Chapter 5

Photosynthesis

Photosynthesits the physico-chemicgbrocessy which plants,algaeandphotosynthetidac-
teriatransducdight enegy into chemicalenegy. In plants,algaeandcyanobacteriathe pho-
tosynthetigprocesgesultsin the releaseof molecularoxygenandtheremoval of carbondiox-
ide from theatmospherevhich is usedto synthesizeearbohydrategoxygenicphotosynthesis).
Purplebacteria(ThiorhodaceagAthiorhodaceag greensulfur bacteria(Chlorobiaceg, green
gliding bacteria(Chloroflexaceag, andHeliobacteriaphotosynthesizingirmicuteg uselight
enegy to createorganiccompoundsbut do not produceoxygen(anoxygenighotosynthesis).
In all thesecasedight enepy is absorbediy chlorophyll moleculesandfinally usedto pro-
duceatransmembranpH gradient.This pH gradientdrivesthe synthesi®of ATPR, theuniversal
enepy providesin theliving cell.
Besidethesephotosynthetiorganismsanadditionaltaxonomicgroup,the so-calledHalo-
bacterigHalobacteriale$, existsthatusedight enegy directlyto produceatransmembrangH
gradientandsynthesizdinally alsoATP. A retinalmoleculeis involvedin thelight absorption
andthegeneratiorof thepH gradient.Theretinalchangests conformationn the excitedstate.
A protontransferacrossthe membranas coupledto the conformationatransition. Halobac-
teriaare,however, not ableto usecarbondioxide assole carbonsource. Sincethe photosyn-
theticmechanisnof thesebacterias fundamentallydifferentto the oxygenicphotosynthesier
anoxygenighotosynthesid,do not describats mechanismn thefollowing.
Photosynthesigrovidestheenegy to reducecarbonrequiredfor thesurvival of virtually all
living systemon our planet.It createsmolecularoxygennecessaryor the survival of oxygen
consumingorganisms.The overall equatiorfor photosynthesis deceptvely simple(eg5.1).

6 CO;+6 H)O+hv — CgH1206+6 O (5.1)

However, acomple setof physicalandchemicakeactionsmustoccurin acoordinatednanner
for the synthesif carbohydratesTo producea sugamoleculesuchassucroseplantsrequire
mary distinctproteinsthatwork togethemwithin acomplicatednembranestructure Photosyn-
thesisis a specialchallengein understandingeveralinterrelatednolecularprocessethatare
partially coupledto membranes.

5.1 GeneralOverview

Oxygenicand anoxygenicphotosynthesisharemary features. Photosynthesig plantsand
algaetakesplacein specializedbrganellesthe chloroplasts.Also the photosynthetigrotein
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Figure 5.1 Schematicatepresentatioof a chloroplast.Chloroplastsaresemi-autonomousrganelles
in plantcells. Light enegy is transducednto chemicalenegy at the thylakoid membrane Fixation of
CO, takesplacein the stroma.

compleesof bacteriaarelocatedin specialmembraneegions. Photosynthesisanbe divided
in two typesof reactions,the light reactionsand the dark reactions. In the light reactions,
light enegy is usedto excite a cofactor Then,an electronis transferredrom thereto its fi-
nal acceptar The excitation andthe initial chage separatiortakes placein reactioncenters.
The reactioncentersof all photosynthetiorganismsare similar but differ to someextendin
compositionandin the redoxpotentialsof the cofactors. Anoxygenicphotosynthesigwolves
only onereactioncentey while oxygenicphotosynthesisnvolvestwo reactioncenters. The
reactioncentersanda membrane-boundytochromecomple of bc-type generateatransmem-
branepH gradient. The ATP-synthaseisesthis pH gradientto produceATP from ADP and
inorganicphosphateFurthermorethe light enepgy is usedto reduceNADP™ to NADPH. The
ATP andNADPH producedn the light reactionsdrive the carbohydratesynthesisn the dark
reactions Carbohydratesynthesiss accomplishedby the Calvin cycle, whichis a complicated
network of biochemicalreactions.Also variousregulatory processesouplethe light andthe
darkreactions.In thefollowing, | describethe molecularapparatusndthe reactionsnvolved
in oxygenicphotosynthesis.

5.1.1 ChloroplastStructure

ChloroplastgFigure5.1) aresemi-autonomousrganelleof plantcells. In mosthigherplants,
they have the shapeof a circular or elongatedensanda diameterof approximately3—1Qum.
Chloroplastsconsistof the outerandinner boundarymembranea plasmaticmatrix (stroma),
andaninternalmembranesystem(thylakoid). Like mitochondria,chloroplastsontaincyclic
DNA andribosomessimilar to thoseof prokaryotes. Thereexist evidencethat during early
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evolution cyanobacteri@nteredhe cell of archaiceukaryotes@sendosymbiont§Voet& Voet,
1995;Kleinig & Sitte,1986). Theseendosymbiontost thereindependencduringevolution.
Proteinsof recentchloroplastare partially encodedn the chloroplastgenomeandpartially in
thenucleargenome A complicatedoroteintranslocatiormachinerymaintainghetargetingof
the polypeptidesencodedn thenucleargenomeo chloroplast§Schatz& Dobberstein1996).
Severalrecentarticlesreview structuralandfunctionalaspect®f chloroplastgStaehelin1986;
Staehelirg& vanderStaay,1996).

Thelipid compositionof the outerboundarymembranes similar to thatof eukaryoticcell
membranesvhile the lipid compositionof the inner boundarymembranas similar to that of
prokaryoteqKleinig & Sitte, 1986). The boundarymembranesreinvolvedin the transport
of photosynthetianetabolitesjn proteintranslocationjn lipid transfey andin the exchange
of ions. Most of the proteinsthatareactively involvedin thetransferprocessearelocatedin
the inner boundarymembrane.The outerboundarymembranesenesprimarily asa physical
barrierfor large moleculessuchasproteinsandnucleicacids.

Thechloroplasstromas theplasmaticcompartmenbetweertheinnerboundarymembrane
andthe thylakoid membrane.t containsenzymesof the Calvin cycle (especiallythe enzyme
ribulosebisphosphatarboxylase)multiple copiesof the circular DNA andall component®f
thetranscriptiorandtranslatiormachineryandenzymedor thesynthesiof lipids, porphyrins,
terpenoidsguinoidsandotheraromaticcompoundsBesidesstarchgranulesandlipidic globuli
canaccumulate.

All light absorptionand enegy-transducingprocessesake place at the thylakoid mem-
branes. The thylakoid membrane®nclosea so-calledthylakoid compartmenbor thylakoid
space. All partsof the thylakoid spaceare presumablyinterconnected.The thylakoid net-
work comprisegwo differentmembranesa cylindrical stackof appressethylakoids (grana)
and single layeredthylakoid membranegoining the granaregions (stromathylakoids). The
pH differencebetweenthe thylakoid spaceandthe stromais about2 to 3. If only the protons
would maintainthemembrangotential the potentialdifferencewvould beabout120mV to 180
mV accordingto Nernstequation. The measureanembranepotentialis however only 10 mV
dueto the contrikbution of additionalions (Vredenbeg, 1997). Thylakoid membranegontain
ion channelsdbesidesproteinsthat are directly involved in the enegy transductiorprocesses,
(Schonknechttal., 1995;Pottosin& Schdnknecht1996). Theseon channeldowerthemem-
branepotentialand thus the enegy requiredto transfera protonacrossthe membrane.The
lipid compositiorof thylakoid membranesliffersfrom thatof otherplantmembranesBesides
lipids thatareuniqueto thylakoid membranest containspolyunsaturatefhatty acidsto anex-
ceptionallarge amount,which makesthe thylakoid membranesighly fluid allowing a rapid
diffusionof membrangroteincomplexes.

The membraneproteinsinvolved in the light reactionsof photosynthesisire not equally
distributedover the thylakoid membrane Photosystenil andthe light hanestingcomplex Ii
concentratan the granathylakoids, while photosystenl and the ATP-synthaseoncentrate
in the stromathylakoids. The cytochromebgf complex hasnearlythe sameconcentrationn
boththylakoid regions. Thefunctionalreasorfor the granastackingis presumablyto maintain
the separatiorof photosystenil and photosystem. Without physicalseparatiorof the two
photosystemghotosysteni would unbalancehe excitationenegy within the pigmentbedof
photosystenhl. Furthermorephotosystenh is moreefficientin excitonusaggStaehelin& van
derStaay,1996).
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Figure 5.2 Light reactionsof oxygenicphotosynthesis Electronand proton transferinvolves four
membrane-spannimgroteins(photosystentl, cytochromebg f, photosystenh, ATP-Synthasenepro-
tein thatis associatedo the membrangFerredoxin-MDP-Reductaseandtwo solubleproteins(plas-
tocyanin, ferredoxin). ATP-synthasaisesthe pH gradientto form an ATP from ADP andinorganic
phosphateThegenerabathvay of theelectronflow from the primarydonor(water)to thefinal acceptor
(NADPH) is known in detail, while muchlessis knowvn aboutthe cyclic electronflow. It is not clear
whetherferredoxininteractswith cytochrome bgf or not. Dottedlines, thin solid lines,andthick solid
linesindicateelectron-transfereactionsprotontransferreactionsanddiffusion processesespectiely.

5.1.2 The Light Reactions

Thelight reactionsof photosynthesisorvert light enegy into a transmembranpH gradient,
i. e.,into electrochemicatnegy. The ATP-synthaseiseshepH gradientto form anATP from

ADP andinorganicphosphatandthuscornvertstheelectrochemicahto chemicalenegy. Fig-

ure 5.2 shavs a schematiaepresentatiomf the enegy transducingeactionsinvolvedin the

light reactionsof photosynthesisin the last coupleof years,a tremendousamountof struc-
turalinformationof proteinsinvolvedin thelight reactionf photosynthesibecameavailable.
With theaid of thesestructuresexperimentalistandtheoreticiangangaininsightin structure-
functionrelationshipf theseproteinsandthe photosynthetiprocessasa whole. Photosyn-
thesismightbe oneof thefirst complex biochemicaleactionoupledio membraneor which

adetailedstructuralandfunctionalpicturecanbedravn.

Light hanestingcomplexesabsorblight enegy and transferthe excitation enegy to the
specialpair, a chlorophylldimer. In photosystentl, the excited specialpair release®neelec-
tron. This electronis transferredvia chlorophyll, pheophytin,and quinone(Q, or Q,) to a
guinoneacceptor(Qy or Qg). After the quinonereceved two electronsand two protons,it
leavesits binding pocket andentersthe membrane The oxidizedspecialpair oxidizesa tyro-
sine,Tyrz, closethe wateroxidizing manganeseluster In amultiple stepreaction(Yachandra
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etal., 1996),whichis not completelyunderstoodthe manganeselustergetoxidizedby Tyrz

andthe manganeselusteroxidizeswaterwhich leadto the releaseof molecularoxygenand
four protons.At leastfour photonsarerequiredto oxidizeonewaterandto releasdéwo quinoles
from the Qg site. The structureof light hanestingcomplexeswereresolhed recently(for re-

view seeKihlbrandt,1994;Fufe& Cogdell,1994;Pullerits& Sundstém,1996). Thestructure
of the purplebacterialphotosynthetigeactioncenterwasthe first membraneroteinresohed
in greatdetail (Deisenhoferet al., 1985). The purple bacterialphotosynthetiadeactioncenter
shavs mary similaritiesto the corecomplex of photosystenil andwasthereforeoftenusedas
modelfor photosystenil. Recently the structureof the corecomplec of photosystenl was
determinedy electronmicroscoy (Rheeetal., 1997).

The quinonereleasedrom photosystenil entersthe so-calledQ-cycle. The Q-cycle is
a reactioncycle performedby cytochromebgf that coupleselectrontransferto protontrans-
fer. Severalmodelsfor the reactionsequencesxist (Cramer& Knaff, 1991). A similar Q-
cycle existsin the mitochondrialelectron-transfechain(Brandt& Trumpawer, 1994; Brandt,
1996). The function of cytochromebgf is to increasethe transmembrangH gradient. Cy-
tochromebg f containstwo b-type cytochromespneRieslke iron-sulfurcluster andonec-type
cytochrome(cytochromef) (for review seeCrameretal., 1994a;Crameretal., 1994b;Cramer
et al., 1996; Kallas, 1993). Besides,cytochromebgf containsa chlorophyll a moleculeof
unknown function (Pierreet al., 1997). Cytochromebg f hastwo plastoquinondinding sites,
PQ: andPQ;. TheplastoquinonatPQ, reducesytochromef via theRiesle protein.Protons
arereleasediponthis reactionto the thylakoid space.The structureof the luminal domainsof
cytochromef (Martinezetal., 1994;Martinezetal., 1996)andof the Riesle protein(Carrell
et al., 1997) have beendeterminedat atomicresolution. A two-dimensionaprojectionmap
of cytochromebgf at8 A resolutionis alsoavailable(Pierreetal., 1997). Recentlythe struc-
tureof severalcytochromebc; complexes,the mitochondrialanalogueof cytochromebg f, was
resohedby x-ray crystallography(Xia etal., 1997;Zhangetal., 1998).

Plastoganinis a small watersolubleblue-copperprotein, which transferselectronsfrom
cytochromebgf to photosysteni in the thylakoid space. Under conditionsof copperdefi-
ciengy, cytochrome cg replacelastoyaninin cyanobacterimandsomealgae. The structures
of cytochrome cg and plastoganin were determinedat greatdetail by x-ray crystallography
andNMR spectroscop (for review seeRedinboet al., 1994; Navarroet al., 1997). Thein-
teractionof cytochrome cg and plastoganin with cytochromef and photosysteni is also
intensvely investigatedNavarroetal., 1997). We performeda theoreticalstudyon the dock-
ing of plastoganin andcytochromef (Ullmannetal., 1997b). Subsequent|yUbbink et al.,
1998 performeda NMR analysisof the plastoganin-gstochromef complex and obtaineda
structuraimodelbasedntheirexperimentablatathatis very similarto onemodelwe proposed
previously.

Photosystenhis thethird membrane-bounélectron-transfeproteintakingpartin thelight
reaction®f photosynthesisThecorecomplex containsonechlorophyllidimer, four chlorophyll
moleculestwo quinonesandthreeFe,S, clusters Besidesthesecofactorsaboutonehundred
chlorophyllmoleculessurroundthe corecomplex andfunction aslight harestingmolecules.
After excitation of the P700(the specialpair) to P700, an electronis transferredn a multi-
ple stepreactionform P700 to one of the threeiron-sulfur clusters. The iron-sulfur cluster
reducegerredoxinwhich docksto photosystenh at the stromaside.P700" is reducedy plas-
tocyanin. A low resolutionstructureof photosystenh (4 A) wasdeterminedecently(Krausset
al., 1993;Kraussetal., 1996;Schuberetal., 1997). Also electronmicroscopidnvestigations
on photosystenh wereperformedKarraschetal., 1996).
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Ferredoxinis a solubleFe,S, iron-sulfur proteinin the stromaof chloroplasts. It trans-
ferselectronfrom photosystenh to ferredoxin-MADP* reductaseBesidesferredoxinreduces
severalotherproteinssuchasferredoxin-thioredoximeductaseglutamatesynthaseandnitrate
reductas€Knaff & Hirasava, 1991). The structureof ferredoxinwas determinedor several
speciedby NMR andcrystallographidechniquegSmith et al., 1983, Tsukiharaet al., 1990,
Rypniavski etal., 1991,Fukuyameetal., 1995,Baumanretal., 1996,Hatanakaetal., 1997).
Underconditionsof iron deficieng, ferredoxinis replacedoy theflavin-mononucleotide-phos-
phatecontainingproteinflavodoxinfor which the structureis alsoknown at greatdetail (Rao
et al., 1993, Fukuyamaet al., 1990). Ferredoxininfluencesthe dark reactionsof photosyn-
thesisby activating or deactvating the enzymedructose-bisphosphatased seduheptulose-
bisphosphataséa ferredoxin-thioredoximeductasendthioredoxin.

Ferredoxin-MDP reductasés aflavin-adeninalinucleotidecontainingprotein. It is associ-
atedto the stromalsideof the thylakoid membraneTheproteinwhich mediateshe membrane
associations not unequvocally known. Probablysulunit E of photosystent is involvedin
the membraneassociatiorof ferredoxin-NADP reductase(Andersest al., 1992). Ferredoxin-
NADP* reductasexidizestwo ferredoxinsandusegheelectrongo reduceNADP+ to NADPH,
which is neededn the dark reactionsof photosynthesisThe crystal structureof ferredoxin-
NADP™ reductasés known with andwithout NADP* associatetb the protein(Karplusetal.,
1991;Serreetal., 1996).

The ATP-synthaseisesthe pH gradientgeneratedy photosystenil andcytochromebg f
to synthesizeATP from ADP and inorganic phosphate.The proteinis subdvided into two
regions,themembranepanningoartF, andthe stromalpartF;. The stromalpartF; rotatesn
al12@® interval andsynthesize&TP in threestepsfor review seeNakamoto1996;Fillingame,
1996;Junge 1997).Thestructureof F; of the closelyrelatedmitochondrialATP-synthasevas
resohedrecently(Abrahamset al., 1998). The ATP obtainedfrom this reactionis usedin the
darkreactionsof photosynthesit synthesizearbohydrates.

Becausethe two photosystemsvork togetherin oxygenic photosynthesiswater 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
involvesphotosysten, cytochromebgf, plastoganin, plastoquinonederredoxin,and prob-
ably alsoferredoxin-NADP™ reductase.About the presenceof an additionalenzymecalled
ferredoxin-plastoquinoneductasevasspeculatedsuchactiities may however bealsointrin-
sically be performedby othercomponentsf thethylakoid membranesuchasphotosystenh or
ferredoxin-MADP™ reductas¢Bendall& Manasse]1995).

5.1.3 The Dark Reactions

The light enegy is corvertedinto the chemicalenegy of ATP during the light reactionsof
photosynthesis.It is, however, very inefficient to storethe enegy in the form of ATP and
NADPH. Carbohydratesr lipids needmuchlessvolumeto save the sameamountof enepy.
During thedarkreactionf photosynthesighe chemicalenegy of ATP is intercorvertedinto
the chemicalenegy of carbohydratesFurthermorehis enegy is usedto fix carbodioxidein
the Calvincycle. Plantsandcyanobacteriarethereforeableto usecarbodioxideassolecarbon
source.Theenzyme®f theCalvincyclearelocatedn thestromaof thechloroplastsAlthough,
noneof the darkreactionf photosynthesisasinvestigatedn thiswork, | briefly summarize
themainfeaturesf the Calvin cycle for the sale of completeness.
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Figure5.3 CalvinCycle. 1) Ribulose-1,5-bisphoste carboxylaseleasesribulose-1,5-bisphqdate
and attachesa CO, to one of the fragments. Two 3-phosphoglyceta moleculesemege out of one
ribulose-1,5-bisphsphat andoneCO,. 2) Phosphoglyceraténasephosphorylate8-phosphoglycerate
to 1,3-bisphosphoglycate. 3) Glyceraldehyde-3-phpbkate dehydrogenaseduceshe phosphorylated
carboxyl group to an aldehydegroup. 4) The resulting glyceraldehyde-3-migphate is usedfor the
synthesisof fructose-6-phosie the productof the Calvin cycle. Ribulose-5-phosphatis regener
atedfrom glyceraldehyde-3-plsghat in a compl reactionschemewhich involves seseral enzymes.
5) Ribulose-5-phosphea is phosphorylatedo ribulose-1,5-bisprephaie carboxylaseby the enzyme
phospho-riblose kinase. This reactionclosesthe Cavin cycle. 6) The productfructose-6-phosytie
is usedto synthesizesugarsandpolysaccharidesuchasstarchandcellulose.

The Calvin cycle canbe dividedin two stages.In thefirst stageATP andNADPH is used
to fix carbodioxide.Two NADPH moleculesandthreeATP moleculesarerequiredto fix one
carbodioxidemolecule.In the secondstagethe carbonatomsareshufledto enabletherelease
of onesugarmolecule. The sugaris thenusedto synthesizeothermoleculesor storedin the
form of polysaccharidesuchasstarchor cellulose. The major stepsof the first stageof the
Calvin cycle aresummarizedn Figure5.3. The key enzymeof the Calvin cycle is ribulose-
bisphosphatearboxylas€Clelandetal., 1998).

5.2 Coupling of Electron-Transfer and Protonation Reactions
in the Bacterial PhotosyntheticReactionCenter

The bacterialphotosyntheticeactioncenter(bRC)is a pigment-proteircomplec in the mem-
braneof purple bacteria. It convertslight enegy into electrochemicaknegy by coupling
photo-inducecelectrontransferto proton uptale from cytoplasm. The crystal structureof
the bRCfrom Rhodopseudomon#Rps.)viridis (Deisenhofeet al., 1985; Deisenhofeetal.,
1995;Lancaste& Michel, 1996)andfrom Rhodobacte{Rh) sphaeoides(Allen etal., 1987;
Ermleretal., 1994)enableda moredetailedunderstandingf the variousfunctionalprocesses
in the bRC. Four polypeptidedorm the bRC from Rps.viridis: theL, H, andM sulunitsanda
tightly-boundfour-centerc-type cytochrome.Thesepolypeptidesind fourteencofactors:one
carotenoidfour hemesfour bacteriochlorophyllwo bacteriopheophytin@nemenaquinone,
oneubiquinone andonenon-hemedron. The chlorophylls,the pheophytinsandthe quinones
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Figure 5.4 Bacterial PhotosynthetidReactionCenter Left: The polypeptideswith the embedded
cofactors. Right: Only the cofactorsare shavn. Fromth top to the bottom: four hemes four bacteri-
ochlorophyllstwo pheophytinspneneurosporinpnemenaquinon@andoneubiguinoneandoneriron.

arrangan two branchesA andB, relatedby a approximateC, symmetryandextendfrom the
specialpair to the quinones(seeFigure5.4). Only branchA, is electron-transfeactie. Its
cofactorsare predominantlyembeddedn the L suhlunit. Electronicexcitation of the special
pair, a bacteriochlorophyltlimer, inducesa multi-stepelectrontransferfrom the specialpair to
Qa, Whichis amenaquinonén the bRC from Rps.viridis. Fromtherethe electronmovesto
the Qg, whichis a ubiquinone After thisinitial reaction,a seconcelectrontransferfrom Qa to
Qg andtwo protonatiorreactionsof Qg follow, resultingin adihydroquinonegH». Thedihy-
droquinondeavesits bindingsite andis replacedy anoxidizedubiquinonefrom the quinone
pool. Thetemporalorderof thesereactionss, however, not completelyresohed (for a review
seeOkamura& Fehey 1992). Recently Graigeet al., 1996 proposedsereral modelsfor the
couplingof the protonationof Qg to the electrontransferbetweenQ, andQg. Basedon their
kineticdata they favoredeitheramechanisnin whichthesecondtlectrontransferto Qg occurs
in aconcertednannewith thefirst protonationof Qg or amechanismn which thefirst proto-
nationof Qg precedeshe secondelectrontransfer The dihydroquinoneQgH» hastwo acidic
protons,oneatthe quinoneoxygenatomproximateto the non-hemaron (nearHis L190), the
otherat the quinoneoxygenatomdistantfrom the non-hemeron (nearSerL223). Thus,there
aretwo possibilitiesfor thefirst protonationof Qg.

5.2.1 Total Protonation and Protonation Patterns

Protonuptale by wild typeandmutantoRC’s duringelectron-transfeandprotonatiorreactions
of the quinoneswere studiedexperimentallyby sereral researchgroups(Mar6tti & Wraight,
1988;McPhersoret al., 1988; McPhersoret al., 1993; Sebbaret al., 1995). However, these
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Figure 5.5 Structuralarrangemenbf the quinonebinding poclets. View of the two quinonesthe
non-hemaron with ligands(His-L230 and His-M264 are omittedfor the sale of clarity), andnearby
putatively functionalresiduesGlu-L212is almostcompletelyprotonatedn all statesat pH 7.5. At Glu-
H177mostof total protonationchangesrelocalized.SerL223 is importantfor thefirst protontransfer
The oxygenatomof Qg pointing towardsand away from the non-hemeron are called proximal and
distaloxygenatom,respectiely.

investigationsveredoneatthebRCfrom Rh sphaeoides(Marbti & Wraight,1988;McPherson
etal., 1988;McPhersoretal., 1993)andfrom Rh capsulatugSebbaretal., 1995)but notfrom
Rps.viridis. Much effort wasspentto assignchangesn total protonationto specificresidues.
Oneof the titratablegroupsin proximity to Qg is Glu L212 (closestatom pair distance3 A,
Figure5.5). Mutation studiesindicatea pK g-valueof Glu L212 of 9.0to 9.5 (Paddocket al.,
1989; Takahash& Wraight,1992)andimply no participationof Glu L212 in protonuptale at
pH 7.5 andbelov (McPhersoret al., 1994; Miksovskaet al., 1996). However, time resoled
IR measurementsuggest protonationof Glu L212 after formationof Qg (Hienerwadelet
al., 1995). The latter obsenration is supportedoy electrostaticcalculationsat the bRC from
Rh sphaeoides(Berozaet al., 1995)andfrom Rps.viridis (Lancastetet al., 1996). In both
theoreticalstudies,it is proposedhatthe protonationof Glu L212 contrikutesto a significant
partto thetotal protonuptale by thebRCassociateavith Qg formation.

Using a continuumelectrostatiomethod,we calculatedthe protonationpatternsand the
total protonationof the bRC for all possiblestatesof the quinonesasshaowvn in Figure5.6. In
contrastto previoustheoreticalstudiesby othergroups(Berozaet al., 1995; Lancasteet al.,
1996), we consideredot only thosebRC statesin which the quinonesarein differentredox
states but alsothosebRC statesin which Qg is protonated.Table5.1 shows the protonation
probability of non-standar@rotonatedesidueshatarelessthan25A away from thequinones.
Furthermorethedifferencebetweerthetotal protonationof the groundstateQa Qg of thebRC
andthetotal protonationof therespectire otherstatesarelistedin comparisorto experimental
values. Our resultsimply that the proton uptale by the bRC occurspredominantlyduring
the redox reactionsof the quinones,whereasthe proton uptale by the bRC coupledto the
protonationof Qg is smaller The uptale of about0.2 protonson averagegoesalong with
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Table 5.1 Total protonationand somesingle-siteprotonationsat pH 7.5. All residueswithin a dis-
tanceof 25 A from the guinonesandwith at least0.05 protonsdeviation from standardorotonationare
shawvn, exceptN-termini of L- andM-chainwhich arecompletelydeprotonatedh all states Histidines
protonatednly at N, areconsideredo bein standardrotonationandarethereforenotincludedin the
table.

state histidine(tautomers) glutamate totaP
of L211 M16 H45 H177 H234 L104 L212 this experimental

quinones d € o € calculation values
QaQp 047 053 025 073 005 0.03 0.27 1.00 0.99 0.00 0.00
QA QB 050 050 025 0.72 0.06 0.06 0.30 1.00 0.99 0.14 0.24/0.34°
QAQ'BT 053 047 025 0.73 0.05 0.59 0.26 1.00 1.00 0.60 0.37/0.9¢
Qa QB 0.53 047 025 073 006 0.8 0.27 1.00 1.00 0.88
Qp Qg Haist 048 052 025 073 006 0.05 0.31 1.00 1.00 1.15
QKQ-?Hprox 048 052 025 073 006 0.07 0.30 1.00 0.98 1.14
QAQB’ 058 042 024 074 0.05 0.99 0.25 1.00 1.00 0.97
QaQBHgist 054 046 025 073 005 0.68 0.25 1.00 1.00 1.68 1.3
QaQp ngox 052 048 024 074 0.05 0.65 0.25 1.00 1.00 1.65
QaAQgH2 0.46 054 0.24 073 0.05 0.03 0.28 1.00 0.99 2.01 1.9/2.107

lremainingpartis protonatedat Ns; andN ¢,
2expressedisdifferenceto thegroundstate

3Rh capsulatugSebbaretal., 1995)

“Rh sphaeoides(Maroti & Wraight,1988)

SRh sphaeoides(McPhersoretal., 1988)

5Rh sphaeoides(McPhersoretal., 1993)

’Rh sphaeoides(Glu-L212—GIn mutant,McPhersoretal., 1994)

eachof the two reductionstepsof Qa (Figure5.6). With exceptionof the electrontransfer
to the singly-reducedunprotonatedg, all electrontransfersfrom Qa to Qg are coupledto

an uptale of about0.5 protonson average(Figure5.6). The protonationof Qg in the states
Qa Qs Qa QgHuist, andQ, QzHprox inducesan uptale of about0.3 protonson averageonly

(Figure 5.6). This meansthat an excessprotonis alreadypartially available in the protein

matrix, beforethe protonationof Qg actuallyoccurs.

Our calculatecchange®f the total protonationarein reasonablagreemenivith the exper
imentalresults. However, the measuredialue of protonuptale dependsensitvely on details
of the experimentalprocedure so that differentgroupsgot significantly differentresults(Ta-
ble 5.1). Discrepanciebetweerexperimentsandcalculationanay be explainedby thefollow-
ing aguments.(l) Most experimentalaluesareobtainedfrom bRC’s of purplebacteriaother
than Rps.viridis, which is exploredin this study (Il) Experimentalvaluescannot easilybe
assignedo a specificbRC state,sinceoften only the redoxstateandnot the protonationstate
of thequinoneds determinedy experimentakonditions.We assignedheexperimentalvalues
of protonationchangedgo the stateghatare,accordingto our calculatedcenegies(seebelow),
occupiedwith the highestprobability In addition,experimentalvaluesfrom differentgroups
vary. Someexperimentdndicatea couplingof the protonuptale by the proteinmatrix during
thefirst electrontransferfrom Qa to Qg (Marotti & Wraight,1988;Baciouetal., 1991),others
do not (McPhersoret al., 1988). Our calculationssuggestlsoa couplingof thefirst electron
transferbetweenQ, and Qg to protonuptale by the protein matrix (seeTable5.1) andthus
imply a pH dependencef thereactionenegiesof this electrontransfer

Earlierelectrostaticalculationgby othergroupstendto give highervaluesfor total proto-
nationdifferenceswith respecto the groundstateQ, Qg thanour calculationsgspeciallyfor
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thestateQAQéﬁ Thedifferencedetweerourresultsandthoseobtainedoy Berozaetal., 1995
may berelatedto the differentbRCconsideredn the calculationsBerozaetal., 1995usedthe
bRCfrom Rh sphaeoideswhile Lancasteetal., 1996andwe usedthe bRCfrom Rps.viridis.

ThebRCstructuresisedby Lancasteetal., 1996andusarevery similar, sincewe adjustedhe
structureof Deisenhofeetal., 1995accordingto the availableinformationaboutthe structure
determinedby Lancastertal. (Lancaste& Michel, 1996;Lancasteet al., 1995). Thus,the
mostprobablesourceor thediscrepanciebetweertheirandourresultsarethedifferentatomic
partial chages. We usedatomicpartial chagesderved from quantum-chemicatalculations,
for whichthe chagedifferencebetweerthedifferentprotonatiorandredoxstatess distributed
over all atomsof therespectre quinone.Lancasteetal., 1996usedatomicpartialchages,for

which the chage differencebetweendifferentquinoneredoxstatess exclusively localizedat

thecarboryl carbonandcarboryl oxygenatomsof thequinonering. Thismorelocalizedchage

differencemay explain thelargereffectsof the quinoneredoxstateson the total protonationof

thebRC.

Severaltitratablegroupscontributeto the protonuptale by thewholebRC, but mostof them
participateonly with very smallprotonatiorchangesBesideghe Qg, theresidueGlu H177has
the largestcontritution to the protonuptale (Table5.1). The distanceof the carboxyloxygen
atomof this residueto thedistaloxygenatomof Qg is 8.0A (Figure5.5). GluH177is possibly
alsoinvolvedin the protontransferpathway from the solventto Qg (Lancasteret al., 1995).
Accordingto our calculationsGlu L212 doesnot contritute significantlyto the protonuptale
atpH 7.5, sinceit is nearlyprotonatedor all redoxandprotonationstatesof Qa andQg. This
resultis not in agreementvith previous calculations(Berozaet al., 1995; Lancasteret al.,
1996), which suggesthat Glu L212 is involved significantlyin the protonuptale upon Qg™
formation. However, the very small, but not vanishingionization probability of Glu L212 of
oneto two percenin the statesn which Qg is neutral,shavsthatGlu L212 just startsto titrate
at pH 7.5. The statisticaluncertaintyof the protonationprobability of Glu L212 is lessthan
10~3 protonsin our computation.

Our calculationssupportthe abose mentionedexperimentalresults(Paddocket al., 1989;
Takahashi& Wraight, 1992; McPhersoret al., 1994; Miksovskaet al., 1996)thatGlu L212
is not ionized at pH <7.5, but it is at leastpartially ionized and involved in proton uptale
at pH >7.5 (McPhersonet al., 1994; Miksovskaet al., 1996). However, theseresultsare
obtainedwith the bRC from Rh sphaeoides(Paddocket al., 1989; Takahashi& Wraight,
1992; McPhersoretal., 1994)andfrom Rh capsulatugMiksovskaet al., 1996)but not from
Rps.viridis, whichwasusedfor thesecalculations Ourresultscannotsupportheinterpretation
of the time-resolhed IR measurementsuggestingan involvementof Glu L212 in the proton
uptale at pH 7.5 (Hienerwadel et al., 1995). Also Hienerwadel et al., 1995 discussedhe
uncertaintyin assigningthe obsered spectroscopieffectsto specificresidues.Accordingto
our calculationswe would preferan assignmento Glu H177. However, sinceGlu H177 and
Glu L212 are strongly coupled(about5 pK-units), small changesn the proteinernvironment
may causethat Glu L212 ratherthanGlu H177 changests protonationduring Qg reduction.
Regardlessof this uncertaintya mutationof Glu L212 will influencethe protonationbehaior
of GluH177,sincethe carboxylcarbonatomsof thetwo residuesareonly 6.8A apart.

5.2.2 Energeticsof Electron Transfer and Protonation

Usingacontinuumelectrostatienodel,we calculatedequilibriumconstantsor electron-transfer
and protonationreactionsof the quinones.From theseequilibrium constantave obtainedthe
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reactionenegies. Thecalculatecenegy valuesaregivenin Figure5.6andwill bediscussedn
thefollowing sections.

First Electron Transfer from Qa to Qg

Measurecequilibrium constantgor thefirst electrontransferfrom Qa to Qg in the bRC from
Rps.viridis are 900+50 at pH 6.0 and about300 at pH 7.5 and 9.0 (Baciou et al., 1991),
which correspondo free enegy change®f -175meV and-150meV, respectrely. An earlier
measuremerdave an equilibriumconstanobf aboutl00at pH 9.0 (Shopes Wraight,1985),
which correspondso a free enegy changeof -120 meV. Our continuumelectrostaticalcula-
tionsyieldedanenegy differenceof -160meV atpH 7.5. In thebRCfrom Rh sphaeoidesthe
measuredeactionenegy of thefirst electrontransferfrom Q, to Qg is about-70 meV (Klein-
feld etal., 1984;Mancinoetal., 1984).Recentcontinuumelectrostaticalculationsatthe bRC
from Rh sphaeoideswerenot ableto reproducehis value. The enegy wasobtainedwith the
wrong signandwas 230 meV higherthanthe experimentalvalue (Berozaet al., 1995). This
maybedueto problemswith thecrystalstructureof thebRCfrom Rh sphaeoidesor dueto the
usedatomicpartialchages,which werenot obtainedrom quantum-chemicalomputations.

In arecentcrystallographistudy conformationalifferencedetweerthe dark-statestruc-
ture (QaQg) andthe light-statestructure(QaQg ) of the bRC from Rh sphaeoideswerede-
scribed(Stowell etal., 1997). The Qg environmentof the light structurein this studyis very
similar to mostotheravailablestructuresof the bRC, which arebelievedto representhe dark
state,i. e., the QaQg state. However, one bRC structurefrom Rh sphaeoidespossessea
significantlydifferentconformationat the Qg bindingsite (Ermleret al., 1994). Presumably
the Qg in this structureis in the hydroquinonestate(Lancaste& Michel, 1996). The putatve
hydroquinone-statstructureg(Ermleretal., 1994)hasvery similarfeaturesatthe Qg siteasthe
dark-statestructurefrom Stowell etal., 1997. In both structuresQg is rotatedby about180°
andshiftedoutwardsby about5 A comparedo the otherbRC structureswhich aresupposed
to bein thedark state. Thesesimilaritiesaresurprising.Henceit seemsnotto be cleat which
conformationakhangesif arny, areimportant. In the presentstudy we did not considercon-
formationalrelaxationandfluctuationprocessesln a morerecentstudy we usedan iteratve
enegy minimizationschemeo calculatethe redoxpotentialsandthe protonationenegiesfor
thevariousbRCstate§Rabensteirtal., 1998a).Theseenegy minimizations however, do not
improvethe presentesults.

SecondElectron Transfer from Qa to Qg and first protonation of Qg

Threedifferentreactionamayfollow thefirst electron-transfeprocess{(l) the secondelectron
transferfrom Qa to Qg, (Il) the protonationat the proximal oxygenof Qg, i. €., the oxygen
atompointing towardsthe non-hemaeron, or (lll) the protonationat the distal oxygenof Qg,
i. e.,the oxygenatom pointing away from the non-hemaron (Figure5.6). Basedon experi-
mentalresults differentmodelswereproposedMcPhersoretal., 1994cameto theconclusion
that the first electrontransferis followed by the secondelectrontransfer whereuporthe two
protonationof Qg occur In contrastthe kinetic resultsof Graigeet al., 1996fitted bestto a
modelin which thefirst electrontransferis followedby thefirst protonation.Subsequentiythe
seconcelectrontransferoccursasthe ratedeterminingstep. Anothermodel, fitting the kinetic
resultsof Graigeetal., 1996almostasgood,includesa concertednechanismin whichthesec-
ondelectronandthefirst protonaretransferredo Qg simultaneouslyThemodeldervedfrom
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Figure 5.6. Schemeof the possibleelectron-transfeandprotonationreactionsnvolving the quinones
of thebRC. Solid arravs areusedfor the enegetically preferredreactionsequenceCalculatedeaction
enegiesaregivenneartherespectie arrovs. Changesn total protonatiorduringthereactionsaregiven

in parentheses.

mutationstudiesof Paddocket al., 1990 supportsalsoa reactionsequencen which the first
electrontransferfrom Q, to Qg is followed by thefirst protonationof Qg, the secondelectron
transferfrom Qu to Qg, andfinally by the secondorotonationof Qg. In addition,the modelof

Paddocket al., 1990proposeshatthefirst protonationoccursat the distal oxygenatomof Qg

andthe secondprotonbindsto the proximaloxygenatom.

We calculatedhereactiorenegy for theseconctlectrontransferfrom Qa to Qg andalsofor
thefirst protonatiorof Qg atthedistalandattheproximaloxygenatom(Figure5.6). Theenegy
differencebetweenthe bRC statesQ, Q5 and QAQ§* is +1100meV. This enegy difference
is even higher than the enegy differencebetweenthe respectre quinonestatesin aqueous
solution(720meV). Thus,accordingo our calculationsa doubly-reduced nprotonatedg is
unlikely to occurin thebRC.Theprotonatiorenegy of Qg in thebRCstateQ, Qg™ atpH 7.5is
alsopositive, but small(Figure5.6). The protonationat the distaloxygenatomis enepetically
preferredby 90 meV. Thereforewe proposehatafterthefirst electrontransferfrom Qa to Qg,
Qg getsprotonatedatthedistaloxygenatom. Thisis in agreementvith themodelof Paddocket
al., 1990. However, the differencebetweerthe protonationenegiesat the distalandproximal
oxygenatomis small. If the protonationat the proximal oxygenis kinetically preferredt may
precedehe protonationof the distaloxygenatom.

Theenegy of +20meVfor thefirst protonatiorof Qg atthedistaloxygenatomcorresponds
to anequilibriumpartialprotonatiorof about30%. Thisfractionmaybetoo smallto detectthe
singly-protonate®g spectroscopicallyHoweverin thebRCfrom Rh sphaeoides no changes
of the spectrunof the singly-reduced)s could be obsered (with anuncertaintyof +59%) in
the pH-rangefrom 4 to 8 (footnotein Graigeetal., 1996). Oneexplanationfor this behaior
canbethatthe singly-reducedg is protonatedessthan5 % over this pH-range Accordingto
our calculationsthe singly-reduced)gs hasa protonationprobability of about30% atpH 7.5.
This resultdoesnot contradictthe experimentalobsenation, if the protonationprobability of
thesingly-reduceds remainsconstantt (30+5) % over the pH-rangefrom 4 to 8. This may
possiblyberationalizedwith a specialtitration behaior of Qg: Dueto strongcouplingof Qg
with titratablegroupsin the protein matrix, a nearly constantprotonationprobability of the
singly-reducedz maybemaintainecdverawide pH-rangelt shouldalsobekeptin mindthat
the experimentsveredonewith thebRCfrom Rh sphaeoides while we usedthe structureof
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thebRCfrom Rps.viridis in our computation.

We foundthatthe protonuptale by the bRCtakesplacebeforeQg getsprotonatedDueto
the protonationof Qg, the systemreacheghe protonationequilibrium after the first electron-
transferprocess.The secondelectronis thenonly transferredf Qg is protonated.If the pro-
tonationof Qg dependson pH, this mechanisntan explain the obsened pH dependencef
the seconcelectron-transferate. This modelis similar to the onederivedfrom kinetic studies
mentionedabove (Graigeetal., 1996).

SecondProtonation of Qg

Measurementsf the enegies requiredfor the secondprotonationof Qg at pH 9.0 and 9.5
gave >(0+20) meV and >(28+20) meV, respectiely (McPhersoret al., 1994). Assuminga
Henderson-Hasselbaltitration behaior, the protonationenegy atpH 7.5is -90 meV. Thisis
in qualitatve agreemenwith our calculatedvaluesof -300 meV and-410 meV (Figure5.6).
Thediscrepang may be explainedby the uncertaintyof extrapolatingthe enegy to lower pH-
values. Furthermorethe experimentswere doneat the bRC from Rh sphaeoides while we
consideredhebRCfrom Rps.viridis. Theresultsshawv thatthestateQa QgHy;, in Which Qg is
protonatedatthe distalquinoneoxygenis enegetically morestablethanthe stateQa Qs Hpyox-
Hence,alsoin the doubly-reducedstateof Qg, a protonateddistal oxygenis preferredto a
protonatedgroximaloxygen.

5.3 The Electron-Transfer ReactionbetweenPlastocyanin
and Cytochrome f

Theblue coppemroteinplastoganin,designateghc, andthe hemeproteincytochromef, des-
ignatedcytf, areinvolvedin photosynthetielectrontransfer.cupriplastoganinacceptanelec-
tronfrom ferrogytochromef , andcuproplastoganindonatesnelectronto theoxidizedform of
photosystenh. Theseproteinsarewell-suitedto experimentabndtheoreticaktudiesof protein
associatiorandelectron-transfereactiongRedinboet al., 1994; Gross,1993; Sykes, 19914a;
Sykes,1991b;Drepperetal., 1996;Haehnektal., 1994;Hervasetal., 1995;Sigfridssoretal.,
1996). Plastoganin containstwo distinctsurfacepatcheghroughwhich it canexchangeelec-
tronswith redoxpartners.The broad,negatively-chagedacidic patcharoundTyr83 is remote
from the copperatom, whereaghe electroneutralhydrophobicpatcharoundHis87, a ligand
to the copperatom,is proximateto this atom. Both of theseimportantresiduesare someavhat
exposedon the surface. Despitethe differentdistancesthesetwo patchesare approximately
equally coupledto the coppersite (Kyritsis et al., 1991; Sykes, 1991a;Solomon& Lowery,
1993;Ullmanné& Kostic, 1995;Qin & Kostic, 1996).

Theluminal partof cytochromef cangentlybe clearedfrom the shortsegmentanchoring
it aspartof thecytochromebgf complex to the membraneRecentcrystallographi@nalysisof
this solubilizedform of cytochromef revealedaremarkabldéwo-domainstructurg(Martinezet
al., 1994). The larger domaincontainsa heme,with the aminogroup of the terminalresidue
Tyrl asan axial ligandto the iron atom. The smallerdomaincontainsa patchof positively-
chagedresiduesUnexpectedlythetwo sitesarerelatively far apart.

Whenplastoganinandcytochromef arenoninvasiely cross-linkedin areactionmediated
by a carbodiimide(Davis & Hough,1983),the resultingcovalentcomplex cannot detectably
undego the internalelectron-transfereactionin eq 5.2, which is fastwithin the electrostatic
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comple (Qin & Kostic, 1992;Qin & Kostic, 1993). This unreactvity wastakenasevidence
thatthe two proteinsdockandreactwith eachotherin differentconfigurationgQin & Kostic,
1993). The predictionandthe analysiswerenicely corroboratedy subsequernpublicationof
the structureof cytochromef, which shavedthatthe dockingandthe reactve configurations
maynotbethesame Studiesof therearrangementith compleesthatplastoganinformswith
native (iron-containing)cytochromec andwith its zinc derivative gave evidencefor configura-
tional fluctuation,in which the docked proteinmoleculesfluctuatearoundthe initial docking
configurationwithoutgrosslydeviatingfrom it (Zhou& Kostic, 1992a;Zhou& Kostic, 1992c;
Zhou& Kostic, 1993b;Peerg & Kostic, 1989).

Togetherwith Ernst-Walter KnappandNenadM. Kostic, | investigatedhe associatiorof
plastoganinandcytochromef showvn in eq5.2 andsubsequenthe electron-transfereaction
shavn in eq5.3;the Romannumeralsarethe oxidationstatesof copperandiron, andthe slant
representgassociation.

pc(Il) 4+ cytf (1) = pc(Il) /eytf (1) (5.2)

pe(1) /eytf(I1) — pel/eytf(1l) (5.3)

We applieda Monte Carlodockingmethodcombinedwith a molecularsimulationandelectro-
staticcalculationgo this comple. This methodis describedn Section2.4.

Kinetic effects of chemicalmodification(Andersonet al., 1987; Gross& Curtiss, 1991,
Christenseret al., 1992) and of site-directedmutagenesigModi et al., 1992b; Modi et al.,
1992a;He et al., 1991)in plastoganin indicate that this protein usesits acidic patch,and
Tyr 83 in particular for docking (eq 5.2) andthe electron-transfereaction(eq 5.3) with cy-
tochromef. Theseprocessedhowever, arequiteintricate. Replacemenof Leul2by various
aminoacidsseemdo affecttheassociatiorwonstantyvhereasieutralizatiorof anegatve chage
in themutantAsp42Asnseemsnotto, eventhoughresiduel 2 liesin the hydrophobigatchand
residued?2 liesin theacidicpatch.Moreover, the mutationPhe35Vr in the hydrophobigatch,
not far from Leul2,appearsiot to affect the associatiorconstan{Modi etal., 1992b). Muta-
tions of residuel2 may affect the reactionindirectly, by perturbingthe redoxpotentialof the
nearbycoppersite (Sigfridssoretal., 1996). Conclusve analysisof kinetic effectsof mutation
requiresdirectobsenation of theintracomple electron-transfereactionin eq5.3; this canbe
achiezedat low ionic strength(Qin & Kostic, 1992;Qin & Kostic, 1993). Effectsof mutation
on bimolecularrateconstantsleterminedat intermediatgonic strengthsanperhapde parti-
tionedinto contributionsfrom the two stepsof the reactionsdescribedn eqs5.2 and5.3, but
this partitioningmay be uncertain.A smallbut intriguing dependencef the electron-transfer
rateconstanbnionic strengthmaybe dueto a mismatchbetweerthermodynamistability and
redoxactvity of a diproteincomplex formedat low ionic strengthandto a rearrangemert
higherionic strength(Meyer etal., 1993). Alternative explanationsareconcevable. The small
dependencmaybedueto areactionbetweerthediproteincomplex andfreeplastogyaninor cy-
tochromef. It couldperhapseexplainedin termsof differentcontributionsby themonopoles,
dipoles,andhighermultipolesto theelectrostatiénteractionenepgy atdifferentionic strengths.
Suchanexplanationhasbeenoffered(Watkinsetal., 1994),anda similaronecanbeattempted
by van Leeuwentheory(van Leeuwen,1983). A recentstudy of plastoganin mutantsfound
thatthe upperclusterof anionicresiduegnos. 59-61)is notinvolvedin the electron-transfer
reaction but thatthelower cluster(nos.42-45)is (Leeetal., 1995a).

The aforementionedtudiesshav how intricatethe problemof associatiorandreactionof
plastogyanin and cytochromef 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
Tyr83is involvedin thedocking,in thereactionorin both. I will discusghis questionbelow.

5.3.1 Covalencyof Copper-Ligand and Ir on-Ligand Bonds

Electronicstructureof the cupricsite in plastoganinis relatvely well understoodPenfieldet
al., 1981;Solomonetal., 1992;Solomon& Lowery, 1993;Penfieldetal., 1985;Larsonetal.,
1995). The shortandhighly covalentbondbetweenthe copper(ll)atomandthethiolateanion
of Cys84provides strongelectroncouplingto Tyr83, a residuein betweenthe two anionic
clustersat the acidic patch. The ligand His87, partially exposedat the hydrophobicsurface,
alsoprovidesa goodpathfor electronictunnelingto the copper(ll) atom.Indeed bothsurface
sitesarewell coupledelectronicallywith the copperatom. We will discusdatertheir rolesin
electrontunneling.

In orderto get an estimateof the electronicstructureof the hemecentey we performed
an extendedHuckel calculation(Hoffmann,1963; Zerneret al., 1966). Iron-Ligandbonding
in Cytochromef coordinateof the hemeweretaken directly from the proteinstructure. All
the peripheralsubstituentsn the porphyrinwere retained;the two cysteineside chainsthat
form covalentbondsto the porphyrinwererepresenteavith methylthiogroups;theimidazole
groupof histidineandtheterminalaminogroupbindingin the axial positionsto theiron were
representeavith an imidazoleanda methylamine respectrely; and both propionategroups
werereasonablyleprotonated.

Our simple calculation,by the extendedHuickel method,seemso be the first quantum-
chemicalstudyof theunusuahemecomple foundin cytochromef. Theseveralhighestfilled
molecularorbitalshave similar enegies. The HOMO is delocalizedover the porphyrinring;
the threemolecularorbitalsjust below it are mostly composedf theiron 3d orbitals. These
high-lying molecularorbitals have very small contritutionsfrom the two axial ligands. Our
finding that electrontransferin cytochromef involves mainly the Tt electronsystemagrees
with similar findingsby othersconcerningothercytochromegNakagava etal., 1994;Stuche-
brukhor & Marcus,1995). Indeed,a porphyrin-to-ironchage-transfetransitionis obsened
spectroscopicallyGadsby& Thomson,1990).

5.3.2 Diprotein Complex Configuration for Each of the Six Families

Theseriesof calculationsculminatingin Table5.2 beganwith 32,000Monte Carlotrajectories
obtainedwith rigid proteins.Approximately5,0000f themendedatlocalminimaof enegy. Of
these,140 configurationswvere further consideredand clusterednto six familieson the basis
of structuralsimilarity. The most stablememberof eachfamily was usedas starting point
of a moleculardynamicssimulation,in which the proteinmoleculesvere hydratedandgiven
conformationalflexibility. Finally, the enegy of eachconfigurationwas enegy minimized.
They aredesignated\ throughF. Thedetailsof the procedurearedescribedn Section2.4.
The criterionfor a saltbridge betweena carboxylateanionin plastoganinandanammo-
nium cationin cytochromef wastheO- - - N distanceof 3.2 --3.6A. Suchinteractionsarefound
onlyin configuratiorF, betweemsp42andLys65andbetweemsp44andLys65. Thisscarcity
of saltbridgesis understandableecause¢hey areenegeticallylessfavorablethanhydrationof
bothions (Hendsch& Tidor, 1994;Dougherty 1996;Waldkurgeretal., 1995). In simulations
in which the solventwateris not consideredsalt bridgesare commonlyfound, andtheir con-
tribution to the stability of the complex is usuallyoverestimatedIn our simulation,in which
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configuration Cu-Fe interactingsidechains
distance(A) anionsin pc cationsin cytf

A 34 Glu59,Glu60,Glu6l Lys187,Lys185
Asp44,Glu43,Glud5s 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,Gluds Lys187,Arg209
Glu59,Glu60 Lys65,Lys58

E 20 Asp44,Glud5,Aspd2,Glu43 Lys187,Arg209
Glu59,Glu60,Glu6l Lys58,Lys65,Lys66

F 35 Asp42,Aspid4,Glud3 Lys58,Lys65

Glu59,Glu60,Glu6l

Arg209,Lys187

Table 5.2 Six configurationsof the diproteincomplex that emegedfrom Monte Carlo calculations,
moleculardynamicssimulationswith allowancefor flexibility andwith inclusionof water andenegy
minimization.

wateris explicitly treatedsaltbridgesoccuronly in buriedregionsof theproteininterface.The
ionic sidechainslocatedin the exposedegionspreferto be hydratedjf they areallowedto.

Despitethe scarcityof salt bridges,thereare numerouselectrostaticattractions listed in
Table5.2. Two oppositelychagedions wereconsiderednteractingif the carbonatomof the
carboxylateon approachedhe nitrogenatomof the ammoniumor guanidiniumcationatless
than8.0A. Thisdistancds includedby theradii of theionsandthethicknesof thewaterlayer

Only in the configurationd andE is the coppetiron distanceshorterthan 30 A. As Fig-
ure5.7 shaws, in the otherfour configurationghe copperatompointsaway from theheme.

The prominentresidueTyr83 lies outsideof the proteininterfaceandis not involved in
dockingin theconfiguratiorB. Thisresidudies attheedgeof theinterfacein the configuration
A andis buriedin theinterfacein the remainingfour configurationsC throughF. In threeof
them Tyr83 appeargo form a hydrogenbondwith the following residuesof cytochromef:
Arg209in the configurationdD andF, andLys65in the configurationE. This lastinteraction
will bediscussednh somedetail below.

Cytochromef containsthreeloops at the surfaceregion throughwhich it bindsto plas-
tocyanin: Lys185-Gly189,Pro208-Glu212andLeu61-lys65. Thesesectionsof the protein
chainshaw large temperaturdactorsin the crystal structure,an indicationthat they are mo-
bile. Moleculardynamicssimulationsrevealedthatassociatiorwith plastoyanincauseslight
reorientationof theseloopsin nearly all of the six configurations. The antiparallel-sheet
Gly157-Asn167n the configurationrD swingsby asmuchas8 A Moleculardynamicssimula-
tionsshovedno large structuralchangesn plastoganinin ary of the six configurations.

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

Differentcontributionsto the enegy of the diproteincomplex are definedin eqs2.38, 2.40,
2.41,2.42,and2.43andshowvn in Table5.3. No singlecomponenbf the dockinginteraction
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Figure 5.7: The optimizedsix configurationsof the diproteincomplex betweerplastoganin and cy-
tochromef thatemegedfrom moleculardynamicssimulationsfor 260 psandenegy minimization. In
the simulationshydrationwastreatedexplicitly, andconformationaflexibility wasallowed. The copper
atomandthehemearehighlighted.

AAGR AG. AGNE AGE 2 AGT P
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—AGg = AAGRr+ AGc
b —AGT = AAGR+ AGc + AGNg = AGE + AGNE

Table 5.3 Enegies(in kJ/mol)of thecomplex betweemplastoganinandcytochromef calculatedwith
es=2.0andb=20.0cal/AZ2.
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correlateswith the calculatedotal enegies,AGt. Stabilitiesof differentconfigurationsanbe
properlyanalyzednly by recognizingheinterplayof thedifferentenegy contrikutions.

If only Coulombenegieswas consideredconfigurationF would be the moststableone.
When, however, the changein the reactionfield is taken into account,this configurationbe-
comesdistinctly unfavorable. This destabilizingcontribution of the reactionfield may be due
to the presencef two saltbridges,discussedbove. This exampleclearly shaws the peril of
analyzingprotein complexes solely, or mostly, in termsof Coulombinteractionseven when
the proteinsarehighly chaged. Althoughthis approacho molecularmodelingremainspopu-
lar (Robertsetal., 1991;Adir etal., 1996),non-Coulomlcontributionsto electrostatienepgy
shouldbe considerecswell.

As Table5.3 shavs, the non-electrostatitermis lessthan10 % of the electrostatiderm,
but it shouldbetakeninto accountoo. It makesa significantcontrikbution to thetotal enegy of
the configuratiorD.

The configurationB hasa relatvely small interface,a sign for loosepackingof the two
proteins.Consequentlyits non-electrostatitermis thesmallesof all in Table5.3. SinceTyr83
is notinvolvedin dockingandsincethemetalatomsarefar apart.this configuratiorprobablyis
unimportantin the electron-transfereaction. ConfigurationsA andC, which have thelongest
coppetiron distancesarelik ewise of lessinterest.

Themoststableconfiguration g, owesits stability largely to thevery favorableelectrostatic
enepy. Thisfindingis consistentvith kineticexperimentsywhichshavedamarkeddependence
of therateconstantgor thereactionin egs5.3onionic strength(Qin & Kostic, 1992;Meyer et
al., 1993)

5.3.4 Interactions of Tyr83 with Cytochrome f Residues

The hydroxyl groupof Tyr83 in plastoganinemegesfrom several simulationsasacceptoiin
hydrogenbonds. The donorsin thesehydrogenbonds,from cytochromef, areLys65in the
moststableconfiguration,designatede, and Arg209in the configurationdD andF. Because
thesedonorsarecations,we wereintriguedby the possibility thatthe putatve hydrogenbonds
arein factinteractionsbetweencation and the aromaticring, so-calledcationst interaction
(Kumpf& Dougherty1993;Dougherty 1996).

PyramidalcomplexesbetweeraromaticmoleculesandcationssuchasAg™ have long been
known. Thesesurprisinglystrong,nonco/alentinteractionsarebeingincreasinglyemphasized
in studiesof enzyme-substraiateractionsandof molecularrecognitionin synthetichost-guest
systemgDougherty 1996; Sussmar& Silman,1992). A pair of hydratedionsis morestable
thana salt bridge betweenthem, but a single cationis more stablein a comple< with anaro-
matic moleculethanwhenit is hydrated Kumpf & Dougherty 1993;Waldkurgeretal., 1995;
Dougherty 1996). Unfortunately stateof the artin molecularmechanicsalculationis inade-
guatefor acorrectdescriptiorof cationtinteractionstheirenegiesaregreatlyunderestimated
(Dougherty 1996;Caldwell& Kollman,1995;Kumpf& Dougherty 1993). Satishctoryforce
fields mustincludecontributionsfrom polarization,induceddipoles,dispersiorforces,chage
transfey and possiblyotherinteractionsand processe¢Kim et al., 1994; Lee et al., 1995b).
Suchcalculationsarestill in its infang/ andareappliedso far to small moleculesonly (Cald-
well & Kollman, 1995). Applicationsto proteins,let alonestructuraloptimizationof protein
complees,arechallengedor thefuture.

The probability of this stronginteractionbetweermplastoganinandcytochromef impelled
us to a broaderanalysisof our findings aboutof docking (here)and aboutelectrontransfer
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pc/oytf 10?9 (relative couplingy for the bestpath

config- no H,0, isotropic H»O, isotropic H>0, anisotropic

uration €=0.6 e=1.0 €=0.6 e=1.0 €=0.6 e=1.0
A 310 3.9x10° 310 3.9x10° 65 825
B 3.6x10°3 0.078 8.1 62 1.2x10°3  8.9x10°3
C 7.6 79 7.6 79 0.2 2.2
D 1.8x1011  1.4x10%2 2.4x102  2.4x10!2 2.2x10° 1.7x 1010
E 7.7x10° 5.9x 10’ 2.8x10’ 1.5x108 4.4x10P 3.4x10°
F 44 950 44 950 1.2 26.5

Table5.4: Bestelectron-tunnelingathsfrom Fe(ll) to Cu(ll) in six configurationsshavn in Figure5.7,
of the plastoganin/g/tochiome f complex calculatedor two levels of hydrationwith two parametriza-
tionsof the couplingwithin thearomaticrings (¢ Values)andconsideringof the metal-ligandcovaleny
asisotropicor anisotropic

(below). The obsenred 40-fold decreasef the bimolecularrate constantupon the mutation
Tyr83Leu(Modi etal., 1992b)is consistentvith a decreasén the bindingaffinity. Attribution
of this decreasewholly or in part,to a changecelectron-transfeability is a matterof kinetic
analysis,which is further complicatedby the possibility of the rearrangementf the protein
comple.

5.3.5 Electron-tunneling Paths

ThemethodPathways(Onuchicetal., 1992)is applicableto electron-transfesystemsn which
the main considerations the natureof the matter betweenthe donor and the acceptar not
solvationandothereffects. We appliedit to thecomple betweerplastoganinandcytochrome
¢, in which bothredoxsitesareenclosedn the proteinmatter(Ullmann & Kosti€, 1995). As
in this previous study trends,not absolutevalues,in the quantitiest,%A for variouspathswere
considered.

Table5.4 showvs thatthe configurationD, which hasthe shortestopper iron distancealso
hasby far the strongeselectroniccouplingbetweerthe two metalsites,i. e.,it possessethe
mostefficient path. Next comesthe configurationg, with a longerdistanceanda lessstrong
coupling. The otherfour configurationsseemto be unfavorablefor electrontransfer Inclu-
sion of waterslightly enhanceshe couplingin threeof thesefour configurationsandgreatly
enhanced in the configurationB. The smallinterfacein configurationB (seeabove) benefits
from hydration;the best,but still inefficient, pathincludesthreewatermolecules.Generally
speakingpathsvia multiple watermoleculesareunlikely becausegositionsof thesemolecules
mustbe simultaneouslyavorablefor electrontransferto occur

Becauseof the approximationsn the Pathwaysmethod,even the relatve magnitudesof
the couplingsin Table5.4 mustbe taken skeptically More efficient pathsmay be discovered
by morerigorouscalculations.We soughtadditionalpathsby wideningthe searchto include
relatve couplingslower thanthosein the bestpathfor eachof the configurationsD andE.
Theresultsaregivenin Table5.5. The bestof all paths,which occursin the configurationD,
is shavn in Figure5.8. Betweena propionategroup of the hemeand Pro86in plastoganin
thereis avanderWaalscontact.Dependingon thetreatmenbf copper(ll)-ligandoondingthis
pathcantake someavhatdifferentdirectionto the copper(ll)atom,but alwayswithin the short
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Config- Acceptor blocked (relatve (ya, xrelatve path
uration coupling$ coupling$
D Cu none 2.4x10°8 45x10 13 Fe-Tyr1-H,O-His87-Cu
Tyrl 1.4x10°8 2.0x10°12 Fe-Heme-Pro86-His87-Cu
Sol 1.4x10°8 2.0x10°12 Fe-Heme-Pro86-His87-Cu
Sol/Pro86 8.0x10°10 1.7x10°10 Fe-Heme-Ser85-Cys84-Cu
E Cu none 1.5x10°12 2.2x10716 Fe-Heme-HO-H,0-GIn88-His87-Cu
His87 1.6x10°13 3.4x10°14 Fe-Heme-HO-H,0-H,0-Ser85-Cys84-Cu
GIn8s 2.2x10°12 3.2x10716 Fe-Heme-HO-H,0-H,0-GIn88-His87
Heme 1.3x10°12 2.4x10°Y7 Fe-Tyr1-H,O-Gly89-GIn88-His87-Cu
H,0 6.0x10°13 1.1x10°%7 Fe-Tyr1-Gly89-GIn88-His87-Cu
H,0, GIn88 4.4x10°14 8.2x10719 Fe-Tyr1-Gly89-His87-Cu
Lys65-)r83 unblocled 1.8x10°13 - Fe-Heme-Asn70-Leu69-Ala68-Gly67-
Lys66-lys65-Tyr83
Asn70 7.6x10°14 - Fe-Heme-HO-Ala68-Gly67-lys66-lys65-Tr83
Heme 2.2x10°14 — Fe-Tyr1-H,O-H,0-H,0-H,0-H, O-Lys65-r83
Ea Cu none 1.1x10°13 2.0x10°18 Fe-Tyr1-H,O-H,0-Gly89-GIn88-His87-Cu
H,0 3.6x10°17 5.2x10"2L Fe-Heme-Ag156-Leu61-GIng8-His87-Cu
His87 1.4x10°14 3.0x10°15 Fe-Heme-HO-H,0-H,0-Ser85-Cys84-Cu
His87,H,0 9.6x10°18 2.0x10°18 Fe-Heme-Ag156-Leu61-GIn88-Cys84-Cu
Lys65-Tyr83 none 1.6x10712 — Fe-Heme-Ag156-\al60-Leu61-lys65
Arg156 1.7x10°13 - Fe-Heme-Asn70-Leu69-Ala68-Gly67-

Lys66-lys65-Tyr83

a — Partial optimization.Coordinatesakenfrom the MD trajectoryof configurationE after70 ps.

Table 5.5 Extendedsearchfor electrontransferpathslessefficient thanthoseincludedin Table5.4
takesa long time andrequiresmuchmemory To make it moreefficient, we systematicallyremaoved”
from the bestpathscertainamino-acidesiduer just their sidechainsby neglectingthecouplinginter
actionsinvolved. Theresultsaregivenin thistable.

Figure 5.8 The mostefficient electron-tunnelingathin the complex betweerthe cupric sitein plas-
tocyanin(left) andtheferroporphyringroupin cytochromef (right) calculatedy the Pathwaysmethod.
This pathwasfoundin the configuratiorD of thediproteincomple.
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proteindielectric bin ANGE ANAGNE ANGT
constantgg 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 honelectrostaticand total enegies (in kJ/mol) betweenthe
configuratiorD, having the bestheme-coppecoupling,andthe configuratiorE, Having the lowesttotal
enegy.

segment84-87. If the anisotroy of the copperbondingis ignored,the pathgoesvia covalent
bondsthroughHis87.If thestrongcouplingof Cys84to copper(ll)is recognizedthepathgoes
via Ser85andCys84.This exampleshavstheintricaciesof analyzingelectron-tunnelingaths
attheir bgginningsandends hearthedonorandacceptosites.

5.3.6 Comparisonof the Configurations D and E

The configurationE emegedasthe moststableone (Table5.3), whereaghe configurationD
turnedout to be the mostreactve one with respectto inter molecularelectrontransfer(Ta-
ble 5.4). Becausef theimportanceof this differencefor the analysisof thereactionin eq5.3,
we checled whetherthe relative stabilitieschangewhendifferentparametersre usedin the
enepy calculations.

Dielectricpropertief proteinsdependon reorientatiorof permanenandinduceddipoles.
Much hasbeenwritten aboutthe valuedielectricconstanin proteins(Harvey, 1989; Warshel
& Russel,1984; Warshel& Aqvist, 1991). The value4.0is appropriatefor proteinsif ionic
residuesaretreatedaspointchages;thisvalueis usedmostoften(Harwey, 1989;Gilson,1995;
Honig & Nicholls,1995). Atomic chagesin the CHARMM programareadjustedor adielectric
constantof 1.0 canbe usedin moleculardynamicssimulations.If the proteinervironmentis
rigid, asfor instancefor the specialpair in the photosyntheticeactioncentey the valuees=1.0
wasmostsuitableto reproducecertainexperimentalresults(Mueggeetal., 1996). Therefore,
we usedalsothis value. With the aforementionegharameterizationf chages,CHARMM im-
plicitly recognizeseoganizatiorof induced but notof permanentgipoles.Sincebothof these
effectscontribute nearlyequallyto thevalueof thedielectricconstantthevaluess=2.0seemed
to bethe mostrealistic. Theresultsin Table5.3 wereobtainedwith this value. Threedifferent
valuesof theparameteb in eq2.40weretested.

Resultsof theseexploratorycalculationsareshavn in Table5.6. The variationof the pa-
rameterg andb did notchangehe mainfinding — the configuratiorhaving the bestelectronic
coupling betweenthe copperand hemesites(D) is differentfrom the configurationwith the
greatesaffinity for proteinassociatiorfE).
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5.3.7 PossibleInvolvement of Tyrosine 83 and Cationic Side Chains in
Electron Transfer

It is importantto keepin mind the approximationsembodiedin the Pathwaysmethod. In
thisandin othermethoddor estimatingelectroniccouplingan effective two-stateHamiltonian
basedon a pertubationapproachs usedto describethe interactionsbetweenthe donorand
theacceptor This descriptionbecomesnvalid if the electronicstatesof the "bridging” groups
(thoseinterposedetweerthe donorandthe acceptorstronglyinteractwith the donorstateor
theacceptosstate.If theelectron-transfereactioninvolvesathird intermediatethe description
in termsof the super&changemechanisnfails also (Marcus& Sutin, 1985; Larson,1981;
Larson,1983;Skourtis& Mukamel,1995).

If, asdiscusse@bove, a cationicsidechainin cytochromef andthearomaticring of Tyr83
in plastoyaninform a specialbond,thenthe LUMO of this so-calledchage-t complex may
actasan electronacceptaorso that a radicalintermediatas formedin the courseof electron
transferfrom the ferrohemeto the cupric site. Indeed,recentquantum-chemicatalculations
shavedthatinteractionof a o* orbital of ammoniumcationanda 1t orbital of benzenelays
animportantrole in stabilizingthis pair (Leeetal., 1995b;Kim etal., 1994). The LUMO is
delocalizedverthewholecomplex andis well suitedto acceptheelectronin thehypothetical
intermediate.

Toourknowledge aradicalof unmodifiedTyr83hasnotbeendetectedn studiesof electron-
transferreactions Most of thesestudies however, weredonewith reducingagentghatarenot
expectedto form the specialinteractionto the aromaticring of Tyr83. We postulateit for the
reactionwith the physiologicalpartney cytochromef. In thefew studiesof this reaction,rad-
ical intermediatesvere not considered.A short-lved intermediatemay be possible,andthis
guestionis worthy of anexperimentaktudy

If aradicalintermediates involvedin theelectrortransferthentheanalysidy thePathways
methodmustbedonein two parts— from ferrohemeo Tyr83 andfrom Tyr83to thecupricsite.
Becausestateof the artin molecularmechanicss inadequatdor a descriptionof interactions
betweencationsandaromaticrings (seeabove), we did not restrictour analysisto optimized
configurationsWe considerealsothe structuresf thediproteincomplex atthe earlierstages
of simulationandthe actualstructuresof plastoganinandcytochromef. The mainresultof
this analysigs theinterestingpatternshavn in Figure5.9andin Table5.5.

A tunnelingpathstartsattheiron atomandgoesthroughthe porphyrinring, via asaltbridge
involving the propionategroupin the pyrrole ring D andthe guanidiniumgroupof Arg156,via
anotherhydrogenbondto the oxygenatomin Val60, via the peptidebondto Leu61,thento
the oxygenatomin Lys65,andthento theammoniumcationin the sidechainthatpresumably
interactswith the aromaticring in Tyr83. This patternis presentin the early stagesof sim-
ulation of the configurationkE, but disappearsfter approximately80 ps. Since,however, the
aforementionethydrogenbondsareevidentin the crystalstructureof cytochromef (Martinez
etal., 1994)we believe thattheir disappearancis causedyy the inability of the forcefield to
recognizethe specialinteractionof Lys65andTyr83. Insteadof simulatingthis interactionthe
forcefield simulatesothersthataremoretractable suchastheattractionof Lys65to the acidic
patchin plastoganin;seeTable5.2. Fromthis pointof view "diversion”of Lys65createsome
streson it andon residuedoundto it; consequentlyhe aforementionethydrogenbondsand
the pathrequiringthemaredisrupted.Thena pathalongthe backboneof cytochromef, from
Asn70to Lys65,becomeselatively favorable,with a couplingof approximatelyl0 % of the
previousone,seeFigure5.9.
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Figure 5.9 Two specialelectron-tunnelingathsbetweerthe cupricsitein plastoganin (left) andthe

ferroporphyringroupin cytochromef (right) foundin the configuratiork of thediproteincomple. The

ammoniuncationof Lys65is shavn above thearomatiaing of Tyr83,in aso-calleccationTtinteraction.
Onepath(throughtheresidued 56,60, 61,and65) involvesthe hydrogerbonds(dashedines),whereas
the otherpathleadsthroughthe proteinbackbongresidues/0to 65). Tyr83, Cys84,andHis87 belong

to plastoganin,therestto cytochromef

Thisdiproteinsystemandlik ely othersn whichinteractiondetweercationicandaromatic
sidechainsmay occut shouldbe thoroughlyinvestigatedn the future. Quantum-mechanical
calculationshouldbecombinedwith classicamechanicasimulationdasednimprovedforce
fieldsto analysehesenewly-recognizednteractions.

5.3.8 Electron-Transfer Inactivity of the Covalent Diprotein Complex

In the presencef carbodiimidesdirectamidebondsform betweenlysine side chainsin cy-

tochromef andcarboxylategroupsin glutamateor aspartatsidechainsin plastoganin(Davis
& Hough,1983). Structuresandredox propertiesof the active sitesof theseproteinsare not
significantly perturbed(Morandet al., 1989), but the intracompl& electron-transfereaction
(eq5.3), which s fastin the noncwalentcomple, is undetectablyslow in the covalentcom-
plex (Qin & Kosti¢, 1993). This finding leadto the suggestionthat a rearrangemendf the
initially formed, electrostaticcomplex is necessaryor the electrontransferand that cross-
links preventthis rearrangemeniQin & Kostic, 1993). Indeed,rearrangemenprocessesire
importantin electron-transfereactionsof variousproteincomplees(Zhou & Kostic, 1993b-
Ivkovi¢-Jenser& Kostic, 1997). In a recenttheoreticalstudy (Ullmann et al., 1997b),we
proposed structuralmodelof the rearrangemenn the plastoyanin-g/tochromef complex.

Thedirectcross-links(without any tethers)make the covalentcomple rigid andprecludethe
rearrangemenshawn in Figure5.10,from the moststableconfiguration(E) into the mostre-

active one (D). This rearrangemerns possiblein the caseof the noncovalentcomples, which

is flexible. Besidethis possibleexplanation,we gave alsoan alternatve interpretationof the
redox-inacwity of the cross-linkedcomplex (Ullmannetal., 1997b). We proposeda cationqt
interactionbetweerthe sidechainsof Lys65in cytochromef andTyr83in plastoganin. Such



Figure 5.10 Rearrangemenof the diprotein complex betweencupriplastoganin and ferrogy-
tochromef that may be involved in the intracomple electron-transfereaction. The configurationE
hasthe lowestbinding affinity, whereaghe configurationD providesthe bestelectroniccouplingbe-
tweentheredoxsites,which arehighlighted.

interactionshave recentlybeendocumentedn synthetichost-guestidductsand biochemical
complees(Dougherty 1996,Ma & Dougherty 1997),but we arenot awareof ary investiga-
tions of the electrochemicapropertiesof suchcomplexes. However, the systemcomposef
the cationover the aromaticring may sere asanintermediateslectronacceptoiin the protein
comple, sincethecationcanstabilizeananionicradicalatthearomatiaing. If so,theelectron-
transferreactioncould occurin two steps.An electronis first transferredrom the ferroheme
in cytochromef to thearomaticring of the cationTtsystematthe protein-proteininterface,and
thenfrom the transientanion-radicato the coppersitein cupriplastoganin. The two-stepre-
actioncanbefasterthanthecorrespondingne-stepeaction|f eachstepis considerablyaster
thanthe assumeane-stegeaction.The electroniccouplingbetweerthe hemeandthe copper
sitein the plastoganin-g/tochromef complex may be too weakto allow thefastreactionthat
is obseredexperimentally

The redox-inactvity of the cross-linked complex can be explainedin termsof the two-
stepmechanism.Cross-linkingof Lys65to an acidic residuedisruptsthe cationtinteraction
betweenLys65andTyr83. Indeed theresiduesGlu59 andGlu60 of plastoganin,which have
beenimplicatedin covalentcross-linkingbetweenthe two proteins(Morandet al., 1989),lie
nearLys65in thecalculatecconfigurationof the plastogyanin-g/tochromd complex (Ullmann
etal., 1997b).Underthis hypothesisthediversionof Lys65away from Tyr83would disturbthe
electron-transfepathandneutralizethe cationrequiredfor the stabilizationof theanionradical
of Tyr83.

Thehypothesi®f acationitinteractionandof its speciakolein theelectron-transfemech-
anismcanbetestedby analyzingits consisteng with the availableaminoacid sequencesThe
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residueTyr83 is conseredin nearlyall plastogyanins;it is only replacedby a pherylalanine
in two algalplastoganins.But Lys65is missingin all cyanobacteriatytochromef sequences
andin two eukaryoticalgalcytochromes. Thesetwo eukaryoticalgaebelongto thetaxonomic
groupsRhodophytdredalgae)andGlaucophytawhich have ratherprimitive chloroplastsvith
mary similaritiesto cyanobacterigkohleretal., 1997).Thelack of Lys65doesnotnecessarily
invalidatethe proposalthat a cationit systemsenesasa "half-way” electronacceptorin the
interproteinreaction. Therole of Lys65may be fulfilled by Lys66,which is conseredin all
known cytochromef sequences.

Lysinesidechainsarenot the only cationspotentiallycapableof interactingwith the aro-
matic T-systemsof Tyr83 in plastoganin. Alternatively, both the cation and the aromatic
residuemaybelongto the sameprotein. Theresidueat position88, which is locatedabove the
aromaticring in plastoganin,is anarmininein all known cyanobacteriaplastoganins. Their
interactioncould concevably form a cationt systemwithin plastoganin. This hypothesiss
supportedby a recentNMR spectroscopienodel of a cyanobacteriaplastoganin (Badsbeg
etal., 1996). WhenLys65is presentin cytochromef, it may interactwith Tyr83 in plasto-
cyanin,anda cationit systemexists at the protein-proteinnterface. WhenLys65is laking in
cytochromef, Arg88 and Tyr83 in plastoganin may form a cationt systemwithin this pro-
tein. In eithercasethe interproteinelectron-transfereactioncanoccurin two steps,because
Tyr83 is alwaysinvolved in a cationit system. The electrontransferin the cyanobacterial
plastogyanin-g/tochromef complex may go via the serineor the glutamine,which replaces
Lys65in cyanobacteriatytochromef. This serineor glutamineresidueis a capablenydrogen-
bondpartnerof Arg88in cyanobacteriaplastoganin. We have foundno amino-acidsequence
thatdisagreesvith this expandedrersionof the hypothesis.

A cyanobacteriatytochromef seemdo reactdifferentlywith plastoganinsfrom thesame
cyanobacteriunandfrom spinacha higherplant. A recentkinetic study(Wagneretal., 1996)
shaved,thatthe formerreactionis fastwhile thelatteris very slov at mediumionic strength.
Moreover, the formerreactionbecomeslower andthe latter fasterasionic strengthis raised.
Theseobsenrationswerequalitatively interpretedn termsof electrostatiscreeningsinceplas-
tocyaninfrom spinachandfrom this cyanobacteriunbeara differenttotal chage (Wagneret
al., 1996).

Thesefindings,howvever, maybealsoconsistentvith theassumptiomiscusse@bove, thata
two-stepmechanisnfor theelectrontransferinvolving acationTtsystenis morefavorablethan
aone-stegnechanismThe cationTtcomple is presentwithin cyanobacteriaplastoganin,as
discussedborve. In this case the electron-transfereactionmay be relatively fastbecauseof
it. A cationstinteractionis unlikely within spinachplastoganin, becausehis proteinlacks
a cationicside chainin the correctpositionwith respectto Tyr83 andalsounlikely between
this plastoganin and cyanobacteriatytochromef, becausedhe latter lacks Lys65. Thus,the
electron-transfereactionin this proteincomplex mayberelatively slow, becausé cannotuse
the cationftsystemasanintermediatestate.

5.4 Comparison of the Isofunctional Electron-Carrier Pro-
teins Plastocyaninand Cytochromecsg
In cyanobacteriandsomeeukaryoticalgae thehemeproteincytochromecg canreplaceplasto-

cyaninunderconditionsof copperdeficieny (Redinboetal., 1994).While theelectron-transfer
reaction®f plastoganinwith variouspartnerfiave beenstudiedextensvelyin recentyeargfor



Plastocyanin Cytochrome cg

Figure 5.11 Structuresf plastoganinandcytochromecs. Althoughthe structureof both proteinsis
completelydifferent,both have the samefunctionin the photosynthetielectron-transfechain.

review seeRedinboetal., 1994;Sykes,1991a;Sykes,1991b),only afew studiesexaminedthe
electron-transfereactionsof cytochromecg (Henvasetal., 1995;Henasetal., 1996;Navarro
etal., 1997andreferencesitedtherein).

Thestructureof plastoganinsfrom variousspecieshasbeenanalyzedy X-ray crystallog-
raphyand NMR spectroscop (seeRedinboet al., 1994 for review). Recently the structure
of cytochromecg from threespecieshasbeendeterminedFrazo etal., 1995; Kerfeld et al.,
1995;Bancietal., 1996;Beissingeretal., 1998). In the caseof Chlamydomonaseinhaidtii,
the structureof plastoganin(Redinboetal., 1993)andof cytochromecs (Kerfeldetal., 1995)
areknown. Thetwo proteinsshav completelydifferentsecondarandtertiarystructuresPlas-
tocyaninhasa beta-barrefold, while cytochromecg hasa mainly a-helicalfold (Figure5.11).
Since however, cytochromecg canreplaceplastogyaninin thecell, thetwo proteinsshouldhave
similarsurfacepatterngor therecognitionof cytochromd andphotosystenh Indeed pothpro-
teinshave ahydrophobiandanacidicpatchontheirsurface(Frazoetal., 1995;Kerfeldetal.,
1995). Theacidicpatchin plastoganinconsistf two distinctclusterdormedby residuesi2-
44 andresidue$9-61respectrely. In someplastoganins,includingthatfrom Chlamydomonas
reinhadtii, two additionalacidicresiduegresidues3and85) arelocatedwithin theacidicpatch
(Redinboet al., 1994). In the caseof plastoganin, the hydrophobicandthe acidic patchare
involvedin physiologicalreactions(Redinboet al., 1994; Sykes, 1991a;Sykes, 1991b). An
electronis transferredrom the coppersite of plastoganinto P700" of photosystent via the
hydrophobicpatch(Haehnelet al., 1994). The electron-transfepath from the hemesite of
cytochromef to the coppersite of plastoganinseemdo involve the highly-conseredresidue
Tyr83(Heetal., 1991;Modi etal., 1992b) whichis locatedin theacidicpatchof plastoganin.
Although, Tyr83 and His87 have differentdistancedo the copperatom,their electroniccou-
plings to the coppersite are approximatelyequal(Lowery et al., 1993; Kyritsis et al., 1991;
Ullmann& Kosti¢, 1995;Qin & Kostic, 1996). Alternatively, the acidic patchof plastoganin
may only beinvolvedin the dockingto the basicpatchof cytochromef, andthe electrontrans-
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fer could concevably occurin a rearrangedonfigurationvia the hydrophobicpatch(Frazo
etal., 1995;Qin & Kostic, 1993;Pearsoretal., 1996; Ullmannetal., 1997b). We suggested
recentlythat Tyr83interactswith a cationicsidechainn cytochromef in a specialway to form
a cationdt system which might be involvedin the electron-transfereaction(Ullmann et al.,
1997b).In thecaseof cytochromecg, only the hydrophobigatchwassuggestedb beinvolved
in electron-transfereactiongFrazoetal., 1995;Kerfeldetal., 1995). A secondbatchonthe
surfaceof cytochromecg, throughwhich cytochromecg canexchangeelectronshasnot been
identifiedsofar.

5.4.1 Superpositionof Centersof Mass,Dipole Vectorsand the Hydr opho-
bic Patchesof Plastocyaninand Cytochrome cg from Chlamydomo-
nasreinhardtii

If electrostatianteractionsdominatethe docking of two proteins,their associatiordepends
on ionic strength.The resultingdependencef bimolecularprotein-proteirnreactionson ionic
strengthcanbe well describedy the vanLeeuwertheory(Qin & Kosti¢, 1996;vanLeeuwen,
1983;Zhou& Kostic, 1992b;Zhou& Kosti¢, 1993a),n whichtheelectrostatigpotentialof the
proteinsis approximatedy its monopoleanddipole. We usedthe sameapproximatiorfor the
electrostatigpotentialsof thetwo proteinsto superimposelastoganinandcytochromecg. Ad-
ditionally, we broughtthe hydrophobigatcheof plastoganinandcytochromecg in proximity
to eachotherby rotatingoneof themaroundtheir aligneddipoleaxes. A similarapproactwas
appliedby Frazo et al., 1995. The total chage of cupriplastoganin andferricytochromecg
from Chlamydomonareinhadtii atpH 7 is —6; their dipolemomentshave a magnitudeof 340
D and175D, respectrely. The Hodgkinindex of this alignmentis alsolistedin Table2.1,for
comparison.

Thedipolevectorof eachproteinwascalculatedvith respecto its centerof masgKoppenol
& Margoliash,1982). All atomicpartial chagesof the proteinswereconsidered.The origin
of the coordinatesystemwas placedon the centersof massfor both proteins,andthe dipoles
werealignedby rotatingonemoleculearoundthe normalto the planedefinedby thetwo dipole
vectors.Next, onemoleculewasrotatedaroundhealigneddipoleaxisto bringthehydrophobic
patchesof bothmoleculesloseto eachother Keepingthedipolevectorsaligned,l minimized
the distancebetweerthe Ng; atomof His87 in plastoganinandthe inner carbonatomof the
vinyl groupat the hemering C (atomCAC in the PDB corvention)of cytochromecg. These
atomslie atthe centerof therespectre hydrophobigatches.

Besideghetotalchageandthemagnitudeof thedipolevector theanglebetweerthedipole
vectorandthe vectorfrom the centerof massof the proteinto the reactionsite on the protein
surfaceis animportantparametem the van Leeuwertheory(vanLeeuwen 1983). Theangle
betweerthe dipole momentandthe vectorfrom the centerof massto the C, atomof Tyr83in
plastoganinis small,in Chlamydomonaseinhadtii it is 19°. Thereforewe searchedor an
aromaticresiduen cytochromecg lying atasmallanglewith respecto thedipolemoment.We
foundTyr51, whichlies atanangleof 23° with respecto thedipole moment.

As Figure 5.12 shaws, both Tyr51 in cytochromecg and Tyr83 in plastoganin are sur
roundedby negatively chagedresidues.Theresiduesn thesetwo proteinswhich may have a
similarfunctionin therecognitionof thereactionpartnersarelistedin Table5.4.1. Two residues
areconsideredo beisofunctional,if thedistanceof their acidicgroupsin the superpositions
lessthan 6.5 A. Aligned peptide-bondlipolesin a-helicescreatea macrodipole(Hol et al.,
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Plastocyanin

hydrophobic patch

Cytochrome ¢

hydrophobic patch hydrophobic patch

Figure 5.12 Superpositiorof plastoganin and cytochromecg from Chlamydomonaseinhadtii by
alignmenibof theirdipolemomentgsolidline in theright panel)andoverlapof theirhydrophobigatches.
The magnitudeof the dipole momentis not proportionalto thelengthof the solid line. In theleft panel,
the ligandsto the copperatomsand Tyr83 in plastoganin and also the heme,Cys17,and Tyr51 in
cytochromecg areshavn in ballsandsticks. In theright panelthe proteinmoleculesarerotatedby 90°
aroundthe vertical axis in the figure plane;the acidic patchpointsto the viewer. Theresiduedn the
acidic patcheqdarkgrey), someof the residuesn the hydrophobicpatcheqball andstick), and Tyr83
in plastoganinandTrp83in cytochromecs (light grey) arehighlighted.

plastoganin cytochromecs
alignmentof matchingof the
thedipoles electrostatidields
Asp42,Glu43,Asp4#£ Glu69,Glu70,Glu7l  Glu70,Glu71
Asp53 Glu47 Glu69
Asp59,Asp6 1P Asp4l,a-helix(33-39) Glu54,a-helix(46-55)
Glu85 Glu54,a-helix(46-55) Asp65

a— Threeresiduesn thelower cluster
b — Two residuesn theuppercluster

Table 5.7: Correspondingacidic residuesand a-Helicesin plastoganin and cytochromecs from
Chlamydomonaseinhadtii identifiedin two superpositions- by overlaying centersof mass,dipole
vectors,andhydrophobigatchesandby optimizingthe matchof electrostatigotentials
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protein residue distanc@  squaredelative electroniccoupling
(electronpair) tothe  betweertheresidueandthe metalsite?
metalsite  ([]&)? (Ne)* (Yo M&)?

(in A) €arom= 0.6 €arom=1.0 £3om=1.0

plastoganirf  His87 (Ceo-Heo) 5 1.7x102 4.7x10% 6.7x10°°
Tyr83(C;-Op) 12 47x10°% 3.7x10° 7.7x10°6
cytochromece®  Cys17(S, lonepair) 6 3.6x103 7.8x10°2% 7.8x10°2
Trp63(Cn2-Cza) 9 9.9x10°% 58x102 5.8x10°2
Tyr51 (C;-Op) 15 1.2x10°10 2.6x108 2.6x10°8

a— Thedistancds measuredrom the metalatomto the centerof the electronpair
specifiedn theseconctolumn

b — Valuesfor differentproteinsshouldnot be comparedbecause¢he proportionalityfactors
in eq3.5and3.6 maydiffer

¢ —from Chlamydomonareinhadtii

Table 5.8 Significantamino-acidresidueson the protein surface and their propertiesrelevant to
electron-transfereactions;

1978),that can have a stronginfluenceon the electrostaticof proteins. The dipole moment
arisingfrom the a-helix betweernresidues33 and 39 in cytochromecg enhanceshe negative
electrostatigpotentialat the positionof residue4 1.

The electroniccoupling of Tyr51 to the hemeis maintainedby the sequentiaineighbor
GIn52,which s in vander Waalscontactwith the hemering. As Table5.8 showvs, however,
Tyr51is coupledweaklyto theheme.TheresidueGIn52is presentin all known cytochromecg
sequencedyut Tyr51is missingin 10 sequencesutof 23,andreplacedy non-aromati@amino
acids.Only oneof theorganismgackingTyr51in cytochromecs is aneukaryote Thissequence
hasbeendeterminedy Edmandegradation(Okamotoet al., 1987),whichis sometimesainre-
liable. A redeterminatiorof this sequencéy a differentmethodwould be of interest. All
the other cytochromecg sequence$acking Tyr51 are prokaryoticproteins. Thesefactscan
be explainedin two ways. Either Tyr51 is not involved in the electron-transfereaction,or
eukaryoticcytochromess do useTyr51 in the electron-transfereactionwhereagrokaryotic
cytochromesg do not. The secondnterpretationrequiringdifferentmechanismsor different
speciesseemaunlikely.

5.4.2 Supemosition of Plastocyaninand Cytochrome cg from Chlamy-
domonasreinhardtii on the Basisof their Electrostatic Potentials.

We alignedplastoganinandcytochromecs usinga detailedrepresentatioof their electrostatic
potentialsand optimizedthe Hodgkin index (seeSection2.5) for the alignment(Ulimann et
al., 1997a). Eachof onehundredoptimizationsstartedfrom differentinitial orientation. This
searclyieldedtendifferentlocal maxima,which representelative orientationsof the proteins
in whichtheir electrostatipotentialsarematchedest. Thetwo bestsuperpositionghosewith
thehighestHodgkinindex, differ only very little from eachother;forty-oneout of onehundred
maximizationendedn oneof thesetwo maxima.The hydrophobigatchesfor which afunc-
tionalrole hasbeensuggeste@Frazoetal., 1995;Kerfeldetal., 1995),aresuperimposednly
in thesetwo alignments.Only a few optimizationscornvergedto eachof the remainingeight
structuralalignmentswhich correspondo lower valuesof the Hodgkin indices. In someof
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Plastocyanin Cytochrome c¢;

Figure 5.13 Propertieof plastoganin andcytochromecg from Chlamydomonaseinhadtii thatare
relevantto theinterproteinelectron-transfereaction.The superpositiorof thetwo proteinscorrespond-
ing to the bestmatchof their electrostatigpotentials,i.e., the highestHodgkin index, is shavn in the
middle of the figure. The separatg@roteinsarekeptin the positionsso defined. Top part: electrostatic
potentialscalculatedvith theuniform dielectricconstanbf 4. Thecoloris calibratedn theunitsof kg T,
T=298K. Middle part: Cy-tracesand secondarandtertiary structures.The copperatom,His87, and
Tyr 83 in plastoganin andalsothe heme,Trp63, Tyr51 and Cys17in cytochromecg are highlighted.
Bottom part: Electroniccoupling betweensurface amino-acidresidueson the one handandthe iron
hemesite or thecoppersite on theother calculatedasin eq3.6,takinginto accountdifferencesn cova-
lengy of the variousmetalligand bonds. The decadidogarithmof the squareof therelative couplings,

09,9 ((y%L M si)z) , is mappedontothe molecularsuriaceof the proteins.Strongestouplingis shavn
in redandthewealestin darkblue.
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Plastocyanin
hydrophobic patch hydrophobic patch

Cytochrome g
hydrophobic patch hydrophobic patch

Figure 5.14 Similarity betweerthe acidic patcheson the surfaceof plastoganin andcytochromecs
from Chlamydomonaseinhadtii. The two moleculesin the samecolumnadoptthe positionscorre-
spondingto the bestmatchof their electrostaticpotentials,i.e., the highestHodgkin index. On the
left sideof the figure, the acidic patchegoint to the right. On the right side of the figure, the protein
moleculesarerotatedby 90° aroundthe verticalaxisin thefigure plane,sothatthe acidic patchegoint
to the viewer. Theligandsat the metalsitesareshavn asballsandsticks,acidicresiduesaredarkgrey,
andthe aromaticresiduesTyr83 and Trp63in plastoganin and cytochromecg, respectiely, arelight

grey.

theseoverlays,only the acidic patchesoverlap,while theremainder®f the proteinsdo not. In
otheroverlays,the hydrophobicpatchesareon oppositesides;thesecasesareuninterpretable.
In thebestsuperpositionin whichtheelectrostatipotentialsaremaximallymatchedfunction-
ally equialentresiduesreexpectedo be superimposedror thatreasonsye discusonly the
orientatiorthathasthehighestHodgkinindex (0.85;seeTable2.1). 1t is depictedn Figure5.13.
The similarity of the values0.85and0.92in Table2.1 indicatesa high degreeof similar-
ity betweerthe electrostatigotentialsof plastoganinandcytochromecs. The copperligand
His87in plastogyaninlies only 3.5A away from Cys17in cytochromecg, whichis covalently
attachecheme. Both residuessit in the centerof the hydrophobicpatchedn their respectre
proteins.Sincethis patchin plastogyaninis implicatedin the electrontransferto photosystem
| (Haehneletal., 1994),a similar role canbe assignedo Cys17in cytochromecs. A similar
assignmenhasalreadybeensuggestedFrazioetal., 1995;Kerfeldetal., 1995). Theresidue
Tyr83in plastoganinis implicatedin the electrontransferfrom cytochromef to plastoganin
(Heetal., 1991;Modi etal., 1992b). The aromaticresiduein cytochromecg, that sits closest
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to Tyr83in the optimal superpositions Trp63. The distancebetweerthe centersof aromatic
ringsof thesetwo aminoacidsis only 3.5A. A rotationof oneof the proteinsby afew degrees
fully superimpose€ysl17of cytochromecg with the His87 of plastoganinandalsoTrp63 of

cytochromecg with Tyr83 of plastoganin. This lattersuperpositiorof Trp63in cytochromecs

with Tyr83in plastoganinimplies similar rolesof the two aromaticresiduesn the electron-
transfereactionf therespectie proteinwith cytochrome. Thetwo residuesnaybeinvolved
in the associatiorwith cytochromef or in the subsequentlectron-transfestep. An aromatic
residueat position63 canbe foundin all 23 known sequencesf cytochromecg. It is tryp-

tophanein 5 and pherylalaninein 18 sequencegseeAppendixC). The replacementf one
functionallyimportantaromaticaminoacid by anotheraromaticaminoacidhasbeenobsenred

in several proteins. For example, Tyr83 is replacedby a pherylalaninein two algal plasto-
cyanins(seeAppendixC). The superpositionsbtainedirom thedipolealignmentsuggestea

functionfor Tyr51in cytochromecg analogougo thatof Tyr83in plastoganin. In the super

positionwith the highestHodgkinindex, the aromaticring of Tyr51 in cytochromecs is 9.5A

apartfrom the centerof the aromaticring of Tyr83 of plastoganin. Thislong distancea sign

for non-superimposabilitgf Tyr83andTyr51 canbetakenasevidenceagainstheinvolvement
of Tyr51in theelectron-transfereactionbetweercytochromecg andcytochromef.

Becausdhe aromaticring of Trp63is in van der Waalscontactwith the heme,favorable
couplingbetweerthemis likely. Thisandothercouplingsthatmaybeinvolvedin theinterpro-
tein electron-transfereactionsare givenin Table5.8. In plastoganin, the relative couplings
of His87 and of Tyr83 scaledby the expansioncoeficientsare comparable.The scaledrel-
ative couplingsof Cysl17andof Trp63of cytochromecg arealsosimilar (the last columnin
Table5.8).

In Figure 5.14, we comparethe positionsof acidic residuesin plastoganin andin cy-
tochromecg. Two residuesare consideredanalogoudo eachother if the distanceof their
acidic groupsis lessthan6.5 A. Theseresiduesarelistedin Table5.4.1. Sincean a-helix in
cytochromecg betweertheresiduegt6 and55 endsnearGlu54,the negative endof thedipole
momentarisingfrom the a-helix alsocontributesto the electrostatigotentialat Glu54.

ThepH valuewithin theluminal spaceof thethylakoidsis about5. Thereforewe calculated
by anestablishednethod(Bashford& Karplus,1990)theprotonatiorpatterndor plastoganin
andcytochromecg at this pH value. The superpositionsound with theseprotonationpatterns
do not differ significantlyfrom thoseobtainedwith the protonationpatternsat pH 7, assuming
standardoK, values(Ullmann & Hauswvald, unpublishedesults). Becausehereis no clear
experimentalevidence,which residueshave non-standargbrotonationin plastoganin or cy-
tochromecg atpH 5, we describeéheresultsfoundwith protonationsatpH 7 assumingtandard
pKa. All conclusiongemainthe same,whenwe study the proteinsat the physiologicalpH
value.

5.4.3 PossibleCation-ttInteraction within Cytochromecg

All but two known amino-acidsequencesf cytochromecg containa cationicresidue(lysine
or aminine) in position66. The crystalstructure(Frazo et al., 1995)andthe NMR spectro-
scopicmodel(Bancietal., 1996)of Monoraphidiumbraunii cytochromecg consistentlyshav
the spatialproximity of Arg66 and Trp63 — possiblya consequencef a cationTt interaction.
Although the crystal structureof Chlamydomonaseinhadtii cytochromecg (Kerfeld et al.,
1995)doesnot shaw this closeproximity, a small reorientationof the side chainof Arg66is
sufficient to bring the guanidiniumcationover theindolering of Trp63,to a positionrequired
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for acationstinteraction.Becausehree-dimensionatructuref proteinsdeterminedy both
X-ray crystallographyand NMR spectroscop arerefinedby classicalforce fields, which can
normallynotaccounfor cationftinteractiongCaldwell& Kollman,1995),minor adjustments
in the positionsof sidechainsmay be justifiable. Unlike Arg88in plastoyanin, Arg66in cy-
tochromecs is presenevenin the speciesvhosecytochrome containLys65.1n thesespecies,
Lys65in cytochromef is probablynot requiredfor an efficient electrontransferfrom thatpro-
teinto cytochromecs. Anotherpossibilitywould bethatLys65in cytochromef replacesArg66
in cytochromecs in the cationTt systemafterthe formationof the proteincomplec. In thetwo
speciesin whichthe cationat position66 is missing,the cationftsystemcanpresumablyorm
betweerLys65in cytochromef andTrp63in cytochromecs.

We recognizea possibility of a cationtinteractionbetweenArg66 and Trp63 within cy-
tochromecg. Theelectron-transfereactionbetweercytochromef andcytochromecs, aswell
asthatbetweercytochromef andplastoyanin,discusse@bove, mayconcevably occurin two
stepswith ananion-radicahsatransienintermediate.

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

After we finishedandpublishedour studyon the associatiorof Frenchbeanplastoganinand
turnip cytochromef (Ullmann et al., 1997b), Ubbink et al., 1998 publisheda paperabout
NMR investigationon the complec of spinachplastoganinandturnip cytochromef. Using
informationsfrom diamagneti@andparamagnetiNMR, andadditionalelectrostatigestraints,
a structuralmodelfor the complex was proposed.Ubbink et al., 1998 usedour structureof
the plastoganin-g/tochromef comple for backcalculatinghe pseudocontacshift and for
determiningrestraintsviolations. Accordingto their calculationspur structurehasan enegy
thatis belav thethresholdof therigid body moleculardynamicssimulationdoneby Ubbink et
al., 1998andwould thereforehave beenconsideredaslow enegy structureby theseauthors.
Severalviolationsof NMR constraintsnayarisefrom notfully convergedsimulationsandfrom
slightly wrongorientations Besidesve usedFrenchbeanplastoganinin our simulation while
spinachplastoganinwasusedin the experimentwhich mightbeafurtherreasorfor the minor
deviations. Basedon the NMR experimentby Ubbink et al., 1998, the rearrangemeninodel
which wasfirst proposeddy Qin & Kostic, 1993andfor which we offereda structuralmodel
(Ullmann et al., 1997b), seemsto be the correctinterpretationof the experimentalfindings
discussedh theprevioussections.

If the modelproposedby Ubbink et al., 1998is correct,the electrontransfervia the hy-
drophobicpathof plastoganinis morelik ely thananelectrontransfervia the acidic patch.An
electrontransfervia the hydrophobicpathraises,however, the questionaboutthe functional
significanceof highly-consered Tyr83 of plastoganin. A functionin stabilizingthe protein
structurecan be ruled out sincethe mutantsof plastoganin exist in which Tyr83 is replaced
by leucineandothernon-aromati@aminoacids.Also afunctionin the electrontransferto pho-
tosysteml is unlikely asrecentexperimentsshoved (Haehnelet al., 1994). We proposedhe
involvementof Tyr83 in associatioror in associatiorandin electrontransfer Namely we sug-
gestedthat Tyr83 forms a cation7t complex with Lys65of cytochromef. The ideathatthis
cationit comple is involvedin electrontransferis not supportedy the NMR experimentof
Ubbink et al., 1998. However, the involvementof the cationit comple in associations still
possibleand! will discusghis possibilitybelon. Furthermorethe presencef intramolecular
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Figure 5.15 Structureof the complex formed by plastoganin and cytochrome f modeledon the
basisof NMR measurement§.hestructuredeterminedy NMR investigatiorprincipally resemblesur
modeledcomplex structureD (seeSection5.3).

cationTt compleesin plastoganinsof organismghatlack Lys65in cytochromef (Ullmann
et al., 1997a)is a hint that a cationqt complex may have a specialfunctionin plastoganin-
cytochromef compleesthatgoesbeyondmediatingproteinassociation.

Cytochromef shaws aridge of cationicresiduesat the dockinginterfaceto plastoganin
formedby Lys65,Lys181,Argl184,Lys185,andLys187. The complec structureproposedoy
Ubbinketal., 1998includesTyr160in theinterface,i. e.,plastoganinbindscloseto theridge;
Tyr83 andLys65arefar apartfrom eachother In our complex D, plastoganinbindsmoreor
lessdirectly attheridge of cytochromef; Tyr83 andLys65arecloserto eachotherbut arestill
notin directcontact.A bindingof plastoganinatthesiteof theridgeoppositeto thatproposed
by Ubbink etal., 1998would enabletheinteractionof Tyr83 andLys65.In this bindingmode,
thehydrophobigatchof plastoganinbindscloseto the hemesite of cytochromef. Thisclose
proximity may also explain the pseudocontacthift obsened by NMR. Sincethe constraints
usedin therigid body refinementbesidethe pseudocontaatonstraintsseemto be ratherun-
specific,this slightly differentorientationmay agreewith experimentsaswell. The binding of
plastoyaninto cytochromef maythenproceedn two steps. First, the binding occursin an
orientationsimilarto the orientationin complex D. ThecationTtcomplex mayform duringthis
initial binding. Crosslinkingby carbodiimidesnay alsotake placeat this step.Secondplasto-
cyanindiffuseson the surfaceof cytochromef to its final, electron-transfeactive orientation.
The cationTt complex betweenTyr83 andLys65would remainintact during the reorientation
andprobablytightenthe comple. In thefinal orientation the cationTt comple< maylie close
to the chainof buriedwatermoleculedoundby X-ray crystallographyMartinezetal., 1996).
This internalwaterchainis discussedo be involved in protontransferreaction. Binding of
a cationto a phenolring may raisethe redoxpotentialof the phenolring asdiscussedbove.
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But it may alsolower the proton affinity of the hydroxyl group of the phenolring. A lower
pK, of the hydroxyl groupof the phenolring of tyrosinemakesTyr83 to a possibleparticipant
in a protontransferchain. The proximity to the internalwaterchainof cytochromef further
supportsthis suggestion. Therefore,the function of the proposedcationst complex may be
theinvolvementin a protontransfer A somevhatdifferentorientationin comple« D mayalso
changethe enegy of complex D andthe enegy rankingof the complexesmay changen fa-
vor of complex D. Thereasorwhy we werenot ableto find this differentbindingmodein the
Monte Carloandmoleculardynamicssimulationmaybetheuseof classicaforcefields,which
do not properlyaccountfor cationftinteractions.Also the internalcationit complex between
Trp63andArg66in cytochromecg may be ableto participatein a protontransferreaction.In
somecasespherylalaninereplacesltp63. Sincepherylalaninehasno hydroxyl group,it may
not participatein a protontransferreaction.Cationftcomplexesthatinvolve arginineresidues
canshow aTteTtinteractionin additionto the cationTtinteraction(Ma & Dougherty1997).The
TETU interactionbetweenamginine and pherylalaninemay changethe pK; of aginine, thusthe
amginine could participatein the protontransferchain. The involvementof Tyr83 in binding
andin protontransfemwould assigna functionto this residue Furthermoreywould alsoexplain
why anintramolecularcationqt comple is form in plastoganinof organismghatlack Lys65
in cytochromef.

Theinterpretationproposedherebaseoninvestigation®nproteinstructureandsequences.
Neverthelessthey areto someextentspeculatre andneedexperimentalproof andfurtherthe-
oreticalinvestigationsTheinfluenceof cation1tbindingon pK, valuesmaybeinvestigaten
modelcompoundsThesestudiescanbe doneexperimentallyaswell astheoretically Theoret-
ical investigationf the involvementof cationstbindingin proteinassociations a challenge
for the future sincethe inclusionof cationst binding contributionsin moleculardynamicsor
Monte Carlocalculationgs only in its infang/ (Caldwell& Kollman,1995).

5.6 Comparison of the Isofunctional Electron-Carrier Pro-
teins Ferredoxinand Flavodoxin

The FeS, protein ferredoxin (Fd) senes as a soluble electroncarrierin the light phaseof
photosynthesislt transportselectronsbetweenphotosysten (PSI) and ferredoxin-NADP™
reductas€FNR) in the stromaof chloroplastsandin cyanobacterigknaff & Hirasava, 1991).
FNR usesheelectrongecevedfrom two Fd's to reduceNADPT, whichis requiredto synthe-
sizecarbohydrates thedarkphaseof photosynthesid-erredoxins alsoinvolvedin thecyclic
electrontransportwhich leadsto anincreaseof the pH gradientbetweerstromaandthylakoid
spaceandthusto anincreasedoroductionof ATP (Bendall& Manasse1995). Besides Fd
deliverselectrondo otherproteinssuchasfor instancenitrite reductasesulfatereductaseglu-
tamatesynthaseandferredoxin-thioredoximeductaséKnaff & Hirasava,1991).Therefore~d
playsa centralrole for mary redoxreactionan chloroplastandcyanobacteriaswell asin the
regulationof photosynthesidJnderconditionsof iron deficieng, theflavin-containingprotein
flavodoxin (FId) canreplaceFd in somereactionsn mostcyanobacteriandsomeeukaryotic
algae. The electrontransferreactionsof Fd with its reactionpartnershave beeninvestigated
extensvely (for review seeKnaff & Hirasava, 1991). Much lessstudieswere doneon the
electron-transfereactionf Fld with its reactionpartnerqNavarroetal., 1995andreferences
citedtherein).
Theredoxpotentialof Fdfrom Anabaen@CC7120for theredoxcoupleFd! Fd!/Fe! Fe!!
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Ferredoxin Flavodoxin

Figure 5.16 Structuresof FerredoxinandFlavodoxin. Although both proteinsdiffer in structureand
size,they canperformthe samephysiologicalfunction.

is-430mV (Hurley etal., 1993b).Thefully-oxidizedform of natve Fd hasneverbeendetected
(Im etal., 1998)andis thereforebelievedto play no physiologicalrole. The redoxpotential
differencebetweenthe fully-reducedfrom andthe semi-reducedrom of FId is -436 mV, that
betweerthe semi-reducedrom to the fully oxidizedformis-212mV atpH 7.0 (Pusyo etal.,
1991). With regardto the redoxpotential,it is believed that Fld alternatedbetweenthe semi-
andfully-reducedstatein the photosyntheti@lectron-transfechain,althoughthis hasnotbeen
shavn rigorously(Muhlenhof & Sétif, 1996). Theflavin in FId is sandwichedetweenTrp57
and Tyr94. The restackinginteractionbetweenthesetwo aromaticrings of the amino acid
side-chainandthe aromaticring of theflavin causes strongbinding of the cofactorandalso
influencegheredoxpotentialof flavin (Lostaoetal., 1997;Breinlinger& Rotello,1997).

The structuresof variousplant-typeFd’s (Smithetal., 1983; Tsukiharaet al., 1990; Ryp-
niewski etal., 1991;Fukuyameetal., 1995;Baumanretal., 1996;Hatanakeetal., 1997)and
Fld's (Fukuyamaet al., 1990; Raoet al., 1993) have beendeterminedby X-Ray crystallog-
raphyandby NMR spectroscop For the cyanobacterisAnabaenaPCC 7120, the structures
of Fd (Rypniewski etal., 1991)andFId (Raoet al., 1993)areknown. Thereareonly minor
structuralvariationsamongdifferentplant-typeFd’s andamongcyanobacteriaandalgal Fld’s.
The structuresof Fd andFId from the samespeciediffer, however, completely In fact, they
differ not only in structurebut alsoin size (Figure5.16). Fd is with about100 amino acids
smallerthanthe FId with aboutl70aminoacids.Fd andFId shareneitheracommonsecondary
structurenor acommontertiaryfold.

Togetherwith Markus Hausvald, Axel Jensenand Ernst Walter Knapp, | superimposed
Fd andFId by optimizing the overlapof their electrostatiqotentials(Ullmannetal., 1998a).
The obtainedsuperpositionsrecorrelatedwith structuralandotherexperimentaldatathatare
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availablefor theinteractionof Fd andFld with PSlandwith FNR.Beforediscussingheresults
of the structuralalignmentof Fd andFId, | give a brief overview of experimentaldatafor the
interactionsof theseproteinswith its physiologicalpartners.

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

Fd andFld canbe chemically-crosslinkdto PSI (Zanetti& Merati, 1987;Wynn et al., 1989).
Sincethe electron-transferatesare similar to thoseof the electrostaticcomplexes, the cross-
linked complees are likely to resembleelectrostaticcomplexes (Muhlenhof et al., 1996a;
Lelongetal., 1996). The crosslinkingtakes placebetweenGlu93 of Fd from Synebocystis
(Glu95in Fd from AnabaenaPCC 7120)and Lys1060f sulunit PsaDof PSI (Lelongetal.,

1994). Surprisingly the mutationsof Lys106in sulunit PsaDshowv only small effectson the
electron-transfereaction(Hanley etal., 1996; Chitnisetal., 1996). The mutationLys106Cys
does,however, affect the electrontransferreaction,indicatingthatthis cysteinemay be nega-
tively chagedin the PSI (Hanley et al., 1996; Chitnis et al., 1996). Mutation studieson Fd

from Anabaend”CC7120revealedthat Glu31,Arg42, Thr48,Asp67,Asp68,Asp69,Glu94,

andGlu95influencethe bimolecularelectrontransferfrom PSIto Fd andarethusinvolvedei-

therin the bindingreactionor in the electrontransfer(Navarroet al., 1995). Recentmutation
studiesindicatethe involvementof Lys35in sulunit PsaCof PSlin the docking and cross-
linking of ferredoxinto PSI(Fischeretal., 1998). Theresidueslrp57,Glu6l,Glu67,Aspl26,
andGlul45of Fld influencethe electrontransfemreactionwith PSI(Navarroetal., 1995).

Furtherinvestigationsshaved that the binding of Fd and FId involvesthe sulunits PsaC,
PsaD,and PsaEof PSI and a membrane-embeddelb-kDa sulunit, probably sutunit PsaF
(Rousseawet al., 1993; Sonoile et al., 1993; Muhlenhof et al., 1996b;Fischeret al., 1997;
Schubertet al., 1997; Fischeret al., 1998). A biphasickinetic for the electrontransferfrom
PSlto Fd leadto the suggestiorthat therearetwo separatd-d-bindingsiteson PSI (Sétif &
Bottin, 1994; Sétif & Bottin, 1995). Covalentcomplexes betweenFld and PSI are however
not ableto reducesolubleFd or Fld, which indicatesthatthereis only a singleFd-bindingsite
(Muhlenhof et al., 1996b; Muhlenhof et al., 1996a). The crosslinled complexeshave been
investigatedby electronmicroscoly (Muhlenhof et al., 1996a;Lelong et al., 1996). It was
found that Fd and FId dock at the samebinding site and that the electrondensitiesof both
proteinsin the microscopigicturesoverlapalmostcompletely However, theelectrondensities
are not concentric. Non-concentricelectrondensitiesmay indicatethat both proteinstry to
arrangetheir prostheticgroupsas closeas possibleto the terminal electronacceptorin PSI
(Lelongetal., 1996).Thisinterpretatioris in agreementvith a moreperipheralocalizationof
Fld on PSlrelatveto Fd.

Recently a structuralmodelof PSIfrom the cyanobacterisynebococcuslongatusthat
is basedon 4 A resolutionX-ray datahasbeenpublished(Krausset al., 1996; Schubertet
al., 1997). On the basisof the 6 A electrondensitymapof PSI (Krausset al., 1993),it was
proposedhatFd bindsto a cavity formedby stromalsulunits (Frommeetal., 1994). Thesub-
sequentlectronmicroscopicanalysegMuhlenhof etal., 1996a;Lelongetal., 1996)support
thismodel.Presumablytwo one-turna-helicesof PsaC surfaceregionsof PsaDandPsaEand
thea-helix E (eitherPsaAor PsaB)constitutethe Fd bindingsite (Schuberetal., 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 hasbeeninvestigatedextensvely (Chanet al., 1983;
Vieiraetal., 1986;Zanettietal., 1988; Sanchaetal., 1990;Walker etal., 1991;Puegyo etal.,
1992;De Pascalisetal., 1993;Jeresaroetal., 1993;Hurley etal., 1993b;Hurley etal., 1993a;
Hurley etal., 1994;Aliverti etal., 1994;Aliverti etal., 1994;Navarroetal., 1995;Hurley et
al., 1996b;Hurley etal., 1996a;Piubellietal., 1996;Alivertietal., 1997;Hurley etal., 1997;
Medinaet al., 1998). Considerablyessinvestigationexist on the interactionof Fld andFNR
(Walkeretal., 1990;Pueyo etal., 1991;Pueg/o & Gomez-Morenol991;Medinaetal., 1992a;
Medinaetal., 1992b;Navarroetal., 1995).I briefly review the availableexperimentaldataon
theinteractionof theseproteins.

The proteinsFd and FNR can be chemicalcrosslinked mediatedby carbodiimides. The
residuesGlu92 of spinachFd (Glu94in Fd from Anabaena?CC7120)andtheresiduelys85
or Lys86 of spinachFNR (Lys69 or Lys72)were identified as crosslinkingsites (Zanetti et
al., 1988). However, Fd mutantsand FNR mutants,in which theseresiduesare replacedby
crosslink-inactre unchaged aminoacids,canstill be chemicallycrosslinled, but the rate of
crosslinkingdecreasefAlivertietal., 1994;Piubellietal., 1996;Alivertietal., 1997).Further
more,thesemutantsshov lessefficient electron-transfereactionsn the electrostaticomple,
indicatingthatthemutatedesiduesreinvolvedin theelectron-transfereactionor, morelik ely,
in the recognitionof the reactionpartnerg(Aliverti et al., 1994; Piubelli et al., 1996; Ali verti
et al.,, 1997). Differential chemicalmodificationstudieson spinachFd suggestthat Asp26
(Asp28in Fd from AnabaenaPCC 7120), Glu29 (Glu31), Glu30 (Glu32), Asp34 (Asp36),
Asp65 (Asp67),and Asp66 (Asp68) are buried at the interface,sincetheseresiduesare pro-
tectedagainstchemicalmodificationin the associate@omplec (De Pascalisetal., 1993). The
sameapproactrevealedthatin spinachFNR, Lys18(not presenin FNR from AnabaendCC
7119),Lys33(Argl6),Lys35(not present)andLys153(Lys138)areburiedin theinterfaceof
theproteincomplec (Jeresaroetal., 1993).Also amgininesareinvolvedin theassociatioof Fd
andFNR (Sancheetal., 1990). Concludingfrom differentialchemicaimodificationstudiesand
from amodelingstudyit wasproposedhatAsp26(Asp28),Glu29(Glu3l),Glu30(Glu32),and
Asp34(Asp36)of spinachFd interactwith Lys304(Lys293)andLys305(Lys294)of spinach
FNR andthat Asp65(Asp67)and Asp66 (Asp68)of spinachFd interactwith Lys33(Argl6),
Lys35 (not present),Lys91 (Lys75)and Arg93 (Arg77) of spinachFNR (De Pascaliset al.,
1993). Earlierstudiesalsoimply thattheseresiduesf Fd participatein the associatior{Vieira
etal., 1986). Theionic strengthdependencef the electron-transfereactionmakesit likely
that besideselectrostatianteractionsalso hydrophobicinteractionsplay an importantrole in
thecomplex formation(Walker etal., 1991;Hurley etal., 1996a).TheresiduesAsp67,Asp68,
Asp69,Thr48,andArg42alsoaffectthesecond-orderateconstantf theelectron-transfereac-
tion (Hurley etal., 1993b;Hurley etal., 1996b). ThemutantsAsp62Lys, Asp68Llys, GIn70Lys,
Glu94Asp,Glu9dsLys, Phe657r, andSer47Thmodulatethe secondrderrateconstant®f the
electron-transfereactiongHurley etal., 1997).In additionto the mutantsGlu94Lys,Phe65lle,
andPhe65AlaHurley etal., 1993a;Hurley etal., 1993b),themutantsGlu94GlnandSer47Ala
arevirtually not ableto transferelectrongo FNR (Hurley etal., 1997). It wasshaowvn that Fd
requiresan aromaticaminoacid at position65 for an efficient electrontransfer(Hurley etal.,
1993a). The aminoacid Glu301of FNR seemgo beinvolvedin the catalytic mechanisnof
FNR, probablyin the protonatiorof thereducedorm of NADP* (Medinaetal., 1998).

Also Fld andFNR from AnabaenadPCC7119canbealsocrosslinledin 1:1 stoichiometry
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Ferredoxin Flavodoxin
Alignment1 Alignment2
Glu19 — Aspl123
Asp22,Asp23,Glu24 Glu72,Asp43,Glu40 Aspl26 Aspl29
Glu94, Glu9s Asp90,Asp96,Aspl29 Asp35,Glul6
Asp28,Glu3l, Glu32 Asp65,Glu67 Aspl44,Glul45,Aspla6

Asp67,Asp68,Asp69 Glu72 Glul4ds Aspl50,Aspl53,Aspl54 Glu67, Glu72
C-Terminus Glul26 —

Arg42 — Lysl4

Helix 68-73 Helix 149-166 —

Table 5.9 Putatiely correspondingesiduesn ferredoxinandflavodoxinfrom AnabaenaPCC7120

identifiedin two superposition®btainedby optimizing the matchof electrostatiqpotentials.Residues
for which an involvementin the associtatiorreactionwasimplied experimentallyare marked in bold

face.

(Pug/o & Gomez-Moreno1991). Chemicalmodificationstudieson Fld from AnabaenaCC
7119 suggesthat the residuesAspl123,Aspl26,Aspl29,Aspla4, Aspl4as,and Aspl46 of
FId interactwith FNR (Medinaetal., 1992a).Also amginineresiduef Fld areinvolvedin the
interactiorwith FNR (Medinaetal., 1992b).Mutationstudiesshawv theinvolvemenbf residues
Aspl26andGlu67in the associatiorreaction(Navarro et al., 1995). The redoxpotentialsof
Fld andof FNR areaffectedby theassociatior{Puseyo etal., 1991).

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

The electrostatigpotentialsof Fd and Fld were superimposedyy maximizingtheir Hodgkin-
Index (eq 2.44) using a detailedrepresentatiof their electrostatigpotentials. Eachof 100
optimizationsstartedfrom a differentinitial orientation. The searchyieldedfour differentsu-
perpositions All of themhave HodgkinIndex valuesgreaterthan0.9 indicatinga high degree
of similarity. Two of the superposition®verlaponly partially andarethusnot interpretable.
Namely the acidicregionsof Fd andFld, i. e., the putative dockingregion, overlapwhile the
remainderof the proteinsdoesnot. In the remainingtwo superpositionsi-d andFld overlap
almostcompletely Both proteinsare,however, notconcentridn thesuperpositionsyhichisin
agreementvith obsenationsfrom the electronmicroscogy on crosslinked Fd-PSlandFId-PSI
complexes(Muhlenhof etal., 1996a;Lelongetal., 1996).

The valuesof the Hodgkinindex for the first and for the secondalignment,respecttely,
are0.94and0.92. The high valuesindicatea high degreeof similarity of the two proteins.
Out of 100 optimizations 31 and30 minimizationsendedat the first andat the second-anked
alignmentyrespectrely. Thetwo superpositionsf FdandFld, their electrostatigpotentialsand
their relative electroniccouplingareshawn in Figure5.17. A rotationof about18C(° aroundan
axisin theplaneof Figure5.17thatgoesfrom the bottomto thetop of the sheetelateshetwo
superpositionsf Fd andFld to eachother Theresiduesn thesetwo proteinsthatmay have a
similar functionin therecognitionof the reactionpartnersarelistedin Table5.9 anddepicted
in Figure5.18. Two residuesareconsideredo beisofunctional,if the distanceof their acidic
groupsin the superpositions lessthan6.5 A. This distanceseemdarge at thefirst glancebut
caneasilybebridgedby anreorientatiorof theaminoacidsidechainsAlso theredoxcenterof
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Flavodoxin Ferredoxin Flavodoxin
(Alignment 1) (Alignment 2)

Figure 5.17 Propertiesof ferredoxinand flavodoxin from AnabaenaPCC 7210that arerelevant to
the interproteinelectron-transfereaction. The superpositiorof the two proteinscorrespondingo the
bestmatchof their electrostatigpotentials,i.e., the highestHodgkin index, is shavn in the middle of
thefigure. The separateroteinsarekeptin the positionsso defined.First row: electrostatiqotentials
calculatedwith the uniform dielectricconstanif 4. The color is calibratedin theunitsof kgT, T=298
K. Secondrow: Cy-tracesof ferredoxinand flavodoxin. The redox centersare high-lighted. Third
row: Superpositiorof ferredoxinandflavodoxin. In the left andright picturethe first andthe second
alignmentare shawn, respectiely. Ferredoxinis shav in the sameorientationin both alignments.In
the middle picture,the orientationof flavodoxinfor thetwo alignmentds shavn. Ferredoxinis omitted
for the sale of clarity. Fourthrow: Electroniccouplingbetweersurfaceamino-acidresiduesontheone
handandtheiron hemesite or the coppersite on the other calculatedasin eq 3.6, taking into account
differencesn covaleny of the variousmetalligand bonds. The decadidogarithmof the squareof the

relatve couplings,log; ((y%L M si) 2) , Is mappedontothe molecularsurfaceof the proteins.Strongest
couplingis shawvn in redandthewealestin darkblue.
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Flavodoxin Ferredoxin Flavodoxin

(Alignment 1) (Alignment 2)
FMN

Asp96, , /4 £ B Aspls0

2\ , Aspl53
S\ Aspl54

Figure 5.18 Similarity betweenthe the acidic patchesof flavodoxin andferredoxin. The molecules
in the secondrow arerotatedby 18® with respecto the moleculesn the upperrow. Residueghatare
putatively importantarehigh-lighted.

FdandFId overlapin bothsuperpositionsNamely theiron-sulfurcentelis atthe sameposition
asresidueTrp57,which makesa rt-stackinginteractionwith theflavin of Fld.

Thefirst alignmentshawvs aninterestingfeature. The a-helix (68-73)in Fd superimposes
with thea-helix (149-166)in FId. Both a-heliceshave the sameorientation.The negative pole
of the dipole momentof the a-helicespoints, however, away from the putatve dockingsite
anddoesthusnot contrikute to the negative electrostatigotentialat the dockingsite. Acidic
residueghatarepartthe a-helicesareprobablyinvolvedin theassociatiorof Fd andof Fld to
FNR.Possiblythe shapeof thea-helix is importantfor theassociatiomatherthanits contritu-
tion to the electrostatigpotentialat the bindingsite.

Arg42of Fdis aconsered, positively-chagedresiduewithin a negatively-chagedregion.
This residuesmay influencethe redox propertiesof the iron-sulfur cluster But it may also
provide specificrecognitionof the reactionpartners.Interestingly Arg42 superimposewvith
Lysl14of Fld in the secondsuperpositionLys14of Fld is the only positvely-chagedresidue
within a negatively-chagedregion. In other sequencesf FId, this lysine is replacedby a
asparaginewhich canalsowork asa hydrogenbonddonor Possibly a hydrogen-bonalonor
is requiredat this positionto provide specificrecognitionof Fd andFld by theredoxpartners.



