
Long-Range Electron Transfer in 
Heme Proteins 

Kinetic experiments have conclusively shown that elec- 
tron transfer can take place over large distances (greater 
than 10 angstroms) through protein interiors. Current 
research focuses on the elucidation of the factors that 
determine the rates of long-range electron-transfer reac- 
tions in modified proteins and protein complexes. Factors 
receiving experimental and theoretical attention include 
the donor-acceptor distance, changes in geometry of the 
donor and acceptor upon electron transfer, and the ther- 
modynamic driving force. Recent experimental work on 
heme proteins indicates that the electron-transfer rate 
falls off exponentially with donor-acceptor distance at 
long range. The rate is greatly enhanced in proteins in 
which the structural changes accompanying electron 
transfer are very small. 

T HE ELECTRON TRANSFERS THAT PIGURE PROMINENTLY IN 

oxidative phosphorylation (1, 2)  and photosynthesis (3, 4) 
frequently involve protein-bound metal ions that are separat- 

ed by relatively large distances (10 A or more), as illustrated by the 
recent x-ray structural analysis of a bacterial photosynthetic reaction 
center (5). Although the interactions between the electron-exchang- 
ing sites are expected to be weak, owing to the long distances 
involved, the redox reactions are often surprisingly fast (6). This 
circumstance has led experimentalists and theoreticians to devote 
much attention to the factors that control the rates of long-range 
electron transfers (7-15). Of primary concern is the dependence of 
the kinetics on donor-to-acceptor distance (16), but most investiga- 
tors recognize that inner-sphere reorganization (that is, changes in 
geometry of the donor and acceptor upon electron transfer), 
solvation (17, 18), the thermodynamic driving force (AGO), the 
nature of the intervening medium (19), and the donor-acceptor 
orientation (20, 21) also play key roles. 

Experiments that have provided useful information about long- 
range electron-transfer rates have involved proteins and protein 
complexes in which the donor-acceptor distances can be estimated 
from crystal structure analyses. In the best of cases the distance is 
reasonably well fixed during the course of electron transfer, but in 
other instances there is some uncertainty about the distance at the 
time the electron travels from the donor to the acceptor. For 
example, Isied and co-workers (22) have demonstrated that a 
polypeptide bridge is capable of mediating the passage of an electron 
between two redox centers at relatively short range, but the types of 

molecules they have used are not rigid enough to allow the 
determination of distance dependence of the transfer rate at long 
range. 

Cytochrome c 
One approach to the study of long-range electron transfer is to 

introduce by chemical modification a donor or acceptor site in a 
structurally characterized metalloprotein. The protein framework 
may be viewed from an inorganic chemist's point of view as that of a 
bridging ligand. The artificial donor-acceptor complex that has 
received most attention is ~ s R u ~ + / ~ +  (a = NH3), which covalently 
bonds to the surface histidines of proteins. This complex can be 
attached by the reaction of ~ ~ R u ( O H ~ ) ~ +  with native protein under 
mild conditions, and the "ruthenated" protein can be purified by 
ion-exchange chromatography. 

Horse heart cytochrome c was selected as the first target for 
derivatization experiments, because it is commercially available and 
very stable. Additionally, more is known about the structure and 
reactivity of cytochrome c than about those of any other electron- 
transfer protein (23-25). In 1982 our group together with Worosila 
and Isied reported the preparation of a ruthenium derivative of 
cytochrome c, and we showed that the a5Ru3+ moiety was coordi- 
nated to a nitrogen on the imidazole ring of histidine-33 in the 
protein (26). A computer-generated view (27-30) of the structures 
of the two redox centers in a5Ru(His-33)Cyt c is shown in Fig. 1. 

Rigid-geometry conformational searching on asRu(His-33) &a 
cytochrome c (where Trp-33 of the tuna structure was replaced with 
histidine) has shown that the His-33 side-chain conformation is not 
much affected by the a5Ru group (29). And, importantly, spectro- 
scopic measurements have confirmed that the conformation of 
a5Ru(His-33)Cyt c is virtually the same as that of the native protein 
(26. 31). Electrochemical data further establish that the heme c is 
\ ,  , 
unperturbed in the ruthenated protein, because the thermodynamic 
parameters associated with heme c reduction are similar to those 
observed for the native ~ ro te in  (Table 1). 

The rate of long-rdge (-12 A) electron transfer from the 
a ~ R u ( ~ i s - 3 3 ) 2 +  center to the ferriheme has been measured by two 
methods. One involves the reduction of a5Ru(His-33)3+Cyt c- 
(Fe3+) by electronically excited R ~ ( b ~ y ) ~ ~ +  (bpy = 2,2'-bipyri- 
dine) to rapidly yield a mixed-valence species that subsequently 
decays to the fully reduced protein by slow intramolecular electron 
transfer (32). In the second, pulse radiolysis (33) is used to generate 
reducing agents that react with the fully oxidized ruthenated protein 
to produce a ~ R u ( H i s - 3 3 ) ~ + C ~ t  c(Fe3+). In both instances, the 
seq;ence of electron-transfer steps is given by Eq. 1: 
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The intramolecular ( k l )  rate constants extracted from the two types 
of experiments are not substantially different; flash photolysis gives a 
rate of 30 sec-' (25"C), whereas pulse radiolysis yields 50 sec-'. At 
present one of the most important criteria for establishing conformi- 
ty between theoretical models and experimental data is the tempera- 
ture dependence of the electron-transfer rate. The long-range 
(Ru2+ -+ ~ e ~ + )  electron-transfer rate does not depend strongly on 
temperature; indeed, in the flash photolysis experiments there is 
little if any change in the 30 sec-' rate from 0" to 80°C (34). 

The weak temperature dependence of the long-range electron- 
transfer rate in a5Ru(His-33)Cyt c suggests that the energy for 
reorganization of the heme c in the protein is relatively small (-0.3 
eV), a finding that is in accord with Warshel's theoretical analysis 
based on the structures of oxidized and reduced tuna cytochrome c 
(35). An even smaller value (-0.1 eV) is indicated by recent 
resonance Raman scattering measurements (36). Evidently, a low- 
spin heme encapsulated in the hydrophobic interior of a protein can 
perform its redox function efficiently, because in this environment 
the structural changes that are required for the oxidation or 
reduction of the site are very small. In an aqueous medium, the 
electron-transfer reorganization energy is expected to be much 
greater (35). 

It is clear from the a5Ru(His-33)Cyt c experiments that an 
electron can be transferred over a relatively long distance (-12 A) 
through a protein in a fraction of a second. The transfer time is fast 
in comparison with results obtained in some model systems (37), 
but it is much slower than the rates of lo6 to lo9 sec-' observed by 
Calcaterra, Closs, and Miller (38, 39) in their work on long-range 
electron transfer between a biphenyl radical anion and various 
organic acceptors (for example, naphthyl) held -10 A apart by a 
steroid frame. Vast differences in the reduction potentials of the 
donors and acceptors, solvents, and "through-bond" distances in the 
protein and hydrocarbon systems suggest that different mechanisms 
may operate in the two cases. In a5Ru(His-33)Cyt c, the electron 
transfer from R U ~ +  to Fe3+ is most likely forced to occur through 
the - 12 A of "space" that includes two amino acid residues (Fig. 2) 

Fig. 1 (left). Computer-generated view of the two redox units in a3Ru(His- 
33)Cyt c. The heme and its ligands are as in the tuna cytochrome c structure 
(28,44) and the conformation of a5Ru(His-33)(Trp-33 of tuna cytochrome 
c replaced by histidine) is as predicted by rigid-geometry conformational 
energy searching (29). The dashed lines show the position of the histidine 
side chain before optimization with a&. The calculated deviation in the 
11.7-A edge-to-edge distance is less than 0.1 A, thereby indicating that a5Ru 
does little to perturb the structure of the protein. Fig. 2 (right). Com- 
puter-generated view of the two redox units in a5Ru(His-33)Cyt c and the 
residues comprising the intervening medium. The dots represent the van der 
Waals surfaces of the displayed atoms and show that there is van der Wads 
contact over the "through-space" electron-transfer pathway. 

Table 1. Thermodynamic parameters (pH 7.0) for the reduction of the 
heme c in native and a5Ru2 13+ modified cytochrome c. See (34). Abbrevia- 
tions: EO, reduction potential; NHE, normal hydrogen electrode; AGO, free 
energy change; AS", entropy change; AHo, enthalpy change. 

Measure a5Ru(His-33)Cyt c Native Cyt c 

E" (mV) versus NHE* 270 2 2  260 2 2 
AGO (kcal m01-')* -6.22 + 0.05 -6.00 r 0.05 
AS" (cal deg-' mol- I )  -29.2 r 0.8 -28.5 r 1.2 
AH0 (kcal mol-I)* -14.9 a 0.3 -14.5 + 0.4 

*At 25°C 

(40), whereas the transfer from biphenyl anion to naphthyl may be 
through-bond. The latter proposal is supported by recent theoretical 
work that indicates that electron transfer across the steroid system is 
facilitated by the network of carbon-carbon single bonds (41). The 
question of through-bond (42) versus through-space electron trans- 
fer is an important one. Recent theoretical studies (15, 43) indicate 
that through-bond transfer is more efficient in certain cases. Never- 
theless, in cytochrome c, there is no evidence that a through-bond 
mechanism operates at long range. 

Myoglo bin 
The importance of donor and acceptor structural changes in long- 

range electron transfer is underscored by recent work on ruthenated 
sperm whale myoglobin. Unlike cytochrome c (23,44), the heme in 
myoglobin (Mb) is high-spin in both the Fe2+ and Fe3+ states (45), 
and a water ligand is lost when Mb(Fe3+) is reduced to M b ( ~ e ~ + )  
(46). The electron-transfer reorganization energy for myoglobin is 
therefore expected to be relatively large (47). 

Computer graphics analysis indicates that each of the four surface 
histidines shown in Fig. 3 should be able to bind to a5~u2+I3+  
without altering the protein conformation. Experimental work in 
our laboratory has confirmed this prediction; the four singly 
modified proteins, a5Ru(His-12)Mb, a5Ru(His-48)Mb, a5Ru(His- 
81)Mb, and a5Ru(His-116)Mb, have been prepared and hlly 
characterized (48, 49). Of the four ruthenated derivatives, the 
electron-transfer distance from ~ ~ R U ( H ~ S ) ~ + ' ~ +  to heme ( ~ e ~ + ' ~ + )  is 
shortest in a5Ru(His-48)Mb (14.6 A; see Fig. 3). 

Electrochemical data confirm that the myoglobin structure is not 
perturbed by the a 5 ~ u 3 +  group that is bonded to His-48 (Table 2). 
In this case, what is observed kinetically is an approach to equilibri- 
um (Eq. 2) 

Both the forward (k l )  and reverse (k-') electron-transfer rates have 
been determined over a 5" to 45°C temperature range by the flash 
photolysis technique; at 25"C, the forward rate constant is 0.019 
sec-', whereas the back-electron transfer proceeds at 0.041 sec-'. 
Both reactions are strongly temperature-dependent, with & = 
7.4 and 19.5 kcal mol-'. Based on the thermodynamic and kinetic 
data for long-range electron transfer in a5Ru/His-48)Mb, the 
reorganization energy of the myoglobin high-spin heme has been 
calculated to be 0.87 eV (49,50), which, as expected, is much larger 
than that for the low-spin heme in cytochrome c. This result is in 
accord with earlier studies of myoglobin (51), cytochrome c (52), 
and iron porphyrin (53, 54) cross-reactions, which suggest that 
electron transfers involving high-spin hemes are more sluggish than 
those of low-spin analogs. 
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Excited-State Zinc Porphyrins as 
Electron Donors 

Independently, Hoffman and co-workers (55-59) and McLendon 
and colleagues (60-63) have shown the utility of an electronically 
excited zinc porphyrin as an electron donor in long-range electron- 
transfer experiments. This excited triplet species, 3 ~ n P ,  is a good 
reducing agent and lives long enough (-20 msec at 25OC in 
nonaqueous solvents) to undergo electron transfer to a distant 
acceptor in a protein (Eq. 3) 

The (znHP)+ cation radical product of the kf step is a strong oxidant 
and back-electron transfer is observed to produce the ground state 
and complete the cycle. For example, Hoffman's work on a zinc-iron 
hybrid hemoglobin, [Zn,Fe]Hb, has shown that an electron can be 
transferred -20 A from 3 ~ n ' ' ~ *  to a high-spin ferriheme at a rate of 
100 sec-' at room temperature (55, 56). 

McLendon and co-workers have measured the rates of long-range 
electron transfer in several protein-protein complexes (60-64) 
whose structures have been modeled by optimizing certain surface 
interactions between the two partners (65-67). A case in point is the 
complex between zinc-substituted hemoglobin and cytochrome bs, 
Hb(ZnP)/Cyt bs(Fe3+). Photoproduction of 3 Z ~  is followed by 
long-range 3 ~ n P *  -+ ~ e ~ '  electron transfer in the HbICyt bs com- 
plex at a rate of 8000 sec-' at room temperature (60). This rate is 
rather slow for a transfer that is believed to involve a relatively short 
(-10 A) donor-acceptor distance (65); however, analogous experi- 
ments on the zinc-cytochrome c complex with cytochrome bs ( 3 ~ n ~  
Cyt c)/Cyt bs(Fe3+), where the estimated donor-acceptor distance is 
-8 A, have yielded a rate of 5 x lo5 sec-' at room temperature 
(61). 

Long-range electron-transfer experiments on the complex be- 

Future Directions 

Fig. 3. Computer-generated view 
of the heme group and four ruthen- 
ated surface histihnes m sperm 
whale myoglobin (29). The closest 
heme-a5Ru(His) edge-edge dis- 
tances are 14.6 (His-48), 19.1 
His-81), 20.1 (His-116), and 22.1 k (His-12). 

tween cytochrome c and zinc-substituted yeast cytochrome c peroxi- 
dase, ( 3 ~ n P  CcP)/yeast Cyt c(Fe3+), have been reported by Hoffman 
and co-workers (58). The rate of transfer from 3ZnP* to Fe3+ in the 
yeast protein-protein complex is 120 sec-', whereas the correspond- 
ing rate for yeast ( 3 ~ n P  CcP)/horse heart cytochrome c(Fe3 +) is only 
10 sec-'. The reduced rate in the yeast-horse complex could be due 
to a medium effect (that is, the yeast-yeast complex could exhibit a 
medium-enhanced rate that operates over the estimated 17-A do- 
nor-acceptor distance). Alternatively, the donor-acceptor distance 
may be slightly greater in the yeast-horse complex. 

Distance Dependence 
Kinetic and thermodynamic data for long-range electron transfer 

from 3ZnP*, ~ e ~ ' ,  or R U ~ +  to Fe3+ acceptors in various proteins 
and protein-protein complexes are collected in Table 3. Since the 
driving forces are comparably large in all cases in which 3 ~ n P X  is the 
donor, it is likely that the rate variations are due mainly to 
differences in the donor-acceptor distance and the nature of the 
intervening medium. In the three examples with relatively low 
driving forces (-0.2 to -0.4 V), the acceptor is the low-spin heme 
c(Fe3+) of horse heart cytochrome c. Thus, in both sets of experi- 
ments, if one assumes weak donor-acceptor electronic coupling, the 
rate of electron transfer should fall off exponentially with distance 
(R) between donor and acceptor, 

where 6 reflects the extent of electronic coupling through the 
protein medium (1 1, 12). 

Plots of In k versus R based on the data (Table 3) for small and 
large AG" experiments indicate that P is 0.7 to 0.9 A-' (Fig. 4). 
Both values are surprisingly small, thereby raising the possibility 
that the intrinsically weak donor-acceptor electronic coupling is 
propagated through a protein more effectively than commonly 
assumed (1 1, 12). (Alternatively, the small values may signal that the 
computer-generated structures of the protein complexes are not 
good indicators of the electron-transfer distances.) There is a hint 
that p may depend on the donor energy, with the smaller value 
associated with the more energetic donor. In this connection, 
studies of long-range electron transfer in blue copper proteins with 
donor reduction potentials between 0.2 and 0.4 V versus normal 
hydrogen electrode (NHE) have been interpreted in terms of P 
values of - 1.2 to 1.4 k' (68, 69). Of course, blue copper centers 
are electronically distinctive (69, 70), and comparisons with hemes 
may not be valid. 

Although much valuable information has been obtained from 
both intermolecular and intramolecular studies, no biological system 
studied to date addresses the issue of distance dependence on 
electron-transfer rates in a definitive fashion. Even in systems such as 
myoglobin, where four singly ruthenated proteins have been charac- 
terized (see Fig. 3), and where preliminary measurements of 
3ZnPX -+ Ru3+ electron-transfer rates in the a5RuMb(ZnP) deriva- 
tives indicate that p is about 1.4 A-' (71), the issue of distance 
dependence is clouded by the nonconstancy offactors such as donor- 
acceptor orientation and the nature of the intervening medium. 

In recent months we have started to explore the possibility of 
using site-directed mutagenesis to build a suitable system for 
determining how electron-transfer rates change with distance. The 
idea, which could be called nonperturbative site-directed mutagene- 
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sis, is to introduce ligands at sites remote from the native electron- 
transfer center. The ligands would then provide a means of probing 
that center, without perturbing'it in the process. 

Specifically, we intend to introduce histidine residues onto the 
surface of yeast iso- 1 cytochrome c and to study the electron-transfer 
kinetics from these remote sites to the heme iron, using the 
ruthenium method. Yeast iso-1 cytochrome c is particularly attrac- 
tive for this purpose because of the extensive genetic work done on 
the system (72) and the availability of the gene (73-78). And, in 
general, the wealth of sequence and structural data available for c- 
type cytochromes (79) enhances the potential of designing isofunc- 
tional mutants. By judiciously choosing the new histidine positions, 
we should be able to generate a series of proteins that will allow a 
direct examination of the effect of distance on intraprotein electron- 
transfer rates. 

In an initial experiment aimed at improving the stability of the 
wild-type protein, we have replaced Cys-102 with Ser (80). This was 
done to prevent the formation of protein-protein dimers in the 
redox-active environment of the ruthenation reaction and to allow 
more convenient electrochemical analysis. The resulting mutant, as 
anticipated from computer graphics studies, is isofunctional with 
the wild-type protein. Preliminary spectroelectrochemical studies 
(81) indicate that the redox potential of the iron center is virtually 
the same (272 mV versus NHE;pH 6.8, ionic strength 0. M, 25°C) 
as the potential of the wild-type protein (82). 

Concluding Remarks 
It is apparent that a key component of the activation energy for 

metalloprotein electron transfer is the inner-sphere reorganization. 
Metalloproteins that function solely as electron-transfer agents 
minimize inner-sphere reorganization by adopting coordination 
environments that are midway between those favored by the 
oxidized and reduced metal cofactors. These proteins could be called 
"long-range electron transferases." 

Table 2. Thermodynamic parameters (pH 7.0) for the reduction of a5Ru3+ 
and the heme site in native and modified myoglobin. See (50). 

Native Mb Mohfied Mb 
Measure Fe3 +12 + 

~ ~ 3 + 1 2 +  a5~u3+l2+  

EO (mV) versus NHE* 58.8 i 2 65.4 + 2 85.8 + 2 
AGO (kcal mol-I)* -1.36 i 0.05 -1.51 i 0.05 -1.98 + 0.05 
AS0 (cal deg-I mol-I) -39.2 + 1.2 -37.6 + 1.2 4.2 + 1.2 
AHo (kcal mol-I)* -13.0 i 0.4 -12.7 i 0.4 -0.7 -f 0.4 

Table 3. Kinetic and thermodynamic data for long-range electron transfer in 
proteins and protein complexes. See (16). Abbreviations: k, electron-transfer 
rate; R, distance between donor and acceptor; AGO', free energy change. 

Donoriacceptor k (sec-') AGO' Refer- 

( 3 ~ n P  Cyt c)iCyt b5(Fe3+) 5 1 x lo5 8 0.85 (61) 
[3~nP/~e3+]Hb/Cyt  b 5 ( ~ e 3 + )  8 + 2 x lo3 10 0.80 (60) 
(3ZnP CcP)/yeast Cyt c(Fe3+) 138 i 12 17 0.90 (58) 
[ 3 Z n P / ~ e 3 + ] ~ b  100 2 10 20 0.80 (55, 56) 
Cyt b5(Fe2+)ihorse Cyt 1.6 + 0.7 X lo3 8 0.26 (64) 

ciFe3+) 
a 5 ~ u ( ' ~ i s - 3 3 ) 2 + ~ y t  c(Fe3+) 3 0 i  3 12 0.19 (34) 
Yeast CcP(Fe2+)/horse Cyt 0.3 i 0.1 17 0.40 (63) 

c(Fe3+) 

Fig. 4. Plot of In k 
versus donor-acceptor 
distance (R) for large 
driving force (1-4) 
and small driving force 

10 (5-7) experiments. See 
Table 3. 

Interpretations of the electron-transfer kinetic behavior of heme 
oxidase and oxygenase enzymes must take into account the role of 
different heme spin states (83). In some cases (for example, cyto- 
chrome cdl, Pseudonzonas aeruginosa cytochrome c peroxidase, and 
beef heart cytochrome c oxidase) both high-spin and low-spin hemes 
are found within the same protein molecule. In other cases (for 
example, cytochrome P-450) the heme exists as an equilibrium 
mixture of high-spin and low-spin forms. Although the spin state 
itself probably will not determine the redox kinetics of a heme site, a 
change in heme geometry (perhaps linked with a spin equilibrium) 
is expected to result in slow electron transfer (84). Provided that no 
major changes in heme geometry occur, it is possible that, other 
factors being equal, the different heme spin states will exhibit similar 
redox activities (85). 

Although progress has been made in elucidating some of the 
factors that control long-range electron-transfer rates in proteins, 
there is much left to learn. An interesting possibility that has been 
raised by the experimental work, and one that has some theoretical 
support (86), is that fi varies with donor reduction potential. But we 
must emphasize that it is not yet established that the rate constant, k, 
always depends exponentially on distance, exp(-PR), in a protein 
environment. In the few studies involving analogous donors and 
acceptors at different fixed distances, the In k ialues appear to 
decrease linearly with R ,  but many more experiments of this type 
will be needed before we can consider the matter settled. 

An important point raised by the plots in Fig. 4 is that the 
extrapolated electron-transfer rates near ;he van der Waals contact 
distkce (-4 A) fall orders of magnitude below the commonly 
assumed lo i3  sec-' value for the nuclear frequency factor even after 
allowance is made for the Franck-Condon term (containing AGX). 
Points 1 to 4 in Fig. 4 are for systems that are estimated to be near 
the activationless regime. At relatively short range the donor- 
acceptor electronic coupling in these systems is extremely weak, 
corresponding to a small electronic matrix element Tab (12). The 
exchange integral J is proportional to the square of Tab (87) and 
hence magnetic measurements are relevant to this issue. Recent 
experimental determinations of J for iron porphyrins in van der 
Waals complexes in crystals have shown that there is very weak (88) 
(v1 < 1 c m - ' ) ~ e ~ ' - ~ e ~ +  antiferromagnetic coupling, which is con- 
sistent with heme-to-heme electron transfer at R = 4 A (16) being 
orders of magnitude slower than lo i3  sec-'. At some point, as the 
distance decreases further, a donor-acceptor heme system should be 
able to couple strongly through the bonds o f  the porphyrin 
network. It may be in this region that the electron-transfer mecha- 
nism of a heme protein will change from through-space to &rough- 
bond. 
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