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c LECTRON TRANSFER REACTIO
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® More specifically we are interested in :

e The influence of the “stuff” inbetween on kgr.

e The g!G dependence of the rate.

e Separability of the above two.
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Figure 4 — ET rates in Ru modified cytochrome ¢. Electron transfer rates from Fe?* to
Ru(bpy)z(im)(HisX)** are presented. (a) Correlations of activationless ET rates (kma<) with the di-
rect distance (d) between D-A.  The solid line shows the rates predicted by Dutton,

10" exp{~1.4(d — 3)] sec™. (b) Correlation of k. ec With the effective covalent distance {ol). The
agreement between the experimental data and Pathways (solid line) is excellent.
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Donor-Acceptor Electronic Coupling in Ruthenium-Modified Heme Proteins
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Abstract. The rates of electron transfer (ET) in six ruthenium-modified cytochrome ¢

derivatives have been analyzed in terms of four theoretical models describing donor-acceptor
electronic coupling. The simplest model, which treats the protein as a homogeneous medium,
fails to describe the variations in ET rates with changes in donor-acceptor separation. The three
other models explicitly account for the inhomogeneity of the polypeptide matrix and are more
successful in describing the electronic couplings. Calculations of relative coupling strengths give
results within an order or magnitude of experimentally determined values for cytochrome ¢. The
homogenous-medium model is more successful in describing ET in Ru-modified myoglobin, and
two of the inhomogeneous-medium models suggest that multiple pathways are important in

mediating the electronic coupling.
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Many bioenergetic and biosynthetic processes involve electron transfer (ET) steps in
which an electron tunnels several angstroms from donor to acceptor through protein (1). The
problem of understanding the detailed mechanisms of these processes is being addressed
experimentally through studies of ET in synthetic model complexes (2-4), in chemically modified
metalloproteins (5), and in protein complexes (6-8). Theoretical efforts are aimed at describing
the electronic coupling between distant redox sites (9-21) and at clarifying the importance of
protein conformational dynamics in regulating ET (22). A particular emphasis of our work is
to identify the role of the protein matrix in mediating biological electron transfer.

The weak electronic coupling between distant donor and acceptor sites leads to long-range

ET rates (k) that are well-described by a nonadiabatic formulation (23):

k -—-ITDAP(F C) M

The rate is proportional to an electronic coupling factor, | 7;,, |2, and a Franck-Condon factor
(F.C.) arising from nuclear motion coupled to the ET process. The F.C. factor describes the
tradeoff between reaction free energy and the nuclear reorganization energy. At the optimum
driving force, F.C. is unity and rates reach a maximum value (k,,), limited by | 7p4|>. The
simplest description of 7, treats the medium between donor and acceptor as a one-dimensional
square tunneling barrier (IDSB). As such, the rate is predicted to drop exponentially with

distance (24,25):

kloss 2% 2" T, (RPexpl-B(R-RYI(F.C) @)



Accounting for the role of protein-mediated coupling in the 1DSB models amounts to assigning
a barrier height for electron tunneling. Early estimates of the electronic coupling decay
constants by Hopfield (3 = 1.4 A") (24) and Jortner (8 = 2.6 A™) (25) stimulated numerous
experiments on small molecules and proteins of varied bridge structure. Both proteins and
hydrocarbon bridges of known structure were used to link donors and acceptors. Homologous
series of organic compounds were reported that displayed different 8 values. Improved
theoretical analysis showed that much of this diversity could arise from bridge orbital-energy and
symmetry effects. Dutton and coworkers have suggested that the uniform 1DSB model for
electron tunneling, with a single exponential decay constant (eq 2), qualitatively describes a
broad range of natural and synthetic ET systems (26,27). The value of 8 derived for biological
ET systems was 1.4 A, This treatment provides a reliable zero-order estimate of coupling
strengths for many protein ET systems over a wide range of donor-acceptor separations. There
are, however, discrepancies that may be due to specific structural aspects of the proteins
involved.

A 1DSB is a crude approximation to a polypeptide matrix. A more sophisticated model
can be developed by decomposing the protein medium between two redox sites into smaller
subunits (28-31). The coupling between the termini in a bridge comprised of identical repeating
units drops by a simple multiplicative factor () as the chain is lengthened. This value of
depends on the energy of the tunneling electron as well as on the composition of the repeat unit
in the bridge. For simplicity, the decay can be divided into components associated with each
bonded and nonbonded contact within the repeat unit.

The convenient and practical “decay per unit” strategy can be readily extended to

_3€ -



aperiodic protein structures by differentiating among the many types of interactions present in
a protein structure. Tunneling is much more efficient (decays more slowly) through bonded
orbitals than through-space, because the potential barrier is effectively lower. In proteins, the
covalently bonded path between donor and acceptor can be extremely long compared to the
direct through-space distance. As a first approximation, we distinguish only between covalent
bonds, hydrogen bonds, and nonbonded contacts. If a single pathway dominates the matrix

element (9):

Tp[ 1 1 ec(z')Hj e ][], €s® 3

Just as the ¢'s are highly “renormalized” parameters in the periodic chain calculation, these
decay factors are also renormalized for proteins. The values of the parameters take into
account, in an average way, high order contributions to the coupling, a distribution in bond
energies and interactions, efc. Any combination of covalent, hydrogen-bonded, and through-
space contacts between the donor and acceptor sites defines a specific physical tunneling
pathway.

We estimate relative tunneling matrix elements by finding the single physical pathway

that maximizes the product in eq 3 using the parameters (9):

¢ o~const.«0.6 (4a)

e e cexpl-1.7(R-2R )] (4b)



€ ;-0 (€ £xp[-1.7(R-R}~0.5¢ cexpl~1.7(R-R)] (4c)

The constant chosen for e is usually 0.6 and for o (the average through-space orientation
factor) is 0.5. These parameters are based on experiments, where available, and on theory
where experiments are preliminary or sparse. Most importantly, the nature of the dominant
paths does not change drastically as the parameters are varied ovér a physically reasonable
range. The most critical parameter of the model is the value of ¢ relative to the exponential
decay of through-space interactions.

Using the decay factors in eqs 3 and 4, one can search for the lowest order contributions
to T,, In this way, a macromolecule electronic structure problem is reduced to the relatively
simple task of finding the minimum distance in a graph. The minimum-distance problem is well
known and can be solved in a reasonable amount of time. Thus, a given protein structure
defines the connectivity and decay factors between neighboring sites according to the prescription
in eq 3, and the optimum coupling pathways between any two points are readily calculated.

The 1DSB model for protein ET predicts that In kg should scale linearly with distance.
In the tunneling pathway (TP) model, rates should scale with the product of decay factors in eq
3. Thus, if pathways between donor and acceptor consist of a small number of strong links
(covalent or hydrogen-bonded connections), the couplings and maximum rates will be large. If,
however, a donor-acceptor pair has circuitous bonded pathways (i.e., a large number of covalent
or hydrogen-bonded links) or weak direct paths (i.e., long or numerous through-space contacts),

the maximum rate will be anomalously slow. These qualitative expectations can be quantified
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by calculating the effective tunneling pathway length, o€ ( = [In ILe(i)/In ecJR:)). ET rates
should drop exponentially with the tunneling pathway length rather than the physical distance
between donor and acceptor. The value of e = 0.6 implies an exponential decay constant of
B =073 A"

A hybrid approach to the electronic coupling problem in proteins has been introduced by
Siddarth and Marcus (10-12). In this method, a protein-searching algorithm is combined with
extended Hiickel calculations on a subset of amino acids in the protein. In the first stage of the
calculation, an artificial-intelligence (AI) searching routine is employed to identify the amino-
acid residues that contribute significantly to donor-acceptor coupling. As with the TP model,
a search of the protein structure for important residues reduces the complexity of the electronic
structure problem. These residues are then used as a basis in an extended Huckel calculation
of the electronic coupling matrix element 7,,. The method is not expected to produce highly
accurate absolute values of Tj,,, but is expected to describe relative values of this matﬂx

element.

Cytochrome ¢

Our approach to studying the effects of the inhomogeneous protein medium on ET rates
is to probe different sections of a single protein at many predefined distances and intervening
structures by modifying surface sites with redox-active probes (5). We have completed
measurements of intramolecular electron transfer on six different ruthenium derivatives of
wild-type and mutant cytochromes ¢ (32-35). Each derivative contains a histidine residue that

is covalently modified with a bis(2,2'-bipyridine)imidazoleruthenium complex. The histidine



residues are either naturally occurring (His33 of horse cytochrome ¢, His39 of Candida krusei
cytochrome c), introduced semisynthetically (His72 of horse cytochrome c), or genetically
engineered (His58, His62, and His66 of Saccharomyces cerevisiae iso-1-cytochrome c).

The rates of intramolecular Fe’* — Ru’* electron transfer were measured using a
flash-quench technique (32); the results are listed in Table 1 along with other pertinent ET
parameters, Measured ET rates span two orders of magnitude and a 6-A range of edge-edge
donor-acceptor separations. Maximum ET rates, %,,.,, have been estimated using a classical
expression for F.C. (A = 0.8 eV) (23).

The 1DSB model (using Dutton’s parameters, 8 = 1.4 A'and k(R =3 A =R) =
10" s™') consistently predicts ET rates faster than are observed, and ,,, is not strongly correlated
with R (Figure 1) (33-35). The systematic deviations could be corrected by choosing a more
appropriate distance measure (e.g., metal-to-metal rather than edge-to-edge) or, equivalently,
a smaller value of k,, at close contact. The scatter, however, reflects a weakness in the 1DSB
model, most likely its failure to account for the inhomogeneous nature of the intervening
medium.

Explicit inclusion of the protein structural details, even at the relatively basic level of the
TP model, leads to a noticeable improvement over the 1DSB model. A plot of log k. vs. of
appears in Figure 2. The solid line is the the best fit to the data with 8’ constrained to a value
of 0.73 A~'. It is clear that the ET rates correlate much better with of than with R, indicating
that the structural details of the intervening protein medium are important in determining donor-
acceptor coupling strengths.

The results of the TP calculation also can be represented as a plot of log k, . fexptl) vs.



log k,..(calcd) (Figure 3). The TP model does not calculate absolute coupling strengths; values
of k,(calcd) were obtained from the intercept of the line in Figure 2. The TP model does a
very good job of describing &, in four of the six ET rates for the Ru-modified cytochromes,
and is within about one order of magnitude for the other two systems. Given that the TP model
assumes only three types of interactions, the agreement is remarkable. The simplicity of the
model may be responsible, in part, for some of the deviations apparent in Figures 2 and 3. The
assumption that a single pathway dominates the coupling between redox sites may also contribute
to the discrepancies.

Direct calculation of Tp,, at the extended Hiickel level (using amino acids identified in an
Al search) provides a good correlation of k,,,(exptl) with k. (calcd), although only four of the
six modified cytochromes have been analyzed (11). Again, scaling of the calculated values is
required to eliminate a systematic deviation from experimental values. It is interesting to
compare the dominant pathways identified in the Al search to those found using the TP
algorithm (Figure 4). Both models find the same link between His33 and the heme: direct
coupling along the peptide from His33 to Pro30, then a H-bonded contact between the carboxyl
oxygen of Pro30 and N(1) of the His18 imidazole. Substantially different pathways are found,
however, for the His39, His62, and His72 derivatives. The discrepancies could be the result
of the different criteria used in determining couplings between groups. The large differences
in the His72 pathways are, nevertheless, surprising. No excursions through Thr78 are found
in the TP searches, yet this residue is involved in the best pathway found in the Al search.

It is clear that the homogeneous barrier model for electronic couplings is not adequate

for cytochrome ¢ and a model that includes the explicit structure of the intervening medium is



needed to provide a semiquantitative description of the tunneling process. Simple 1DSB models
capture the overall decay of coupling for a very large range of distances and rates and agree with
pathway models in their average values of 8, although different proteins are predicted to have
different average S8 values (28). The 1DSB models do not, however, account for the observed
data scatter arising from the three-dimensional structures of the cytochromes that have been
examined. The TP model contains a sufficiently detailed description of the medium to account
for the considerable rate differences in the Ru-labeled cytochromes c‘,that are inconsistent with
1DSB models. The Al searches and extended Hiickel calculations also provide good agreement
with experiment. In both cases, the data indicate that the structure of the intervening protein is
absolutely critical in determining the rates of biological ET reactions.

A point of special interest is that the electronic couplings for intramolecular ET reactions
in His58 and His66 cytochromes c are not enhanced by aromatic residues (Trp59 and Tyr69) in
the intervening media (35). The correlation of ET rates with f does not preclude a coupling
role for the = orbitals of the aromatic groups in the pathway, but it does indicate that, in the Ru-
modified cytochromes that we have examined, they are no more efficient in mediating the
coupling than is the o-bonded framework. Hence, the presence of aromatic groups in the
medium between redox sites does not necessarily result in faster ET than in a purely aliphatic
medium (15-20,36-40).

Gruschus and Kuki have developed an inhomogeneous aperiodic lattice (IAL) model to
calculate the charge resonance energy (7p,,) for long-range electron transfer in proteins (13.14).
The IAL treatment depends upon very careful calibration of diagonal and off-diagonal energies

for specific protein subunits. Armed with these subunit matrix elements, the donor-acceptor



charge resonance energy is calculated using the enrire protein structure. The objective of the
IAL approach is to produce accurate absolute values of 7,,. IAL calculations of charge
resonance energies have been performed for three Ru-ammine derivatives (His33, His39, and
His62) of Zn-substituted cytochrome ¢ (13). The calculated values of T,,? are all within an
order of magnitude of the experimentally derived quantities. Quantum interference effects were
found to be particularly important in determining the overall coupling strength. In addition, all
atoms within a ~ 10-A-wide cross section between the redox sites were found to make significant
contributions to the superexchange matrix element.

It should be noted that when quantum interference effects become extremely important,
the calculated value of T,, can become hypersensitive to the parameterization. Since the
hamiltonian models used in all of these methods are approximate, it is absolutely critical to
determine how sensitive the predictions of various methods are to small changes in the

parameterization, particularly when destructive interference plays a significant role.

Myoglobin

ET data obtained for ruthenium-modified zinc-substituted human myoglobins (Mb) are
set out in Table 1 (41). The simple pathway search algorithm finds many paths that contribute
significantly to the donor-acceptor electronic coupling in each of the modified myoglobins. As
expected for a protein system in which there is a high density of paths, the rates correlate with
direct donor-acceptor separation. Although the dominant tunneling pathway' significantly
underestimates the coupling strength in each Mb derivative, a simple gum of best pathways

(neglecting interferences) gives reasonably good agreement (Figure 5) (41). Good agreement
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with experiment is also obtained by employing the Al method (42); in general, more amino acids
are used in the calculations than comprise the dominant TP route (Figure 6). It is encouraging,
however, that both the TP and AI analyses suggest that multiple pathways are important in

mediating the electronic coupling in myoglobin.
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Table 1. ET Parameters for Ru(HisX)-modified Cytochromes ¢ and Human Myoglobin.

X! Ker, 51 (-AG®, eV) Ko 57 H,p, cm’ d, A af, A
Cvtochrome ¢ °®

39 3.2 X 10° (0.74) 3.3 ¥ 10° 1.1 x 10 12.3 19.6

33 2.6 X 10° (0.74) 2.7 » 10 9.7 x_10? 11.1 19.5

66 1.0 x 10° (0.77) 1.1 x 10 6.0 x 102 13.3 19.6

72 9.0 x 10° (0.74) 9.4 x 10° 5.7 x 102 8.4 24.6

58 5.2 x 10* (0.69) 6.0 x 10* 1.4 x 107 13.2 21.4

62 1.0 X 10° (0.74) 1.0 x 10 5.9 x 107 14.5 28.8

Human Myoglobin ¢

70 1.6 X 107 (0.82) 7.2 x 107 5.6 X 10" 9.5 24.3

48 7.2 X 10* (0.82) 3.3 x 10° 3.8 X 102 12.7 37.5
1.1 x 10° (0.96)

83 4.0 x 10? (0.82) 1.8 x 10° 2.8 x 10° 15.5 43.5
7.3 x 107 (0.96)

* Cytochrome ¢ modified with Ru(bpy),(im)(HisX). Human myoglobin modified with Ru(NH,);(HisX).

* Values of kg correspond to Fe**-sRu(bpy),(im)(HisX)** ET; k_,, and H,; estimated using A = 0.8 eV.

* Values of kg correspond to "ZnP-Ru(NH,)(HisX)** (upper) and Ru(NH,);(HisX)?*-ZnP* (lower) ET; k_,, and

H,; estimated using A = 1.3 eV,



Figure Captions

Variation of maximum ET rates with edge-edge donor-acceptor distance in
Ru(bpy),(im)(HisX)-modified cytochrome ¢ (X = 33, 39, 58, 62, 66, 72).

(Upper) Dominant tunneling pathways in Ru(bpy),{im)(HisX)-modified cytochrome ¢ (X =
33, 39, 58, 62, 66, 72). (Lower) Variation of maximum ET rates with tunneling length
(af).

Correlation of calculated and experimental values of kg,, for ET in Ru(bpy),(im)(HisX)-
modified cytochrome c. (a) TP calculation; (®) Al calculation.

Comparison of dominant tunneling pathways (left) and residues‘identiﬁed in Al searches
(right) of Ru(bpy),(im)(HisX)-modified cytochrome ¢ (X = 33 (4), 39 (B), 62 (O), 72 (D)).

Correlation of calculated and experimental values of k,,, for ET in Ru(NH,);(HisX)-
modified human myoglobin. (a) Multiple-path TP calculation; (®) Al calculation.

Comparison of dominant tunneling pathways (left) and residues identified in Al searches
(right) of Ru(NH,)s(HisX)-modified Zn-substituted Mb (X = 70 (4), 48 (B), 83 (O)).
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Figure 4-2
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