
Chapter 3

Protein-Mediated Electron Transfer

Theenergy metabolismof living cellscruciallydependsonelectrontransferreactions.Further-
more,electrontransferreactionsareinvolvedin a varietyof anabolicandcatabolicprocesses.
The physiologicalimportanceof electrontransferreactionis the reasonfor the enormousat-
tention that theseprocessesare receiving. Nowadays,the combinationof experimentaland
theoreticalresearchrevealednew insightin themolecularmechanism.Especiallysite-directed
mutagenesisandstructuralinvestigationsby NMR andX-ray crystallographyincreasedtheun-
derstandingof electrontransferprocessesin proteins. Several booksandarticlesreview the
researchon electrontransferin proteinsin the last years(Marcus& Sutin, 1985; Canters&
vandeKamp,1992;Farid et al., 1993;Bendall,1996).

During an electrontransferreaction,an electronmoves from the donor to the acceptor
molecule(eq3.1).
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Besidestheactualelectron-transferprocess,thereactionin eq3.1 involvesalsodiffusionpro-
cesseswhichbring thetwo moleculestogetheror take themapart.
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In eq 3.2, ket marksthe rate of the actualelectron-transferreaction. The value of the rate
constantthat is observedin experimentsdependson theexperimentalsetup,themeasurement
methodandon the consideredsystem. Usually, the observed reactioninvolvesonly the for-
mationof a bimolecularcomplex andthe electrontransferstep,sincemostoften the change
in absorptionuponreductionor oxidationis measured(Bendall,1996;Sokerinaet al., 1998).
It is often believed that first orderrateconstantsof photoinducedreactionsreflectthe rateof
theelectrontransferstep. In proteins,however, conformationaldynamicsoften influencesthe
reactionrates(Kostíc, 1996;Davidson,1996). Often,not theelectrontransferratesbut rather
theratesof theconformationaldynamicsaremeasured(Zhou& Kostíc,1992b;Zhou& Kostíc,
1993b;Ivković-Jensen& Kostíc,1996;Crnogoracet al., 1996;Ivković-Jensen& Kostíc, 1997;
Ivković-Jensenet al., 1998).

Theredoxcentersin electron-transferproteinscanbeasmuchas20Å apartfrom eachother.
A detaileddescriptionof the role of the interveningmediumis requiredto understandhow
proteinsmaintaina highly efficient electrontransfer. Many recentinvestigationsareinspired
by the model that electronstake more or lessspecificpathsin the protein (Onuchicet al.,
1992).MoreadvancedmodelsthatarebasedonGreensfunctions(Larson,1981;Larson,1983;
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Figure 3.1: ElectronTransfer. During thereaction,thereactantstransitfrom thehigherenergy surface
(left) to thelowerpotentialenergy surface.Therateof theelectron-transferreactionis influencedby the
reorganizationenergy λ andGibbsfreeenergy ∆Go aswell asby thetunnelingmatrixelementTDA.

Skourtis& Onuchic,1993;Skourtiset al., 1993)or extendedHückel calculations(Siddarth&
Marcus,1993b;Siddarth& Marcus,1993c;Siddarth& Marcus,1993a;Stuchebrukhov, 1994;
Stuchebrukhov & Marcus,1995)supportthesimplePathways model.

3.1 Marcus Theory

Accordingto Marcustheory, therateconstant(ket) for anon-adiabaticelectron-transferreaction
is proportionalto thesquareof thetunnelingmatrix element(TDA) betweenthedonor(D) and
theacceptor(A) andto thedensityof vibrationalstatesweighedby theirFranck-Condonfactors.
Thesymbolsλ and∆Go, respectively, standsfor thereorganizationenergy andtheGibbsfree
energy of thereaction(Marcus& Sutin,1985).
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Theargumentof theexponentin eq3.3correspondsto thefreeenergy thatis requiredto reach
the transitionstate,i. e., to the activation free energy of the electron-transferreaction. If the
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potentialenergy of the reactantstateandtheproductstateis assumedto beharmonicandthe
couplingbetweenthereactantandtheproductstateis small,i. e.,thereactionis non-adiabatic,
thentheactivationfreeenergy is givenby theargumentof theexponentin eq3.3. Thereorga-
nizationenergy λ is theenergy requiredto reachtheequilibriumgeometryof theproductstate
at the potentialenergy surfaceof the reactantstateandvice versa. The Gibbsfree energy of
thereaction∆Go is relatedto theredoxpotentialdifferencebetweenthereactantstateandthe
productstate.If thetwo moleculesof thesametypeform a redoxcouple,theelectron-transfer
reactionis calledself-exchangereaction. In this casethe Gibbsfreeenergy of the reactionis
zeroandthe activation free energy is λ � 4. Thereforeself-exchangereactionscanbe usedto
determinereorganizationenergiesexperimentally.

The parametersin eq 3.3 areaccessibleto theoreticalcalculations.The reactionfree en-
ergy is relatedto the redoxpotentialdifferenceof the reactants.The differencebetweenthe
redox potentialof a redox-active centerin a protein and a propermodel compoundcan be
calculatedby continuumelectrostaticmethodsor by free energy simulations(seeSection4).
Theredox-potentialof modelcompoundscanbeobtainedfrom quantumchemicalcalculations
(Mouscaet al., 1995).Also severalapproachesexist to accessthereorganizationenergy λ from
moleculardynamicssimulationsusinga linear responseapproximation(Zhou et al., 1995a;
Mueggeet al., 1997), from continuumelectrostaticmodels(Zhou et al., 1995b;Basuet al.,
1998a;Basuet al., 1998b),or from densitymatrixmethods(Chernyak& Mukamel,1998).The
theoreticalestimationof the tunnelingmatrix elementTDA is a specialchallenge.Thesimple
Pathways modeldescribedin Section3.2 providesreasonableestimatesof relative electronic
couplings.More advanced,but computationallymoreexpensivemethodsuseda Green’s func-
tion approach(Skourtis& Onuchic,1993;Skourtiset al., 1993)or theextendedHückel theory
(Larson,1981;Larson,1983;Siddarth& Marcus,1993b;Siddarth& Marcus,1993c;Siddarth
& Marcus,1993a;Stuchebrukhov, 1994;Stuchebrukhov & Marcus,1995).

3.2 Pathways Model of Electron Transfer in Proteins

Thetheoreticalbasisandthealgorithmof thePathways methodaredescribedelsewhere(Be-
ratanet al., 1990;Onuchicet al., 1992;Onuchic& Beratan,1990;Beratanet al., 1991;Beratan
et al., 1992; Betts et al., 1992; Regan et al., 1993). Here I briefly explain only the salient
featuresof themethod.

An electron-tunnelingpathis atraceof connectedcovalentbonds,hydrogenbonds,andvan
der Waalscontacts(interactionsthroughspace),that links the donorwith the acceptor. The
respectivedecayparametersfor attenuationof electroniccouplingvia thesebondsandcontacts
aretheunitlessquantitiesεC, εH , andεS, definedin eq3.4andarecalculatedwith thestandard
parametersα, β, andreq; r is thedistancebetweentheinteractingatoms.

ε 
 αexp � � β � r � req ��� (3.4)

Couplingwithin aromaticrings of heme,histidine,phenylalanine,tyrosine,and tryptophane
andwithin theguanidiniumgroupof argininewasdefinedin two ways.(1) Bondsweretreated
asusualcovalentbonds(ε=0.6). (2) Theenhancedcouplingwasrecognizedby neglectingthe
attenuation(ε=1.0). The tunnelingmatrix elementtDA for a singlepathis proportionalto the
relativecoupling,accordingto eq3.5.

tDA ∝ ∏
i

εC � i � ∏j
εH � j � ∏k

εS � k � (3.5)
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Thepathproviding thestrongestcouplingbetweendonorandacceptoris searchedby a graph
theoreticalalgorithmcalleddepth-first(Bettset al., 1992).

The electroniccouplingvia a givenpathdependson the degreeof covalency of the iron-
ligand andcopper-ligand bondsincludedin that path. As in a previous study, in which con-
siderationof anisotropiccovalency wasintroducedinto the Pathwaysalgorithm(Ullmann &
Kostíc,1995),therelativecouplingwasscaledby coefficients(γ) representingthecontributions
of therelevantligands(L) to theredoxmolecularorbitalsof theelectrondonor(D) andacceptor
(A) (Newton,1988,Newton,1991);seeeq3.6.

tDA ∝ γ2
DLγ2

AL ∏
i

ε � i � (3.6)

This scalingis basedon the reasonableassumptionthat the expansioncoefficientsγ areinde-
pendentof therelativecoupling.Thevaluesof γ were0.68for Cys84,0.11for His37,0.11for
His87, and0 for Met92 in plastocyanin (Lowery et al., 1993; Ullmann & Kostíc, 1995)and
1.00for theporphyrinligandand0.6for eachaxial ligandin cytochromec6.


