
Chapter 5

Photosynthesis

Photosynthesisis thephysico-chemicalprocessby whichplants,algaeandphotosyntheticbac-
teria transducelight energy into chemicalenergy. In plants,algaeandcyanobacteria,thepho-
tosyntheticprocessresultsin thereleaseof molecularoxygenandtheremoval of carbondiox-
ide from theatmospherewhich is usedto synthesizecarbohydrates(oxygenicphotosynthesis).
Purplebacteria(Thiorhodaceae, Athiorhodaceae), greensulfur bacteria(Chlorobiacea), green
gliding bacteria(Chloroflexaceae), andHeliobacteria(photosynthesizingFirmicutes) uselight
energy to createorganiccompounds,but do not produceoxygen(anoxygenicphotosynthesis).
In all thesecaseslight energy is absorbedby chlorophyll moleculesandfinally usedto pro-
ducea transmembranepH gradient.ThispH gradientdrivesthesynthesisof ATP, theuniversal
energy providesin theliving cell.

Besidethesephotosyntheticorganisms,anadditionaltaxonomicgroup,theso-calledHalo-
bacteria(Halobacteriales), existsthatuseslight energy directlyto produceatransmembranepH
gradientandsynthesizefinally alsoATP. A retinalmoleculeis involvedin the light absorption
andthegenerationof thepH gradient.Theretinalchangesits conformationin theexcitedstate.
A protontransferacrossthe membraneis coupledto the conformationaltransition. Halobac-
teriaare,however, not ableto usecarbondioxideassolecarbonsource.Sincethe photosyn-
theticmechanismof thesebacteriais fundamentallydifferentto theoxygenicphotosynthesisor
anoxygenicphotosynthesis,I donotdescribeits mechanismin thefollowing.

Photosynthesisprovidestheenergy to reducecarbonrequiredfor thesurvival of virtually all
living systemson our planet.It createsmolecularoxygennecessaryfor thesurvival of oxygen
consumingorganisms.Theoverallequationfor photosynthesisis deceptively simple(eq5.1).
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�

6 O2 (5.1)

However, acomplex setof physicalandchemicalreactionsmustoccurin acoordinatedmanner
for thesynthesisof carbohydrates.To produceasugarmoleculesuchassucrose,plantsrequire
many distinctproteinsthatwork togetherwithin acomplicatedmembranestructure.Photosyn-
thesisis a specialchallengein understandingseveral interrelatedmolecularprocessesthatare
partiallycoupledto membranes.

5.1 GeneralOverview

Oxygenicandanoxygenicphotosynthesissharemany features.Photosynthesisin plantsand
algaetakesplacein specializedorganelles,the chloroplasts.Also the photosyntheticprotein
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Figure 5.1: Schematicalrepresentationof a chloroplast.Chloroplastsaresemi-autonomousorganelles
in plantcells. Light energy is transducedinto chemicalenergy at thethylakoid membrane.Fixationof
CO2 takesplacein thestroma.

complexesof bacteriaarelocatedin specialmembraneregions.Photosynthesiscanbedivided
in two typesof reactions,the light reactionsand the dark reactions. In the light reactions,
light energy is usedto excite a cofactor. Then,an electronis transferredfrom thereto its fi-
nal acceptor. The excitation andthe initial charge separationtakesplacein reactioncenters.
The reactioncentersof all photosyntheticorganismsaresimilar but differ to someextendin
compositionandin theredoxpotentialsof thecofactors.Anoxygenicphotosynthesisinvolves
only one reactioncenter, while oxygenicphotosynthesisinvolves two reactioncenters. The
reactioncentersanda membrane-boundcytochromecomplex of bc-typegeneratea transmem-
branepH gradient. The ATP-synthaseusesthis pH gradientto produceATP from ADP and
inorganicphosphate.Furthermore,thelight energy is usedto reduceNADP� to NADPH. The
ATP andNADPH producedin the light reactionsdrive thecarbohydratesynthesisin thedark
reactions.Carbohydratesynthesisis accomplishedby theCalvincycle,which is a complicated
network of biochemicalreactions.Also variousregulatoryprocessescouplethe light andthe
darkreactions.In thefollowing, I describethemolecularapparatusandthereactionsinvolved
in oxygenicphotosynthesis.

5.1.1 ChloroplastStructure

Chloroplasts(Figure5.1)aresemi-autonomousorganellesof plantcells. In mosthigherplants,
they have the shapeof a circularor elongatedlensanda diameterof approximately3–10µm.
Chloroplastsconsistof theouterandinnerboundarymembrane,a plasmaticmatrix (stroma),
andan internalmembranesystem(thylakoid). Like mitochondria,chloroplastscontaincyclic
DNA andribosomessimilar to thoseof prokaryotes.Thereexist evidencethat during early
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evolutioncyanobacteriaenteredthecell of archaiceukaryotesasendosymbionts(Voet& Voet,
1995;Kleinig & Sitte,1986). Theseendosymbiontslost thereindependenceduringevolution.
Proteinsof recentchloroplastarepartially encodedin thechloroplastgenomeandpartially in
thenucleargenome.A complicatedproteintranslocationmachinerymaintainsthetargetingof
thepolypeptidesencodedin thenucleargenometo chloroplasts(Schatz& Dobberstein,1996).
Severalrecentarticlesreview structuralandfunctionalaspectsof chloroplasts(Staehelin,1986;
Staehelin& vanderStaay,1996).

Thelipid compositionof theouterboundarymembraneis similar to thatof eukaryoticcell
membraneswhile the lipid compositionof the innerboundarymembraneis similar to that of
prokaryotes(Kleinig & Sitte, 1986). The boundarymembranesareinvolved in the transport
of photosyntheticmetabolites,in protein translocation,in lipid transfer, andin the exchange
of ions. Most of theproteinsthatareactively involvedin thetransferprocessesarelocatedin
the inner boundarymembrane.Theouterboundarymembraneservesprimarily asa physical
barrierfor largemoleculessuchasproteinsandnucleicacids.

Thechloroplaststromais theplasmaticcompartmentbetweentheinnerboundarymembrane
andthe thylakoid membrane.It containsenzymesof theCalvin cycle (especiallytheenzyme
ribulosebisphosphatcarboxylase),multiple copiesof thecircularDNA andall componentsof
thetranscriptionandtranslationmachinery, andenzymesfor thesynthesisof lipids,porphyrins,
terpenoids,quinoidsandotheraromaticcompounds.Besides,starchgranulesandlipidic globuli
canaccumulate.

All light absorptionand energy-transducingprocessestake placeat the thylakoid mem-
branes. The thylakoid membranesenclosea so-calledthylakoid compartmentor thylakoid
space. All partsof the thylakoid spaceare presumablyinterconnected.The thylakoid net-
work comprisestwo differentmembranes;a cylindrical stackof appressedthylakoids (grana)
andsingle layeredthylakoid membranesjoining the granaregions (stromathylakoids). The
pH differencebetweenthe thylakoid spaceandthestromais about2 to 3. If only theprotons
wouldmaintainthemembranepotential,thepotentialdifferencewouldbeabout120mV to 180
mV accordingto Nernstequation.Themeasuredmembranepotentialis however only 10 mV
dueto the contribution of additionalions (Vredenberg, 1997). Thylakoid membranescontain
ion channelsbesidesproteinsthat aredirectly involved in the energy transductionprocesses,
(Scḧonknechtetal., 1995;Pottosin& Scḧonknecht,1996).Theseion channelslowerthemem-
branepotentialand thus the energy requiredto transfera protonacrossthe membrane.The
lipid compositionof thylakoid membranesdiffersfrom thatof otherplantmembranes.Besides
lipids thatareuniqueto thylakoid membranes,it containspolyunsaturatedfatty acidsto anex-
ceptionallarge amount,which makesthe thylakoid membraneshighly fluid allowing a rapid
diffusionof membraneproteincomplexes.

The membraneproteinsinvolved in the light reactionsof photosynthesisarenot equally
distributedover the thylakoid membrane.PhotosystemII andthe light harvestingcomplex II
concentratein the granathylakoids, while photosystemI and the ATP-synthaseconcentrate
in the stromathylakoids. The cytochromeb6 f complex hasnearlythe sameconcentrationin
boththylakoid regions.Thefunctionalreasonfor thegranastackingis presumablyto maintain
the separationof photosystemII andphotosystemI. Without physicalseparationof the two
photosystems,photosystemI would unbalancetheexcitationenergy within thepigmentbedof
photosystemII. Furthermore,photosystemI is moreefficient in excitonusage(Staehelin& van
derStaay,1996).
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Figure 5.2: Light reactionsof oxygenicphotosynthesis.Electronandproton transferinvolves four
membrane-spanningproteins(photosystemII, cytochromeb6 f , photosystemI, ATP-Synthase),onepro-
tein that is associatedto the membrane(Ferredoxin-NADP-Reductase)andtwo solubleproteins(plas-
tocyanin, ferredoxin). ATP-synthaseusesthe pH gradientto form an ATP from ADP and inorganic
phosphate.Thegeneralpathwayof theelectronflow from theprimarydonor(water)to thefinal acceptor
(NADPH) is known in detail,while muchlessis known aboutthe cyclic electronflow. It is not clear
whetherferredoxininteractswith cytochrome b6 f or not. Dottedlines,thin solid lines,andthick solid
linesindicateelectron-transferreactions,protontransferreactions,anddiffusionprocessesrespectively.

5.1.2 The Light Reactions

The light reactionsof photosynthesisconvert light energy into a transmembranepH gradient,
i. e.,into electrochemicalenergy. TheATP-synthaseusesthepH gradientto form anATPfrom
ADP andinorganicphosphateandthusconvertstheelectrochemicalinto chemicalenergy. Fig-
ure 5.2 shows a schematicrepresentationof the energy transducingreactionsinvolved in the
light reactionsof photosynthesis.In the last coupleof years,a tremendousamountof struc-
tural informationof proteinsinvolvedin thelight reactionsof photosynthesisbecameavailable.
With theaidof thesestructures,experimentalistsandtheoreticianscangaininsightin structure-
functionrelationshipsof theseproteinsandthephotosyntheticprocessasa whole. Photosyn-
thesismightbeoneof thefirst complex biochemicalreactionscoupledto membranesfor which
adetailedstructuralandfunctionalpicturecanbedrawn.

Light harvestingcomplexesabsorblight energy and transferthe excitation energy to the
specialpair, a chlorophylldimer. In photosystemII, theexcitedspecialpair releasesoneelec-
tron. This electronis transferredvia chlorophyll, pheophytin,and quinone(QI or QA) to a
quinoneacceptor(QII or QB). After the quinonereceived two electronsand two protons,it
leavesits bindingpocket andentersthemembrane.Theoxidizedspecialpair oxidizesa tyro-
sine,TyrZ, closethewater-oxidizingmanganesecluster. In amultiplestepreaction(Yachandra
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et al., 1996),which is not completelyunderstood,themanganeseclustergetoxidizedby TyrZ

andthe manganeseclusteroxidizeswaterwhich leadto the releaseof molecularoxygenand
four protons.At leastfour photonsarerequiredto oxidizeonewaterandto releasetwo quinoles
from the QB site. Thestructureof light harvestingcomplexeswereresolved recently(for re-
view seeKühlbrandt,1994;Fufe& Cogdell,1994;Pullerits& Sundstr̈om,1996).Thestructure
of thepurplebacterialphotosyntheticreactioncenterwasthefirst membraneproteinresolved
in greatdetail (Deisenhoferet al., 1985). Thepurplebacterialphotosyntheticreactioncenter
showsmany similaritiesto thecorecomplex of photosystemII andwasthereforeoftenusedas
modelfor photosystemII. Recently, the structureof the corecomplex of photosystemII was
determinedby electronmicroscopy (Rheeetal., 1997).

The quinonereleasedfrom photosystemII entersthe so-calledQ-cycle. The Q-cycle is
a reactioncycle performedby cytochromeb6 f that coupleselectrontransferto protontrans-
fer. Several modelsfor the reactionsequencesexist (Cramer& Knaff, 1991). A similar Q-
cycle exists in themitochondrialelectron-transferchain(Brandt& Trumpower, 1994;Brandt,
1996). The function of cytochromeb6 f is to increasethe transmembranepH gradient. Cy-
tochromeb6 f containstwo b-typecytochromes,oneRieske iron-sulfurcluster, andonec-type
cytochrome(cytochromef ) (for review seeCrameretal., 1994a;Crameretal., 1994b;Cramer
et al., 1996; Kallas, 1993). Besides,cytochromeb6 f containsa chlorophyll a moleculeof
unknown function(Pierreet al., 1997). Cytochromeb6 f hastwo plastoquinonebindingsites,
PQC andPQZ. TheplastoquinoneatPQZ reducescytochromef via theRieskeprotein.Protons
arereleaseduponthis reactionto thethylakoid space.Thestructureof theluminal domainsof
cytochromef (Martinezet al., 1994;Martinezet al., 1996)andof theRieske protein(Carrell
et al., 1997)have beendeterminedat atomicresolution. A two-dimensionalprojectionmap
of cytochromeb6 f at 8 Å resolutionis alsoavailable(Pierreet al., 1997). Recentlythestruc-
tureof severalcytochromebc1 complexes,themitochondrialanalogueof cytochromeb6 f , was
resolvedby x-raycrystallography(Xia etal., 1997;Zhangetal., 1998).

Plastocyanin is a small water-solubleblue-copperprotein,which transferselectronsfrom
cytochromeb6 f to photosystemI in the thylakoid space. Under conditionsof copperdefi-
ciency, cytochrome c6 replacesplastocyaninin cyanobacteriaandsomealgae.Thestructures
of cytochrome c6 andplastocyanin weredeterminedat greatdetail by x-ray crystallography
andNMR spectroscopy (for review seeRedinboet al., 1994; Navarro et al., 1997). The in-
teractionof cytochrome c6 and plastocyanin with cytochrome f and photosystemI is also
intensively investigated(Navarroet al., 1997). We performeda theoreticalstudyon thedock-
ing of plastocyanin andcytochromef (Ullmann et al., 1997b). Subsequently, Ubbink et al.,
1998performeda NMR analysisof the plastocyanin-cytochrome f complex andobtaineda
structuralmodelbasedontheirexperimentaldatathatis verysimilar to onemodelweproposed
previously.

PhotosystemI is thethird membrane-boundelectron-transferproteintakingpartin thelight
reactionsof photosynthesis.Thecorecomplex containsonechlorophylldimer, four chlorophyll
molecules,two quinones,andthreeFe4S4 clusters.Besides,thesecofactorsaboutonehundred
chlorophyllmoleculessurroundthe corecomplex andfunctionaslight harvestingmolecules.
After excitation of the P700(the specialpair) to P700� , an electronis transferredin a multi-
ple stepreactionform P700� to oneof the threeiron-sulfur clusters. The iron-sulfur cluster
reducesferredoxinwhichdocksto photosystemI at thestromaside.P700� is reducedby plas-
tocyanin.A low resolutionstructureof photosystemI (4 Å) wasdeterminedrecently(Krausset
al., 1993;Krausset al., 1996;Schubertet al., 1997).Also electronmicroscopicinvestigations
onphotosystemI wereperformed(Karraschetal., 1996).
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Ferredoxinis a solubleFe2S2 iron-sulfur protein in the stromaof chloroplasts. It trans-
ferselectronsfrom photosystemI to ferredoxin-NADP� reductase.Besides,ferredoxinreduces
severalotherproteinssuchasferredoxin-thioredoxinreductase,glutamatesynthase,andnitrate
reductase(Knaff & Hirasawa, 1991). The structureof ferredoxinwasdeterminedfor several
speciesby NMR andcrystallographictechniques(Smith et al., 1983,Tsukiharaet al., 1990,
Rypniewski et al., 1991,Fukuyamaet al., 1995,Baumannet al., 1996,Hatanakaet al., 1997).
Underconditionsof iron deficiency, ferredoxinis replacedby theflavin-mononucleotide-phos-
phatecontainingproteinflavodoxin for which the structureis alsoknown at greatdetail (Rao
et al., 1993,Fukuyamaet al., 1990). Ferredoxininfluencesthe dark reactionsof photosyn-
thesisby activating or deactivating the enzymesfructose-bisphosphataseand seduheptulose-
bisphosphatasevia ferredoxin-thioredoxinreductaseandthioredoxin.

Ferredoxin-NADP reductaseis aflavin-adeninedinucleotidecontainingprotein.It is associ-
atedto thestromalsideof thethylakoid membrane.Theproteinwhichmediatesthemembrane
associationis not unequivocally known. Probablysubunit E of photosystemI is involved in
themembraneassociationof ferredoxin-NADP reductase(Andersenet al., 1992). Ferredoxin-
NADP� reductaseoxidizestwoferredoxinsandusestheelectronsto reduceNADP� toNADPH,
which is neededin the dark reactionsof photosynthesis.The crystalstructureof ferredoxin-
NADP� reductaseis known with andwithoutNADP� associatedto theprotein(Karplusetal.,
1991;Serreetal., 1996).

TheATP-synthaseusesthepH gradientgeneratedby photosystemII andcytochromeb6 f
to synthesizeATP from ADP and inorganic phosphate.The protein is subdivided into two
regions,themembranespanningpartFo andthestromalpartF1. ThestromalpartF1 rotatesin
a120o interval andsynthesizesATPin threesteps(for review seeNakamoto,1996;Fillingame,
1996;Junge,1997).Thestructureof F1 of thecloselyrelatedmitochondrialATP-synthasewas
resolvedrecently(Abrahamset al., 1998). TheATP obtainedfrom this reactionis usedin the
darkreactionsof photosynthesisto synthesizecarbohydrates.

Becausethe two photosystemswork togetherin oxygenicphotosynthesis,water can be
usedas primar electrondonor for carbonfixation. Besidethe electrontransferfrom water
to NADPH, also a cyclic electrontransferoccursin the chloroplasts(Bendall & Manasse,
1995). Much lessis, however, known aboutcyclic electrontransfer. Cyclic electrontransfer
involvesphotosystemI, cytochromeb6 f , plastocyanin,plastoquinones,ferredoxin,andprob-
ably also ferredoxin-NADP� reductase.About the presenceof an additionalenzymecalled
ferredoxin-plastoquinonereductasewasspeculated;suchactivitiesmayhoweverbealsointrin-
sicallybeperformedby othercomponentsof thethylakoid membranesuchasphotosystemI or
ferredoxin-NADP� reductase(Bendall& Manasse,1995).

5.1.3 The Dark Reactions

The light energy is convertedinto the chemicalenergy of ATP during the light reactionsof
photosynthesis.It is, however, very inefficient to storethe energy in the form of ATP and
NADPH. Carbohydratesor lipids needmuchlessvolumeto save the sameamountof energy.
During thedarkreactionsof photosynthesis,thechemicalenergy of ATP is interconvertedinto
the chemicalenergy of carbohydrates.Furthermorethis energy is usedto fix carbodioxidein
theCalvincycle. Plantsandcyanobacteriaarethereforeableto usecarbodioxideassolecarbon
source.Theenzymesof theCalvincyclearelocatedin thestromaof thechloroplasts.Although,
noneof thedarkreactionsof photosynthesiswasinvestigatedin thiswork, I briefly summarize
themainfeaturesof theCalvincycle for thesakeof completeness.
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Figure5.3: CalvinCycle.1) Ribulose-1,5-bisphosphate carboxylasecleavesribulose-1,5-bisphosphate
and attachesa CO2 to one of the fragments. Two 3-phosphoglycerate moleculesemerge out of one
ribulose-1,5-bisphosphate andoneCO2. 2) Phosphoglyceratekinasephosphorylates3-phosphoglycerate
to 1,3-bisphosphoglycerate. 3) Glyceraldehyde-3-phosphatedehydrogenasereducesthephosphorylated
carboxyl group to an aldehydegroup. 4) The resultingglyceraldehyde-3-phosphate is usedfor the
synthesisof fructose-6-phosphate, the productof the Calvin cycle. Ribulose-5-phosphate is regener-
atedfrom glyceraldehyde-3-phosphate in a complex reactionschemewhich involvesseveral enzymes.
5) Ribulose-5-phosphate is phosphorylatedto ribulose-1,5-bisphosphate carboxylaseby the enzyme
phospho-ribulosekinase. This reactionclosesthe Cavin cycle. 6) The productfructose-6-phosphate
is usedto synthesizesugarsandpolysaccharidessuchasstarchandcellulose.

TheCalvin cycle canbedividedin two stages.In thefirst stageATP andNADPH is used
to fix carbodioxide.Two NADPH moleculesandthreeATP moleculesarerequiredto fix one
carbodioxidemolecule.In thesecondstage,thecarbonatomsareshuffledto enabletherelease
of onesugarmolecule. Thesugaris thenusedto synthesizeothermoleculesor storedin the
form of polysaccharidessuchasstarchor cellulose. The major stepsof the first stageof the
Calvin cycle aresummarizedin Figure5.3. The key enzymeof the Calvin cycle is ribulose-
bisphosphatecarboxylase(Clelandetal., 1998).

5.2 Coupling of Electron-Transfer andProtonationReactions
in the Bacterial PhotosyntheticReactionCenter

Thebacterialphotosyntheticreactioncenter(bRC) is a pigment-proteincomplex in themem-
braneof purple bacteria. It converts light energy into electrochemicalenergy by coupling
photo-inducedelectrontransferto proton uptake from cytoplasm. The crystal structureof
thebRCfrom Rhodopseudomonas(Rps.)viridis (Deisenhoferet al., 1985;Deisenhoferet al.,
1995;Lancaster& Michel, 1996)andfrom Rhodobacter(Rb.) sphaeroides(Allen et al., 1987;
Ermleret al., 1994)enableda moredetailedunderstandingof thevariousfunctionalprocesses
in thebRC.Fourpolypeptidesform thebRCfrom Rps.viridis: theL, H, andM subunitsanda
tightly-boundfour-centerc-typecytochrome.Thesepolypeptidesbind fourteencofactors:one
carotenoid,four hemes,four bacteriochlorophylls,two bacteriopheophytins,onemenaquinone,
oneubiquinone,andonenon-hemeiron. Thechlorophylls,thepheophytins,andthequinones
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B A

Figure 5.4: BacterialPhotosyntheticReactionCenter. Left: The polypeptideswith the embedded
cofactors. Right: Only the cofactorsareshown. From th top to the bottom: four hemes,four bacteri-
ochlorophylls,two pheophytins,oneneurosporin,onemenaquinoneandoneubiquinone,andoneriron.

arrangein two branches,A andB, relatedby a approximateC2 symmetryandextendfrom the
specialpair to the quinones(seeFigure5.4). Only branchA, is electron-transferactive. Its
cofactorsarepredominantlyembeddedin the L subunit. Electronicexcitation of the special
pair, abacteriochlorophylldimer, inducesamulti-stepelectrontransferfrom thespecialpair to
QA, which is a menaquinonein the bRCfrom Rps.viridis. Fromtherethe electronmovesto
theQB, which is a ubiquinone.After this initial reaction,asecondelectrontransferfrom QA to
QB andtwo protonationreactionsof QB follow, resultingin adihydroquinoneQBH2. Thedihy-
droquinoneleavesits bindingsiteandis replacedby anoxidizedubiquinonefrom thequinone
pool. Thetemporalorderof thesereactionsis, however, not completelyresolved(for a review
seeOkamura& Feher, 1992). Recently, Graigeet al., 1996proposedseveral modelsfor the
couplingof theprotonationof QB to theelectrontransferbetweenQA andQB. Basedon their
kineticdata,they favoredeitheramechanismin whichthesecondelectrontransferto QB occurs
in a concertedmannerwith thefirst protonationof QB or a mechanismin which thefirst proto-
nationof QB precedesthesecondelectrontransfer. ThedihydroquinoneQBH2 hastwo acidic
protons,oneat thequinoneoxygenatomproximateto thenon-hemeiron (nearHis L190), the
otherat thequinoneoxygenatomdistantfrom thenon-hemeiron (nearSerL223). Thus,there
aretwo possibilitiesfor thefirst protonationof QB.

5.2.1 Total Protonation and Protonation Patterns

Protonuptakeby wild typeandmutantbRC’sduringelectron-transferandprotonationreactions
of the quinoneswerestudiedexperimentallyby several researchgroups(Maróti & Wraight,
1988;McPhersonet al., 1988;McPhersonet al., 1993;Sebbanet al., 1995). However, these
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Figure 5.5: Structuralarrangementof the quinonebinding pockets. View of the two quinones,the
non-hemeiron with ligands(His-L230 andHis-M264 areomittedfor the sake of clarity), andnearby
putatively functionalresidues.Glu-L212is almostcompletelyprotonatedin all statesatpH 7.5.At Glu-
H177mostof totalprotonationchangesarelocalized.Ser-L223 is importantfor thefirst protontransfer.
The oxygenatomof QB pointing towardsandaway from the non-hemeiron arecalledproximal and
distaloxygenatom,respectively.

investigationsweredoneatthebRCfromRb. sphaeroides(Maróti & Wraight,1988;McPherson
etal., 1988;McPhersonetal., 1993)andfrom Rb. capsulatus(Sebbanetal., 1995)but notfrom
Rps.viridis. Much effort wasspentto assignchangesin total protonationto specificresidues.
Oneof the titratablegroupsin proximity to QB is Glu L212 (closestatompair distance3 Å,
Figure5.5). Mutationstudiesindicatea pKa-valueof Glu L212 of 9.0 to 9.5 (Paddocket al.,
1989;Takahashi& Wraight,1992)andimply no participationof Glu L212 in protonuptake at
pH 7.5 andbelow (McPhersonet al., 1994;Miksovskaet al., 1996). However, time resolved
IR measurementssuggesta protonationof Glu L212 after formationof Q���B (Hienerwadelet
al., 1995). The latter observation is supportedby electrostaticcalculationsat the bRC from
Rb. sphaeroides(Berozaet al., 1995)andfrom Rps.viridis (Lancasteret al., 1996). In both
theoreticalstudies,it is proposedthat theprotonationof Glu L212 contributesto a significant
partto thetotalprotonuptakeby thebRCassociatedwith Q ���B formation.

Using a continuumelectrostaticmethod,we calculatedthe protonationpatternsand the
total protonationof thebRCfor all possiblestatesof thequinonesasshown in Figure5.6. In
contrastto previous theoreticalstudiesby othergroups(Berozaet al., 1995;Lancasteret al.,
1996),we considerednot only thosebRC statesin which the quinonesarein differentredox
states,but alsothosebRC statesin which QB is protonated.Table5.1 shows the protonation
probabilityof non-standardprotonatedresiduesthatarelessthan25Å awayfrom thequinones.
Furthermore,thedifferencebetweenthetotalprotonationof thegroundstateQAQB of thebRC
andthetotal protonationof therespectiveotherstatesarelistedin comparisonto experimental
values. Our resultsimply that the proton uptake by the bRC occurspredominantlyduring
the redox reactionsof the quinones,whereasthe proton uptake by the bRC coupledto the
protonationof QB is smaller. The uptake of about0.2 protonson averagegoesalong with
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Table 5.1: Total protonationandsomesingle-siteprotonationsat pH 7.5. All residueswithin a dis-
tanceof 25 Å from thequinonesandwith at least0.05protonsdeviation from standardprotonationare
shown, exceptN-termini of L- andM-chainwhich arecompletelydeprotonatedin all states.Histidines
protonatedonly at Nε2 areconsideredto bein standardprotonationandarethereforenot includedin the
table.

state histidine(tautomers)1 glutamate total2

of L211 M16 H45 H177 H234 L104 L212 this experimental
quinones δ ε δ ε calculation values

QAQB 0.47 0.53 0.25 0.73 0.05 0.03 0.27 1.00 0.99 0.00 0.00
Q	 
A QB 0.50 0.50 0.25 0.72 0.06 0.06 0.30 1.00 0.99 0.14 0.243/ 0.344 � 5
QAQ	 
B 0.53 0.47 0.25 0.73 0.05 0.59 0.26 1.00 1.00 0.60 0.375/ 0.904

Q	 
A Q	 
B 0.53 0.47 0.25 0.73 0.06 0.80 0.27 1.00 1.00 0.88
Q	 
A Q	BHdist 0.48 0.52 0.25 0.73 0.06 0.05 0.31 1.00 1.00 1.15
Q	 
A Q	BHprox 0.48 0.52 0.25 0.73 0.06 0.07 0.30 1.00 0.98 1.14
QAQ2 
B 0.58 0.42 0.24 0.74 0.05 0.99 0.25 1.00 1.00 0.97
QAQBH 
dist 0.54 0.46 0.25 0.73 0.05 0.68 0.25 1.00 1.00 1.68 1.37

QAQBH 
prox 0.52 0.48 0.24 0.74 0.05 0.65 0.25 1.00 1.00 1.65
QAQBH2 0.46 0.54 0.24 0.73 0.05 0.03 0.28 1.00 0.99 2.01 1.96/ 2.17

1remainingpartis protonatedatNδ1 andN ε2
2expressedasdifferenceto thegroundstate
3Rb. capsulatus(Sebbanetal., 1995)
4Rb. sphaeroides(Maróti & Wraight,1988)
5Rb. sphaeroides(McPhersonetal., 1988)
6Rb. sphaeroides(McPhersonetal., 1993)
7Rb. sphaeroides(Glu-L212� Gln mutant,McPhersonetal., 1994)

eachof the two reductionstepsof QA (Figure5.6). With exceptionof the electrontransfer
to the singly-reduced,unprotonatedQB, all electrontransfersfrom QA to QB arecoupledto
an uptake of about0.5 protonson average(Figure5.6). The protonationof QB in the states
Q�
�A Q�
�B , Q ���A Q �BHdist , andQ�
�A Q�BHprox inducesanuptake of about0.3protonson averageonly
(Figure 5.6). This meansthat an excessproton is alreadypartially available in the protein
matrix,beforetheprotonationof QB actuallyoccurs.

Ourcalculatedchangesof thetotalprotonationarein reasonableagreementwith theexper-
imentalresults.However, themeasuredvalueof protonuptake dependssensitively on details
of the experimentalprocedure,so that differentgroupsgot significantlydifferentresults(Ta-
ble5.1). Discrepanciesbetweenexperimentsandcalculationsmaybeexplainedby thefollow-
ing arguments.(I) Most experimentalvaluesareobtainedfrom bRC’s of purplebacteriaother
thanRps.viridis, which is exploredin this study. (II) Experimentalvaluescannot easilybe
assignedto a specificbRCstate,sinceoftenonly theredoxstateandnot theprotonationstate
of thequinonesis determinedby experimentalconditions.Weassignedtheexperimentalvalues
of protonationchangesto thestatesthatare,accordingto our calculatedenergies(seebelow),
occupiedwith the highestprobability. In addition,experimentalvaluesfrom differentgroups
vary. Someexperimentsindicatea couplingof theprotonuptake by theproteinmatrix during
thefirst electrontransferfrom QA to QB (Maróti & Wraight,1988;Baciouet al., 1991),others
do not (McPhersonet al., 1988). Our calculationssuggestalsoa couplingof thefirst electron
transferbetweenQA andQB to protonuptake by the proteinmatrix (seeTable5.1) andthus
imply a pH dependenceof thereactionenergiesof thiselectrontransfer.

Earlierelectrostaticcalculationsby othergroupstendto give highervaluesfor total proto-
nationdifferenceswith respectto the groundstateQAQB thanour calculations,especiallyfor
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thestateQAQ2 �B . Thedifferencesbetweenourresultsandthoseobtainedby Berozaetal., 1995
mayberelatedto thedifferentbRCconsideredin thecalculations.Berozaetal., 1995usedthe
bRCfrom Rb. sphaeroideswhile Lancasteretal., 1996andweusedthebRCfrom Rps.viridis.
ThebRCstructuresusedby Lancasteretal., 1996andusareverysimilar, sinceweadjustedthe
structureof Deisenhoferet al., 1995accordingto theavailableinformationaboutthestructure
determinedby Lancasteretal. (Lancaster& Michel, 1996;Lancasteret al., 1995). Thus,the
mostprobablesourcefor thediscrepanciesbetweentheirandourresultsarethedifferentatomic
partial charges. We usedatomicpartial chargesderived from quantum-chemicalcalculations,
for whichthechargedifferencebetweenthedifferentprotonationandredoxstatesis distributed
overall atomsof therespectivequinone.Lancasteretal., 1996usedatomicpartialcharges,for
which thechargedifferencebetweendifferentquinoneredoxstatesis exclusively localizedat
thecarbonyl carbonandcarbonyl oxygenatomsof thequinonering. Thismorelocalizedcharge
differencemayexplain thelargereffectsof thequinoneredoxstateson thetotal protonationof
thebRC.

Severaltitratablegroupscontributeto theprotonuptakeby thewholebRC,but mostof them
participateonly with verysmallprotonationchanges.BesidestheQB, theresidueGlu H177has
the largestcontribution to theprotonuptake (Table5.1). Thedistanceof thecarboxyloxygen
atomof this residueto thedistaloxygenatomof QB is 8.0Å (Figure5.5).Glu H177is possibly
alsoinvolved in the protontransferpathway from the solvent to QB (Lancasteret al., 1995).
Accordingto our calculations,Glu L212 doesnot contributesignificantlyto theprotonuptake
at pH 7.5,sinceit is nearlyprotonatedfor all redoxandprotonationstatesof QA andQB. This
result is not in agreementwith previous calculations(Berozaet al., 1995; Lancasteret al.,
1996),which suggestthat Glu L212 is involvedsignificantlyin the protonuptake uponQB �
formation. However, the very small, but not vanishingionizationprobability of Glu L212 of
oneto two percentin thestatesin whichQB is neutral,showsthatGlu L212 juststartsto titrate
at pH 7.5. The statisticaluncertaintyof the protonationprobability of Glu L212 is lessthan
10� 3 protonsin ourcomputation.

Our calculationssupportthe above mentionedexperimentalresults(Paddocket al., 1989;
Takahashi& Wraight,1992;McPhersonet al., 1994;Miksovskaet al., 1996)that Glu L212
is not ionized at pH � 7.5, but it is at leastpartially ionized and involved in proton uptake
at pH � 7.5 (McPhersonet al., 1994; Miksovska et al., 1996). However, theseresultsare
obtainedwith the bRC from Rb. sphaeroides(Paddocket al., 1989; Takahashi& Wraight,
1992;McPhersonet al., 1994)andfrom Rb. capsulatus(Miksovskaet al., 1996)but not from
Rps.viridis, whichwasusedfor thesecalculations.Ourresultscannotsupporttheinterpretation
of the time-resolved IR measurementssuggestingan involvementof Glu L212 in the proton
uptake at pH 7.5 (Hienerwadel et al., 1995). Also Hienerwadel et al., 1995 discussedthe
uncertaintyin assigningtheobservedspectroscopiceffectsto specificresidues.Accordingto
our calculations,we would preferanassignmentto Glu H177. However, sinceGlu H177and
Glu L212 arestronglycoupled(about5 pK-units), small changesin the proteinenvironment
may causethat Glu L212 ratherthanGlu H177 changesits protonationduring QB reduction.
Regardlessof this uncertainty, a mutationof Glu L212 will influencetheprotonationbehavior
of Glu H177,sincethecarboxylcarbonatomsof thetwo residuesareonly 6.8Å apart.

5.2.2 Energeticsof Electron Transfer and Protonation

Usingacontinuumelectrostaticmodel,wecalculatedequilibriumconstantsfor electron-transfer
andprotonationreactionsof the quinones.Fromtheseequilibriumconstantswe obtainedthe
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reactionenergies.Thecalculatedenergy valuesaregivenin Figure5.6andwill bediscussedin
thefollowing sections.

First Electron Transfer fr om QA to QB

Measuredequilibriumconstantsfor thefirst electrontransferfrom QA to QB in thebRCfrom
Rps.viridis are 900� 50 at pH 6.0 and about300 at pH 7.5 and 9.0 (Baciou et al., 1991),
which correspondto freeenergy changesof -175meV and-150meV, respectively. An earlier
measurementgave anequilibriumconstantof about100at pH 9.0 (Shopes& Wraight,1985),
which correspondsto a freeenergy changeof -120meV. Our continuumelectrostaticcalcula-
tionsyieldedanenergy differenceof -160meVatpH 7.5. In thebRCfrom Rb. sphaeroidesthe
measuredreactionenergy of thefirst electrontransferfrom QA to QB is about-70meV(Klein-
feld etal., 1984;Mancinoetal., 1984).Recentcontinuumelectrostaticcalculationsat thebRC
from Rb. sphaeroideswerenot ableto reproducethis value.Theenergy wasobtainedwith the
wrongsignandwas230 meV higherthanthe experimentalvalue(Berozaet al., 1995). This
maybedueto problemswith thecrystalstructureof thebRCfrom Rb. sphaeroidesor dueto the
usedatomicpartialcharges,whichwerenotobtainedfrom quantum-chemicalcomputations.

In a recentcrystallographicstudy, conformationaldifferencesbetweenthedark-statestruc-
ture (QAQB) andthe light-statestructure(QAQ ���B ) of the bRC from Rb. sphaeroideswerede-
scribed(Stowell et al., 1997). TheQB environmentof the light structurein this studyis very
similar to mostotheravailablestructuresof thebRC,which arebelievedto representthedark
state,i. e., the QAQB state. However, one bRC structurefrom Rb. sphaeroidespossessesa
significantlydifferentconformationat the QB bindingsite (Ermleret al., 1994). Presumably,
theQB in this structureis in thehydroquinonestate(Lancaster& Michel, 1996). Theputative
hydroquinone-statestructure(Ermleretal., 1994)hasverysimilar featuresat theQB siteasthe
dark-statestructurefrom Stowell et al., 1997. In bothstructures,QB is rotatedby about180�
andshiftedoutwardsby about5 Å comparedto theotherbRCstructures,which aresupposed
to bein thedarkstate.Thesesimilaritiesaresurprising.Henceit seemsnot to beclear, which
conformationalchanges,if any, areimportant. In thepresentstudy, we did not considercon-
formationalrelaxationandfluctuationprocesses.In a morerecentstudy, we usedan iterative
energy minimizationschemeto calculatetheredoxpotentialsandtheprotonationenergiesfor
thevariousbRCstates(Rabensteinetal., 1998a).Theseenergy minimizations,however, donot
improvethepresentresults.

SecondElectron Transfer fr om QA to QB and first protonation of QB

Threedifferentreactionsmayfollow thefirst electron-transferprocess:(I) thesecondelectron
transferfrom QA to QB, (II) the protonationat the proximal oxygenof QB, i. e., the oxygen
atompointing towardsthe non-hemeiron, or (III) the protonationat thedistal oxygenof QB,
i. e., the oxygenatompointingaway from the non-hemeiron (Figure5.6). Basedon experi-
mentalresults,differentmodelswereproposed.McPhersonetal., 1994cameto theconclusion
that the first electrontransferis followedby the secondelectrontransfer, whereuponthe two
protonationsof QB occur. In contrast,thekinetic resultsof Graigeet al., 1996fitted bestto a
modelin which thefirst electrontransferis followedby thefirst protonation.Subsequently, the
secondelectrontransferoccursastheratedeterminingstep.Anothermodel,fitting thekinetic
resultsof Graigeetal., 1996almostasgood,includesaconcertedmechanism,in whichthesec-
ondelectronandthefirst protonaretransferredto QB simultaneously. Themodelderivedfrom
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Figure 5.6: Schemeof thepossibleelectron-transferandprotonationreactionsinvolving thequinones
of thebRC.Solidarrows areusedfor theenergeticallypreferredreactionsequence.Calculatedreaction
energiesaregivenneartherespective arrows. Changesin totalprotonationduringthereactionsaregiven
in parentheses.

mutationstudiesof Paddocket al., 1990supportsalsoa reactionsequencein which the first
electrontransferfrom QA to QB is followedby thefirst protonationof QB, thesecondelectron
transferfrom QA to QB, andfinally by thesecondprotonationof QB. In addition,themodelof
Paddocket al., 1990proposesthat thefirst protonationoccursat thedistaloxygenatomof QB

andthesecondprotonbindsto theproximaloxygenatom.
Wecalculatedthereactionenergy for thesecondelectrontransferfromQA toQB andalsofor

thefirst protonationof QB atthedistalandattheproximaloxygenatom(Figure5.6).Theenergy
differencebetweenthebRC statesQ ���A Q ���B andQAQ2 �B is +1100meV. This energy difference
is even higher than the energy differencebetweenthe respective quinonestatesin aqueous
solution(720meV).Thus,accordingto ourcalculations,adoubly-reduced,unprotonatedQB is
unlikely to occurin thebRC.Theprotonationenergy of QB in thebRCstateQ�
�A Q�
�B atpH 7.5is
alsopositive,but small(Figure5.6). Theprotonationat thedistaloxygenatomis energetically
preferredby 90meV. Therefore,weproposethatafterthefirst electrontransferfrom QA to QB,
QB getsprotonatedatthedistaloxygenatom.Thisis in agreementwith themodelof Paddocket
al., 1990.However, thedifferencebetweentheprotonationenergiesat thedistalandproximal
oxygenatomis small. If theprotonationat theproximaloxygenis kinetically preferredit may
precedetheprotonationof thedistaloxygenatom.

Theenergy of +20meVfor thefirst protonationof QB atthedistaloxygenatomcorresponds
to anequilibriumpartialprotonationof about30%. Thisfractionmaybetoosmallto detectthe
singly-protonatedQB spectroscopically. Howeverin thebRCfrom Rb. sphaeroides, nochanges
of thespectrumof thesingly-reducedQB couldbeobserved(with anuncertaintyof � 5%) in
thepH-rangefrom 4 to 8 (footnotein Graigeet al., 1996). Oneexplanationfor this behavior
canbethatthesingly-reducedQB is protonatedlessthan5% over thispH-range.Accordingto
our calculations,thesingly-reducedQB hasa protonationprobabilityof about30% at pH 7.5.
This resultdoesnot contradictthe experimentalobservation, if the protonationprobabilityof
thesingly-reducedQB remainsconstantat (30� 5)% over thepH-rangefrom 4 to 8. This may
possiblyberationalizedwith a specialtitration behavior of QB: Dueto strongcouplingof QB

with titratablegroupsin the proteinmatrix, a nearlyconstantprotonationprobability of the
singly-reducedQB maybemaintainedoverawidepH-range.It shouldalsobekeptin mindthat
theexperimentsweredonewith thebRCfrom Rb. sphaeroides, while we usedthestructureof
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thebRCfrom Rps.viridis in ourcomputation.
We foundthattheprotonuptake by thebRCtakesplacebeforeQB getsprotonated.Dueto

the protonationof QB, the systemreachesthe protonationequilibriumafter the first electron-
transferprocess.Thesecondelectronis thenonly transferredif QB is protonated.If the pro-
tonationof QB dependson pH, this mechanismcanexplain the observed pH dependenceof
thesecondelectron-transferrate.This modelis similar to theonederivedfrom kinetic studies
mentionedabove(Graigeetal., 1996).

SecondProtonation of QB

Measurementsof the energies requiredfor the secondprotonationof QB at pH 9.0 and 9.5
gave � (0� 20) meV and � (28� 20) meV, respectively (McPhersonet al., 1994). Assuminga
Henderson-Hasselbalchtitrationbehavior, theprotonationenergy at pH 7.5 is -90meV. This is
in qualitative agreementwith our calculatedvaluesof -300meV and-410 meV (Figure5.6).
Thediscrepancy maybeexplainedby theuncertaintyof extrapolatingtheenergy to lowerpH-
values. Furthermore,the experimentsweredoneat the bRC from Rb. sphaeroides, while we
consideredthebRCfrom Rps.viridis. Theresultsshow thatthestateQAQBH �dist , in whichQB is
protonatedat thedistalquinoneoxygen,is energeticallymorestablethanthestateQAQBH �prox.
Hence,also in the doubly-reducedstateof QB, a protonateddistal oxygenis preferredto a
protonatedproximaloxygen.

5.3 The Electron-Transfer ReactionbetweenPlastocyanin
and Cytochrome f

Thebluecopperproteinplastocyanin,designatedpc,andthehemeproteincytochromef , des-
ignatedcytf, areinvolvedin photosyntheticelectrontransfer:cupriplastocyaninacceptsanelec-
tronfrom ferrocytochromef , andcuproplastocyanindonatesanelectronto theoxidizedform of
photosystemI. Theseproteinsarewell-suitedto experimentalandtheoreticalstudiesof protein
associationandelectron-transferreactions(Redinboet al., 1994;Gross,1993;Sykes,1991a;
Sykes,1991b;Drepperetal., 1996;Haehneletal., 1994;Hervásetal., 1995;Sigfridssonetal.,
1996).Plastocyanincontainstwo distinctsurfacepatchesthroughwhich it canexchangeelec-
tronswith redoxpartners.Thebroad,negatively-chargedacidicpatcharoundTyr83 is remote
from the copperatom,whereasthe electroneutral,hydrophobicpatcharoundHis87,a ligand
to thecopperatom,is proximateto this atom. Both of theseimportantresiduesaresomewhat
exposedon the surface. Despitethe differentdistances,thesetwo patchesareapproximately
equallycoupledto the coppersite (Kyritsis et al., 1991; Sykes,1991a;Solomon& Lowery,
1993;Ullmann& Kostíc, 1995;Qin & Kostíc, 1996).

Theluminal partof cytochromef cangentlybecleavedfrom theshortsegmentanchoring
it aspartof thecytochromeb6 f complex to themembrane.Recentcrystallographicanalysisof
thissolubilizedform of cytochromef revealedaremarkabletwo-domainstructure(Martinezet
al., 1994). The larger domaincontainsa heme,with the aminogroupof the terminalresidue
Tyr1 asan axial ligand to the iron atom. The smallerdomaincontainsa patchof positively-
chargedresidues.Unexpectedly, thetwo sitesarerelatively farapart.

Whenplastocyaninandcytochromef arenoninvasively cross-linkedin areactionmediated
by a carbodiimide(Davis & Hough,1983),the resultingcovalentcomplex cannot detectably
undergo the internalelectron-transferreactionin eq 5.2, which is fastwithin the electrostatic
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complex (Qin & Kostíc, 1992;Qin & Kostíc, 1993). This unreactivity wastakenasevidence
that thetwo proteinsdockandreactwith eachotherin differentconfigurations(Qin & Kostíc,
1993). Thepredictionandtheanalysiswerenicely corroboratedby subsequentpublicationof
thestructureof cytochromef , which showedthat thedockingandthe reactive configurations
maynotbethesame.Studiesof therearrangementwith complexesthatplastocyaninformswith
native (iron-containing)cytochromec andwith its zinc derivativegaveevidencefor configura-
tional fluctuation,in which the docked proteinmoleculesfluctuatearoundthe initial docking
configuration,withoutgrosslydeviatingfrom it (Zhou& Kostíc,1992a;Zhou& Kostíc,1992c;
Zhou& Kostíc, 1993b;Peerey & Kostíc, 1989).

Togetherwith Ernst-WalterKnappandNenadM. Kostíc, I investigatedthe associationof
plastocyaninandcytochromef shown in eq5.2 andsubsequenttheelectron-transferreaction
shown in eq5.3; theRomannumeralsaretheoxidationstatesof copperandiron, andtheslant
representsassociation.

pc� II � � cytf � II ���� pc� II ��� cytf � II � (5.2)

pc� II ��� cytf � II ��� pcI� cytf � III � (5.3)

We applieda MonteCarlodockingmethodcombinedwith amolecularsimulationandelectro-
staticcalculationsto thiscomplex. Thismethodis describedin Section2.4.

Kinetic effectsof chemicalmodification(Andersonet al., 1987; Gross& Curtiss,1991;
Christensenet al., 1992)andof site-directedmutagenesis(Modi et al., 1992b;Modi et al.,
1992a;He et al., 1991) in plastocyanin indicatethat this protein usesits acidic patch,and
Tyr 83 in particular, for docking(eq 5.2) andthe electron-transferreaction(eq 5.3) with cy-
tochromef . Theseprocesses,however, arequite intricate. Replacementof Leu12by various
aminoacidsseemstoaffecttheassociationconstant,whereasneutralizationof anegativecharge
in themutantAsp42Asnseemsnot to,eventhoughresidue12lies in thehydrophobicpatchand
residue42 lies in theacidicpatch.Moreover, themutationPhe35Tyr in thehydrophobicpatch,
not far from Leu12,appearsnot to affect theassociationconstant(Modi et al., 1992b).Muta-
tionsof residue12 may affect the reactionindirectly, by perturbingthe redoxpotentialof the
nearbycoppersite(Sigfridssonetal., 1996).Conclusiveanalysisof kineticeffectsof mutation
requiresdirectobservationof theintracomplex electron-transferreactionin eq5.3; this canbe
achievedat low ionic strength(Qin & Kostíc, 1992;Qin & Kostíc, 1993). Effectsof mutation
on bimolecularrateconstantsdeterminedat intermediateionic strengthscanperhapsbeparti-
tionedinto contributionsfrom the two stepsof the reactionsdescribedin eqs5.2 and5.3, but
this partitioningmaybeuncertain.A smallbut intriguing dependenceof theelectron-transfer
rateconstanton ionic strengthmaybedueto amismatchbetweenthermodynamicstabilityand
redoxactivity of a diproteincomplex formedat low ionic strengthandto a rearrangementat
higherionic strength(Meyeretal., 1993).Alternativeexplanationsareconceivable.Thesmall
dependencemaybeduetoareactionbetweenthediproteincomplex andfreeplastocyaninor cy-
tochromef . It couldperhapsbeexplainedin termsof differentcontributionsby themonopoles,
dipoles,andhighermultipolesto theelectrostaticinteractionenergy atdifferentionic strengths.
Suchanexplanationhasbeenoffered(Watkinsetal., 1994),andasimilaronecanbeattempted
by vanLeeuwentheory(vanLeeuwen,1983). A recentstudyof plastocyaninmutantsfound
that the upperclusterof anionicresidues(nos. 59-61)is not involved in the electron-transfer
reaction,but thatthelowercluster(nos.42-45)is (Leeetal., 1995a).

Theaforementionedstudiesshow how intricatetheproblemof associationandreactionof
plastocyanin andcytochromef is. The acidic patchin the former andthe basicpatchin the
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latter are importantfor the reaction. It is not clear, however, whetherthe prominentresidue
Tyr83 is involvedin thedocking,in thereaction,or in both. I will discussthisquestionbelow.

5.3.1 Covalencyof Copper-Ligand and Ir on-Ligand Bonds

Electronicstructureof thecupricsite in plastocyaninis relatively well understood(Penfieldet
al., 1981;Solomonet al., 1992;Solomon& Lowery, 1993;Penfieldet al., 1985;Larsonet al.,
1995).Theshortandhighly covalentbondbetweenthecopper(II)atomandthethiolateanion
of Cys84provides strongelectroncoupling to Tyr83, a residuein betweenthe two anionic
clustersat the acidic patch. The ligand His87, partially exposedat the hydrophobicsurface,
alsoprovidesa goodpathfor electronictunnelingto thecopper(II) atom.Indeed,bothsurface
sitesarewell coupledelectronicallywith thecopperatom. We will discusslater their rolesin
electrontunneling.

In order to get an estimateof the electronicstructureof the hemecenter, we performed
an extendedHückel calculation(Hoffmann,1963;Zerneret al., 1966). Iron-Ligandbonding
in Cytochromef coordinatesof the hemeweretaken directly from the proteinstructure.All
the peripheralsubstituentsin the porphyrinwere retained;the two cysteinesidechainsthat
form covalentbondsto theporphyrinwererepresentedwith methylthiogroups;the imidazole
groupof histidineandtheterminalaminogroupbindingin theaxial positionsto theiron were
representedwith an imidazoleanda methylamine,respectively; andboth propionategroups
werereasonablydeprotonated.

Our simple calculation,by the extendedHückel method,seemsto be the first quantum-
chemicalstudyof theunusualhemecomplex foundin cytochromef . Theseveralhighestfilled
molecularorbitalshave similar energies. The HOMO is delocalizedover the porphyrinring;
the threemolecularorbitalsjust below it aremostly composedof the iron 3d orbitals. These
high-lying molecularorbitalshave very small contributionsfrom the two axial ligands. Our
finding that electrontransferin cytochrome f involvesmainly the π electronsystemagrees
with similar findingsby othersconcerningothercytochromes(Nakagawa et al., 1994;Stuche-
brukhov & Marcus,1995). Indeed,a porphyrin-to-ironcharge-transfertransitionis observed
spectroscopically(Gadsby& Thomson,1990).

5.3.2 Diprotein ComplexConfiguration for Eachof the Six Families

Theseriesof calculationsculminatingin Table5.2beganwith 32,000MonteCarlotrajectories
obtainedwith rigid proteins.Approximately5,000of themendedat localminimaof energy. Of
these,140 configurationswerefurther consideredandclusteredinto six familieson the basis
of structuralsimilarity. The most stablememberof eachfamily was usedas startingpoint
of a moleculardynamicssimulation,in which theproteinmoleculeswerehydratedandgiven
conformationalflexibility . Finally, the energy of eachconfigurationwas energy minimized.
They aredesignatedA throughF. Thedetailsof theprocedurearedescribedin Section2.4.

Thecriterion for a saltbridgebetweena carboxylateanionin plastocyaninandanammo-
niumcationin cytochromef wastheO ����� N distanceof 3.2����� 3.6Å. Suchinteractionsarefound
only in configurationF, betweenAsp42andLys65andbetweenAsp44andLys65.Thisscarcity
of saltbridgesis understandablebecausethey areenergeticallylessfavorablethanhydrationof
bothions(Hendsch& Tidor, 1994;Dougherty, 1996;Waldburgeret al., 1995). In simulations
in which thesolventwateris not considered,saltbridgesarecommonlyfound,andtheir con-
tribution to the stability of thecomplex is usuallyoverestimated.In our simulation,in which
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configuration Cu-Fe interactingsidechains
distance(Å) anionsin pc cationsin cytf

A 34 Glu59,Glu60,Glu61 Lys187,Lys185
Asp44,Glu43,Glu45 Lys65,Lys66

B 31 Glu59,Glu60 Lys185,Lys187
Glu43 Arg209,Lys45

C 37 Glu59 Lys187
Asp45,Glu43 Lys65,Lys66,Lys58

D 14 Glu43,Asp42,Asp44,Glu45 Lys187,Arg209
Glu59,Glu60 Lys65,Lys58

E 20 Asp44,Glu45,Asp42,Glu43 Lys187,Arg209
Glu59,Glu60,Glu61 Lys58,Lys65,Lys66

F 35 Asp42,Asp44,Glu43 Lys58,Lys65
Glu59,Glu60,Glu61 Arg209,Lys187

Table 5.2: Six configurationsof the diproteincomplex that emergedfrom Monte Carlo calculations,
moleculardynamicssimulationswith allowancefor flexibility andwith inclusionof water, andenergy
minimization.

wateris explicitly treated,saltbridgesoccuronly in buriedregionsof theproteininterface.The
ionic sidechainslocatedin theexposedregionspreferto behydrated,if they areallowedto.

Despitethe scarcityof salt bridges,therearenumerouselectrostaticattractions,listed in
Table5.2. Two oppositelychargedionswereconsideredinteractingif thecarbonatomof the
carboxylateion approachedthenitrogenatomof theammoniumor guanidiniumcationat less
than8.0Å. Thisdistanceis includedby theradii of theionsandthethicknessof thewaterlayer.

Only in the configurationsD andE is thecopper-iron distanceshorterthan30 Å. As Fig-
ure5.7shows,in theotherfour configurationsthecopperatompointsaway from theheme.

The prominentresidueTyr83 lies outsideof the protein interfaceand is not involved in
dockingin theconfigurationB. Thisresidueliesat theedgeof theinterfacein theconfiguration
A andis buried in the interfacein the remainingfour configurations,C throughF. In threeof
themTyr83 appearsto form a hydrogenbondwith the following residuesof cytochrome f :
Arg209in the configurationsD andF, andLys65in the configurationE. This last interaction
will bediscussedin somedetailbelow.

Cytochromef containsthreeloopsat the surfaceregion throughwhich it binds to plas-
tocyanin: Lys185-Gly189,Pro208-Glu212,andLeu61-Lys65. Thesesectionsof the protein
chainshow large temperaturefactorsin the crystalstructure,an indicationthat they aremo-
bile. Moleculardynamicssimulationsrevealedthatassociationwith plastocyanincausesslight
reorientationof theseloops in nearly all of the six configurations. The antiparallelβ-sheet
Gly157-Asn167in theconfigurationD swingsby asmuchas8 Å. Moleculardynamicssimula-
tionsshowedno largestructuralchangesin plastocyaninin any of thesix configurations.

5.3.3 Energeticsof the Docking and Analysis of the Stability of the Six
Configurations

Differentcontributionsto the energy of the diproteincomplex aredefinedin eqs2.38, 2.40,
2.41,2.42,and2.43andshown in Table5.3. No singlecomponentof thedockinginteraction
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Figure 5.7: Theoptimizedsix configurationsof thediproteincomplex betweenplastocyanin andcy-
tochromef thatemergedfrom moleculardynamicssimulationsfor 260psandenergy minimization.In
thesimulationshydrationwastreatedexplicitly, andconformationalflexibility wasallowed.Thecopper
atomandthehemearehighlighted.

∆∆GR ∆Gc ∆GNE ∆GE
a ∆GT

b

config- reaction coulombic nonelectro- electro- total
uration field static static

A 1483 -2851 -120 -1368 -1488
B 2112 -3975 -94 -1863 -1957
C 2572 -4289 -116 -1717 -1833
D 2676 -4394 -157 -1718 -1875
E 2713 -4585 -107 -1872 -1979
F 3139 -4752 -99 -1613 -1712

a – ∆GE � ∆∆GR � ∆GC

b – ∆GT � ∆∆GR � ∆GC � ∆GNE � ∆GE � ∆GNE

Table5.3: Energies(in kJ/mol)of thecomplex betweenplastocyaninandcytochromef calculatedwith
εs=2.0andb=20.0cal/Å2.
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correlateswith thecalculatedtotal energies,∆GT . Stabilitiesof differentconfigurationscanbe
properlyanalyzedonly by recognizingtheinterplayof thedifferentenergy contributions.

If only Coulombenergieswasconsidered,configurationF would be the moststableone.
When,however, the changein the reactionfield is taken into account,this configurationbe-
comesdistinctly unfavorable. This destabilizingcontribution of thereactionfield maybedue
to the presenceof two salt bridges,discussedabove. This exampleclearlyshows the peril of
analyzingproteincomplexessolely, or mostly, in termsof Coulombinteractionseven when
theproteinsarehighly charged.Althoughthis approachto molecularmodelingremainspopu-
lar (Robertset al., 1991;Adir et al., 1996),non-Coulombcontributionsto electrostaticenergy
shouldbeconsideredaswell.

As Table5.3 shows, the non-electrostaticterm is lessthan10 % of the electrostaticterm,
but it shouldbetakeninto accounttoo. It makesasignificantcontribution to thetotalenergy of
theconfigurationD.

The configurationB hasa relatively small interface,a sign for loosepackingof the two
proteins.Consequently, its non-electrostatictermis thesmallestof all in Table5.3.SinceTyr83
is not involvedin dockingandsincethemetalatomsarefarapart,thisconfigurationprobablyis
unimportantin theelectron-transferreaction.ConfigurationsA andC, which have thelongest
copper-iron distances,arelikewiseof lessinterest.

Themoststableconfiguration,E,owesits stability largelyto theveryfavorableelectrostatic
energy. Thisfindingisconsistentwith kineticexperiments,whichshowedamarkeddependence
of therateconstantsfor thereactionin eqs5.3on ionic strength(Qin & Kostíc, 1992;Meyeret
al., 1993)

5.3.4 Interactions of Tyr83 with Cytochrome f Residues

Thehydroxyl groupof Tyr83 in plastocyaninemergesfrom severalsimulationsasacceptorin
hydrogenbonds. The donorsin thesehydrogenbonds,from cytochromef , areLys65in the
moststableconfiguration,designatedE, andArg209in the configurationsD andF. Because
thesedonorsarecations,we wereintriguedby thepossibilitythattheputativehydrogenbonds
are in fact interactionsbetweencation and the aromaticring, so-calledcation-π interaction
(Kumpf& Dougherty, 1993;Dougherty, 1996).

PyramidalcomplexesbetweenaromaticmoleculesandcationssuchasAg � have longbeen
known. Thesesurprisinglystrong,noncovalentinteractionsarebeingincreasinglyemphasized
in studiesof enzyme-substrateinteractionsandof molecularrecognitionin synthetichost-guest
systems(Dougherty, 1996;Sussman& Silman,1992). A pair of hydratedions is morestable
thana salt bridgebetweenthem,but a singlecationis morestablein a complex with anaro-
maticmoleculethanwhenit is hydrated(Kumpf & Dougherty, 1993;Waldburgeret al., 1995;
Dougherty, 1996). Unfortunately, stateof theart in molecularmechanicscalculationis inade-
quatefor acorrectdescriptionof cation-π interactions;theirenergiesaregreatlyunderestimated
(Dougherty, 1996;Caldwell& Kollman,1995;Kumpf& Dougherty, 1993).Satisfactoryforce
fieldsmustincludecontributionsfrom polarization,induceddipoles,dispersionforces,charge
transfer, andpossiblyother interactionsandprocesses(Kim et al., 1994; Lee et al., 1995b).
Suchcalculationsarestill in its infancy andareappliedso far to smallmoleculesonly (Cald-
well & Kollman,1995). Applicationsto proteins,let alonestructuraloptimizationof protein
complexes,arechallengesfor thefuture.

Theprobabilityof this stronginteractionbetweenplastocyaninandcytochromef impelled
us to a broaderanalysisof our findingsaboutof docking (here)and aboutelectrontransfer
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pc/cytf 10� 20 (relativecoupling)2 for thebestpath
config- noH2O, isotropic H2O, isotropic H2O, anisotropic
uration ε=0.6 ε=1.0 ε=0.6 ε=1.0 ε=0.6 ε=1.0

A 310 3.9� 103 310 3.9� 103 65 825
B 3.6� 10� 3 0.078 8.1 62 1.2� 10� 3 8.9� 10� 3

C 7.6 79 7.6 79 0.2 2.2
D 1.8� 1011 1.4� 1012 2.4� 1012 2.4� 1012 2.2� 109 1.7� 1010

E 7.7� 106 5.9� 107 2.8� 107 1.5� 108 4.4� 105 3.4� 106

F 44 950 44 950 1.2 26.5

Table5.4: Bestelectron-tunnelingpathsfromFe(II) to Cu(II) in sixconfigurations,shown in Figure5.7,
of theplastocyanin/cytochrome f complex calculatedfor two levelsof hydrationwith two parametriza-
tionsof thecouplingwithin thearomaticrings(ε Values)andconsideringof themetal-ligandcovalency
asisotropicor anisotropic

(below). The observed 40-fold decreaseof the bimolecularrateconstantupon the mutation
Tyr83Leu(Modi et al., 1992b)is consistentwith a decreasein thebindingaffinity. Attribution
of this decrease,wholly or in part, to a changedelectron-transferability is a matterof kinetic
analysis,which is further complicatedby the possibility of the rearrangementof the protein
complex.

5.3.5 Electron-tunneling Paths

ThemethodPathways(Onuchicetal., 1992)is applicableto electron-transfersystemsin which
the main considerationis the natureof the matterbetweenthe donor and the acceptor, not
solvationandothereffects.Weappliedit to thecomplex betweenplastocyaninandcytochrome
c, in which both redoxsitesareenclosedin theproteinmatter(Ullmann& Kostíc, 1995). As
in this previousstudy, trends,not absolutevalues,in thequantitiest2

DA for variouspathswere
considered.

Table5.4shows thattheconfigurationD, whichhastheshortestcopper- iron distance,also
hasby far thestrongestelectroniccouplingbetweenthetwo metalsites,i. e., it possessesthe
mostefficient path. Next comesthe configurationE, with a longerdistanceanda lessstrong
coupling. The other four configurationsseemto be unfavorablefor electrontransfer. Inclu-
sion of waterslightly enhancesthe couplingin threeof thesefour configurationsandgreatly
enhancesit in theconfigurationB. Thesmall interfacein configurationB (seeabove) benefits
from hydration;the best,but still inefficient, pathincludesthreewatermolecules.Generally
speaking,pathsvia multiplewatermoleculesareunlikely becausepositionsof thesemolecules
mustbesimultaneouslyfavorablefor electrontransferto occur.

Becauseof the approximationsin the Pathwaysmethod,even the relative magnitudesof
the couplingsin Table5.4 mustbe takenskeptically. More efficient pathsmay bediscovered
by morerigorouscalculations.We soughtadditionalpathsby wideningthesearchto include
relative couplingslower than thosein the bestpath for eachof the configurationsD and E.
Theresultsaregivenin Table5.5. Thebestof all paths,which occursin theconfigurationD,
is shown in Figure5.8. Betweena propionategroupof the hemeandPro86in plastocyanin
thereis avanderWaalscontact.Dependingon thetreatmentof copper(II)-ligandbonding,this
pathcantake somewhatdifferentdirectionto thecopper(II)atom,but alwayswithin theshort
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Config- Acceptor blocked (relative (γ2
AL  relative path

uration coupling)2 coupling)2

D Cu none 2.4 10
 8 4.5 10
 13 Fe-Tyr1-H2O-His87-Cu
Tyr1 1.4 10
 8 2.0 10
 12 Fe-Heme-Pro86-His87-Cu
Sol 1.4 10
 8 2.0 10
 12 Fe-Heme-Pro86-His87-Cu
Sol/Pro86 8.0 10
 10 1.7 10
 10 Fe-Heme-Ser85-Cys84-Cu

E Cu none 1.5 10
 12 2.2 10
 16 Fe-Heme-H2O-H2O-Gln88-His87-Cu
His87 1.6 10
 13 3.4 10
 14 Fe-Heme-H2O-H2O-H2O-Ser85-Cys84-Cu
Gln88 2.2 10
 12 3.2 10
 16 Fe-Heme-H2O-H2O-H2O-Gln88-His87
Heme 1.3 10
 12 2.4 10
 17 Fe-Tyr1-H2O-Gly89-Gln88-His87-Cu
H2O 6.0 10
 13 1.1 10
 17 Fe-Tyr1-Gly89-Gln88-His87-Cu
H2O, Gln88 4.4 10
 14 8.2 10
 19 Fe-Tyr1-Gly89-His87-Cu

Lys65-Tyr83 unblocked 1.8 10
 13 ! Fe-Heme-Asn70-Leu69-Ala68-Gly67-
Lys66-Lys65-Tyr83

Asn70 7.6 10
 14 ! Fe-Heme-H2O-Ala68-Gly67-Lys66-Lys65-Tyr83
Heme 2.2 10
 14 ! Fe-Tyr1-H2O-H2O-H2O-H2O-H2O-Lys65-Tyr83

E’a Cu none 1.1 10
 13 2.0 10
 18 Fe-Tyr1-H2O-H2O-Gly89-Gln88-His87-Cu
H2O 3.6 10
 17 5.2 10
 21 Fe-Heme-Arg156-Leu61-Gln88-His87-Cu
His87 1.4 10
 14 3.0 10
 15 Fe-Heme-H2O-H2O-H2O-Ser85-Cys84-Cu
His87,H2O 9.6 10
 18 2.0 10
 18 Fe-Heme-Arg156-Leu61-Gln88-Cys84-Cu

Lys65-Tyr83 none 1.6 10
 12 ! Fe-Heme-Arg156-Val60-Leu61-Lys65
Arg156 1.7 10
 13 ! Fe-Heme-Asn70-Leu69-Ala68-Gly67-

Lys66-Lys65-Tyr83

a – Partial optimization.Coordinatestakenfrom theMD trajectoryof configurationE after70ps.

Table 5.5: Extendedsearchfor electrontransferpathslessefficient thanthoseincludedin Table5.4
takesa long time andrequiresmuchmemory. To make it moreefficient, we systematically”removed”
from thebestpathscertainamino-acidresiduesor just theirsidechainsby neglectingthecouplinginter-
actionsinvolved. Theresultsaregivenin this table.

Pro86

Ser85

Cys84

His87

Figure 5.8: Themostefficient electron-tunnelingpathin thecomplex betweenthecupricsite in plas-
tocyanin(left) andtheferroporphyringroupin cytochromef (right) calculatedby thePathwaysmethod.
Thispathwasfoundin theconfigurationD of thediproteincomplex.
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proteindielectric b in ∆∆GE ∆∆GNE ∆∆GT

constant,εs eq2.40
1.0 5 323 -12 311

6.8 323 -17 306
20 323 -50 273

2.0 5 154 -12 142
6.8 154 -17 137
20 154 -50 104

4.0 5 72 -12 60
6.8 72 -17 55
20 72 -50 22

Table 5.6: Differencesin electrostatic,nonelectrostatic,and total energies (in kJ/mol) betweenthe
configurationD, having thebestheme-coppercoupling,andtheconfigurationE, Having thelowesttotal
energy.

segment84-87. If theanisotropy of thecopperbondingis ignored,thepathgoesvia covalent
bonds,throughHis87.If thestrongcouplingof Cys84to copper(II)is recognized,thepathgoes
via Ser85andCys84.Thisexampleshowstheintricaciesof analyzingelectron-tunnelingpaths
at theirbeginningsandends,nearthedonorandacceptorsites.

5.3.6 Comparisonof the Configurations D and E

TheconfigurationE emergedasthemoststableone(Table5.3), whereasthe configurationD
turnedout to be the most reactive one with respectto inter molecularelectrontransfer(Ta-
ble 5.4). Becauseof theimportanceof this differencefor theanalysisof thereactionin eq5.3,
we checked whetherthe relative stabilitieschangewhendifferentparametersareusedin the
energy calculations.

Dielectricpropertiesof proteinsdependonreorientationof permanentandinduceddipoles.
Much hasbeenwritten aboutthevaluedielectricconstantin proteins(Harvey, 1989;Warshel
& Russel,1984;Warshel& Åqvist, 1991). The value4.0 is appropriatefor proteinsif ionic
residuesaretreatedaspointcharges;thisvalueis usedmostoften(Harvey, 1989;Gilson,1995;
Honig& Nicholls,1995).Atomic chargesin theCHARMM programareadjustedfor adielectric
constantof 1.0 canbeusedin moleculardynamicssimulations.If theproteinenvironmentis
rigid, asfor instancefor thespecialpair in thephotosyntheticreactioncenter, thevalueεS=1.0
wasmostsuitableto reproducecertainexperimentalresults(Mueggeet al., 1996). Therefore,
we usedalsothis value. With theaforementionedparameterizationof charges,CHARMM im-
plicitly recognizesreorganizationof induced,but notof permanent,dipoles.Sincebothof these
effectscontributenearlyequallyto thevalueof thedielectricconstant,thevalueεS=2.0seemed
to bethemostrealistic.Theresultsin Table5.3wereobtainedwith this value.Threedifferent
valuesof theparameterb in eq2.40weretested.

Resultsof theseexploratorycalculationsareshown in Table5.6. Thevariationof the pa-
rametersε andb did notchangethemainfinding � theconfigurationhaving thebestelectronic
couplingbetweenthe copperandhemesites(D) is differentfrom the configurationwith the
greatestaffinity for proteinassociation(E).
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5.3.7 PossibleInvolvement of Tyrosine 83 and Cationic Side Chains in
Electron Transfer

It is important to keepin mind the approximationsembodiedin the Pathwaysmethod. In
thisandin othermethodsfor estimatingelectroniccouplinganeffective two-stateHamiltonian
basedon a pertubationapproachis usedto describethe interactionsbetweenthe donor and
theacceptor. This descriptionbecomesinvalid if theelectronicstatesof the”bridging” groups
(thoseinterposedbetweenthedonorandtheacceptor)stronglyinteractwith thedonorstateor
theacceptorstate.If theelectron-transferreactioninvolvesa third intermediate,thedescription
in termsof the superexchangemechanismfails also (Marcus& Sutin, 1985; Larson,1981;
Larson,1983;Skourtis& Mukamel,1995).

If, asdiscussedabove,acationicsidechainin cytochromef andthearomaticring of Tyr83
in plastocyaninform a specialbond,thentheLUMO of this so-calledcharge-π complex may
act asan electronacceptor, so that a radical intermediateis formedin the courseof electron
transferfrom the ferrohemeto the cupric site. Indeed,recentquantum-chemicalcalculations
showed that interactionof a σ � orbital of ammoniumcationanda π orbital of benzeneplays
an importantrole in stabilizingthis pair (Leeet al., 1995b;Kim et al., 1994). TheLUMO is
delocalizedover thewholecomplex andis well suitedto accepttheelectronin thehypothetical
intermediate.

Toourknowledge,aradicalof unmodifiedTyr83hasnotbeendetectedin studiesof electron-
transferreactions.Most of thesestudies,however, weredonewith reducingagentsthatarenot
expectedto form thespecialinteractionto thearomaticring of Tyr83. We postulateit for the
reactionwith thephysiologicalpartner, cytochromef . In thefew studiesof this reaction,rad-
ical intermediateswerenot considered.A short-lived intermediatemay be possible,andthis
questionis worthyof anexperimentalstudy.

If aradicalintermediateis involvedin theelectrontransfer, thentheanalysisby thePathways
methodmustbedonein two parts � from ferrohemeto Tyr83andfrom Tyr83to thecupricsite.
Becausestateof theart in molecularmechanicsis inadequatefor a descriptionof interactions
betweencationsandaromaticrings (seeabove), we did not restrictour analysisto optimized
configurations.We consideredalsothestructuresof thediproteincomplex at theearlierstages
of simulationandtheactualstructuresof plastocyaninandcytochromef . Themain resultof
thisanalysisis theinterestingpatternshown in Figure5.9andin Table5.5.

A tunnelingpathstartsattheiron atomandgoesthroughtheporphyrinring,via asaltbridge
involving thepropionategroupin thepyrrole ring D andtheguanidiniumgroupof Arg156,via
anotherhydrogenbondto the oxygenatomin Val60, via the peptidebondto Leu61,thento
theoxygenatomin Lys65,andthento theammoniumcationin thesidechainthatpresumably
interactswith the aromaticring in Tyr83. This patternis presentin the early stagesof sim-
ulation of the configurationE, but disappearsafter approximately80 ps. Since,however, the
aforementionedhydrogenbondsareevidentin thecrystalstructureof cytochromef (Martinez
et al., 1994)we believe that their disappearanceis causedby the inability of the forcefield to
recognizethespecialinteractionof Lys65andTyr83. Insteadof simulatingthis interaction,the
forcefield simulatesothersthataremoretractable,suchastheattractionof Lys65to theacidic
patchin plastocyanin;seeTable5.2.Fromthispointof view ”diversion”of Lys65createssome
stresson it andon residuesboundto it; consequentlytheaforementionedhydrogenbondsand
thepathrequiringthemaredisrupted.Thena pathalongthebackboneof cytochromef , from
Asn70to Lys65,becomesrelatively favorable,with a couplingof approximately10 % of the
previousone,seeFigure5.9.
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Lys65
Tyr83

Arg156

Val60

Leu61

Asn70

Leu69

Ala68

Gly67

Lys66

Cys84

His87

Figure 5.9: Two specialelectron-tunnelingpathsbetweenthecupricsite in plastocyanin(left) andthe
ferroporphyringroupin cytochromef (right) foundin theconfigurationE of thediproteincomplex. The
ammoniumcationof Lys65is shown abovethearomaticring of Tyr83,in aso-calledcation-π interaction.
Onepath(throughtheresidues156,60,61,and65) involvesthehydrogenbonds(dashedlines),whereas
theotherpathleadsthroughtheproteinbackbone(residues70 to 65). Tyr83,Cys84,andHis87belong
to plastocyanin,therestto cytochromef

Thisdiproteinsystem,andlikely othersin whichinteractionsbetweencationicandaromatic
sidechainsmayoccur, shouldbe thoroughlyinvestigatedin the future. Quantum-mechanical
calculationsshouldbecombinedwith classicalmechanicalsimulationsbasedonimprovedforce
fieldsto analysethesenewly-recognizedinteractions.

5.3.8 Electron-Transfer Inactivity of the Covalent Diprotein Complex

In the presenceof carbodiimides,direct amidebondsform betweenlysine sidechainsin cy-
tochromef andcarboxylategroupsin glutamateor aspartatesidechainsin plastocyanin(Davis
& Hough,1983). Structuresandredoxpropertiesof the active sitesof theseproteinsarenot
significantlyperturbed(Morandet al., 1989),but the intracomplex electron-transferreaction
(eq5.3), which is fastin the noncovalentcomplex, is undetectablyslow in the covalentcom-
plex (Qin & Kostíc, 1993). This finding leadto the suggestion,that a rearrangementof the
initially formed, electrostaticcomplex is necessaryfor the electrontransferand that cross-
links prevent this rearrangement(Qin & Kostíc, 1993). Indeed,rearrangementprocessesare
importantin electron-transferreactionsof variousproteincomplexes(Zhou& Kostíc, 1993b-
Ivković-Jensen& Kostíc, 1997). In a recenttheoreticalstudy (Ullmann et al., 1997b),we
proposeda structuralmodelof the rearrangementin the plastocyanin-cytochromef complex.
Thedirectcross-links(without any tethers)make thecovalentcomplex rigid andprecludethe
rearrangement,shown in Figure5.10,from themoststableconfiguration(E) into themostre-
active one(D). This rearrangementis possiblein thecaseof thenoncovalentcomplex, which
is flexible. Besidethis possibleexplanation,we gave alsoan alternative interpretationof the
redox-inactivity of thecross-linkedcomplex (Ullmannet al., 1997b).We proposeda cation-π
interactionbetweenthesidechainsof Lys65in cytochromef andTyr83 in plastocyanin. Such
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DE
Figure 5.10: Rearrangementof the diprotein complex betweencupriplastocyanin and ferrocy-
tochrome f that may be involved in the intracomplex electron-transferreaction. The configurationE
hasthe lowestbinding affinity, whereasthe configurationD providesthe bestelectroniccouplingbe-
tweentheredoxsites,whicharehighlighted.

interactionshave recentlybeendocumentedin synthetichost-guestadductsandbiochemical
complexes(Dougherty, 1996,Ma & Dougherty, 1997),but we arenot awareof any investiga-
tionsof theelectrochemicalpropertiesof suchcomplexes. However, thesystemcomposedof
thecationover thearomaticring mayserve asanintermediateelectronacceptorin theprotein
complex, sincethecationcanstabilizeananionicradicalatthearomaticring. If so,theelectron-
transferreactioncouldoccurin two steps.An electronis first transferredfrom the ferroheme
in cytochromef to thearomaticring of thecation-π systemat theprotein-proteininterface,and
thenfrom thetransientanion-radicalto thecoppersite in cupriplastocyanin. Thetwo-stepre-
actioncanbefasterthanthecorrespondingone-stepreaction,if eachstepis considerablyfaster
thantheassumedone-stepreaction.Theelectroniccouplingbetweenthehemeandthecopper
site in theplastocyanin-cytochromef complex maybetoo weakto allow thefastreactionthat
is observedexperimentally.

The redox-inactivity of the cross-linked complex can be explainedin termsof the two-
stepmechanism.Cross-linkingof Lys65to anacidic residuedisruptsthecation-π interaction
betweenLys65andTyr83. Indeed,theresiduesGlu59andGlu60of plastocyanin,which have
beenimplicatedin covalentcross-linkingbetweenthe two proteins(Morandet al., 1989),lie
nearLys65in thecalculatedconfigurationof theplastocyanin-cytochromef complex (Ullmann
etal., 1997b).Underthishypothesis,thediversionof Lys65awayfrom Tyr83woulddisturbthe
electron-transferpathandneutralizethecationrequiredfor thestabilizationof theanionradical
of Tyr83.

Thehypothesisof acation-π interactionandof its specialrole in theelectron-transfermech-
anismcanbetestedby analyzingits consistency with theavailableaminoacidsequences.The
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residueTyr83 is conserved in nearlyall plastocyanins;it is only replacedby a phenylalanine
in two algalplastocyanins.But Lys65is missingin all cyanobacterialcytochromef sequences
andin two eukaryoticalgalcytochromesf. Thesetwo eukaryoticalgaebelongto thetaxonomic
groupsRhodophyta(redalgae)andGlaucophyta, whichhaveratherprimitivechloroplastswith
many similaritiesto cyanobacteria(Köhleretal., 1997).Thelackof Lys65doesnotnecessarily
invalidatetheproposal,thata cation-π systemservesasa ”half-way” electronacceptorin the
interproteinreaction.The role of Lys65may be fulfilled by Lys66,which is conserved in all
known cytochromef sequences.

Lysinesidechainsarenot theonly cationspotentiallycapableof interactingwith thearo-
matic π-systemsof Tyr83 in plastocyanin. Alternatively, both the cation and the aromatic
residuemaybelongto thesameprotein.Theresidueat position88,which is locatedabove the
aromaticring in plastocyanin, is anarginine in all known cyanobacterialplastocyanins.Their
interactioncouldconceivably form a cation-π systemwithin plastocyanin. This hypothesisis
supportedby a recentNMR spectroscopicmodelof a cyanobacterialplastocyanin (Badsberg
et al., 1996). WhenLys65 is presentin cytochromef, it may interactwith Tyr83 in plasto-
cyanin,anda cation-π systemexistsat theprotein-proteininterface. WhenLys65is laking in
cytochromef, Arg88 andTyr83 in plastocyanin may form a cation-π systemwithin this pro-
tein. In eithercasethe interproteinelectron-transferreactioncanoccurin two steps,because
Tyr83 is always involved in a cation-π system. The electrontransferin the cyanobacterial
plastocyanin-cytochromef complex may go via the serineor the glutamine,which replaces
Lys65in cyanobacterialcytochromef. This serineor glutamineresidueis a capablehydrogen-
bondpartnerof Arg88in cyanobacterialplastocyanin.We have foundnoamino-acidsequence
thatdisagreeswith thisexpandedversionof thehypothesis.

A cyanobacterialcytochromef seemsto reactdifferentlywith plastocyaninsfrom thesame
cyanobacteriumandfrom spinach,a higherplant. A recentkinetic study(Wagneret al., 1996)
showed,that theformerreactionis fastwhile the latter is very slow at mediumionic strength.
Moreover, the former reactionbecomesslower andthe latter fasterasionic strengthis raised.
Theseobservationswerequalitatively interpretedin termsof electrostaticscreening,sinceplas-
tocyanin from spinachandfrom this cyanobacteriumbeara differenttotal charge (Wagneret
al., 1996).

Thesefindings,however, maybealsoconsistentwith theassumptiondiscussedabove,thata
two-stepmechanismfor theelectrontransferinvolving acation-π systemis morefavorablethan
a one-stepmechanism.Thecation-π complex is presentwithin cyanobacterialplastocyanin,as
discussedabove. In this case,the electron-transferreactionmay be relatively fastbecauseof
it. A cation-π interactionis unlikely within spinachplastocyanin, becausethis protein lacks
a cationicsidechain in the correctpositionwith respectto Tyr83 andalsounlikely between
this plastocyanin andcyanobacterialcytochromef, becausethe latter lacksLys65. Thus,the
electron-transferreactionin thisproteincomplex mayberelatively slow, becauseit cannotuse
thecation-π systemasanintermediatestate.

5.4 Comparison of the Isofunctional Electron-Carrier Pro-
teinsPlastocyaninand Cytochromec6

In cyanobacteriaandsomeeukaryoticalgae,thehemeproteincytochromec6 canreplaceplasto-
cyaninunderconditionsof copperdeficiency (Redinboetal., 1994).While theelectron-transfer
reactionsof plastocyaninwith variouspartnershavebeenstudiedextensively in recentyears(for
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Plastocyanin Cytochrome c6

Figure 5.11: Structuresof plastocyaninandcytochromec6. Althoughthestructureof bothproteinsis
completelydifferent,bothhave thesamefunctionin thephotosyntheticelectron-transferchain.

review seeRedinboetal., 1994;Sykes,1991a;Sykes,1991b),only a few studiesexaminedthe
electron-transferreactionsof cytochromec6 (Herváset al., 1995;Herváset al., 1996;Navarro
etal., 1997andreferencescitedtherein).

Thestructureof plastocyaninsfrom variousspecieshasbeenanalyzedby X-ray crystallog-
raphyandNMR spectroscopy (seeRedinboet al., 1994for review). Recently, the structure
of cytochromec6 from threespecieshasbeendetermined(Fraz̃ao et al., 1995;Kerfeldet al.,
1995;Banciet al., 1996;Beissingeret al., 1998). In thecaseof Chlamydomonasreinhardtii,
thestructureof plastocyanin(Redinboetal., 1993)andof cytochromec6 (Kerfeldetal., 1995)
areknown. Thetwo proteinsshow completelydifferentsecondaryandtertiarystructures.Plas-
tocyaninhasa beta-barrelfold, while cytochromec6 hasa mainly α-helicalfold (Figure5.11).
Since,however, cytochromec6 canreplaceplastocyaninin thecell, thetwoproteinsshouldhave
similarsurfacepatternsfor therecognitionof cytochromef andphotosystemI. Indeed,bothpro-
teinshaveahydrophobicandanacidicpatchontheirsurface(Fraz̃aoetal., 1995;Kerfeldetal.,
1995).Theacidicpatchin plastocyaninconsistsof two distinctclustersformedby residues42-
44andresidues59-61respectively. In someplastocyanins,includingthatfrom Chlamydomonas
reinhardtii, two additionalacidicresidues(residue53and85)arelocatedwithin theacidicpatch
(Redinboet al., 1994). In the caseof plastocyanin, the hydrophobicandthe acidicpatchare
involved in physiologicalreactions(Redinboet al., 1994; Sykes,1991a;Sykes,1991b). An
electronis transferredfrom thecoppersiteof plastocyaninto P700� of photosystemI via the
hydrophobicpatch(Haehnelet al., 1994). The electron-transferpath from the hemesite of
cytochromef to thecoppersiteof plastocyaninseemsto involve thehighly-conservedresidue
Tyr83(Heetal., 1991;Modi etal., 1992b),whichis locatedin theacidicpatchof plastocyanin.
Although,Tyr83 andHis87 have differentdistancesto the copperatom,their electroniccou-
plings to the coppersite areapproximatelyequal(Lowery et al., 1993;Kyritsis et al., 1991;
Ullmann& Kostíc, 1995;Qin & Kostíc, 1996). Alternatively, theacidicpatchof plastocyanin
mayonly beinvolvedin thedockingto thebasicpatchof cytochromef, andtheelectrontrans-
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fer could conceivably occur in a rearrangedconfigurationvia the hydrophobicpatch(Fraz̃ao
et al., 1995;Qin & Kostíc, 1993;Pearsonet al., 1996;Ullmannet al., 1997b).We suggested
recentlythatTyr83 interactswith a cationicsidechainin cytochromef in a specialway to form
a cation-π system,which might be involved in the electron-transferreaction(Ullmann et al.,
1997b).In thecaseof cytochromec6, only thehydrophobicpatchwassuggestedto beinvolved
in electron-transferreactions(Fraz̃aoet al., 1995;Kerfeldet al., 1995).A secondpatchon the
surfaceof cytochromec6, throughwhich cytochromec6 canexchangeelectrons,hasnot been
identifiedsofar.

5.4.1 Superpositionof Centersof Mass,DipoleVectorsand theHydropho-
bic Patchesof Plastocyaninand Cytochromec6 fr om Chlamydomo-
nas reinhardtii

If electrostaticinteractionsdominatethe docking of two proteins,their associationdepends
on ionic strength.Theresultingdependenceof bimolecularprotein-proteinreactionson ionic
strengthcanbewell describedby thevanLeeuwentheory(Qin & Kostíc, 1996;vanLeeuwen,
1983;Zhou& Kostíc, 1992b;Zhou& Kostíc, 1993a),in whichtheelectrostaticpotentialof the
proteinsis approximatedby its monopoleanddipole. We usedthesameapproximationfor the
electrostaticpotentialsof thetwo proteinsto superimposeplastocyaninandcytochromec6. Ad-
ditionally, webroughtthehydrophobicpatchesof plastocyaninandcytochromec6 in proximity
to eachotherby rotatingoneof themaroundtheiraligneddipoleaxes.A similarapproachwas
appliedby Fraz̃ao et al., 1995. The total charge of cupriplastocyaninandferricytochromec6
from Chlamydomonasreinhardtii atpH 7 is " 6; theirdipolemomentshaveamagnitudeof 340
D and175D, respectively. TheHodgkinindex of this alignmentis alsolistedin Table2.1,for
comparison.

Thedipolevectorof eachproteinwascalculatedwith respectto its centerof mass(Koppenol
& Margoliash,1982). All atomicpartial chargesof theproteinswereconsidered.The origin
of thecoordinatesystemwasplacedon thecentersof massfor bothproteins,andthedipoles
werealignedby rotatingonemoleculearoundthenormalto theplanedefinedby thetwo dipole
vectors.Next, onemoleculewasrotatedaroundthealigneddipoleaxisto bringthehydrophobic
patchesof bothmoleculescloseto eachother. Keepingthedipolevectorsaligned,I minimized
thedistancebetweentheNε1 atomof His87 in plastocyaninandthe innercarbonatomof the
vinyl groupat the hemering C (atomCAC in thePDB convention)of cytochromec6. These
atomslie at thecenterof therespectivehydrophobicpatches.

Besidesthetotalchargeandthemagnitudeof thedipolevector, theanglebetweenthedipole
vectorandthevectorfrom thecenterof massof theproteinto thereactionsiteon theprotein
surfaceis animportantparameterin thevanLeeuwentheory(vanLeeuwen,1983).Theangle
betweenthedipolemomentandthevectorfrom thecenterof massto theCγ atomof Tyr83 in
plastocyanin is small, in Chlamydomonasreinhardtii it is 19o. Thereforewe searchedfor an
aromaticresiduein cytochromec6 lying atasmallanglewith respectto thedipolemoment.We
foundTyr51,which liesatanangleof 23o with respectto thedipolemoment.

As Figure 5.12 shows, both Tyr51 in cytochromec6 and Tyr83 in plastocyanin are sur-
roundedby negatively chargedresidues.Theresiduesin thesetwo proteinswhich mayhave a
similarfunctionin therecognitionof thereactionpartnersarelistedin Table5.4.1.Two residues
areconsideredto beisofunctional,if thedistanceof their acidicgroupsin thesuperpositionis
lessthan6.5 Å. Aligned peptide-bonddipolesin α-helicescreatea macrodipole(Hol et al.,



79

+

+ Asp53

Glu54

Glu69

Asp61
Asp59

Asp44

Asp42

Tyr83

Glu85

Glu77

Glu70

Glu71

Glu43

hydrophobic patch

Tyr51

(33-39)

hydrophobic patch

Asp41

Helix

Glu47

hydrophobic patch

Tyr51

hydrophobic patch

Tyr83

-

-

6Cytochrome c

Plastocyanin

Figure 5.12: Superpositionof plastocyanin andcytochromec6 from Chlamydomonasreinhardtii by
alignmentof theirdipolemoments(solidline in therightpanel)andoverlapof theirhydrophobicpatches.
Themagnitudeof thedipolemomentis not proportionalto thelengthof thesolid line. In theleft panel,
the ligandsto the copperatomsand Tyr83 in plastocyanin and also the heme,Cys17,and Tyr51 in
cytochromec6 areshown in ballsandsticks.In theright panel,theproteinmoleculesarerotatedby 90o

aroundthe vertical axis in the figure plane;the acidic patchpointsto the viewer. The residuesin the
acidicpatches(darkgrey), someof theresiduesin thehydrophobicpatches(ball andstick), andTyr83
in plastocyaninandTrp83in cytochromec6 (light grey) arehighlighted.

plastocyanin cytochromec6

alignmentof matchingof the
thedipoles electrostaticfields

Asp42,Glu43,Asp44a Glu69,Glu70,Glu71 Glu70,Glu71
Asp53 Glu47 Glu69
Asp59,Asp61b Asp41,α-helix(33-39) Glu54,α-helix(46-55)
Glu85 Glu54,α-helix(46-55) Asp65
a — Threeresiduesin thelowercluster

b — Two residuesin theuppercluster

Table 5.7: Correspondingacidic residuesand α-Helices in plastocyanin and cytochromec6 from
Chlamydomonasreinhardtii identified in two superpositions– by overlaying centersof mass,dipole
vectors,andhydrophobicpatchesandby optimizingthematchof electrostaticpotentials
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protein residue distancea squaredrelativeelectroniccoupling
(electronpair) to the betweentheresidueandthemetalsiteb

metalsite # ∏εi $ 2 # ∏εi $ 2 # γ2
DL ∏εi $ 2

(in Å) εarom % 0 & 6 εarom % 1 & 0 εarom % 1 & 0
plastocyaninc His87(Cε2-Hε2) 5 1.7' 10( 2 4.7' 10( 2 6 & 7 ' 10( 6

Tyr83 (Cζ-Oη) 12 4.7' 10( 6 3.7' 10( 5 7 & 7 ' 10( 6

cytochromec6
c Cys17(Sγ lonepair) 6 3.6' 10( 3 7.8' 10( 2 7.8' 10( 2

Trp63(Cη2-Cζ3) 9 9.9' 10( 6 5.8' 10( 2 5.8' 10( 2

Tyr51 (Cζ-Oη) 15 1.2' 10( 10 2.6' 10( 8 2.6' 10( 8

a – Thedistanceis measuredfrom themetalatomto thecenterof theelectronpair

specifiedin thesecondcolumn

b – Valuesfor differentproteinsshouldnotbecompared,becausetheproportionalityfactors

in eq3.5and3.6maydiffer

c – from Chlamydomonasreinhardtii

Table 5.8: Significant amino-acidresidueson the protein surface and their propertiesrelevant to
electron-transferreactions;

1978),that canhave a stronginfluenceon the electrostaticsof proteins. The dipole moment
arisingfrom the α-helix betweenresidues33 and39 in cytochromec6 enhancesthe negative
electrostaticpotentialat thepositionof residue41.

The electroniccoupling of Tyr51 to the hemeis maintainedby the sequentialneighbor
Gln52,which is in vander Waalscontactwith the hemering. As Table5.8 shows, however,
Tyr51 is coupledweaklyto theheme.TheresidueGln52is presentin all known cytochromec6
sequences,but Tyr51is missingin 10sequencesoutof 23,andreplacedby non-aromaticamino
acids.Onlyoneof theorganismslackingTyr51in cytochromec6 is aneukaryote.Thissequence
hasbeendeterminedby Edmandegradation(Okamotoet al., 1987),which is sometimesunre-
liable. A redeterminationof this sequenceby a differentmethodwould be of interest. All
the other cytochromec6 sequenceslacking Tyr51 areprokaryoticproteins. Thesefactscan
be explainedin two ways. Either Tyr51 is not involved in the electron-transferreaction,or
eukaryoticcytochromesc6 do useTyr51 in theelectron-transferreactionwhereasprokaryotic
cytochromesc6 donot. Thesecondinterpretation,requiringdifferentmechanismsfor different
species,seemsunlikely.

5.4.2 Superposition of Plastocyaninand Cytochrome c6 fr om Chlamy-
domonas reinhardtii on the Basisof their ElectrostaticPotentials.

Wealignedplastocyaninandcytochromec6 usingadetailedrepresentationof theirelectrostatic
potentialsandoptimizedthe Hodgkin index (seeSection2.5) for the alignment(Ullmann et
al., 1997a).Eachof onehundredoptimizationsstartedfrom differentinitial orientation.This
searchyieldedtendifferentlocal maxima,which representrelative orientationsof theproteins
in whichtheirelectrostaticpotentialsarematchedbest.Thetwo bestsuperpositions,thosewith
thehighestHodgkinindex, differ only very little from eachother;forty-oneoutof onehundred
maximizationsendedin oneof thesetwo maxima.Thehydrophobicpatches,for whicha func-
tional rolehasbeensuggested(Fraz̃aoetal., 1995;Kerfeldetal., 1995),aresuperimposedonly
in thesetwo alignments.Only a few optimizationsconvergedto eachof the remainingeight
structuralalignments,which correspondto lower valuesof the Hodgkin indices. In someof
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Figure 5.13: Propertiesof plastocyanin andcytochromec6 from Chlamydomonasreinhardtii thatare
relevantto theinterproteinelectron-transferreaction.Thesuperpositionof thetwo proteinscorrespond-
ing to the bestmatchof their electrostaticpotentials,i.e., the highestHodgkin index, is shown in the
middleof thefigure. Theseparateproteinsarekept in thepositionssodefined.Top part: electrostatic
potentialscalculatedwith theuniformdielectricconstantof 4. Thecolor is calibratedin theunitsof kBT,
T=298K. Middle part: Cα-tracesandsecondaryandtertiarystructures.The copperatom,His87,and
Tyr 83 in plastocyanin andalsothe heme,Trp63,Tyr51 andCys17in cytochromec6 arehighlighted.
Bottom part: Electroniccouplingbetweensurfaceamino-acidresidueson the onehandand the iron
hemesiteor thecoppersiteon theother, calculatedasin eq3.6,takinginto accountdifferencesin cova-
lency of thevariousmetalligandbonds.Thedecadiclogarithmof thesquareof therelative couplings,

log10

W=X
γ2
DL ∏εi Y 2 Z

, is mappedontothemolecularsurfaceof theproteins.Strongestcouplingis shown

in redandtheweakestin darkblue.
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Figure 5.14: Similarity betweentheacidicpatcheson thesurfaceof plastocyanin andcytochromec6

from Chlamydomonasreinhardtii. The two moleculesin the samecolumnadoptthe positionscorre-
spondingto the bestmatchof their electrostaticpotentials,i.e., the highestHodgkin index. On the
left sideof thefigure, theacidic patchespoint to the right. On the right sideof the figure, the protein
moleculesarerotatedby 90o aroundtheverticalaxisin thefigureplane,sothattheacidicpatchespoint
to theviewer. Theligandsat themetalsitesareshown asballsandsticks,acidicresiduesaredarkgrey,
andthe aromaticresiduesTyr83 andTrp63 in plastocyanin andcytochromec6, respectively, are light
grey.

theseoverlays,only theacidicpatchesoverlap,while theremaindersof theproteinsdo not. In
otheroverlays,thehydrophobicpatchesareon oppositesides;thesecasesareuninterpretable.
In thebestsuperposition,in whichtheelectrostaticpotentialsaremaximallymatched,function-
ally equivalentresiduesareexpectedto besuperimposed.For thatreasons,wediscussonly the
orientationthathasthehighestHodgkinindex (0.85;seeTable2.1). It isdepictedin Figure5.13.

Thesimilarity of the values0.85and0.92in Table2.1 indicatesa high degreeof similar-
ity betweentheelectrostaticpotentialsof plastocyaninandcytochromec6. Thecopperligand
His87in plastocyaninlies only 3.5 Å away from Cys17in cytochromec6, which is covalently
attachedheme. Both residuessit in the centerof the hydrophobicpatchesin their respective
proteins.Sincethis patchin plastocyaninis implicatedin theelectrontransferto photosystem
I (Haehnelet al., 1994),a similar role canbeassignedto Cys17in cytochromec6. A similar
assignmenthasalreadybeensuggested(Fraz̃aoet al., 1995;Kerfeldet al., 1995).Theresidue
Tyr83 in plastocyaninis implicatedin theelectrontransferfrom cytochromef to plastocyanin
(He et al., 1991;Modi et al., 1992b).Thearomaticresiduein cytochromec6, thatsitsclosest
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to Tyr83 in the optimalsuperpositionis Trp63. Thedistancebetweenthe centersof aromatic
ringsof thesetwo aminoacidsis only 3.5Å. A rotationof oneof theproteinsby a few degrees
fully superimposesCys17of cytochromec6 with theHis87of plastocyaninandalsoTrp63of
cytochromec6 with Tyr83of plastocyanin.This lattersuperpositionof Trp63in cytochromec6

with Tyr83 in plastocyanin impliessimilar rolesof the two aromaticresiduesin the electron-
transferreactionsof therespectiveproteinwith cytochromef. Thetworesiduesmaybeinvolved
in theassociationwith cytochromef or in thesubsequentelectron-transferstep. An aromatic
residueat position63 canbe found in all 23 known sequencesof cytochromec6. It is tryp-
tophanein 5 andphenylalaninein 18 sequences(seeAppendixC). The replacementof one
functionallyimportantaromaticaminoacidby anotheraromaticaminoacidhasbeenobserved
in several proteins. For example,Tyr83 is replacedby a phenylalaninein two algal plasto-
cyanins(seeAppendixC). Thesuperpositionsobtainedfrom thedipolealignmentsuggesteda
function for Tyr51 in cytochromec6 analogousto thatof Tyr83 in plastocyanin. In thesuper-
positionwith thehighestHodgkinindex, thearomaticring of Tyr51 in cytochromec6 is 9.5 Å
apartfrom thecenterof thearomaticring of Tyr83 of plastocyanin. This long distance,a sign
for non-superimposabilityof Tyr83andTyr51canbetakenasevidenceagainsttheinvolvement
of Tyr51 in theelectron-transferreactionbetweencytochromec6 andcytochromef.

Becausethe aromaticring of Trp63 is in van der Waalscontactwith the heme,favorable
couplingbetweenthemis likely. Thisandothercouplingsthatmaybeinvolvedin theinterpro-
tein electron-transferreactionsaregiven in Table5.8. In plastocyanin, the relative couplings
of His87 andof Tyr83 scaledby the expansioncoefficientsarecomparable.The scaledrel-
ative couplingsof Cys17andof Trp63 of cytochromec6 arealsosimilar (the last columnin
Table5.8).

In Figure 5.14, we comparethe positionsof acidic residuesin plastocyanin and in cy-
tochromec6. Two residuesare consideredanalogousto eachother, if the distanceof their
acidicgroupsis lessthan6.5 Å. Theseresiduesarelisted in Table5.4.1. Sincean α-helix in
cytochromec6 betweentheresidues46 and55 endsnearGlu54,thenegativeendof thedipole
momentarisingfrom theα-helix alsocontributesto theelectrostaticpotentialatGlu54.

ThepH valuewithin theluminalspaceof thethylakoidsis about5. Therefore,wecalculated
by anestablishedmethod(Bashford& Karplus,1990)theprotonationpatternsfor plastocyanin
andcytochromec6 at this pH value. Thesuperpositionsfoundwith theseprotonationpatterns
do not differ significantlyfrom thoseobtainedwith theprotonationpatternsat pH 7, assuming
standardpKa values(Ullmann & Hauswald, unpublishedresults). Becausethereis no clear
experimentalevidence,which residueshave non-standardprotonationin plastocyanin or cy-
tochromec6 atpH 5,wedescribetheresultsfoundwith protonationsatpH 7 assumingstandard
pKa. All conclusionsremainthe same,whenwe study the proteinsat the physiologicalpH
value.

5.4.3 PossibleCation-π Interaction within Cytochromec6

All but two known amino-acidsequencesof cytochromec6 containa cationicresidue(lysine
or arginine) in position66. The crystalstructure(Fraz̃ao et al., 1995)andthe NMR spectro-
scopicmodel(Banciet al., 1996)of Monoraphidiumbraunii cytochromec6 consistentlyshow
the spatialproximity of Arg66 andTrp63– possiblya consequenceof a cation-π interaction.
Although the crystal structureof Chlamydomonasreinhardtii cytochromec6 (Kerfeld et al.,
1995)doesnot show this closeproximity, a small reorientationof the sidechainof Arg66 is
sufficient to bring theguanidiniumcationover the indolering of Trp63,to a positionrequired
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for acation-π interaction.Becausethree-dimensionalstructuresof proteinsdeterminedby both
X-ray crystallographyandNMR spectroscopy arerefinedby classicalforcefields,which can
normallynotaccountfor cation-π interactions(Caldwell& Kollman,1995),minoradjustments
in thepositionsof sidechainsmaybe justifiable. Unlike Arg88 in plastocyanin,Arg66 in cy-
tochromec6 is presentevenin thespecieswhosecytochromef containLys65.In thesespecies,
Lys65in cytochromef is probablynot requiredfor anefficient electrontransferfrom thatpro-
teinto cytochromec6. AnotherpossibilitywouldbethatLys65in cytochromef replacesArg66
in cytochromec6 in thecation-π systemaftertheformationof theproteincomplex. In thetwo
species,in which thecationatposition66 is missing,thecation-π systemcanpresumablyform
betweenLys65in cytochromef andTrp63in cytochromec6.

We recognizea possibilityof a cation-π interactionbetweenArg66 andTrp63 within cy-
tochromec6. Theelectron-transferreactionbetweencytochromef andcytochromec6, aswell
asthatbetweencytochromef andplastocyanin,discussedabove,mayconceivablyoccurin two
stepswith ananion-radicalasa transientintermediate.

5.5 Discussionof a NMR Study on the Interaction of Plasto-
cyanin and Cytochromef

After we finishedandpublishedour studyon theassociationof Frenchbeanplastocyaninand
turnip cytochrome f (Ullmann et al., 1997b),Ubbink et al., 1998 publisheda paperabout
NMR investigationson thecomplex of spinachplastocyaninandturnip cytochromef . Using
informationsfrom diamagneticandparamagneticNMR, andadditionalelectrostaticrestraints,
a structuralmodel for the complex wasproposed.Ubbink et al., 1998usedour structureof
the plastocyanin-cytochrome f complex for backcalculatingthe pseudocontactshift and for
determiningrestraintsviolations. Accordingto their calculations,our structurehasanenergy
thatis below thethresholdof therigid bodymoleculardynamicssimulationdoneby Ubbinket
al., 1998andwould thereforehave beenconsideredaslow energy structureby theseauthors.
Severalviolationsof NMR constraintsmayarisefrom notfully convergedsimulationsandfrom
slightly wrongorientations.BesidesweusedFrenchbeanplastocyaninin oursimulation,while
spinachplastocyaninwasusedin theexperiment,whichmightbeafurtherreasonfor theminor
deviations. Basedon the NMR experimentby Ubbink et al., 1998,the rearrangementmodel
which wasfirst proposedby Qin & Kostíc, 1993andfor which we offereda structuralmodel
(Ullmann et al., 1997b),seemsto be the correctinterpretationof the experimentalfindings
discussedin theprevioussections.

If the modelproposedby Ubbink et al., 1998is correct,the electrontransfervia the hy-
drophobicpathof plastocyaninis morelikely thananelectrontransfervia theacidicpatch.An
electrontransfervia the hydrophobicpathraises,however, the questionaboutthe functional
significanceof highly-conservedTyr83 of plastocyanin. A function in stabilizingthe protein
structurecanbe ruled out sincethe mutantsof plastocyanin exist in which Tyr83 is replaced
by leucineandothernon-aromaticaminoacids.Also a functionin theelectrontransferto pho-
tosystemI is unlikely asrecentexperimentsshowed(Haehnelet al., 1994). We proposedthe
involvementof Tyr83 in associationor in associationandin electrontransfer. Namely, wesug-
gestedthat Tyr83 forms a cation-π complex with Lys65of cytochromef . The ideathat this
cation-π complex is involved in electrontransferis not supportedby theNMR experimentof
Ubbink et al., 1998. However, the involvementof the cation-π complex in associationis still
possibleandI will discussthis possibilitybelow. Furthermore,thepresenceof intramolecular
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Figure 5.15: Structureof the complex formed by plastocyanin and cytochrome f modeledon the
basisof NMR measurements.Thestructuredeterminedby NMR investigationprincipallyresemblesour
modeledcomplex structureD (seeSection5.3).

cation-π complexesin plastocyaninsof organismsthat lack Lys65in cytochromef (Ullmann
et al., 1997a)is a hint that a cation-π complex may have a specialfunction in plastocyanin-
cytochromef complexesthatgoesbeyondmediatingproteinassociation.

Cytochromef shows a ridge of cationicresiduesat the dockinginterfaceto plastocyanin
formedby Lys65,Lys181,Arg184,Lys185,andLys187. Thecomplex structureproposedby
Ubbinketal., 1998includesTyr160in theinterface,i. e.,plastocyaninbindscloseto theridge;
Tyr83 andLys65arefar apartfrom eachother. In our complex D, plastocyaninbindsmoreor
lessdirectlyat theridgeof cytochromef ; Tyr83andLys65arecloserto eachotherbut arestill
not in directcontact.A bindingof plastocyaninat thesiteof theridgeoppositeto thatproposed
by Ubbinketal., 1998would enabletheinteractionof Tyr83andLys65.In thisbindingmode,
thehydrophobicpatchof plastocyaninbindscloseto thehemesiteof cytochromef . Thisclose
proximity may alsoexplain the pseudocontactshift observed by NMR. Sincethe constraints
usedin the rigid body refinementbesidethe pseudocontactconstraintsseemto be ratherun-
specific,this slightly differentorientationmayagreewith experimentsaswell. Thebindingof
plastocyanin to cytochromef may thenproceedin two steps.First, the bindingoccursin an
orientationsimilar to theorientationin complex D. Thecation-π complex mayform duringthis
initial binding.Crosslinkingby carbodiimidesmayalsotake placeat thisstep.Second,plasto-
cyanindiffuseson thesurfaceof cytochromef to its final, electron-transferactive orientation.
Thecation-π complex betweenTyr83 andLys65would remainintactduring thereorientation
andprobablytightenthecomplex. In thefinal orientation,thecation-π complex maylie close
to thechainof buriedwatermoleculesfoundby X-ray crystallography(Martinezet al., 1996).
This internalwaterchain is discussedto be involved in protontransferreaction. Binding of
a cationto a phenolring mayraisethe redoxpotentialof the phenolring asdiscussedabove.
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But it may alsolower the protonaffinity of the hydroxyl groupof the phenolring. A lower
pKa of thehydroxylgroupof thephenolring of tyrosinemakesTyr83 to a possibleparticipant
in a protontransferchain. Theproximity to the internalwaterchainof cytochromef further
supportsthis suggestion.Therefore,the function of the proposedcation-π complex may be
theinvolvementin a protontransfer. A somewhatdifferentorientationin complex D mayalso
changethe energy of complex D andthe energy rankingof the complexesmay changein fa-
vor of complex D. Thereasonwhy we werenot ableto find this differentbindingmodein the
MonteCarloandmoleculardynamicssimulationmaybetheuseof classicalforcefields,which
do not properlyaccountfor cation-π interactions.Also theinternalcation-π complex between
Trp63andArg66in cytochromec6 maybeableto participatein a protontransferreaction.In
somecases,phenylalaninereplacesTrp63. Sincephenylalaninehasno hydroxylgroup,it may
not participatein a protontransferreaction.Cation-π complexesthatinvolve arginineresidues
canshow aπ-π interactionin additionto thecation-π interaction(Ma & Dougherty, 1997).The
π-π interactionbetweenarginineandphenylalaninemay changethepKa of arginine, thusthe
arginine could participatein the protontransferchain. The involvementof Tyr83 in binding
andin protontransferwould assigna functionto this residue.Furthermore,would alsoexplain
why anintramolecularcation-π complex is form in plastocyaninof organismsthat lack Lys65
in cytochromef .

Theinterpretationsproposedherebaseoninvestigationsonproteinstructuresandsequences.
Nevertheless,they areto someextentspeculativeandneedexperimentalproof andfurtherthe-
oreticalinvestigations.Theinfluenceof cation-π bindingonpKa valuesmaybeinvestigatedon
modelcompounds.Thesestudiescanbedoneexperimentallyaswell astheoretically. Theoret-
ical investigationsof the involvementof cation-π binding in proteinassociationis a challenge
for the future sincethe inclusionof cation-π binding contributionsin moleculardynamicsor
MonteCarlocalculationsis only in its infancy (Caldwell& Kollman,1995).

5.6 Comparison of the Isofunctional Electron-Carrier Pro-
teinsFerredoxinand Flavodoxin

The Fe2S2 protein ferredoxin(Fd) serves as a solubleelectroncarrier in the light phaseof
photosynthesis.It transportselectronsbetweenphotosystemI (PSI) and ferredoxin-NADP[
reductase(FNR) in thestromaof chloroplastsandin cyanobacteria(Knaff & Hirasawa,1991).
FNRusestheelectronsreceivedfrom two Fd’s to reduceNADP[ , which is requiredto synthe-
sizecarbohydratesin thedarkphaseof photosynthesis.Ferredoxinis alsoinvolvedin thecyclic
electrontransport,which leadsto anincreaseof thepH gradientbetweenstromaandthylakoid
spaceandthusto an increasedproductionof ATP (Bendall& Manasse,1995). Besides,Fd
deliverselectronsto otherproteinssuchasfor instancenitrite reductase,sulfatereductase,glu-
tamatesynthase,andferredoxin-thioredoxinreductase(Knaff & Hirasawa,1991).ThereforeFd
playsa centralrole for many redoxreactionsin chloroplastandcyanobacteriaaswell asin the
regulationof photosynthesis.Underconditionsof iron deficiency, theflavin-containingprotein
flavodoxin (Fld) canreplaceFd in somereactionsin mostcyanobacteriaandsomeeukaryotic
algae. The electrontransferreactionsof Fd with its reactionpartnershave beeninvestigated
extensively (for review seeKnaff & Hirasawa, 1991). Much lessstudieswere doneon the
electron-transferreactionsof Fld with its reactionpartners(Navarroetal., 1995andreferences
citedtherein).

Theredoxpotentialof Fdfrom AnabaenaPCC7120for theredoxcoupleFeIII FeII /FeIII FeIII
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Ferredoxin Flavodoxin
Figure 5.16: Structuresof FerredoxinandFlavodoxin. Althoughbothproteinsdiffer in structureand
size,they canperformthesamephysiologicalfunction.

is -430mV (Hurley etal., 1993b).Thefully-oxidizedform of nativeFdhasneverbeendetected
(Im et al., 1998)andis thereforebelieved to play no physiologicalrole. The redoxpotential
differencebetweenthefully-reducedfrom andthesemi-reducedfrom of Fld is -436mV, that
betweenthesemi-reducedfrom to thefully oxidizedform is -212mV at pH 7.0 (Pueyo et al.,
1991). With regardto the redoxpotential,it is believed thatFld alternatesbetweenthesemi-
andfully-reducedstatein thephotosyntheticelectron-transferchain,althoughthishasnotbeen
shown rigorously(Mühlenhoff & Sétif, 1996).Theflavin in Fld is sandwichedbetweenTrp57
and Tyr94. The π-stackinginteractionbetweenthesetwo aromaticrings of the amino acid
side-chainsandthearomaticring of theflavin causesa strongbindingof thecofactorandalso
influencestheredoxpotentialof flavin (Lostaoetal., 1997;Breinlinger& Rotello,1997).

Thestructuresof variousplant-typeFd’s (Smithet al., 1983;Tsukiharaet al., 1990;Ryp-
niewski et al., 1991;Fukuyamaet al., 1995;Baumannet al., 1996;Hatanakaet al., 1997)and
Fld’s (Fukuyamaet al., 1990; Raoet al., 1993)have beendeterminedby X-Ray crystallog-
raphyandby NMR spectroscopy. For the cyanobacteriaAnabaenaPCC7120,the structures
of Fd (Rypniewski et al., 1991)andFld (Raoet al., 1993)areknown. Thereareonly minor
structuralvariationsamongdifferentplant-typeFd’sandamongcyanobacterialandalgalFld’s.
Thestructuresof Fd andFld from thesamespeciesdiffer, however, completely. In fact, they
differ not only in structurebut also in size(Figure5.16). Fd is with about100 aminoacids
smallerthantheFld with about170aminoacids.FdandFld shareneitheracommonsecondary
structurenoracommontertiaryfold.

Togetherwith MarkusHauswald, Axel Jensen,andErnstWalter Knapp, I superimposed
Fd andFld by optimizing theoverlapof their electrostaticpotentials(Ullmannet al., 1998a).
Theobtainedsuperpositionsarecorrelatedwith structuralandotherexperimentaldatathatare
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availablefor theinteractionof FdandFld with PSIandwith FNR.Beforediscussingtheresults
of thestructuralalignmentof Fd andFld, I give a brief overview of experimentaldatafor the
interactionsof theseproteinswith its physiologicalpartners.

5.6.1 Experimental Studieson the Interaction of Ferredoxin and Flavo-
doxin with PhotosystemI

Fd andFld canbechemically-crosslinkedto PSI(Zanetti& Merati, 1987;Wynn et al., 1989).
Sincethe electron-transferratesaresimilar to thoseof the electrostaticcomplexes,the cross-
linked complexes are likely to resembleelectrostaticcomplexes (Mühlenhoff et al., 1996a;
Lelong et al., 1996). The crosslinkingtakesplacebetweenGlu93 of Fd from Synechocystis
(Glu95 in Fd from AnabaenaPCC7120)andLys106of subunit PsaDof PSI (Lelong et al.,
1994). Surprisingly, themutationsof Lys106in subunit PsaDshow only small effectson the
electron-transferreaction(Hanley et al., 1996;Chitniset al., 1996). ThemutationLys106Cys
does,however, affect theelectrontransferreaction,indicatingthat this cysteinemaybenega-
tively chargedin the PSI (Hanley et al., 1996; Chitnis et al., 1996). Mutation studieson Fd
from AnabaenaPCC7120revealedthatGlu31,Arg42,Thr48,Asp67,Asp68,Asp69,Glu94,
andGlu95influencethebimolecularelectrontransferfrom PSIto Fd andarethusinvolvedei-
ther in thebindingreactionor in theelectrontransfer(Navarroet al., 1995). Recentmutation
studiesindicatethe involvementof Lys35 in subunit PsaCof PSI in the dockingand cross-
linking of ferredoxinto PSI(Fischeretal., 1998).TheresiduesTrp57,Glu61,Glu67,Asp126,
andGlu145of Fld influencetheelectrontransferreactionwith PSI(Navarroetal., 1995).

Furtherinvestigationsshowed that the binding of Fd andFld involvesthe subunits PsaC,
PsaD,and PsaEof PSI and a membrane-embedded15-kDa subunit, probablysubunit PsaF
(Rousseauet al., 1993;Sonoike et al., 1993;Mühlenhoff et al., 1996b;Fischeret al., 1997;
Schubertet al., 1997;Fischeret al., 1998). A biphasickinetic for the electrontransferfrom
PSI to Fd leadto the suggestionthat therearetwo separateFd-bindingsiteson PSI (Sétif &
Bottin, 1994; Sétif & Bottin, 1995). CovalentcomplexesbetweenFld andPSI arehowever
not ableto reducesolubleFd or Fld, which indicatesthat thereis only a singleFd-bindingsite
(Mühlenhoff et al., 1996b;Mühlenhoff et al., 1996a). The crosslinked complexeshave been
investigatedby electronmicroscopy (Mühlenhoff et al., 1996a;Lelong et al., 1996). It was
found that Fd and Fld dock at the samebinding site and that the electrondensitiesof both
proteinsin themicroscopicpicturesoverlapalmostcompletely. However, theelectrondensities
are not concentric. Non-concentricelectrondensitiesmay indicatethat both proteinstry to
arrangetheir prostheticgroupsas closeas possibleto the terminal electronacceptorin PSI
(Lelongetal., 1996).This interpretationis in agreementwith amoreperipherallocalizationof
Fld onPSIrelative to Fd.

Recently, a structuralmodelof PSI from the cyanobacteriaSynechococcuselongatusthat
is basedon 4 Å resolutionX-ray datahasbeenpublished(Krausset al., 1996; Schubertet
al., 1997). On the basisof the 6 Å electrondensitymapof PSI (Krausset al., 1993),it was
proposedthatFd bindsto a cavity formedby stromalsubunits(Frommeetal., 1994).Thesub-
sequentelectronmicroscopicanalyses(Mühlenhoff et al., 1996a;Lelonget al., 1996)support
thismodel.Presumably, two one-turnα-helicesof PsaC,surfaceregionsof PsaDandPsaEand
theα-helix E (eitherPsaAor PsaB)constitutetheFdbindingsite(Schubertetal., 1997).
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5.6.2 Experimental Studieson the Interaction of Ferredoxin and Flavo-
doxin with Ferredoxin-NADP \ Reductase

The interactionbetweenFd and FNR hasbeeninvestigatedextensively (Chanet al., 1983;
Vieira et al., 1986;Zanettiet al., 1988;Sanchoet al., 1990;Walker et al., 1991;Pueyo et al.,
1992;DePascalisetal., 1993;Jeresarov etal., 1993;Hurley etal., 1993b;Hurley etal., 1993a;
Hurley et al., 1994;Ali verti et al., 1994;Ali verti et al., 1994;Navarroet al., 1995;Hurley et
al., 1996b;Hurley et al., 1996a;Piubelliet al., 1996;Ali verti et al., 1997;Hurley et al., 1997;
Medinaet al., 1998). Considerablylessinvestigationexist on the interactionof Fld andFNR
(Walkeretal., 1990;Pueyo etal., 1991;Pueyo & Gomez-Moreno,1991;Medinaetal., 1992a;
Medinaet al., 1992b;Navarroet al., 1995).I briefly review theavailableexperimentaldataon
theinteractionof theseproteins.

The proteinsFd andFNR canbe chemicalcrosslinked mediatedby carbodiimides.The
residuesGlu92of spinachFd (Glu94in Fd from AnabaenaPCC7120)andtheresidueLys85
or Lys86of spinachFNR (Lys69 or Lys72) were identifiedas crosslinkingsites(Zanetti et
al., 1988). However, Fd mutantsandFNR mutants,in which theseresiduesarereplacedby
crosslink-inactive unchargedaminoacids,canstill be chemicallycrosslinked, but the rateof
crosslinkingdecreases(Ali verti etal., 1994;Piubellietal., 1996;Ali verti etal., 1997).Further-
more,thesemutantsshow lessefficientelectron-transferreactionsin theelectrostaticcomplex,
indicatingthatthemutatedresiduesareinvolvedin theelectron-transferreactionor, morelikely,
in the recognitionof the reactionpartners(Ali verti et al., 1994;Piubelli et al., 1996;Ali verti
et al., 1997). Differential chemicalmodificationstudieson spinachFd suggestthat Asp26
(Asp28 in Fd from AnabaenaPCC 7120), Glu29 (Glu31), Glu30 (Glu32), Asp34 (Asp36),
Asp65(Asp67),andAsp66(Asp68)areburied at the interface,sincetheseresiduesarepro-
tectedagainstchemicalmodificationin theassociatedcomplex (De Pascaliset al., 1993).The
sameapproachrevealedthat in spinachFNR,Lys18(not presentin FNR from AnabaenaPCC
7119),Lys33(Arg16),Lys35(not present),andLys153(Lys138)areburiedin theinterfaceof
theproteincomplex (Jeresarov etal., 1993).Also argininesareinvolvedin theassociationof Fd
andFNR(Sanchoetal., 1990).Concludingfrom differentialchemicalmodificationstudiesand
from amodelingstudyit wasproposedthatAsp26(Asp28),Glu29(Glu31),Glu30(Glu32),and
Asp34(Asp36)of spinachFd interactwith Lys304(Lys293)andLys305(Lys294)of spinach
FNR andthatAsp65(Asp67)andAsp66(Asp68)of spinachFd interactwith Lys33(Arg16),
Lys35(not present),Lys91(Lys75)andArg93 (Arg77) of spinachFNR (De Pascaliset al.,
1993).Earlierstudiesalsoimply thattheseresiduesof Fd participatein theassociation(Vieira
et al., 1986). The ionic strengthdependenceof the electron-transferreactionmakesit likely
that besideselectrostaticinteractionsalsohydrophobicinteractionsplay an importantrole in
thecomplex formation(Walker etal., 1991;Hurley etal., 1996a).TheresiduesAsp67,Asp68,
Asp69,Thr48,andArg42alsoaffectthesecond-orderrateconstantof theelectron-transferreac-
tion (Hurley etal., 1993b;Hurley etal., 1996b).ThemutantsAsp62Lys,Asp68Lys,Gln70Lys,
Glu94Asp,Glu95Lys,Phe65Tyr, andSer47Thrmodulatethesecondorderrateconstantsof the
electron-transferreactions(Hurley etal., 1997).In additionto themutantsGlu94Lys,Phe65Ile,
andPhe65Ala(Hurley etal., 1993a;Hurley etal., 1993b),themutantsGlu94GlnandSer47Ala
arevirtually not ableto transferelectronsto FNR (Hurley et al., 1997). It wasshown thatFd
requiresanaromaticaminoacidat position65 for anefficient electrontransfer(Hurley et al.,
1993a). The aminoacid Glu301of FNR seemsto be involved in the catalyticmechanismof
FNR,probablyin theprotonationof thereducedform of NADP[ (Medinaetal., 1998).

Also Fld andFNR from AnabaenaPCC7119canbealsocrosslinkedin 1:1 stoichiometry
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Ferredoxin Flavodoxin
Alignment1 Alignment2

Glu19 — Asp123
Asp22,Asp23,Glu24 Glu72,Asp43,Glu40 Asp126, Asp129
Glu94, Glu95 Asp90,Asp96,Asp129 Asp35,Glu16
Asp28,Glu31, Glu32 Asp65,Glu67 Asp144,Glu145,Asp146
Asp67,Asp68,Asp69, Glu72 Glu145, Asp150,Asp153,Asp154 Glu67, Glu72
C-Terminus Glu126 ]
Arg42 ] Lys14
Helix 68-73 Helix 149-166 ]

Table 5.9: Putatively correspondingresiduesin ferredoxinandflavodoxin from AnabaenaPCC7120
identifiedin two superpositionsobtainedby optimizing thematchof electrostaticpotentials.Residues
for which an involvementin the associtationreactionwas implied experimentallyaremarked in bold
face.

(Pueyo & Gomez-Moreno,1991). Chemicalmodificationstudieson Fld from AnabaenaPCC
7119 suggestthat the residuesAsp123,Asp126,Asp129,Asp144,Asp145,and Asp146of
Fld interactwith FNR (Medinaet al., 1992a).Also arginineresiduesof Fld areinvolvedin the
interactionwith FNR(Medinaetal., 1992b).Mutationstudiesshow theinvolvementof residues
Asp126andGlu67 in the associationreaction(Navarroet al., 1995). The redoxpotentialsof
Fld andof FNRareaffectedby theassociation(Pueyo etal., 1991).

5.6.3 Alignment of the Electrostatic Potentials of Ferredoxin and Flavo-
doxin fr om Anabaena PCC 7120

The electrostaticpotentialsof Fd andFld weresuperimposedby maximizingtheir Hodgkin-
Index (eq 2.44) usinga detailedrepresentationof their electrostaticpotentials. Eachof 100
optimizationsstartedfrom a differentinitial orientation.Thesearchyieldedfour differentsu-
perpositions.All of themhave HodgkinIndex valuesgreaterthan0.9 indicatinga high degree
of similarity. Two of the superpositionsoverlaponly partially andarethusnot interpretable.
Namely, theacidic regionsof Fd andFld, i. e., theputative dockingregion, overlapwhile the
remainderof the proteinsdoesnot. In the remainingtwo superpositions,Fd andFld overlap
almostcompletely. Bothproteinsare,however, notconcentricin thesuperpositions,whichis in
agreementwith observationsfrom theelectronmicroscopy on crosslinkedFd-PSIandFld-PSI
complexes(Mühlenhoff etal., 1996a;Lelongetal., 1996).

The valuesof the Hodgkin index for the first andfor the secondalignment,respectively,
are0.94 and0.92. The high valuesindicatea high degreeof similarity of the two proteins.
Out of 100optimizations,31 and30 minimizationsendedat thefirst andat thesecondranked
alignment,respectively. Thetwo superpositionsof FdandFld, theirelectrostaticpotentials,and
their relativeelectroniccouplingareshown in Figure5.17.A rotationof about180o aroundan
axisin theplaneof Figure5.17thatgoesfrom thebottomto thetopof thesheetrelatesthetwo
superpositionsof Fd andFld to eachother. Theresiduesin thesetwo proteinsthatmayhave a
similar functionin therecognitionof thereactionpartnersarelistedin Table5.9 anddepicted
in Figure5.18. Two residuesareconsideredto be isofunctional,if thedistanceof their acidic
groupsin thesuperpositionis lessthan6.5 Å. This distanceseemslargeat thefirst glancebut
caneasilybebridgedby anreorientationof theaminoacidsidechains.Also theredoxcentersof
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Figure 5.17: Propertiesof ferredoxinandflavodoxin from AnabaenaPCC7210that arerelevant to
the interproteinelectron-transferreaction. The superpositionof the two proteinscorrespondingto the
bestmatchof their electrostaticpotentials,i.e., the highestHodgkin index, is shown in the middle of
thefigure. Theseparateproteinsarekept in thepositionssodefined.First row: electrostaticpotentials
calculatedwith theuniform dielectricconstantof 4. Thecolor is calibratedin theunitsof kBT, T=298
K. Secondrow: Cα-tracesof ferredoxinand flavodoxin. The redox centersare high-lighted. Third
row: Superpositionof ferredoxinandflavodoxin. In the left andright picturethe first andthe second
alignmentareshown, respectively. Ferredoxinis show in the sameorientationin both alignments.In
themiddlepicture,theorientationof flavodoxinfor thetwo alignmentsis shown. Ferredoxinis omitted
for thesake of clarity. Fourthrow: Electroniccouplingbetweensurfaceamino-acidresidueson theone
handandthe iron hemesiteor thecoppersiteon theother, calculatedasin eq3.6, taking into account
differencesin covalency of thevariousmetalligandbonds.Thedecadiclogarithmof thesquareof the

relative couplings,log10

W9X
γ2
DL ∏εi Y 2 Z

, is mappedontothemolecularsurfaceof theproteins.Strongest

couplingis shown in redandtheweakestin darkblue.
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Figure 5.18: Similarity betweenthe the acidic patchesof flavodoxin andferredoxin. The molecules
in thesecondrow arerotatedby 180o with respectto themoleculesin theupperrow. Residuesthatare
putatively importantarehigh-lighted.

FdandFld overlapin bothsuperpositions.Namely, theiron-sulfurcenteris atthesameposition
asresidueTrp57,whichmakesa π-stackinginteractionwith theflavin of Fld.

Thefirst alignmentshows an interestingfeature.The α-helix (68-73)in Fd superimposes
with theα-helix (149-166)in Fld. Bothα-heliceshave thesameorientation.Thenegativepole
of the dipole momentof the α-helicespoints,however, away from the putative dockingsite
anddoesthusnot contribute to the negative electrostaticpotentialat the dockingsite. Acidic
residuesthatareparttheα-helicesareprobablyinvolvedin theassociationof Fd andof Fld to
FNR.Possibly, theshapeof theα-helix is importantfor theassociationratherthanits contribu-
tion to theelectrostaticpotentialat thebindingsite.

Arg42of Fd is a conserved,positively-chargedresiduewithin a negatively-chargedregion.
This residuesmay influencethe redoxpropertiesof the iron-sulfur cluster. But it may also
provide specificrecognitionof the reactionpartners.Interestingly, Arg42 superimposeswith
Lys14of Fld in thesecondsuperposition.Lys14of Fld is theonly positively-chargedresidue
within a negatively-charged region. In other sequencesof Fld, this lysine is replacedby a
asparagine,which canalsowork asa hydrogenbonddonor. Possibly, a hydrogen-bonddonor
is requiredat thispositionto providespecificrecognitionof FdandFld by theredoxpartners.


