymmetric
tops and the motion is hard to detect.

A major concern, then, is not just the structure of a protein and its
relationship to function, but the way in which the dynamics within the
structure underlies function (9, 10). Electron-transfer proteins are a partic-
ularly good case for study. So far electron-transfer proteins have been de-
scribed mainly in terms of isotropic motion. The larger-scale motions of a
helix or of a segment causing a groove-opening reaction are anisotropic, slow
(>10"*5s), and difficult to detect except by perturbation of the whole struc-
ture. However, such slow large-scale motions as these are required to explain
some reactions and much NH-ND exchange in proteins. They will be seen
to be of great functional consequence later.

Stiffness. The simple electron-transfer protein, cytochrome c, al-
though it is a helical protein, is one of the stiffest proteins we have examined
(Figure 3). It is cross-linked. The blue copper proteins are formed from a
stiff B-sheet barrel, and cytochrome by is supported by a B sheet (see Figure
2). B sheets are stiff because they are cross-linked by H bonds. In the blue
proteins, the copper changes valence state or can be removed with little
effect on the structure. This condition is the basis of the entatic state hy-
pothesis (11). The overall impression of these proteins and of the Fe,S,
proteins (again B sheets, Figure 1) is that the uptake or loss of an electron
has little effect on the protein conformation. This lack of effect confirms their
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description as simple electron-transfer proteins. Their stiffness is not to be
confused with the rigidity of crystals. The interior of all these proteins re-
mains quite mobile on the time scale of the electron-transfer reactions.

From other studies we know that other helical proteins that are not
cross-linked are readily adjustable by ion binding (calmodulin) (10), change
of oxidation state or oxygenation (hemoglobin, hemerythrin, hemocyanin),
or by phosphorylation (phosphorylase) (12). We must look at all the electron-
transfer proteins in terms of their secondary structure and the cross-linking
of that structure. Before turning to more mobile frameworks, we need to
inspect in more detail the significance of individual amino acids in the se-
quences of the simple electron-transfer proteins, both in the interior and on
the periphery.

Interior Side Chains and Electron-Transfer Rates. There is the
suggestion that, independent of the redox potential of the metals in electron-
transfer proteins, aromatic groups in the interior of proteins can assist elec-
tron transfer. This suggestion is contrary to our experience in two respects.
First, if it were true, electron transfer from the heme of cytochrome c could
proceed through tryptophan-59 to the wrong side of the protein. This result
is not observed. Second, there is no evidence from models that electron-
transfer rates from centers that have redox potentials of around +0.2 V are
affected by aromatic residues outside the coordination sphere (13). However,
in view of the assertion that aromatic residues could have such an effect, we
examined the electron-transfer rates in the following two unimolecular re-
actions.

1. Electron exchange between two cytochromes c, self-exchange,
where the two proteins are held together by hexametaphos-
phate anions (HMP) in a complex [Cyt.c. HMP], (14).

2. Electron transfer between cytochrome c¢ and cytochrome b
in their complex (14).

Both reactions can be examined by NMR spectroscopic measurements of
electron exchange seen through line-broadening. The test of the effect of
aromatic groups has been made by site-specific mutagenesis where Phe-82
of cytochrome c (see Figure 3) is replaced by Tyr-82, Gly-82, or Ser-82 (6).
The results are shown in Table IV. No assistance to electron-transfer rates
of Phe-82 and Tyr-82 relative to Gly-82 or Ser-82 was found. We maintain
the position that aromatic amino acid residues can assist electron transfer
only where the redox centers are at >+ 0.8 V, such as in reactions of FeO(IV)
states of peroxidases (13, 16).

A second claim (17) has been made for the functioning of Phe-82 in the
electron-transfer reactions of cytochrome ¢ with cytochrome bs. According
to this claim, Phe-82 is so mobile that it can flap out into the space between
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Table IV. Electron-Transfer Rates of Cytochrome ¢ Measured at Equilibrium
by NMR Spectroscopy

[Fe"Cc, Fe"Cb;s]* Self-Exchange Self-Exchange
Bimolecular® Intracomplex®

Cytochrome c Variant [Fe"'Cc, Fe"Cb;], s M5! st

Horse: wild-type 0.6 £ 0.2 1800 = 200 400 *= 100
Yeast: C102T mutant? 0.3 0.1 300 * 100 200 * 100
Yeast: C102T, F82G mutant® 0.5 0.2 1200 = 100 400 * 100

NotE: Ref. 14. Cc is cytochrome c, and Cb is cytochrome b.

“Determined by saturation transfer to Met-80 methyl resonance of Fe"Cc. Intensity decrease
was independent of the Fe"Cc/Fe"Cc ratio and total protein concentration (10 mM phosphate,
pH 7.1, 30 °C).

*Determined by saturation transfer to Met-80 methyl resonance of Fe"Cc (100 mM phosphate,
pH 7.0, 30 °C).

‘Determined from line broadenings: observed in the presence of hexametaphosphate (HMP),
a polyphosphate anion known to cause aggregation of cytochrome ¢ (pH 7.0, 30 °C). The
intramolecular complex is [(Cyt c),(HMP);].

“The yeast C102T, F82Y behaves very like the native protein. The code C102T means that, in
this yeast, cytochrome c residue cysteine (C) at position 102 of the sequence has been replaced
by a threonine (T) residue. F82G means that phenylalanine (F) 82 in the sequence has been
replaced by glycine (G). Y is tyrosine and S is serine.

“The yeast C102T,F82S behaves very like F82G.

the two cytochromes in their complexes. Our full assignments of the two
cytochromes separately and in their complex allow us to state that no such
movement of Phe-82 is detectable. Although it flips rapidly in the free
cytochrome and in the complex, there is no evidence for flapping outward
at rates around 10° s (18).

The interior of all these proteins allows quite considerable vibronic—
rotational motion. Our evidence indicates that many aromatic rings in most
proteins flip rapidly, >10* s'. We can observe few other motions in the
interior. The cavity size needed to flip Phe and Tyr residues is such that we
believe that many Val, Leu, Ile, and Met residues can rotate easily, although
through their asymmetry they are seen in one heavily populated state (as if
they were rigid). The exterior of the protein and its motions become par-
ticularly important when we turn to the scavenger proteins.

Surfaces of Scavenger Proteins. The distinction between a scav-
enger protein and a protein that is a permanent part of an organization lies
not in basic electron-transfer reactions, but in the organization of the pro-
teins. Just as some classes of proteins have very mobile interiors and others
have relatively rigid frameworks, so some proteins form relatively rigid as-
semblies and others do not. Scavenger proteins (e.g., cytochrome c) are
often nearly spherical and have virtually no concave surfaces. The scavenger
proteins also have highly charged surfaces. The charges on protein surfaces
attributable to Glu, Asp, Lys, and Arg side chains are known to be relatively
mobile themselves. Furthermore, their long-range electrostatic interactions
with other proteins allow considerable movement in the complexes without
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much loss of energy. Wide areas of the surface of cytochrome c are zones
of approximately the same electrostatic potential. We have examined these
surfaces by using complex ion probes. We cannot define a binding site for
ions such as [Cr(CN)¢]*, but only a binding zone (Figure 4) (19).

The scavenger protein has to be able to find an electron-transfer site,
react, and leave that site in ~107® s to maintain electron flow. Its binding
has to be effectively diffusion-controlled to allow a binding constant of 10°.
The easiest way to achieve such a reaction between surfaces is to have many
electrostatic mobile fingers (lysines) that will bind to many electrostatic
mobile anions. The assembly is mobile. We call this hand-in-glove fitting.

The exact structure for the electron-transfer act may be of little con-
sequence. The surface dynamics is of greater importance. In contrast, some
proteins, such as many Fe,S, electron-transfer proteins, are fixed parts of
organizations. We suspect that the interactions they form are based more
largely on shorter range hydrophobic forces than on electrostatic forces.
Again, these proteins have much more distinctive shapes, insofar as they
are known (Figure 2). It may well be that, when bound in an organized
system, their surfaces are not mobile.

Simple Oxidases and Their Electron-Transfer Reactions

Some of the major simple oxidases are given in Table V. In their reactions,
oxidation of substrate is not coupled to any other reaction. For example,

dioxygen + substrate — oxidized product + reduced oxygen

The reaction is written in long-hand because reduced oxygen can appear as
0,7, H,0,, or H;0. The alternative of O ,-incorporation in an oxidation does
not require electron transfer except in inner-sphere activation (e.g., in di-
oxygenases of soil bacteria).

In the case of plant peroxidases that oxidize phenols and indoles, the
reaction is a one-electron oxidation by peroxide. The iron cycles from Fe(III)
to a nominal Fe(V) (i.e., Fe(IV) plus a free radical, through FeO(IV)). The
substrate goes to a free radical that may polymerize. We studied these
electron-transfer proteins by using NMR spectroscopy to determine the
structure with substrate bound. We showed that electron transfer took place
over a distance of some 10 A (outer-sphere reaction) (20). Our present interest
lies in the structure of these proteins. All the peroxidases in this class of
known structure are similar to simple electron-transfer proteins, in that they
are cross-linked either chemically (horseradish peroxidases) or by B sheets
(cytochrome ¢ peroxidases). The pocket of the high-spin heme is open to
small molecules, O, or H,0,, but not to the larger substrates such as phenols
or indoles. Electron transfer is not linked to a conformational change. Other
oxidases in this class may well include the copper oxidases such as ascorbic

In Electron Transfer in Biology and the Solid State; Johnson, M., € a.;
Advances in Chemistry; American Chemical Society: Washington, DC, 1989.



15

WiLLIAMS  Overview of Biological Electron Transfer

1.

uoypnIo fiq sv om sp ‘spusunsadxa Fupuiq-uoyvI Pup -UOD WOLf PIIDUWIISI
pup u01392{04d 03DOLIW D SD PayuasaLdas O aw04y203hd Jo 29vfans 2y uo spPYuU0d NIVIS04302]2 Y], F 24nTh]

-
—————

77 E01) TT==---

©

-
o - - o o — -

T00U2'9220-066T-20/T20T 0T :10p | 686T ‘G AeIN B1eQ UOIREDIION

In Electron Transfer in Biology and the Solid State; Johnson, M., e a.;
Advances in Chemistry; American Chemical Society: Washington, DC, 1989.



Publication Date: May 5, 1989 | doi: 10.1021/ba-1990-0226.ch001

16 ELECTRON TRANSFER IN BIOLOGY AND THE SOLID STATE

acid and phenol oxidases, but we do not know the structure of the dioxygen
sites involving type 2 Cu and the copper pairs of these proteins. We have

Table V. Long-Range Electron Transfer
to Aromatic Compounds

Protein Group Involved
Cytochrome c peroxidase Possibly tryptophan
Horseradish peroxidase Phenols or indoles
Copper oxidases (laccase) Phenols

Reaction center Tyrosine(?), phaeophytin
Ribonucleotide reductase Tyrosine

NoteE: All systems involve high redox potential centers. Quinones
and flavins are, of course, very different aromatic electron-transfer
centers from metal ions with low-lying molecular orbitals (redox
potentials).

(@)

Figure 5. The change in structure from (a) Fe(Ill) cytochrome ¢ to (b)
Fe(I11)-CN- cytochrome c.
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NMR spectroscopic evidence that the inside of many of these proteins is as
mobile as that of the simple electron-transfer proteins.

Conformational Changes: Groove Openings

In the description of cytochrome c, we have deliberately left aside one much-
studied reaction, that with cyanide (21). The reaction is very slow and quite
unrelated to any fast, simple, electron-transfer reaction. However, it is suit-
able as a model for coupled reactions. At temperatures above 60 °C, the
electron-transfer reaction of cytochrome c is coupled to a breaking of the
Met-80-Fe(III) bond. We shall consider the P, reactions in similar terms.

A detailed NMR spectroscopic study with full assignment of the cyanide
Fe(I1I) state of the protein (21) shows that the groove opening is a leverlike
action in which the segment of the cytochrome below the sequential chain
79 to 85, which includes Met-80, moves away from the heme to leave room
for the cyanide anion (Figure 5). The reaction shows that relatively small

(b)

Figure 5.—Continued.
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domains of a protein can move away from the bulk, even on change from
low-spin Fe(II) to high-spin Fe(III). The reaction is

low-spin Fe(II) = low-spin Fe(III) = high-spin Fe(III) = cyanide complex

We shall next look for similar changes in other proteins, noting that in
cytochrome c the movable part of the protein is not cross-linked.

Coupled Electron Transfer

These are the most difficult proteins to study. Among iron proteins, they
include hemoglobin, which is linked to a cytochrome b reduction to protect
it; hemerythrin; cytochrome P, which is linked to either a cytochrome by
or an Fe,S, protein to ensure the controlled order of its reaction kinetics;
and cytochromes b and a of the electron-transfer chains of chloroplasts and
mitochondria, in which electron transfer is coupled to proton movement.
Among copper proteins, they include the dioxygen carrier hemocyanin and
the cytochrome oxidase center, Cug.

Coupling here is not a coupling of the electrostatic potentials of the
electron-transfer ions with electrostatic potentials of other groups, as it may
be in cytochrome c¢;. Coupling is known to involve conformational changes
(22-25). This result is shown not only through the properties of the proteins,
but by following the properties of the metal ion (for example, its spin state
or electron paramagnetic resonance (EPR) signals).

The information obtained about the metal centers themselves is re-
vealing. The coordination sphere of the copper, as seen directly by X-ray
structure determination or by various physical measurements, is unlike that
found in the blue copper proteins described as simple electron-transfer
proteins. It is likely that there are no methionine or cysteine ligands, but
only histidines. Again, the copper(Il) EPR signals are more closely those of
distorted tetragonal Cu(II) sites in models. In the case of the heme proteins
in this class, the indications are that the iron changes either spin state or
the ligand geometry around it (EPR data) during reaction. The indications
are that the metal ion sites themselves differ from those of the simple elec-
tron-transfer heme proteins. However, they do not differ greatly from some
of the sites of the simple oxidases. The differences in function are related
to the differences in protein fold and its mobility.

The simplest case to consider first is that of hemoglobin. In hemoglobin
the dioxygen uptake reaction of high-spin Fe(II) or the redox switch of high-
spin Fe(II) to high-spin Fe(IlI) hydrate is accompanied by a considerable
conformational change (Figure 6). The change involves some movement of
the iron atom toward the heme plane, some adjustment of the iron ligands,
both the histidine and the porphyrin, and most importantly, the adjustment
of helices. The adjustment of helices is, we consider, a common feature of

In Electron Transfer in Biology and the Solid State; Johnson, M., € a.;
Advances in Chemistry; American Chemical Society: Washington, DC, 1989.



Publication Date: May 5, 1989 | doi: 10.1021/ba-1990-0226.ch001

1. WiLLiaMS Overview of Biological Electron Transfer 19

all these coupling proteins. The evidence that coupling is related to helix
movements comes from general studies of proteins other than hemoglobin
(e.g., the calcium trigger proteins and phosphorylase). Coupling is also very
likely in the cooperative action of helical hemerythrin and hemocyanin,
where the iron and copper ions undergo redox switches on dioxygen uptake
rather than spin-state changes.

1
1}
]
[}
]
)

X Y 2
55
HIGH SPIN LOW SPIN
OR Fe(O) OR Fe(m)

Figure 6. A representation of coupled helix movements with chemical changes
at the iron atom of a heme protein.

A revealing example is provided by our study of cytochrome bgg. The
structure, shown in Figure 7, is a four-helix bundle protein with the iron
bound as in cytochrome c (26). The redox potential of the protein is pH-
dependent; there is a switch of 260 mV within the pH range 5.0-8.5. This
proton-coupled redox potential lies in the physiological pH range. We know
that a conformational change accompanies the protonation-redox switch. In
this respect, the protein is entirely comparable with hemoglobin, but the
reactions are now confined to low-spin states. These reactions are to be
contrasted with those of cytochrome ¢, Fe,S,, and the blue copper proteins
described in the section on simple electron-transfer proteins.

Given the obvious ease of helix—helix motions; the strong evidence for
the highly helical character of the membrane portions of cytochrome oxidase
(i.e., containing cytochrome a, and Cug), of the cytochrome b complex, and
of cytochrome P,; and the fact that these heme proteins are not cross-
linked by either extended B sheets or chemical cross-links, it appears that
coupling in all these cases is a property of helix motion (10). This is not the
place to extend the argument, but a whole range of other coupled activities
of proteins appears to be associated with helix motion (27). It is immediately
clear by comparison with simple electron-transfer proteins that cross-linking
separates the protein structures of coupled and uncoupled activities (27).
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Figure 7. The structure of cytochrome b s (opposite page) showing the groups

likely to be responsible for the pH-dependent redox potential (see ref. 26). On

this page is shown the binding mode of two molecules in the crystals and the
hydrogen-bonding network. (Reproduced from ref. 26.)

At present we can describe the motions of the helices only by analogy
with calmodulin and hemoglobin. Here is one major task for the chemist
interested in biological electron transfer.

Other Electron-Transfer Centers

The concentration on blue copper centers and heme in electron-transfer
proteins has tended to hide the diversity of such centers. Earlier reference
was made to Fe,S, centers as typical of uncoupled almost-solid-state devices.
Other centers are similar, such as Ni-S centers of dihydrogen reactions and
cobalamin centers of methane chemistry. (The vitamin B, chemistry in
rearrangement enzymes seems to depend on homolytic fission giving free
radicals and not on electron transfer; it is based on atom movements.) Yet
other centers include Fe~O-Fe (or Mn—O-Mn) for generating tyrosine-free
radicals in ribonucleotide reductase; [MnO], in the dioxygen-liberating cen-
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Figure 7.—Continued

ter of photosystem II; type 2 and type 3 copper in copper oxidases; molyb-
denum in the two-electron reactions of NO,~, SO,>, and aldehydes; and a
considerable number of simple iron enzymes that may well use inner- or
outer-sphere electron-transfer mechanisms (e.g., the oxidative enzymes of
secondary metabolism).

The most intriguing centers contain two or more metal ions and partake
in reactions related to dioxygen reduction or release. The equivalent elec-
tronic states are M(IT)}OM(II), M(III)*O,>*M(III), M(IV)OZO*M(LV),
and the various mixed-valent intermediates for the dioxygen molecule.
There are also corresponding reduced states such as M(II)O,**M(I)
and M(II)O%O*M(III). However, we must include states of proton
reaction such as M(II)(H,0,) M(II), M(III)(OH")«(OH )M(III), and
M(IV)OH < "HOM(IV). It appears as if these changes must be linked to
conformational switches and to movements of protons deep inside proteins,
such as cytochrome oxidase.

These series may contain a larger number of metal ions or an uneven
number of protons. Choice of metal ion (i.e., copper, manganese, or iron)
and choice of protein fold for a given metal ion can provide control over
thermodynamic balance between oxygen species. An unsolved problem is

In Electron Transfer in Biology and the Solid State; Johnson, M., € a.;
Advances in Chemistry; American Chemical Society: Washington, DC, 1989.



Publication Date: May 5, 1989 | doi: 10.1021/ba-1990-0226.ch001

22 ELECTRON TRANSFER IN BIOLOGY AND THE SOLID STATE

the resolution of questions posed by these electron-transfer centers, such
as why this or that metal or particular choice of ligands is best for a given
function. What is the nature of the protein selected by evolution? I have
tried to answer these types of questions for a limited series of electron-
transfer proteins, but many other problems in the electron-transfer systems
of biology clearly remain untouched.
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Formalism for Electron Transfer and
Energy Transfer in Bridged Systems

J. R. Reimers and N. S. Hush'

Department of Theoretical Chemistry, University of Sydney, Sydney,
New South Wales 2006, Australia

There is much current interest in the study of electron transfer or
energy transfer between centers linked by a bridge, and a number
of basic points need clarification in the interpretation of such proc-
esses. For example, it is commonly assumed that communication
through the bridge can be described in terms of an effective “two-
level” model; under what circumstances is this justified? What are
the conditions under which a single-parameter rate constant char-
acterizes the process? With a view to providing some information
about these and related questions, a formalism applicable to coherent
transfer of energy (including electron transfer and hole transfer in
cases where the vibrational motions do not need to be explicitly con-
sidered) is developed. This formalism yields a completely general
algorithm, which, in particular limits, reduces to a generalized form
of Fermi’s golden rule and of Rabi’s rate equation. In so doing, it
unifies a number of existing theories.

E LECTRON (OR HOLE) AND ENERGY TRANSFER between a metal donor cen-
ter linked to an acceptor by a bridge is increasingly being studied experi-
mentally. Such systems often involve mixed-valent metal states; bioinorganic
systems (both naturally occurring (I, 2) and synthetic) are also of much
current interest. Design of molecular electronic devices, in which there is
also much current interest, frequently involves elements of this general kind.
In molecular electronics, one desires to find ways of transferring electrons
under controlled conditions between different states of a device. Nature has
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provided models for this process, and we can learn much from studying
processes such as photosynthesis (1, 2), in which light produces an electron
in an excited state (the donor state) that reacts to transfer the electron to a
geographically distant state (the acceptor state).

Indeed, it is possible to manufacture compounds in which such transfers
occur under controlled conditions (3, 4), and such compounds are candidates
for molecular electronic devices. Usually, the bridge is composed of organic
material and may be either a conductor (e.g., a conjugated bridge) or an
insulator (e.g., a saturated hydrocarbon). Some day processes may be de-
veloped by which the conductance of the bridge can be modified significantly
by an external signal (5, 6). In this chapter we generate a model that describes
how the conductance of the bridge varies with respect to some fundamental
properties of the bridge. We do not consider the question of how these
properties may be modified dynamically. Our model is inspired by the
observation that normally insulating bridges can in fact become excellent
conductors (see refs. 3 and 4).

The basic formalism is developed in this chapter. Perturbation expan-
sions are performed to describe the kinetics when the bath coupling is weak
and when it is strong, and an accurate interpolation scheme is presented for
the intermediate region. The relationship of our approach to the effective
two-level models of Joachim (39), of Broo and Larsson (45), and of McConnell
(24) is shown. As an application, our model is applied to three-level systems
containing just one bridge state. The electron transfer is shown to be much
faster when the bridge state is resonant with the donor and acceptor states
than when it is nonresonant. This system is a model system for electron
transfer through bridges. Quantitative features of the modulation of the
donor-to-acceptor current are induced by changes made to bridge properties.
Finally, a study of the bridge-length dependence of the reaction-rate constant
is performed by using McConnell’s model Hamiltonian.

Electron-Transfer Theory

Inorganic systems have played a crucial role in the development of electron-
transfer theory. This role is exemplified in the work of Taube et al. (7-14)
and others (15) on mixed-valence bisruthenium complexes. This chapter
presents a formalism for considering electron-transfer problems. This for-
malism is applied in later papers (16, 17) to study electron transfer in these
systems.

More generally, electron- and energy-transfer phenomena have been
studied extensively (18—47) and reviewed (46-51). Usually, through-bridge
studies (45) implicitly introduce the assumption that the kinetics can be
described by using an effective two-level model in which the total Hamil-
tonian is replaced by an effective donor—acceptor interaction Hamiltonian.
We generated a model for the rate constant that is not based on this as-
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sumption. Our model provides resolutions for ambiguities in earlier theories
and shows how these approaches relate to both each other and fundamental
physics.

Two-Level Systems. We started with the energy-transfer model de-
veloped by Robinson and Frosch (18-20), which describes energy decay in
two-level systems and in networks of such systems. Electron-transfer proc-
esses form a subset of energy-transfer processes and feature the transfer of
an electron (or hole) over some distance, usually large compared to the
spatial extent of the donor and acceptor states. In the more general process,
the electron could transfer between donor and acceptor states within the
same region of space and thus produce negligible dipole moment change.

The language of this chapter is consistent with the more-general phe-
nomenon, and so the terms “donor” and “acceptor” always refer to the
electronic states involved and not to chemical species or fragments. The
donor and acceptor states are not eigenstates of the complete Hamiltonian,
and thus they are not stationary states. Rather, they evolve in time, and it
is this time evolution with which we are concerned.

Dependence on the Bath. Robinson and Frosch described a large
range of phenomena with a theory containing just two variables: the Ham-
iltonian matrix element V, connecting the two levels, and the accep-
tor—solvent coupling N of the final state to a bath. (These variables were
originally (18) named B and a/2, respectively.) By some means (e.g., elec-
trical, thermal, photochemical, or mechanical), energy is placed in the donor
state. As this donor state is not an eigenstate, it evolves in time both co-
herently and reversibly, thus transferring energy to and from the acceptor
state.

The acceptor state, however, is also coupled to a very large number of
additional states, which are collectively known as the bath. Physically, the
bath may be a surrounding fluid, protein or crystal, and it may even include
internal molecular degrees of freedom. Because the bath contains a very
large number of states, it is highly improbable that energy will be transferred
back from the bath to the acceptor. Excess energy is thus lost, preventing
the transfer of energy back from the acceptor to the donor. The final result
is that energy is transferred from the donor to the acceptor, and a small
amount of excess energy is also transferred to the bath. Our approach extends
the model of Robinson and Frosch to include problems in which the donor
and acceptor are coupled through a bridge rather than just coupled directly
(through space).

Acceptor-Solvent Coupling. An essential feature of this theory is
that the electron-transfer rate constant is explicitly dependent upon the
acceptor—solvent coupling . Thus, properties of the solvent are directly
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included. Other solvent properties, such as static shifts of state energies and
force constants, are included indirectly in the use of solvent-dependent
donor-bridge—acceptor potential parameters. If the solvent is a dilute gas,
then the coupling \ is probably related to the mean collision frequency
(“internal” collisions may need to be included here) and can thus become
quite small.

The donor-to-acceptor rate constant cannot exceed /7 (i is the Planck
constant). Thus, in a dilute gas the electron-transfer rate constant will be
small, independent of the nature of the donor and acceptor. In liquids, \ is
usually typical of rotational relaxation times, which, for systems with large
dipole moments, can give values of N\/# as large as 10" s™!. Solids provide
the ability to control \ as, in principle, geometries can be constructed to
favor some relaxation mechanisms but disfavor others. Dramatic effects of
this nature have been observed in the spectroscopy of mixed crystals. If they
could be controlled, then it is possible that a molecular switch could operate
by modulating the relaxation time Ah™' in order to change the donor-to-
acceptor current.

Electron transfer adds an extra degree of complexity to the basic energy-
transfer problem in that two different sets of quantum numbers, electronic
and vibrational, are involved. Much of the current research on electron-
transfer processes reported in the chemical literature is concerned with the
special cases in which the vibrational coordinates need to be treated explic-
itly. Such studies (e.g., refs. 46 and 47 and references therein) involve both
vibrational and electronic coordinates; they are often concerned with de-
pendence of the relaxation time A on the solvent friction. This emphasis is
not necessary, however. In this chapter we restrict ourselves to problems
describable by just the electronic quantum numbers. A more general theory
will be presented elsewhere (52).

General Formalism

Let |¥p) and |,) be wave functions representing the appropriate physical
quantity (here, typically an electron or hole function) representing the donor
and acceptor states, respectively. Let the n wave functions |{;) for all i =
1-n represent similar quantities representing bridge states. All of these
functions are required to be orthogonal. The total Hamiltonian operator H
for the system plus bath is expressed as

H=H, - i)\N’A)(\'»'Al (1)

where H, is the hermitian Hamiltonian operator for the isolated system
modified, if necessary, to account for static effects (such as solvent shifts) of
the bath; \ indicates the rate of irreversible decay of the acceptor state into
the bath states. If the acceptor is isolated from the bridge and donor, and
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if the system has probability P(0) of being in the acceptor state at time 0,
then it will have probability

-P(t) = P(0) exp (%M) @

of being in that state at time ¢. The eigenvalues €, and eigenvectors |x;) of
the total Hamiltonian are obtained by diagonalizing H, which yields

N’t) = 2 Cilej) @)

As H is not hermitian, €; will be complex and the matrix of the eigenvectors
Xj> may be both not unitary and singular. Singularity is a rare phenomenon,
and its effects (or, rather, lack of effects) are discussed elsewhere (53). When
they are linearly independent, this invertible transformation yields

|X;> = 2 Cji-lN’i) )

With the assumption that the system is in the donor state | p,) at time t =
0, then the probability P(t) of being in state i at time ¢ is

. 2
—ig;t

E@=WMWWMHWZ%@ﬂm7; ®)

and the probability P(t) that the excitation has not leaked to the bath is given
by

i i J<k

where

i = pi* = CoCoi* 3 G (Cu™)* @)

are the intensities of the associated Fourier components of P(t), with real
(R) and imaginary (I) components. The initial normalization of the system is
reflected in the condition

1=ﬂm=§m ®)
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Although p; = 0, typically R(p;) = 0 for j # k, and
—— =0 9)

as initially no amplitude is present in the decaying mode. In general, a rather
complicated time dependence is expected for these reactions as order n
exponentially decaying modes contribute, as well as order n2/2 exponentially
decaying sinusoidal modes. If none of the (complex) energy levels are de-
generate or pseudodegenerate, then the coefficients p; will all be near zero
except for one dominant diagonal term. Simple single-exponential decay of
the donor state is thus observed, and it is possible to introduce a single rate
constant to describe the kinetics. The decay becomes more complicated if
either a bridge level approaches the donor level or the complex energy
separation between the donor and acceptor state becomes too small. No
uniquely defined rate constant exists when the time-dependence is so
complicated. Thus, we define a measure of the overall reaction-rate con-
stant k as

k=n! (10)

where 7 is the area under the decay curve P(t), obtained by using a weight
function W, that limits the quantum yield of the donor-state-to-acceptor-
state transfer process to ®.

T = f " WelP() dt 1)

It is possible to define W4, in many ways; the details of this are discussed
elsewhere (53). In this chapter, we mainly restrict ourselves to the simple
case in which the full quantum yield ® = 1 is obtained and W(P(¢t)) = P(t).
The integral in eq 11 is then evaluated to give T = 74 + 7,4, Where

_ o m
T 2,: %) a2)
and

(s P (13)

T,
. @ <k € — Ek*)

represent contributions from diagonal and off-diagonal terms, respectively,
to the probability decay curve P(t). Although 7,4 is always >0, 7.4 is typi-
cally <0.
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For unit quantum yield, these equations can be solved analytically for
two-level systems (i.e., direct through-space coupling between donor and
acceptor, not including any bridge). Let the total Hamiltonian be given by

— HDD HDA

where the first basis vector is |{s) and the second basis vector is |{,). The
through-space coupling H p, is often referred to in the literature as V,, and
we introduce the energy gap n = H,, — Hpp so that the rate constant is
given by (53)

2\Hp,?

hk =
2HDA2 + h2 + 'T]z

(15)

This equation is completely general in the context of this chapter (i.e., when
applied to problems described by just one type of quantum number). Equa-
tions similar to this are also known to be important in electron-transfer
problems in which both vibrational and electronic coordinates must be con-
sidered (54).

As an illustration of the quantities involved, some results for two-level
systems are given in Figures 1 and 2. In Figure 1, the probability of being
in the acceptor state at time ¢, P (t), and the probability of not decaying to
the bath, P(t) from eq 6, are plotted against reduced time for the resonant
problem m = 0. Here, we take a = |Hp,|. Figure 2 is a plot of eq 15 versus
the reduced decay rate A/a. The rate constant exhibits three regimes: the
slow drain regime, in which the rate constant increases in proportion to A;
a maximum regime identified with the maximum rate constant predicted by
Rabi; and a regime in which the rate constant slows with increasing bath
decay rate. This third regime is identified as a microscopic form of Fermi’s
golden rule. The time-response functions given in Figure 1 are sampled
from each of these three regimes. Rabi’s maximum regime is the one that
most closely couples the entrance and exit rates through the acceptor state,
and in fact only a small amount of amplitude builds up on this state.

A general analytical solution of eq 10 is difficult to obtain, and so we
proceed by evoking perturbation theory to determine approximate expres-
sions for %k in the limits of small A and large A. Then we combine these
results and construct by interpolation an expression appropriate for the entire
range of A.

Small-\ Expansion. When \ is small, we express the total Hamil-
tonian H as

H = Hs + AH, AH = _ihlle)("’Al (16)
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Figure 1. Symmetric resonant two-level system: plots of the probability of

being in the acceptor state, P,, and the probability of not decaying to the

bath, P, versus reduced time to/(wh) for various acceptor-to-bath coupling

strengths \. Key: N, no decay, A= 0; S, slow drain regime, A = 0.1 X 2%a;

R, Rabi maximum rate, A = 2%o; and G, golden rule regime, A= 10 X 2%o
(this curve barely exceeds zero).

and determine the unitary eigenvector matrix U’ and the associated diagonal
eigenvalue matrix E’ of the system Hamiltonian H,. Terms containing \ are
treated as perturbations and are exposed by transforming H to produce

H' = (U)HU = E' — AH' @
where

AHfi, = —j\ UAgl UAj, (18)
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Figure 2. Symmetric resonant two-level system: plot of the reduced rate con-

stant hik/a versus the reduced acceptor-to-bath coupling strength N/ o for full

quantum yield (® = 1, o = 0). (Reproduced with permission from-ref. 53.
Copyright 1989 Elsevier Science Publishers.)

is the matrix of perturbations. If
INUL'U,' | << |E/ — E/|Vi,j (19)

then the eigenvalues and eigenvectors of H' are given accurately by a low-
order perturbation expansion in A. From these results (53), the rate constant

f k is approximated by

2\
= — 20
ik n,'n, + 2b \? (20)

where b is related to the effective HOMO-LUMO gap, n,’ is the effective
number of resonant states, and n,’ is an index of the donor-acceptor asym-
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metry. When the full quantum yield is observed, these quantities are given
by

Uw' Upi' UAj, Ua'

b=-4 21
-sz (E], — Ekl)z ( )
n' =n (22)
and
n=L3 (921.)2 23)
n,' j UAj’

is unity if the donor and acceptor states are related by symmetry.

Equation 19 is not sufficient to guarantee that 2bA% << n,'n,’, but for
A sufficiently small, this extra condition also holds, and then eq 20 simplifies
to

ikgp! = —n (24)

n,'n,’'

The asymmetry parameter n,’ is so called because, when the donor and
acceptor are related by symmetry, Uy’ = *U,; and thus n,’ = 1. When
no symmetry relation exists, however, for some eigenstates j, U,;’ will be-
come quite small while Up,’ grows large (i.e., the acceptor will contribute
much less than the donor to some eigenstates). This difference usually gives
rise to quite large values of n,’ and so dramatically reduces the reaction-
rate constant (for small asymmetries, it is possible that n,’ falls slightly below
unity). Thus, reactions between symmetrically equivalent donor and accep-
tor usually proceed much faster than corresponding reactions between dis-
tinctly asymmetric species.

The term n,’ is an indication of the number of states resonant with the
donor state (and includes 1 for the donor state itself). More precisely, it is
the maximum number of resolvable diagonal components of the time-decay
function P(t) (see eq 6). For high quantum yields less than unity (say ® =
0.99), only resonant components would be resolvable in P(t), but as ® —
1, n,’ = n. This relationship is discussed in detail elsewhere (53).

Large-A Expansion. When A\ is large, a different perturbation ex-
pansion is used to approximate the rate constant. The total Hamiltonian H
is written as

H = H, + AH (25)
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where AH; = AH;; = Hd,, foralli <j, and A; = 0, i.e.,

Hpp Hp, -+ Hp, 0
H,, Hy, - H,, 0

Ho = : : : : (26)
HnD Hnl Hnn 0
0 0 -+ 0 Hy —in
and
0 0 A 0 HDA
0 o - 0 HIA
AH = | : P 27
0 0 A 0 HnA

HAD Hy - H,, 0

If E” and U” are the eigenvalues and eigenvectors, respectively, of H,, then
the perturbation is exposed by transforming the total Hamiltonian H:

If

HII _ (UII)fH'U'Ir = E" + AH” (28)

where
AH" = (U")'AHU" (29)
|Ej — Hy + iN| >> |Hy|Vj # A (30)

then the eigenvalues and eigenvectors of H” are obtained by using a per-
turbation expansion in H ;. Back transformation produces the eigenvalues €

i\

€4 = Hyy — il €. = E’ — m (Hy"y (31)
and eigenvectors
Cy = U/ + 2—”‘—2 (Hys,,, -> HAkU,‘,”B,A> (32)
n + N k#A
of H, where
m = Hy — Hpp (33)
H," = Y H,U," (34)

i#A
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and 3, is the delta function. For unit quantum yield, the approximate rate
constant calculated by using eqs 10-13 is given by
_ 2NV OR)p

35
n + A2 (35)

hkcnll

where

_ U, 2%
V,,CR = e 36
* [#EA (HAJ”) ] )

When the donor and acceptor states are related by symmetry, n = 0, and
eq 35 simplifies to

27

hkey” = N

(37)

For problems involving electron transfer, it is often appropriate to consider
the acceptor state not as comprising just one level, but rather as comprising
a continuum of levels with a Franck—-Condon weighted density of states pgc.
Then, under certain conditions (52) (principally when pg is large), one can
integrate over the energy gap 7 in eq 35, giving

fikor! = 27(V 12 Pprc (38)

As described by Robinson and Frosch (18, 19), the A-dependence disappears
because the number of states that contribute to the integral increase in
proportion to A while the individual contributions (eq 37) decrease in pro-
portion to A. Equation 38 is usually referred to as Fermi’s golden rule, and
eq 35 is a microscopic form of this rule.

In summary, when X is larger than all of the matrix elements of H,, the
rate constant is given by an expression analogous to Fermi’s golden rule.
The key feature here is that the rate constant is proportional to the square
of some energy-coupling term. However, the decay into the bath is not
expected to proceed exponentially with time unless the bridge levels are
nonresonant with the donor level. The majority of experiments performed
involving electron or energy transfer have rather small couplings, much
smaller than A\, and thus this limit is most important.

Mid-Range in A. When we combine the perturbation expressions
for both the low-\ and high-A regimes, we see that the rate constant increases
with A when X is small, but decreases with A when \ is large. Thus, the rate
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constant must attain some maximum value at some optimal A\. Many years
ago, Rabi postulated that such a maximum existed, and he advanced some
simple formulae for this maximum rate constant in two-level systems. We
used two separate approaches to determining the properties of this maximum
in bridge systems. First, we extrapolated the low-\ formula, eq 20. Second,
we constructed an interpolation function that bridges the low-A and high-A
results, eqs 24 and 35.

The condition in eq 19 may apply even when X is of the order of Ag,
the value of the acceptor-to-bath coupling that maximizes the rate constant
k. Then eq 20 is a good approximation to the rate constant in the maximum
(Rabi) regime. From eq 20, this maximum is

hky' = 2n,'n,'b)™” (39)
and occurs when
1\ V2
n,'n
ro [P 40

Because My’ is reasonably large, one questions the accuracy of eq 19 at this
value of \. When compared to kg, the exact maximum obtained from eq 15
for two-level systems, eq 39 overestimates the rate constant maximum by a
factor of 2%. This discrepancy has minimal effect on through-bridge calcu-
lations if it is removed by an empirical renormalization (53), giving:

hknl = 2_1/2V12 ® (4 1)
where
‘_IIZ(R) = (2 na, nr’b) G (42)

The rescaled value of Ay’ is then given by

1, 1\ e
A = n/n kg = (ﬁi’n—') (43)

It is possible to construct analytical functions of A that interpolate the rate
constant k between the large-\ and small-\ limits described previously. If
such an interpolating function provides a good approximation to k for all A,
the problem of taking a perturbation expression beyond its bounds would
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be avoided, and the function would give a good approximation of the Rabi
maximum rate constant. A very useful interpolating function is obtained
simply by adding the appropriate low-A and high-A parts of the decay area
7. We define such a function as

n,'n’ A
2N (VR

(44)

T =

where n,' and n,’ are defined from the small-A limit by eqs 22 and 23,

respectively, and V ,M is defined from the golden rule limit by eq 36. This

function leads to a definition of an approximate rate constant k,
N5

hki = (Vlz(cm)zna’nr' + h2 (45)

which does in fact have the correct limits as A = 0 and as A — . The
maximum in this function (at full quantum yield) is

Bk = (n,'n,') "1V, (46)

and occurs at A\ = A, where

xil’( = (nalnri)Vz‘_/lz(GR) (47)
so that
Agp = na’nr'hkil\ (48)
and
hkm)\m = (-‘-’--12«21”)2 (49)

When eq 46 is applied to two-level systems, eq 15 is obtained (even for
arbitrary m) so that this formula in fact gives exact results. Empirically, it is
observed that eq 46 is always exact to within numerical precision when full
quantum yield is obtained. Thus, the entire A dependence of the rate con-
stant may be expressed explicitly. All of the other quantities in eq 46 can
be obtained from a knowledge of just the isolated system Hamiltonian,
providing a considerable philosophical and computational advance. This gen-
eral result is interesting, but no formal proof of this equivalence is yet known.

From a practical standpoint, the method of extrapolation is simpler to
implement than the interpolation method because eq 46 contains parameters
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derived from two different perturbation expansions using two different ref-
erence Hamiltonians, eqs 16 and 26. The advantage of using k; is, however,
that it is more accurate. For almost all problems of practical importance,
kg’ is sufficiently accurate, and thus this extra accuracy is immaterial. If
accuracy forces one to use k;, then, in certain important limits, the eigen-
states of one of the two Hamiltonians can be expressed in terms of the
eigenstates of the other, thus greatly simplifying the theory.

Relation to the Work of Joachim

The Rabi maximum regime is very useful in that it reveals the maximum
rate constant, irrespective of the nature of the environment. Its analogous
regime for problems in which both electronic and vibrational coordinates
must be considered is treated successfully by Beats’s generalized method
(29). In a well-designed system, the “on” state of some molecular switch will
have a transfer rate close to this maximum rate, and so this regime is im-
portant to the design of molecular electronic devices.

Joachim (39) developed a theory for this regime in bridged systems that
has provided much insight into the causes of distance-independent transfer
processes. His theory is inspired, but ad hoc, in that no physical basis exists
for the implicit postulates. As a result, nonphysical effects such as discon-
tinuities in the maximum rate constant as a function of the Hamiltonian are
introduced. This chapter demonstrates that, under certain conditions, our
general formula for the Rabi rate constant reduces to a form very similar to
the equations of Joachim, but containing none of the nonphysical effects.

We worked from the extrapolated formula, eq 39, and assumed that no
bridge states are resonant with either the donor or acceptor states. (Joachim’s
theory is intended to treat resonant situations.) Now only one off-diagonal
p-matrix element (see eq 7) remains significant, and this contributes

1
— (50)
(ED — E4 )2
to b (see eq 21), where D and A are the indices of the eigenstates whose
character is dominated by the donor and acceptor basis states, respectively.
The effective coupling element for the Rabi rate, V ,,® (see eq 42), simplifies
in this nonresonant limit to

IED' — EA"

V., OB —
¢ @n,'n.')"

(51)

If we consider only problems in which the donor and acceptor are related
by symmetry, then n,’ = 1. Also, in these circumstances, it is shown else-
where (53) that when the quantum yield is high but <1 (say 0.99), then the
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number of resonant modes n,’ — 2. Equation 39 thus simplifies to

hksnn' = 2_1/2‘_’12 (SNR) (52)

where

- 1
V12(SNR) = é’ lED' - EA"

Joachim (39) proposed two expressions for the Rabi rate constant and called
them the “H 4" method and the “Exact” method. The exact method involved
the solution of the time-dependent Schrodinger equation for the system
Hamiltonian H,, and the H 4 method is derived as an approximation to the
exact method. Rather, we demonstrate that his H.g method is closer to
physical reality and that his exact method usually provides only a rough
numerical approximation to it. Joachim applied his methods to systems de-
scribed by matrices of the form suggested by McConnell (24)

0BpO:000
Beai:i00O0
Oaeg: 000
H, = HE I (53)
000 :eado
000:ae}p
000:0pBO0

where Hp, = 0, Hpp = H,,, Hgy = Hy + €, Hp, = H,, = B, and
H;;,; = afor all i and i+1 on the bridge.

The exact method is based on a simple extension of Rabi’s original
concept. Rabi’s idea, appropriate for two-level systems, is that the maximum
possible rate is the inverse of the time. In the no-reaction case, where
amplitude just pendulates from donor to acceptor and back again, it takes
the original amplitude in the donor to first reach the acceptor. This process
is illustrated in Figure 3 where, for a two-level system, the probability of
being in the acceptor state P, is plotted against reduced time tV ,,/(wh).

It is easy to show that the pendulation frequency is ® = 2V ,,/#, so the
time of the first donor-to-acceptor transition is /w, and the rate constant
is kg = 2wV ,. Joachim’s extension (39) of this idea to bridged systems
is to define the rate constant from the reciprocal of the time at which the
first donor-to-acceptor transition is a maximum; this maximum is determined
numerically by solving the time-dependent Schrédinger equation. An ex-
ample is given in Figure 3, where, for the situation in which n = 8, ¢, =
1, @ = 0.8, and B = 0.08, the time-response function is plotted and Joachim’s
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maximum is indicated by an arrow. For Rabi’s two-level system, the time-
response function is sinusoidal, but for Joachim’s bridged systems, the time-
response function contains additional contributions from the many high-
frequency Fourier components. Thus, the actual time at which the maximum
occurs is very sensitive to the phasing of these high-frequency components.
The center of the band of the first recurrence is a good indication of the
rate constant; the actual maximum itself is this quantity plus a noise term.

Joachim’s H .z method (39) is designed to determine the center of the
band of the first transition. It is thus a much better measure of the reaction
rate than is his exact method, and it gives the rate constant as

2 —

hk] = -1'-|' Vlz(SNR) (54)

This equation is very similar to our nonresonance equation, eq 52. The
difference between the prefactors is only minor. That such a difference
should exist is expected, as the prefactor in Rabi’s original equation was not
obtained from fundamental theory, but was just an estimate. More impor-
tant, eq 52 is valid only in the nonresonance limit, whereas Joachim intends
that eq 54 be applied universally.

An ambiguity arises in Joachim’s equation at resonance, because it is no
longer clear which two eigenstates j,k should be chosen to represent the
donor and acceptor basis states. He resolved this ambiguity by selecting the
D and A eigenstates as the states with the particular j and k that maximize
the product |Uy'Up'U,/Uy’|. In the light of the derivation presented
here, this step is tantamount to including only the largest off-diagonal con-
tribution to 7 (see the definition of b, eq 21). His definition works well off-
resonance, but fails at resonance, as then the product will be equally as large
for at least two different sets of j and k.

As a resonance is crossed, the identity of the “D” and “A” eigenstates
changes so that eq 54 is, in general, discontinuous. Joachim himself may not
have been aware of this problem. In his original paper (39) he used only a
coarse abscissa grid for his plots and drew lines through the discontinuities.
Figure 4 from ref 39 is redrawn in our Figure 4 on a much finer grid to
highlight the discontinuities; for this figure, n = 8 and B/a = 0.1. The
open circles in Figure 4 are the (continuous) results k; obtained by numerical
solution of eq 10 (employing a quantum yield of about 0.99; see ref. 53). The
analytical approximation eq 46 provides results that are very similar to kg
itself. To highlight the effects, this figure is redrawn in Figure 5, along with
a plot of the real part of the eigenvalues of our complex matrix H, eq 1.
When ¢, = 0, the eight bridge eigenstates are symmetrically distributed
about the two donor levels. Increasing e, breaks this symmetry and, in turn,
forces each of the four low-lying bridge eigenstates to become resonant with
the donor and acceptor levels. These resonances give rise to strong inter-
actions, faster rate constants, and discontinuities in k;.

In Electron Transfer in Biology and the Solid State; Johnson, M., € a.;
Advances in Chemistry; American Chemical Society: Washington, DC, 1989.



Publication Date: May 5, 1989 | doi: 10.1021/ba-1990-0226.ch002

2. REIMERs & HusH Bridged Systems 45

For the problem chosen by Joachim, the effect of the discontinuity is
quite small, but its effect is highly system-dependent. It is possible that k;
itself remains continuous and only its first derivative is discontinuous (53),
but in other circumstances, it is possible to see a 10-fold change in the value
of k; as the discontinuity is crossed.

Although Joachim’s H . expression is clearly quite useful away from
resonance, it was designed specifically to handle resonant problems. Joachim
used this expression to study bridge-length dependences. We show later
that, although Joachim’s approach usually produces good results, it also
produces undesirable unphysical effects (unlikely to correspond to reality).
As it is no more difficult to evaluate eq 46 than it is to implement Joachim’s
algorithm, its use is preferred to the more approximate equation. Indeed,
solution of the fundamental equation, eq 10, is possible for quite large bridge
sizes. Joachim’s H g expression is an effective two-level model. It assumes
that the rate constant for a bridged system can be expressed in the same
functional form as the rate constant for a two-level system. This, however,
is only the case when no bridge levels are nonresonant. In general, effective
two-level models are inappropriate for bridged systems.

Relation to the Work of Broo and Larsson

Larsson (43—45) introduced an effective two-level model to estimate the
effective donor-to-acceptor coupling for situations in which the bridge is
nonresonant. Our formalism gives results very similar to those of the recent
work of Broo and Larsson (45) in the nonresonance limit.

Golden Rule. First, we investigated the golden rule regime and sim-
plified the general expressions for the rate constant eq 10 in the limit that
both the bridge levels are not resonant with either the donor or acceptor
levels, and that \ is large. Here, “large” takes on a different meaning from
that of eq 30, as the introduction of the nonresonance condition allows the
perturbation expansion to be performed for much smaller values of \ than
was previously possible. First, the total Hamiltonian H is written as

H=H, + AH (55)
where AH; = AH; = Hd,, + AHd,, for all i <j, and AH; = 0; that is,

HDD o -~ 0 0
0 H, - H, 0
Hy=| : : : : (56)
0 H, - H, 0
0 0 -+ 0 Hy — i
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and

0 Hp, - Hp, Hp,
Hp 0 - 0 Hyp,

AH = (57)

HnD 0 s 0 H,,A
H,p Hyy =+ Hy, 0

If E” and U" are the eigenvalues and vectors, respectively, of Hy, then the
perturbation is exposed by transforming the total Hamiltonian H:

H’” - (U"I)THU"I + AH"’ (58)
where
AH” = (U")'AHU" (59)

If the nonresonance condition

|E/" = Hu| >> |Hyl (60a)
and
lEJ‘m - HDDl >> IHDjl Vj#AD (60b)
where
Hy" = 3 HuU{" and Hp" = 3 HuUy" (61)

holds and the weak condition on A

m m

Im + iN[>> |Hpy + D, -;2’—_1.%7 (62)
j#A,D “1DD ]
also holds, then the eigenvalues and eigenvectors of H” are obtained by
using a perturbation expansion of up to fourth order in H,"”, H,", and H p,.
Back transformation produces the eigenvalues € and eigenvectors of H.
Fourth-order perturbation terms are included, as the direct coupling H p,
is often very small in bridged systems. This perturbation makes the fourth-
order through-bridge coupling

H IIIH ."I
. ®
j#*A,D *4DD ‘j

of paramount importance.
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The large-A condition, eq 62, ensures that higher terms in the pertur-
bation expansion are small. It is a much weaker condition than that used
previously in eq 30, as the direct-coupling and through-bridge terms are
often many orders of magnitude smaller than a typical matrix element H ;.
Thus, eq 62 may be valid for much smaller \ than eq 30 is valid for.

Evaluation of the rate constant from eq 10-13 is straightforward and is
described elsewhere (53). Basically, a single eigenvalue is dominated by the
donor state so that the rate-constant decay is dominated by just one of its
diagonal Fourier components. Thus, the decay is single exponential, and it
obeys the rate law for two-level systems in the golden rule regime, eq 15.
B 2)\(‘_712(NGR))2

hk m
CR M2+ A2

(64)

The effective two-state coupling is defined in the nonresonant golden rule
limit as

- H IIIH .III
Vlz(NGR) - HDA + z Dj 114 .
j*AD HDD - Ej

(65)

and the effective energy gap is

_ ( HA .m)z ( HD .m)z )
= Hyy — Hpp + il T 66
n aA DD ; <HM —E"  Hpp - E (66)

For the important case in which the donor and acceptor are related by
symmetry, | = 0; eq 64 simplifies to the familiar golden rule form

275"y

hch’” = A

67)
Broo and Larsson (43—45) derived a quantity similar to V ,%® which we
call V ,®, by constructing a two-level Hamiltonian H (E). This Hamiltonian’s
eigenvalues equal the approximate eigenvalues of the donor state and the
acceptor state of the system Hamiltonian H,, which was obtained by using
low-order perturbation theory. Their approach is very similar to ours, except
that we applied perturbation theory to evaluate the rate constant. In contrast,
they first introduced an effective two-state model and then applied the
perturbation theory. This approach gives

m

H .Illz H H .III
HDD+2—_(D])HDA+2- A

H(E) j*A.D E - Ej"’ j*A,D E - Ejm 68
== HDA + z HDijAjI” HAA + 2 (HA'm)z ( )
o E _ Ejm oy E - Ejm

after one cycle of Léwdin partitioning (55, 56).
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Unfortunately, the parameter E in this equation is ill-defined, and this
construction yields a unique result only for the very important case when
Hpp, = H,,. In general, Broo and Larsson (45) expressed this parameter in
an ad hoc fashion as the average E = (Hpp + H,,)/2. Other attempts (57)
to resolve this ambiguity generate models with other adverse properties
such as nonhermitian system-only Hamiltonians H,. Typically, E is much
larger than the energy difference H ,,~H pp, and so the precise definition of
E is not of great practical significance. Our approach provides a unique
resolution of this ambiguity, but eq 64 also contains an adverse physical
property. The microscopic forward and reverse rate constants calculated by
using eq 64 are different because of the unique role given to H,, in eq 65.
Broo and Larsson’s (45) resolution of the ambiguity in E does, correctly,
show microscopic reversibility. In our results, the asymmetry results from
the very different physical roles ascribed to the donor and acceptor states.
If necessary, an improved rate constant could be defined as the reciprocal
of half of the time required to complete microscopically both the forward
and reverse reactions, k = 2kgkg/(ky + kg).

Rabi Maximum. Next, we investigated the Rabi maximum regime.
In Larsson’s approach (43—45), one effective coupling element is generated
and used in a two-level kinetics theory to determine the reaction-rate con-
stant. We proceeded by expanding our general formula for the Rabi rate
constant, eq 52, in the limit of a nonresonant bridge. For problems in which
the donor and acceptor states are related by symmetry, our approach and
the approach of Broo and Larsson (45) give the same results. When 7 is
large, application of fourth-order perturbation theory yields

Ho"H." 2
Ep' = Hpp — 7! (Hm + > —M) (69)
j*A,D Hpp — Ej
and
H IIH .ll 2
E,/) = Hy — 7! (HDA + z '_DL—AL,,) (70)
j*A.D Hy — Ej

where E’, H,", and H," are given in eqs 58 and 61. These equations
preserve microscopic reversibility, and they cannot be written in the form
given by an effective two-level theory. However, as E is much larger than
its uncertainty, very similar results are expected from the two approaches.

In practical computational terms, no great difference exists between the
method of Broo and Larsson (43—45) and the methods presented here. Both
sets of expressions appear expensive to evaluate for large bridges, as they
require the knowledge of all of the eigenvalues and eigenvectors of the system
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Hamiltonian. However, the equations can be rewritten (53) in a form that
can be solved iteratively without requiring any eigenvalues to be found or
even the entire matrix to be simultaneously held in core memory. This
approach makes practical calculations involving many thousands of bridge
states.

The concepts underlying Larsson’s approach have been around for a
long time and have proved very successful in interpreting nonresonant elec-
tron-transfer processes. Broo and Larsson (45) cemented these ideas into a
strong simple unit. From the foregoing discussion, it is reasonable to con-
clude that our approach reduces to Broo and Larsson’s in the nonresonant
limit, as it should.

Relation to the Work of McConnell

Many years ago, McConnell (24) presented a very useful formula for inter-
preting spin transfer processes in situations where the bridge levels are
nonresonant with the donor and acceptor levels. In a well-designed system,
the “off” state of some molecular electronics device will most likely display
kinetics in this regime (5, 6); thus, it is important to understand the properties
of this regime.

Today, chemical physics interest is often directed toward problems in
which resonance occurs, and for these problems McConnell’s approach is
inapplicable. Authors often compare the results of their advanced theories
for resonant rate constants to the results of McConnell’s theory without
discussion. From reading, one is left with the feeling that McConnell’s
formula should be discarded and only the new formula retained. In ref. 39,
a factor of 2 has adventitiously entered into McConnell’s formula, and so
Joachim failed to notice that his formula does in fact give the correct non-
resonance results. In this chapter, we reinterpret McConnell’s work in the
light of modern discussion and show how his simple analytical results can
be included at the appropriate limit of more-general theories.

The usefulness of McConnell’s formula stems from the practical diffi-
culties in evaluating equations like eqs 51, 65, and 69 for large bridges. An
efficient iterative method for evaluating these equations is described else-
where (53). McConnell’s formula provides an analytical solution for the rate
constant of systems described by n + 2 dimensional Hamiltonian matrices
of the form of eq 53. This model Hamiltonian is excellent for studying
through-bridge kinetics. McConnell (24) showed that, for such systems,

D
a a €y

This formula is extremely useful, as it directly relates matrix elements to
rate constants. Clearly, it is appropriate only in the nonresonant bridge limit,
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and methods such as those of Joachim (39) and of Broo and Larsson (45)
reduce to McConnell’s formula in this limit.

Model of Resonant Bridge Coupling

Equation 46 is observed numerically to provide exact results for the rate
constant when full quantum yield is obtained. It is much simpler than the
general expression, and it may be applied to obtain analytical expressions
for the rate constant of complicated systems. In designing a molecular elec-
tronics device to have particular desired properties, one has a great advantage
if an analytical expression is available for the current (rate constant) as a
function of the molecular parameters. We adopted a three-level system as
the basic model for electron transfer through a resonant bridge. The method
applied here may be applied to generate analytical models for more com-
plicated systems, if desired. We neglected the effects of through-space cou-
pling, and wrote the three-level Hamiltonian as

Hpp Hpg 0
H = | Hpg Hpg Hg, (72)
0 HBA HAA - 1A

For simplicity, we eliminated the zero of energy by introducing the variables
eo = Hys — Hppand m = H 4, — Hpp. This step leaves five independent
variables. _

To evaluate eq 46, we first obtained V ,/“® by using eq 36. This cal-
culation gives

= HpgH
V., GR — DB BA 73
1 (211032 + 602)]/2 ( )

The effective coupling matrix element decreases as the bridge energy is
raised or lowered, and the coupling strength is independent of the acceptor
energy. This independence is a general property of eq 36. Next, we evaluated
n,'n,’ by using eq 23. This step gives

_ 2Hpg* + Hp,* + m’(2Hp,® + &) + 2ne(Hps® — Ha,?)
Hps’Hps®

(74)

n,'n,

Finally, the rate constant for all through-bridge-coupled three-level systems
at full quantum yield is given by eq 46 as

2NHpg*Hp,?

hk =
2Hpg* + Hpg,* + 2mefHps® — Hps®) + (QHps® + ed)(m* + \9)

(75)
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For symmetric systems where @« = Hpz = Hg, and n = 0, the rate constant
becomes

2\at

Bk = 3ot + (202 + ep)\?

(76)

The rate constant is a maximum when e, = 0 (i.e., when there is a complete
resonance between the bridge level and the donor and acceptor levels). At
this maximum, the value of the rate constant is

AN

k= 3ot + on

(77)

This result is very similar to the rate law for symmetric two-level systems,
if we associate the coupling H , in eq 15 with H 3 and Hy, in eq 72. Thus,
adding the resonant bridging state decreases the Rabi rate constant by only
a small amount, from 2”2 H,,, to 277 H ;. However, it may have added a
significant spatial distance between the regions in which the donor and
acceptor states are localized, and thus it is resonant coupling that gives rise
to small distance dependences of electron-transfer rate constants.

It is possible to find the equation of the line upon which the rate constant
is simultaneously a maximum with respect to m, €y, N, and H ;. This line
is near

Hppg A )
=¢ =0, ZZDB} _ 2-1/4, = Q' (78)
n ° H BA |H BA|
and gives the rate constant as approximately
h 5
T = 2lHul @

Thus, the fastest rates occur when the donor and acceptor states are iso-
energetic with the bridge state, and the donor-to-bridge coupling is slightly
less than the bridge-to-acceptor coupling. This result is not physically correct
as, because of the privileged role of Hy,, a different microscopic rate constant
is evaluated for the forward reaction and for the reverse reaction. It appears
only when the coupling is asymmetric, and the difference between the
calculated rate constants is usually only small. Calculations of bridge mod-
ulation of the electron-transfer rates should not be significantly affected.

Bridge-Length Dependence

The model Hamiltonian eq 53 introduced by McConnell (24) is very useful
for studying the bridge-length dependence of electron-transfer reaction
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rates. Joachim (39) used this Hamiltonian to good advantage and demon-
strated that the available parameter space allowed regions in which the rate
constant oscillated as the bridge length increased. Because of the importance
of this result and the small problems found with the method, we repeated
Joachim’s calculations by using the Rabi rate kj obtained by numerically
maximizing eq 10 with respect to bath interaction \, using a high quantum
yield of about ® = 0.99. The results from our analytical expression eq 49
usually differ insignificantly from these numerical results.

Figure 6 corresponds to Figure 3 in ref. 39. In our version, Joachim’s
rate constant k; and kj, are plotted on a log scale as a function of the bridge
length n for the situations in which the Hamiltonian parameters B/a = 10,
1, or 0.1 while e;/a = 0, 0.5, 2, or 10. In general, there is excellent
agreement between the two sets of rate constants kg and k;. Minor differ-
ences occur for the situation in which B/a = 1, ep/a = 0.5 where k;/a
oscillates while kz/a decreases monotonically; and for the situation in which
B/a = 10, ef/a = 0.5 where k;/a initially increases before decreasing,
while kz/o decreases monotonically.

Joachim (39) appears to have plotted his figure too coarsely to observe
this nonmonotonic behavior in his rate constant. The behavior arises because
the nature of the two eigenstates selected by Joachim’s algorithm to represent
the donor and acceptor states changes as n increases. The only major dif-
ference occurs for the situation in which B/a = 10, e/a = 0 where k;/a
increases monotonically toward a limiting value while kz/a decreases mon-
otonically. Joachim did not investigate this region of the function space and
so failed to observe this effect. The effect arises because Joachim’s algorithm
locks onto one pair of eigenstates, which happen to be the lowest and high-
est eigenstates. Their energy separation is ~|2B|, independent of bridge
length. A large number of eigenstates contribute about equally to the rate
constant, k. As n increases, this magnitude dilutes the effect of the largest
contribution and so reduces the rate constant.

Figure 7 corresponds to Figure 5 in ref. 39. Unfortunately, Joachim did
not give sufficient information for his original figure to be reproduced, so
the correspondence is only indirect. We evaluated the rate constant at n =
1 to 5 and extracted the bridge-length dependence parameter <y by fitting
the data to

k(n) = kx(0) exp(~yn) (80)

The results are plotted in Figure 7 as contour lines for which y = 0.1, 0.2,
0.5, and 1.0 as functions of the reduced Hamiltonian parameters |B/a| and
|eo/a|. Unfortunately, extracting the decay constants is not always a well-
defined procedure. Figure 6 shows that the rate constant may oscillate as a
function of n and, even if it decays monotonically, the decay is not always
exponential. We thus plot on Figure 7 the regions (labeled “A”) in which
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nonmonotonic decay is observed; the regions (hatched and labeled “B”) in
which monotonic but nonexponential decay is observed; the regions (labeled
“C”) in which exponential decay is observed; and the regions (hatched and
labeled “D”) in which a monotonic increase in decay rate is observed.

As a criterion for exponential decay, we selected as exponential decays
those in which the error in the slope is less than 5% to within the 90% t-
test confidence level. The scales in Figure 7 are linear in the arc tangent of
the variable. This approach contracts the range 0 —  to a finite length and
emphasizes the central region in which the variables are both near 1.

The plot for kg shows that the oscillatory region A is that for which

B

a

€9

< 0.5, <2 (81)

Here, the rate constant decays only very slowly with bridge length, and it
is conceivable to build a highly conducting bridge by exploiting this region.
Extending beyond it is the nonexponential decay region B, which contains
the decay contours with y = 0.1 and 0.2. Clearly, these exponents cannot
be interpreted literally, but they do give a qualitative feel to the decay over
the region n = 1-5. The nonexponential region extends up to about

Bl e
a

€

<45 (82)

The exponentially decaying region C extends to infinity beyond region B,
and includes both McConnell’s region with large |e,/a| and the region of
large |B/a|.

Qualitatively, these results suggest that if a value of y < 0.5 is ever
deduced, one should check for nonexponential behavior. Further, if a value
of y < 0.2 is deduced, one should check for oscillatory behavior. No mon-
otonic increasing regions exist for k.

The plot for k; looks rather similar to the plot for k; in the nonresonance
region with large |eo/a|. Analysis is hampered when |e,/a| < 1 because
the discontinuities in Joachim’s expression cause nonmonotonic behavior to
be observed in areas that are not intrinsically oscillatory (see Figure 6 with
B/a = 10, e;,/a = 0.5 as an example). Further, the monotonically increasing
region D is unphysical and all four contours of y end discontinuously in this
region. Therefore, although Joachim’s theory is insightful and generally quite
accurate, it is not always applicable. The rate constant k; and its accurate
analytical approximates are thus preferred to k;.

The effect of a bridge state is small when the bridge state is resonant
with the donor and acceptor states. This principle can be applied to explain
the results for k seen in Figure 7. First, we transformed the Hamiltonian
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matrix into a form in which the bridge states do not interact with themselves.
We wrote

0OBpoO--000
Beaoa: 000
Ooaeg: 000
H = P HE (83)
000 --¢al O
000 - ae P
000 --0BiN

diagonalized the diagonal blocks, and used these eigenvectors to transform
H and produce

€, 0 Hl’al cee Hl,", 0 0
0 €_ H2’3, A Hz’", 0 0
Hl.S, H2,3' Hn+l,3, Hn+2,3,
H = : : E, : : (84)
Hl,n' H2.n' Hn+l,n, Hn+2,n,
0 0 Huuys' o Hupprn € 0
0 0 H,upps' - Hn+2,n' 0 €,
where
-+ 2 2 %
. =22 (a® + 4B%v (85)

- 2

are the eigenvalues of the 2 X 2 blocks, and E ; is the n X n diagonal matrix
of the eigenvalues of the Hiickel Hamiltonian. This Hamiltonian appears in
many band theories, and its eigenvalues cover quite evenly the range e, —
20 to ey + 2. Complex couplings such as H,; contain the couplings of the
donor and acceptor levels to the bridge eigenstates, and we chose not to
express them explicitly.

Qualitatively, resonances of the donor and acceptor states with the
bridge states are avoided if € .. fall outside the band given by E ;. When this
condition is not met, then oscillations in kg(n) are possible. Increasing the
bridge length n can tune different bridge levels onto the donor and acceptor
levels in much the same fashion as e, tuned resonances in Figure 5. If,
however, the coupling matrix elements H,;' and H;," associated with the
tuned resonance are much smaller than other coupling matrix elements,
then the effect of the tuning may be insufficient to induce oscillations in kg,
but it will produce nonexponential decay. Thus, we see that the distinct
regions A (oscillatory), B (nonexponential), and C (exponential) should exist
in Figure 7.
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The donor (or acceptor) state may be represented by just one of the two
eigenstates €. or it may be evenly partitioned into both of the eigenstates.
If

€z — Bz >>0 (86)

then it can be represented by just one eigenstate. Thus, in order to avoid
resonances, only one of the eigenvalues must lie outside of the bridge band.
This situation occurs when

B + 2|aegy| — 4a2>>0 @87)

When both eigenstates contain significant donor (or acceptor) character, then
the second eigenvalue also must not fall within the bridge band, and this
condition requires that

B2 — 2|aey| — 4a2>>0 (88)

The loci of the three curves for which these functions actually equal 0 are
plotted in Figure 8. Complicated bridge-length dependences are expected
in the hatched region of this figure, as well as in the nearby surrounding
areas. Also plotted in Figure 8 are the regional boundaries from Figure 7.
The oscillatory—monotonic boundary lies completely within the hatched re-
gion, but the monotonic—exponential boundary mostly lies slightly outside
of it.

That the hatched region underestimates the extent of the nonexponential
effects is expected, as this region is obtained by replacing the >> operators
in eq 86-88 with > operators. In one small area, the observed mono-
tonic—exponential boundary actually lies inside the unstable hatched area.
To some extent this location is brought about because the effects of conditions
86 and 88 constructively interfere in the region where both conditions almost
hold, and so the effect of the resonances is weakened.

A more significant effect, however, is that the observed boundaries are
evaluated by using only a finite range of n from 1 to 5. In this region, the
decay curves typically display a small amount of curvature, which becomes
more obvious as larger ranges of n are considered. The same problem arises
in experimental bridge-length dependence studies, and any observed result
is limited by the accuracy and extent of the available data.

Conclusions

The formalism that was introduced allows the rate of energy-transfer (in
particular, electron-transfer) processes to be interpreted in terms of the
coupling present both within the system of interest and between the system
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Figure 8. Plot of the regwn in which nonexponential bridge-length dependence

is expected: Curve a is e* — B* = 0; curve b is B> + 2|aeo| —
curve c is B? - 2| aeo| -

4a2 = 0; and
4a2 = 0. The dotted lines are the nonmonatonic-to-

monatonic boundary and the monotonic-to-exponential boundary for ks, as

shown in Figure 7.

and its surrounding bath. This interpretation is particularly relevant to prob-
lems in molecular electronics as the model describes the modulation of the
donor-to-acceptor current by properties of the connecting bridge. Interac-
tions between the molecular system and the surrounding bath are shown to
be very important in determining the current, and the current is shown to
increase with bath coupling when the coupling is low, to reach some max-
imum (the Rabi regime), and to decrease with coupling when the coupling
is high (the microscopic golden rule regime).

Considerable enhancement of the electron-transfer rate is shown to
occur when the bridge levels are degenerate with the donor and acceptor
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levels. For three-level systems, the reaction rate is shown to decrease in
proportion to e,~%, where e, is the donor-to-bridge energy gap. The donor-
to-acceptor current is most sensitive to this bridge parameter. For systems
containing n bridge levels that are described by McConnell’s Hamiltonian,
to a good approximation the decay of the reaction rate constant with bridge
length is shown to be exponential if

B2 + 2|aey| — 4a2>>0 (89)
and monotonic but nonexponential if

B2 + 2|aey| — 402 =0 (90)
and nonmonotonic (possibly oscillatory) if

B2 + 2|ae,| — 402 << 0 (91)

These regions correspond somewhat to the regions in which the bridge-
length dependence decay constant y is >>0.2, ~0.2, and <<0.2, respec-
tively.

Exponential time-decay of the donor to acceptor states is shown only to
occur when the donor state is nonresonant with both the bridge states and
the acceptor state. This situation occurs when either the real or imaginary
component of the energy gap is large. (A large imaginary component actually
implies a large uncertainty in the real component of the energy gap, and
averaging over the implied distribution results in a large average effective
real component). Fast reaction rates rely upon the presence of resonances,
and so they are expected to proceed nonexponentially with time. The number
of Fourier components of the time decay increases with the square of the
number of states resonant with the donor state.

Effective two-state models are shown to be appropriate only in the
nonresonant bridge limit. Usually, these models are applied when the bridge
is resonant as well. In such a case, these models are shown to be quite
reliable except for ambiguities that arise, which are resolved by ad hoc
assumptions, and lead to nonphysical effects. A solid foundation is built for
methods such as that of Broo and Larsson (45), the insightful studies of
Joachim are verified and extended, and the significance of McConnell’s
formula to current research is stressed.
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Some Aspects of Electron Transfer
in Biological Systems

Norman Sutin and Bruce S. Brunschwig

Department of Chemistry, Brookhaven National Laboratory, Upton, NY 11973

Electron transfer occurs over relatively long distances in a variety
of systems. In interpreting the measured electron-transfer rates, it
is usually assumed that the rate constants depend exponentially on
the distance separating the two redox sites and that this distance
dependence arises from the decrease in the electronic coupling of the
redox sites with increasing separation. Although the electronic cou-
pling is an important factor determining the distance dependence of
the rate, theoretical considerations show that the nuclear factors are
also important. Another factor, of particular importance in biological
systems, is the accessibility of different protein conformations. Such
conformational changes afford a mechanism for controlling electron-
transfer rates and can lead to directional electron transfer under
suitable conditions. The effects of conformational changes can be
particularly marked, and even unexpected, in the inverted free-en-
ergy region.

F ACTORS DETERMINING ELECTRON-TRANSFER RATES in biological systems
are currently of considerable interest (I-5). Recent studies have focused on
two aspects—the distance dependence of the rates and the role of protein
conformational changes. Both are discussed in this chapter.

A number of experimental approaches are being used to obtain electron-
transfer rates as a function of the distance separating the redox sites. One
approach involves the measurement of intramolecular electron-transfer rates
in synthetic systems in which the two redox sites are separated by a rigid
bridging group or spacer of varying length (6-11). Another approach involves
the modification of naturally occurring systems. Typically, one of the metal

0065-2393/90/0226—-0065%$07.00/0
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centers in a multisite metalloprotein is replaced by a different metal center
(e.g., one of the iron atoms in hemoglobin is replaced by a zinc atom), which
is then photoexcited to initiate electron transfer (12, 13). Alternatively, a
redox center or cofactor may be covalently or electrostatically attached to a
specific region of a single-site metalloprotein; the latter may be the native
protein (e.g., cytochrome ¢ or myoglobin) or a derivative (e.g., zinc-substi-
tuted cytochrome c) (14-23).

In interpreting the experimental data, it is frequently assumed that the
distance dependence of the observed rate arises solely from the decrease in
the electronic coupling of the redox sites with increasing separation. Al-
though the decrease in electronic coupling is an important consideration,
other distance-dependent factors also need to be considered (24, 25). One
aim of this chapter is to draw attention to the importance of (nuclear) re-
organization energy in determining distance dependence.

Another aspect considered in this chapter is the role of protein confor-
mational changes. Such conformational changes may precede or follow the
actual electron transfer and can lead to directional electron transfer in suit-
able systems. Directional electron transfer has recently been invoked to
rationalize an “anomalous” rate of intramolecular electron transfer between
the iron and ruthenium centers in a modified cytochrome ¢ (17). The oxi-
dation of the Fe(II) heme by Ru™(NH ) (isn) (isn is isonicotinamide) attached
to the histidine-33 residue of cytochrome c is much slower (17) than the
reduction of the Fe(III) heme by a histidine-bound Ru"(NH ;)5 moiety (16),
despite the very similar driving forces for the two reactions.

Isied and coworkers (17) interpreted this apparent dependence of the
rate on direction by proposing that the iron(II) protein undergoes a confor-
mational change prior to its oxidation to iron(III). The conditions under which
directional electron transfer may occur are discussed, as are some remarkable
consequences of conformational changes on electron-transfer rates in the so-
called inverted region.

Theoretical Model

For the present purpose, we adopt a semiclassical model in which the elec-
tron transfer occurs at the intersection of two harmonic (free-energy) curves,
one for the reactant(s) and the other for the product(s) (1, 26-30). We further
restrict the discussion to intramolecular electron-transfer processes. The
electron-transfer rate constants for such systems are given by (I, 26-30)

k = Kelvnrne-m'mr (1)
0\2

age = &+ ECT @

A=Ay + A @)
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where k., is the electronic transmission coefficient or adiabaticity factor, v,
is the frequency of the nuclear motion that takes the system through the
intersection region (destroying the transition-state configuration), I', is a
correction for nuclear tunneling, AG* is the contribution to the free energy
of activation from the nuclear reorganization, AG® is the free-energy change
for the electron transfer, and \ is the reorganization parameter. The reor-
ganization parameter is the energy difference between the reactants’ and
products’ free-energy surfaces at the reactants’ equilibrium nuclear config-
uration for the case where AG® = 0 (see Figure 1).

Free Energy

Nuclear Configuration

Figure 1. Plot of the free energy of the reactants (left parabola) and products
(right parabola) as a function of nuclear configuration (reaction coordinate)
for an electron-exchange reaction. The splitting at the intersection of the curves
is equal to 2H,,, where H, is the electronic coupling matrix element. \ is the
vertical difference between the free energies of the reactants and products at
the equilibrium nuclear configuration of the reactants. Thermal electron trans-
fer occurs at the nuclear configuration appropriate to the intersection of the
reactant and product curves.

The reorganizaticn parameter contains a contribution from each mode
that undergoes a displacement as a consequence of the electron transfer.
Two classes of contributions to A are generally distinguished: one, \;,, is
associated with generally fast changes in the intramolecular (inner-shell) bond
distances and angles; the other, \,,, is associated with slow changes in the
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polarization of the surrounding medium (outer-shell). A, depends upon
solvent polarity, the shape of the molecule, and the separation of the redox
sites. In the case of proteins or other macromolecules, conformational
changes that are coupled to the electron transfer may be included in either
Ai, Or N, depending on their time scale.

The free energies of the reactants and products are functions of their
nuclear configurations. Sections through the parabolic basins obtained by
plotting the free energies of the reactants and products versus the config-
urations of their inner- and outer-coordination shells are shown in Figure
2. The straight line joining the reactant (R) and product (P) minima is the
reaction coordinate; this line is the abscissa for the plot in Figure 1. The
dashed line is the path of steepest descent from the activated complex to
the R and P minima. This pathway is relevant to the description of the
detailed dynamics of the reaction.

4

N
[

Solvent Coordinate
o
[

I
-4 -2
Inner—shell Coordinate

Figure 2. Sections through the parabolic basins obtained by plotting the free
energies of the reactants and products as a function of the intramolecular
(inner-shell) and solvent coordinates. The reactants’ minimum R is in the upper
left corner; the products’ minimum P is in the lower right corner. The solid
lines are equally spaced energy contours, the dashed curve is the classical
reaction path, and the dotted line is the reaction coordinate. The surface is
drawn with the assumption that both AG° and H,, are equal to zero.

Two free-energy regimes can be distinguished, depending on the relative
magnitudes of AG® and \ (eq 2) (I, 24, 26-30). In the “normal” regime
(AG® < \), AG* decreases and the rate constant increases as the driving
force for the electron transfer becomes more favorable. When [AGY = A,
AG* = 0, and the reaction is barrierless. If the driving force is increased
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even further (|AG? > M), AG* will increase and the rate constant will de-
crease with increasing driving force. This set of circumstances is the “in-
verted” regime. The dependence of the logarithm of the rate constant on
the driving force for the electron transfer (at constant \ and k) is shown in
Figure 3.

The difference between the normal and inverted regimes can be further
illustrated by considering the variation of the rate constant with \ at constant
AG®. Again the rate is maximal when A = |[AG°|. When A > |AGY, increasing
\ increases AG* and decreases the rate. By contrast, when [AG? > A,
increasing \ decreases AG* and increases the rate. Thus, the rate responds
oppositely to changes in the intrinsic barrier A in the normal and inverted
regions (1, 24, 26-30). Because diminished reactant separation, solvent po-
larity, and structural differences decrease the intrinsic barrier, such changes
promote rapid electron transfer in the normal region but lead to decreased
rates in the inverted region. This situation is illustrated in Figure 4.

The Electronic Factor

Within the Landau-Zener treatment of avoided crossings, the electronic
transmission coefficient in eq 1 is given by

Kel = (43')
—Vel
=

L P " b

va = (m) (4b)

where v, is the electron-hopping frequency in the intersection region, H,
is the electronic coupling matrix element, and # = h/2mw (h is the Planck
constant). Equation 4 shows that k, = 1 (i.e., the reaction is adiabatic),
when v, >> 2v, and that k4 = v,/v, << 1 (i.e., the reaction is nonadi-
abatic) when v, << 2v,. Within this framework, the rate constant for a
nonadiabatic reaction is given by

2 Yo
kna = HTW (-):;_T) e-AG*/RT (5)

where the nuclear tunneling factor in eq 1 has been neglected. For a non-
adiabatic reaction, the product kv, is independent of v ; that is, the elec-
tron-transfer rate is determined by the electron-hopping frequency v, and
not by a nuclear-vibration frequency.
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Inverted

log(k)

| l
0.0 A

-AG®
Figure 3. Variation of the logarithm of the rate constant for an electron-transfer

reaction with driving force at constant \: |AGY < \ defines the normal region,
and |AG?| > \ defines the inverted region.
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Figure 4. Variation of the logarithm of the rate constant for an electron-transfer

reaction with the reorganization parameter. The three curves are for driving

forces of 0.8, 1.0, and 1.2 eV. Note the opposite effect of changes in \ on rate

constants in the normal and inverted regions and the relatively large effect of
\ changes on reaction rates in the inverted region.
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Although there is general agreement that H,, will decrease with in-
creasing separation of the redox sites, the exact dependence of H,, on sep-
aration distance (r) is still an open question. For many systems, H,, appears
to decrease exponentially with increasing separation distance (eq 6)

H,, = H,? exp (i‘)’(rT—r—")) ©6)

where H,,’ is the value of H,, at r = r, r, is the close-contact separation
of the redox sites, and B measures the rate of decrease of the electronic
coupling with separation. Because of the decreased coupling at large sepa-
rations, most reactions will be nonadiabatic at large separations of the re-
dox sites. However, there is a caveat. Equation 4 shows that the relevant
parameter determining the degree of adiabaticity is not H,, but the ratio
va/v,. As a consequence, a reaction may remain adiabatic even up to
large r if v, is sufficiently small. For example, certain long-range electron
transfers in metalloproteins might be adiabatic if coupled to a sufficiently
slow protein-conformational change.

This description (and eqs 1-3, apart from the nuclear tunneling correc-
tion) is based on transition-state theory, in which an equilibrium distribution
between the initial and transition-state configurations is assumed. This equi-
librium assumption may break down when a particular nuclear motion lead-
ing to (or from) the transition-state configuration is very slow. It then becomes
necessary to use a steady-state or a more elaborate treatment (31-33).

Electronic Coupling Element. For concreteness, we restrict the
discussion of the electronic coupling element to the case in which the redox
sites are metal centers. In suitable mixed-valence systems, H , (at the equi-
librium nuclear configuration of the reactants) can be estimated from the
intensities of the metal-to-metal charge-transfer transitions (34). A variety
of theoretical approaches have also been used to estimate H,, and its distance
dependence.

Electron transfer proceeding by direct overlap of the d orbitals of the
two metal centers decreases very rapidly with increasing separation of the
sites. Consequently, rapid electron transfer over large distances requires
mediation by the intervening medium or ligands. In fact, mediation by the
ligands is an important factor in close-contact (or even interpenetrating)
encounter complexes formed between “simple” aquo or ammine metal com-
plexes (35, 36).

Mediation by ligands or bridging groups is conveniently considered in
terms of electron and hole superexchange formalisms. The former mecha-
nism involves imparting to the ground states of the reactants and products
some metal-to-ligand charge-transfer (MLCT) excited-state character (deriv-
ing from electron promotion to the empty m* or o* antibonding orbitals of
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the ligands or bridging groups). By contrast, the hole superexchange mech-
anism involves mixing of ligand-to-metal charge-transfer (LMCT) excited
states (formed by electron withdrawal from the filled 7 or o bonding orbitals
of the ligands or bridging groups). These two conduction mechanisms are
depicted in Scheme I. Depending upon the nature of the metal centers and
of the ligands, either the electron- or the hole-conduction mechanism may
predominate.

D*X"A DX*A"
(electron) (hole)
—_ —_—

H -+

DXA D*XA"
(reactant) (product)

Scheme I

The electronic coupling in outer-sphere electron-exchange reactions of
metal complexes can be treated in terms of molecular orbitals formed from
linear combinations of metal- and ligand-based orbitals of the appropriate
symmetry and energy. By using perturbation theory and neglecting
metal-ligand overlap, the molecular orbitals for the metal-ligand bonds can
be written as

Yy = ¥y + YV, M

g
M L

where ¥, and ¥ are the (unperturbed) metal and ligand wave functions,
and E\, and E | are their energies at the nuclear configurations corresponding
to the intersection region (transition state), respectively. The coefficient y
is the metal-ligand mixing or covalency parameter. Newton (35, 36) showed
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that, provided the ligands are 7 or o donors and the electron transfer pro-
ceeds by overlap of the orbitals of the ligands of the two reactants, the
electron-coupling matrix element for a (symmetrical) exchange reaction can
be estimated from

H,-p ~ 'y'zHLL (9)
w = V,,HY, (10)

where H; is the one-electron transfer integral for the llgand oxbltals of the
two reactants in contact in the transition state, and 7’ is the covalency
parameter for the oxidized complex (A’ in Newton’s notation (35, 36)).

The electronic coupling elements for the Fe(H;0)s*"** (t,,() transfer),
Ru(NH,)¢**/®* (t,,(w) transfer), and low-spin Co(NH;)s**"** (e,(0) transfer)
electron exchanges (eq 11) have recently been calculated

MLg* + MLg* s ML+ + MLt (11)

by using this approach and ab initio wave functions for the redox pairs
modeled as supermolecule clusters (35, 36). Because the ligands are electron
donors, the hole variety of superexchange mechanism dominates. The elec-
tronic coupling in these systems is treated in terms of the ligand-to-metal
charge-transfer (LMCT) interaction. For the apex-to-apex approach of the
two reactants, H,, is calculated to be about 5000 cm ™ with the normalized
H,, ranging from 12 cm™ for the Fe(H,0),**** exchange to 940 cm™ for
the low-spin Co(NH)¢>*/3* exchange. Moreover, for both H,O and NH,
ligands, ¢ > 7 mediation (35, 36).

For the aquo and ammine complexes, hole conduction is favored over
electron conduction because of the relatively poor reducibility of the satu-
rated H,O and NH, ligands. With unsaturated ligands such as pyridine
(pyr), which has relatively low-lying 7* orbitals, metal-to-ligand charge
transfer will be more important than with saturated ligands. Thus, in the
Ru(NH;);pyr®*/®* exchange (eq 12), both metal-to-ligand (Ru(Il) to pyr m*)
and ligand-to-metal (pyr  to Ru(Ill)) charge-transfer interactions may be
significant.

RU(NH3)5pyl'2+ + RU(NH3)5pyr3+ s
Ru(NH;)spyr** + Ru(NHy)spyr®* (12)

If the electronic coupling of two pentaammine pyridine complexes is pre-
dominantly through the edge-to-edge C3- - *C3 interaction of the two pyr-
idines, then the following expression for H,, can be derived by using simple
molecular orbital (MO) theory (37—41)

aNA

aND
H,=H —————— a;%a,*H (———) H (13a)
” N ((Ed‘n' - Epyr)D) R (Ed'n' - Epyr)A AN
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where Hy, y and H,, y are the coupling elements between the dm orbitals of
the donor and acceptor metal sites and the p orbitals of their coordinated
nitrogen atoms, respectively; H; c; is the coupling element between the
C-3 atoms of the two pyridine rings in the edge-to-edge approach of the
reactants; a; is the coefficient of the p, orbital of C-3 in the LCAO (linear
combination of atomic orbitals) expansion of the pyridine molecular orbital;
ay is the coefficient of the pyridine nitrogen in the LCAO expansion; and
E,,and E ,, are the energies of the metal dw and pyridine molecular orbitals,
respectively. (In this treatment, the matrix element and coefficients for the
donor site are averages for the oxidized and reduced donor, and similarly
for the acceptor site.) For exchange reactions such as eq 12, eq 13a reduces
to eq 13b, which is equivalent to eq 9.

2
ana:
H, ~ (HM,N Ed—i—‘“‘E:) Hescs (13b)

Equation 13 shows that, for efficient conduction, the orbital coefficients
should be large both for the atom coordinated to the metal center and for
the peripheral atom providing the coupling to the other reactant.

Electron Transfer in Metalloproteins. Long-range electron trans-
fer in metalloproteins can be treated by an extension of the same approach.
Cytochrome c will be considered as an example. In cytochrome c the iron
atom is coordinated to the four nitrogens of the porphyrin ring and is bonded
to two axial ligands (histidine-18 and methionine-80). The porphyrin ring is
covalently bonded to the protein via two thioether bridges. In a derivatized
cytochrome c, a ruthenium pentaammine is attached to histidine-33 of the
protein (14, 15). The derivatized metalloprotein can then be modeled as two
metal (iron and ruthenium) complexes attached to a bridging group (the
polypeptide chain) via their ligands (the porphyrin or histidine-18, methi-
onine-80, and histidine-33). Such complex—bridge—complex systems, in
which the bridge is attached to the periphery of the coordinated ligands,
can also be considered in terms of extended Hiickel theory. Equation 14a
has been proposed by Larsson (37—41) for the case in which the two redox
sites are connected by n sequential bridging units.

H (Hi,i+l)
H,="—+— (14a)
[I (AE)

In eq 14a the bridging units are either coupled to one another (H,,,,) or,
in the case of the terminal units, to the redox sites (H,, and H,,,,,). AE; is
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the vertical difference between the energies of the electron donor (or ac-
ceptor) and bridging unit i. The superexchange mixing again occurs at the
nuclear configuration appropriate to the intersection region. If all the H,;,;
and AE; are similar, then the decrease of H,,? with increasing separation
distance is exponential, with B given by

2 AE
B = 7 In (7) (14b)

where [ is the length of the bridging unit. In the present context, | =
(r — ro)/n, where n is the number of bridging units (30, 37—41).

This discussion shows that B is likely to vary from system to system and
to depend both on the nature of the intervening medium and on the nature
of the redox sites. The donor electron density at the (peripheral) ligand atom,
to which the bridging group is attached, is an important parameter. If this
density is sufficiently large so that H,,° (eq 6) ~ 50 cm™, then the reaction
will be adiabatic at r = r, (the exact condition is v, = v,, which gives
Kq = 0.6). The magnitude of B can then be estimated from

k = v,,e“ﬂ (r-r0)g-AG*/RT (15)

provided that the appropriate nuclear vibration frequency is used and al-
lowance is made for the distance dependence AG*. Reported values of B
range from ~0.7 to 1.5 A~, with typical values around 1.1-1.2 A~* (1). For
apex-to-apex contact of the aquo and ammine complexes considered earlier,
H,, varies by over two orders of magnitude, 10~1000 cm™ (r ~ 7.0-7.3 A),
depending on the nature of the metal center. For ruthenium-attached cy-
tochrome ¢ 21), H,, ~ 0.1cm™ at r ~ 16-18 A (n = 14 amino acid residues)
and H,, ~ 0.7 cm™ for a comparable separation of osmium(II) and ruthe-
nium(III) centers in a polyproline-bridged (n = 3) binuclear complex (25).
Here, as before, r is the direct, straight-line separation distance.

An important consideration in the metalloprotein systems is whether
the electronic coupling is through-bond (i.e., along the tortuous path pro-
vided by the polypeptide chain) or through-space. The latter situation in-
volves coupling across polypeptide chains, perhaps via the amino acid side
chains, van der Waals contacts, or hydrogen-bonding networks (2). The
similar magnitudes of H,, for the protein (» = 14) and polyproline (n = 3)
systems suggests that the electron transfer in the derivatized cytochrome ¢
proceeds predominantly through space. This aspect, as well as orientation
and orbital symmetry effects, is currently under active investigation.

Reorganization Energies

Distance Dependence. As discussed earlier, electron-transfer rates
depend on nuclear reorganization energy, as well as on electronic coupling.
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Both factors vary with the distance separating the redox sites. The distance
dependence of the electronic coupling was considered in the preceding
discussion. Here we focus on the distance dependence of the reorganization
energy (eq 2).

The AG® in eq 2 is the driving force for the electron transfer at separation
distance r. Thus, depending on the charges on the redox sites and also on
the neighboring charge distribution, the driving force for the electron trans-
fer will change as the distance separating the redox sites is varied (1). Al-
though such changes in AG® can be important, particularly in low-dielectric-
constant media (6, 7), in polar media the AG® changes are likely to be
overshadowed by those in A .

The value of A, depends on the shape of the molecule and, for a given
molecular shape, on the distance separating the redox sites. Expressions for
Ao have been derived for systems that can be represented by two spheres
(for bimolecular reactions) or by an ellipsoidal or spherical cavity (for intra-
molecular electron transfer) in a dielectric continuum (26, 27, 42, 43). These
expressions have been tested experimentally (24). The X, values calculated
from the ellipsoidal model are in fairly good agreement with the values
calculated from the energies of the metal-to-metal charge-transfer transitions
in mixed-valence complexes (E,, eq 16) (42, 43). In particular, the distance
dependence of the calculated A, parallels that of E .

hv=Eqp

(NHg)sRu"(bridge)Ru"(NH;); — [(NH;)sRu"(bridge)Ru"(NH,);]*  (16)
Ao can also be obtained from the temperature dependence of thermal elec-
tron-transfer rates in systems with small (or known) \,, values (24, 25). Even
if N, is not known, the distance dependence of the activation energy should
reflect that of A, in suitably chosen systems. This approach has been ex-
ploited by Isied and coworkers (25) in a study of the thermal intramolecular
electron transfer in a mixed-metal system (eq 17).

(NH,)s0s"~iso(proline),~Ru™(NH,); LN
(NH3)sOs™—iso(proline),~Ru(NH;)s (17)

Values of the activation energy and entropy as a function of the distance
separating the two metal centers were determined from the temperature
dependence of the rate as a function of the number of proline units in the
polypeptide chain. Somewhat unexpectedly, the distance dependence of the
activation enthalpy (AH?*), which reflects the distance dependence of A,
is larger (slope of AH*/RT versus r = 0.91 A™!) than that of the activation
entropy (AS*¥), which reflects the distance dependence of In k. (slope of
~AS*/R versus r = 0.68 A™Y). For these systems, the distance dependence
of the nuclear factor is larger than that of the electronic factor! Thus, the
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assumption that the decrease in rate with distance arises entirely through
the electronic factor can be in serious error.

The single-sphere model was used to model A, for ruthenium-
derivatized cytochrome c; A\, is calculated to be ~0.7 eV for an iron—
ruthenium separation of 18 A (24). In systems of this type, {M—-M) can be
varied by attaching the Ru(NH); moiety to different residues on the protein
surface. Although it is generally assumed that \ , variations can be neglected
for such systems, calculations (based on a dielectric continuum model with
D;, = 1.8) show that A, is quite sensitive to the position of the ruthenium
on the protein surface. Thus, even in derivatized metalloproteins, the dis-
tance dependence of A\, must be taken into account when interpreting
measured intramolecular electron-transfer rates.

Consecutive Conformation Changes and Electron Transfer.
Metalloproteins may have thermally accessible conformers with electron-
transfer properties that differ from those of the stable protein. When \ is
large or H,, is small, the direct electron transfer will be slow and more
complicated mechanisms may operate with unstable conformers. Here we
discuss two such mechanisms (eqs 18 and 19). In the first, an unstable
reactant conformer R* is formed prior to the electron transfer. In the second,
the electron transfer yields an unstable product conformer P*. (Equations
18 and 19 have also been considered by Hoffman and Ratner (44); see ref.
45 for a detailed discussion.)

R 22> R* a2 P (18)
R 72> P* —,’}”e: P (19)

In terms of these equations K,,. = k,./k,, and K,,. = k,./k,., are the
equilibrium constants for the conformational changes, K, is the equilibrium
constant for the overall reaction, k., and k. are the rate constants for the
forward electron transfers, and k. and k., are those for the reverse electron
transfers. The spectra of the stable and unstable conformers are assumed to
be similar, so their interconversion cannot be observed directly. Because
K, <<1, only very small amounts of R* are ever present. As a consequence,
the assumption regarding the similarity of the spectra can be relaxed for the
R* mechanism.

Equations 18 and 19 are of the same general form, and their kinetics
are treated elsewhere (45). Two cases can be distinguished, depending on
whether the rates are controlled by the electron transfer (case 1) or by the
conformational change (case 2). In the latter case, the overall reaction is said
to be “gated”. The rate constants for these two cases are summarized in
Table 1.
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Table I. Rate Constants and Free-Energy Barriers (AG*)
for Direct and Two-Step Electron-Transfer Reactions

Casel,*
Electron-Transfer T Case 2, ®
Mechanism Controlled Gated
R—>P k. —
@G, + N,y
.,
RS R*sP K.k, k.
(AG,® — AG,.° + A0 (AG,.° + N0
AG,. + 2 2 —_—
" 4\, 4\,
RS PrssP ke Kopkpey
(AG'PO + APP'O + )‘rp‘)z AG,,,ao + (A_GEME’L)z
ax,. .

“For Case 1, the R* mechanism requires that k.., >> k., k., and k,+. The P* mechanism
requires that k., or k,» >> k..

*For Case 2, the R* mechanism requires that k.., >> k., k., and k. The P* mechanism
requires that k., >> k., ks, and ky,.

We will assume that the electron-transfer reaction can be represented
in one-dimensional nuclear-configuration space, as shown in Figure 5. De-
spite this restrictive assumption, the simplified model has all the important
features of the more general case (45). We further assume that the energy
surfaces are harmonic, with identical force constants. The change in the
equilibrium nuclear configurations for the electron-transfer reaction involv-
ing the intermediate can be either smaller or larger than that for the direct
R — P reaction (i.e., for the R* mechanism, either |q,” - q.”| <|q." - q.”|
orlg,” - q.”| >1g." - q.”|, where q,'is the equilibrium nuclear configuration
of species i). In the former case, the equilibrium configurations of R* and
P* lie between those of R and P, and the reorganization parameters for the
R* — P and R — P* reactions will be smaller than that for R— P (i.e., \ .«
or N, < \,,, where N\, and A, are the reorganization parameters for
R* — P and R — P*, respectively). This type of unstable conformer is
referred to as a low-\ intermediate (Figure 5, top). When the change in the
equilibrium nuclear configurations for the reaction involving the interme-
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Energy

Nuclear Configuration

Figure 5. Plot of the energy of the reactants (left parabola), an intermediate

(dashed parabola), and the products (lowest parabola) as a function of nuclear

configuration. The parabolas are assumed to have identical force constants.

The top figure represents a reaction in the normal region with a low-\ R* or

P* intermediate. The bottom figure represents a reaction in the inverted region
with a high-\ P* intermediate.

diate (R — P* or R* — P) is larger than that for the direct R — P reaction,
the unstable conformer is called a high-\ intermediate. In this case, the
intermediate lies either to the left of R or to the right of P (Figure 5, bottom).

The free-energy changes for the individual steps are related by eqs 20
and 21

AG,° = AG, + AG,.,° (20)
AG,° = AG,® — AG,, 1)

where AG,.° and AG,,.° are the free-energy changes for R — R* and P —
P*, respectively; and AG ., and AG,,.° are the free-energy changes for the
electron-transfer reactions R * — P and R — P*, respectively. The expres-
sions for the reorganization (free-energy) barriers for the electron transfers
and the conformational changes can be obtained from eq 2 with the appro-
priate reorganization parameters and driving forces. The results are included
in Table I. The barriers for the case 1 R* and case 2 P* mechanisms include
the contribution from the preequilibrium step.
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Comparison of the expressions for the barriers in case 1 (electron-transfer
control) allows one to predict whether the R* mechanism, the P* mechanism,
or the direct R — P reaction will be favored under a given set of conditions.
The equations can be solved to give expressions for the energies of R* and
P*, AG,." and AG,,.*, respectively, at which the two-step and the direct
mechanisms have the same barriers. The relevant expressions for reaction
via R* and P* are, respectively,

A%"—t=(1t\/ﬁ) (A_)f_:l") -(pxVp (22)
A = vp) (Af"'°) ~ =V 3)
o = :_ (24)

where N is N ., or A . where appropriate. A two-step mechanism is favored
when the energy of the intermediate, AG,,.° or AG,,.’, falls in the range
between the two solutions for AG,.* or AG,,.*

0=AG;* <AG?! < AG, (25)

where i stands for either rr* or pp* and the appropriate roots of eq 22 or
23 are used.

Equations 22 and 23 behave differently for low-A (p < 1) and high-A
(p > 1) intermediates. In Figure 6 values of AG,,.*/\, (long dashed lines)
and AG,,.*/\,, (short dashed lines) for the low-\ intermediates (p = 0.50)
are plotted versus AG,,°/\,,. The total shaded area is the region where the
P* mechanism is favored; the R* mechanism is favored in the heavily
shaded area. For all other regions the direct path has the lowest energy
barrier. The low-\ R* pathway is favored only at low driving force and for
AG,.'< \,,/4, although the low-\ P* pathway is favored over a wider range
of AG,,°/\,, and AG,,.° values. As p approaches unity, the intercept ap-
proaches zero and the region where the R* mechanism is favored disappears.
As p decreases (A, >> \,), the region where the two-step mechanisms are
favored (the shaded area) becomes larger. For reactions with only a small
driving force, the energy of R* or P* must be less than VA A — A, for the
two-step pathway to be energetically favorable. The two-step reactions uti-
lizing high-\ intermediates are never favorable in the normal free-energy
region. However, they can become favorable in the inverted region.

Inverted Region. In the inverted region (AG,,°| > A,,), the low-\
R* pathway is always unfavorable because both the increased driving force
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1.0 - p = 0.50 -1

0.0 0.5
-Ac-;°,p/>\,~p

Figure 6. A plot of AG*/\,, (or AG =/ \,,) versus AG ,°/\,, where AG .+ *

(or AG*) is the free energy of R* (or P*) when the barriers for the two-

step and the direct pathways are equal. The figure is calculated with p = 0.50

(low-\ intermediates). The heavily shaded area is the region in which the R*

mechanism is favorable, and the total shaded area is the region in which the

P* mechanism is favorable. The direct route has the lowest energy barrier in
the unshaded region.

and the smaller reorganization parameter make the R* — P reaction more
inverted than the direct reaction. For the low-A P* pathway, the driving
force and the reorganization parameter for the electron transfer are both
smaller than for the direct reaction. The lower driving force reduces the
barrier by making the reaction less inverted (or even normal), but the lower
reorganization parameter increases the barrier by making the reaction more
inverted. Equations 22-24 can again be used to predict when the P* mech-
anism is favored over the direct pathway. In general, the low-A P* mechanism
is favored only at large values of AG,,.° [> (\,, — \,,»)], as seen in Figure
7. However, these large values of AG,,.° can result in very large barriers
for the P* — P reaction.

For the high-\ intermediates, the increase in the reorganization param-
eter can make these pathways favorable in the inverted region. For the high-
A P* pathway, both the increase in \ and the decrease in driving force
(relative to the direct reaction) make the electron transfer less inverted or
even normal. Figure 7 shows the regions of AG,,°/\,, and AG,°/\,, for a
given p where the two-step pathways are favored.
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T I 1
p = 2.00

4 ‘
1.4 1.6 1.8 2.0
~AG p/ Arp
Figure 7. Same plot as Figure 6, except that p = 2.0 (high-\ intermediates).

In metalloprotein systems there will often be many conformational
isomers of the reactants or products. Most of these conformers will have
unfavorable electron-transfer properties (i.e., they will have large reor-
ganization parameters or be relatively unstable) and will not be electron-
transfer-active in the normal free-energy region. However, these unfavorable
properties become an advantage in the inverted region. The conformers can
become active intermediates in the electron transfer, particularly if they are
formed relatively rapidly. As a consequence, metalloprotein systems can use
such unfavorable conformers to achieve rapid electron transfer when the
direct reaction is slow by virtue of being in the inverted region.

Three-Step Mechanisms. In the preceding discussion it was as-
sumed that only a single intermediate, either R* or P*, was formed in the
overall reaction. More complicated mechanisms can also exist (46). For ex-
ample, eq 26 shows a three-step mechanism in which both an R* and a P*
intermediate are involved.

R2R*2P*=2P (26)

We define the three-step mechanism in eq 26 as a high-\ pathway when
Ny > N, where \,.. is the reorganization parameter for the R* — P*
electron transfer, and as a low-\ pathway when X .. <\, In conventional
bimolecular electron transfers, R* and P* are often referred to as the pre-
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cursor and successor complexes, respectively. A similar notation may be
useful for intramolecular electron transfers. The case in which the high-\
intermediate corresponds to a large separation of the redox sites (i.e., a high
Ao in bimolecular electron transfers has been considered previously (47).

When the R* — P* step is rate determining and AG,,.° = AG,,.°, the
rate of the three-step intramolecular mechanism can readily be compared
with the rate for the corresponding direct reaction (as well as with the two-
step mechanisms). Proceeding as in the two-step case, eq 27 is derived for
AG,.., the energy of R* (or P*) when the direct and three-step intramolecular

mechanisms have equal barriers.

_ 0\ 2 —
AG _ (p 1) (AG"’> +1-e (27a)
A,y 4p Ay 4
Ar‘p!
= = 27b
p N, (27b)

Equation 27a is a parabola centered on the AG,,./\, axis with an intercept
of (1 — p)/4. The shaded area in Figure 8 shows the region where the three-

0.2 -

A GPP*/A rp

0.0 \\\ ' '

0 1 2
~AG’p/Arp

Figure 8. A plot of AG 1+ */ N, versus AG,°/\,,, where AG +* is the free energy
of R* when the barriers for the three-step and the direct pathways are equal.
The shaded area to the left of the figure (p = 0.5) is the region in which the
low-\ three-step mechanism is favorable; the shaded area to the right of the
figure (p = 2.0) is the region in which the high-\ three-step mechanism is
favorable. The direct route has the lowest energy barrier in the unshaded
regions. The figure is drawn with the assumption that AG.-° = AG°.
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step mechanism is favorable for both high- and low-\ pathways. For low-A
pathways (p < 1), the three-step mechanism is favored only in the normal
free-energy region and at low values of |AG,,.|/ ,, (the parabola is inverted).
For the high-\ pathways (p > 1), the three-step mechanism is favored only
in the inverted region (the parabola is upright).

Low-\ Intermediates and Directional Electron Transfer

Directional electron transfer has been invoked for ruthenium-modified cy-
tochrome c (17), and may in fact exist in a variety of conformationally labile
metalloprotein systems. In terms of the model discussed here, the cyto-
chrome c results may be interpreted by postulating that Fe(II) cytochrome
c has a low-\ conformer. The reactions of the pentaammine~ruthenium
derivative of cytochrome ¢ may then be represented by eq 28. The electron
transfer in the forward direction proceeds by a two-step mechanism in which
a rapid (but unobserved) conformational change, eq 28b, succeeds the elec-
tron-transfer step, eq 28a. The concerted electron transfer is slower than
the two-step mechanism in this case.

(cytFe-Ru'(NH,); = #[(cyt)Fe!-Ru"(NH,);]  (28a)
*[(cyt) Fe'-Ru(NH,)s] - (cyt)Fe'-Ru"(NH,); (28b)

The reverse electron-transfer reaction for the tetraammine isonicotin-
amide—ruthenium derivative of cytochrome ¢ may proceed either by the
concerted reaction, eq 29,

(cyt) Fe"—Ru™(NH,),(isn) —> (cyt)Fe"™_Ru"(NH,)(isn)  (29)

or by a two-step mechanism in which a rapid conformational change on the
iron(II), eq 30a, precedes the electron transfer, eq 30b. The prime denotes
a reaction of the isonicotinamide (isn) derivative.

(cyt) Fé— Ru™(NH,),(isn) —— *[(cyt)Fe'— Ru™(NH,),(isn)] (30a)

*[(cyt)Fe!'—= Ru™(NH,),(isn)] Lk (cyt)Fe''— Ru(NH,),(isn) (30b)

Consider the following parameters: AG;,° ~ AG,.,” ~ -3.5 kcal mol™,
AG.° = 6 keal mol™ (K. = K’ = 4 X 107), A, = 36 kcal mol™ for the
direct reactions, and A, = 5 kcal mol™ for the electron-transfer reaction in
eq 28a or 30b. Calculations using these values yield barriers for eqs 28a, 29,
and 30 of 2.8, 7.3, and 7.0 kcal mol™, respectively. Provided that all the
electron-transfer steps have similar (electronic) prefactors, the observed rate

In Electron Transfer in Biology and the Solid State; Johnson, M., € a.;
Advances in Chemistry; American Chemical Society: Washington, DC, 1989.



Publication Date: May 5, 1989 | doi: 10.1021/ba-1990-0226.ch003

3. SutiN & BRunscHwIG Biological Systems 85

constants for the forward and reverse reactions will differ by about three
orders of magnitude, despite the similar driving forces for the overall re-
actions (Figure 9). The observed rate constants depend strongly on the
direction of the electron transfer. The barrier for the electron transfer, eq
30b, is about 1 kcal mol~, and the rate constant for this step is more than
four orders of magnitude faster than that for the direct reaction, eq 29;
however, the preequilibrium step in eq 30a is unfavorable by 6 kcal mol™.
This barrier results in a net rate for eq 30 that is only slightly faster than
that for the direct reaction. If it is assumed that k;, = k,,' ~ 10257, then
ki* ~ 20578, k.o, *' ~ 400 s7!, and kg (obs) ~ 20 s7, k.., (obs) ~ 1072 s~
The latter rate constants are similar to those seen for the cytochrome c
derivatives.

Finally, in this discussion, the electronic factor has been assumed to be
the same for the different electron-transfer pathways. Additional subtleties
are introduced when this factor is allowed to vary. Recently Isied and co-
workers. (48) extended their studies of forward and reverse electron-transfer
rates in derivatized cytochrome c. Although their new results are still pre-

Energy

m_g 1
Rul-Feall Ru™-Fe

Nuclear Configuration

Figure 9. Plot of the free energy of the reactants, intermediate, and products
for electron transfer within the ruthenium-modified cytochrome c. The top
figure is for the Ru"(NH ;)s-cyt-c-Fe™ system; the reaction proceeds from the
left to the right curve. The figure shows the lowering of the reaction barrier
by the involvement of the P* intermediate (the conformationally modified cyt-
c-Fe"). The bottom figure is for the Ru'(NH ;)sisn-cyt-c-Fe" system; the re-
action proceeds from the right to the left curve. The bottom figure shows the
negligible effect of the R* intermediate on the barrier for electron transfer
within the isonicotinamide derivative.
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liminary, the rates for all the systems studied cannot be reproduced by a
scheme that considers only A changes. However, the rate constants can be
approximated by a scheme in which a low-\ conformer of the Fe(II) cyto-
chrome chasan H ., (or H ,,.) that differs from the H , of the stable conformer.
The following parameters yield electron-transfer rate constants close to the
observed values: (kqv,),, ~ 10% (Kgvo) . = (KaVo)pr ~ 107, N, ~ L5 €V,
Aop = Ape ~ 0.5 €V, and AG,,.° = AG,,.° ~ 0.5 eV. Figure 10 illustrates
the free-energy surfaces for these parameters. The intersection of the Fe(III)
and *Fe(Il) cytochrome c surfaces lies above that of the Fe(III) and Fe(II)
surfaces. However, despite the unfavorable nuclear barrier for reaction via
the intermediate, because (kgv,),, << (KqV,)+ the reaction still proceeds
through the unstable conformer of the Fe(Il) cytochrome c.

Rgm—*Fe"

RUH"" Felll
RUHI_ F'ell

Energy

RUIIIT*FeH

R UIII_ F'ell

Rul-Fe'!

Nuclear Configuration

Figure 10. Plot of the free energy of the reactants, intermediate, and products

for electron transfer within the ruthenium-modified cytochrome c. The top

figure is for the Ru™(NH ;)s-cyt-c-Fe' system; the reaction proceeds from the

left to the right curve. The bottom figure is for the Ru"(NH ;);isn-cyt-c-Fe"!

system. Here the reaction proceeds from the right to the left curve. The

figure is drawn with A, = 1.5 eV, A, = Ape = 0.5 €V, and AG." =
AG,* = 0.5 eV.
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Directional Electron Transfer
in Ruthenium-Modified Cytochrome c

Stephan S. Isied

Department of Chemistry, Rutgers, The State University of New Jersey,
New Brunswick, NJ 08903

Studies of intramolecular oxidation and reduction in cytochrome ¢
complexes covalently modified at the His-33 residue with a variety
of ruthenium amine and ruthenium polypyridine complexes are pre-
sented. The redox potential of the ruthenium complexes vary over a
potential range above and below the redox potential of the native
cytochrome c. These studies show that the reduction of cytochrome
¢ with these ruthenium complexes proceeds with a rate-limiting elec-
tron-transfer step that changes with the driving force of the reaction,
as expected. Oxidation of cytochrome c proceeds with rates signifi-
cantly lower than those expected on the basis of the driving force of
the reaction. A mechanism to interpret the directional electron-trans-
fer behavior of these ruthenium cytochrome c complexes on the basis
of conformational changes of the reduced cytochrome c is described.

RAPID ELECTRON TRANSFER CAN BE OBSERVED OVER LONG DISTANCES
(~10-20 A) (1-11), as shown by studies on electron transfer with organic
and inorganic donor-acceptor complexes. The factors that control the rate
of electron transfer in these systems are driving force, reorganization energy,
and distance and orientation.

Polypeptide Donor—Acceptor Complexes

In an attempt to gain further insight into these factors, we have synthesized
and studied a series of bridged polyproline complexes (12) of the type
[(NH,);0s-L-Ru(NH,);]**, where L (the ligand) is isn(Pro),, isn is the iso-
nicotinyl group, and n = 0, 1, 2, 3, or 4 (Table I).

0065-2393/90/0226-0091$06.00/0
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Table I. Rates and Distances of Intramolecular Electron Transfer
in [(NH;);0s-L-Ru(NH);]5*

Complex Rate Constant, s Os—Ru Distance, A
Xd\dk 3.1 x 10°¢ 12.1-12.3
W 3.7 x 10* 14.4-15.1
M o o
W R

NoTE: L is isn(Pro),, isn is isonicotinyl group, and n = 0, 1, 2, 3, or 4.

The C- and N-terminal residues in Table I are derivatized with
[(NH;3)sRu"™-] and [(NH;)50s"isn-], respectively. The redox potentials of the
Os(II-III) couple and the Ru(II-1I1I) couple are such that electron transfer
in this series of complexes occurs from Os(II) = Ru(III) with a driving force
of ~150 mV (13). In this series of complexes, the driving force (the difference
in redox potential between the Ru(II-III) and the Os(II-III) couple) and the
inner-sphere reorganization energy are kept constant, while the distance
between the Os and Ru centers increases by 3.2 A per proline. Under the
conditions used to carry out these experiments (~0.1 M CF;COOH), the
proline oligomers are predominantly in the all-trans configuration and there-
fore act as a rigid spacer separating the metal ions (12).

The rate of intramolecular electron transfer in this series of molecules
decreases by more than 8 orders of magnitude as proline residues are in-
troduced. Apalysis of the temperature dependence of these rate constants
showed that the decrease in rate with distance in these molecules is attrib-
uted to both tne increase in outer-sphere reorganization with distance and
the decrease in electronic coupling between the donor and acceptor as pro-
line residues are introduced (12, 13).
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Intramolecular electron transfer for the tetraproline complex occurs with
a rate constant ~50 s! at a metal-to-metal distance of ~21 A (12, 14). Rapid
electron transfer at these long distances is observed at very low driving
forces. Hence, increasing the driving force or decreasing the outer-sphere
reorganization energy is expected to yield rapid intramolecular electron-
transfer rates at even longer distances. Extrapolation of these results indi-
cates that intramolecular electron transfer will be observable at metal-metal
separations of 30-40 A in the millisecond time scale. We are currently
pursuing this goal by synthesizing molecules that have 6-10 prolines sep-
arating the donor and acceptor metal ions.

Protein Donor—Acceptor Complexes

One of the techniques that has led to a new understanding of the mechanism
of electron transfer in electron-transfer proteins is the use of the protein as
a donor-acceptor complex by covalently attaching to these proteins a well-
defined transition metal complex that binds to a specific amino acid site.
Although this technique had been used to modify ribonuclease (15, 16), the
synthetic breakthrough in modifying cytochrome ¢ occurred when the re-
action of [(NH,);Ru(OH,)]** with cyt ¢ was carried out at high protein
concentrations with high metal-to-protein molar ratios (17). Exhaustive char-
acterization of this modified protein showed that the ruthenium is covalently
bound to the His 33 side chain of cyt c and that the protein did not undergo
any measurable perturbation as a result of the modification (18-20).

When the modified protein is prepared in the Ru(III)cyt c(III) oxidation
state and then reduced with a variety of radicals generated by pulse radiolysis
techniques (21, 22), intramolecular electron transfer from the ruthenium site
to the heme site occurs with a rate constant k = 53 s™! (reduction potential,
E°, for cyt ¢ = 0.26 V and E° for [(NH;)sRu™"(His)] = 0.10 Vs. NHE) (23,
24). The temperature dependence, concentration dependence, and pH de-
pendence of this electron-transfer reaction were investigated. The results of
this investigation showed that the rate of electron transfer is independent
of concentration and moderately sensitive to temperature (enthalpy change
AH* ~ 3.5 kcal M~ and entropy change AS* ~ —39 eu). The electron-
transfer reaction is independent of pH between pH 5 and 9, and then
increases below pH 5 as the native conformation of the cyt ¢ changes (23).

The observation of intramolecular electron transfer between the ru-
thenium site and the heme site occurring at distances of 12-15 A (Figure
1) is extremely significant, because it represents the first observation of an
intramolecular electron-transfer reaction within a ruthenium-modified elec-
tron-transfer protein. The magnitude of the rate constant (53 s™) is similar
to the rate constants for other dynamical processes that are known to occur
within the native cyt c protein. This finding led us to question whether
the unimolecular rate observed is rate limiting in electron transfer (as in equa-
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Figure 1. Ruthenium-modified cytochrome c, showing the relative position of the
heme and the ruthenium sites.

tion 1) or in a protein-associated conformational change (as in equations 2a

and 2b).
k
Rullcyt ol =Ly Rumcyt ol (1)
where kgr is the rate constant for intramolecular electron transfer.

Ru'cyt ™ e, RuTcyt c'™ (2a)
Rucyt ¢ e, Rulcyt ¢! (fast) (2b)
where k¢ is the rate constant for a protein conformational change.

To answer this question, we designed a series of related ruthenium
molecules that are more oxidizing than cyt c and would therefore allow us
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to reverse the direction of electron transfer in the modified cyt c. Thus, we
could change the heme of cyt ¢ from an electron acceptor to an electron
donor. The rationale behind these experiments is rather simple. If the uni-
molecular rate observed is rate limiting in electron transfer, then oxidation
as well as reduction should be observed within these ruthenium-modified
proteins.

The remaining part of this chapter describes the results of these exper-
iments and proposes a kinetic scheme for the electron-transfer reactions of
ruthenium-modified cytochrome c.

Results

The ruthenium-modified proteins listed in Table II were prepared and pu-
rified by procedures similar to those published earlier (19, 23, 25). The
complexes were characterized by difference visible spectra, circular dichro-
ism, tryptic digestion, Ru~Fe analysis, cyclic voltammetry, and differential
pulse polarography. Results of these characterization studies clearly showed
that all the ruthenium complexes were bound to the His 33 site and that
there was no measurable difference in the conformation of the modified and
the native proteins. Table II lists the reduction potential of the ruthenium
ammine site in the ruthenium-modified proteins. For the bipyridine series,
the reduction potentials have been obtained only for the corresponding
ruthenium complexes.

Figure 1 shows the structure of cyt ¢ and the relative positions of the
heme to the ruthenium-modified sites. Table II summarizes the rates of

Table II. Rates of Intramolecular Electron Transfer and Reduction Potential
of Ruthenium-Cytochrome ¢ Complexes

Rate Constant,

Intramolecular ET,
Ruthenium-Modified cyt ¢ E°, V k, s Direction of ET
Native HH cytochrome c 0.26 —_ —
o-[(NH,)Ru(OH)]-(I1/III) ~0.01 5 x 10° Ru — heme
[(NH 3)sRu]-(I1/I1I) 0.13 55 Ru — heme
c-[(NH3)4Ru(py) -(I1/111) 0.36 2.0 Ru — heme
t-[(NH ) Ru(py)]-(I1/I1I) 0.37 1.5 Ru — heme
c-[(NH,) Ru(isn)]-(I1/III) 0.44 <1072 Heme — Ru
t-[(NH 3) Ru(isn)]-(I1/III) 0.44 <102 Heme — Ru
c-[(NH,),Ru(Mepz)]-(11/1) -0.02 6 x 102 Ru — heme
c-[(NH3)4Ru(Mepz) ]-(L1/111) 0.72 ~1.5 Heme — Ru
[Ru(bpy)(py)]-(I1/1) -1.3 2.8 x 103 Ru — heme
[Ru(bpy)(im)]-(I1/T) -1.3 2.0 x 10° Ru — heme
[Ru(bpy)(py)]-(I1/11I) 1.1 40 Heme — Ru
[Ru(bpy) s(im]-(11/11I) 1.0 55 Heme — Ru

NOTE: E° was taken versus the normal hydrogen electrode. ET is electron transfer.
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intramolecular electron transfer for the reduction and the oxidation of cyt ¢
by these ruthenium reagents. Chart I shows the ligands in the ruthenium
reagents.

Discussion

Table II shows that the rate of reduction of cyt ¢ can be changed by more
than 5 orders of magnitude, depending on the redox potential and the re-
organization energy of the ruthenium-modified protein. Two types of com-
plexes coordinated to His 33 of cytochrome c can be identified. In the the
first type, electron transfer takes place from (or to) a ruthenium t,-type
orbital. This condition is true for all the oxidation reactions of cytochrome
c by the different ruthenium complexes.

For the intramolecular reduction of cytochrome c, the reducing agent
can be either a ruthenium t,, metal-centered electron as in the [(NH ) Ru"-
L] (L is cis or trans OH~, NHj, py, isn) complexes or a ligand-centered w*
orbital as in the cis-[(NH,),Ru"(Mepz)] and the [(bpy);Ru"-L] (L is py or
im) complexes. The role of the ruthenium(II) attached to the cytochrome ¢
is either as a reducing agent or as a covalent linker to hold the Mepz and
bpy ligand in the proximity of the His 33 site. Thus, the distance for electron
transfer from these organic radicals to the cytochrome closely resembles the
distances for reduction from the ruthenium orbitals. The reorganization en-
ergy for electron transfer for the ligand-centered reductions could be dif-
ferent from the reorganization energy from the ruthenium-centered orbitals.
This difference should be taken into account when comparing rates of re-
duction of cytochrome c from ruthenium-centered orbitals vs. ligand-cen-
tered orbitals.

) ©—© { e

py: pyridine bpy: 2,2"-bipyridine = Mepz: methylpyrazinium

(0]
O o
— NH2 N=—

Isn: isonicotinamide Im: imidazole
Chart 1. Ligands in ruthenium reagents.
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The oxidized ruthenium(III) form of the [(NH,),Ru-Mepz]** and the
[(bpy);Ru-L]?* are intramolecularly reduced by cytochrome c to the cor-
responding ruthenium(II) species (a metal-centered orbital). In these cases,
reorganizational energies of the ruthenium center are associated with the
rate of electron transfer.

The novel property of the second type, the [(NH,),Ru"-Mepz] and the
[(bpy);Ru"-L] cytochrome c species, is that oxidation to the ruthenium(III)
center can be observed, as well as reduction from the ligand-centeréd rad-
icals. Thus both the oxidation and reduction of cytochrome ¢ can be observed
from the same inorganic modifier, even though it is metal-centered in one
direction and ligand-centered in the other. Correction for the reorganiza-
tional energies between the metal center and the ligand center allows a
direct comparison of oxidation and reduction at these similar distances.

Binuclear ruthenium complexes of the bridging pyrazine and bipyridine
type can be used to observe metal-centered oxidation and reduction. Com-
plexes of the type [(NH,)sOs-LL-Ru(NH,),-L-(OH)]*** (where LL is pyr-
azine and L is 4,4'bpy) have multiple oxidation-reduction properties that
will allow the oxidation and reduction of cytochrome ¢ to metal-centered
orbitals. In these cases, correction for reorganizational energies because
of the origin of the orbital for the electron-transfer reaction will not be
necessary.

“One-Direction” Electron Transfer

Table II shows that the rates of oxidation and reduction of cytochrome ¢ by
these covalently modified ruthenium complexes do not proceed in a simple
reversible elementary step. The fact that the rate of intramolecular oxidation
of cis- and trans-[(NH,),Ru"-L] (L is isn) by cytochrome c is much slower
than the reduction of cytochrome c with [(NH,);Ru""-] indicates that more
complex chemistry is associated with electron transfer in the protein. As-
sociation of this complexity with the protein rather than with the ruthenium
label is inferred from the variety of ruthenium complexes that exhibit the
same behavior. We interpreted this in 1986 as “directional electron transfer”,
where protein conformational states play a role in the intramolecular elec-
tron-transfer reaction (24).

Subsequent to our work, a paper on “gated electron-transfer reactions”
by Hoffman et al. (26) was published to interpret a related observation in
their work on photoinduced electron transfer in protein electron-transfer
complexes. Sutin et al. (27, in this volume) worked out the general theoretical
formalisms for the many possible types of “directional electron transfer”.
This theoretical work opens up more avenues for designing new types of
donor—acceptor complexes that exhibit directional electron transfer.

The chemistry of cytochrome ¢ can be used to aid in the interpretation
of this directional electron transfer in ruthenium-modified cytochrome c.
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The reduction of cytochrome ¢ with ruthenium reagents covalently attached
to His 33 is dependent on the driving force of the reaction. Table II shows
that this rate can be varied over 5 orders of magnitude by changes in the
ruthenium complexes. On the other hand, the intramolecular oxidation of
cytochrome c is 4-5 orders of magnitude slower than its reduction after
correction for driving force and reorganizational energy. A mechanism to
interpret these results is shown in Scheme I. Thus cytochrome ¢™ is reduced
to an activated intermediate, cyt c*", which undergoes a conformational
change to the stable form of cyt c". Therefore, in the reduction of cyt ¢ we
measure the rate of formation of this activated intermediate, k,. For the
oxidation of cytochrome c, the pre-equilibrium to form the same activated
intermediate is required first. This requirement depresses the observed rate
of intramolecular oxidation to k_,/K.,, and therefore we observe a signifi-
cantly decreased intramolecular rate of oxidation for the cytochrome c. This
mechanism is one of many that can be used to interpret the observed results.
The attractiveness of this mechanism is its simplicity. Other mechanisms
involving more intermediates and associated rate constants can also be used
to interpret the results.

Another attractive feature of this mechanism is that it is very similar to
the mechanisms proposed for electron transfer at solid electrodes. In the
language of electrochemistry, the mechanism (Scheme 1) is referred to as
the EC mechanism (i.e., a chemical reaction [an equilibrium or conforma-
tional change, etc.] following the electron-transfer step in the reduction
process).

Finally, it is of interest to define the molecular event that leads to this
conformational change. Further work from NMR and time-dependent res-

Ru’ cyt c" ——>,k‘ Ru" cytéu ——+,K Ru" cyt c"

t K < t

Forward reaction

Reverse reaction

Kops= K_1 eq

Scheme I. Directional electron-transfer mechanism.

In Electron Transfer in Biology and the Solid State; Johnson, M., € a.;
Advances in Chemistry; American Chemical Society: Washington, DC, 1989.



Publication Date: May 5, 1989 | doi: 10.1021/ba-1990-0226.ch004

4. IsiE»D Ruthenium-Modified Cytochrome ¢ 99

onance Raman spectroscopy might shed light on these molecular events.
The other important question that should be addressed is whether “one-
direction electron transfer” can be observed from different sites of the protein
surface to the heme and vice versa. Chemical modification of cytochrome ¢
and site-directed mutagenesis experiments are required to generate specific
binding sites in different regions of the cytochrome c so that experiments
similar to the ones outlined in this chapter can be carried out. Compari-
son of the intramolecular oxidation and reduction properties of the heme
site from different regions of the protein should provide answers to these
questions.
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Photoinduced Electron Transfer Across
Peptide Spacers

Leonardo A. Cabana and Kirk S. Schanze!’

Department of Chemistry, University of Florida, Gainesville, FL 32611

A series of molecules was prepared in which a metal complex center,
[(bpy)Re(1)(CO)s(pyr)] * (bpy is 2,2'-bipyridine, pyr is 4-aminopyr-
idine), is linked to a 4-(N,N-dimethylamino)benzoate unit (DMAB)
by a covalent bridge consisting of 0, 1, and 2 L-proline units (com-
pounds 0, 1, and 2, respectively). In these molecules, electron transfer
from DMAB to Re is initiated by photoexcitation of the Re — bpy
metal-to-ligand charge-transfer (MLCT) excited state.

(bpy)Re!* * *DMAB —
(bpy~)Re"* * *DMAB —=> (bpy~)Re'* * *DMAB*
MLCT

Electron-transfer kinetics were studied in two solvents by monitoring
the MLCT emission. Rate constants for intramolecular electron trans-
fer (ker) for 0, 1, and 2 in CH;OH at 20 °C are 9.8 X 107, 5.3 X
10%, and 5.6 x 10° s, respectively. The temperature dependence of
ker also was determined in CH;OH. The results are consistent with
a nonadiabatic, long-range electron-transfer mechanism. Emission-
decay kinetics of 2 in CH;CN suggest the presence of two confor-
mational isomers with dramatically different electron-transfer rates.
The emission data is supported by the observation of two confor-
mational isomers in the °C NMR spectrum of 2. The strong depen-
dence of rate on conformation for 2 is consistent with a through-
space mechanism for electron transfer.

THE MECHANISM OF ELECTRON-TRANSFER (ET) REACTIONS has been stud-
ied by using photochemistry for many years. Early kinetic studies focused

TAddress correspondence to this author.

0065-2393/90/0226—-0101$07.00/0
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on bimolecular quenching of photoexcited chromophores by electron donors
or acceptors (quenchers). Through these studies a significant amount of
information has been obtained concerning the relationship between the driv-
ing force (AGgy) and the rate (kgy) for endothermic and weakly exothermic
ET reactions (1-8).

However, a disadvantage of bimolecular systems is that the rate of the
intrinsic ET step is not directly obtained from the observed quenching rate
because the chromophore and quencher must diffuse together to form an
encounter complex prior to ET (8). This limitation is severe for strongly
exothermic reactions because diffusion is the rate-determining step for
quenching in this case (I, 4). In addition, no information is available con-
cerning the structure of the encounter complex during ET for bimolecular
reactions.

To overcome the disadvantages of bimolecular systems, an increasing
number of studies have focused on photoinduced intramolecular ET in co-
valently linked chromophore—quencher (C-Q) compounds (9-30). In C-Q
systems, an electron donor or acceptor is covalently attached to a chromo-
phore to allow measurement of kg; without the complication of diffusion
effects. In these systems, it is possible in principle to measure kg directly,
even in cases where the rate is exceedingly rapid. This measurement has
become possible through advances in fast time-resolved methods for the
study of the kinetics of photoinduced processes (31, 32).

Spacer Structures

In many early C-Q systems, the chromophore and quencher were attached
via flexible methylene chains (9-11). Some information was obtained with
these systems regarding the effect of relative orientation of the donor and
acceptor on kgr (9). However, because of the flexibility of the methylene
spacers, little information was obtained concerning the effect on ET of sep-
aration distance or the molecular structure of the spacer. More recently,
attention has turned to C-Q systems, in which the chromophore and
quencher are attached by rigid spacers in an effort to provide detailed in-
formation about structural factors that control ET reaction rates. In these
studies chromophore and quencher sites are held together by rigid organic
spacers, peptides, and protein matrices (14, 15, 19-22, 27, 28, 33-37).
The well-defined spacer structure makes it possible to determine kgr
under conditions in which the separation distance between and the relative
orientation of the donor and acceptor are known. When the rigid spacer
systems are used, it becomes possible to address several questions of interest:

1. What is the effect of distance on the rate for ET?

2. How does the molecular and electronic structure of the spacer
affect the rate for long-distance ET?
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3. How does kg depend on the relative orientation of the donor
and acceptor?

In addition to addressing these questions, studies of photoinduced intra-
molecular ET across rigid spacers have provided experimental evidence for
the Marcus inverted region (13) and have led to the development of syn-
thetic systems that mimic the primary events in photosynthesis (14, 15,
17, 18, 38).

Structural and kinetic studies of proteins involved in biological redox
reactions (e.g., the photosynthetic reaction center protein complex, cyto-
chrome c, blue copper proteins) (39—45) have led to the realization that the
protein-bound redox sites are frequently separated by 5-20 A when ET
occurs. In many cases the trunsferring electron “tunnels” across an inter-
vening protein matrix (45, 46). This realization has led to an increasing
number of experimental and theoretical investigations focused on under-
standing the role of the intervening protein in mediating long-range ET.
One experimental approach to this problem has been to study ET in struc-
turally well-defined native and modified proteins (33-37, 40—42, 45-47).
However, a disadvantage of this approach is that it is difficult to systematically
vary structural elements in the protein-based systems.

An alternative approach is to study intramolecular ET in systems in
which a donor and acceptor are separated by synthetic peptide spacers. This
approach was pioneered by Isied, who studied thermally activated ET be-
tween metal centers in several systems that use a series of rigid oligo-L-
proline peptide spacers (48—50). With this method, the separation distance
between the redox sites can be systematically varied to allow investigation
of the distance dependence of kgr across a well-defined peptide spacer.
Oligoproline peptides are well-suited for use as spacers because in protic
solvents the peptide chain adopts a helical form that exists predominantly
in a single conformation and undergoes isomerization at a comparatively slow
rate. This fact has been established in NMR spectroscopic experiments
(51-54) and through studies of end-to-end Forster excited-state energy trans-
fer across oligoprolines ranging from 6 to 10 amino acid units (55, 56).

Photoinduced Intramolecular ET

We initiated a series of investigations in which we apply the technique of
photoinduced intramolecular ET to study the kinetics of ET across a series
of rigid oligoproline spacers. These studies were designed to obtain quan-
titative information concerning the distance dependence of kg across pep-
tides for the photochemically activated process. One goal is to provide data
that will allow a direct comparison of the distance dependence for a pho-
toinduced ET with the thermally activated ET processes studied by Isied.
It is hoped that such comparisons will lend insight concerning the mechanism
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for electron tunneling across spacers that have structural characteristics in
common with redox proteins.

In the peptide-linked electron-donor—acceptor systems described in this
chapter (see structures), the photoexcited Re(I) metal complex acts as an
electron acceptor and the dimethylaminobenzoate (DMAB) moiety acts as
an electron donor. The Re(I) complex was chosen primarily because it has
a well-characterized metal-to-ligand charge-transfer (MLCT) excited state
that is luminescent, relatively long-lived, and a strong oxidant (24, 25, 57,
58). The DMAB donor was chosen for the relative ease with which it can
be incorporated into the peptide synthesis and because the amido linkage
that binds the donor to the peptide chain restricts dynamic motion.

I-m: n=1,R=H 1: n=1,R=NMe,

2-m: n=2,R=H 2: n=2,R=NMe,

In compounds 0-2, photoexcitation of the Re(I) complex into the MLCT
excited state initiates intramolecular ET from the DMAB donor to the metal
center.

(bpy)Re'* + ‘DMAB —*>
(bpy )Re'™* - -DMAB —=> (bpy~)Re!* - -DMAB* (1)
M

.
LCT
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where bpy is 2,2'-bipyridine. The rate constant for ET in 0-2 has been
examined in two solvents by both steady-state and time-resolved fluores-
cence spectroscopy. The results indicate that the rate of ET is strongly
dependent upon the number of peptide spacers. In addition, temperature-
dependence experiments indicate that ET in 0-2 is nonadiabatic and thus
suggest that long-range ET occurs in each case.

Experimental Procedures

The peptide ligands and metal complexes were prepared by standard methods (25,
27). Each complex was purified by repeated column chromatography. The structures
of the complexes were confirmed by 'H and *C NMR spectroscopy and by elemental
analysis.

Cyclic voltammetry was carried out on a voltammograph (Bioanalytical Systems
CV-2). Experiments were carried out in a two-compartment cell in which Pt disk
working electrodes and Pt wire auxiliary electrodes were separated from the reference
electrode (saturated calomel, SCE) by a medium-porosity glass frit. Tetraethylam-
monium perchlorate (TEAP) (Kodak, recrystallized) was used at a concentration of
0.1 M as supporting electrolyte.

Solvents used in emission experiments were Kodak spectroquality. In all ex-
periments, sample concentrations were ~10-° M, with optical densities at 400 nm
~0.10. Stern-Volmer experiments demonstrated that this concentration was suffi-
ciently low to preclude bimolecular quenching. Temperature control during the
luminescence experiments was maintained to within £1 °C by using a recirculating
bath (Hakke D3). Steady-state luminescence spectra were obtained on a spectro-
photometer (Spex Industries F-112A). Quantum-yield measurements were made
relative to an emission actinometer consisting of Zn(II)-[5,10,15,20-tetraphenylpor-
phyrin] in air-saturated benzene (emission quantum yield, ®.,, = 0.030) (59). The
metal-complex samples and the actinometer had matched optical densities at the
excitation wavelength (nm 400).

Emission-decay measurements were carried out by using time-correlated single-
photon counting (60). Excitation light was filtered with a near-UV bandpass filter
(Schott, UG-11, maximum transmittance at 350 nm), and emission light was filtered
with a 600-nm interference filter. In all cases, data acquisition was carried out until
10,000 counts were obtained in the maximum channel. Analysis of emission-decay
data was carried out by the nonlinear least squares method; the analysis provided
for deconvolution of the excitation lamp response (60). In every case, the reduced
chi-squared value for the fit of the experimental data was acceptable (x? = 1.3).

Results and Discussion

Thermodynamics and Kinetics of Intramolecular ET. The ther-
modynamic driving force for photoinduced DMAB to Re intramolecular ET
(the second step in eq 1) can be approximated by using eq 2 (20).

14.45
€Rp,

AGgr = Ey,(DMAB/DMAB®) — Ei,(bpy/bpy~) — Ewrer — @)

In this equation, E,,(DMAB/DMAB *) and E.,bpy/bpy~) are the half-wave
oxidation and reduction potentials for the DMAB donor and the 2,2'-bipyr-
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idine ligand, respectively; E;cr is the excited-state energy; and the last
term represents the coulombic interaction between the electron and electron
hole in the charge-separated state.

In order to estimate AGg; for each of the Re~DMAB complexes, the
relevant electrochemical data were obtained in CH,CN solution by using
cyclic voltammetry (see Table I). The MLCT excited-state energy for the
complexes was obtained by fitting the emission spectra with a spectral sim-

Table I. Electrochemical Potentials, Emission Energies, and AGer
Complex E,(DMAB/DMAB*),V  Eu,(bpy/bpy ),V Eumcr, eV AGgr, eV

0 +0.98 -1.18 2.34 -0.18
1 +0.92 -1.20 2.31 -0.19
2 +0.93 -1.20 2.31 —0.18

NoTE: Ey,and E, values were obtained from cyclic voltammetry in CH;CN solution with the
SCE reference. E vcr is emission energy calculated from spectral fit (ref. 59) of emission from
complex in CH;0H. AGgr was calculated from eq 2 and data in Table I. Error in AGegr is
estimated to be 0.1 eV.

ulation program that allows approximation of the 0-0 band energy from the
broad structureless spectra that are typical of Re(I) MLCT states (57, 61).
The estimated E \;; c; energies are also listed in Table 1. By using these data
and eq 2, AGgr values were calculated for 0-2 (see Table I). The data show
that intramolecular ET is weakly exothermic and is nearly constant across
the series.

Scheme I presents an excited-state scheme that is used to model the
kinetic behavior of the Re-DMAB complexes. Briefly, the model assumes
that the photon is absorbed by the metal-complex chromophore and rapidly
produces the dm Re — 7* bpy MLCT excited state (24, 25, 57, 58). The
MLCT state subsequently decays, by either radiative or nonradiative decay,
back to the ground state (k;°) or by electron transfer (kg;) to produce a
charge-transfer state. Because ET competes with decay of the MLCT state

(bpy)Re'-DMAB

ET

(bpy )Re'-DMAB*

+hv
K%

(bpy)Re'l-DMAB

Scheme 1. Energy-level diagram for 0-2, including kinetic rate constants.
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by normal paths, the kinetics can be determined from the MLCT lumines-
cence by using either steady-state or time-resolved techniques.

Equations 3 and 4 have been used to calculate ET rate constants (11,
16, 19-21, 26, 27),

kexl®) = [‘—g - 1] - ®
k) = = - % @

where ® and 7 are the emission yield and lifetime for the donor-substituted
complexes (0-2), and ®° and 1° are the same parameters for the correspond-
ing unsubstituted model complexes (0-m, 1-m, and 2-m). These equations
are derived from the kinetic scheme (Scheme I) under the assumption that
k° is the same for the donor-substituted and unsubstituted complexes. The
assumption of a low electronic interaction between the Re center and the
DMAB moiety is implicit.

This model provides an accurate representation of the excited-state man-
ifold of the Re~-DMAB complexes, as shown by comparison of the electronic
absorption spectra of the donor-substituted complexes with the correspond-
ing unsubstituted complexes. The spectra of 1-m, 1, and N,N-diethyl-4-(N,N-
dimethyl)benzamide (DE-DMAB) are shown in Figure 1. Each of the metal
complexes displays a low-intensity absorption band (¢ ~ 4000 M~ cm™)
near 360 nm. This band is assigned to the dw Re = @* bpy MLCT absorption
(24, 25, 57, 58). The only significant difference between the spectra of 1 and
1-m is the enhanced absorption noted in the 200-330-nm region for 1 com-
pared to 1-m. This region is where the DMAB m,m* absorption occurs, as
indicated by the spectrum of DE-DMAB. The fact that the absorption
spectrum of 1 is nearly the sum of the component parts (1-m and DE-DMAB)
indicates that the electronic interaction between the DMAB donor and the
Re center is very weak.

Conformations of the Peptide Spacers and Structures for 0-2.
The peptide bond in proline oligomers can exist in two conformations, as
shown in structure 1. This conformational isomerization has been studied in
various proline-containing peptides by using *C NMR spectroscopy (51-54).
This technique is useful because the chemical shift for each of the four proline
ring carbons is different for the cis and trans conformations. Carbon NMR
spectroscopic experiments were carried out on 1 and 2 in two solvents to
examine the cis—trans conformational equilibrium for the peptide spacers.
Figure 2a shows the *C NMR spectra of 1 and 2 in the 20-70-ppm region
in CD3CN. As expected, in the spectrum of 1 the proline ring carbons appear
as four resonances. However, in the spectrum of 2 the proline ring carbons
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Figure 1. UV-visible absorption spectra in CH;OH solution. Key: —, 1; -—,
I-m; —e—0—0, DE—DMAB
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appear as 16 resonances, rather than the expected 8. This splitting of the
proline ring carbon resonances is attributed to the existence of both cis and
trans conformations at the proline—proline peptide bond for 2 in CD,CN.
The less-intense resonances that are shifted from the stronger resonances
are assigned to molecules in which the proline-proline bond is in the cis
conformation (51-54). Figure 2b shows the same region of the carbon NMR
spectrum for 1 and 2 in CD ;0D solution. Again in the spectrum of 1, the
four ring carbons appear as singlets. Interestingly, the carbon spectrum of
2 in CD;0D is much simpler than in CD;CN; resonances caused by mol-
ecules in the cis conformation are virtually absent. This result indicates that,
in CD3OD solution, 2 exists predominantly in the conformation with the
proline-proline bond in the trans conformation.

The structures of 0, 1, and 2 were approximated by a PC-based molecular
modeling program employing the following technique (62). The coordinates
for the [(bpy)Re(CO),(4-aminopyridine)] * complex were input with the co-
ordinates from the X-ray structure of [(bpy)Re(CO),(4,4'-bipyridine)] * (63).
The coordinates for the proline spacers were input with the coordinates from
the X-ray structure of trans-poly-L-proline (64). The structure of DMAB was
obtained with the structure-generating function of the modeling program.
The DMAB-to-proline, proline-to-4-aminopyridine, and DMAB-to-4-ami-
nomethylpyridine amide bonds were all assumed to be in the trans confor-
mation. The structures thus generated are shown in Chart I. From these
structures, an estimate can be made for the Re-to-DMAB distance in the
three complexes by taking the distance from the Re atom to C-1 in the
DMAB aromatic ring: 0, 9.2 A; 1, 11.4 &; and 2, 14.9 A.

Intramolecular ET in Methanol Solution. The quantum yield (®)
and lifetime () of the Re — bpy MLCT luminescence of 0-m, 1-m, 2-m,
and 0-2 were measured at 20 °C in methanol. The data listed in Table II
represent the average of three independent measurements of each param-
eter, and the errors are the experimental standard deviations. Comparison
of the data shows that in each case ® and 7 are quenched in the donor-
substituted complexes compared to the unsubstituted complexes. Further-
more, the extent of quenching is strongly dependent upon the number of
proline spacers between the Re complex and the DMAB donor. The origin
of this quenching is assumed to be solely competition of DMAB-to-Re ET
with decay of the MLCT state by normal decay paths.

Quenching. Several lines of evidence support the premise that MLCT
quenching results from ET.

1. A flash photolysis experiment was conducted on a solution
containing 0-m (10~ M) and DE-DMAB (0.01 M). The so-
lution was excited with an excimer-pumped dye laser into the
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Table II. Emission Yields and Lifetimes
in CH3;0H Solution

Complex D, T, NS
0-m — 1718 £ 1
I-m 0.034 = 0.001 1211
2-m 0.032 = 0.001 120.4 = 0.6
0 — 9.62 = 0.04
1 0.022 + 0.001 73.7 £ 0.7
2 0.030 = 0.001 115.2 = 0.6

NOTE: Argon outgassed solutions were at 20 °C. Each value is the
average of three independent measurements; errors are standard
deviation in measurements.

Chart 1. Possible solution conformations for 0, 1, and 2, determined as de-
scribed in the text.
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Re MLCT absorption band of 0-m. A long-lived transient ab-
sorption (lifetime >30 ps) that was produced is assigned to
the charge-transfer products formed via bimolecular ET from
DE-DMARB to the photoexcited Re complex.

2. The singlet and triplet energies of ethyl p-(N,N-dimethyl)-
aminobenzoate are 82 and 70 kcal, respectively (65, 66). (These
energies are based on vertical excitation to the 'L, and L,
excited states.) The singlet and triplet energies of the DMAB
moiety are expected to be very similar. Therefore, energy
transfer from the Re-based MLCT state (55 kcal) to DMAB is
endothermic and will be comparatively slow.

3. Studies of the kinetics for bimolecular quenching of [(bpy)-
Re(CO);L]* (L is CH4CN) by a series of organic amines (in-
cluding DE-DMAB) and methoxybenzenes with varying ox-
idation potentials are entirely consistent with electron-transfer
quenching in each case. The data are similar to those observed
in studies of bimolecular quenching of Ru(bpy);>* by reduc-
tive ET from a series of organic amines (4), except that the
Re complex is also quenched efficiently by the weak meth-
oxybenzene reductants because of the more positive excited-
state reduction potential (*Re */Re).

Taken together, these experiments provide compelling evidence that the
predominant mechanism for quenching of the Re-based MLCT state by the
DMAB moiety is ET.

ET Rate Constants. By using the luminescence data, ET rate constants
were calculated for 0 with eq 4 and for 1 and 2 by using both eqs 3 and 4
(see Table III). In determining ET rates, the model used for complex 0 was
0-m and the models used for complexes 1 and 2 were 1-m and 2-m, re-
spectively. There is relatively good agreement in the rate constants deter-
mined by using the quantum yield and lifetime data for 1 and 2. This

Table III. Electron-Transfer Rate Constants and Activation Parameters
in CH;0H Solution

Complex kg (D), s7'° ker(7), s71° AH¥(7), keal/mol®  AS¥(1), kcal/mol®
0 — (9.81 = 0.04) x 107 3.29 = 0.07 -10.7 = 0.2

1 (4=1) x 108 (5.3 £ 0.2) x 10° 4.04 * 0.05 -14.0 = 0.2

2 6+3) x 10° (3.7%06) x 10° 41%05 _19 %2

*ker(®) and ker(7) were calculated at 20 °C with eqs 3 and 4, respectively. Each rate constant
is the average of three independent determinations; errors were determined by propagating
the errors in the fluorescence measurements.

bActivation parameters were determined from an Eyring plot of rate constants (derived from
lifetime data) at six temperatures ranging from —7 to 41 °C. Rate constants at each temperature
were measured in two independent runs, and averages were used to construct the Eyring plots.
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agreement indicates that the assumptions used in deriving the kinetic scheme
are valid (compare kg(®) and k(1) in Table III). However, because of the
lower precision in the quantum-yield data, the k() values are used in the
following analysis. Comparison of the data for 0~2 demonstrates that the ET
rate, which decreases by a factor of 10-20 with each added residue, is strongly
dependent on the number of proline spacers.

In the semiclassical treatment of ET, the rate constant for ET is
given by

ker = V,KaK, ©®)

where v, is a nuclear-vibration frequency, k. is the electronic transmission
coefficient, and k, is the nuclear transmission factor (67). This equation
suggests that the electron-transfer rate constant can be separated into two
terms: one that describes the electronic interaction between the donor and
acceptor (k) and one that contains the dependence of the rate on nuclear
reorganization and free-energy effects (k,, the Franck—-Condon terms). An
expression that is commonly used to describe the distance dependence of
nonadiabatic ET is

kr) = ko exp{~B(r — ro} )

where k, is the rate when the donor (D) and acceptor (A) are at the van der
Waals contact distance, r, is the sum of the radii of D and A, and r is the
center-to-center separation distance between D and A (47, 68). Comparison
of these equations shows that k, ~ vk, and suggests that the exponential
term in eq 6 describes the distance dependence of k.. In other words, eq
6 implies that the decay of rate with distance arises only from a decrease in
the electronic coupling between D and A with increased separation.

Figure 3a shows a plot of the 20 °C rate data according to the treatment
suggested by eq 6 for 0-2, where r is taken as the distance from the Re
center to C-1 of the DMAB ring. A least squares analysis of the data yields
a value of = 0.96 A~ for the slope of the rate plot. It is of interest to
compare this distance dependence with that observed for other systems that
have been examined to date. A survey of experimental studies concerning
the distance dependence of ET in proteins and in synthetic systems indicates
that B ranges from 0.8 to 2.0 A~ (20, 21, 26, 35, 47-50, 69-71). Despite
the wide variability, most of the data tend to cluster in the range 0.8-1.2
AL, Some specific examples include:

1. ET from an aromatic hydrocarbon donor to organic acceptors
separated by rigid organic glasses (B = 1.2 A7) (71).

2. ET from an aromatic hydrocarbon donor to an aromatic hy-
drocarbon acceptor across a series of saturated cyclic organic
spacers (B = 1.0 A™) (70).
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3. ET from a photoexcited dimethoxynaphthalene donor to a
cyanoethylene acceptor across a series of saturated bicyclic
organic spacers (B = 0.88 A™) (21).

Distance Dependence. These examples show that the distance depen-
dence for DMAB to Re ET across the oligoproline spacers is very similar to
that observed for ET across saturated organic spacers. Barring complications
involved with the interpretation of B values, this result suggests that the
ability of the peptide to mediate electronic coupling between a donor and
an acceptor is not very different from that of a saturated hydrocarbon. This
finding is consistent with the predictions of theoretical models that have
been used to describe the electronic structure of peptides. The models
suggest that ET (electronic coupling) along the peptide backbone via unfilled

20
18 a
16 1
In kg,
14
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10 - -
-6-
"®
_AH” 8- {
RT 40+ ©

-12 1 ®
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I
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-14

T

8 12 16 20
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Figure 3. (a) Plot of In kgr vs. distance for 0, 1, and 2; (b) plot of ~-AH?/RT

vs. distance; (c) plot of AS?/R vs. distance. Squares with error bars represent

data for 0, 1 and 2; circled polygons represent data for Os(II) — Ru(IIl) ET

(data from ref. 48). Distance values for 0-2 are estimated as described in the
text.
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(m*) levels is improbable because of the comparatively high energy of the
orbitals involved (72). Thus, in the peptide-bridged systems, ET must occur
by paths that involve (electronic coupling via) o orbitals similar to those of
saturated-hydrocarbon spacers.

The data presented herein, along with data from work of Isied, allow
comparison of the distance dependence of the rate for ET in three different
oligoproline-bridged systems. Isied studied thermally activated ET in two-
metal dimer systems (49, 50)

(NHj3)sM?* —iso—(L~pro),-M?3*+(NH;)s —
(NH;)sM3*—iso—(L-pro),~M**(NHy)s  (7)

where iso is isonicotinic acid and pro is proline. For Os(II) > Co(III) ET
(AG < -0.1V), B ~ 2.0 A", for Os(Il) = Ru(Ill) (AG ~ -0.15 V), B ~ 1.5
A-! (49, 50). Remarkably, comparison of these data and the data on the
Re-DMAB system show that for ET across the same oligoproline spacer,
values range from 1.0 to 2.0 AL, This range would be reflected by a rate
difference of approximately 10* at a separation distance of 10 A. These are
not subtle differences!

The large disparity may arise from one or more of several factors that
may differ in the systems. The decay of the electronic coupling term (k)
with distance may be dependent on the molecular and electronic structure
of the donor and acceptor. Several theoretical studies using superexchange
theory support this hypothesis (73, 74). The treatment of distance-depen-
dence data obtained by eq 5 implies that the only term that varies with
distance is the electronic coupling (k.). However, the outer-sphere reor-
ganization energy is expected to increase with distance (50, 68, 75); this
increase would lead to a decrease of the Franck—~Condon term (k,), in ad-
dition to the expected decrease in the electronic coupling term (k.). The
size of the increase in the outer-sphere reorganization energy with distance
may depend on at least two factors that are different in the oligoproline
systems studied to date: the size of the donor and acceptor ions and the
polarity of the solvent (50).

Temperature Dependence. One way to test the possibility that both
Kq and k, vary with distance would be to analyze the rate data in a manner
that allows separation of the distance dependence of the two terms. For an
ET reaction in which the entropy change (ASgq) is zero, the activation pa-
rameters obtained from temperature-dependence studies allow separation
of nuclear and electronic factors as follows (50, 76):

_AH AS?
RT  MKa* g ®)

In k,
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where AH* is activation enthalpy, AS* is activation entropy, R is the gas
constant, and T is temperature.

To provide the data necessary for analysis as suggested by eq 8, the
temperature dependence of kg; in methanol has been determined from the
MLCT luminescence lifetime of complexes 0-m, 1-m, 2-m, and 0-2 at six
temperatures ranging from —7 to 40 °C. ET rate constants at each temper-
ature were determined by using eq 4. The entire temperature-dependence
experiment was repeated two times for each complex, and the set of average
rate constants thus obtained were used to construct Eyring plots. AH* and
AS* values were determined from the Eyring plots, and the values are listed
in Table III.

Activation Entropy and Enthalpy. The data in Table III show that for
0-2 the activation entropy is less than zero, and it becomes increasingly
negative as peptide spacers are added. Negative AS* has been observed for
ET reactions in a number of model systems and for intramolecular ET in
modified protein systems. In these cases, negative AS* values have been
attributed to a nonadiabatic ET mechanism arising from separated donor
and acceptor sites with weak electronic coupling between them (40, 41, 49,
50, 77). The observation of negative AS* for ET in 0-2 provides evidence
that ET is nonadiabatic. This observation supports the premise that the
proline peptide spacers are rigid and hold the Re and DMAB centers apart
during the ET process. Intramolecular ET is forced to occur by a through-
bond (or possibly through-space) mechanism across the peptide spacer. On
the other hand, no clear trend emerges from the activation enthalpy data;
this term is nearly constant within experimental error across the series. A
systematic increase in AH* with added spacers is expected because of the
dependence of the outer-sphere reorganization energy on distance (67, 68).
The reason for the lack of a systematic variation of AH* with distance in the
Re-DMAB system is unclear at present.

It is of interest to carry out an analysis of the activation parameter data
as suggested by eq 8 to separate the distance dependence of the nuclear
and electronic terms. Experimental data are not available concerning AS gr
for the excited-state ET reaction given in eq 1. However, on the basis of
the following reasoning, we suggest that the entropy change is small or
nearly zero for the Re~-DMAB system. The largest contribution to the overall
entropy change for the DMAB — Re ET reaction is expected to be associated
with solvent reorganization around the donor and acceptor that is driven by
charge transfer. Because the photoinduced ET process involves the overall
charge rearrangement Re *~DMAB — Re-DMAB*, changes in entropy
associated with solvent reorganization around the Re center concurrent with
its reduction are expected to be closely balanced by the entropy associated
with solvent reorganization around DMAB concurrent with its oxidation. In
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addition, the overall entropy changes associated with M * — M in bipyridine
complexes and for D — D* in organic donors have been shown to be
comparatively small (78, 79).

In Figure 3b and 3c, ~AH*/RT and AS*/R are plotted as a function of
distance for 0-2. The activation enthalpy plot shows no systematic variation,
although the activation entropy plot shows a pronounced negative slope.
The appearance of the plots suggests that the distance dependence of kg
arises mainly from variation of k; (50). An interesting correlation arises upon
comparison of the activation parameter data for photoinduced ET in 0-2
and for thermal Os(II) > Ru(III) ET in (NH,);Os"-iso-(L-pro),,-Ru™(NH )5
(nis 1, 2, and 3). The data points for AH* and AS* in the Os—Ru system are
included in the correlations shown in Figures 3b and 3c (50).

Comparison of the plots shows that the slope of the AH* plot for the
Os-Ru system is considerably greater than the apparent slope for the
Re-DMAB system. A possible explanation for the difference in slope is that
the distance dependence of the outer-sphere reorganization energy is greater
for the Os—Ru system than for 0-2. This distance dependence could result
from the fact that the experiments were carried out in H,O for the Os—Ru
system and in CH;OH for 0-2. By contrast, the AS*/R points for the Os—Ru
system and for 0-2 follow the same correlation. This remarkable correspon-
dence suggests that the distance dependence of the electronic transmission
term is identical for the two systems. Such correspondence is not surprising
in light of the fact that the molecular structure of the spacer in the two
systems is identical. The overall distance dependence of the ET rate is quite
different for the two systems. The temperature-dependence data suggest
that this difference arises mainly from a difference in the distance depen-
dence of the nuclear terms in the two systems.

Studies in CH;CN Solution. The luminescence decays for 0-m,
1-m, and 0-2 were monitored in CH;CN solution. Lifetimes obtained from
analysis of the experimental decays are listed in Table IV. Decays for 0-m,
1-m, 0, and 1 were fitted adequately with a single exponential decay function.
Rate constants for intramolecular ET in each complex were calculated with
eq 4 by using 0-m and 1-m as the models for 0 and 1, respectively. In contrast
to the situation for 0 and 1, the luminescence decay for 2 was biphasic. In
accord with this condit.on, a biexponential equation was used to fit the data.

- —t
I{t) = o, exp . + o, exp - 9)
1 2

In this expression, I(t) is the instantaneous emission intensity, ¢ is time, and
7; and a; are the lifetime and amplitude, respectively, of the ith decay
component. Table IV contains the parameters obtained from the fit of the
decay for 2 by using this equation. The decay displays two clearly resolved
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Table IV. Emission Lifetimes and Electron-Transfer
Rate Constants in CH;CN Solution

Complex T, ns (%)" ker, s7°

0-m 188 —

0 10.6 8.9 x 107

I-m 143 —

1 57.5 1.0 x 107

2 16.3 (51%) 5.4 x 107
98.9 (49%) 3.1 x 106

“Argon outgassed solutions were at 20 °C. The estimated errors in
lifetimes and rate constants are 1% and *+5%, respectively.
“These rate constants were calculated by using eq. 4 and the cor-
responding lifetime component. The model complex used for the
calculation was 1-m.

components with roughly equal amplitudes. By using the lifetimes of the
two components and the lifetime of the model complex (1-m), two ET rate
constants were calculated with eq 4.

An interesting correlation is noted between the luminescence data for
2 and the carbon NMR spectroscopic data presented in Figure 2b. For 2,
two sets of resonances resolved in the CD;CN NMR spectrum were assigned
to species in which the proline—proline bond was in the trans and cis con-
formations. Molecular models of 2 indicate that the Re~DMAB distance is
strongly dependent on the conformation of the proline—proline peptide
bond. In the cis conformer (cis-2), the closest Re-to-DMAB separation dis-
tance is less than 10 A; in the trans conformer (trans-2), this distance is
estimated to be greater than 14 A. Perhaps the two lifetime components
observed in the luminescence decay correspond to these two conformers.
The short and long lifetime components could be due to cis-2 and trans-2,
respectively.

This interpretation of the biphasic decay for 2 can be used in interpreting
the ET rate data obtained for the Re~-DMAB complexes in CH;CN. The
ET rate decreases systematically along the series 0, 1, and trans-2. However,
the ET rate for cis-2 is faster than for 1. The strong dependence of ET rate
on conformation for 2 suggests that ET may occur via a through-space mech-
anism, at least in the case of cis-2. Further insight concerning this hypothesis
may come from temperature-dependence experiments on 2 under conditions
in which the decay for each conformation can be resolved.

Conclusions

The Re~-DMAB system provides interesting information concerning the dis-
tance dependence of photoinduced ET. The temperature-dependent rate
data in CH;OH solution suggests that ET across the peptide spacers is
strongly nonadiabatic. This situation is consistent with the hypothesis that
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the oligoproline spacers are rigid and that the Re center and the DMAB
moiety are not in close contact during ET. The activation entropy data for
0-2 correlate remarkably well with data on thermal ET in (NH);Os"-iso-
(L-pro) ,-Ru™(NH,);. This preliminary evidence indicates that the distance
dependence of the electronic transmission factor for thermal and photo-
chemical ET is similar in these two proline-bridged systems. Studies of 2
with two slowly interconverting conformers present indicate that the ET
rate is strongly dependent on conformation and suggest the possibility that
ET occurs via a through-space mechanism.

Work in progress seeks to vary the driving force for ET by placing
substituents on the 2,2'-bipyridine ligand at the Re center. Efforts are also
underway to better define the structure of the oligoproline spacers in 1 and
2 by using molecular mechanics calculations and X-ray crystallography.
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Energetics and Dynamics of Gated
Reactions

Control of Observed Rates by Conformational
Interconversion

Brian M. Hoffman, Mark A. Ratner, and Sten A. Wallin

Department of Chemistry, Northwestern University, Evanston, IL 60208

Several unusual aspects of reactions in larger molecules, especially
biological systems in the condensed phase, are discussed. In partic-
ular, we are concerned with processes involving “soft” (overdamped,
low-frequency) degrees of freedom, such as might be associated with
a conformational interconversion in a macromolecule. The role of
subsidiary stable minima on the reaction surface is considered; sub-
sidiary stable minima can provide an indirect transfer route whose
activation barriers can be substantially smaller than the direct, con-
certed reaction path from precursor to successor. When these con-
siderations are applied to a cyclic electron-transfer scheme, “gating”
behavior, in which conformational changes control the overall proc-
ess, emerges naturally. This chapter also considers quite a different
dynamic effect, where anisotropy in the diffusion of the system on
the potential energy surface substantially changes the dynamic be-
havior and can lead to transient decays that cannot be fit to a single
exponential law.

CONVENTIONAL TRANSITION-STATE THEORY MUST BE EXTENDED when a
reacting system has certain key features associated with its potential-energy
surface. These theoretical considerations were initiated (1, 2) to explore what
consequences might arise when an electron-transfer system exhibits multiple
stable conformational states that can interconvert at rates competitive with
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electron transfer (3-5). As noted earlier (1), this situation is general and by
no means limited to electron-transfer reactions (6-8).

The following section describes a cyclic kinetic scheme appropriate for
conventional intramolecular electron transfer (ET), where reactant and prod-
uct each exhibit a single stable conformation and conformational dynamics
are not important. After that the role of conformational interconversion is
discussed, and the kinetic scheme that applies to a system in which electron
transfer is coupled to the conversion between two stable conformations is
developed (1). Then these equations are solved, and their most interesting
limiting forms are analyzed.

Finally, the alternate situation (2) is described, in which conformational
dynamics qualitatively change the observed kinetics of a reaction. The re-
acting system that is considered undergoes anisotropic diffusion on a two-
dimensional energy surface, one dimension of which can be considered a
conformational coordinate. This case corresponds to a generalization of Kra-
mers’ description of chemical reactions in the strongly coupled regime and
leads to nonexponential relaxations, even for surfaces with one stable con-
formation for each of the reactant and product.

Conventional Intramolecular Electron Transfer

A general kinetic scheme for simple intramolecular electron-transfer reac-
tions is given in Figure 1. A system consisting of an intramolecular (linked)
donor—acceptor [d,a] pair in its ground state, A, is excited to a reactive state,
A*. Most often this is done by flash photolytic excitation of d. Electron

A*| d*

a
K
hv| |kp d* a |1
A|d——a

Figure 1. Simple kinetic scheme for electron transfer within a linked donor—

acceptor pair. State A represents the ground-state [d,a] pair. A* is the state

formed at t = 0 by excitation to the donor excited state (d*,a). State A* can

decay back to A (rate constant, kp) or can react to form the charge-transfer

intermediate, 1 (rate constant, k.), composed of the (d*,a) pair. In turn,
reverse charge transfer re-forms A from I (rate constant, k).
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transfer, d* — a (or d — a*), then produces the charge-separated inter-
mediate, I = {d*,a"], at rate constant, k,. This intermediate can return to
the ground state by the reverse electron-transfer process, a- — d*, with
rate constant, k;,. Within this scheme, the time course of the species A* and
I are as follows (9):

AX() = A*(0)e (1a)

I(t) = A%0) (kb Ii' k) (e7kt — e (1b)

where A*(0) is the initial concentration of [d*,a]. According to eq la, A*
decays exponentially with the rate constant,

k, =k + k, (1o)

where kj, is the decay rate of A* in the absence of ET. Thus, k, can be
determined from k, by independent measurement of k.

Equation 1b represents the creation of I from A* at a rate constant k,
and its reaction to form A at rate constant k,. This equation corresponds to
an exponential rise and fall of I, with its concentration maximum at time T:
I(t) = A*(0)(k,/k) exp(~k.7); T = (In (k5/k.))/(k> — k), where k- and k.
refer to the larger and smaller of k, and k,. If k, < k,, then k;, can be
determined from the slow decay of intermediate I; if k, > k,, then k,, is
obtained by measuring the rapid appearance of 1.

The first portion of this scheme also applies to reactions where A*
represents a state in which a rapid bimolecular event has reduced d or
oxidized a. Such preparation can be done by pulse radiolysis or by flash
photolysis of a sacrificial ET reagent (10); a subsequent intramolecular
charge-transfer step produces I as the end product. These two cases differ
from the flash photolytic excitation of d (or a) in that k, = 0.

Introduction of Conformational Variation

An electron-transfer event is controlled by the Franck—Condon principle,
and thus is highly sensitive to the accompanying nuclear rearrangements.
In the standard theory of Marcus and Hush (11, 12), the coupled nuclear
modes of motion are divided into inner- and outer-sphere modes. Inner-
sphere modes include bond-length changes in the redox centers themselves,
and contribute a reorganization energy, \;; the surrounding medium is
treated as a continuous dielectric, with reorganization energy \,, and the
total reorganization energy is A = A, + \; A potential-energy diagram
depicting this situation is presented in Figure 2. In most cases, and partic-
ularly for small inorganic ions reacting near room temperature, inner- and
outer-sphere reorganizations are treated on equal footing.
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potential

-
N ey

’.-—---

Figure 2. Schematic potential-energy surface for ordinary electron trans-

fer without conformational state change. The abscissa is the inner-sphere

vibrational coordinate, the ordinate is either the outer-sphere coordinate

or an internal low-frequency motion. The reaction proceeds over a saddle

point located on a line joining precursor minimum (upper left) to successor

minimum (lower right). (Reproduced from ref. 1. Copyright 1987 American
Chemical Society.)

This formalism assumes that, in an ET process such as the forward-
transfer (A* — I) and back-transfer (I - A) reactions, there is but a single
stable conformational form for each of the precursor (P) and successor (S)
electron-transfer states (Figure 2). However, there must be many cases in
which an “outer-sphere” coordinate is associated with a conformational mode
that has two (or more) minima corresponding to alternative stable confor-
mations (Figure 3) and the substates of the P and S species display a dynamic
conformational equilibrium that can modulate the ET rates.

Moreover, major protein conformational changes can occur at rates that
are competitive with observed rates of ET (13, 14). Such “gating” may occur
in the complex between zinc cytochrome c peroxidase (ZnCcP) and cyto-
chrome ¢ (3, 9, 15-17) or for cytochrome c itself (18). More generally, it has
been proposed that a variety of other chemical reactions are conformationally
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Figure 3. Schematic potential-energy surface for electron transfer with con-
formational equilibrium. The ordinate is a conformational coordinate, and
the surface describes processes such as the A* — I transfer described in the
text and in Figure 4. Transfer from the conformationally favored precursor
state (upper left) to the stable successor conformer (lower right) occurs by
a two-step process (either across and then down or down and then across),
rather than by the combined upper left to lower right path, which
has a higher barrier. (Reproduced from ref. 1. Copyright 1987 American
Chemical Society.)

gated (19-21). A two-state case, which represents the simplest model for
any and all such reactions, was presented previously (I). This chapter gives
a more general solution to the kinetic equations that arise.

Consider a donor—acceptor pair, [d,a], as part of a system that exhibits
two conformations, (B) boat and (C) chair. For concreteness, we may imagine
d and a as attached 1,4 on a cyclohexane ring; the same formal situation will
be realized in far more interesting ways with protein complexes. In this
case, each of the three system states shown in Figure 1, (A, A*, and I) is
composed of two conformational substates (A = Ap + Ag A* = Ag* +
Ac* I = Iz + Ip). In the illustration, the distance and the through-bond
relationships that govern electron transfer between d and a will differ in the
B and C conformations of the ring.

For nonadiabatic electron transfer, this variation would cause the matrix
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element that enters as a prefactor into the (nonadiabatic limit) rate expres-
sions to differ in the B and C conformers (11, 12). Generally, the energetics
of charge creation or annihilation will be coupled to conformation. In the
illustration, this coupling obviously occurs, for the coulombic stabilization
of a charge-separated state will be greater in the boat conformer, where d *
and a~ are close, than in the chair. Moreover, the process of forming the
reactive state A* can change the conformational energetics. By linkage re-
lationships, this means that the equilibrium between conformers can be
different in system states A, A*, and I.

Introduction of the conformational equilibria implicit in Figure 3 ex-
pands the kinetic scheme of Figure 1 to that of Figure 4. Here, the A, A*,
and I states each exhibit two conformations of the linked donor—acceptor
system (B and C), each potentially with different interconversion rates and
energetics (equilibrium ratio). Because of these differences, the activation
energy for ET is not the same for the two conformers.

This scheme includes ET rate constants only for the d* — a and a- —

Ky
A* \—-\ o /
a

I dt a’

Figure 4. Kinetic scheme for electron transfer for a donor—acceptor couple

within a system where the states A, A*, and I each undergo conversion between

two stable conformers C and B. The symbols and rate constants are as shown

in Figure 1, with the following additions. The conformational substates and

associated electron-transfer rate constants are labeled by conformer; the con-

formational conversions are defined by the equilibrium constant in A ( Ke,,)
and by rate constants in A* (k,,ka) and in I (ku,ka).
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d* electron-transfer processes, in which the system conformation is con-
served (the “horizontal” reactions in Figure 3), and conformational and ET
steps only occur sequentially. Intuitively, it might be expected that a kinetic
scheme for ET in the presence of an energetic coupling between charge
state and conformation must include ET that is synchronous with a confor-
mational change in the medium coordinate, namely the “diagonal” processes
in Figure 3, Py — S, and Pc — Sg. This in turn would open the issue of
“friction” along the coupled diagonal path, particularly in protein systems
where large molecular masses are involved and at low temperatures.

However, in the cases of interest here it is not necessary to include the
synchronous process (e.g., Ac* — 1) for reasons that can be discerned upon
examining Figure 3. On a potential-energy surface in which the precursor,
A* or I, and also the successor, I or A, exhibit two stable minima, the
transition states on the diagonal reaction paths (e.g., P to Sg) lie at a higher
energy than all other transition states, including those for the isoconfor-
mational ET reactions (P — S¢ and Py — Sj) and those for the confor-
mational conversions (Pc — Py and Sc — Sg) (Figure 3). There can be no
compensation for this increased activation energy by the preexponential term
when ET is adiabatic, nor is effective compensation likely in the nonadiabatic,
long-range ET processes of interest here. Thus, in this case where the
conversion is between stable conformers, the rates for the sequential con-
formational and ET processes are greater than those for the synchronous
reactions, which can be omitted.

In some cases the conformational step will be slower than the ET step,
and these deserve to be called gated reactions. This point perhaps represents
the most interesting feature of our analysis and will be shown later to have
profound consequences for efforts to ascertain the degree of conformational
control in electron-transfer reactions.

Our original publication (I) speculated that the synchronous reaction
always can be omitted. Brunschwig and Sutin (22) confirm that this condition
is true for the case of concern in our original paper and here, where the
minima are stable. They further show that it is not true in the limiting case
where the second minimum is barely stable; this limitation is wholly un-
important in the present context.

Electron-Transfer Kinetics with Conformational Dynamics

We will discuss the kinetic scheme shown in Figure 4 in terms of the
photoinitiated (d* — a) electron-transfer and thermal (d* =- a”) processes
in a donor-acceptor pair coupled within a molecule or complex that exhibits
two stable conformations. Reactions initiated by a second-order reduction of
d are described by the first half of this scheme. The population of A* in the
C conformation is defined as (Ac*), in the B conformation as (Ag*), and the
total population of A* as (A*) = (Ag*) + (Ac*). The population of the electron-
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transfer intermediate, I, and its conformational substates are defined anal-
ogously. In the ground state, A, the conformational equilibrium is described
by the equilibrium constant, (Ag/Ac)., = K., However, coupling between
electronic state and conformation might alter the conformational equilibrium
in A* or I (Ag*/Ac*) = K. * = k,/kg; (Ip/lc)eq = Keg' = kulkar

An important feature of most experiments is that the detection methods
employed do not distinguish between conformers. Thus, we require equa-
tions for the total populations, A* and I, following the formation of A* at
t = 0 by flash excitation or second-order reduction (oxidation) of A. Gen-
erally, the d* — a transfer process is experimentally characterized by fol-
lowing the loss of A*, the d* =- a™ process by following the time course of
I. We will examine the two processes in turn.

Reaction of Initial State: A* — I: Exact Solution. The kinetic
schemes in Figures 3 and 4 correspond to the following kinetic equations
for the A* populations:

—d(?i:*) = ~(kc + ki + ko)(Ac¥) + ki(As*) (2a)
d(i;:*) = kAc*) — (kg + kg + kp)(Ap*¥) (2b)

For the general case, the initial conditions for the A* state are determined
by the equilibrium distribution of the A; and Ay ground states: [Ac*(t =
0)] = (1 - F)A¥(0); [Ag* = 0)] = FA*(0). Here A*(0) = [Ac*(t = 0)] +
[Ag*t = 0)] and F = k,/(k, + k;) = K. /(1 + K,y). Solving eqs 2a and
2b for the general case via a Laplace—~Carson transformation (23) yields

A*(t

I 0; = ce? + e ®))
Y~ = Fewe™ + e )
ii?g)) = Flege™ + cpe™®) (4b)

with the definitions

(e = 1/2[2kp + kg + k, + kg + kic ¥
Vik, + k? + (kg — k)ks — ke + 2k — 2k,)] (5)

_kx_f
T g-f €a)

4]
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_g—k 6b

Co g - f (6b)

Cic = k:__ ff | (7a)

6 = gg‘_"}c (7b)

Cip = k: _— jf (o)

- g — ka 7d

Cen 2 f (7d)

where
k,=kp + k, + kg + (1 — F)kyg + Fk 8)
ko = by + kg + o )
k,
ko = ko + ko + & (9b)

In contrast to the exponential dependence of A*(¢) for the simple ET scheme
(Figure 2, eq la), the general form of the overall A*(t) population, eq 3, is
biexponential, with the two rate constants being the sum (g) and difference
(f) of two positive terms: 0 < f < g. The long-time behavior of (A*) is governed
by the rate constant, f; the short-time behavior by the larger rate constant,
g. In the following discussion, it will frequently be useful to consider situ-
ations where a single exponential term controls the behavior of (A*(t)). The
effective rate, k., can be written as the sum of the decay-rate constant, k,
and an effective electron-transfer term, kgr.

kos = kp + kgr (10)

There are several illuminating limiting cases of the general solution. A most
interesting situation occurs when K., << 1 and thus the only state initially
prepared is Ac*. If Ac* does not exhibit rapid ET, namely k. ~ 0, then
ET only occurs subsequent to the Ac* — Ag* conversion. This is “gated”
ET in the traditional sense that until the “gate” has been opened (that is,
until Ag* is formed from Ac*), there is no conversion to product I. When
the state, Ac*, initially populated cannot undergo ET, there must be an
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initial lag period, with kg = 0 (eq 10); the early-time (¢ = 0) rate constant
for decay of A*

kas = kp (11a)

represents only the Ac* — A return to ground state. Subsequently, k.,
increases with time as Ag* is formed and undergoes the Ag* — I reaction.

In this gating situation, the long-time behavior of eq 3 exhibits two
special cases of physical interest. When the conformational equilibrium is
fast compared to the ET rate, corresponding to gated ET with a fast gate,
at long time, the A* < Ag* preequilibrium is established, giving the steady-
state result,

kaos = kp + [ks(F) + kic(1 = F)] (11b)

Thus, the apparent electron-transfer rate kg is a population-weighted av-
erage. The opposite extreme arises when conformational conversion Ac* —
Ag* is slow compared to the subsequent ET; this is the traditional gated ET
with a slow gate. At long time, the Ac* LN Ag* conformational step is
rate-limiting. Each complex attaining the high-energy conformation of the
precursor crosses with essentially unit efficiency to the product state I; the
overall ET rate constant is just kgr = k,, and

kobs = kD + ku (110)

Reaction of ET Intermediate: I — A (Scheme II): Exact Solu-
tion. The ET intermediate state denoted I in Figure 4 is created from A*
and simultaneously is being converted to A by ET. The two conformers of
A* can undergo parallel reactions to the corresponding I conformers. In this
section the term successor complex refers to A, and precursor complex is I.

The kinetic schemes in Figure 3 and Figure 4 yield the following kinetic
equations for the conformers of I:

U _ 4 B9 + kel + helac) (12
d‘(il:) = ky(Ic) = (kg + kiyp)(Ip) + kip(As™®) (12b)

Once again, an exact solution may be obtained via the Laplace~Carson
transformation. The solution to the general case for the time course of I(¢)
is a rather unwieldy four-exponential function that does not lend itself to a
discussion of its salient points. (For the sake of completeness, this solution
is given in the Appendix.) We will instead consider here an illuminating

In Electron Transfer in Biology and the Solid State; Johnson, M., € a.;
Advances in Chemistry; American Chemical Society: Washington, DC, 1989.



Publication Date: May 5, 1989 | doi: 10.1021/ba-1990-0226.ch006

6. HOFFMAN ET AL. Gated Reactions 135

subcase of the general case, where I is formed only through 15 and where
k, >> k,>> kp and k,c = 0. Thus, the A* — I process can be described
by a single process, Ag* — I, and by a single exponential decay with a rate
ks = kp + k.. In effect, we ignore gating in A* by considering only state
Ag* in order to see most clearly the effect of I; <> I on the I — A process.
The kinetic equations for the conformers of I obtained for this case are

43—? = —(ky + ko)l) + ka(ly) (13a)
dgtn) = kullo) — (kat + ku)(Is) + ki(As®) (13b)

By solving the coupled equation set (eqs 13a and 13b) for the boundary
conditions [I(t = 0)] = [Ig(t = 0)] = 0 and by using

Ag*(t) = A*(0)e kot (14)
we find
1) _ _ks ke —m — ket n =k e _ —nt]
A*(O)’n—m[kobs m T e TR e

where

() = 5o + ki + ka + k7

v(kdl + kul)2 + (ka - kbC)(ka - kbC + 2kdl - 2kul)] (16)
and
kz = kbC + kul + kdl (17)

The time course of (I) is determined by a three-exponential function involving
the A* — I rate constant, k,, and the I — A rate constants, m and n. The
rate constants m and n are composites only of the fundamental rate constants
associated with state I; the fundamental rate constants describing intercon-
version and decay of the A* substates do not appear in m and n.

To illustrate this exact description of the I — A process, we examined
the situation in which gating within I has the maximal effect. I is populated
only through the Ag* — I channel, but the I; conformer is unreactive,
with k,z; = 0. This situation represents idealized conformational control of
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ET because the d* =- a~ ET process can occur only after an Iy — I¢
conversion through the sequential process,
I — Io—%> A

where the Iy — I step is the “gate”. There are two interesting subcases.
When the gating conformational change, Iy — I, is slow compared to the
rate of ET within the reactive B conformer (k4 << k),

It) _ _ ks
A*(O) kdl - kobs

(e—kobst — e-k.m) (].8)

When the gate is rapid compared to the subsequent ET step (k,c << kg),
then

I(t) ks ki omhegt
A*(O) - keﬂ' - kobs (e ¢ ) (19)
where
_ ke
kar = ke + ka @0

Both of these subcases yield a biexponential functional form identical to that
of the ungated kinetic scheme, eq 1b. One of the rate constants is kg,
associated with creation of I; the other describes the ET reaction, I — A.
When the gate is slow, the apparent rate constant of the ET reaction is
not that for the ET step, but rather is k,, a conformational parameter.
Conversely, when the conformational change is fast, eq 19 says that the
d* = a” ET reaction within the I conformer is the rate-determining
step for the I — A process.

Another interesting limit can be illustrated by again considering the
situation when I is populated only through the Ag* — Iy channel, but now
the I conformer is reactive and k,; > kg ~ kops > kyup, ke In this limit,
if eq 15 can be written in the form

1(t)
A*(0)

= cie™" + g™ + ce™ 21)

where
—C3 = ¢ > € (22)

This result implies that the intermediate appears with rate constant n ~
k,s + kg and decays with rate constant m ~ k,; + k.
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Multimode Reaction Dynamics

In condensed-phase chemical reactions, including but not restricted to elec-
tron transfer, the relationship between the Born—-Oppenheimer potential
energy surfaces (or free-energy surfaces) and the rate processes occurring
on those surfaces is nearly always discussed in terms of the activation energies
(or activation free energies) involved in surmounting barriers along a reaction
path leading from a reactant to a product configuration (11, 12, 24). At high
temperatures the rate constant will then be given in a generalized transition-
state theory form

k = ke C/RT 23)

where k is the rate constant, k, is an attempt frequency for crossing the
barrier, k is a transmission coefficient describing recrossing of the barrier,
and AG* is the activation free energy. The dominant temperature depend-
ence arises from the exponential term, and one generally expects a single-
exponential time-course for the reactant concentration. The standard ET
rate theory, in the adiabatic limit, is exactly of this form, with kk, replaced
by a universal frequency near 10" s}, and AG* = (\ + A)*/4\. For non-
adiabatic ET, the prefactor kk, becomes

21TVDA2

AATNKT) (@4)

kk, =

with V, as the electron tunneling matrix element. Formulas 23 and 24
would be appropriate for the individual electron-transfer rate constants (k,3,
k., k;5, and k,c) that appear in the earlier discussion in which the simple
transition-state theory was extended to include multiple stable minima.

We have outlined the modifications that must be made in the standard
nonadiabatic rate expressions of eqs 23 and 24 when multiple stable minima
occur on the potential surface. For other situations of real importance, dy-
namics on the potential-energy surface, rather than the surface itself, require
extension of these formulas. The first of these dynamic extensions to receive
extensive recent experimental and theoretical work arises from dynamic
solvent relaxation effects (25—41); it is important for both large- and small-
molecule dynamics, especially at short times. Solvent relaxation is important
in several situations, most obviously when it is required to trap a successor
complex that might otherwise convert back to precursor. A simplified picture
(33) of these dynamic corrections replaces the standard form for nonadiabatic
transfer

kET = kNA (25)
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by the corrected version

kNA
ker = 26
T 1+K (@6)
where we have
2w Vp,?
Ky = oF YDA ,-EwRT 9
NA TR @k )2 C @
4mV,2
K = —-EIL T (28)
n=m (29)
eﬂ

with 1), 7, €., and €,, respectively, the longitudinal and Debye relaxation
times and the optical and static dielectric constants. For slow solvent relax-
ation,

%
kx.\ :

)\ ex —EA . l K << 1
16wk, 7| “P RT 7 K>>1

kgr — (30)

Thus, in this limit, the rate is simply the product of the activation energy
to attain the barrier top and the rate of solvent relaxation required to stabilize
the product configuration.

We treated a second set of circumstances in which the simple activated
complex picture requires dynamical extension. In condensed phase, excited
translational or vibrational states undergo frequent energy-relaxing collisions
with the solvent. Under these conditions, the dynamic behavior of the system
point moving on the potential surface will generally be diffusive, with mean
free path short compared to characteristic distances along the potential sur-
face. Kramers long ago studied the implications of this diffusive transport
for chemical rate processes (42). In the past 15 years a large number of
studies, both theoretical and experimental, have used generalized Kramers
models to analyze rates for processes as different as isomerization, ionic
conduction, and enzyme-substrate binding (43, 48).

The original Kramers formulation, and the majority of its extensions,
considered pictures in which motion occurs along a single reaction coordi-
nate, and thus the diffusive dynamics of barrier crossing occurs in one di-
mension. Situations can frequently occur, however, in which the one-
dimensional picture is inadequate. Agmon and Hopfield (49, 50) noted that
for reactions in proteins, it may be necessary to treat internal motion of the

In Electron Transfer in Biology and the Solid State; Johnson, M., € a.;
Advances in Chemistry; American Chemical Society: Washington, DC, 1989.



Publication Date: May 5, 1989 | doi: 10.1021/ba-1990-0226.ch006

6. HOFFMAN ET AL. Gated Reactions 139

protein as defining the “medium” coordinate (Figure 2). When the protein
is highly conformationally mobile, there are no new effects.

However, as motion in this coordinate is slowed, for example by a
decrease in temperature, reorganization of the protein becomes difficult and
finally impossible; the system no longer can reach the classical transition
state (Figure 2), and the reaction rate decreases. Examples might include
CO rebinding (21, 51), the case of ET with stable intermediate states, or
isomerization about a double bond, in which extension of the bond vibration
coordinate substantially changes the barrier height. Under such conditions,
the Kramers picture should be extended to two coordinates, and just such
an analysis of the isomerization problem has been provided by Agmon and
Kosloff (52).

In many systems, however, particularly in proteins with slow confor-
mational motions characterized by very large effective masses and small force
constants, the characteristic times for the coordinates may be very different.
Additionally, the different degrees of freedom may have totally different
effective frictions, corresponding to differing diffusion constants along the
differing motion directions. As a result, the evolution of the system on the
potential surface can be governed not only by the potential surface itself
(that is, by the forces arising from the gradient of the potential), but also
from nonuniform frictional forces for differing coordinates.

A simple example might help to clarify this discussion. Figure 5A pre-
sents a schematic potential surface for CO rebinding to myoglobin. The
abscissa corresponds to translational motion of the CO away from the Fe
site, and the ordinate measures protein conformational motion. The confor-
mational (“outer-sphere”) motions will occur very slowly; the small-species
(“inner-sphere”) motions along the abscissa are far faster. Agmon and Hop-
field (49, 50) therefore assumed that the effective reactive motion corre-
sponds to straight-line motions along the x coordinate, starting from some
distribution of probability (just a Boltzmann-type distribution) along the y
axis. Physically, this condition will ideally correspond to a distribution of
barrier heights, corresponding to crossing the ridge line R at various cuts
along the y axis. This distribution, in turn, can mean that dynamics about
the simple saddle point S of Figure 5A can become irrelevant for the overall
rate because barrier crossing will occur all along the ridge line, not only at
the saddle point itself. Then the overall rate will be given by an average of
the rate for each straight-line trajectory parallel to x—that is, at each con-
formation, a rate of CO rebinding can be defined, and the overall observed
rate will be an average over all accessible conformations.

The appealing and physically reasonable picture of Agmon and Hopfield
represented an important step in interpreting reactions occurring in situa-
tions such as'a protein where the characteristic frictions and motion time
scales are substantially different along various coordinates. However, the
straight-line trajectories parallel to the x axis, corresponding to fast-coordi-
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Xy A

R

o
]
.

Figure 5. (A) A schematic sketch of the potential surface for the ligand protein

rebinding reaction. R denotes the ridge, T the separatrix, and S the saddle

point. The stable reactant and product configurations are denoted by a and

b, respectively. The shapes and orientations of R and I' are schematic and
other possibilities exist as discussed in the text.

nate motion at fixed position along the slow coordinate, clearly represents
a great over-simplification that cannot be generally valid. The issues raised,
however, including the differences between reactions determined by ridge-
line crossing as opposed to saddle-point crossing, the effects of very different
frictions along the various motions, and possible nonexponential rate be-
havior arising from short-time transients on the product side of the ridge
line but not yet stable at product-type geometries, merit extended consid-
eration (53).

Recently, this problem was considered by using a Smoluchowski equa-
tion approach (2). The equations of motion for the system are then

—-194V e

k = —— + 2kBT/m'yl tbl (313)
my, 0x

. —-14V )

§ = — — + V2kzT/my, w, (31b)
my; 9y

with v, and v, the friction coefficients for x and y motions, respectively; and
kg, T, m, w;, and w, are, respectively, Boltzmann constant, temperature,
mass, and two independent white noise (random modulation) terms. This
equation is expected to hold when the motion is strongly damped, so that
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Xz B

Figure 5. (B) A plot of the potential corresponding to the lower eigenvalue of

the 2 X 2 vibronic coupling problem. The ratio of the diffusion coefficients

is & = 0.1. The ridge and separatrix shown in the figure have been calculated

for this ratio. Unlike the situation in the schematic picture (A), R and T touch

(at the saddle point), but do not cross each other. (Reproduced with permission
from ref. 2. Copyright 1989 American Institute of Physics.)

v, and <y, exceed all important frequencies; this should be true in protein
ET reactions.

Anisotropy in the motion along the potential surface can have two causes.
The first cause is the potential V(x,y) itself, whose structure can cause the
dominant evolution to skirt the saddle point, following instead a route
through stable intermediates, as already discussed. The second cause is
anisotropic diffusion or friction that arises because the effective damping, or
relaxation, is stronger along one direction (say y) than along the other. The
latter case introduces anisotropic behavior on the rhs of eq 31, and results
in faster motion along one coordinate than along the other, just as in the
Agmon-Hopfield picture. The Agmon-Hopfield model, however, corre-
sponds to the limit where there is no diffusive flow along the y coordinate
(that is, to y,/y, = ®), which is not physically justified. Solution of eq 31,
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then, extends the Agmon-Hopfield picture to yield the correct result for
general anisotropic diffusion D,./D,,, where D, the diffusion coefficient
along x, is given by

yy?

D, = %ol 32)
mY,

The results of mathematical analysis of the Smoluchowski equations, 31a and
31b, are best understood in terms of Figures 5A and 5B, which show cases
of small and large anisotropy, respectively. Figure 5A is a schematic rep-
resentation of the CO-rebinding problem. Figure 5B is a plot of a 2 X 2
vibronic coupling (Jahn-Teller) problem with large anisotropy (D /D, =
0.10). In both cases, the curve labeled R denotes the ridge line—that is,
the line on the potential surface separating reactant and product regions.
The curve labeled I' is called the separatrix, and it is the set of points that
separates dynamic motions corresponding to reactant and product. The ridge
line is determined solely by the potential surface, V(x,y), and is the curve
that separates the potential wells of the chemically and physically distinct
reactant and product (for instance, precursor and successor states in an ET
process). The separatrix I' is dynamically determined as the “line of no
return”.

Trajectories that pass over I irreversibly proceed to form product, but
a trajectory that has not reached I' may recross the ridge line (indeed, will
recross it in long-time, anisotropic situations). If D, = D, the separatrix
and ridge become identical and a normal, one-dimensional reaction-path
treatment is applicable. However, they can become very different if the
diffusion coefficient is highly anisotropic, as the figures indicate, and in this
case quite unusual kinetics are predicted.

When the ridge line and separatrix diverge, if the rate constant is meas-
ured by appearance of the system point near the bottom of the product well,
then at very long times the reaction dynamics is exponential in time, with
the activation energy fixed by the height of the saddle barrier, E,. But short-
time transients can appear, corresponding to the system crossing back and
forth over the ridge line into the product region before irreversibly passing
the separatrix I'. An actual measurement of the reaction progress corresponds
(as it nearly always will, given our definition of precursor and successor in
terms of geometry) to an observable phenomenon that changes when the
system crosses the ridge line (e.g., CO bound or unbound; charges separated
or not). Thus, the kinetics observed will, in general, be multiexponential,
because of the multiple crossings and recrossings of the ridge.

The Smoluchowski model for anisotropic diffusive reactions on a two-
dimensional potential surface (eqs 31a and 31b) leads, as Klosek-Dygas et
al. show (2), to a proper mathematical description of the physical notion
expressed by Agmon and Hopfield (and by Grote and Hynes (45) and van
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der Zwan and Hynes (46)). The actual time dependence of the precursor
concentration thus contains not only energetic information about the barrier
at the saddle point (from the temperature dependence of its long-time asymp-
totic value), but also information on the anisotropy of the diffusion coefficient
(from its shorter-time dynamics). Frauenfelder and coworkers have studied
extensively the nonexponential transients in the CO rebinding situation (21,
51), but we are aware of no such in-depth experimental study of transient
nonexponential behavior in ET reactions.

Discussion

This chapter examines two generalizations of the standard activated complex
rate theory that are needed to discuss dynamic processes occurring on po-
tential surfaces on which multiple stable minima occur, or on which the
system evolves by anisotropic diffusion.

We analyzed the simplest kinetic scheme for a system that displays more
than one stable conformational state and undergoes intramolecular electron
transfer. In particular, we focused on the situation in which the conforma-
tional conversion rates and equilibrium can change upon excitation or charge
transfer.

Despite this energetic coupling, the synchronous processes (e.g., Pc —>
S;) can be omitted from consideration because the activation free energy
along the synchronous pathway is greater than that for electron transfer
within a single configuration. The fact that ET and conformational reactions
are sequential, and not concerted, is a major factor in efforts to disentangle
conformational and electron-transfer influences. This factor is of key impor-
tance because standard detection methods monitor only the ET event, and
not conformational changes within one electronic state. In many, if not most,
instances the measured time course of a single gated ET reaction is likely
to be indistinguishable from a reaction without gating.

Fortunately, the partial decoupling of ET and conformational processes
afforded by the absence of synchronous events in principle and in practice
allows for the identification of an observed decay rate constant. If one con-
structs a series of homologous systems in which the ET energetics (or elec-
tronic coupling) is modified without change in the conformational equi-
librium, thus leaving the conformational rates unchanged, then the observed
rate constants will be unchanged if the reaction is controlled by a confor-
mational rate, but will vary if this is not so.

With the aims of specificity and clarity, we discussed conformational
effects in terms of intramolecular electron-transfer phenomena, focusing on
a donor-acceptor complex activated by flash photolysis or a second-order
redox event. However, the general set of rate equations (eqs 2a and 9) and
the kinetic schemes of Figure 4 are applicable to other types of rate process.
For example, either proton-transfer or isomerization reactions can be con-
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trolled by gating—that is, by conversion between two conformational geo-
metries that have different reactivities. The presence of additional stable
minima on a two-dimensional potential-energy surface that involves a con-
formational coordinate (the vertical coordinate of Figure 4) distinguishes this
class of reactions.

We also briefly recounted the behavior to be expected when the motion
from precursor to successor involves no secondary stable minima, but rather
anisotropic diffusion, arising from substantially different friction, or damping,
along conformational and inner-sphere vibrational modes. Under such cir-
cumstances, the system trajectories will stray substantially from the steepest-
descents pathway from reactant over the saddle point to product geometries.
In this case the initial population of reactant will exhibit a multiexponential
decay because the ridge line, which separates reactant and product states
on the potential surface, no longer is coincident with the separatrix, which
separates reactant and product regions of reactive trajectories. Study of the
transient decay behavior can provide important insights into the differing
frictions along the two modes, as well as the shape of the potential surface.
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Appendix. Exact Solution to the General Case of I - A

The solution to the coupled equation set (12) was found by using the La-
place—Carson transformation. The boundary conditions are [I(t = 0)] =
[Ig(t = 0)] = 0; A.*(t) and Ag*(t) are given in eq 4, and the total population
in state I at time ¢ is

I(t)=[ af’ + bf + ¢ o+ ag® + bg + ¢ et +
A*(0) (g = f)m — filn - f) f—gm - gn — g
am® + bm + ¢ e an? + bn + ¢ e‘”‘] A1)
f-mg-—mmn-—m° - nlg—nm—n '
where
a=kc+ (kg — ke) F (A.2)

-b = kglk, + Flk,; + kg + kyc + ke + kp)] +
kelky + 1 — F)(ky + ka + kiz + kig + kp)] (A.3)
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¢ = kglku + ka + kilk, + Flke + kp)] +
kc(kus + ka + keg) [ka + (1 — F) (kg + kp)] (A.4)

fand g are as defined in eq 5, and m and n are as defined in eq 16. As in
the subcase examined earlier, m and n are composites only of the fundamental
rates of state I.
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Electronic Coupling and Protein
Dynamics in Biological
Electron-Transfer Reactions

J. S. Bashkin and G. McLendon'!

Department of Chemistry, University of Rochester, Rochester, NY 14627

Long-distance electron transfer between proteins has received exten-
sive experimental and theoretical treatment over the past several
years. Large discrepancies exist between the reported values for the
electronic damping factor, B, for protein—protein complexes and
ruthenium-modified proteins. In this chapter, we employ tri-
plet—triplet energy transfer between cytochrome c (cyt c) and cyto-
chrome c peroxidase (ccp) to provide a more direct measure of B for
this system than was previously obtainable. We also examine protein
dynamics on picosecond-nanosecond time scales by using the time-
resolved fluorescence of an arylaminonaphthalene dye complexed to
apomyoglobin. The time-dependent shift of the fluorescence is ana-
lyzed to evaluate the potential influence of protein dynamics on long-
distance electron-transfer rates, and hence on the values of B ex-
tracted from rate data.

LONC-DISTANCE ELECTRON TRANSFER BETWEEN PROTEINS has received
extensive experimental and theoretical treatment over the past several years
(I-7). The rate constant for such a reaction can be written as:

k, = v - FCWD

where v is (w/#2\kgT)"| V(R,) | 2exp (— BR); FCWD is the Franck—Condon
weighted density of states, equal to (AG — \)%/4\; R is the closest do-

TAddress correspondence to this author.
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nor—acceptor approach distance; and V(R,) is the electronic coupling matrix
element at contact distance R,. (Also, see list of symbols.) The term v is a
frequency factor, containing both an electronic coupling—distance depela/n-
dence term, exp (-BR), and a nuclear frequency term (vy = (w/h2\k3T) 3.
It has been pointed out (8—19) that, where the rate of solvent reorientation
is slow relative to electron transfer,

ke =vy =1 @)

where 7, is the longitudinal relaxation time of the solvent. The Franck—
Condon weighted density of states (FCWD) contains the dependence of rate
on driving force (AG) and most of the dependence on reorganization energies
(N = Nimner sphere T Nsohveny- Most experimental efforts have been directed
toward understanding the Franck—Condon (FC) factors and observing the
“inverted region” predicted by Marcus (20) (decreasing rates with increasing

Symbols

FCWD Franck-Condon weighted density of states
h Planck constant

kg Boltzmann constant

ke rate constant for an electron-transfer reaction
R closest donor—acceptor approach distance
R, contact distance

T absolute temperature

T, lowest-energy triplet state

T, excited triplet state

Ve electron-transfer coupling matrix element
Ve energy-transfer coupling matrix element
V(R,) electronic coupling matrix element

B electronic damping factor

B, coupling term for hole transfer

B coupling term for electron transfer

AG driving force

AG* inner-sphere (intramolecular) barrier

AG * outer-sphere (solvent) barrier

AG.* total barrier

A reorganization energy

A solvent reorganization energy

v frequency factor

v, characteristic intramolecular (reactant) frequencies
VN nuclear frequency term

v, frequency of solvent reorganization

T longitudinal relaxation time of solvent
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driving force). By measuring how electron-transfer rates vary with ther-
modynamic driving force (AG), the reorganization energy (M) is calculated,
assuming a constant v ~ 10*® s7!. The electronic damping factor, B, may
then be extracted if the donor-acceptor distance is known.

Few experimental efforts have been reported that measure directly the
parameters contained within v for proteins (8 and vy), and the assumption
of a value of 10" s is open to question. Hoffman and co-workers (21)
performed a temperature-dependence study of electron-transfer rates be-
tween Zn,Fe, hemoglobin subunits and extracted from these data values for
V(R,), B, and A, but no separation of \ into A; and A was possible. Con-
sequently, much less is known about the frequency factor term than the FC
terms. We now present two experiments designed specifically to address
this issue.

Two experimental approaches for studying electron transfer between
proteins have been developed. McLendon and co-workers (22-27), Hoffman
and co-workers (28—32), and others (33) have studied protein—protein couples
in which the donor and acceptor (heme) proteins form stable, noncovalent
1:1 complexes. Metal substitutions in the heme moiety are employed to vary
AG and to permit photoinitiation of the electron-transfer process. With this
approach, the observed rate at optimal AG may be used to estimate B, by -
assuming vy ~ 10" s}, FCWD ~ 1, and that R is known. Such estimates
vary over a significant range, from B = 1.5 A~ for the cyt ¢ : cyt b; couple
(27) to B = 1.2 A for the cyt ¢ : ccp (25) and Zn,Fe, hemoglobin couples
(cyt cis cytochrome c; cep is cytochrome c peroxidase) (34-36). This approach
suffers from some uncertainty in donor—-acceptor (D-A) distances, which are
relatively well defined for the Zn,Fe, hemoglobin (Hb) hybrids (34-36), but
less well defined for the other systems. The existence of multiple protein
binding sites and the dynamics of a protein—protein complex may give rise
to a distribution of D-A separations. These aspects are currently under study
in our laboratory. The assumptions of vy ~ 10*® s and FCWD ~ 1 are also
questionable.

Gray and co-workers (5, 37-39) and others (40—45) have pursued a dif-
ferent approach, in which a RuL; (L is NH 5, pyridine) fragment is covalently
bound to a specific histidine residue on a protein surface, with a consequently
well-defined donor—acceptor separation. Potential difficulties may arise with
this methodology because FC factors, which can depend on D-A distance,
are not completely known for all derivatives. The number of available His
residues is limited, thus the number of D-A separations is also limited. A
series of L;Ru~Mb derivatives has yielded B = 0.85 = 0.1 At (5), which
is significantly smaller than the estimates obtained from metal substitutions.
Such discrepancies have dramatic consequences for predicted reaction rates.
For example, with R = 16 A, a change in B from 0.8 to 1.2 s™* results in a
10° difference in the calculated rate constant for electron transfer. An in-
dependent technique for determination of B is required to understand this
disparity.
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Triplet-Triplet Energy Transfer

The first project to be discussed here was suggested by the work of Closs
et al. (46, 47) comparing electron transfer and triplet-triplet energy-transfer
rates. Dexter (48) showed that, although the energy-transfer reaction
SD/'A — 'D/?A is rigorously dipole forbidden, the process can still occur
by an exchange mechanism that is formally a simultaneous double electron
transfer. By exact analogy with electron-transfer reactions, the rate of the
triplet-triplet energy transfer is given by (46):

ke = v - exp[~(B. + B)R] - FCWD @)

where B, is the coupling term for hole transfer and B _ for electron transfer.
When B, ~ B_, then |V_| = 2|V,J. Unlike electron transfer, however, no
charge buildup occurs during triplet-triplet transfer because electrons are
simultaneously exchanged between the donor and acceptor. Consequently,
solvent reorganization energy (A,) and solvent dynamics (t), which may
dominate the FC factors and vy in electron transfer, can be neglected in
energy transfer. Therefore, less ambiguous information on B might be
obtained.

The equivalence of electron transfer and triplet-triplet energy transfer
implied by eq 3 was beautifully confirmed experimentally by Closs et al.
(46, 47). By using a common series of spacer molecules, and therefore equiv-
alent electronic coupling terms, they found that In (k.) = 2 In (k,,), as
suggested by eq 2. We have now applied this concept to estimate the elec-
tronic damping parameter B via triplet energy transfer for the electron-
transfer protein couple, cyt ¢ : ccp.

Zinc cytochrome c (Zn cyt c), which acts as a triplet donor, and H,
porphyrin cytochrome c peroxidase (Hjccp), which acts as a triplet acceptor,
were used. When it is free in solution, Zn cyt c has a triplet lifetime of ~14
ms (25). A similar value of 13.5 + 0.5 ms was determined in this work,
monitoring delayed fluorescence at 570 nm. In like manner, Hyccp has a
triplet lifetime of ~1.4 ms (25). Moreover, cyt ¢ and ccp form a strong
noncovalent complex (K = 108 M™!). On binding to H,ccp, the lifetime of
the Zn cyt c triplet state decreases to 10 ms (Figure 1), although that of the
Hccp increases to a similar value. This behavior is consistent with direct
energy transfer from Zn cyt ¢ to Hyccp with k., = 20 s™.

In light of Zemel and Hoffman’s study ( 35) of allowed triplet T, — T,
processes in Zn, Hb, we varied the excitation power by 10-fold with no
change in the observed rate, thereby eliminating a (two-photon) T, — T,
process involving the acceptor. Taking the previously estimated donor—
acceptor (edge—edge) distance for the cyt ¢ : ccp couple as R = 16 A,
and assuming (maximal) values of v’ = 103 s and FCWD = 1 gives B =
0.85 = 0.05 A~". Any smaller values of v' or FCWD would further lower
B. This value agrees surprisingly well with the estimates of Gray and co-
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Figure 1. Decay data for *Zn cyt ¢ delayed emission (A = 575 nm). Top curve:
Zn cyt c alone (pH 7.0, 10 mM Pi, T = 298 K, conc. = 10°M); k = 80 s7.
Lower curve: Zn cyt ¢ + Hcep (1 equivalent), all other conditions as for top
curve; k = 140 s7.

workers (5, 38) for myoglobin, but is significantly smaller than the values
previously obtained by us and others. It remains to be seen whether this
result is a general one, and further studies are in progress.

This result leads to a second curious dilemma. If 8 is indeed low (B ~
0.9 A™Y), then a low nuclear frequency factor is required to explain the slow
electron-transfer rates. Gray and co-workers (5, 38) derive a value from their
data of vy ~ 10 s~'. We do not know why v should be so low. One possible
explanation may lie in detailed consideration of solvent dynamics, as outlined
in the following section.

Solvent Dynamics

The dependence of electron-transfer rates in condensed media on solvent
relaxation and nonequilibrium solvation has been the subject of numerous
studies (8-19, 46, 47, 49-66). Weaver and Gennett (10) showed rates of
electrochemical exchange between organometallic redox couples to be cor-
related to 71, the longitudinal solvent relaxation time. Kosower (9, 11),
Fleming (50-53), and others (54, 55) investigated the photophysics of organic
dyes and the influence of solvent dynamics on dye fluorescence. Using
coumarin and arylaminonaphthalene derivatives, these researchers all ob-
served a correlation between 7, and the formation and decay rates for charge-
transfer excited states.
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The interpretations, based on the theories of Hynes, Wolynes, and co-
workers and others (12-17) suggest that for an adiabatic electron transfer,
the nuclear frequency factor is dominated by solvent dynamics, vy ~ 1/7,
and the expression from transition-state theory (vy ~ kgT/#) is not appro-
priate (12-18). The frequency nuclear factor vy derived from transition-state
theory is usually written (10, 18):

2 * 2A (0% \ 2
vy = (vs AG* + V2AG; ) @

AG* + AG*

where v, is frequency of solvent reorganization, v, is characteristic intra-
molecular (reactant) frequencies, AG* is outer-sphere (solvent) barrier,
AG* is inner-sphere (intramolecular) barrier, and AG* = AG* + AG*.

Weaver and Gennett (10) showed that eq 4 underestimates the contri-
bution of damped solvent motion when \; is small. Rather, he found that
the following relation, derived for exchange reactions (14, 15), gave the best
agreement with his data:

*\ 72
w~ - (252) ®

In contrast, Efrima and Bixon (16) and McGuire and McLendon and co-
workers (18, 19) noted that, in the nonadiabatic limit, the frequency factor
will be controlled not by solvent relaxation, but by electronic coupling, V(R),
and thus be independent of 7:

adiabatic limit k. 'rl 6)
L

nonadiabatic limit k. < [V(R)]?

In the simplest treatment (I8, 19), the two limiting rates can be treated
independently, and the observed rate will then be

kad.kd

kd + K @

kobs =

Hence, k, may actually vary with (1/7)n, with n varying from 0 to 1,
depending on the relative values of 7, and V(R). McGuire’s (18, 19) exper-
imental results on nonadiabatic electron transfer in glycerol (over a 107
change in 1,) gave n = 0.6.
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Protein Dynamics

None of these studies, however, focused on the implications of the dynamics
of the condensed phase for electron transfer between proteins. There has
been no direct measure of T, for a protein, and the question arises whether
the dynamics of protein response to charge separation may modulate elec-
tron-transfer rates in biological systems.

The following project follows much of the same methodology employed
by Brand and co-workers (67—71) several years ago. Brand used time-resolved
emission spectroscopy (TRES) to study the interaction of fluorescent probes
to apomyoglobin. These probes bind directly to the vacant heme pocket of
apomyoglobin, as shown by competition experiments with heme (kg ~ 10°)
(67-71) Brand observed spectral shifts on a nanosecond time scale by using
N-(-p-tolyl)-2-aminonaphthalene-6-sulfonate (2,6-TNS).

We have proceeded on the assumption that the fluorescence of such
dyes is modulated by protein dynamics in a manner analogous to solvent
relaxation. We selected analino-2-aminonaphthalene-6-dimethylsulfonamide
(2,6-ANSDMA) as the fluorescent probe of choice. This particular dye has
convenient spectral properties and binds to apomyoglobin similarly to 2,6-
TNS. It removes any potential contributions of hydrogen bonding effects by
the sulfonate group to the protein dynamics. The photophysics of 2,6-
ANSDMA in various organic solvents has been extensively studied by
Kosower (9, 11, 56—66). For example, Huppert and Kosower (56-66) showed
that 7.~ (solvent) ~ k., the risetime for long wavelength emission.

Representative fluorescence-decay curves and theoretical fits for the
dye—protein complex are shown in Figure 2. The decays could all be fit well
to double exponential decay functions. The lifetimes, dependent on emission
wavelength, fell in the ranges 1-3 and 5-8 ns. The TRES were reconstructed
from the fitted decay curves and the static fluorescence spectrum. Typical
time-resolved spectra are shown in Figure 3. The results clearly show a shift
of the 2,6-ANSDMA fluorescence to lower energy with time, along with a
broadening in spectral shape. This change is highly nonexponential and
occurs on a nanosecond time scale. The effect is best illustrated in Figure
4, in which the half-height points on the high-energy side of the peaks are
plotted against time.

Overall, the spectral shift is approximately 1100 cm™ over 20 ns. These
results are consistent with those obtained by Brand (67-71). Comparison of
our data with those of Kosower (56-66) for 2,6-ANSDMA in organic solvents
shows myoglobin to have relaxation properties similar to those of 1-decanol.
Following the arguments of Van der Zwan and Hynes (13), the fastest com-
ponents of T, will provide the protein relaxation necessary for electron trans-
fer to occur. Therefore, if we take 7, = 50 ps (approximating the fluorescence
risetime at long wavelength, where AG ~ 0), and A = 0.8 eV, then with
AG:* = (AG - \)*/4\ ~ 0.2 eV, eq 5 yields a lower limit of vy = 1.5 X
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Figure 3. Three-dimensional plot of time-resolved fluorescence emission spectra
(TRES) of the 2,6-ANSDMA-apomyoglobin complex. The peak shift is
~415-440 nm.

10" s7L. This value of vy is 2-3 orders of magnitude below the value generally
accepted and used for the evaluation of various dynamic parameters in pro-
tein electron-transfer reactions.

A consequence of this analysis is that the same nuclear prefactor will
not be appropriate for all protein systems. As noted by McGuire (18, 19),
the dependence of reaction rates on 7, will depend on the relative magni-
tudes of V(R) and 7;. Comparison of electron-transfer rates from different
protein couples, or even different metal-heme derivatives of the same pro-
teins, must be made with caution. Not all variation in rates may be attrib-
utable to changes in AG for a particular series, but as V(R) changes relative
to 7., protein dynamics will exert varying degrees of influence on electron-
transfer rates. This may explain some of the discrepancies in B and A values
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Figure 4. Shift in fluorescence of 2,6-ANSDMA—-apomyoglobin complex. Data
are half-height energies measured on the high-energy side of the TRES.

determined for different protein couples and through different experimental
methodologies.

Experimental Section

Energy Transfer. Zn cyt c (72) was prepared by a variation of the method of
Vanderkooi. A 2.0- X 2.5-cm column (Bio-Rex 70, Biorad) was used in place of a
150- x 2.5-cm column (G-50 Sephadex) to remove polymeric forms of the protein.
H; porphyrin cytochrome c peroxidase (Hsccp) was prepared by reconstitution of
the apoprotein (73) with protoporphyrin IX. The Zn cyt c triplet lifetime was de-
termined by monitoring delayed fluorescence at 570 nm. The Hqccp triplet lifetime
was determined similarly, monitoring at 620 nm. Samples were prepared at 10 mM
ionic strength (pH 7 phosphate), conditions that ensure formation of a strong non-
covalent complex (K = 10® M-Y). The *Zn excited states were prepared by excitation
with a Q-switched Nd:YAG laser (Quanta-Ray model DCR-2, 7-ns pulse width,
second harmonic, 532 nm) or a Ny-pumped dye laser. Laser firing and data collection
were controlled with a computer (IBM—-XT) and software written in ASYST by D.
Heiler. Further details of the apparatus have been published elsewhere (26, 74).

Protein Dynamics. Apomyoglobin was prepared by a variation of the method
of Teale (75). The apoprotein was then dialyzed twice against distilled water for 0.5
h each, followed by two dialyses for 1 h each against pH 6.4, 20 mM BIS-TRIS
buffer. The protein was further dialyzed against doubly distilled deionized water and
then passed down a 2-cm column (Sephadex G-25, 0.01 mM Kphos, pH 6.8) im-
mediately prior to use. 2,6-ANSDMA was prepared and purified by published pro-
cedures (66). Samples (20-40 wM protein, 1:4 dye:protein ratio) were degassed by
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gently stirring over 2 h in a continuously purged (N) glove box. Data collection took
4-5 h and was performed at 24 °C.

The fluorescence decay curves were obtained using standard single-photon
counting (SPC) techniques and fit with a least-squares fitting routine. Excitation
pulses (295 nm) were produced from a mode-locked Nd:YAG pumped dye laser
(Coherent model 700). The cavity-dumped dye laser, fitted with a single-plate bi-
refringent filter and a saturable absorber, produced 1-ps pulses as measured by an
autocorrelator (Femtochrome model FR103). Subsequent second harmonic gener-
ation was produced with B-barium borate. The detector was a broad-band 6-pm
proximity focus microchannel plate (Hamamatsu R2809U-11). A 0.25 M emission
monochromator (Spex) was used with a 600-line/nm grating. Slits on either side of
the monochromator were opened to 2 mm or less. The total instrument response
was approximately 50 ps.

Sample integrity was monitored by comparing decay curves measured period-
ically at one wavelength. The time-resolved emission spectra (TRES) of the pro-
tein—dye complex were reconstructed (as described by O’Conner and Phillips (76),
software adapted by Mark Prichard) from the static fluorescence spectrum of the
protein—dye complex and the fluorescence-decay curves. Temporal resolution of the
TRES was 9.8 ps, spectra were followed out to 20 ns past excitation, and wavelength
resolution varied between 2 and 5 nm. The static fluorescence spectrum was recorded
on fluorescence spectrometers (Spex DM1B or Perkin Elmer MPF-44A model).
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Electrostatic, Steric, and
Reorganizational Control of Electron
Self-Exchange in Cytochromes

Dabney White Dixon and Xiaole Hong

Department of Chemistry, Georgia State University, Atlanta, GA 30303

To probe the factors that control biological electron transfer, we
analyzed the electron self-exchange reactions of cytochromes ¢, css,
and bs. Numerical analysis of the crystal structures gave heme ex-
posures and dipole moments of the proteins. Molecular modeling of
the electron-transfer complexes allowed calculation of the heme—heme
distance. These values, in conjunction with the experimental rate
constants as a function of temperature and ionic strength, give the
reorganizational energies, \, which are 0.7, 0.5, and 1.2 eV for
cytochromes c, css;, and bs, respectively. The numerical values of
the reorganizational energies are sensitive to the assumptions made
about the heme exposure, but the order (i.e., cytochrome cs; <
cytochrome ¢ < cytochrome bs), remains the same for reasonable
values of the heme exposure. The parameters derived from this anal-
ysis were used to analyze studies of the bimolecular electron transfer
between cytochromes c and cssi, the bimolecular electron transfer
between cytochromes c and bs, and the intracomplex electron transfer
between cytochromes c¢ and bs. The correlation between the self-
exchange parameters and those obtained from these studies is very
good.

ELECTRON TRANSFER IS ONE OF THE MOST BASIC biological reactions, im-
portant in photosynthesis, oxidative phosphorylation, oxidation of endoge-
nous and exogenous substrates, and maintenance of enzymes in active states
(1-8). The rate constant is controlled by a variety of factors, including the
driving force, distance, and reorganizational energy of the system (9-21I).

0065-2393/90/0226-0161$06.00/0
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The nature of the intervening residues and orientation of the prosthetic
groups are considered important. In addition, conformational change is com-
ing into focus as a controlling factor for biological electron transfer (22-25).

Current understanding of the factors that control electron transfer comes
from a variety of types of studies. Measurement of electron-transfer rate
constants between physiological partners is certainly important, particularly
in an effort to understand how electron transfer occurs in vivo (1-9). How-
ever, until the advent of site-directed mutagenesis, these studies did not
allow systematic variation of the properties of the proteins. Therefore, in
the last two decades great effort has gone into measurement of electron-
transfer rate constants between nonphysiological partners (15-21). Such
studies include bimolecular electron transfer between two proteins or be-
tween a protein and an inorganic or organometallic complex. More recently,
these studies have been expanded to include intramolecular electron transfer
between two proteins within a complex or between the protein redox site
and an organometallic species attached to the protein surface (16-18). Be-
cause diffusional considerations are nonexistent and protein—protein elec-
trostatic interaction factors are minimal in intramolecular electron transfer,
these studies allow particular focus on the dependence of electron transfer
on distance, on the intervening residues, on the reorganizational energy of
the two centers, and on the orientation of the two redox centers.

Still another approach to probing the factors that control electron transfer
comes from measurement of electron self-exchange, electron transfer be-
tween the oxidized and reduced forms of the same molecule (20, 26): cyt,™
+ cyty™ s cyt,™ + cyt, ™.

Electron self-exchange rate constants are of fundamental importance
because the thermodynamic driving force (AG°) is zero in this reaction, and
hence there is no net driving force for the reaction. Differences in the
electron self-exchange rate constants between similar proteins arise from
differences in the electrostatic, geometric, and reorganizational character-
istics of the proteins. Self-exchange rate constants for a variety of b- and
c-type cytochromes, measured directly via NMR spectroscopic techniques,
are given in Table I. These rate constants span at least five orders of mag-
nitude, from 10% to 107 M~ s7'. An understanding of the factors that de-
termine this wide range is important for a clear picture of biological electron
transfer.

Our goal in this chapter is to delineate the factors that control electron
transfer in three heme proteins: cytochrome c (48, 49), cytochrome cs;, (50),
and cytochrome by (51-54). Self-exchange is a bimolecular process and as
such can be expressed (20) as

~AG,*
RT

ks = SKy.k, exp 1)

where k., is the observed rate constant for electron transfer; § is the steric
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factor, which reflects the hypothesis that electron transfer occurs primarily
at the exposed heme edge in the cytochromes; K, is the association constant
for formation of the precursor state from the two separated electron-transfer
partners; v, is the nuclear frequency factor; k., is the average probability of
passing from the transition state to products; AG,* is the free energy of
activation (the sum of both inner-sphere and outer-sphere reorganizational
energies); R is the gas constant; and T is the temperature. We measured
the self-exchange rate constants of these three proteins as a function of ionic
strength and temperature; details of these measurements are reported else-
where (42, 46, 55). The rate constants, in combination with protein dipole
moments calculated from the crystal structures and molecular modeling of
the electron-transfer complexes, allow us to estimate each of the parameters
in eq 1 and thus provide a detailed picture of the factors that control electron
transfer in cytochromes.

Steric Considerations

All three of the heme proteins discussed herein have part of the heme itself
exposed to solvent (56, 57). Early suggestions that electron transfer occurs
mainly through the exposed heme edge in bimolecular electron transfer (57)
were followed by various experiments to establish this. Much of the work
has involved derivatization of specific residues on the protein surface. In
general, alterations close to the exposed heme edge have a larger effect on
electron transfer than do derivatizations removed from the heme (58). More
recently, a numerical analysis of the heme exposure, assuming exponential
falloff of the electron-transfer rate constant, indicated that most of the elec-
tron transfer occurs though the exposed heme edge (55). Even if electron
transfer is largely at or near the exposed heme edge, a number of different
complexes may be involved, as has been discussed by Northrup et al. for
the cytochrome c~cytochrome c peroxidase system (59), by Mauk et al. for
the reaction between the dimethyl ester of cytochrome c and cytochrome
bs (60), and by Slayton et al. for reactions of cytochrome bs with various
partners (61).

If we assume that electron transfer occurs largely through the exposed
heme edge, then it is necessary to know the fraction of the protein surface
that is heme to analyze the data. To compare the electron-transfer rate
constants of the three proteins discussed herein, we calculated this fraction
by using a probe sphere of 1.5 A and the Connolly algorithm (62), as im-
plemented in the BIOGRAF molecular modeling program (63). The fraction
of the surface area of the protein that is heme, ¢, is 0.007, 0.012, and 0.038
for cytochrome ¢ [we made appropriate substitutions in the X-ray structure
of the protein from tuna (48, 49)], cytochrome cs5 (50), and cytochrome by
(51), respectively.

The form of bovine cytochrome by studied consists of 82 amino acid
residues and differs from the lipase-solubilized form that has been charac-
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terized crystallographically by removal of two residues from the amino ter-
minus and nine residues from the carboxyl terminus. The sequence has
recently been redetermined from the bovine liver cytochrome bs; ¢cDNA
clone (52) and from gas-phase sequence analysis of tryptic peptides obtained
from a tryptic hydrolysate of apocytochrome b (46). The corrected sequence
differs from that reported earlier (53, 54) in that residue 57 is now known
to be aspargine and residues 11 and 13 are known to be glutamic acid and
glutamine, respectively.

Cytochrome by is somewhat different from cytochromes c and cs;, in
that one of the heme propionates is extended out into the solvent. To de-
termine the contribution of this propionate, we removed the terminal
CH,CO,H atoms from the data set. The heme fraction decreased to 0.027.
We used the larger 0.038 in the calculations in this chapter; the smaller
heme exposure would result in a smaller reorganizational energy.

If electron transfer were to occur only through the exposed heme edge,
then the steric factor, S, would be simply the fraction of the surface of the
protein that is heme squared or ¢> This is, however, a minimum value
because, as Marcus and Sutin pointed out (20), it is in general necessary to
integrate over all mutual orientations and distances of the reacting pair.
Marcus and Sutin used a value of S of 0.01 in their analysis of the electron
self-exchange rate constant of cytochrome ¢ (20). Given that the surface of
cytochrome c is 0.7% heme, this value of S assumes that electron transfer
is enhanced by additional factor of 15.

We made detailed numerical analyses of the X-ray structures of cyto-
chromes ¢, cs5;, and by, by using a model in which electron transfer falls off
exponentially with distance (55). The model assumed that the orientation of
the two hemes and the nature of the intervening residues had no effect on
the electron-transfer rate constant and that electron transfer occurred only
at the surface of the protein. The analysis showed that electron transfer at
the heme edge accounts for 40% (cytochrome c) to 80% (cytochrome b;) of
the total electron transfer. These values would correspond to enhancements
of 2.4 for cytochrome c and 1.3 for cytochrome bs. For this chapter we chose
an enhancement factor of 5, between the upper and lower estimates.

The heme exposures and heme—heme distances calculated from the
crystal structures may not represent the values found in solution. In a study
of the cytochrome c—cytochrome by interaction, Wendoloski et al. (64) ran
picosecond dynamics and found substantial motions of the residues in the
interface between the two hemes. In particular, they observed that the side
chain of phenylalanine-82 moved to a bridging position between the two
hemes in the complex. They also found that the inter-iron distances in two
simulations were 1.1-2.1 A smaller than the 17.8-A distance in the static
model.

Protein motions in general are under increasing study (65-68). Motions
in cytochromes have been measured with NMR spectroscopic techniques
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(69, 70). Studies of amide NH exchange, including work on the cytochromes
(71, 72), reveal that relatively large protein motions occur on a biological
time scale (73). Myoglobin has also been investigated by molecular modeling
(74). Its crystal structure shows no channel large enough to admit to ligands
such as carbon monoxide. Therefore, protein fluctuations are necessary to
accommodate the CO binding. The modeling indicates that more than one
channel from the protein surface to the heme opens and closes dynamically
and allows CO binding. The binding of xenon to myoglobin shows similar
characteristics (75).

The Association Constant, K,

The association constant of the two cytochromes in the proper geometry for
electron transfer, K,, can be estimated by calculating the effective volume
over which the reaction occurs along the reaction coordinate multiplied by
an electrostatic work term [exp (-w,/RT)] (20),

K, = 4wNr23(r) exp ;{_u]): @

where N is Avogadro’s number, r is the sum of the radii of the two electron-
transfer proteins, 3(r) is the range of internuclear separations that contribute
significantly to the reaction rate, and w, is the work to bring the two proteins
into the proper geometry for electron transfer. The value for §(r) is usually
taken to be that at which the electron-transfer rate constant falls to 1/e of
its value at the distance of closest approach. In general, electron transfer is
thought to fall off exponentially as exp [-B(d — d)] (d is the distance between
the two hemes in the electron-transfer complex); 8(r) may be estimated as
B~L. For cytochrome ¢, r = 33.2 A (¢7). With B = 0.9 A~ and hence
3(r) = 1.1 A, we calculate 4wNr%(r) = 9.3 ML,

Values for cytochrome cg; and cytochrome bj are given in Table II.
Multiplication of these values by the appropriate work terms (discussed in
the next section) gives the K, values. These K, values are rough approxi-
mations because the specifics of the protein surface cannot be taken into
account. They are not directly comparable with experimental measurement
of protein association, because the latter includes geometries that are not
productive for electron transfer. Our NMR spectroscopic studies have shown
no evidence for dimerization of cytochromes c or cs; at concentrations up
to approximately 10 mM. Cytochrome by shows small changes in the chem-
ical shifts and line widths of the hemin methyl resonances as a function of
concentration. If these changes reflect protein dimerization, then the equi-
librium constant is 25-30 M (55).
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Table II. Calculation of Reorganization Energies
for k. = SK.,v.kq exp (-G .*/RT)

Factor Cytochrome ¢ Cytochrome ¢ss;  Cytochrome b
Heme fraction surface area 0.007 0.012 0.038
Steric factor 0.0012 0.0036 0.0361
Radius (&) 16.6 14.4 15.9
dwridr 9.27 6.98 8.50

Work (keal mol) 2.7 0.30 3.1

K. (M7 0.097 4.2 0.045
Heme-heme distance 8.9 8.6 7.5

Ka = exp (-B(d - d.) 4.9 x 10-° 6.5 x 10~ 1.7 x 102
SK.v.Ka 5.9 x 10°¢ 9.8 x 108 2.9 x 108
ko (exptl.) 5.1 x 10® 5.1 x 10¢ 2.7 x 10°
AG.* (kcal molY) 4.2 3.1 6.85

A (eV) 0.72 0.54 1.2

NOTE: . = 0.1 M, 25 °C.

The Work Term and Electrostatic Considerations

Bimolecular electron transfer in biological systems occurs between species
that usually have a net charge as well as a substantially asymmetric charge
distribution. Given an appropriate model, one can use the dependence of
the electron-transfer rate constant on ionic strength to calculate two related
parameters: the energy needed to form the electron-transfer complex (i.e.,
the work term) at a given ionic strength and the rate constant extrapolated
to infinite ionic strength.

Of the theoretical approaches presently available, we (55) and others
(76, 77) find that of van Leeuwen (78) to be the best at the ionic strengths
used in NMR experiments (0.1-1.5 M). This formalism treats each protein
as both monopole and a dipole. The expression is:

ki
In . = ~[Z,Z.q + (ZD)1 + kr) + (DD)1 + kr)]
where k is the Boltzmann constant, q is the charge on the electron, € is the

dielectric constant, €, is the permittivity of vacuum, and T is the temper-
ature.

q2

TmesckTr flk)  (3a)

_ ZoxDred’ + ZredDox’

ZD (3b)
qr
DD = Dy'Died’ @3c)
(qr)?
) = 1 — exp (~kr) 3d)
Kr
KT (1 + ?)
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where Z,, and Z ., are the net charges of the oxidized and reduced protein,
respectively; D,,' and D,y  are the components of the dipole moments
through the exposed heme edge, respectively; r is the sum of the radii of
the two electron-transfer partners; k depends on the ionic strength, p, as
0.329 n*% k, is the rate constant at a given ionic strength; and k;, is the rate
constant at infinite ionic strength.

Calculation (79, 80) of the dipole moments from the X-ray structures
gives the values in Table III. The dipole moment is origin-dependent for
molecules with a net charge; the center of mass has been chosen as the
origin for our calculations. Figure 1 shows the point where the positive end
of the dipole extends through the surface of the protein for cytochrome b,
The positive end of the dipole extends through the side of the protein away
from the heme. As can be seen in Table III, the dipole moments for cyto-
chromes c and bj are very similar in magnitude, but opposite in sign (i.e.,
the positive end of the dipole moment extends through the protein near the
exposed heme edge in cytochrome c). The dipole moment of cytochrome
Css) is similar to that of cytochrome c in orientation, but the magnitude of
the dipole moment is much smaller for the former protein.

The dipole moments can also be estimated from the dependence of the
observed self-exchange rate constant on the ionic strength. In these calcu-
lations, the data are fit to van Leeuwen’s equations by using a nonlinear
least-squares algorithm and three adjustable parameters: the dipole moments
through the exposed heme edge of the oxidized and reduced proteins and
the rate constant at infinite ionic strength. As can be seen in Table III, the
dipole moments calculated in these two ways are in very good agreement.
Thus, the van Leeuwen approach is a useful electrostatic formalism at this
level of representation.

The monopole-monopole, monopole~dipole, and dipole~dipole contri-
butions as a function of ionic strength for cytochrome by are shown in Figure
2. The monopole-monopole term falls quickly to zero at these ionic

Table III. Net Charges and Dipole Moments
Through the Exposed Heme Edge of Cytochromes

Protein Oxidized Reduced Method
Cytochrome c +17.5 +6.5
re =1654, 0% =30° 273 258 X-ray*
300 275  fit to k..
Cytochrome css5 -2 -3
ro=14.44,0 = 1T 150 120 X-ray
Cytochrome bs -7.5 -8.5
r,=1594,0 =15 -250 -280  fit to k.,
—-280 -330 X-ray

“Protein radius.
Angle of the dipole moment with respect to the heme plane.
“Ref. 80.
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Figure 1. Cytochrome bs structure. The dashed line represents the dipole
moment, which is from the center of mass (near Ile-23) through the surface
of the protein (positive end of the dipole near the amino nitrogen of Lys-5).

strengths, as expected. The monopole—dipole term falls more slowly to zero,
and the dipole—dipole term is almost constant between p. = 0.1 and 1.5 M.
Equation 3 also allows calculation of the contribution of the work term to
K,. Assuming that only electrostatic interactions are important in determin-
ing the rate constant as a function of ionic strength, the work needed to
form the electron-transfer complex is w, = ~RT In (k,/k;;). The values of
w, are 2.7, 0.3, and 3.1 kcal mol™! for the heme edge-to-heme edge com-
plexes of cytochromes ¢, cs5;, and by, respectively, at 0.1 M ionic strength.

Extrapolation of these interactions to infinite ionic strength allows es-
timation of the rate constant that ostensibly would be observed in the absence
of electrostatic interactions. The k,; for cytochrome ¢, cs5, and by are 5.1
X 105 2 x 107, and 6.9 X 10° M~! s}, respectively. Thus, even when the
electron self-exchange rate constants are extrapolated to infinite ionic
strength, that of cytochrome cg; is still substantially larger than those of
cytochrome ¢ and cytochrome b;. The origins of this condition are found in
both steric and reorganizational energy differences.
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Electron Transfer in the Heme-Edge-to-Heme-Edge Complex

Protein—protein electron transfer is nonadiabatic in most instances. That is,
electron transfer does not occur each time the reactants achieve the tran-
sition-state geometry. It is generally thought that electron transfer falls off
exponentially with distance. In this case, vk, can be expressed as (20)

ViKel = 10 exp [-B(d - dO)] (4)

where d, is the value of d (the distance between the two hemes in the
electron-transfer complex) at which k., equals 1 and B is a system-dependent
constant. On the basis of recent work of Gray and Malmstrom (81) in the
ruthenated cytochrome c system, we chose a value for B of 0.9 A~! for our
calculations. For d,, we adopted the convention that d, = 3 A (20, 81).

The value of d was calculated by modeling all three of the self-exchange
complexes discussed in this chapter. In each case, a heme-edge-to-heme-
edge geometry of the two proteins was created by using the crystal structures
of the proteins and the BIOGRAF molecular modeling software (DREIDING
force field). These models give distances of closest approach between the
two hemes of 8.9 A for cytochrome c, 7.5 A for cytochrome by, and 8.6 A
for cytochrome cg5,. Our results for cytochrome c are in very good agreement
with those of Weber, who found a heme-edge-to-heme-edge distance of 9.4
A with no minimization (20). These values of d allow calculation of the values
of vk, as shown in Table II. These values are, however, only approximate
because it is generally necessary to integrate over all distances and mutual
orientations of the electron-transfer partners.

Calculation of Self-Exchange Reorganizational Energies

Once the electron self-exchange rate constants are measured and values for
the parameters S, K,, and vk, are estimated, one can calculate AG,* ac-
cording to eq 1. These values are 4.2, 3.1, and 6.9 kcal mol~ for cytochromes
¢, Cs51, and by, respectively. The rate constant for electron transfer should
depend on the free-energy change for the electron step (AG") and the
reorganizational energy of the reaction, \, as (26)

. — (MLt ac”)?
s - ()(152)

where AG” is (AG® + w, — w,), AG® is the free-energy change of the
reaction, and w, and w, represent the work required to bring the reactants
and products to the separation achieved in the electron-transfer complex.
For self-exchange reactions, the terms w, and w, are equal to each other.
When the thermodynamic driving force for the reaction, AG?, is zero (as in
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the self-exchange reaction), A = 4AG,*. Therefore, the \ values for these
three self-exchange reactions are 17, 12, and 28 kcal mol ™ or, in conventional
energy units, 0.7, 0.5, and 1.2 eV for cytochromes ¢, ¢s5, and b, respec-
tively.

Numerically, the reorganizational energies depend strongly on the val-
ues assumed for the steric factor. If one uses simply the fraction of the surface
area that is heme squared as the steric factor, then the calculated A\ values
would be 0.4, 0.2, and 0.9 eV for cytochromes ¢, cs5;, and bs, respectively.
On the other hand, if consideration of electron transfer over all distances
and mutual orientations of the two proteins were to enhance the electron-
transfer rate constant by a factor of 10 for both proteins, then the A\ values
for the three self-exchange reactions would be 0.9, 0.7, and 1.3 eV.

Cross Reactions

Cytochrome c and Cytochrome cs5;. Cytochrome css, is a smaller
protein than cytochrome ¢, with a more exposed heme and a closer heme-
edge-to-heme-edge distance in the complex, as well as a smaller net charge
and a smaller dipole moment. All of these points indicate that the electron
self-exchange rate constant for cytochrome cs;, should be larger than that of
cytochrome c. We calculate the difference to be about 170-fold at 0.1 M
ionic strength and 25 °C. Experimentally, a substantial difference is indeed
observed. However, at . = 0.1 M and 25 °C, the rate constant for cyto-
chrome cg; (5.1 X 10° M~ s7!) is in fact three orders of magnitude greater
than that of cytochrome ¢ (5.1 X 10®* M~ s7). Given eq 1 as a model for
electron transfer, the very fast rate of self-exchange for cytochrome cs;, is
explained as a smaller reorganizational energy for that protein.

One can also arrive at the conclusion that cytochrome c;;, has a very
low reorganizational energy by considering the absolute magnitude of the
electron self-exchange rate constant, 107 M~ s7'. The diffusion-controlled
interaction of two cytochromes css, has a rate constant of about 5 x 10° M~
s7!(82). If only a small percentage of the surface area of the protein is reactive,
then cytochrome cy;, electron self-exchange is occurring essentially at dif-
fusion control. This conclusion implies that there can be no other significant
energy barrier (i.e., reorganizational energy) to the process.

The formalism expressed herein should be useful in analyzing the re-
action between cytochrome c¢ and cytochrome cs;. The reorganizational
energy of electron transfer between two proteins can be expressed as (26)

_AGy* + AGyp* + AG” + (AG20")?
2 8(AG;* + AGy*)

AGx 6)

where AG,* is the reorganizational free energy of the electron-transfer re-
action, AG,;* and AGy* are the reorganizational energies of the two self-
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exchange reactions, and AG ,” is the free-energy change for the electron-
transfer step, calculated from the difference in redox potentials. The redox
potentials of the two proteins are, fortuitously, similar (83-88). The reor-
ganizational energy when AG," = 0 should be the arithmetic mean of the
reorganizational energies of the two partners (cf. eq 6), or approximately 3.8
keal mol™ in this case. We can use the net charges and dipole moments in
Table III to calculate a work term of 2.0 kcal mol™. This result, in combi-
nation with data in Table II and a heme-heme distance of 8.7 A, allows
prediction of a rate constant of 3 X 10* M~! s! (u = 0.1 M, 4 °C). The
electron-transfer rate constant between cytochrome c and cytochrome cs;,
has been measured by two groups (89, 90). The rate constant for the bi-
molecular reaction at 0.1 M ionic strength and 4.5 °C is 1.6 X 10* M~ 57",
Thus, the predicted rate constant is in excellent agreement with that meas-
ured experimentally.

The electron-transfer reaction between cytochrome ¢ and cytochrome
Cs5) is known to be independent of ionic strength over the range p = 0.04-0.4
M (90). The net charges and dipole moments of the proteins allow one to
calculate the expected dependence of the electron-transfer rate constant on
ionic strength. In line with the experimental data, the calculated rate con-
stant is independent of ionic strength over the range of interest. A fit to the
data is shown in Figure 3. The only adjustable parameter, the rate constant
for the electron-transfer reaction at infinite ionic strength, k;, is 3.6 X 10*
M

2 ¥ L] Ll
0.0 0.4 0.8 1.2 1.6
lonic strength (M)

Figure 3. Electron-transfer rate constants for cytochrome—cytochrome reac-
tions as a function of ionic strength. The solid lines are best fits to the data,
given the dipole moments in Table II1 and the k.; reported in the text. Key:
B, cytochromes c—css (90); @, cytochromes c-bs (94). (Reproduced with
permission from ref. 55. Copyright 1989 Rockefeller University Press.)
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Cytochromes ¢ and bs.  Our analysis concludes that cytochrome b
has a larger reorganizational energy than cytochrome c. These two proteins
are very similar in size and almost identical in net charge and net dipole
moment. However, the heme is more exposed in cytochrome bj. This dif-
ference leads to a larger S factor. The two hemes are able to get closer in
the cytochrome bs-cytochrome by complex than in the cytochrome
c—~cytochrome c complex. The result is a smaller value of v k.. The changes
in both S and v k., predict a faster electron-transfer rate constant in the
complex for cytochrome by,

The model predicts that the electron self-exchange rate constant should
be 50 times larger for cytochrome by than for cytochrome c. However,
experiment shows that there is almost no difference. Given eq 1 as a model
for electron transfer, the necessary conclusion is that the reorganizational
energy for cytochrome by is larger than that for cytochrome ¢. The heme in
cytochrome by is more exposed, and the greater exposure may lead to a
larger reorganizational energy because the heme is calculated to have a larger
reorganization in water than in the protein (91). Another possibility is that
electrostatic repulsion between the extended heme propionates of the two
cytochromes in the heme-edge-to-heme-edge complex is not adequately
modeled by the van Leeuwen approach.

In the past 15 years, substantial attention has been paid to the electron-
transfer reaction between cytochrome c and cytochrome b; (92-94). At low
ionic strength, the two cytochromes form a complex that has been studied
by using modeling (64, 95), optical (96, 97), and NMR spectroscopic tech-
niques (98, 99). McLendon and Miller used pulse radiolysis to measure
intramolecular electron transfer in the cytochrome c-cytochrome b complex
(93). Data as a function of the driving force of the reaction allowed them to
calculate a N of approximately 0.8 eV for the sum of the reorganizational
energies of cytochromes ¢ and b,

A value for \ can also be calculated as

_ AGH* + Ang*
2

A ()

The self-exchange reorganizational energies derived herein give a value for
A of 0.95 eV. The difference between the two estimates comes both from
errors in the approximations for bimolecular electron transfer and from the
assumption in the intracomplex electron-transfer experiments that the sub-
stitution of one metal for another at the active site results in no change
beyond that of altering the redox potential. Overall, however, these two
estimates of the reorganizational energy, one derived from intracomplex
electron transfer as a function of free energy and the other derived from
bimolecular self-exchange data, are in very good agreement.

At high ionic strengths, the reaction between cytochrome ¢ and cyto-
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chrome by becomes bimolecular. Data of Stonehuerner et al. (94) are given
in Figure 3. The solid line is a fit to the data, including the charges and
dipole moments given in Table IIl and a k;,;of 1.1 X 10° M~ s7". Considering
that there is only one adjustable parameter, k,, the fit is very good.

Conclusion

In this chapter we have integrated experiment, calculations from crystal
structure data, and molecular modeling to present a picture of electron
transfer for cytochromes c, cg;, and by that encompasses both bimolecular
and unimolecular electron transfer. The two types of measurements are
complementary and lead to similar conclusions for the reorganizational en-
ergy of the proteins in question. Electrostatic interactions appear to be quite
well modeled by van Leeuwen theory. However, better models of both
protein—protein electrostatic interactions and protein motions will be wel-
come.
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