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The electron-transfer (ET) reactions of metallo- 
uroteins are uotentiallv far more comulex than those 
of small molkles.  The structural inkicacies of pro- 
teins are largely responsible for the added complexity. 
Reactive centers are surrounded by polypeptide ma- 
trices that shield these sites from solvent and separate 
them from their redox partners. The nonuniform 
charge distributions on the protein surfaces create an- 
isotropic interactions between redox partners, con- 
founding the interpretation of bimolecular reactions.l2 
Covalent or electrostatic coupling of redox partners can 
be exploited to simplify the problem but does not 
eliminate all of the complicating factors in metallo- 
protein ET rea~tions.”~ The energetics and dynamica 
of nuclear reorientations accompanying protein ET 
reactions continue to be a murce of inqujr.6J Multiple 
conformational states in the polymer surrounding the 
redox sites create the potential for “gating“ and direc- 
tional electron transfer!” The peptide matrix also 
separates the redox sites, leading to questions of how 
protein ET can be efficient over such long (>lo A) 

One line of research aimed at addressing 
many of the fundamental h u e s  in protein ET involves 
the use of proteins modified by the coordination of Ru 
complexes to surface amino acid residues. 

Many excellent reviews of ET in metalloproteins have 
been published in the past 10 years;I5 the scope of this 
paper will therefore be limited to a review of electron- 
transfer reactions in Ru-modified metalloproteins, the 
fit report of which appeared in 1982.16 Variations on 
the original work include modifications of the Ru-co- 
ordination sphere to effect changes in reaction driving 
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force and nuclear reorganimtion energy, changes in the 
point of Ru attachment to assess the roles of distance 
and intervening medium in coupling electron donors 
and acceptors, and extension to a variety of proteins 
with different active sites.I5S This work baa provided 
many insights and spawned several new lines of inquiry 
into protein ET reactions. Abbreviations used in this 
paper are as follows: cyt c, cytochrome e; Mb, myo- 
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globin; Tb,, trypsin-solubilized cytochrome b,; DPb,, 
deuteroporphyrin-substituted Tb,; LMb5, mutant lipase 
solubilized cytochrome b,; a, NH3; bpy, 2,2'-bipyridine; 
His, histidine; Lys, lysine; Izg, Boltzmann's comtant, d 
= edge-to-edge donor-acceptor separation. 

Winkler and Gray 

If the intramolecular ET does not compete effectively 
with the electron-hole recombination reaction with 
quencher, then irreversible quenchers can be employed. 
Thus, with Ru-bpy complexes covalently bound to 
proteins, intramolecular ET rates can be measured on 
time scales ranging from picoseconds to seconds. 

I Z .  Measurements 

Ru-modified proteins are members of a large class of 
donox-acceptor complexes in which the two redox sites 
are covalently linked (D-A).17-22 When neither redox 
site in such a complex has a long-lived excited state, ET 
measurements depend upon bimolecular generation of 
a kinetic intermediate. This intermediate then relaxes 
to the thermodynamic product via intramolecular ET. 
Photochemical initiation has been used with Ru-am- 
mine-modified proteins. In the case of Rua5(His33)- 
Fe-cyt c,  for example, excited Ru(bpy)?+ injects an 
electron into the fully oxidized protein (Ru'", Fenl) to 
yield Ru"-Fe"'-cyt c (kinetic intermediate) and 
RulILFeILcyt c (thermodynamic product) with a 4:l 
branching ratio.16 When the R~(bpy) ,~+ is scavenged 
by a sacrificial donor (EDTA), the Ru" - Fe"' ET 
reaction can be monitored by transient absorption 
spectroscopy. An analogous procedure based on re- 
ductive quenching of R ~ ( b p y ) ~ ~ + *  by fully reduced 
protein also has been developed.23 Pulse-radiolytic 
generation of reducing or oxidizing radicals, which inject 
electrons into or remove electrons from Ru-modified 
proteins, has also found application in these 

The bimolecular method of generating a kinetic in- 
termediate has a relatively low upper limit for meas- 
urable intramolecular ET rates @lo4 s-l). A significant 
improvement results when a long-lived excited state can 
be prepared on one of the redox sites. The excited 
redox site, being both a better electron donor and ac- 
ceptor than the ground-state species, can transfer 
electrons to or from the redox partr~er?"J~-~' There is, 
in principle, no upper limit on rates that can be mea- 
sured by direct photoinduced ET, but the lower limit 
is always fEed by the intrinsic decay rate of the excited 
center. A bonus from these measurements is that two 
ET rates often can be determined: those of the pho- 
toinduced ET and thermal electron-hole recombination 
reactions. Measurements of this type in Ru-ammine- 
modified proteins have been performed in metal-sub- 
stituted (e.g., Zn, Mg, Cd, Pt, Pd) heme  protein^.^^-^^ 
The triplet excited-state lifetimes of these metallo- 
porphyrins in proteins range from -10 ps (for Pt) to 
over 10 ms (for Zn, Mg, Cd) and provide a reasonably 
wide observation window for intramolecular ET. 

Long-lived excited states are also found in RuLbpy 
complexes, though the lifetimes of these excited mole- 
cules are substantially shorter ( I 1  ps) than those of 
closed-shell metalloporphyrin~.~~ Ru-bpy complexes 
have, nevertheless, been bound to surface amino acid 
residues and used in studies of intramolecular ET.34 
The lower limits for measurable direct photoinduced 
ET rates are higher (Z105 s-l) than those with excited 
metalloporphyrins. This lower limit can be extended 
by using a flash-quench technique.% In this approach, 
instead of intramolecular ET quenching the excited 
metal complex, bimolecular ET with a reagent in solu- 
tion accelerates excited-state deactivation. The oxidized 
or reduced protein-bound metal complex is then free 
to transfer electrons from or to the protein active site. 

I Z I .  Znterpretatlon 
The experimental results will be discussed in the 

context of semiclassical ET theory, which describes the 
rate constant for nonadiabatic reaction between a donor 
and acceptor held at fixed distance and orientation:15b 
 ET = 

(4a3/h2AkBT)1/2(Hm)2 exp[-(AGO + A)2/4AkBTl 
(1) 

The tunneling matrix element Hm is a measure of the 
electronic coupling between the reactants and the 
producta at the transition state. The magnitude of Hm 
depends upon donor-acceptor separation and orienta- 
tion and the nature of the intervening medium. The 
exponential term in eq 1 reflects the interplay between 
reaction driving force (-AGO) and nuclear reorganiza- 
tion energy (A). Various approaches have been used to 
test the validity of eq 1 and to extract the ET param- 
eters Hm and A. Driving-force studies have proven to 
be one reliable approach, and several such studies will 
be discussed in this paper. 

In the nonadiabatic limit, the probability is quite low 
that reactants will crossover to products a t  the tran- 
sition-state configuration.15b This probability depends 
upon the electronic hopping frequency (determined by 
Hm) and upon the frequency of motion along the re- 
action coordinate.% When solvent reorientation dom- 
inates A, the nuclear reorientation time scale is believed 
to be given by the solvent longitudinal dielectric re- 
laxation time, T~ The nonadiabatic limit for ET results 
when Hm2 << ( X h / 4 ? 7 ~ ~ ) ~ / ~ . ~ ~  Water reorients very 
rapidly (TL = 0.5 ps39, and the solvent-controlled adi- 
abatic limit results when Hm >> 80 cm-'. Conversely, 
when Hm << 80 cm-l, eq 1 should adequately describe 
the ET kinetics. Reorientation of the peptide matrix 
introduces complications in protein ET. Time scales 
for this nuclear motion are much slower than the T; for 
water.38 In situations where slow peptide motions 
dominate A, much smaller values of Hm are necessary 
to achieve the "solvent-controlled" adiabatic limit. 

In simple models, the electronic-coupling strength is 
predicted to decay exponentially with increasing do- 
nor-acceptor s e p a r a t i ~ n : ' ~ ~ ? ~ ~  

(2) 
In eq 2, I f A R  is the electronic coupling at close contact 
(do) and @ is the rate of decay of coupling with distance 
(a). Studies of the distance dependence of ET rates in 
donor-acceptor complexes, and of randomly oriented 
donors and acceptors in rigid matrices, have suggested 
0.8 I @ I 1.2 A-1.20*2294*43 Donor-acceptor electronic 
coupling in small complexes can be interpreted equally 
well in terms of simple exponential decay with distance 
(eq 2) or with the number of chemical bonds in the 
bridge between redox sites.= This situation arises from 
the fact that the direct distance between redox sites 
tends to be proportional to the number of intervening 
chemical bonds. The medium separating two redox 

Hm = IpAB exp[-'/$I(d - do)] 
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TABLE I. Rate Constants and Activation Parameters for Intramolecular ET Reactions of Ru(His)-Modified Cytochrome c 
electron transfer - A G O .  eV k m .  s - ~  AH*, kcal mol-' A S .  eu 

His33 Derivatives (d = 11.1 &a 

Rua5(His)2t - FexU 0.18 (2) 3.0 (5) X 10' 2.0 (5) -43 (5) 
Rua,(isn)(His)2t - ZnPtc 0.66 (5) 2.0 (2) x 105 <0.5 -35 (5) 

Rua4(py)(His)2+ - ZnP+ 0.74 (5) 3.5 (4) x 105 X0.5 -34 (5) 
ZnP* - Rua, (py) (Hi~)~+~ 0.97 (5) 3.3 (3) x 108 2.2 (4) -22 (5) 

ZnP* - R ~ a ~ ( H i s ) ~ +  0.70 (5) 7.7 (8) X lo5 1.7 (4) -27 (5) 

R ~ a ~ ( H i s ) ~ +  - ZnP+d 1.01 (5) 1.6 (4) X lo6 

Fexl - R~(bpy)~( im)(His)~+ e 0.74 (2) 2.6 (3) X lo6 
ZnP* - R~a~( i sn ) (Hi s )~+  1.05 (5) 2.9 (3) X lo8 <0.5 -30 (5) 

His39 Derivatives (d = 12.3 
R~a~( isn) (His )~+ - ZnP+ 0.66 (5) 6.5 (7) x 105 -1.7 (4) -39 (5) 

R ~ a ~ ( p y ) ( H i s ) ~ +  - ZnP+ 0.74 (5) 1.5 (2) X lo6 -1.8 (4) -37 (5) 
ZnP* - R ~ a & H i s ) ~ +  0.70 (5) 1.5 (2) X lo6 1.3 (3) -27 (5) 

ZnP* - R~a~(py) (His )~+  0.97 (5) 8.9 (9) X lo6 0.2 (2) -27 (5) 
Rua&Hi~)~+  - ZnP+ 1.01 (5) 5.7 (6) X lo6 -0.2 (2) -29 (5) 
ZnP* - R~a~( i sn ) (Hi s )~+  1.05 (5) 1.0 (1) x 107 0.2 (2) -27 (5) 

His62 Derivatives (d = 14.8 A)e 
R ~ a ~ ( H i s ) ~ +  - FelI1f 0.20 (2) 1.7 (1) 

R ~ a ~ ( p y ) ( H i s ) ~ +  - ZnP+ 0.74 (5) 8.1 (8) X lo3 
ZnP* - R ~ a ~ ( H i s ) ~ +  0.70 (5) 6.5 (7) x 103 1.4 (3) -37 ( 5 )  

ZnP* - R~a~(py) (His )~+  0.97 (5) 3.6 (4) x 104 
Rua&Hi~)~+  - ZnP+ 1.01 (5) 2.0 (2) x 104 0.7 (7) -37 (5) 

(I Reference 46. bReference 16. cReference 31. dReference 27. e Reference 35. 'Reference 32. g Reference 52. hReference 53. 

sites in a protein, however, is a heterogeneous array of 
bonded and nonbonded interactions. The covalently 
bonded path between donor and acceptor can be a 
tortuous route involving many more bonds than would 
be found in a typical synthetic D-A complex with 
comparable separation. Beratan and Onuchic have 
developed a formalism that describes the medium be- 
tween redox sites in a protein in terms of "unit blocks" 
connected together to form a physical pathway for ET.12 
A unit block may be a covalent bond, a hydrogen bond, 
or a through-space jump, each with a corresponding 
decay factor. At intermediate D-A distances, a single 
pathway tends to dominate the coupling and HAB can 
be written as the product of the decay factors for each 
block in the pathway. By scaling H-bonds and 
through-space jumps to the number of covalent bonds 
that would give a comparable decay in coupling 
strength, pathways can be described in terms of a 
number of effective bonds (nefi) between the redox sites. 

IY. Cytochrme c 

A. His33 Derivatives 

The first work on the ET reactions of Ru-modified 
proteins involved horse heart cytochrome c modified 
by coordination of pentaammineruthenium to His33 
(Figure l).1g-44 The rate of intramolecular E T  from 
R~a~(His33)~+  to the ferriheme (2' = 298 K), measured 
using photochemical techniques, is 30(5) s-l (Table I).16 
The reaction exhibits a rather small activation enthalpy 
(2 kcal mol-') and a large negative activation entropy 
(-43 eu). Measurements of the temperature depen- 
dences of the R ~ a ~ ( H i s ) ~ + / ~ +  and Fe3+/2+ potentials in 
Rua5(His33)-Fe-cyt c have provided estimates of AGO 
[-4.3(2) kcal mol-', 298 K], AHo [-11.9(10) kcal mol-'], 
and ASo [-26(3) eu] for the Run - Fem intramolecular 
ET reaction. Given these thermodynamic quantities 
and the temperature dependence (2-40 "C) of the ET 
rate in Rua5(His33)-Fe-cyt c, it is possible to extract 
values of X and HAB from eq 1. Nonlinear least-squares 

Figure 1. Peptide-backone structure of RuaS(His33)-Fe-cyt c. 
This derivative was prepared by reaction of Rua5(OH2)2+ with 
Fe%yt c for 24 h at room temperature. The pure singly modified 
derivative was isolated by ion-exchange chromatography and 
extensively character id  by spectroscopic and chemical methods.4 

fits to the data suggest X = 1.2 eV and HAB = 0.03 
cm-1.35b This value of the reorganization energy is quite 
close to that predicted by the Marcus cross relation15b 
[Al2 = 1/2(X11 + X22)] using the reorganization energies 
for the Fe(III/II)-cyt c (Al1 = 1.04 eV) and Rua5- 
( p ~ ) ~ + / ~ +  (Az2 = 1.20 eV) self-exchange  reaction^.'^^$^ 

A value of B = 2.0 A-' can be extracted from eq 2 for 
the Rua5(His33)-Fecyt c system by taking d = 11.1 AM 
and do = 3.0 and assuming that gm = 200 cm-leSb 
The large value of B suggested by the Rua5(His33)- 
Fe-cyt c temperature-dependence data indicates a 
faster decay of electronic coupling with donor-acceptor 
separation than found in small-molecule systems. Al- 
ternatively, the large apparent B could suggest that, 
owing to the inhomogeneity of the intervening medium, 
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Figure 2. Free-energy dependence of intramolecular ET rates 
in RwL(His33)-Zn-cyt c. Solid curve is the best fit to eq 1 using 
the parmetens X = 1.2 eV and HAB = 0.12 cm-l. (0) Photoinduced 
reactions; (0) recombination reactions. 

the effective distance for ET is greater than the 11.1-A 
direct separation. These early data, then, provided 
some evidence that donor-acceptor electronic coupling 
in protein systems might not be described by the simple 
expression in eq 2. 

A clear understanding of the electronic-coupling 
strengths in metalloprotein ET reactions depends upon 
reliable values of X and Hm. It is clear from eq 1 that, 
in addition to studies of temperature dependences, ET 
parameters can also be extracted from studies of the 
driving-force dependence of ET rates. In the low- 
driving-force regime (-AGo/X << l), the variation of rate 
with free energy does not strongly depend upon X [i.e., 
a(ln km)/a(AGo) = 1/2kBn, and it is difficult to obtain 
a good value for this parameter. Better values of A and 
Hm can be obtained from high-driving-force measure- 
ments (Le., X = -AGO). In this region, the driving-force 
curve flattens out and ET rates approach their maxi- 
mum values. 

It is difficult to prepare a Ru-ammine complex of 
Fe-cyt c in which the driving force for intramolecular 
ET is much greater than 0.2 eV. Substitution of the 
native Fe center in cytochrome c with Zn,47 however, 
has provided an avenue to high-drivingforce intramo- 
lecular ET. The lowest triplet excited state of the Zn- 
porphyrin in Zn-cyt c has a 15-ms lifetime and is a 
potent reductant (Eo = -0.62 V vs NHE).27 The rates 
of direct photoinduced ET and thermal recombination 
have been measured for three Rua5L(His33)-Zn-cyt c 
proteins (L = NH, pyridine, isonicotinamide), spanning 
a 0.39-eV range in AGO (-0.66 to -1.05 eV, Table Ibnp31 
Fits of these data to eq 1 yield X = 1.10 eV and Hm = 
0.12 cm-' for the photoinduced reactions and X = 1.19 
eV and HAB = 0.09 cm-l for the recombinations. The 
ET parameters are not extremely sensitive to the nature 
of the reaction (photoinduced or recombination), and 
these reactions can be adequately described by a single 
pair of parameters: X = 1.15(10) eV and Hm = 0.1(2) 
cm-' (Figure 2). The value of HAB in Ru(His33)-Zn+ 
c is about 3 times that estimated for Ru(His33)-Fe-cyt 
c. The difference may be the result of variations in 
coupling to Ru between the porphyrin-localized states 
in Zn-cyt c and the metal-localized states in Fe-cyt c. 

The similarity in reorganization energies for the Ru- 
Fe-cyt c and Ru-Zn-cyt c intramolecular ET reactions 
is to be expected. The total reorganization energy is 
a sum of inner-sphere (Xi) and outer-sphere (A,) ele- 
ments. Inner-sphere contributions arise from nuclear 
rearrangements in the Ru-ammine and metallo- 

porphyrin complexes accompanying electron transfer. 
These rearrangements are rather small and have been 
estimated to contribute no more than 0.2 eV to X for 
both Ru-Fe-cyt c and Ru-Zn-cyt c.31 There are two 
sources of outer-sphere rearrangements: the solvent and 
the peptide matrix. Calculations based on a single- 
sphere dielectric continuum model& indicate a 0.6-eV 
contribution to A, from the ~olvent.~' From the struc- 
tures of ferri- and ferrocytochromes c,  the peptide 
contribution to A, has been calculated to be about 0.2 
eV.7 The s u m  of these individual components (1.0 eV) 
is in good agreement with the experimentally derived 
reorganization energy for the Ru-M-cyt c (M = Fe, Zn) 
systems. 

There have been persistent suggestions that the ET 
step is not rate-limiting in the redox reactions of cyto- 
chrome c.49 The variation of ET rate with driving force 
in Ru-Zn-cyt c,  however, does not support this hy- 
pothesis. (It can be argued, however, that Zn-cyt c is 
not an appropriate model for the redox reactions of 
native cytochrome c.)  Additional evidence bearing on 
this point has come from experiments in which intra- 
molecular ET at high driving force in native Fe cyto- 
chrome c has been examined in proteins modified by 
the coordination of a bis(bipyridine)-Ru group to 
H i ~ 3 3 . ~ ~ "  The Ru3+/,+ potentials in these complexes 
are greater than 1.0 V vs NHE; the driving forces for 
intramolecular ET with the cytochrome c heme are 
therefore in the same range as those measured with 
Ru-Zn-cyt c. A rate of 55 s-l (-AGO = 0.74 eV) has 
been reported in pulse-radiolysis studies of ferroheme 
oxidation by Ru(bpy),(im)(Hi~33)~+.~~~* The rate of 
ferriheme reduction by Ru(bpy),(im)(His33)+ was re- 
ported to be 2.0 X lo5 s-' (-AGO = 1.5 eV).49a-c This 
disparity between oxidation and reduction rates is far 
greater than can be accounted for by the driving-force 
dependence described in eq 1. Similar rates of ferro- 
heme oxidation were reported for Ru(bpy),(OHz)- 
( H i ~ 3 3 ) ~ + ,  R~(bpy),(pyridine)(His33)~+, and Ru- 
(bpy)(2,2',2"-terpyridine)(Hi~33)~+-Fe-~yt c complex- 
es.49a-c It was suggested that this behavior indicates 
"gated" or directional electron transfer in cytochrome 
c.49 Recently, however, it has been shown using flash- 
quench techniques that the rate constant for oxidation 
of the ferroheme by R~(bpy),(im)(His33)~+ is actually 
2.6 X 106 s-l (Table I).358 The data clearly demonstrate 
that there is no ferroheme oxidation proceeding at a 
slower (Le., 55 s-l) ratd (Figure 3). This observation 
is in much better agreement with the Ru-Zn-cyt c data 
and with the pulse-radiolysis measurement of the rate 
of ferriheme reduction by Ru(bpy),(im) (His33)+. In 
light of this result, the slow rates of ferroheme oxidation 
by the other R~-bpy-His33~+ complexes must be 
viewed with suspicion. Currently then, there are no 
unequivocal data indicating gated or directional electron 
transfer in Ru-modified cytochrome c: observed ET 
rates are all consistent with a rate-limiting electron- 
transfer step. 

An interesting aspect of electron transfer in Ru- 
(bpy),(im)(HisBB)-Fe-cyt c is the possibility of a sub- 
stantially lower reorganization energy than was found 
in Ru-ammine derivatives (1.2 eV). The major con- 
tribution to X in Ru-Zn-cyt c arises from reorientation 
of solvent molecules around the Ru complex in response 
to the electron transfer. Replacing the hydrophilic 
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Figure 3. Transient kinetics followin laser flash excitation of 

550-nm kinetics recorded with a 3-jts time window. Smooth lines 
are fits to a biexponential decay function. The faster component 
corresponds to decay of the excited Ru complex (koM = 1.3 X 
lo7 s-l); the slower component arises from the intramolecular ET  
reaction [kpbld = 2.6(3) X lo6 s-l]. (Bottom) 550-nm kinetics 
recorded with a 100-ms time window demonstrating that there 
is not a slow intramolecular oxidation of Fe** by Ru"'. 

a mixture of R~(bpy)~(im)(His33)-Fe d cyt c and Ru%~+.  (Top) 

Figure 4. Energy-minimized structure of Ru(bpy),(im)- 
(His33)-Fe-cyt c. The structure was computed using BIOGRAF, 
version 2.1 (Biodesign, Inc.), and the coordinates from the X-ray 
crystal structure of horse heart ferricytochrome c . ~  Coordinates 
for the Ru complex were adapted from the structure of Ru- 
(bpy),C1pm 

ammine ligands with more hydrophobic bipyridine 
ligands (Figure 4) wil l  lower this reorganization energy: 
the X of the self-exchange reaction of R U ~ ~ ( P Y ) ~ + / ~ +  (A22 
= 1.2 eV) is substantially greater than that of Ru- 
(bpy)2+/2+ (Azz = 0.6 eV). The Marcus cross-relation 
(using All = 1.0 eV for cytochrome c )  suggests a value 
of X12 = 0.8 eV for intramolecular E T  in Ru(bpyI2- 

His39 
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H i s 6 2  # 
Figure 5. Predicted electronic coupling pathways in Ru(His33)-, 
Ru(His39)-, and Ru(His62)-modified cytochrome c. Covalent 
bonds are depicted as solid lines, and H-bonds me shown as dashed 
lines. 

(im)(His33)-Fe-cyt c. An important advantage of the 
reduced reorganization energy in the bis(bipyridine)- 
Ru-modified proteins is that the inverted region for ET 
(Le., -AGO > A) is more accessible. 

B. Other His Derivatives 

His39. Ru-ammine complexes have been bound to 
His39 of Zn-substituted cytochrome c from Candida 
I z r ~ s e i . ~ ~ ~ ~ ~  Intramolecular ET rates (Table I) are ap- 
proximately 3 times faster than those of corresponding 
reactions in His33 derivatives of horse heart cytochrome 
c. The variation of rates with driving force in these 
derivatives suggests a 1.2( 1)-eV reorganization energy, 
indistinguishable from that found in the His33-modified 
proteins. The faster ET rates have been attributed to 
stronger donor-acceptor electronic coupling in the 
His39-modified protein.32 

The direct D-A distances in Ru(His33)-Zn-cyt c and 
Ru(His39)-Zn-cyt c are at  variance (11.1 and 12.3 A, 
respectively) with the 2-fold larger HAB for the His39 
system. The pathway model is somewhat more con- 
sistent with the data: both the His33 and His39 path- 
ways consist of 11 covalent bonds and 1 H-bond (Figure 
5) .  The neff values for His33 and His39 are 13.9 and 
14.0 bonds, respectively.35b 

His62 Site-directed mutagenesis creates many new 
opportunities for studying electron transfer in Ru- 
modified proteins. A yeast (Saccharomyces cereuisiae) 
cytochrome c variant has been characterized with a 
surface histidine at position 62.52 The Rua5(His62) 
derivative of this mutant protein was prepared, and the 
rate of electron transfer from Ru" to Fe"' was found 
to be 1.7 s-l (Table I).52 Rua5(His62) and Rua4(py)- 
(His62) derivatives of Zn-substituted S. cerevisiae cy- 
tochrome c have also been examined. The rates of the 
photoinduced and thermal recombination reactions are 
more than 2 orders of magnitude slower than the rates 
of analogous reactions in His33 derivatives of horse 
heart cytochrome c.53 The driving-force data are more 
limited than for the other His derivatives of cytochrome 
c but again suggest that X = 1.2 eV. The slower rates 
for the His62 derivatives are attributed to weaker 
electronic coupling, The direct D-A separation is 14.8 
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TABLE 11. Maximum Rates, D-A Distances, Coupling 
Strengths, and Effective Bonds in Pathways for 
Rua,L(His)-Modified Cytochrome c 

kma7, s-l d,d A HAR, cm-' n,ff,d bonds 
His39" 1.4 X lo7 12.3 0.24 14.0 
H i ~ 3 3 ~  2.9 X lo6 11.1 0.11 13.9 
His62' 2.0 X lo4 14.8 0.01 20.6 

Reference 32. Reference 31. Reference 53. Reference 35b. 

TABLE 111. Rate Constants and D-A Separations in 
Ru(Lys)-Modified Cytochrome d 

Lys27 6-12 2.0 (3) x 107 3.0 (5) x 107 
L p l 3  6-10 1.6 (3) x 107 2.6 (5) x 107 
Lp72 8-16 1.4 (3) x 107 2.4 (5) x 107 
Lys25 9-16 1.0 (3) x 106 1.5 (3) X lo6 
L y ~ 7  9-16 3 (1) x 105 6 (2) X lo5 

" References 34 and 54. 

A, while the effective number of bonds in the pathway 
is 20.6 (Table II).35b By both measures, it is reasonable 
to expect the His62 ET reactions to be substantially 
slower than those found in His33 or His39 derivatives. 

C. Lysine Derivatives 

Individual lysine residues have been modified with 
Ru(bpy)z(dcbpy)2+ complexes (dcbpy = dicarboxybi- 
pyridine) via an amide linkage.% The large number of 
surface lysines on cytochrome c (17) at widely varying 
distances from the heme creates the potential for an 
extensive study of the distance dependence of the ET 
rate. Ten derivatives have been prepared; photoin- 
duced ET and thermal recombination rates have been 
measured in five of them. Photoinduced rates change 
from 3 X lo5 to 2 X lo7 s-l; recombination rates vary 
from 6 X lo5 to 3 X lo7 s-l (Table 111).34-54 One 
shortcoming of this system is the conformational flex- 
ibility of the lysine side chain. Molecular mechanics 
modeling studies indicate that the uncertainties in D-A 
separations range from 4 to 8 A. This uncertainty 
makes it difficult to correlate these data with mea- 
surements for Ru(His)-modified proteins. 

The Ru-Lys derivatives have found important ap- 
plications in studies of E T  in protein-protein com- 
p l e ~ e s . ~ ~ ~ ~ ~  Photoinduced ET from the Ru complex 
rapidly injects an electron into the heme center of cy- 
tochrome c. Sacrificial donors scavenge the Ru"' com- 
plex, inhibiting the recombination reaction and leaving 
the ferroheme available to react with complexed redox 
partners. Experiments of this type have been per- 
formed with plastocyanin and cytochrome c oxidase as 
electron acceptors."*55 The interprotein ET rates vary 
with the site of Lys modification, suggesting that the 
Ru label may be modifying the protein binding. The 
protein-protein ET results are set out in Table IV. 

V. Myoglobin 

A. His48 Derivatives 

Myoglobin is an oxygen-storage protein with 153 am- 
ino acids and a heme prosthetic group.56 Five His 
residues on the surface of sperm-whale myoglobin have 

TABLE IV. Rate Constants for ET from Ru(Lys)-Modified 
Ferrocytochrome c to Complexed Acceptors" 

km, s-' 
modified [Ru-Fe-cyt c]: [Ru-Fe-cyt c]: 
residue [Dlastocvaninl lcvt c oxidase1 
Lys7 1.3 (1) x 103 
Lysa 1.5 (1) x 103 

Lys27 5.3 (7) x 102 3.0 x 103 
Lys72 8.0 (5) x 102 
Lys86 1.0 (1) x 103 

Lysl3 1.9 (2) x 103 6.0 X lo2 
Lys25 8.2 (6) X lo2 

Beferences 54 and 55. 

TABLE V. ET Rates in Ru(His)-Modified Myoglobin 
electron transfer -AGO, eV km, s-l 

His48 Derivatives (d = 12.7 A)4 
HzP* - R ~ s ~ ( H i s ) ~ + "  0.39 (2) 7.6 (8) X lo2 
Rua4(isn)(His)*+ - ZnP+ 0.61 (2) 1.4 (5) X lo' 
PdP* - R ~ a ~ ( H i s ) ~ +  0.64 (2) 9.1 (9) x 103 
R ~ a ~ ( p y ) ( H i s ) ~ +  - ZnP+ * 0.69 (2) 2.0 (5) x 104 
CdP* - R ~ a ~ ( H i s ) ~ + ~ s ~  0.79 (2) 4.5 (5) x 104 
MgP* - R ~ a ~ ( H i s ) ~ +  Old 0.81 (2) 9.5 (9) x 104 

PdP* - R ~ a ~ ( p y ) ( H i s ) ~ +  0.91 (2) 9.0 (9) x 104 
R ~ a ~ ( H i s ) ~ +  - MgP+ 0.91 (2) 4.9 (5) x 104 
R u a & H i ~ ) ~ +  - CdP+ 0.92 (2) 2.1 (2) x 105 

ZnP* - R ~ a ~ ( p y ) ( H i s ) ~ +  * 1.09 (2) 2.0 (2) x 105 

R ~ a ~ ( H i s ) ~ +  - Fe"'(CN-Br)' 0.09 (2) 2.0 (5) 

ZnP* - Rua5(Hi@+ 0.82 (2) 7.0 (7) X lo4 

R ~ a ~ ( H i s ) ~ +  - ZnP+d 0.96 (2) 1.5 (5) X lo5 

ZnP* - R~a~( isn) (His )~+ 1.17 (2) 2.9 (3) X lo5 

Fe"(CN-Br) - R~a, ( i sn) (His )~+~ 0.26 (2) 5.5 (5) 

Fe" - R ~ a ~ ( H i s ) ~ + f  0.02 (2) 4.0 (5) X lo-* 
Fe" - R~a,(py)(His)~+g 0.28 (2) 2.5 (5) 
Fe" - R~a,(isn)(His)~+ e 0.35 (2) 3.0 (4) 

His81 Derivative (d = 19.3 A)h 
ZnP* - Rua5(Hid3+ 0.82 (2) 8.6 (10) X 10' 

His116 Derivative (d = 20.1 AIh 
ZnP* - R ~ a ~ ( H i s ) ~ +  0.82 (2) 8.9 (3) X 10' 

His12 Derivative (d = 22.0 A)" 
ZnP* - R ~ a ~ ( H i s ) ~ +  0.82 (2) 1.0 (I) X lo2 

eReference 61. 'Reference 57. 8Reference 23. hReference 28. 

* 

Reference 30. Reference 58. Reference 29. Reference 59. 

been labeled with Ru-ammine c ~ m p l e x e s . ~ ~ ~ ~ ~  This 
multiplicity of His residues introduces significant com- 
plications into the preparation and purification of Ru- 
modified proteins. The major products are the His48- 
modified Mb, and moqt of the ET studies have been 
performed with these derivatives. Unlike cytochrome 
c,  the heme is not covalently bound to the protein in 
Mb. This feature greatly facilitates metal substitution 
and has enabled the preparation of Ru-ammine-mod- 
ified proteins with six different metalloporphyrin active 
sites. The intramolecular ET rates for these derivatives 
are set out in Table V.2"30957"9 

In the case of cytochrome c, there was good reason 
to expect that the reorganization energy for the ET 
reactions of the Zn-substituted protein would be nearly 
the same as that of the native Fe protein. This, how- 
ever, is not likely to be true in myoglobin: FeILMb is 
a five-coordinate complex which, upon one-electron 
oxidation, binds a water molecule to form a six-coor- 
dinate species.% This change in coordination number 
should be reflected in a greater reorganization energy 
in native F e M b  or even ET rates limited by ligand 
binding or dissociation. The electron-transfer reactions 
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Figure 6. Free-energy dependence of intramolecular ET rates 
in Ru(His48)-modified Mb. Solid line is a fit to eq 1 using the 
parameters X = 1.26 eV and Hm = 0.03 cm-'. (0) Photoinduced 
reactions; (0) recombination reactions. 

of Ru-modified, metal-substituted Mb, however, are not 
accompanied by changes in metal coordination, and it 
is reasonable to expect that they can be described by 
a single set of ET parameters. The rates of 13 different 
ET reactions in Ru-modified, metal-substituted Mb 
have been reported (Table V), spanning nearly 0.8 eV 
in driving force. Fitting the photoinduced and thermal 
recombination rates to eq 1 yields X = 1.26 eV and HAB 
= 0.03 cm-' (Figure 6).59 

It has been shown that cyanogen bromide modifica- 
tion of His64 in the distal heme pocket of myoglobin 
inhibits coordination of a water ligand to the ferric 
heme.w It is likely, then, that the reorganization energy 
for ET in cyanogen bromide treated Ru(His48)-Fe-Mb 
will be nearly the same as that of the metal-substituted 
myoglobins. Fitting the two ET rates measured for this 
system (Table V) to eq 1, holding X fixed equal to 1.26 
eV, yields an electronic-coupling matrix element of 0.01 
cm-1.61 As in the case of Ru-modified cytochrome c, the 
apparent coupling strength in Ru-a"ine/iron-heme 
reactions is somewhat smaller than that found for re- 
actions involving Ru-ammines and metal-substituted 
porphyrins. 

Three ET rates have been measured with Ru- 
ammines bound to His48 of native Fe myoglobin (Table 
V).23757 The reorganization energy for these reactions 
can be estimated by assuming that the coupling 
strength is the same as that found in the cyanogen 
bromide treated systems (0.01 cm-l) and optimizing A. 
The data suggest X = 1.48 eVt9 a 0.2-eV increase over 
the value found in systems in which there is no change 
in coordination number. 

B. Other HIS Derlvatlves 

Electron-transfer kinetics have been examined in 
three additional Ru-pentaammine derivatives of 
sperm-whale Mb (His81, Hisll6, Hisl2). The D-A 
separations in these derivatives are substantially longer 
(19.3, 20.1, 22.0 A, respectively) than that (12.7 A) of 
the His48-modified Mb. Consequently, rates of pho- 
toinduced ET from ZnP* to these Ru*" complexes are 
at  least 2 orders of magnitude slower than the corre- 
sponding His48 ratesz8 The reported ET rates for all 
three derivatives are quite similar, though the D-A 
distance increases by nearly 3 A from His81 to Hisl2. 
It is possible that bimolecular ET reactions contributed 
to the observed kinetics in this system. If so, then the 
100-s-' rate for the His12 system (and possibly for His81 

TABLE VI. ET Rates in Ru(His)-Modified Proteins 
electron transfer -AGO, eV km, s-l d ,  A 

cytochrome b50 
Fe"-Tb5 - Rua&Hi~26)~+ 0.08 (2) 1.4 (1) 12.1 
Fe"-LMb5 - R ~ a ~ ( H i s 2 6 ) ~ ~  0.10 (2) 5.9 (5) 12.0 
Fe"-DPb5 - R ~ a ~ ( H i s 2 6 ) ~ ~  0.13 (2) 0.2 (1) 12.9 
azurinb 
Rua5(His83)*+ - Cu" 0.28 (2) 1.9 (4) 12.0 
plastocyaninc 
R ~ a ~ ( H i s 5 9 ) ~ +  - Cu" 0.26 (2) <0.08 12 

R ~ a ~ ( H i s 5 9 ) ~ ~  - Cu" 0.28 (2) <0.26 12 

stellacyanind 
R~a~(His32,100)~+ - Cu" 0.26 (2) 0.05 (16.1) 
HiPIP' 
R~a&His42)~+ - [Fe4S,l3+ 0.27 (2) 18 (2) 7.9 
cytochrome ~ ~ ~ l f  
Rua%(Hi~47)~+ - Fe"' 0.20 (2) 13 (2) 7.9 

Reference 63. *Reference 64. Reference 25b. Reference 26. 

(A. variabilis) 

(S. obliquus) 

e Reference 25c. 'Reference 25a. 

a \  I 

7- 
Figure 7. Best pathway through-space jump from Leu25 to the 
heme in Ru(His26)-modified cytochrome Tb5 (a) and DPb5 (b). 

and His116 as well) represents an upper limit to the 
true intramolecular E T  rate. 

VI. other Sysfems 

A. Cytochrome b,  

Three surface His residues of Tb5 have been modified 
by coordination to Ru-pentaammine complexes (Hisl5, 
His80, H i ~ 2 6 ) . ~ ~  Rates of intramolecular ET from Fen 
to Ruin have been measured in three His26 derivatives: 
[Rua5(His26)-Tb,]; mutant (Asn57 to Asp, Gln13 to 
Glu, Glull  to Gln, His15 to Asn, His80 to Asn) li- 
pase-solubilized cyt b5 [Rua5(His26)LMb5]; and DPb5 
[R~a~(His26)DPb,].~ E T  rates vary by more than an 
order of magnitude for the three proteins (Table VI), 
and the variations do not correlate with differences in 
driving force or estimated D-A separations. The 
pathway model has been invoked to account for the 
differences in rates. A critical through-space jump 
(from Leu25 to the heme) in the pathway from His26 
to the heme is not constant in the three different pro- 
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structure, a 16.1-A D-A distance has been estimated.26 
The driving force for this ET reaction (0.10 eV) is 
somewhat smaller than that for the other blue copper 
derivatives. The combination of the longer distance and 
lower driving force could explain the relatively slow 
intramolecular ET in this system. 

Intramolecular ET in blue copper proteins has not 
been studied as extensively as ET in the heme proteins. 
One reason for this is the difficulty in examining ET 
rates at high driving forces. The limited set of ET 
experiments on Ru-ammine-modified blue copper 
proteins offers some intriguing puzzles and clearly 
demonstrates the need for more data (especially driv- 
ing-force dependences) to define better the electron- 
transfer parameters in these proteins. 

C. HlPIP 

High-potential iron-sulfur protein (HiPIP) from 
Chromatium vinosum has been modified with Ru- 
pentaammine at H i ~ 4 2 . ~ ~ ~  This is a particularly inter- 
est' derivative because of the very short D-A distance 
( 7 . 3 ) .  The obvious prediction is that the Ru" - 
[Fe4S413+ (-AGO = 0.27 eV) ET rate in this derivative 
would be much higher than that found in any of the 
previous Ru-modified proteins. The surprising result, 
however, is that the ET rate is just 18 s-l (Table VI). 

D. Cytochrome c55, 
A short D-A separation (7.9 A) is also found in the 

Ru-pentaammine-His47 derivative of cytochrome c551 
from Pseudomonas stutzeri. The driving force for in- 
tramolecular ET from Ru" to the ferriheme is 0.2 eV, 
and the ET rate is reported to be 13 s-1.25a As with 
HiPIP, the ET rate at -8 A is not substantially faster 
than that found in other systems with -12-A D-A 
separations. This result is puzzling. Crystal structures 
of both oxidized and reduced forms have been solved 
for P. aeruginosa cytochrome c551; no large differences 
were found for the two oxidation states.68 The struc- 
tures are, in fact, remarkably similar to those of cyto- 
chrome c. The solvent exposure of the heme in cyto- 
chrome c551 is somewhat greater and could account for 
some increase in A, but it is difficult to envision a 
change in X large enough to explain the observed ET 
rate. 

teins (Figure 7). The dramatic reduction in rate in 
Rua5(His26)DPb5 has been attributed to the absence 
of the heme 2-vinyl group, which is the terminus of the 
Leu25 to heme through-space jump in the other two 
proteins.63 A longer jump to the heme 3-methyl is 
predicted for Rua5(His26)DPb5, leading to a slower ET 
rate. 

B. Copper Protelns 

Azurin. Pseudomonas aeruginosa azurin has been 
derivatized at His83 with a Ru-pentaammine complex. 
Flash-photolysis measurements indicate that the rate 
of Ru" - CU" ET is 1.9(4) s-l and is virtually inde- 
pendent of temperature between 265 and 325 K.& The 
temperature dependence of the P. aeruginosa azurin 
potentiaP permits an estimate of the ET parameters 
from the variation in kET with temperature. The best 
fit of these data suggests X = 0.9 eV and HAB = 4 X lo4 
~ m - ~ . ~ ~ ~  It is difficult to rationalize these substantial 
reductions in X and H A B  (compared to His33 cyto- 
chrome c values). The direct donor-acceptor separation 
in this system (12.0 A) is quite close to that of the His33 
and His39 derivatives of cytochrome c, and it is not 
clear why HAB would decrease by nearly 2 orders of 
magnitude. The pathway model does, however, predict 
neff = 18.5 bonds in R~(His83)-azurin.~~ This 4.5-bond 
increase over His33 and His39 cytochrome is consistent 
with a 25-fold decrease in HAB (assuming a decay of 0.5 
for each bondI2). Though the electron self-exchange 
rate in P. aeruginosa azurin is substantially larger than 
that in cytochrome c (lo6 and lo3 M-l s-l , r espective- 
l~),@f'~ this is most likely the result of differences in the 
pre-exponential factor rather than a lower reorganiza- 
tion energy. It is clear that driving-force data are 
necessary to determine the best values of X and HAB in 
this system. Probably the most important lesson to be 
taken from these data is that considerable caution must 
be exercised when ET parameters are extracted from 
temperature dependences of rates. 

Plastocyanin. His59 has been modified in two dif- 
ferent species of algal plastocyanin: Anabaena uaria- 
bilis and Scenedesmus o b l i q ~ u s . ~ ~ ~  D-A separations 
in both are estimated to be about 12 A, and the driving 
forces for ET from RuI' to CU" are 0.26 and 0.28 eV, 
respectively. Hence, the distances and driving forces 
are similar to those found in His83-modified azurin and 
His33- and His39-modified cytochrome c. It  is re- 
markable, then, that the E T  reactions in the two 
plastocyanin derivatives are so slow (Table VI): K0.08 
s-l for A. variabilis and C0.26 s-l for S. o b l i q ~ u s . ~ ~ ~  It 
is not likely that these slow rates are attributable to a 
significant increase in A; a substantial reduction in HAB 
seems a more reasonable explanation. A 3-5-fold drop 
in HAB compared to azurin (assuming identical values 
of A) is necessary to explain the slower ET rates. 

Stellacyanin. Rhus uernicifera stellacyanin is a blue 
copper protein with two surface His residues (His32, 
His100) that have been modified by coordination to 
Ru-pentaammine complexes.26 Intramolecular ET 
from Ru" to CU" was examined in the doubly modified 
derivative. The first-order rate constant for ET was 
reported to be 0.05 s-l (Table VI). Since stellacyanin 
has not been structurally characterized, it is difficult 
to compare this rate to those for the other blue copper 
systems. On the basis of a model of the stellacyanin 

VII. Comparisons 1 

On the basis of the few systems in which a reliable 
number has been extracted, X = 1.2 eV appears to be 
a reasonable value for Ru-ammine-modified proteins. 
Perhaps due to lack of data and limited precision in the 
derived parameters, X has not been found to be par- 
ticularly sensitive to D-A separation or site of modi- 
fication. In fact, the simple Marcus cross-relation 
provides a reasonably good estimate of the reorganiza- 
tion energies in these reactions. Since outer-sphere 
reorganization seems to dominate, changes in the Ru- 
coordination sphere (ammine - bipyridine) appear to 
have the greatest impact on A. 

Unlike the reorganization energy, the electronic-cou- 
pling strengths in the Ru-modified proteins show a 
great deal of variability. Equation 2 expresses a simple 
distance dependence for HAB that adequately describes 
ET in model D-A complexes with values of p between 
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Figure 8. Plot of log k- va D-A distance (d-3) for Ru-modified 
proteins. Solid and dashed lines represent eq 2, B = 1.0 and 0.8, 
1.2 A-l; dotted line represents the best fit to eq 2 for all of the 
cytochrome c and Mb ET data (H = His). Solid symbols indicate 
systems in which X was estimated from a driving-force study. 
Open symbols indicate that an assumed value for X (1.2 eV) was 
wed to estimate k-. (0) Cytochrome c; (A, A) Mb; (0) blue 
copper proteins [Az, His83 derivative of azurin, P(S.o.), P(A.v.), 
S. obliquus and A. uariabilis His59 derivatives of plastocyanin; 
St, His32,lOO derivative of stellacyanin]; ( 0 )  cB1, His47 derivative 
of cytochrome cE1; b5, His26 derivative of cytochrome b,; HiPIP, 
His42 derivative of high-potential iron-sulfur protein. 

0.8 and 1.2 A-1. This distance dependence, assuming 
a maximum ET rate of 1013 s-l at close contact (d = 3 
A), is represented by the solid (@ = 1.0 A-l) and dashed 
(@ = 0.8, 1.2 A-l) lines in Figure 8. Estimates of 
maximum ET rates (Le., the rate at -AGO = A) for 
Ru-modified proteins are plotted as a function of D-A 
separation (A was assumed to be 1.2 eV for the cases 
in which this parameter has not been determined ex- 
perimentally). It is clear that all of the maximum rates 
lie below the values predicted by eq 2 and that there 
is no simple correlation. A roughly linear distance de- 
pendence is found using just the cytochrome c and Mb 
pointa (with @ = 1.0 A-l), but this line is displaced below 
that predicted by eq 2. The vertical displacement 
corresponds to a 3-order-of-magnitude decrease in kW. 
This line predicts that the maximum ET rate at close 
contact is <lolo s-l, a rate well below that found in 
many D-A s y s t e m ~ . l ~ J ~ * ~ ~  The obvious conclusion is 
that, for a given D-A separation, the electronic coupling 
in the Ru-modified proteins is substantially weaker than 
that predicted by a simple exponential decay with 
distance. 

The Beratan-Onuchic pathway model predicts the 
failure of exponential-decay correlations based on 
edge-edge distances. According to this model, maxi- 
mum ET rates correlate with the effective number of 
bonds in the athway. [Multiplying neff by a canonical 

replaces d in rate-distance correlations.] Maximum ET 
rates in the three Ru-modified cytochromes c are 
plotted against at in Figure 9. A linear least-squares 
fit to these three points gives the solid line with a slope 
of 0.6 A-1. Though the data are limited, it is important 
to note that the intercept at one bond (i.e., 1.4 A) 
corresponds to a maximum ET rate of 4.6 X 10" s-l, 
which is in reasonable agreement with results from 
complexes with short D-A s e p a r a t i o n ~ . ' ~ J ~ ~ ~ ~  

The maximum ET rate for His48-modified Mb (neff 
= 22.6 bonds)3Sb is also plotted in Figure 9. This Mb 

value of 1.4 R /bond gives a tunneling length (at) that 

0 '  I I 
5 10 15 2 0  25 30 35 40 

D l l  A 
Figure 9. Plot of log k- vs the tunneling length, u t  (=qen X 
1.4 A/bond), of the physical pathway between donor and acceptor 
for three Ru-modified derivatives of cytochrome c (0) and one 
Mb derivative (A). The solid line is a linear least-squares fit to 
the three cytochrome c points. 

point lies substantially above the line based on the cyt 
c data and clearly indicates a problem with the pathway 
model. In the simple form of this model, a single route 
is assumed to dominate the D-A coupling. The path- 
way-searching algorithm tends to support this as- 
sumption in cytochrome c, where single-coupling paths 
stand out. In Mb, however, the pathway-searching 
algorithm identifies many nearly equivalent pathways: 
the one used for the point in Figure 9 represents the 
best route, but there are several close competitors. The 
problem is again the tunneling distance: with many 
nearly equivalent paths contributing to D-A coupling, 
n& will be substantially below 22.6 bonds for Hie48 Mb. 
Efforts are being made to refine the pathway model to 
accommodate multiple paths.70 If enough paths con- 
tribute to the overall electronic coupling in a given 
protein, the composition of any one path becomes rel- 
atively unimportant and tunneling lengths should 
closely parallel edge-edge distances. 
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