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ABSTRACT: Coupled electron transfer (ET) occurs when a relatively slow nonadiabatic ET reaction is
preceded by a rapid but unfavorable adiabatic reaction that is required to activate the system for ET. As
a consequence of this, the observed ET rate constant (kET) is an apparent value equal to the product of the
true kET and the equilibrium constant for the preceding reaction step. Analysis of such reactions by ET
theory may yield erroneous values for the reorganizational energy (λ), electronic coupling (HAB), and ET
distance that are associated with the truekET. If the ∆G° dependence of the rate of a coupled ET reaction
is analyzed, an accurate value ofλ will be obtained but the experimentally determinedHAB will be less
than the trueHAB and the ET distance will be greater than the true distance. If the temperature dependence
of the rate of a coupled ET reaction is analyzed, the experimentally determined value ofλ will be greater
than the trueλ. The magnitude of this apparentλ will depend on the magnitude of∆H° for the unfavorable
reaction step that precedes ET. The experimentally determined values ofHAB and distance will be accurate
if ∆S° for the preceding reaction is zero. If∆S° is positive, thenHAB will be greater than the true value
and the distance will be less than the true value. If∆S° is negative, thenHAB will be less than the true
value and the distance will be greater than the true value. Data sets for coupled ET reactions have been
simulated and analyzed by ET theory to illustrate these points.

The theoretical basis for what physical parameters control
the rates of nonadiabatic electron transfer (ET)1 reactions is
well-established. Unlike adiabatic chemical reactions which
involve the making and breaking of bonds and proceed via
a well-defined reaction coordinate, the substrates and prod-
ucts of a nonadiabatic protein ET reaction are often chemi-
cally indistinguishable. For an adiabatic reaction, the prob-
ability of the reaction occurring when the activation energy
is achieved is approximately 1, but for a nonadiabatic
reaction, the probability of the reaction occurring when the
activation energy is achieved is much less than 1. Conse-
quently, a modified form of transition state theory is required
to adequately describe such reactions. Nonadiabatic ET
theory (1) (eq 1) predicts

that the rate of an ET reaction will vary predictably with
temperature (T) and ∆G° (which is related to the redox
potential difference between reactants).HAB is the electronic
coupling matrix element, andλ is the reorganizational energy.

The other terms in eq 1 are Planck’s constant (h) and the
gas constant (R; the Boltzmann constant may alternatively
be used). Detailed discussions of the mathematical and
physical meaning ofHAB andλ may be found in a number
of reviews of ET theory (1-5). In simple systems,HAB will
decrease exponentially with distance. This is reflected in eq
2, which is a simplified form of eq 1.

where the donor to acceptor distance isr andro is the close
contact distance (3 Å). The parameterâ is used to quantitate
the nature of the intervening medium with respect to its
efficiency to mediate ET, andko is the characteristic
frequency of the nuclei which is usually assigned a value of
1013 s-1.

A significant problem in applying ET theory to long-range
ET reactions that occur in and between proteins is that it is
often difficult to ascertain whether the measured rate of the
redox reaction is a true ET rate constant (kET). For a simple
bimolecular protein ET reaction, the following three-step
reaction scheme may be envisioned (eq 3).

In this scheme, some adiabatic reaction step with a forward
rate constantkx and an equilibrium constantKx (kx/k-x) occurs
after binding of the two redox proteins and is required to
activate the protein complex for ET. Ifkx < kET, then the
reaction is defined as being gated (6, 7). Interpretation of
the thermodynamic behavior of a gated reaction is relatively
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straightforward. The reaction rate will not depend on∆G°
for the redox reaction sincekET is not rate-determining. The
temperature dependence of the reaction rate, in this casekx,
may be analyzed by transition state theory to obtain activation
parameters (i.e.,∆Hq and∆Sq) for the rate-limiting adiabatic
non-ET reaction step.

An ET reaction is defined as kinetically coupled ifkx >
kET, but Kx , 1 for the prerequisite adiabatic reaction step
(7, 8). In this case, the rate constant for the conversion of
Aox/Bred to Ared/Box will not be kET, but kET*Kx. The
characterization of ET reactions as being coupled is difficult.
The reaction rate will still vary with∆Em for the redox
centers since the limiting first-order rate constant is still
proportional tokET. As such, it is important to understand
the consequences of analyzing a kinetically coupled ET
reaction by ET theory.

This paper describes exactly how theKx for the prerequisite
adiabatic reaction step affects the values ofHAB, λ, and r
that are determined experimentally by analyzing the tem-
perature or∆G° dependence of a coupled ET reaction using
eqs 1 and 2. In some cases, these experimentally determined
parameters will be apparent values that are affected by the
prerequisite step. Which parameters are affected, and to what
extent, will depend both on the thermodynamic parameters
(∆H° and∆S°) for the prerequisite non-ET reaction and on
whether one is analyzing the temperature or∆G° dependence
of the reaction rate. In this study, simulations have been
performed to determine precisely and predictably howKx in
a coupled ET reaction will influence the experimentally
determined ET parameters for that reaction.

EXPERIMENTAL PROCEDURES

Simulated sets of data for coupled ET reactions were
generated as follows. A set of ET parameters (i.e.,HAB and
λ) for a true ET reaction was arbitrarily chosen. Using eqs
1 and 2, theoretical data sets were generated for bothkET

versus temperature andkET versus∆G° for the true ET
reaction. To simulate the effects of kinetic coupling, these
values of kET were each multiplied by values ofKx for
different hypothetical prerequisite adiabatic reactions. When
data sets for temperature dependence studies were being
generated, simulated values ofKx were calculated for each
temperature over the entire temperature range. This was done
by assigning values of∆H° and ∆S° for the theoretical

prerequisite adiabatic reaction step. Using eq 4, the values
of Kx at each temperature were determined.

For each temperature, the apparentkET was calculated as
kET*Kx. These simulated data sets of the apparentkET versus
temperature were then fit to eqs 1 and 2 to determineHAB,
λ, andr.

RESULTS AND DISCUSSION

Analysis of the Temperature Dependence of Coupled ET
Reactions. As seen in Figure 1, the temperature dependence
of a coupled ET reaction will depend not only on the
temperature dependence ofkET but also on the temperature
dependence ofKx. The latter will be a consequence of the
relative values of∆H° and∆S° which determineKx. In this
example, three coupled reactions were simulated with
approximately equalKx magnitudes. In each case,Kx equals
10-3 at 298 K. Because different values of∆H° and ∆S°
were used for each simulated reaction, eachKx varies
differently with temperature, yielding a distinct temperature
dependence for each coupled reaction (Figure 1), even though
the truekET is the same in each. Consequently, the apparent
values ofλ, HAB, and r that are obtained from analysis of
the temperature dependence of each coupled ET reaction by
eqs 1 and 2 also each vary depending upon the∆H° and
∆S° for each prerequisite adiabatic reaction step (Table 1).
The apparentλ value is primarily affected by the value of
∆H° for the preceding adiabatic reaction step. The apparent
value of HAB, and the calculated value ofr, are affected
primarily by the value of∆S° for the preceding adiabatic
reaction step. It should be noted that slightly lower values
of λ are obtained when the same data are analyzed by eq 2
compared with analysis by eq 1. That is because the minor
contribution ofλ to the rate dependence in the prefactor in
eq 1 is neglected in eq 2.

By definition, Kx must be much less than 1 for the ET
reaction to be classified as coupled. Since this prerequisite
adiabatic reaction is very unfavorable, the∆H° for this
reaction will most likely be positive. A consequence of this
positive∆H° is that the apparent value ofλ that is obtained
from the analysis of temperature dependence data will be
greater than the true value ofλ for kET. The magnitude of

FIGURE 1: Temperature dependence of coupled ET reactions. Three coupled reactions are displayed. In each case,Kx for the reaction is
equal to 10-3 at 298 K, but eachKx exhibits different values of∆H° and∆S°: (solid lines)∆H° ) 17 kJ/mol and∆S° ) 0, (dotted lines)
∆H° ) 23 kJ/mol and∆S° ) 20 J mol-1 K-1, and (dashed lines)∆H° ) 11 kJ/mol and∆S° ) -20 J mol-1 K-1. The values for the true
kET in each simulated coupled reaction were generated for a data set with aλ of 1.0 eV, a∆G° of -5.0 kJ/mol, and anHAB of 1.0 cm-1.
The values for ET parameters that are obtained by fitting these data sets of apparentkET values (i.e.,Kx*kET) to eqs 1 and 2 are listed in
Table 1.

ln Keq ) -∆H/RT+ ∆S/R (4)
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∆H° for Kx has no significant effect on the experimentally
determined values ofHAB andr. In contrast, the magnitude
of ∆S° for Kx has no significant effect on the experimentally
determined value ofλ, but primarily influences the experi-
mentally determined values ofHAB and r. If ∆S° for Kx is
zero, then only the experimentally determinedλ value will
be affected (Table 1). The fitted values ofHAB andr will be
those for the true ET reaction. If∆S° for Kx is negative,
then the experimentally determined value ofHAB will be
smaller than the true value and the corresponding value ofr
will be larger than the actual ET distance. If∆S° for Kx is
positive, then the experimentally determined value ofHAB

will be larger than the true value and the corresponding value
of r will be smaller than the actual ET distance. The value
of ∆S° for Kx has no significant effect on the experimentally
determined value ofλ.

In practice, how significant the effects of∆S° will be on
experimentally determined values ofHAB andr will depend
on the type of adiabatic, non-ET, reaction that is kinetically
coupled to the ET event. If the prerequisite reaction is a rapid
but unfavorable protein conformational change or rearrange-
ment of proteins within a complex, with only subtle changes
in the overall structure, one would intuitively expect these
essentially unimolecular reactions to exhibit a relatively small
∆S°. If so, then the effect of coupling would be manifested
primarily in an artificially large value ofλ with a relatively
accurate determination ofHAB andr. However, if the rapid
but unfavorable activation step is linked to the binding or
release of water, protons, or other ligands, then a significant
∆S° could be associated withKx. Since this reaction must
by definition be thermodynamically unfavorable, binding
reactions which would lead to a negative∆S° are the more
likely scenario. As seen in Table 1, this would cause an
underestimation ofHAB and an overestimation ofr from the
analysis of temperature dependence data. It is important to
note that an opposite trend has been reported (9-13) for the
apparent ET parameters that are obtained from the analysis
of the temperature dependence of gated ET reactions by eqs
1 and 2 (i.e., overestimation ofHAB and underestimation of
r). It should also be noted that even for a true ET reaction,
the experimentally determined value ofr should be consid-
ered an estimate and not an absolute value, given the
uncertainties in other parameters such asâ. For use in eq 2,
â values ranging from 0.7 to 1.4 Å-1 have been used to
analyze protein ET reactions (2). In the example given in
Table 1, aâ of 1.0 Å-1 was used. With all other parameters
unchanged, the use of aâ of 0.7 Å-1 would yield anr value
of 18.8 Å and aâ of 1.4 Å-1 would yield anr value of 10.3
Å. As seen in Table 1, even with the error in the predicted
distances which is caused by the influence of the given values

of ∆S° for the coupled reactions, the calculated values ofr
in these examples fall within the range of uncertainty (i.e.,
10.3-18.8 Å) due to uncertainty inâ. Therefore, even for a
coupled ET reaction, it is possible to obtain reasonable
estimates of the ET distance from analysis of the temperature
dependence of the reaction rate, unless the absolute value
of ∆S° for the prerequisite reaction is extremely large.

Analysis of the∆G° Dependence of Coupled ET Reactions.
In some studies of protein ET reactions, it may be possible
to obtain values forλ and HAB from analysis of the
dependence of the rate of the reaction on∆G°. Ideally,∆G°
is varied over a wide range which spans the Marcus
“inverted” region (1) where-∆G° > λ. Two experimental
approaches have primarily been used to modify∆G° for
protein ET reactions. Intramolecular ET through the protein
matrix has been studied by covalently attaching ruthenium
complexes with varied redox potentials to specific sites on
the surface of a redox protein, thereby modulating∆G° for
the reaction between the ruthenium complex and the native
redox center (14). Alternatively, redox potentials of the donor
or acceptor have been modulated by substitution of metal
cofactors (15, 16), modification of organic prosthetic groups
(2, 17), and genetic modifications (18-20) of amino acid
residues near the redox center.

When the∆G° dependence for a coupled ET reaction is
being simulated, the values of∆H° and∆S° for the preceding
adiabatic reaction step are not relevant since the temperature
is not varied. All that matters is the value ofKx for this
reaction step. As can be seen in Table 2, analysis by eqs 1
and 2 of the simulated data for the coupled reaction yields
a value forλ that is identical to the trueλ. The experimentally
determined value forHAB, however, is less than the trueHAB

for the ET reaction. It is reduced by a factor equal toKx
0.5.

It follows that the analysis of the∆G° dependence for a
coupled ET reaction will predict a distance that is greater
than the true value ofr for the ET. As seen by comparison
of the values in Tables 1 and 2, the effect of coupling on
the experimentally determined values ofHAB and r will be
different depending on whether it is the temperature or∆G°
dependence of the rate that is being analyzed.

Table 1: Effects of Coupled ET on Parameters Determined from the Variation of Rate with Temperature

determinants ofKx fitted parameters

∆H° (kJ/mol) ∆S° (J mol-1 K-1) λ (kJ/mol) HAB (cm-1) r (â ) 1.0) (Å)

truekET eq 1 100 1.0
eq 2 92 14.1

coupledkET 17 0 eq 1 168 1.1
17 0 eq 2 157 14.1
23 20 eq 1 192 3.9
23 20 eq 2 180 11.7
11 -20 eq 1 144 0.33
11 -20 eq 2 134 16.5

Table 2: Effects of Coupled ET on Parameters Determined from
the Variation of Rate with∆G°

fitted parameters

Kx λ (kJ/mol) HAB (cm-1) r (â ) 1.0) (Å)

truekET eq 1 100 1.0
eq 2 92 14.1

coupledkET 10-3 eq 1 100 0.03
10-3 eq 2 97 20.5
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Effect of Kinetic Coupling on Experimentally Determined
â Values. The most appropriate value forâ, and the issue of
whetherr describes the direct donor-acceptor distance or
is pathway-dependent, have been a matter of much debate
(2, 3, 21). In most studies, a value forâ is assigned for use
in eq 2 to experimentally determine the ET distance. Values
of â that are typically used range from 0.7 to 1.4 Å-1.
Analysis of an ET reaction of a known distance can yield
an experimentally determined value forâ. If the ET reaction
is coupled, even in model systems, then the experimentally
determined value ofâ may be inaccurate depending on the
method used to collect and analyze the data. As stated earlier,
analysis of the∆G° dependence for a coupled ET reaction
will underestimateHAB. SinceHAB

2 is related toâr (see eq
2), if a value ofr is assigned, then the value ofâ obtained
from analysis of the data will be an apparent value that is
larger than the true value. In the example shown in Figure
2 and Table 2, if the correct value ofr is used, analysis of
the data with eq 2 will yield aâ value of 1.6. This is a
significant overestimate of the value of 1.0 that is obtained
from the analysis of the true values ofkET.

In most studies, empirical values ofâ for protein ET
reactions have been obtained from the analysis of the
dependence of rate on distance under conditions of activa-
tionless ET (i.e.,-∆G° ) λ) (2, 3). Under these conditions,
eq 2 reduces to eq 5.

A plot of ln kET versusr - ro for such data will be linear
and yield a slope of-â. If a coupled ET reaction is analyzed
in this manner, an accurate value forâ will be obtained since
the slope will be unaffected. For a coupled ET reaction, the
actual equation which describes the linear relationship is eq
6.

Since the measured rate is an apparentkET that is equal to
kETKx, the intercept of this plot will not be equal to lnko but
will be less than the theoretical maximum rate for ET. If
such data are plotted and yield an intercept significantly less

than ln(1013), then this would be diagnostic of kinetic
coupling. Furthermore, from these data, it should be possible
to determine the value ofKx for the preceding reaction from
the fit of the data to eq 6.

Distinguishing Coupled ET Reactions from Gated ET
Reactions. If a reaction is gated, then no dependence of the
reaction rate on the∆G° for ET should be observed. In
practice, however, it is often not possible to experimentally
vary ∆G° for protein ET reactions because one often cannot
alter theEm values of the protein-bound redox centers without
altering the protein. Thus, analysis of the temperature
dependence of the reaction may be the only option available
for distinguishing between coupled and gated ET reactions.
It has been shown in at least some cases that when the
analysis of an ET reaction with eqs 1 and 2 yields a value
of HAB that exceeds the nonadiabatic limit, and a corre-
sponding negative value ofr, this is diagnostic of a gated
ET reaction (9-13). As discussed above, analysis of a
coupled ET reaction may also yield apparent values ofHAB

and r which differ from the true values. However, the
inaccuracies in the experimentally determined values ofHAB

andr that are caused by coupling tend to push those values
in the opposite direction as was reported for gating. As seen
in Table 2, the effect of coupled ET was to cause the apparent
value ofHAB to be smaller than the actual value andr to be
larger than the true value. Even for a coupled ET reaction
that is analyzed by varying the rate with temperature, it is
unlikely that one would obtain the pattern of unreasonable
values that are obtained from the corresponding analysis of
a gated ET reaction. As can be seen from the results in Table
1, to obtain a negative value ofr for a coupled reaction, the
preceding adiabatic reaction would have to exhibit an
extremely large positive∆S°, which in turn would require
an enormous positive∆H° to maintain the requirement for
the reaction to be very unfavorable.

Distinguishing Coupled ET Reactions from True ET
Reactions. As seen in Table 1, if temperature dependence
studies yield an unusually large value ofλ together with a
value ofHAB that is within the nonadiabatic limit, then this
may be diagnostic, although not proof, of a coupled ET
reaction. If it is possible to examine both the temperature
and∆G° dependence of a reaction, a reasonable inference
may be made. If the same values ofλ andHAB are obtained
from both temperature and∆G° dependence analyses, then
this strongly suggests that the reaction is true ET. If different
values are obtained, then this would strongly suggest that
the reaction is coupled (see Tables 1 and 2). If it is not
possible to vary∆G° and only the temperature dependence
of the reaction can be monitored, then distinguishing coupled
reactions from true ET reactions remains a difficult task and
additional biochemical approaches will likely be required.

Conclusions. Even when it is possible to examine the∆G°
dependence of a protein ET reaction, these studies will yield
apparent values forHAB andr if the reaction is coupled. In
practice, it is not usually possible to perform a∆G°
dependence analysis of the rate of a physiologic protein ET
reaction. It is often not possible to modulate the redox
potential of the native redox center without perturbing or
destroying the protein matrix. Furthermore, if the redox
potential of the center is altered by metal substitution or site-
directed mutagenesis of nearby amino acid residues, one
cannot know for certain whether this has changed theλ for

FIGURE 2: Free energy dependence of coupled ET reactions. Data
sets were simulated for a truekET (solid line) with aλ of 1.0 eV,
anHAB of 1.0 cm-1, and aT of 298 K; and a coupled ET reaction
(dashed line) with aKx of 10-3. The values for ET parameters that
are obtained by fitting these data sets to eqs 1 and 2 are listed in
Table 2.

kET ) ko exp[-â(r - ro)] (5a)

ln kET ) ln ko - â(r - ro) (5b)

ln kET ) ln ko - ln Keq - â(r - ro) (6)

Coupled Electron Transfer Biochemistry, Vol. 39, No. 16, 20004927



the reaction as well. Since temperature dependence studies
will most likely be the only option available for the study
of most natural protein ET reactions, consideration of the
effects of kinetic coupling on the experimentally determined
ET parameters will remain a critical issue when this
experimental approach is used. The results presented here
will provide a framework in which to interpret such data so
that we can more fully elucidate the physical, chemical, and
kinetic parameters that control rates of biological ET
reactions.
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