Chapter 3

Protaen-Mediated Electron Transfer

Theenegy metabolisnof living cellscrucially depend®n electrontransfereactions Further
more,electrontransferreactionsareinvolvedin a variety of anabolicandcatabolicprocesses.
The physiologicalimportanceof electrontransferreactionis the reasonfor the enormousat-
tentionthat theseprocessesre receving. Nowadays,the combinationof experimentaland
theoreticaresearchievealednew insightin the molecularmechanismEspeciallysite-directed
mutagenesiandstructuralinvestigationdy NMR andX-ray crystallographyncreasedheun-
derstandingof electrontransferprocessesn proteins. Several booksand articlesreview the
researclon electrontransferin proteinsin the lastyears(Marcus& Sutin, 1985; Canters&
vandeKamp,1992;Farid et al., 1993;Bendall,1996).

During an electrontransferreaction,an electronmoves from the donorto the acceptor
molecule(eq3.1).

D+A—D"+A" (3.1)

Besideghe actualelectron-transfeprocessthe reactionin eq 3.1 involvesalsodiffusion pro-
cessesvhich bring thetwo moleculedogethetror take themapart.

D+A=D/A -4 D"/A =D +A" (3.2)

In eq 3.2, ke marksthe rate of the actualelectron-transfereaction. The value of the rate
constanthatis obsenedin experimentsdependn the experimentalsetup,the measurement
methodand on the consideredsystem. Usually, the obsenred reactioninvolvesonly the for-
mation of a bimolecularcomplex andthe electrontransferstep,sincemostoften the change
in absorptionuponreductionor oxidationis measuredBendall,1996; Sokerinaet al., 1998).
It is often believed thatfirst orderrate constantf photoinducedeactionsreflectthe rate of
the electrontransferstep. In proteins,however, conformationadynamicsofteninfluenceshe
reactionrates(Kosti¢, 1996; Davidson,1996). Often, not the electrontransferratesbut rather
theratesof the conformationatlynamicsaremeasure@Zhou& Kostic, 1992b;Zhou& Kostic,
1993b;lvkovi€-Jense Kostic, 1996;Crnogoracet al., 1996;Ivkovic-Jense& Kostic, 1997;
Ivkovic-Jensermt al., 1998).

Theredoxcentersn electron-transfeproteinscanbeasmuchas20A apartfrom eachother
A detaileddescriptionof the role of the intervening mediumis requiredto understanchow
proteinsmaintaina highly efficient electrontransfer Many recentinvestigationsare inspired
by the model that electronstake more or less specific pathsin the protein (Onuchicet al.,
1992).More advancednodelsthatarebasedn Greendunctions(Larson,1981;Larson,1983;
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reaction coordinate

Figure 3.1: ElectronTransfer During thereaction thereactantsransitfrom the higherenegy surface
(left) to thelower potentialenegy surface.Therateof the electron-transfereactionis influencedoy the
reoiganizatiorenegy A andGibbsfreeenegy AG° aswell asby thetunnelingmatrix elementipa.

Skourtis& Onuchic,1993;Skourtiset al., 1993)or extendedHuickel calculationgSiddarth&
Marcus,1993b;Siddarth& Marcus,1993c;Siddarth& Marcus,1993a;Stuchebrukhg 1994,
Stuchebrukhe & Marcus,1995)supportthe simplePathways model.

3.1 MarcusTheory

Accordingto Marcustheory therateconstan{ke) for anon-adiabatielectron-transfereaction
is proportionalto the squareof the tunnelingmatrix element(Tpa) betweerthedonor(D) and
theaccepto(A) andto thedensityof vibrationalstatesveighedoy their Franck-Condofactors.
The symbolsA andAG°, respectiely, standsfor the reoiganizationenegy andthe Gibbsfree
enepy of thereaction(Marcus& Sutin,1985).

(AG® +\)?
ATA\RT ANRT

Theargumentof the exponentin eq3.3 correspondso thefree enepgy thatis requiredto reach
the transitionstate,i. e., to the activation free enegy of the electron-transfereaction. If the

(3.3)
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potentialenegy of the reactanstateandthe productstateis assumedo be harmonicandthe
couplingbetweerthereactanandthe productstateis small,i. e.,thereactionis non-adiabatic,
thenthe activationfreeenepy is givenby the agumentof the exponentin eq3.3. Thereolga-
nizationenegy A is theenepgy requiredto reachthe equilibriumgeometryof the productstate
at the potentialenegy surfaceof the reactantstateandvice versa. The Gibbsfree enegy of
the reactionAG?P is relatedto the redoxpotentialdifferencebetweerthe reactanstateandthe
productstate.If thetwo moleculesof the sametypeform aredoxcouple,the electron-transfer
reactionis calledself-exchangereaction. In this casethe Gibbsfree enegy of the reactionis
zeroandthe activation free enepgy is A /4. Thereforeself-exchangereactionscan be usedto
determinaeolganizationenegiesexperimentally

The parametersn eq 3.3 are accessibldgo theoreticalcalculations. The reactionfree en-
emgy is relatedto the redox potentialdifferenceof the reactants.The differencebetweenthe
redox potentialof a redox-actve centerin a proteinand a propermodel compoundcan be
calculatedby continuumelectrostationethodsor by free enegy simulations(seeSection4).
Theredox-potentiabf modelcompoundgsanbe obtainedrom quantumchemicalcalculations
(Mouscaet al., 1995).Also severalapproachesxist to accesshereoganizatiorenegy A from
moleculardynamicssimulationsusing a linear responseapproximation(Zhou et al., 1995a;
Mueggeet al., 1997),from continuumelectrostatianodels(Zhou et al., 1995b;Basuet al.,
1998a;Basuet al., 1998b),or from densitymatrixmethodgCherryak & Mukamel,1998).The
theoreticalestimationof the tunnelingmatrix elementTpa is a specialchallenge. The simple
Pathways modeldescribedn Section3.2 providesreasonablestimatef relative electronic
couplings.More advanced put computationallymoreexpensve methodsuseda Greens func-
tion approach(Skourtis& Onuchic,1993;Skourtiset al., 1993)or the extendedHuckel theory
(Larson,1981;Larson;1983; Siddarth& Marcus,1993b;Siddarth& Marcus,1993c;Siddarth
& Marcus,1993a;Stuchebrukhg 1994;Stuchebrukhe & Marcus,1995).

3.2 PathwaysModel of Electron Transfer in Proteins

Thetheoreticabasisandthe algorithmof the Pathways methodare describecelsavhere(Be-
ratanet al., 1990;0nuchicet al., 1992;0nuchic& Beratan1990;Berataret al., 1991;Beratan
et al., 1992; Bettset al., 1992; Reganet al., 1993). Herel briefly explain only the salient
featuresf themethod.

An electron-tunnelingathis atraceof connectedovalentbonds hydrogerbondsandvan
der Waalscontacts(interactionsthroughspace) that links the donorwith the acceptar The
respectre decayparameterfor attenuatiorof electroniccouplingvia thesebondsandcontacts
aretheunitlessquantitiesc, €4, andes, definedin eq3.4 andarecalculatedwith the standard
parameterst, 3, andreg; I is the distancebetweertheinteractingatoms.

e=aexp(—B(r —re)) (3.4)

Couplingwithin aromaticrings of heme,histidine, pherylalanine,tyrosine,and tryptophane
andwithin the guanidiniumgroupof arginine wasdefinedin two ways. (1) Bondsweretreated
asusualcovalentbonds(e=0.6). (2) The enhanceaouplingwasrecognizedy neglectingthe

attenuation(e=1.0). The tunnelingmatrix elementpa for a single pathis proportionalto the

relative coupling,accordingto eq3.5.

toa I [ec(i) []en(i) []es(¥ (3.5)
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The pathproviding the strongestouplingbetweendonorandacceptolis searchedy a graph
theoreticaklgorithmcalleddepth-firstBettset al., 1992).

The electroniccouplingvia a given pathdependson the degreeof covaleny of theiron-
ligand and copperligand bondsincludedin that path. As in a previous study in which con-
siderationof anisotropiccovaleny wasintroducedinto the Pathways algorithm (Ullmann &
Kostic, 1995),therelative couplingwasscaledoy coeficients(y) representinghe contritutions
of therelevantligands(L) to theredoxmolecularorbitalsof theelectrondonor(D) andacceptor
(A) (Newton,1988,Newton, 1991);seeeq3.6.

toa 0 YALYaL [1e0) (3.6)

This scalingis basedon the reasonabl@ssumptiorthat the expansioncoeficientsy areinde-
pendenbf therelative coupling. Thevaluesof y were0.68for Cys84,0.11for His37,0.11for
His87,and0 for Met92 in plastogyanin (Lowery et al., 1993; Ullmann & Kostic, 1995)and
1.00for the porphyrinligandand0.6 for eachaxial ligandin cytochromecs.



