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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 condgiti¢ 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 enéjggléctronic couplingHias), and ET
distance that are associated with the tkee If the AG® dependence of the rate of a coupled ET reaction

is analyzed, an accurate valueJofill be obtained but the experimentally determindgs will be less

than the truHg 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 vadlwealblbe greater

than the trudl. The magnitude of this apparehtvill depend on the magnitude &H° for the unfavorable
reaction step that precedes ET. The experimentally determined valbigs ahd distance will be accurate

if AS® for the preceding reaction is zero.AfS’ is positive, therHag will be greater than the true value

and the distance will be less than the true valueA¥ is negative, therdag 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 other terms in eq 1 are Planck’s constdntand the
the rates of nonadiabatic electron transfer (BE€gactions is gas constantR; the Boltzmann constant may alternatively
well-established. Unlike adiabatic chemical reactions which be used). Detailed discussions of the mathematical and
involve the making and breaking of bonds and proceed via physical meaning oHag and4 may be found in a number
a well-defined reaction coordinate, the substrates and prod-of reviews of ET theory1—5). In simple systemd;iag will
ucts of a nonadiabatic protein ET reaction are often chemi- decrease exponentially with distance. This is reflected in eq
cally indistinguishable. For an adiabatic reaction, the prob- 2, which is a simplified form of eq 1.
ability of the reaction occurring when the activation energy
is achieved is approximately 1, but for a nonadiabatic kgt =k, exp[—A(r — r,)] exp[—(AG® + 1)2/41R'I] 2
reaction, the probability of the reaction occurring when the
activation energy is achieved is much less than 1. Conse-Where the donor to acceptor distance &ndr, is the close
quently, a modified form of transition state theory is required contact distance (3 A). The paramefiis used to quantitate
to adequately describe such reactions. Nonadiabatic ETthe nature of the intervening medium with respect to its

theory (1) (eq 1) predicts efficiency to mediate ET, and, is the characteristic
frequency of the nuclei which is usually assigned a value of
MZHABZ ) 1013 S_l.
Ker = m/ﬁreXp[—(AG(’ +A)TMRT] (D) A significant problem in applying ET theory to long-range

ET reactions that occur in and between proteins is that it is
that the rate of an ET reaction will vary predictably with often difficult to ascertain whether the measured rate of the
temperature §) and AG® (which is related to the redox redox reaction is a true ET rate constagr). For a simple

potential difference between reactants)s is the electronic ~ Pimolecular protein ET reaction, the following three-step
coupling matrix element, antis the reorganizational energy.  "€action scheme may be envisioned (eq 3).
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Ficure 1: Temperature dependence of coupled ET reactions. Three coupled reactions are displayed. In egliocdbe, reaction is
equal to 103 at 298 K, but eaciK, exhibits different values oAH° andAS’: (solid lines)AH° = 17 kJ/mol andAS® = 0, (dotted lines)
AH° = 23 kJ/mol andAS’> = 20 J mot'! K-1, and (dashed linesyH°® = 11 kJ/mol andAS’ = —20 J mol! K=1, The values for the true
ket in each simulated coupled reaction were generated for a data set with 20 eV, aAG® of —5.0 kJ/mol, and amisg of 1.0 cn.
The values for ET parameters that are obtained by fitting these data sets of appanaites (i.e. K *ker) to eqs 1 and 2 are listed in
Table 1.

straightforward. The reaction rate will not depend £G° prerequisite adiabatic reaction step. Using eq 4, the values
for the redox reaction sinde is not rate-determining. The  of Ky at each temperature were determined.
temperature dependence of the reaction rate, in thislgase

may be analyzed by transition state theory to obtain activation In Keq = —AH/RT+ ASR (4)

parameters (i.eAH* andAS) for the rate-limiting adiabatic

non-ET reaction step. For each temperature, the appar&at was calculated as
An ET reaction is defined as kinetically coupledkif > Ky These simulated data sets of the appakeptersus

ker, but Ky < 1 for the prerequisite adiabatic reaction step temperature were then fit to eqs 1 and 2 to deterrkipg
(7, 8). In this case, the rate constant for the conversion of 4, andr.

Aox/Bred 10 AredBox Will not be ker, but kert*Ky. The

characterization of ET reactions as being coupled is difficult. RESULTS AND DISCUSSION

The reaction rate will still vary withAE, for the redox  aApalysis of the Temperature Dependence of Coupled ET
centers since the limiting first-order rate constant is still ReactionsAs seen in Figure 1, the temperature dependence
proportional toker. As such, it is important to understand ¢ 4 coupled ET reaction will depend not only on the
the consequences of analyzing a kinetically coupled ET temperature dependencelgf but also on the temperature

reaction by ET theory. N dependence ok, The latter will be a consequence of the
This paper describes exactly how tgfor the prerequisite  rg|ative values oAH® andAS® which determine<y. In this
adiabatic reaction step affects the valuesHa, 4, andr example, three coupled reactions were simulated with

that are determined experimentally by analyzing the tem- approximately equak, magnitudes. In each cagé, equals
perature oAG® dependence of a coupled ET reaction using 10-3 5t 298 K. Because different values AH° and AS

egs 1 and 2. In some cases, these experimentally determineg,ere used for each simulated reaction edGhvaries
parameters will be apparent values that are affected by theyjtferently with temperature, yielding a distinct temperature
prerequisite step. Which parameters are affected, and to whajiependence for each coupled reaction (Figure 1), even though
extent, will depend both on th_e_thermodynamlc_ parameters tha tryeke; is the same in each. Consequently, the apparent
(AH® andAS’) for the prerequisite non-ET reaction and on y5jyes of2, Hpg, andr that are obtained from analysis of
whether one is analyzing the temperaturd@° dependence  he temperature dependence of each coupled ET reaction by
of the reaction rate. In this study, simulations have been egs 1 and 2 also each vary depending uponAkE and

performed to determine precisely and predictably hGn AS for each prerequisite adiabatic reaction step (Table 1).
a coup_led ET reaction will influence th_e experimentally e apparent value is primarily affected by the value of
determined ET parameters for that reaction. AHe for the preceding adiabatic reaction step. The apparent

value of Hag, and the calculated value of are affected
EXPERIMENTAL PROCEDURES primarily by the value ofAS’ for the preceding adiabatic
Simulated sets of data for coupled ET reactions were reaction step. It should be noted that slightly lower values
generated as follows. A set of ET parameters (Hgg and of A are obtained when the same data are analyzed by eq 2
A) for a true ET reaction was arbitrarily chosen. Using eqs compared with analysis by eq 1. That is because the minor
1 and 2, theoretical data sets were generated for kath  contribution of/ to the rate dependence in the prefactor in
versus temperature arkir versusAG® for the true ET eq 1 is neglected in eq 2.
reaction. To simulate the effects of kinetic coupling, these By definition, Ky must be much less than 1 for the ET
values ofker were each multiplied by values dfy for reaction to be classified as coupled. Since this prerequisite
different hypothetical prerequisite adiabatic reactions. When adiabatic reaction is very unfavorable, tid1° for this
data sets for temperature dependence studies were beingeaction will most likely be positive. A consequence of this
generated, simulated values if were calculated for each  positive AH° is that the apparent value dfthat is obtained
temperature over the entire temperature range. This was dondrom the analysis of temperature dependence data will be
by assigning values ofAH° and AS’ for the theoretical greater than the true value #ffor ker. The magnitude of
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Table 1: Effects of Coupled ET on Parameters Determined from the Variation of Rate with Temperature

determinants oKy fitted parameters
AH° (kJ/mol) AS (J molt K1) A (kd/mol) Hag (cm™) r (5 =1.0) (A)
trueker eql 100 1.0
eq 2 92 14.1
coupledker 17 0 eql 168 1.1
17 0 eq?2 157 141
23 20 eql 192 3.9
23 20 eq?2 180 11.7
11 -20 eql 144 0.33
11 -20 eq 2 134 16.5

AH?® for K« has no significant effect on the experimentally Table 2: Effects of Coupled ET on Parameters Determined from
determined values dfixg andr. In contrast, the magnitude  the Variation of Rate witAG®

of AS’ for K« has no significant effect on the experimentally fitted parameters
determined value of, but primarily influences the experi- K, A (kI/Mol) Hag (cm™) 1 (8= 1.0) (A)
mentally determined values &fag andr. If AS® for Ky is :

. . . rueker eql 100 1.0
zero, then only the experimentally determinedalue will eq 2 92 14.1
be affected (Table 1). The fitted valuestdfs andr will be coupledkgr 1073 eql 100 0.03
those for the true ET reaction. KS for K, is negative, 10° eq2 97 20.5

then the experimentally determined valuetbfs will be

smaller than the true value and the corresponding value of of AS° for the coupled reactions, the calculated values of
will be larger than the actual ET distance.AS’ for Ky is in these examples fall within the range of uncertainty (i.e.,
positive, then the experimentally determined value-ag 10.3-18.8 A) due to uncertainty i. Therefore, even for a

will be. larger than the true value and the qorresponding value coupled ET reaction, it is possible to obtain reasonable
of r will be smaller than the actual ET distance. The value estimates of the ET distance from analysis of the temperature
of AS’ for K has no significant effect on the experimentally - gependence of the reaction rate, unless the absolute value

determined value of. of AS for the prerequisite reaction is extremely large.

In practice, how significant the effects &fS’ will be on Analysis of theAG° Dependence of Coupled ET Reactions

exptﬁrlr?entalicy ((jjgtzrr?med vaIIEuTes HKBtand{hWt'"_ dE_per:_d I In some studies of protein ET reactions, it may be possible
on the type ot adiabatic, non-t-1, reaction that IS KINCUCAYY 4 optain values fori and Hag from analysis of the

coupled to the ET event. If the prerequisite reaction is a rapid dependence of the rate of the reaction/s®®. Ideally, AG®
but unfavorable protein conformational change or rearrange- is varied over a wide range which sp.ans thé Marcus
ment of proteins within a complex, with only subtle changes “inverted” region () where—AG® > 1. Two experimental
et e, proaches have prmariy been used 1o moA: for

y Y protein ET reactions. Intramolecular ET through the protein

AS. If so, then the effect of coupling would be manifested : . - .
O o . . matrix has been studied by covalently attaching ruthenium
primarily in an artificially large value of with a relatively ; . . A
S . ; complexes with varied redox potentials to specific sites on
accurate determination ¢f,g andr. However, if the rapid j R
. - - the surface of a redox protein, thereby modulatk@° for
but unfavorable activation step is linked to the binding or the reaction between the ruthenium complex and the native
release of water, protons, or other ligands, then a Slgnlflcantredox centerX4). Alternatively, redox otenFt)iaIs of the donor
AS could be associated witKy. Since this reaction must ' Y, P S
or acceptor have been modulated by substitution of metal

by definition be thermodynamically unfavorable, binding cofactors 15, 16), modification of organic prosthetic groups
reactions which would lead to a negatix&® are the more (2. 17), and genetic modificationsL8—20) of amino acid

likely scenario. As seen in Table 1, this would cause an 7

underestimation oflag and an overestimation offrom the residues near the redox center.
analysis of temperature dependence data. It is important to  When theAG® dependence for a coupled ET reaction is
note that an opposite trend has been repoed.g) for the being simulated, the values AH* andAS’ for the preceding
apparent ET parameters that are obtained from the analysigdiabatic reaction step are not relevant since the temperature
of the temperature dependence of gated ET reactions by eqss not varied. All that matters is the value B for this

1 and 2 (i.e., overestimation #faz and underestimation of ~ reaction step. As can be seen in Table 2, analysis by eqgs 1
r). It should also be noted that even for a true ET reaction, and 2 of the simulated data for the coupled reaction yields
the experimentally determined valueroghould be consid-  a value forl that is identical to the trué. The experimentally
ered an estimate and not an absolute value, given thedetermined value forag, however, is less than the triig
uncertainties in other parameters suclfaBor use ineq 2,  for the ET reaction. It is reduced by a factor equaKi8®.

B values ranging from 0.7 to 1.4 A have been used to It follows that the analysis of th&G° dependence for a
analyze protein ET reaction)( In the example given in  coupled ET reaction will predict a distance that is greater
Table 1, g3 of 1.0 A~ was used. With all other parameters than the true value af for the ET. As seen by comparison
unchanged, the use offof 0.7 A~ would yield anr value of the values in Tables 1 and 2, the effect of coupling on
of 18.8 A and & of 1.4 A~ would yield anr value of 10.3 the experimentally determined valuestdfs andr will be

A. As seen in Table 1, even with the error in the predicted different depending on whether it is the temperaturaA Gf
distances which is caused by the influence of the given valuesdependence of the rate that is being analyzed.
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FiGure 2: Free energy dependence of coupled ET reactions. Data
sets were simulated for a trier (solid line) with a4 of 1.0 eV,
anHag of 1.0 cnT?, and aT of 298 K; and a coupled ET reaction
(dashed line) with &, 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.

1
0

Effect of Kinetic Coupling on Experimentally Determined
f Values The most appropriate value f8r and the issue of
whetherr describes the direct doneacceptor distance or
is pathway-dependent, have been a matter of much debat
(2, 3, 21). In most studies, a value fgris assigned for use
in eq 2 to experimentally determine the ET distance. Values
of f that are typically used range from 0.7 to 1.4*A
Analysis of an ET reaction of a known distance can yield
an experimentally determined value farlf the ET reaction
is coupled, even in model systems, then the experimentally
determined value gf may be inaccurate depending on the

method used to collect and analyze the data. As stated earlier

analysis of theAG® dependence for a coupled ET reaction
will underestimateHag. SinceHag? is related tg3r (see eq

2), if a value ofr is assigned, then the value Bfobtained
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 ofis used, analysis of
the data with eq 2 will yield & 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 k.

In most studies, empirical values @f 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..-AG® = 1) (2, 3). Under these conditions,
eq 2 reduces to eq 5.

Ker = Ko @Xp=A(r — 1y)]
Inker=Ink, = A(r —ry)

A plot of In ket versusr — r, for such data will be linear
and yield a slope of-$. If a coupled ET reaction is analyzed

in this manner, an accurate value fbwill be obtained since
the slope will be unaffected. For a coupled ET reaction, the
actual equation which describes the linear relationship is eq
6.

(5a)
(5b)

Inker =1Ink, —In Keq_ Br—ry) (6)

Since the measured rate is an appafentthat is equal to
ketKy, the intercept of this plot will not be equal to kg but

will be less than the theoretical maximum rate for ET. If
such data are plotted and yield an intercept significantly less

e
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than In(10%), then this would be diagnostic of kinetic
coupling. Furthermore, from these data, it should be possible
to determine the value &€, for the preceding reaction from
the fit of the data to eq 6.

Distinguishing Coupled ET Reactions from Gated ET
Reactionsl|f a reaction is gated, then no dependence of the
reaction rate on thé\G° for ET should be observed. In
practice, however, it is often not possible to experimentally
vary AG° for protein ET reactions because one often cannot
alter theE, 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 Hag that exceeds the nonadiabatic limit, and a corre-
sponding negative value of this is diagnostic of a gated
ET reaction §—13). As discussed above, analysis of a
coupled ET reaction may also yield apparent valuel gf
and r which differ from the true values. However, the
inaccuracies in the experimentally determined valuds,gf
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 ofHag to be smaller than the actual value anid 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 offor a coupled reaction, the
preceding adiabatic reaction would have to exhibit an
extremely large positive\S’, which in turn would require
an enormous positivdH® 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 bfogether with a
value ofHag 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 AG® dependence of a reaction, a reasonable inference
may be made. If the same valuesicdndHag are obtained
from both temperature ariG°® 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 varyAG® 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.

ConclusionsEven when it is possible to examine th&°
dependence of a protein ET reaction, these studies will yield
apparent values fddag andr if the reaction is coupled. In
practice, it is not usually possible to perform &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 changedither
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the reaction as well. Since temperature dependence studies 9. Bishop, G. R., and Davidson, V. L. (199B)ochemistry 34

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

12082-12086.

10. Bishop, G. R., and Davidson, V. L. (199Bjochemistry 36
13586-13592.

11. Lanzilotta, W. N., Parker, V. D., and Seefeldt, L. C. (1998)
Biochemistry 37399-407.

experimental approach is used. The results presented here12, |ee, H. J., Basran, J., and Scrutton, N. S. (18383hemistry

will provide a framework in which to interpret such data so

37, 15513-15522.

that we can more fully elucidate the physical, chemical, and 13.Hyun, Y.-L., Zhu, Z., and Davidson, V. L. (1999) Biol.

kinetic parameters that control rates of biological ET
reactions.
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