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Long range electron transfer (EThetween proteinsisa  APPLICATION OF ET THEORY TO PROTEIN ET
process which is fundamental to respiration, photosynthesis,REACTIONS
and redox reactions of intermediary metabolism. Many
physiologic long range biologic ET reactions are bimolecular
processes involving donor and acceptor proteins. The overall
redox reaction may require several steps, including specific
binding of proteins, protein rearrangements which optimize

ET theory predicts that the rate of an ET reaction will
vary predictably with temperaturd’), AG°, and donot
acceptor distance according to the relationships given in
egs 1 and 2 (Marcus & Sutin, 1985)

the coupling between redox centers, chemical transformations 4312|-|2AB S
such as proton transfer, and the actual ET step. Furthermore, Koy = ———o g T(ACTHAY4IRT (1)
because the redox centers reside within a protein matrix, the hv4xiRT

possibility exists that the reorganizational enerdy 6r
electronic coupling between donor and acceplttys] may
vary with reaction conditions as a result of protein confor-
mational fluctuations. Direct application of ET theory to
these processes is problematic because the kinetic complexit
of the overall reaction often makes it difficult to identify
the true ET rate constant. In model studies of protein ET
reactions, it has become standard to analyze the variation in
ET rate with the systematic variation &fG° to verify that

the ET event is rate-limiting for the observed reaction and

to obtain vaIue; fort and Has. This_ app_roz_ach, howe_ver, of the mathematical and physical meaninddag andi may
will not be applicable to most physiologic interprotein ET be found in a number of excellent reviews of ET theory

reactions. This paper describes alternative approaches for(Marcus & Sutin, 1987; Gray & Winkler, 1996; Moser et

the analysis of protein ET reactions. Models are presenteda| 1992; McLendon & Hake, 1992; Rees & Farrelly, 1990)
for the kinetic analysis of interprotein ET reactions and the o factbrﬁ is related to the nature of the inter’vening.

|nterp_relt§|t_|on of experrllmentally derlvgd _v;'lalues ,bc;‘ft())r medium between redox centers. The experimentally derived
protein ET reactions whose rates may be influenced by NON-y 51,6 ofr will be dependent upon the value ffwhich is

ET events. used in the analysis. Values which are typically used range
R ! ) from 0.7 to 1.4 A1, The most appropriate value frand
| tvél (irk fr? m ﬂ;teh %mhotré,\llag({ggry was supported by National the issue of whethar describes the direct doneacceptor
nstitutes of Heal ran - . h '
* Corresponding author: Department of Biochemistry, The Univer- distance or is pathway-dependent have been a matter of much

sity of Mississippi Medical Center, 2500 N. State St., Jackson, MS debate (Moser et al., 1992; Onuchic et al., 1992; Langen et
39216-4505. Telephone: 601-984-1516. Fax: 601-984-1501. E-mail: 5 1995,

davidson@fiona.umsmed.edu. . . . .
1 Abbreviations: En, midpoint redox potential; ET, electron transfer; In most published studies of protein ET reactions, values

Hag, electronic couplingi, reorganizational energy. for 1 and Hag have been obtained from analysis of the
S0006-2960(96)01577-2 CCC: $12.00 © 1996 American Chemical Society

kET — koe—ﬂ(r—ro)e[—(AG°+/1)2]/4/1RT @)

where h is Planck’s constantR is the gas constant (the
Boltzmann constant may alternatively be usdd)js the
Xharacteristic frequency of the nuclei which is usually
assigned a value of 10s™1, andr, is the close contact
distance usually assigned a value of 3.0 Ag is the
electronic coupling between redox centers and describes the
degree of wave function overlap between donor and acceptor
sites. 1 is the reorganizational energy. Detailed discussions
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erenQence of the ra_te of the reacthruﬁ°. Ideally, AG® Table 1: Effects of Uncertainty inE, (AG®) on the Analysis of
is varied over a wide range which spans the Marcus the Temperature Dependencekgf®
“inverted” region, Where—_AG" > A. Two expe_rimental AEn(V) AG° (KJmol)° Has(cmd) A(kJImold) r(A)
approaches have primarily been used to modifg° for
protein ET reactions [reviewed in Winkler and Gray (1992), 0 _8 65 g'ggg igg %é% Z\\//)) ig'%
Moser et al. (1992), and McLendon'and Hake (1992)]. 0.2 ~193 0.103 142 (1:47 eV) 18.8
Intramolecular ET through the protein matrix has been — "~ "cor o aied using eq 1 abB, — 0.1 V (which
studied by covalently attaching ruthenium complexes t0 corresponds taG°® = —9.65 kJ mot?), Has = 0.100 cm, and =
specific sites on the surface of a redox proteinG® is 125 kJ mot? (which corresponds to 1.3 eV). These data were then fit
modulated by use of different ruthenium complexes with toeqgs 1 and 2 with different values input fA§5°, and th_e fitted va_Iues_
vared recox potentals, and nramolecular T rates between(y [, |- 30 et s lo J0se e [l B
the _ruthenlum ComP'eX and the nat“{e redox center are values.bAé° is calculated from the redox potential difference between
monitored. Alternatively, redox potentials of the donor or the donor and acceptor according+AG® = NFAEp, whereF is the
acceptor have been modulated by substitution of metal Faraday constant (23 063 cal-Vequiv'!) andn is the number of
cofactors or modification of organic prosthetic groups. The ele_ctrons transferred per mofevValues ofr were calculated with eq 2
ability to modify proteins and achieve activationless ET Using a8 value of 1.0 A*.
(=AG°® = 1) has led to the development of important
hypotheses regarding the dependence of the ET rate constardence ofE,, values should be measured to verify the implicit
(ket) on the distance and the nature of the protein matrix assumption thahG® is constant. For most biologic ET
which separates redox centers (Moser et al., 1992; Onuchicreactions,—AG° is small relative tol. Thus, any change in
etal., 1992). Recently, genetic modifications of amino acid AG® with temperature, or uncertainty in the precise value
residues near the redox center have been used to md@ify ~ of AG®, would have to be very large to compromise data
[e.g., Ortega et al. (1996), Arlt et al. (1996), and Nagarajan analysis by egs 1 and 2. This is illustrated in Table 1 where
et al. (1993)]. Previous studies have also raised questionsvariation of AG® on calculated values ofixg and 4 is
as to the roles of protein dynamics in controlling, or gating, simulated for a hypothetical biologic ET reaction. In this
the rates of ET reactions (Hoffman & Ratner, 1987; example, an uncertainty @f100 mV in AE, has essentially
Brunschwig & Sutin, 1989; Harris et al., 1994). no effect on the calculated values bf;g and r. The

A limitation of the AG° dependence approach to the study uncertainty inAG® leads to an error in the calculatédbout
of physiologic interprotein ET reactions is that it is not 2-fold greater than the error in the assumed valuaAGf.
always possible to modulate the redox potential of the native !f random error is included in the simulation, differences in
redox center without perturbing or destroying the protein the calculatedi values become even more difficult to
matrix. Furthermore, for many physiologic protein ET discern? The larger the truel, the less sensitive the
reactions—AG?® is relatively low compared td. This com- experimentally determinetiwill be to uncertainties IAG®.
plicates the task of varying AG® into the Marcus inverted  Interpretation ofl values tends to be somewhat qualitative.
region. It may not be possible to design a system by which In this example, the negligible effect on the calculated value
to generate a sufficiently large AG®. Given the kinetic ~ Of Has and the uncertainty as to whethers 1.3+ 0.2 eV
complexity of interprotein ET reactions, it is also possible Would not significantly impact the mechanistic interpretation
that high artificial values of-AG® that approximaté. may of the results. It is important to note that, while variation in
causeker to become so fast that some other non-ET event, AG® will have a substantial effect oker, its effect on the
such as a protein conformational change, will become rate- temperature dependencelefr and experimentally derived
limiting so that the reaction becomes gated. An example of values ofHas andA will depend on the relative magnitudes
this is the ET reactions from metal-substituted cytochromes 0f AG® and4.
¢ to plastocyanin (Zhou & Kostic, 1993), where the reaction _ (2) A Change in Temperature May Alter the Rate-Limiting
was gated or not gated depending on the magnitude of theStep for the ET ReactionIf a temperature-dependent

imposedAG®. conformational change causes a change in the rate-limiting
step for the overall ET reaction so that the ET event is no

ANALYSIS OF THE TEMPERATURE longer rate-limiting, this would result in a transition where

DEPENDENCE OF PROTEIN ET REACTIONS the limiting first-order rate constant switches from that of

the ET event to that of a non-ET reaction step. Different
According to egs 1 and Zer will vary predictably as a  temperature dependencies of the appatertwould be
function of temperature. Given the limitations in varying observed on either side of the transition temperature because
AG? for many physiologic reactions, experimental variation different reaction steps are being described. When such a
of ket by temperature may be the only approach available transition is observed for an ET reaction, this provides the
by which to obtain estimates fétas and4. This approach  opportunity to analyze the two processes observed on either
has not been widely used, and there are important caveatsside of the transition temperature. One may obtain Marcus
to consider when studying the temperature dependence ofparameters (i.e4 and Hag) which describe the ET event
intermolecular protein ET reactions. and activation parameters (i.AH* and AS) that describe
(1) AG® May Be Dependent upon TemperaturEven
subtle temperature-dependent changes in protein conforma- 2 The simulation in Table 1 was repeated with random noise included
tion could conceivably perturb the environment of the redox in the data. Random error assuming a mean-tafDstandard deviation
cofactor so as to alter i&, value. As such, the experimental With 10% noise was introduced into the perfect data set. In an example
: of such a simulation with 10% noise, fits of these data sets assuming
temperature range should not exceed that over which theag, values of 0, 0.1, and 0.2 V yielded fitted valuesiosf 117+ 3,
protein is known to be stable, and the temperature depen-124+ 11, and 141+ 12 kJ mot?, respectively.
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the non-ET event which precedes ET. A change in the rate-Scheme 1
limiting step could also complicat®G® dependence studies
of protein ET reactions. Aggr increases with increasing
—AG°, some prerequisite non-ET reaction step which is Ky Kinn

insensitive tAAG°® may become rate-limiting. For kinetically Ayt Be=— on—Bred_—T‘ red— Box
complex protein ET reactions, the extent to whikky "

contributes to the observed rate may depend on either varieckinetic complexity

parameter, temperature, AG°. «

(3) Hag or 4 May Be Dependent on Temperaturd the A, + |3red.—_‘L on_Bred% [A,—Bed* ép\red_BoX
protein matrix is not perturbed by a change in temperature, o ke
thenHag should not be directly dependent on temperature. e ET
Has may vary with nuclear configuration. However, in the o
physiologic temperature range, the contribution of nuclear Ker ke Kll/kod =1 Kim = ker
tunneling to the reaction rate will be negligible since thermal gated ET
energy exceeds the characteristic vibrational energies of the _
system (De Vault & Chance, 1966; Peterson-Kennedy et al., K < ker kim = K,
1984). Itis still possible that temperature-dependent protein
conformational changes may occur which moduldtg or coupled ET
2 and in doing so affecker in a temperature-dependent  Ker < K¢ Kik/ko) <1 kim = Kiker  Aops= f(der 44
manner. An extreme example of this was discussed above
in point (2), but such conformational perturbations need not
cause a change in the rate-limiting step. It was recently
shown (Ortega et al., 1996) that thdor charge recombina-
tion from the primary quinone to bacteriochlorophyll in the
photosynthetic reaction center varied with temperature. It
is also conceivable thati,g could be altered by a subtle
temperature-dependent conformational change that could
alter the donoracceptor distance or the relative efficiencies
of alternative ET pathways, especially ones that require
through-space jumps. The extent to which indirect temper-
ature-dependent changesHiag compromise data analysis
of ET by egs 1 and 2 will depend on how severely the value
of Hag is affected. Protein modifications required to vary
AG° may also potentially alteiflag or 4 by altering protein
conformation. In practice, temperature dependence studie
of most interprotein ET reactions can realistically be
performed only over a relatively narrow temperature range
to avoid freezing or thermal denaturation. This may actually
be advantageous as it minimizes the possibility of significant = - I
protin conformatona hanges over e expementalrange () TUEET (e Tl huviindude o convbions
Temperature-d_ependent changes in protein cqnformatmn Nreflect nuclear displacements in the redox centers, protein
protein dynamics may cauddag or 4 to be different at matrix. and solvent
temperatures outside of this experimental range. However, @) éated ET (kn _ ). Some reaction step that precedes
biologic protein ET reactions will likely be studied in the T is completel rate-xli.mitin <o that the observed rate is
physiologic temperature range, and the parameters obtaineagCtuall thgt of); non-ET egent Therefolkgy, will not
at these temperatures will be the most relevant to phySiOIOgiCexhibitya predictable dependencé@@ since t;:is reaction

function. step is not being driven by the redox potential difference
between the reactants. The reaction will still vary with
temperature, but if the temperature dependence data are
analyzed by ET theory, the values which are obtained for
and Hpag will be unrelated to the ET event. They may,
however, be of diagnostic use (discussed below).

simple kinetic model

;Lobs = ’1ET

}“obs = f(AGjFx)

For redox reactions involving proteins, the actual meaning
of the kinetically determined limiting first-order rate constant
for the ET reactionk, in Scheme P must be interpreted
with caution. It may not be a true ET rate constant (Hoffman
& Ratner, 1987; Brunschwig & Sutin, 1989; Harris et al.,
1994). Protein dynamics (i.e., transient formation of unstable
conformational intermediates) or catalytic events (e.g., pro-
tonation/deprotonation) may contribute to the observed rate.
In kinetic models that are used to analyze these data, any
spectroscopically invisible, or otherwise undetectable, events
subsequent to binding and preceding the spectral change
associated with the redox reaction will be reflected in this
rate constant. These events could include substrate-induced,
S,product-induced, or redox-linked protein conformational
changes. Three situations are considered below in which
the rate of the ET evenkgy) is preceded by some reversible

prerequisite adiabatic event which has a rate con&taartd
an equilibrium constarix.

IMPLICATIONS OF KINETIC COMPLEXITY OF
PROTEIN ET REACTIONS

The definition ofA includes contributions from inner shell Semiclassical ET theory assumes that ET reactions are
() and outer shell ;) reorganization (Marcus & Sutin, ~Nnonadiabatic (Marcus, 1964}, is related to the degree
1985). For a protein ET reactiof, will include contribu- of wave function overlap between donor and acceptor sites.

tions not only from solvent reorganization but also from any AS Has approaches 0, the probability that reactants will go
nuclear displacements in the protein matrix that are associated® Products at the transition state configuration also ap-
with ET. More importantly Ao,s may also contain contribu-
tions from non-ET reaction steps due to kinetic complexity.  *For the simple kinetic model given in Scheme 1, if the redox

One must consider the implications of the kinetic complexity reaction is reversible, the maximukg,s at saturation conditions will
f . . . . " - be equal to the sum dfin plus k_jm. For reversible reactions, one
of an interprotein ET reaction on experimentally derived myst be sure that values k, are correctly extracted from the kinetic

values ofA. data and used in the subsequent analysis.
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proaches 0. Conversely,hfag is large, the probability that  methanol dehydrogenase to cytochroodg51i, ther value
reactants will go to products at the transition state approachesbtained from temperature dependence studies correlated well
unity. The latter reactions are adiabatic and not appropriately with the minimum ET distance predicted from the crystal
described by Marcus theory (egs 1 and 2). One would expectstructures of the individual proteins (Harris & Davidson,
the experimentally derived value fbiys for a gated reaction  1994). A temperature dependence study of the ET reaction
to exceed the nonadiabatic limit for an ET reaction. As a between cytochroma and cytochromess of cytochrome
general rule, one may consider that limit to be approximately oxidase yielded anvalue which correlated with the distance
80 cntl. This value is calculated from the dynamic predicted from structural models (Adelroth et al., 1995). In
relaxation rate of water and occurs when the reorganizationone case, calculation of an unreasonable ET distance (
of water, as the bulk solvent, becomes rate-limiting (Winkler 0) provided evidence that the ET reaction was gated (Bishop
& Gray, 1992). Reorganization of the protein matrix & Davidson, 1995).
complicates this argument because it will occur on a different  Apalysis of the temperature dependence of ET reaction
time scale than that of water and the nonadiabatic limit may rates alone will not be sufficient to say whether one is
be different. However, if one obtains a valuetbfs well monitoring a true ET reaction or one which is coupled or
in excess of 80 crt, that would clearly be suggestive of a  gated. These data can, however, be useful in providing an
gated reaction in whickin is actually a rate constant which jnjtial diagnosis of whether the ET event is the rate-limiting
describes a relatively slow non-ET event. For example, step for the overall ET reaction. Unreasonably large values
analysis of the temperature dependence of the ET reactionof H,g or 4, or unrealistic estimates of would suggest that
from aminoquinol methylamine dehydrogenase to amicyanin, the ET reaction is gated by a non-ET reaction step. Other
which is gated by a proton transfer, yieldedts of 23000  experimental approaches may then be employed to obtain
cm™* (Bishop & Davidson, 1995). When the rate-limiting  further evidence for gating or coupling and to provide
reaction step is adiabatic, it is not appropriately described jnformation on the nature of the non-ET process which is
by Marcus theory. However, it may be analyzed by controlling the rate of the ET reaction.
transition state the_ory to Ob‘a”? activation _par_ametgrsf For gated and coupled ET reactions, solvent conditions
andAS, for the adiabatic reaction step wh|ch is gatlng ET. such as viscosity, ionic strength, and pH can alter the
(3) Coupled ET (i = kery. If & reaction step which o0 e ET rate by affecting the dynamic conformational
precedes ET 1S rap_ld relative to ET but_\./er'y unfavorable fluctuations or catalytic eventgor K, in Scheme 1) that
(.e., <1), kim Will be influenced by the equ_lllbrlum_ constant precede ET. Kinetic isotope effect studies may also be
for that non-ET proces(). Althoughkeris rate-limiting, g\ 15ved to determine whether and to what extent the
Kim will be equal to the product q{ET andK, (H"?“”S et E.il" observed rate reflects the trier or some non-ET event.
1994). It follows that the experimentally derivehs will Such studies can provide important information to comple-
contain contributions from both the ET event and the ment temperature antiG® dependence studies of interprotein

Erecfedl_ng reaction Séfi_p [i-6labs = (e, AX))f'I For exapgplg, ET reactions. Viscosity effects on ET reactions from zinc-
obs fOr Interprotein reactions may reflect contributions 54 4in_gypstituted cytochrome to plastocyanin demon-

from an intracomplex rearrangement of proteins after binding gya4e that these reactions were gated under certain condi-

to achieve an optimum orientation for ET. tions (Zhou & Kostic, 1993). For the ET reaction from
ASCERTAINING THE VALIDITY OF methanol dehydrogenase to cytochrarvieb1i, ionic strength
EXPERIMENTALLY DERIVED ET REACTION effects were cited as evidence that the reaction was confor-
PARAMETERS mationally coupled (Harris et al., 1994). Deuterium kinetic

solvent isotope effect studies were used to confirm that the
ET reaction from substrate-modified aminoquinol methy-

concerns about the validity of values &fHag, and r that lamine dehydrogenase to amicyanin was gated by proton
are Qerlved from temperature dependence _stgd|es_ TWOyansfer while that from the unmodified quinol was not
criteria have been used to argue for the validity of such (Bishop & Davidson, 1995).

values: correlation with values obtained frak@G°® depen-

dence studies and correlationrakith ET distances predicted coNCLUSION

from protein crystal structures. In at least two cases,

correlation has been observed betwdewnalues obtained The difficulty or impossibility of examining the rate
from temperature andG° dependence studies. Forthe ET dependence oAG® for most physiologic interprotein ET
reaction from cytochrome to cytochromec peroxidase, reactions should not exclude them from study. Using the
similar A values were obtained from temperature ax@° approaches outlined above, one may study an interprotein
dependence studies (Conklin & McLendon, 1988). For the ET reaction without requiring any modification of the
ET reaction from the dithionite-reduced quinol form of proteins or exposure to potentially denaturing conditions.
methylamine dehydrogenase to amicyanin, simdilandHag Analysis by ET theory of the temperature dependence of rates
values were obtained from temperature (Brooks & Davidson, of biologic ET reactions may provide valid estimates for
1994a) andAG® (Brooks & Davidson, 1994b) dependence Hag, and ET distance, providing that the ET event is rate-
studies. For the latter (Brooks & Davidson, 1994a) and the limiting for the observed reaction. It may also be useful for
ET reaction from amicyanin to cytochromé51i (Davidson identifying gated ET reactions when unrealistic values for
& Jones, 1996), values of obtained from temperature these parameters are obtained. When ET reactions are
dependence studies correlated reasonably well with ET believed to be gated or coupled, they may be further
distances revealed by the crystal structure of the complexcharacterized by examining the effects on ET rates of varying
of methylamine dehydrogenase, amicyanin, and cytochromesolution conditions and performing kinetic isotope effect
c-551i (Chen et al.,, 1994). For the ET reaction from studies. The results of these studies can provide useful

The kinetic complexity of interprotein ET reactions raises
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information on the nature of the reaction step which gates DeVault, D., & Chance, B. (196@iophys. J6, 825-847.

or attenuates the observed rate of the ET reaction. When aGray, H. B., & Winkler, J. R. (1996AAnnu. Re. Biochem65, 537
sufficient number of reactions have been examined, the 561.

results of such combined studies may be used to establishHarris, T. K., Davidson, V. L., Chen, L., Mathews, F. S., & Xia,
criteria for classifying long range intermolecular ET reactions % (1994)Biochemistry 3312600-12608.

between proteins, discerning the extent of adiabaticity of such Hogfzrg?%%lg’;' 5 iﬁ?@ﬁgmw_"s% ﬁgsggé?’g;rg?fg)'_ Sod09
reactions, and elucidating the nature of non-ET processes

L . Langen, R., Chang, |.-J., Germanas, J. P., Richards, J. H., Winkler,
which influence the observed rates of ET reactions. J.R., & Gray, H. B. (1995]5cience 2681733-1735.

Marcus, R. A. (1964Annu. Re. Phys. Chem15, 155-196.
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