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Abstract

Stein,Matthias
Insight into the Mechanismof [NiFe] Hydr ogenaseby meansof Magnetic ResonanceExperiments
and DFT Calculations
HydrogenasenkatalysierendiereversibleheterolytischeDissoziationvonmolekularemWasserstoff. Die
UntersuchungdiesesElementarprozessesübergangsmetallhaltiger Enzymkatalyseist derzentraleAspekt
dieserArbeit. [NiFe]-HydrogenasenbesitzeneinheterobimetallischesaktivesZentrum,andemdieUm-
setzungdesWasserstoffs erfolgt. EPRund verwandteexperimentellemagnetischeResonanzmethoden
lassensich auf die paramagnetischenRedoxzusẗandedesNickelzentrumsanwendenund liefern Aus-
sagen̈uberdie elektronischeStrukturundLigandenumgebungderMetalle. Diesewerdenergänztdurch
theoretischeBerechnungim RahmenderDichtefunktionaltheorie (DFT).

Im RahmendieserDoktorarbeitwurdedieBerechnungvonObservablendermagnetischenResonanz
( � - und � -Tensoren)mit der relativistischenDFT und demZORA (zero-orderregular approximation)
Hamiltonoperatoranzwei Nickelmodellkomplexen etabliertundevaluiert. BeideVerbindungenwiesen
strukturelleundelektronischëAhnlichkeitenmit demaktivenZentrumder[NiFe]-Hydrogenaseauf. Der
EinflußrelativistischerEffekteaufdiegeometrischeundelektronischeStrukturwurdekritischdiskutiert.

Der Einfluß verschiedenermöglicher verbr̈uckenderLiganden � im aktiven Zentrumauf die ge-
ometrischeStrukturunddie VerteilungderungepaartenSpindichtewurdemit DFT Rechnungenunter-
sucht.Sauerstoffverbr̈uckteStrukturenerscheinenplausibelfür die oxidiertenNi-A undNi-B Zusẗande,
währendim reduziertenNi-C Zustanddie Positionwahrscheinlichdurchein Hydridanionbesetztwird.

In Proteineinkristallender[NiFe]-HydrogenaseausDesulfovibrio vulgarisStammMiyazakiF wurde
die Protonenumgebung desNi-Zentrumsmit gepulsterENDOR Spektroskopie in denZusẗandenNi-A
undNi-B charaketrisiert. Drei Hyperfeintensorenkonnten� -CH� Protonenvon Cysteinaminos̈aurenin
derUmgebungdesNickelszugeordnetwerden.Die Meßergebnissewurdenuntersẗutzt vonDFT berech-
netenHyperfeintensoren.Ni-A undNi-B unterscheidensichim ProtonierungsgraddesBrückenliganden.
Ein � -Oxo-Ligandim Ni-A Zustandund eine � -Hydroxo-Br̈ucke im Ni-B Zustandführtenzu einer
leicht unterschiedlichenSpindichteverteilung.Diesewirkte sichauchaufdie Hyperfeinwechselwirkung
der � -CH� Protonender terminalenCysteineaus.EineProtonenkopplungdesterminalenCysteines81
konnteim Ni-B, abernicht im Ni-A Zustandgemessenwerden.

Relativistische DFT Rechnungenlieferten atomare Vorstellungenvon den paramagnetischen
Zusẗanden Ni-A, Ni-B, Ni-C, Ni-L und Ni-CO. Die berechneten � -Tensoren sind in guter
Übereinstimmungmit experimentellenErgebnissen,soweit vorhanden. Ni-A und Ni-B sind � -
Oxo- und � -Hydroxo verbr̈uckt. Ni-L geht aus dem Ni-C Zustanddurch Photodissoziationdes
verbr̈uckendenLigandenhervor. Die berechnetenHyperfeintensorenfür alle Kernesind ebenfalls in
guterÜbereinstimmungmit experimentellenWerten. Kohlenmonoxidals Inhibitor desEnzymsbindet
im Ni-L Zustandin axialerPositionandasNi Atom undkannsodieseKoordinationsstelleblockieren.

DerNi-C ZustandderregulatorischenHydrogenase(RH)ausRalstoniaeutrophawurdein gefrorener
Lösungmit Hilfe derorientierungsselektierten ENDOR Spektroskopie untersucht.Mit Hilfe der theo-
retischberechnete� -TensororientierungundderGrößeundOrientierungderProtonenhyperfeintensoren
konntenfünf HyperfeintensorenzuProtonenin dermolekularenStrukturzugeordnetwerden.Die Struk-
tur desaktivenZentrumsim Ni-C Zustandist derderStandardhydrogenasensehrähnlich.

Auf der Grundlageder gewonnenenexperimentellenund theoretischenErgebnissewird ein Reak-
tionsmechanismusfür die [NiFe]-Hydrogenasevorgeschlagen.Dieserdeutetauf eineBeteiligungder
Proteinumgebunghin. DasterminaleCystein530könntedieheterolytischeSpaltungdesWasserstoffs als
Baseuntersẗutzten.WährenddasHydrid in derBrückeverbleibt,kanndasProtonvomBrückenliganden
aufgenommenwerdenund dasaktive Zentrumals H � O� oder über einenProtonentransferkanalver-
lassen.
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Chapter 1

Intr oduction

Hydrogenasesbelongto theoldestbacteriaandarchaeonEarth.Althoughtheproductionandconsump-

tion of H � by microorganismshadbeenknown sinceendof the19� � [1] andthebeginningof the20�!�
century[2, 3], it wasnot until 1931that thename‘hydrogenase’wasproposed[4]. Hydrogenasesare

involved in the respirationof elementalsulphurand/orpolysulphide.Theability to reducesulphurus-

ing H � or organicsubstratesaselectrondonorsis widespreadamongbacteriaandarchae.Someof the

hypothermophilicorganismslive in water-containingvolcanicareasat up to 80" C. In vivo nearlyall

hydrogenasesfunction in oneway only, they catalyzean ‘irreversible’ reaction:eithersplit or produce

molecularhydrogen.Only in presenceof anexcessof electrondonorsor acceptors,they mayreversethe

preferredreaction #
�%$&

#
�('

#
� ) (1.1)

Theinvestigationof theheterolyticcleavageof thestrongestsinglebond(436kJmol � � at298K, pK * =

35)at roomor bodytemperatureis thesubjectof thisdissertation.

Thecombustionof fossil carboncompounds,whichwereaccumulatedfor millions of yearsonearth,

to carbondioxideis goingto disturbthesensitive equilibriumof our atmosphere.The‘green-houseef-

fect’ andtheglobalwarmingthreatento changeourclimate.Whenhydrogenwereusedasenergy carrier

for automobiles,no exhaustgaseswould beproduced.The investigationof oneof themajorproblems

of today’s world, relatedto thefossil fuel question,requiresacombinedinterdisciplinaryapproachfrom

variousfields(for aperspective seei.e. [5]).

Thedirectcombustionof hydrogenrequiresacontrolledexplosionof H � andO� (Knallgasreaktion).

In fuel cells,hydrogenandoxygenreactbut not in a directcombustionwhich producesa lot of thermal

energy but in a ‘cold’ processmediatedby an electrolyte(for a review see[6]). Fuel cellsareelectro-

chemicalcellswhichconvertchemicalenergy from areactionbetweenafuel andanoxidantdirectly into

1
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electricalenergy. A schematicdiagramof a fuel cell is givenin Figure1.1. Fuelcellsareopendevices,

2H  +  2eH  
2

+ - 1/2 O  +  2e  
2

- O
2 -

electrolyte

airfuel

load

cathodeanode

Figure1.1: Schematicdrawing of a fuel cell

unlike batteries.Fuel andoxidantarecontinuouslysuppliedto the electrodes(fuel, i.e. H � , to thean-

odeside,air or oxygento thecathodeside). Anodeandcathodeareseparatedby a polymerelectrolyte

membrane(PEM)whichalsoactsasaprotonconductor. Theelectrochemicalreactionsat theanodeand

cathodearealsodisplayedin Figure1.1. At theanode,hydrogenis oxidizedto protonsandelectronsand

at thecathodeoxygenis reducedto oxide. As theelectrons,producedby theelectrochemicalreaction,

movethroughtheexternalcircuit (seeFigure1.1) acurrentcanbemeasuredandusedto driveanelectric

motor. Protonsaretransferedvia thePEMto thecathodeside.Whenpurehydrogenis usedin fuel cells,

thecombustionproductof a fuel cell is water- a truezeroemissionprocess.Thethermalheatliberated

by a fuel cell canbe usedto heatindividual homes,co-generatingsteamfor the reformerin a power

plantor discardedaswasteheat.Today, many largeautomobilemanufacturersoperateafleetof fuel cell

drivenvehicles(for a review see[7]) 1.

Apart from the electrolysisof water, the biological productionof hydrogenis the mostpromising

route(“bio-hydrogen”). An efficient couplingof solarenergy conversionandbiologicalhydrogenpro-

duction is achieved by combiningphotosystemII (PSII) andhydrogenases.PSII deliversoxygenand

protonsfrom thephotolyticallydrivensplitting of water(wateroxidation).Hydrogenasescanmake use

of theprotonsgeneratedandyield H � (Figure1.2).

The activity of [Fe]-only hydrogenasesis usually larger thanthat of [NiFe] hydrogenases.[NiFe]

hydrogenasesact mostly as‘hydrogen-uptake’ hydrogenasesandconsumehydrogenwhereas[Fe] hy-

drogenasesmost frequentlyproducehydrogen. The efficiency of hydrogenasesis demonstratedin an

example:1 moleof the[Fe] hydrogenasefrom D. desulfuricanscanfill theairshipGraf Zeppelinin ten

minutes(assumingasufficient supplyof reductantsandprotons)[8].

1A comprehensive list of fuel cell applicationsis givenat thewebsitehttp://www.fuelcells.org
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Figure1.2: Photoproductionof biohydrogen

Nature’s choiceof Ni for the active site of enzymesis peculiar, given the moderndistribution of

solublemetalson Earth.Still, Ni playsaversatilerole in enzymaticcatalysis[9]. Onepossibilityis that

the choiceof Ni reflectsa selectionthat wasmadeunderdifferentatmosphericconditions.BeforeO�
becameabundant,many transitionmetalswouldhave beenpresentassulphidesandnickel sulphidesare

amongthe moresolubletransitionmetalsulphides[10]. [NiFe] hydrogenasesareresistantto oxygen

whereas[Fe]-onlyhydrogenasesaredestroyedin thepresenceof oxygen.Thismayindicateanadaption

of thehydrogenasesto anincreaseof oxygenin theatmosphere.Nature’s choiceof Ni asa redoxactive

switchmaybedueto thefollowing reasons[11]:

U Ni is agoodcatalystfor H � heterolyticcleavage

U A nickel hydridemayserve asanelectronstoragedevice andguaranteereversibility

U Comparedto Fe,Ni is resistantto oxidation(but at lowerbatteryefficiency).

In orderto contribute to theunderstandingof theheterolyticsplitting of molecularhydrogenby [NiFe]

hydrogenases,ElectronParamagneticResonance(EPR)andElectronNuclearDoubleResonance(EN-

DOR)spectroscopiesandmoderntheoreticalapproaches,namelyDensityFunctionalTheory(DFT), are

usedin this thesis.

The EPRandpulsed-ENDORspectrain Chapter6 wererecordedtogetherwith Dr. Olga Trofan-

chouk. Theorientation-selectedENDOR spectraof theNi-C stateweremeasuredtogetherwith Dipl.-

Phys.Marc Brecht.
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Chapter 2

Hydr ogenases

Hydrogenasesare a family of oxidoreductaseenzymesof different constitutionthat catalyzethe re-

versibleoxidationof molecularhydrogenH � (enzymeclassificationEC 1.18.99.1).Hydrogenaseshave

beenclassifiedaccordingto thecontentsof theiractivesitesas[NiFe] [12], [NiFeSe][12], [Fe]-only[13]

andtransitionmetal-free[14] hydrogenases.Nickel-containinghydrogenaseshave beenisolatedfrom

eubacteria(i.e. Desulfovibrio, Azobacter, Rhodobacter, Ralstonia) andarchaebacteria(i.e. Methanobac-

terium andMethanothermus) [15]. The mesophilicsulphate-reducingbacteriaDesulfovibrio live at an

optimumof body-temperature(37" C) andpH 7.2 [16]. Desulfovibrio useH � asa sourceof energy by

couplingits oxidation(electronflow) to thereductionof sulphateto sulphide[17]

V7W � 'YXRZ � �� [ X � � ' V7W � Z (2.1)

or H � S(seeFigure2.1).

SO4
2- SO3

2- S3O6
2- S2-

H2 H2

ATP
\

AMP

3 ADP
]

3 ATP
]

S2O3
2-

H2

H2

2 H+

hydrogenase cytochrome c^
3 ferredoxin

X
_

S2O3
2-

thiosulphate
`
reductase

SO3
2- + H2S

Figure2.1: H 	 metabolismin Desulfovibrio, X denotesunknown electroncarrier(s)[17].
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6 2. Hydrogenases

Hydrogenasesfrom theanaerobicbacteriaof Desulfovibrio usecytochromec� asthephysiological

electroncarrierbut may alsoemploy artificial electronacceptorssuchasmethyl viologenandbenzyl

viologen(seeFigure2.2.). The heterolyticcleavageof molecularhydrogeninto protonsandelectrons

H2

Hydrogenase

2H
+

2e -

Cytochrome c 3

Figure2.2: Theheterolyticcleavageof H 	 by Hydrogenasesfrom Desulfovibrio

(or oneprotonandonehydrideanion)hasbeenshown by hydrogen-deuteriumexchangereactionsand

thepara/orthoconversionof H � [17].

2.1 Classificationof [NiFe] Hydr ogenases

The molecularbiology of hydrogenaseshasbeenreviewed in [15,18,19]. Genetically, [NiFe] hydro-

genasescanbeclassifiedinto five groupsaccordingto [15]. GroupI is the[NiFeSe]hydrogenasefrom

Desulfovibrio (Desulfomicrobium) baculatum, group II hydrogenasescompriseD. gigas, D. vulgaris

Miyazaki F andD. fructosovorans. GroupIII hydrogenasesareslightly moredivergentanddisplayless

homology(i.e. Rhodobactercapsulatus, Azobactervinelandii). All enzymesin group I-III represent

two-subunit enzymes,consistingof a small � (28-35kDa) anda large a (56-68kDa) subunit. GroupsI

andII areencodedby simpletwo-geneoperons,groupIII by morecomplex operons.The“large” subunit

bindstheactivesitenickel, whereasthe“small” subunit hasanelectrontransferfunction.Thisstructural

differencebetweengroupII andIII [NiFe] hydrogenasesis manifestedin their modeof action:groupII

hydrogenasesdonatetheir electronsto a soluble,non-membrane-bound,periplasmiccytochromewhile

electronsfrom group III hydrogenasesaredelivereddirectly to a membrane-boundelectrontransport

chain.

Enzymesin groupsIV (i.e. Ralstoniaeutropha, Methanobacteriumautotrophicum) andV (E. coli

hydrogenase-3)have a morecomplex subunit compositionand fadinghomologywith the group I-III

hydrogenases.

It canbe concludedthat the [NiFe] hydrogenasesfrom D. gigas, D. vulgaris Miyazaki F andD.

fructosovoransgeneticallyexhibit a highhomology(65-70%)andrepresentasubclassof [NiFe] hydro-
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genases.The identity of theaminoacidsequencein the large subunit of D. vulgariswith that from D.

gigasis 69%(FASTA alignment),with that from D. fructosovorans66%andwith the[NiFeSe]hydro-

genasefrom D. baculatumstill 42%.These[NiFe] hydrogenasesaresometimesreferredto as‘standard

hydrogenases‘.Figure 2.3 shows the classificationof hydrogenasesaccordingto a protein sequence

comparisonof thelarge( a ) subunit.

"Standard" [NiFe] Hydrogenases

D
. baculatum

D
. fructosovorans

D
. vulgaris

M
iyazaki F

D
. gigas

E
. coli 2

H
. pylori

W
. succinogenes

R
. eutropha S

H

H
. pylori 2

Figure 2.3: Dendogramof the[NiFe] hydrogenasesbasedon a proteinsequencehomologyof the large( b )

subunit with theFASTA algorithm.Thecomparisonwasonly donefor hydrogenasesfor which thecomplete

proteinsequenceis available.

The[NiFe] hydrogenasesfrom Allochromatiumvinosum(formerly Chromatiumvinosum) andThio-

capsaroseopersicinamayalsobeassociatedwith groupII hydrogenasesdueto theirspectroscopicchar-

acteristics.Thesetwo bacteriabelongto thegroupof purple-sulphatebacteriaandstill possesstheability

to performphotosynthesisandgrow phototrophically- an ability the usualclassII hydrogenaseshave

lost duringevolution. Until now, thereis no primarystructureavailablefor A. vinosum. The[NiFe] hy-

drogenasefrom Th. roseopersicinaBBShasrecentlybeensequencedfor a8000basepair fragment[20].

Thehomologyof thegenefor the large subunit with that from D. vulgaris was58%andjustifiestheir

assignmentto aclassII hydrogenase.Theproteinsimilarity betweenA. vinosumandTh. roseopersicina
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mayalsobefortuitous.Thetwo organismsseemto have developedindependentlyto performdissimilar

metabolicfunctions[21].

Nevertheless,all [NiFe] hydrogenaseswhich have beensequencedso far, possesstwo highly con-

served consensusCys–X–X–Cysin the a subunit, onetowardsthe N-terminusandonefurther down

towardstheC-terminus.In [NiFeSe]hydrogenasesthefirst cysteineof the lattermotif is replacedby a

selenocysteine.Thosecysteineaminoacidscanbeshown to coordinatetheheterobinuclearmetalactive

site(seebelow). Theconservationof aminoacidsis lesspronouncedin the � subunit which is responsi-

ble for theelectrontransfer. A varyingnumberof Fe-Sclustersof differentcompositionmayparticipate

in theelectrontransferchain.

Comparing[NiFe] and[Fe] hydrogenases,thereis nosignificanthomologybetweenthepolypeptides

encodingtheactive sitesof theseenzymes.Thetwo familiesmustthereforhave evolved independently.

The [NiFe] hydrogenaseswith their high homologymusthave developedfrom a commonancestor. It

appearsplausibleto assumethatacytoplasmic,nickel-containinghydrogenaseexistedbeforetheevolu-

tionarypathtowardsaperiplasmicenzymeleft thenickel-bindingsiterelatively conservedandinvented

amorevariableelectron-transferring subunit.

2.2 Molecular Structure

The arrangementof the conserved residuesandthe compositionof the active sitesbecameclear from

X-ray crystallographicstudiesandfrom spectroscopicwork. Since1995,crystalstructuresat atomic

resolutionof several nickel-containingenzymeshave beendeterminedand contributed to the under-

standingof biologicalnickel in catalysis(seeTable2.1). Theprogressin nickel bioinorganicstructural

chemistryhasbeendescribedin somereviews [9, 22–25]. Recently, two X-ray structuresof [Fe]-only

Table 2.1: Overview of Ni-containingproteinX-ray structures

Protein Resolution[Å] Metal binding References

Urease 2.1 Binuclearnickel [26]

[NiFe] hydrogenase 1.8,2.5 Binuclearnickel andiron [27,28]

Methyl-CoMreductase 1.45 Ni-porphinoid [29]

hydrogenasesfrom Clostridiumpasteurianum[30] andDesulfovibrio desulfuricans[31] wereindepen-

dentlypublished.Until now, thereis noX-ray structureof themetal-freehydrogenase.
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A milestonein [NiFe] hydrogenaseresearchwasthefirst X-ray structureof theD. gigasenzymeat

2.85 Å resolution[32]. The crystal form wastriclinic with two moleculesin the unit cell. While the

small subunit, containing1 [3Fe-4S]and2 [4Fe-4S]clusters,displayedsimilarities to the flavodoxin

redoxprotein,thelargesubunit presenteda new topologicalclassof enzymewith anunusualNi coordi-

nationsphere.Figure2.4shows thecofactorarrangementin the[NiFe] hydrogenasefrom Desulfovibrio

vulgarisMiyazaki F [28]. Thelargesubunit bearstheactive site,thesmallsubunit containsthreeiron–

sulphurclusterswhich arearrangedin a chainandparticipatein electrontransferto andfrom theactive

site.Theactivecentrecontainsanickel andasecondmetalion, thediscovery of thelattercameasasur-

Ni-Fe active site

large subunit 

[3Fe-4S] 

[4Fe-4S] 

[4Fe-4S] 

small subunit

Figure2.4: Cofactorarrangementin Desulfovibrio vulgarisMiyazakiF [28]. Thelargesubunit (left) harbours

theNi-Feactivesite,thesmallsubunit (right) incorporatestheproximal[4Fe-4S]cluster, the[3Fe-4S]cluster

andthedistal[4Fe-4S]clusterwhichmaybeinvolvedin electrontransfer.

prise.It wasonly tentatively assignedto aFeatom[32]. Cysteines68 and533serve asbridgingligands

betweenthemetalswhereasCys65andCys530(in D. gigasenumerationof aminoacids)areterminally

boundto the nickel atom (seeFigure2.5). Higher temperaturefactorsof the Ni and its surrounding

sulphuratomsweredeterminedwhich couldoriginatefrom disorder, X-ray damageto thecrystal,only

partialNi occupancy of theactivesitesin thecrystalor thepresenceof severalNi redoxstates.Thelatter

was investigatedby EPRspectroscopy andrevealedthat the X-ray structurecorrespondsprimarily to

thatof theNi-A form (seebelow) [32]. Thiswasalsosupportedby activationof thecrystallizedenzyme

which requiredhoursto recover full hydrogenuptake activity. Thethreenon-proteinligandsof thesec-

ondmetalweremodelledaswatermoleculessincea positive assignmentof theelectrondensitypeaks
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wasnot possible.The heterobinuclearcenterthenled the authorsto a speculationof theCO inhibitor

andH � substratebindingin thebridgingpositionbetweenthenickel andiron atoms.Speculationsabout

possibleelectronandprotontransferpathwayswerealsomade.An electrontransferfrom theactive site

via two Fe-Sclusterto the distal [4Fe-4S]clusterandthento cytochromec� wasproposed.A highly

conserved His/Glu motif would representa separatepossibleway of proton transfer. Table2.2 gives

detailsof the active site structuralparametersfrom the refinedX-ray analysis.The Ni cdcdc Fe distance

wasgiven as2.69Å, the Ni-S distanceswere2.23Å (Cys68),2.04Å (Cys65),2.42Å (Cys530),and

2.60Å for Cys533.A non-proteinligandbridgingthenickel andiron atoms(labelled‘X’ in Table2) is

not includedin thismodel.This positionwasvacantin theinitial structure.

In a later publicationby the sameauthors,a new, pseudo-hexagonalcrystal form wasinvestigated

[27]. This time the secondmetalatomwasunambiguouslyidentifiedto be iron by collectingdataat

wavelengthscloseto eithersideof theFeabsorptionedge.Theresolutionwasincreasedto 2.54Å. The

bridging cysteines(Cys68and533) refinedto distancesof 2.6 Å, that of the terminalcysteineswere

shorter(2.2 Å for Cys65and2.3 Å for Cys530)(seeTable2.2). A strongpeakin theelectrondensity

mapindicatedthepresenceof anadditionalligandin abridgingpositionbetweentheNi andFecentres.

This peakwastentatively assignedto an oxygenspecies,leaving the nickel atomin a highly distorted

squarepyramidalcoordinationspherewith avacantaxial sixth ligandsite.Theiron atomhassix ligands

in a distortedoctahedralenvironment(seeFigure2.5).

Ni

Fe
Fe

X X

S
O

C

O

C
N

C

O

Cys546

N

C

O

C

Cys533 Cys549

Cys530

Cys68 Cys84

Ni

Cys81Cys65

Figure2.5: Detailsof theactivecentresof the[NiFe] hydrogenasesfrom D. gigas[27] (left) andD. vulgaris

Miyazaki F [28] (right). Thebridging ligandX is supposedto be anoxygenor sulphurspeciesin D. gigas

andD. vulgaris, respectively.
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Candidatesfor thebridging ligandaremono-oxygenatedspeciesderived from thereductionof O� .
Inclusionof a diatomicmoleculewould be stericallyhinderedaccordingto the authors[27]. Higher

temperaturefactorswereonly observed for theNi ion, theS atomof Cys530andthebridgingspecies

which were assignedto static disorderdue to structuraldifferencesbetweenthe variousactive sites

presentin the crystal. The findings for the D. gigas [NiFe] hydrogenasetogetherwith a speculation

aboutthemechanismhave beenreviewedin [11,33–35].

Table 2.2: Selectedstructuralparametersof the active centreof ‘as-isolated’[NiFe] hydrogenasesfrom

differentX-ray structures.Bondlengthsin Å, bondangles( e ) in f .
D. gigas D. gigas D. vulgarisMiyazakiF D. fructosovorans

Å, " /res.,ref. 2.85Å [32] 2.54Å [27] 1.8Å [28] 2.7Å [36]

Ni cdcdc Fe 2.69 2.90 2.52 3.23

Ni–SCys533 2.60 2.62 2.36 2.45

Ni–SCys68 2.23 2.58 2.15 1.62

Ni–SCys530 2.42 2.27 2.33 2.12

Ni–SCys65 2.04 2.16 2.22 2.16

Ni cdcdc X notgiven 1.74 2.19 notgiven

Fe–SCys533 2.26 2.20 2.36 2.31

Fe–SCys68 2.62 2.23 2.15 2.22

Fe cdcdc X notgiven 2.14 2.28 notgiveng
Ni-X-Fe notgiven 96.5 68.4 notgiveng
Ni-SCys533-Fe 66.7 73.6 64.1 85.6g
Ni-SCys68-Fe 66.8 73.9 66.2 113.9

The[NiFe] hydrogenasefrom D. vulgarisMiyazakiF is highly relatedto thatof D. gigas(seeabove).

After first singlecrystalsbecameavailable [37] the active site andthe Fe-Sclusterswere localizedat

a resolutionof 4 Å [38]. The membrane-boundhydrogenaseis solubilizedby trypsin digestionthus

facilitatingthecrystallization.Thehydrogenasefrom D. vulgariscrystallizesin thespacegroupP2� 2� h � .
Thefolding patternof theproteinandstructuralfeaturesof themetalcentresarevery similar to thoseof

D. gigas. The two structurescanbesuperimposedwith a root meansquaredeviation of 0.82Å for all

mainchainatoms[28]. Thecoordinationof theNi-Feactivecentreis verysimilar to thatof D. gigas. Ni
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is coordinatedby four sulphuratomsof cysteines(aminoacidresidues80,84,546and549).TheFeatom

(asidentifiedby anomalousdispersiondifferencemaps)is coordinatedby two bridgingcysteines(Cys84

andCys549)andexhibits threedistinctive electrondensitypeaksasterminalligands.A comparisonof

theactivecentresof the[NiFe] hydrogenasesfrom D. gigasandD. vulgarisMiyazakiF is donein Table

2.2anddepictedin Figure2.5. At closerinspection,however, differencesin thestructuralparametersof

theactive sitebecomeapparent(seeTable2.2). TheNi cdcdc Fedistanceis 2.55Å, thediatomicligands

to theFewererefinedto oneS=O,andtwo CO or CN molecules(higherelectrondensitypeakfor one

non-proteinligand andpyrolysis MS experimentswith an usualmasspeakat 48 (S=O) [28]) andthe

bridging ligand is assignedto a sulphuratombasedon a higherelectrondensityalthoughan oxygen

speciesremainedapossiblesecondcandidate.Unexpectedly, amagnesiumion wasalsodiscoverednear

theC terminusof thelargesubunit whichmight beinvolvedin protontransferreactions.

The[NiFe] hydrogenasefrom D. fructosovoranshasbeenalsocrystallizedandits structurewaselu-

cidatedby X-ray crystallography. Until now, it hasonly beenpublishedin thecontext of a [3Fe-4S] [
[4Fe-4S]clusterconversionby site-directedmutagenesisof aglycin into acysteineresidueafterhetero-

loguousexpressionin D. gigas[36]. Thecoordinatesof the[NiFe] hydrogenasefrom D. fructosovorans,

however, have beendepositedat theBrookhaven ProteinDataBank (PDB) asa ‘layer 1’ file. This in-

dicatesthat thestructuralparametersarestill not definiteandmustbeusedwith caution.They arealso

includedin Table2.2 .

Thusfor all hydrogenasesof thegroupII, X-ray structureshavebecomeavailable.Thehydrogenases

from D. gigasandD. vulgarisMiyazaki F arespectroscopicallyvery similar [39]. It thusremainsto be

investigatedwhetheranagreementaboutthecompositionof theactive centrecanbereached.

2.3 The RedoxStatesof [NiFe] Hydr ogenases

Hydrogenasesareoxidoreductaseswhichmeansthatthey oxidizeasubstrate,transporttheelectronsand

reducea reductant.

In particular, they oxidizeH � to 2 H � and2 electrons,passtheelectronsto their physiologicalelectron

acceptorcytochromec� andfinally utilize themto reducesulphurto sulphide.

During the courseof the redoxcycle, [NiFe] hydrogenasespassthrougha numberof different redox

states.Electronparamagneticresonancespectroscopy (EPR)andrelatedtechniques(seebelow) arethe

methodof choiceto characterizetheparamagneticstatesinvolved in the redoxcycle. Figure2.6 gives

a schematicpictureof the complex redoxstatesof the [NiFe] hydrogenase.Therearepotentiallyfour

paramagneticcentresin the [NiFe] hydrogenase:namelytheheterobimetallicNiFe clusterin the large
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Figure2.6: Redox-Statesof the[NiFe] Hydrogenase.Asteristsdenoteparamagnetic(S= 1/2)states,squares

symbolizethecubane[4Fe-4S]clusters,atrianglestandsfor the[3Fe-4S]cluster. Theactivecentreis givenby

therectanglewith roundedcorners.Opensymbolsstandfor oxidized,filled symbolsfor completelyreduced

states.Theredoxpotentialof theproteinin solutionis loweredwhengoingfrom theoxidizedNi-A/B states

to thecompletelyreducedNi-R form. On theright handside,thenumbersof protonsandelectronsaregiven

which are involved in eachredoxstep. Theseweredeterminedby redoxtitrations in the presenceof dyes

(see[40] andreferencestherein).Thenumberof protonsarederivedfrom thepH-dependenceof themidpoint

potentials.

subunit, theproximal[4Fe-4S]clusterin thesmallsubunit, one[3Fe-4S]cluster, andthedistal[4Fe-4S]

cluster.

In the‘as-isolated’form theactivesiteof theenzymeis in its oxidized,enzymaticinactive,paramag-

neticstatesNi-A or Ni-B. Ni-A displaysEPRspectrawith 
 -tensorprincipalvaluesgrts ums v = 2.32,2.24,

2.01andNi-B with grts uws v = 2.33,2.16,2.02.In addition,at low temperatures( x 60K) aratherisotropic

EPRsignalatg = 2.01is visiblewhich is assignedto theoxidized[3Fe-4S]� clusterin thesmallsubunit.

EPRexperimentswith ��� Ni enrichedproteinsamples[41,42] andtheobserved ��� Ni hyperfinesplitting

thereinunambiguouslyshowedthattheEPRsignalsoriginatefrom theNi atomin theactivecentre.The

correlationbetweentheEPRsignalsandenzymaticactivity wasfirst establishedby Fernandezetal. [43].

They showedthatNi-A andNi-B differ in their ratesof activation. WhereasNi-B is activatedby incu-

bationunderanH � atmospherewithin minutes(thereforesometimesreferredto as‘ready’ or Ni y ) Ni-A

requiresincubationfor hours(sometimescalled‘unready’Ni z ). During activation, theNi-A andNi-B

EPRsignalsdisappearandadiamagnetic,EPR-silentstateNi-SI is reached.

EPRanalysisof the first proteincrystalsfrom D. gigas revealeda constitutionof 85% Ni-A and
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15% Ni-B [32], the amountof EPR-silentfraction wasnot determined.Later Dole et al. examineda

polycrystallinepowder sampleof theD. gigashydrogenaseandobtainedan EPRspectrumessentially

identical to that of a frozensolutionof Ni-A [44]. A constitutionof 10% Ni-B, 40 % Ni-A and50%

Ni-SI wasdetermined.

Uponreductionfrom theoxidizedstatesto theEPR-silentform Ni-SI, the[3Fe-4S]clusteris reduced

to its S= 2 [3Fe-4S]{ form. Uponfurtherreduction,anew rhombicEPRsignalof theactive site“Ni-C”

with principal valuesgrts ums v = 2.20,2.14,2.02appears.This stateis believed to be two electronsmore

reducedthanNi-A/B andbelongto a catalytic intermediatein the redoxcycle. The relationbetween

catalyticactivity and the appearanceof the Ni-C EPR signalwas given by Moura et al. [45]. Here,

EPR spectroscopy provides a direct spectroscopicassayof enzymeactivity. The Ni-C statedisplays

unusualfeatures.The Ni-C stateis light-sensitive andconverts into a fourth paramagneticstateNi-L

with 
 -tensorprincipalvaluesgrts ums v = 2.28,2.11,2.05. Thereactionis carriedout at low temperatures

between4 and77K. Uponfurther‘warming’ thesampleto 120K in thedark,theNi-L signaldisappears

andtheNi-C signalis recovered. In addition,in theNi-C state,both theproximalandthedistal [4Fe-

4S] clustersbecomeparamagnetic(S = 1/2) in their reduced[4Fe-4S]� forms. Magneticinteraction

betweentheproximal [4Fe-4S]� clusterandthe NiFe active site inducestheappearanceof a complex

EPRspectrum(called“split Ni-C”) at low temperaturesanda significantenhancementof therelaxation

ratesof theNi centre.Themagneticinteractionbetweenthetwo centreswasanalyzedby Guigliarelli et

al. [46,47]. Basedon numericalsimulations,they determinedthe parametersof exchangeanddipolar

interactionsbetweenthetwocloselyspacedparamagnetsandalsoobtainedtherelativeorientationsof the


 -tensorswith respectto eachother. Furthermore,the 
 -valuesof theproximal [4Fe-4S]cluster, which

are observed by the spin-couplingwith the distal [4Fe-4S]cluster, were given. The study was later

extendedto the interactionof theNi-L stateandtheproximal [4Fe-4S](in the “split Ni-L” signal)and

led theauthorsto theconclusionthatthe 
 -tensororientationsin Ni-C andNi-L werevery similar [48].

Finally, thefully reduceddiamagnetic‘resting’ stateNi-R is obtainedfor which hardlyany spectro-

scopicdataapartfrom Fourier-transformedinfraredspectroscopy (FTIR) areavailable.

WhereasEPRsuffers from thedrawbackof beingapplicableonly to theparamagneticstatesof the

enzyme,FTIR covers the completerangeof redoxstates.After the initial discovery of unusualhigh

frequency bandsin [NiFe] hydrogenasesand their speculative assignmentto non-proteinCO andCN

ligandsat the Fe atomsin the active centre[27,49,50], they were unambiguouslyassignedto 2 CN

and1 CO ligand in A. vinosumuponcultivation with � � N and � � C enrichedmediaandobservingthe

respective isotopeshifts of the IR bands[51]. The bandaround1930-1940cm� � correspondsto the

stretchingfrequency of theC=O bond. The two bandsabove 2040cm� � belongto thesymmetricand
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antisymmetricstretchingfrequenciesof theC| N triple bonds(seeFigure2.7).
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Figure 2.7: BLYP/DZVP calculatedhigh frequency IR vibrationalfrequenciesof a small clustermodelof

the Ni-B state. The positionsof the vibrationsapproximatelycorrespondto thoseobservedexperimentally

(seetext). B3LYP/6-311+GIR frequencieswerealsoobtainedfor largerNi-A, Ni-B, Ni-C andNi-L model

clusters.The respective frequencieswere1988,1995,1612cm�R� (Ni-A), 2016,2002,1697cm�5� (Ni-B),

2014,2009,1687cm�R� (Ni-C), 1969,1963,1586cm�5� (Ni-L). Themagnitudeof thedeviationsareatypical

systematicerrorinherentin DFT methodsin thecalculationof IR frequencies(in particularfor COstretching

vibrations [52]) and also originate from the drastic influenceof spin-contaminationon the calculatedIR

vibrations[53] ( �!� 	��
valuesare0.94for Ni-A, 0.80for Ni-B, 0.79for Ni-C, 1.18for Ni-L).

The characterizationof all redoxstatesof [NiFe] hydrogenasesby meansof their IR spectra,the

in situ following of their bandsuponoxidation/reduction hasmaturedto nearperfection[50,54,55].

Table2.3collectsFTIR datafor thetwo mostintensively investigated[NiFe] hydrogenasesD. gigasand

A. vinosum. In general,the shift in IR bandsis rathersmall betweenthe different redoxstatesof the

enzymes.FTIR spectroscopy probesthestrengthof theC=OandC| N bonds.Theforceconstantof the

bonddependsonthebalancebetween� ligand-metalbondingand � -backbonding.Metal-ligand� -back

donationinto anti-bonding��� orbitalsof the C| N triple bondweakensthe C-N bond. A decreaseof

3-5 cm� � in theCN IR bandsuponreductionfrom Ni-B to Ni-C thusindicatesa slight increasein the

metal-ligand� -backdonationcausedby an increaseof charge densityat theFeatom. Thechangesare

all in therangeof 30-35cm� � andsmallerthanthatexpectedfor a oneelectronchangeof theelectron
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Table 2.3: Characterizationof theredoxstatesof [NiFe] hydrogenasesby their IR bands

Redoxstate High frequency IR bands[cm � � ]
D. gigas[27] A. vinosum[55]����� ���5� ���R� ���5�

Ni-A 1947 2083 2093 1945 2083 2093

Ni-B 1946 2079 2090 1944 2079 2090

Ni-C 1952 2073 2086 1950 2074 2087

Ni-L 1898 2043 2058

Ni-R 1940 2060 2073 1936 2059 2073

Ni-SU 1950 2089 2099 1950 2089 2099

Ni-SI � 1914 2055 2069 1910 2051 2067

Ni-SI ��� 1934 2075 2086 1932 2074 2086

densityon an iron atom(102cm� � [56]). The largestshiftsareobserved for the reductionNi-B to Ni-

SI (a concertedshift downwardsby approx. 30 cm� � ) andthe Ni-C to Ni-L conversion(30 cm� � for

the CN bandsand50 cm� � for the CO band). Thesetwo processesmustbe accompaniedby a larger

changeof electrondensityat the Fe metalsite, i.e. an increasein electrondensitydueto liberationor

photodissociationof a ligand.

During thecatalyticcycle,paramagneticanddiamagneticstatesalternate.Theappearanceor disap-

pearanceof thecorrespondingEPRsignalservesasanassayof theredoxstateof theNi centre.Redox

titrationsof [NiFe] hydrogenasesgaveamidpointpotentialfor theNi-A/B [ Ni-SI (Ni(III)/Ni(II)) con-

versionbetween-410and-110mV [12,57] (seeFigure2.6). Themidpointpotentialof Ni(III) wasfound

to bepH-dependentby -60mV perpH unit. Thefirst reductionstepcanthusbewrittenas

����� ���M��� ' W � '�� � [ ����� ������W � ) (2.2)

TheNi-SI [ Ni-C conversionexhibiteda pH-dependencetwice aslargeasthatof theinitial stepwhich

indicatesthat two protonsmight enterthe active centre[40]. The Ni-C [ Ni-R reduction,again,is a

stepassociatedwith asingleprotonation( [58], seeFigure2.6).
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2.4 SpecificPropertiesof the ParamagneticStates

Table2.4givesanoverview aboutthemeasuredhyperfinesplittingsin EPRandENDORspectrawith nu-

clei whichpossessa nuclearspinI � 1/2. Very often,thereportedhyperfinesplittingsareonly deduced

from linewidth broadeningeffectsin EPRspectraandarethusonly crudeestimates,often simulations

werenot performed.Thegivenhyperfineinteractionsarealsothosemeasuredalongthe 
 -tensorprin-

cipal values.In thecasewherehyperfinetensorand 
 -tensorarenot collinear, thetruehyperfinetensor

principalvaluesmight differ. After thefirst discovery of anEPRsignalfrom [NiFe] hydrogenases[41],

Table 2.4: Collectionof hyperfinedatain MHz for [NiFe] hydrogenases

Nucleus State Organism* HyperfineCoupling Ref. Remarks

A r A u A v
��� Ni Ni-A M. t. 21 42 76 [59] simulated

Ni-A D. g. 6-17 6-17 76 [45] A r , A u estd.

Ni-C – – 76 A r ,A u not resolved

Ni-C R. a. 17 14 - [60] A v not resolved

Ni-L 56 28 14

��� Fe Ni-A D. g. � 1 [61] ��� Fe-ENDOR

Ni-B D. d. none

Ni-C D. g. none��� S Ni-B W. s. 27 39 – [62]

� � O Ni-A A. v. 14 11 13 [63]

Ni-B 0 11 20

� � CO Ni-CO A. v. 81 85 90 [63] g=2.12,2.07,2.02

� Abbreviations: M.t. M. thermoautotrophicum, D. g. D. gigas, R. a. R. eutropha (SH), D. d. D.

desulfuricans, W. s. W. succinogenes, A. v. A. vinosum

actualproof of it beinga Ni signalwasobtainedfrom ��� Ni enrichmentandsubsequentdetectionof line

broadeningandhyperfinesplitting [59,64]. Mouraet al. producedevidencethatall threeparamagnetic

statesNi-A, Ni-B andNi-C showed ��� Ni hyperfinebroadeningor splitting [45]. In the literature,how-

ever, only onecomplete��� Ni hyperfinetensoris foundwhichwasobtainedfrom simulationsof theEPR

spectra[59]. All otherdeliveredonly estimatesfrom the line broadeningeffects. For an overview of

��� Ni hyperfinesplittingsin [NiFe] hydrogenasessee[65].
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The detectionof a secondmetal ion (the Fe) in the active centre of then termed “[NiFe]”-

hydrogenasesin theX-ray structureanalysiswasa surpriseto themagneticresonancecommunity. So

far, a secondmetalsituatedcloseto thenickel hadnot beendetected.Therewasno effect of ��� Feen-

richmentontheEPRspectrumof Ni-A from D. gigas[66]. Theabsenceof ��� Feline broadeningaloneis

not sufficient to demonstratethat theNi-Fe binuclearcentreis not a spin-coupledsystem.In caseof an

exchange-coupledsystemonewould expecta deviation from Curie’s law at low temperatures.Thevery

existenceof a spin-coupledcentreis ruledout by analysisof the temperaturedependenceof theNi-A,

Ni-B, Ni-C andNi-L EPRsignalintensities[44]. No deviation from Curie’s law wasdetectedbetween

10K and240K. Furthersupportcomesfrom recent��� Fe-ENDORexperiments(seeTable2.5) in which

nohyperfineinteractioncouldbedetectedfor Ni-B andNi-C andonly averysmallone(approx.1 MHz)

for Ni-A [61]. Thetotal spinmultiplicitiesof themetalsin theactive centrenecessarilymustthereforbe

assumedto beS = 1/2 for theNi andS = 0 for theFeatom. The low spinFe(II) 3d� stateis plausible

becauseof the CN andCO non-proteinligands(seeabove) which imposea strongligand field on the

iron atom.

Thespectroscopicdetectionof spindensityat a sulphurligand to theNi atomcomesfrom ��� S en-

richedproteinfrom the[NiFe] hydrogenasefrom Wollinella succinogenes[62]. Hyperfinesplitting due

to interactionbetweenthe I = 3/2 nuclearspin from ��� S andtheelectronspinof theNi centrein Ni-B

wasdetected(seeTable2.4). Simulationsof themeasuredline broadeningof thegr -componentandhy-

perfinesplittingof thegu -componentassuminganenrichmentof 70%andhyperfineinteractionwith one��� S nucleusgave goodagreementwith theexperimentalspectrum.For Ni-C line broadeningwasalso

observed.A differencespectrumof theNi-L minusNi-C spectrumalsorevealeda ��� Shyperfinesplitting

of thegv -componentin Ni-L. Theexperimentsareindicative of thefactthathyperfineinteractionto one

sulphurnucleusis presentin Ni-B, Ni-C andNi-L states.It cannotbesaid,however, whetherthis is the

samesulphuratomin all thesestates.

In order to investigatethe hypothesisof an oxygenicspeciespresentin the oxidizedstatesof the

[NiFe] hydrogenase,theeffect of � � O� upontheEPRspectrain theoxidizedstatesNi-A/B wasstudied

by vanderZwaanet al. [63]. They measureda nearlyisotropicline broadeningof all 
 -componentsin

EPRspectraof Ni-A (seeTable2.4) but alsosomedetectablehyperfinebroadeningin theNi-B state.It

wasconcludedthateitherO� or areductionadductbindsin thevicinity of theoxidizedstates.According

to theauthors,thedifferencebetweenNi-A andNi-B species,therefore,cannotbeexplainedby assuming

thatonly in onestate(theunreadyNi-A) O� or oneof its speciesis boundto theactive site.

WhenNi-C is treatedwith CO, its EPRsignaltransformsinto a Ni-C ��� signalwith grts ums v = 2.12,

2.04,2.02[63]. TheboundCO is photolabileandtheNi-C signalis recovereduponillumination. The
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effectof � � CO(I = 1/2)on theEPRspectraof theCO-inhibitedNi-C ��� wasinvestigated[63] (seeTable

2.4). Fromthenearlyisotropichyperfinesplitting from � � C of � � COabout85MHz alongthe 
 principal

values,anaxial bondingsituationfor theCO is discussed.Very recently, it wasinvestigatedwhetherit

wouldbetheNi-C or theNi-L statethatactuallybindsthecarbonmonoxidemolecule[58].

The investigationof � H hyperfineinteractionsin the different paramagneticstatesof the [NiFe]

hydrogenaseis of particularrelevance. Sincethe enzymeis involved in hydrogenmetabolism,either

substrateH � , or theproductsH � , H � or H � areexpectedto beboundin thevicinity of theNi atomin

theactive centreandthusshouldbedetectableby EPRor ENDORspectroscopies.

Whentheenzymein theNi-C form is solvent-exchangedwith D � O/D� , a slight but significantre-

ductionof line width of thegr - andgu componentswasnoticed(maximumeffecton gu of 14 MHz (0.5

mT)) [67]. This indicatesa solvent-exchangeable protonin theligandsurroundingof theNi atomin the

Ni-C state. The Ni-C to Ni-L conversionis six-fold slower whenthe enzymeis preparedin D � O/D�
solvent[67] which indicatesthatahydrogenspecies(respectively adeuteriumspecies)is lostuponillu-

mination.Likewisethere-appearanceof theNi-C signalat high temperaturesis alsofive-foldslower in

D � O/D� [68].

Theultimatedetectionof � H or � H nuclearhyperfineinteractionin thevicinity of theNi active site

is complicatedby thelargeEPRlinewidth but canberesolvedby doubleresonanceexperimentssuchas

ENDORandelectronspin echoenvelopemodulation(ESEEM).Chapmanetal. usedtwo-pulseESEEM

spectroscopy to addressthequestionof solventaccessibilityof theNi-A andNi-C statesby comparing

spectrain H � O andD � O [68]. TheNi signalin Ni-A showed no modificationuponsolvent exchange.

This indicatesthat thereis no protonboundto theactive centrewhich canbesubstitutedby a deuteron.

The[3Fe-4S]� signal,however, showedthepresenceof asolventexchangeableproton.TheNi-C signal

exhibitedasignificantmodulationin D � O dueto adeuteriumnucleusin thevicinity of theNi. Table2.5

collects � H- and � H-ENDORdata.Fanetal. investigatedtheactive siteof the[NiFe] hydrogenasefrom

D. gigasin threeparamagneticstatesNi-A, Ni-B, Ni-C by meansof ENDORspectroscopy [69]. Ni-A

spectrawereidenticalin H � O andD � O in agreementwith thefinding by Chapman(seeabove). Large

hyperfinecouplingsof 12.8 MHz at gu wereassignedto � -CH� protons. The � H-ENDOR spectrum

of theNi-C form displaysanadditionallargehyperfinecouplingof 16.8MHz at gu which is lost upon

solventexchangewith D � O.Thecorresponding� H-ENDORsignalwasalsodetected.Thesecondsignal

whichalsoshowedaD � O effect(4.4MHz) waslatershown to originatefrom theNi-B form. The � -CH�
protoncouplingsincreasefrom 12.8MHz in Ni-A to 15 MHz in Ni-B.

Whiteheadetal. laterrepeatedENDORexperimentsonadifferentorganism,the[NiFe] hydrogenase

from Th. roseopersicina [70]. Here,the Ni-C to Ni-L conversionwasalsoinvestigated.In Ni-C, two
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Table 2.5: Overview of � H-ENDORDataof [NiFe] Hydrogenases

State Organism* HyperfineCoupling Remark/Assignment Ref.

Ni-A D. g. 12.8MHz at gu cysteinyl � -CH� [69]

in D � O identical

Ni-B 15 MHz at gu cysteinyl � -CH�
4.4MHz at gr lossin intensityin D � O/OH� or H � O

Ni-C 16.8MHz atgr solventexchangeableA   = [15, 22,25]

line narrowing in D � O (3, 7, 8 MHz)� H-ENDOR2.4MHz/in planeH �
Ni-C T. r. A( � H � ) 16-20MHz in D � O A( � H � ) � 3.1MHz [70]

solventexchangeableproton

A( � H � ) � 12 MHz isotropic,notexchangeable

A( � H � ) x 5 MHz

Ni-L A( � H � ) lost photololabilespecies

A( � H � ) � 10 MHz neitherphotolabilenorexchangeable

� AbbreviationsD.g. D. gigas, T. r. Th. roseopersicina

large � H hyperfinecouplingsweredetected.Theisotropic,non-exchangeablecouplingof 12 MHz was

assignedto � -CH� protonsof acysteineresidue.Thelargercouplingof 16-20MHz is D � O exchangeable

andlost uponphotoilluminationin theNi-L state.Unresolved signalssmallerthan5 MHz in theNi-C

statecouldnot beassigned.The largest � H couplingsin theNi-L stateare8-10MHz andthussmaller

thanin theNi-A, Ni-B andNi-C forms.

2.5 Moti vation and Perspectiveof this Work

Albeit therewasa largeamountof very detailedspectroscopicdatain theliterature,their interpretation

in the context of structuralchangesbetweenthe redoxstateswasnot possiblebeforethe work in this

thesiswasstarted.This wasdueto severalcomplications.

The elucidationof the X-ray structureof a [NiFe] hydrogenasein 1995revealedatomicdetailsof

the active Ni site in the enzymefor the first time. The detectionof a heterobimetallicclusterwith an

additionalFe atomwasunexpected.The unusualcoordinationsphereof the Ni raisedmorequestions

thanit answered.Is Ni thecatalyticsite? Is therea bridging ligand in all states,what is its natureand
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role,do thecysteineligandsparticipatein thecleavageof theH–H bond,whatis theroleof theFeatom,

how do the differentparamagneticstatesdiffer from eachother? How do the H ¡ andprotonchannels

look like?Whatis theinfluenceof theproteinenvironment?

Only in 1999,anX-ray structureof the reducedenzymewerepublished.Someof the information

canbe gainedfrom EPRinvestigationsof proteinsinglecrystals. The large andwell-orderedprotein

singlecrystalsof the [NiFe] hydrogenasefrom D. vulgaris Miyazaki F openeda new field. Onecan

deducethe spatial arrangementof i.e. ¢ -tensorswith respectto the ligand environment,orientations

of hyperfineinteractiontensorsof, for example £ H nuclei, andpossiblydetectthe binding situationof

molecularhydrogenor its dissociationproductsin theactive centre.

Thecorrelationbetweenmagneticresonanceparametersandstructuralmodificationsis still difficult.

Changesin EPRor ENDOR spectracanonly indirectly be interpretedin termsof changesin the X-

ray structure. It is not possibleto performa high-resolutioncollectionof X-ray diffraction dataof a

crystalmountedin anEPRquartztube. However, thedeterminationof theunit cell parametersandthe

orientationof the crystalaxes is feasible. Likewise, after massive X-ray diffraction datacollection in

a synchrotronbeam,the proteinsinglecrystalsuffers from X-ray damageandfrom the generationof

additionalradicals.

Here,a theoreticalapproachwhich yieldshyperfineparametersand ¢ -tensorsfor a givengeometry

mayprovide usefulinformation. Is it possibleto find a methodologythatallows thepredictionof mag-

neticresonanceparametersfor a systemascomplex astheactive siteof a metalloproteinwith sufficient

accuracy andaffordablecomputingresources?

Thiscombinationof proteinsinglecrystalEPRandENDORandtheoreticalcalculationsin theframe

of approximateDensityFunctionalTheory(DFT) is thecentralaspectof thiswork.

Whenthis work wasstarted,therewasno theoreticalstudyof [NiFe] hydrogenases,neitheron the

electronicstructurenoronthereactionmechanismpublished.Thismetalloenzymerecentlygainedatten-

tion andanumberof publicationsbasedonfirstprinciplescalculationsappearedin thelastyears[71–76].

Noneof them,however, dealtwith a theoreticaldescriptionof theparamagneticstatesof theenzymefor

whichmany experimentaldataexist.

Until recently, therewasalsono rigorousapproachto reliably dealwith themagneticresonancepa-

rametersof transitionmetalcomplexes,not to saythatthetreatmentof systemsascomplex astheactive

centreof a metalloenzymewasout of reachwith conventionalpost-HartreeFock methods.Thus,a new

relativistic DFT approachhasbeencritically evaluatedandwasusedherefor thecharacterizationof the

paramagneticintermediatesof [NiFe] hydrogenase.Basedupontheresultsobtainedfor the intermedi-

ates,aplausibleenzymaticmechanismcanbesuggestedwhichconsidersexperimentalfindings.
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Chapter 3

Theory and Fundamentals

3.1 EPR Spectroscopy

The basicsandmoresophisticateddetailsof EPRspectroscopy aregiven in many text books[77,78].

In thefollowing only a very concisetreatmentof theaspectswhich arenecessaryfor theunderstanding

of this thesisis given. ElectronParamagneticResonance(EPR)spectroscopy detectsthe interactionof

anunpairedelectronspinwith a magneticfield andwith its environment.Paramagnetismof thesample

thusis aprerequisite.

3.2 The Spin-Hamiltonian

The interactionof an electronspin with an external magneticfield ¤¦¥ is describedby the electron-

Zeemanterm §
¨�©«ª ¢T¬­¤¦¥¯®° (3.1)

where ¢ is the electron ¢ -factor, ¬ is the Bohr magnetonand ®° the electronspin operator(seeFigure

3.1).

Theelectron,however, doesnotsensetheexternalmagneticfield ¤¦¥ but aneffectivefield, weakened

or enforcedby shieldingor deshielding.

¤²±M³ ª ¤¦¥%´µ¤J¶¸·º¹�»w¶ ªG¼¾½À¿ÂÁ­Ã ¤¦¥ ªG¼ ¢5Äw¢tÅ Ã ¤¦¥ (3.2)

Thusany deviation from ¢tÅ is a measureof thechemicalenvironmentof theunpairedelectron.In tran-

sition metalcomplexesit is not only theelectron’s angularmomentumthatcontributesto thedeviation

from ¢ Å . Somecomplexes(i.e. Æ -metalcomplexes)possessaresultingorbitalangularmomentumwhich

23



24 3. TheoryandFundamentals

E = h νE

M
E  = +1/2 g     B

E  = -1/2 g     B
β

∆

s
e

+ 1/2

- 1/2

B = 0 B 

α

β

α β

β

e

e e

Figure 3.1: Electron-ZeemanSplitting in a Magnetic Field. In the presenceof a homogeneous,time-

independentmagneticfield Ç�È the two degenerateenergetic statessplit into a spin-up( É M Ê = +1/2) and

aspin-down ( Ë M Ê = -1/2)energy level. Theenergeticdifferencebetweenthetwo statesis Ì�ÍYÎÐÏÒÑ�ËÓÑ¾Ô and

mustbematchedby themicrowaveradiation Ì�ÍYÎ;ÕTÖ .

maycauseasignificantdeviation from thefreeelectronvaluedueto spin-orbitcoupling( × °
coupling).§ ØÚÙ ªÜÛ/ÝÞàßÐá Ýâ (3.3)

Electronicgroundstatesmayalsoacquireorbital magneticmomentumdueto spin-orbitcouplingfrom

higherstateswith ×äãªæå into thegroundstatewavefunctionanddisplay ¢ -valuesdifferentfrom ¢tÅ .
Dueto theanisotropicsurrounding,thelocal field alsobecomesorientation-dependent. This depen-

dency canbe taken into accountin the spin-Hamiltonianby replacingthe scalar ¢ -factor by a matrixç . §
¨è© ª ¬­¤ ¥ ç ®° (3.4)

Thismatrix ç is usuallyreferredto as‘ ¢ -tensor’.1 The ¢ -tensorcanbediagonalizedto yield its principal

values ¢tédé , ¢ºêëê , and ¢tì�ì in its principal axessystem( í ,î , ï ). The “ ¢ -tensorprincipal axessystem”is

relatedto theorbital axessystemandthusto themolecularbondingsituationof thecomplex.

ThenuclearZeeman-termdescribestheenergy of aparamagneticnucleus( ðñãªæå ) in thepresenceof

amagneticfield in analogyto theelectron-Zeemanterm§
ò ©«ª ¬�óô¤«¥º¢�ó ®ð (3.5)

It is of theorderof ¢Ú¬ôÄw¢�ó-¬õó÷ö 1000smallerthantheelectron-Zeemanterm but often aslarge asthe

hyperfineinteraction.

1Notethatmathematicallyonly the ø¯ù matrix is a tensor.
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Thehyperfinetermarisesfrom the interactionof theelectronspin ®° with thenuclearspin ®ð . ð can

bea ligandnucleus(i.e. £ H, £�ú N) or themetalnucleusitself.§
û�ü ª ®°þý ®ð (3.6)

The hyperfinetensor
ý

describesthe magnitudeand orientationof the coupling in the moleculeor

complex.

Thenuclear-quadrupole termoriginatesfrom anadditionalinteractionof theelectricfield gradientat

thepositionof thenucleuswith its nuclearspin( ð ÿ ½ ) exhibiting anelectricquadrupolemoment.§ � ª ®ð���®ð � (3.7)

Thetotal spinHamiltonianis of theform§
ª

§
¨è© ´

§
û�ü ´

§
ò © ´

§ � ª ¬­¤¦¥ ç ®° ´ ®°þý ®ð ´;¬õó-¤¦¥º¢�ó¦®ð ´ ®ð��µ®ð � (3.8)

3.3 The � -Tensor

Dependingon the orbital angularmomentumof the electronicgroundstateand the natureof the co-

ordinatingligands,transitionmetal complexes may exhibit EPR spectrawith ¢ -valuesdifferent from

¢�Å . For transitionmetalcomplexes, the ¢ -tensoris mostly rhombic,e.g. ¢ é ãª ¢ ê ãª ¢ ì . That means

that the interactionof the magneticfield is anisotropicanddifferentalongthe í -, î -, and ï -directions

of the molecule. This is the mostgeneralcase.Specialcasese.g. axial ( ¢ é ª ¢ ê ãª ¢ ì ) or isotropic

( ¢ é ª ¢ ê ª ¢ ì ) ¢ -tensorsarisefrom accidentallyor orbital-symmetricallydegeneratespindensitydistri-

butionsandspin-orbitcouplings.The theoryof EPRspectroscopy of transitionmetalions is described

in varioustext books[79–81]. TheEPR-spectraof [NiFe] hydrogenasesusuallydisplaysucha rhombic

EPRspectrum(seeFigure3.2). The ¢ -anisotropy, nevertheless,is still modestwith a � ¼ ¢ é ¿ ¢ ì Ã	� å ��

comparedto e.g. low-spinferric (Fe(III)) haemwith � ¼ ¢ºé ¿ ¢tì Ã ö 3. For Ni, thereis no simplemodel

which canpredictthe ¢ -valuesof a Ni complex. The variationsin natureandnumberof coordinating

ligands,ligandstrengthsandcoordinationgeometriesmake it impossibleto suggestan instructive way

to predict ¢ -values.

3.4 The Hyperfine Tensor

WhenthehyperfineinteractionA is larger thantheEPRlinewidth, a splitting of theEPRlines by this

hyperfineinteractioncanbeobserved. In [NiFe]-hydrogenases,theEPRlinewidth is solarge(usuallyof
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Figure 3.2: RhombicEPRspectrum:Left: SimulatedEPRspectrumwith parameterstypical for the Ni-B

EPRsignalof [NiFe] hydrogenase:Ï�� = 2.32, Ï�� = 2.16, Ï�� = 2.01; linewidth 19 G, microwave frequency

9.480GHz,centrefield 3150G, sweepwidth 700G. Top: absorptionspectrum,bottom:derivativespectrum.

Right: Geometricalshapeassociatedwith a rhombic Ï -tensor.

theorderof 10-20G) thatonly verylargehyperfineinteractionscanbedetected,in favourablecases.The

electron-nucleardoubleresonance(ENDOR) spectroscopy allows the measurementof small hyperfine

interactionby meansof a high-resolutiondoubleresonanceexperiment[82]. In ENDORspectroscopy,

theinfluenceof asecondsweptradiationfrequency, in theradio-frequency (RF)range,onthemicrowave

absorptionof an EPRtransitionis observed. Whenthe RF field matchesoneof the NMR transitions

with ��� Ø = 0, ����� = 1 in Figure3.3 (correspondingto two transitionsbetweenhyperfinelevels),

theeffective relaxationratesof thesystemsarechangedandso is theEPRabsorption.This changeof

EPRabsorptionis detectedwhile sweepingtheRF field. Thehigherresolutionof ENDORis obtained

at the expenseof experimentalsensitivity (the ENDOR effect is only of the order of a few percent).

However, ENDOR is much more sensitive than the respective NMR experiment. Furtherdetailsof

ENDORspectroscopy aregivenin [81,83–85].

The two NMR transitionscorrespondto two ENDOR transitionfrequencies��� and ��� which are

detectedin anENDORexperiment.They areobtainedastwo lines��� ª ���� �tó�� �  ���� (3.9)

aroundthenuclearLarmor frequency �tó . Thesplitting of the two ENDORfrequenciescorrespondsto

thehyperfinecoupling.

Thehyperfinetensor
ý

is thesumof anisotropic,scalarpart( !�"$#&% ) andananisotropicpart(
ý('*) "$#+% )

ý-, % , ª !�"$#+% ½/. ´ ý('0) "$#&% (3.10)
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Figure 3.3: Four level diagramof a S=1/2andI= 1/2 system.Schematicdrawing of theenergy levelsof a S

= 1/2andI = 1/2systemin anexternalmagneticfield dueto electronZeeman,nuclearZeemanandhyperfine

interaction.TheallowedEPRandNMR transitionsaremarkedwith arrows (left). On theright handsidethe

transferratesaregiven
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where ½1. is theunity matrix. The isotropiccoupling(Fermicontactterm)arisesfrom theprobabilityof

finding theunpairedelectron(or a fractionof theunpairedspindensity)at thepositionof thenucleus.! "$#+% ª  2 ¢�Å�¬õÅ�¢43/¬5376�8 ¼ åÚÃ 6 ¡ (3.11)

Only 9 -orbitalshave a non-vanishingprobability densityat the nucleus;: -, Æ -, or ; -orbitalsall have

nodesat the nucleus. The detectionof an isotropic hyperfineinteractionin Æ -metal complexes can

eitheroriginatefrom adirectoccupationof 9 -orbitals,from apolarizationof 9 -orbitalsby higherangular

momentumorbitals(i.e. : - or Æ -orbitals)or from an admixtureof excited statesinto the groundstate

wavefunctionby spin-orbitcoupling.

Theanisotropic,or dipolar, contribution
ý '0) "<#+% is causedby the interactionof themagneticdipolesof

nucleusandunpairedelectron. Its energy is given by the classicalequationfor the interactionof two

dipoles. § =?>�@ ª ¬�¢Ú¬�ó­¢tóA B 2 ¼ ®° áDC Ã ¼ ®ð á�C ÃE�F ¿ ®° á ®ðEHGJI (3.12)
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where
C

is thevectorconnectingthetwo dipolesand E its modulus.In matrix form§ =?>�@ ª ®° á ý =?>�@ á ®ð (3.13)

with

¼ ý =?>�@ Ã "LK ª ¬�¢Ú¬ ó ¢ óA M 2 E " E K ¿�N "LK E ¡E F O P (3.14)

with the angularbrackets indicatingthe integrationover the electronwavefunctionin orderto remove

theexplicit spatialdependenceof theanglebetweenthemagneticfield andthe
C
-vector.

Theanalysisof isotropichyperfinecouplingsfor organic Q -radicalsis doneby theMcConnellequa-

tions and more sophisticatedtreatmentsof the sameform [86]. It relatesthe measuredisotropic £ H
hyperfinecouplingto thepì spindensityat thenucleusof theneighbouringsp¡ hybridizedcarbonatom

by anempiricalrelation.For transitionmetalionsor complexes,a quantitative interpretationis not pos-

sible in the sameway becausemoreelectronsareinvolved with a tendency to morevariationsin their

bondingsituationsandno simplehybridizationschemeis applicable.If a detailedandreliableinterpre-

tationof theelectronicstructureof transitionmetalsis required,oneshouldattempta thoroughanalysis

of the total hyperfineand ¢ -tensorsandtheir relative orientations.

Furthermore,thereis anadditional,second-ordercontribution to thehyperfineinteractionin transi-

tion metalcomplexes[79,87]. Sofar, themagnetichyperfineinteractionwasassumedto originatefrom

theinteractionof nuclearmagneticmomentandelectronspinangularmomentum.In systems,wherethe

¢ -valuesdiffer appreciablyfrom ¢tÅ thereis aresultingorbitalangularmomentumwhichcaninteractwith

theonefrom theelectronspin(‘spin-orbitcoupling’)andcontributeto thehyperfinetensor[79,87]. This

playsa role for centralmetalhyperfinecouplingbut alsofor ligandhyperfineinteractionsin transition

metalcomplexes.It is describedby

ý�R�S ªUT K TVXW VZY ¢ V ¢ YÅ[ \ V Y+] ¡^ ¼ E K W V ÃE GK W V E GK W V Y _�` ¼ C K W V áDC K W V Y Ã ¼ â K ába VtÃô¿ ¼ â K ábC K W V Y Ã ¼ a V ábC K W VºÃ&c (3.15)

whered runsover thenumberof electrons,� P � Y runover all nuclei.

Theuseof EPRandENDORtechniquesto studymetalloproteinsis extensively reviewedin [88].

3.5 DFT

DensityFunctionalTheory(DFT) asa tool of electronicstructurecalculationshasreceivedrecognition

by theawardof the1998NobelPrizein Chemistry

“to WalterKohnfor his developmentof thedensity-functional theoryandto JohnPoplefor

his developmentof computationalmethodsin quantumchemistry.”
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The underlyingprinciplesof DFT aregiven in a seriesof monographs[89,90]. Electronicstructure

calculationstry to numericallysolve thetime-independent,electronicSchr̈odingerequationin theBorn-

Oppenheimerapproximation §
Å+e Å+f 8 Åge¸Ågf ªJh Åge¸Ågf 8 Åge¸Ågf (3.16)

with theelectronicHamiltonian§
Å+e Å+f ª ¿ ½ 3T"$i £kj ¡" ¿ 3T "<i £mlTn i £

\ nE " n ´ 3T "$i £
3TKDop" ½E "LK

ª ®q Åô´ ®r 3kÅ?´ ®r Å�Å (3.17)

Thenuclear-nuclearrepulsionentersonly parametricallyh )bs f ª lTn i £tlTu o n \ n \ uE n u (3.18)

andthetotalenergy of thesystemthenish , % , ªJh Å+e Å+f ´ h )bs f � (3.19)

In DFT, unlike in Hartree-Fock theory, the electrondensityis the centralquantity. The one-particle

electrondensityis theprobabilityof finding any of v electronsin afinite volumeelementw ¼?xE £ ÃDª vzy ádádá y{6�8 ¼�xí £ P xíõ¡ P �|�|� xí}3 Ã 6 ¡ Æ~9 £ Æ xí ¡��|�|�MÆ xí}3 � (3.20)

Two conditionsmustbefulfilled by theelectrondensity:It mustvanishat infinity ( E���� ) andintegrate

to thetotal numberv of electronsin thesystemw ¼ E���� Ã ª å Py w ¼?xE £ Ã Æ xE £ ª v � (3.21)

Two electronsdo not move independentlyfrom eachother. Rather, theprobabilityof finding two elec-

tronswith spinsÁ £ and Á ¡ simultaneouslywithin two volumeelementsÆ xE £ and Æ xE ¡ is diminishedby the

exchange-correlation hole
A��	� ¼�xí £|� xí ¡ Ã . Theexchange-correlationholehastwo contributions: theFermi

holeandtheCoulombhole. Thefirst originatesfrom theholedueto thePauli principleandappliesto

two electronswith thesamespinonly. Thelatterresultsfrom theclassic1/r£ ¡ electrostaticrepulsionof

two particleswith thesamecharge.

Theapproachtakenby DFT is not new. Thefirst attemptto usetheelectrondensityratherthanthe

wavefunctioncomesfrom thework by ThomasandFermi in 1927. Furtherimprovementwasmadeby
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Slaterin 1951(theso-called‘ ��� ’ approximation).Thetheoreticaljustificationof theuseof DFT were

latergivenby Hohenberg andKohnin 1964.

Thefirst Hohenberg-Kohntheoremprovesthatthecompletegroundstateenergy (andall otherproperties

thereof)is a functionalof thegroundstateelectrondensityw ^���� v P \ n P0� n�� � § � 8 ^�� h ^ (3.22)

albeitthefunctionalitself is unknown. In thesecondHohenberg-Kohntheoremthey haveshown thatthe

variationalprincipleappliesto theHohenberg-Kohnfunctionalh ^�� h `&�w c (3.23)

and the bestsolution to the exact value (if the functionalwasknown) is obtainedby minimizing the

energy of thetrial density �w .
Kohn and Shamin 1965 facilitatedthe practicaluseof DFT. They chosethe kinetic energy of a

non-interacting(
q ) " ) systemasreferenceandall deviationsthereofwereput into thenon-classicalcon-

tributionsto electron-electronrepulsion(theexchange-correlationenergy h ��� )� ` w ¼|xE Ã&cBª q ) " ` w ¼?xE Ã&c ´t� ` w ¼?xE Ã&c ´ h ��� ` w ¼|xE Ã&c (3.24)

with h ��� ` w ¼|xE Ã&c}� ¼ q ` w cõ¿ q ) " ` w c Ã ´ ¼�h ÅèÅ ` w cõ¿ � ` w c ÃDª q " ` w c ´ h ) f�e ` w c (3.25)q " is thepartof the truekinetic energy that is not coveredby thenon-interactingreferencesystem
q ) " .

Finally, theenergy of thetrue,interactingsystemis writtenash ` w ¼|xE Ã&c ª q ) " ` w ¼?xE Ã&c ´t� ` w ¼|xE Ã&c ´ h ��� ` w ¼?xE Ã&c ´ h 3kÅ ` w cª ¿ ½ 3T "���� "06 j ¡ 6 � "&��´ ½ 3T " 3T K y�y�6 � " ¼|xE " Ã 6 ¡ Æ xE £ Æ xE ¡
´ h �	� ` w ¼?xE Ã&cõ¿ 3T " y lT n 6 � " ¼|xE " Ã 6 ¡ Æ xE £ � (3.26)

Theeffective potentialin whichanelectronmovesisr Å �D� ¼?xE ÃDª y w ¼?xE ¡ ÃE £ ¡ Æ xE ¡ ´ rp��� ¼?xE £ Ãô¿ r 3 £ (3.27)

in whichonly
rp�	�

is notknown. TheobtainedKohn-Shamorbitalsarethoseof anon-interactingsystem

with thesameelectrondensityastheinteractingone.
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Therearea numberof possibilitiesfor approximatingtheexactanexchange-correlationfunctional.

Thesimplestis the local densityapproximation(LDA)h�¡£¢ n�	� ` w cBª T w ¼?xE Ã ¤ ��� ¼ w ¼?xE Ã Æ xE (3.28)

whichcontainstheexchangefunctionalperparticlefrom Slater¤ � ª ¿ 2
¦¥ 2 w ¼|xE ÃQ (3.29)

andthecorrelationfunctional ¤ � derived from numericalquantumMonteCarlo simulationsof theho-

mogeneouselectrongasby Ceperlyand Alder 1980. Surprisingly, alreadythe LDA gives structural

parameterscomparableto or sometimesbetterthanHartree-Fock. Theperformanceof LDA for energet-

ics, however, is poor. DFT hasreceived interestin the1980’s whenimprovedfunctionalsappearedand

madea stepfrom the solid-statephysicists’communityto thoseinterestedin calculationsof chemical

accuracy. Thesefunctionalsmake useof thegeneralizedgradientapproximation(GGA). Thefunction-

alsdonotonly dependontheelectrondensityw ¼?xE Ã but alsoonthegradientof thedensityj w ¼|xE Ã in order

to consideranon-homogeneousdensitydistribution.h¨§©§ n�	� ` w � P w�ª cBª T ; ¼ w � P w�ª P j w � P j w�ª Ã Æ xE � (3.30)

Thereis anincreasingnumberof separateexchangeandcorrelationfunctionals.To mentiononly a few

of themostpopularonesBecke’s exchangefunctionalB88 [91], Lee-Yang-Parr’s correlationfunctional

(LYP) [92], Perdew’s 1986correlationfunctional[93]. More detailscanbefound in theoriginal refer-

ences.Furtherwork to improvecurrentfunctionalsis to alsoincludetheLaplacianof theelectrondensityj ¡ w ¼|xE Ã , usehigh-level electrondensitiesfor fitting new functionals(HCTH [94]) or useahybriddensity

functional(seebelow).

In Hartree-Fock, theexchangeenergy of a Slaterdeterminantcanbecomputedexactly. The ideais

to usethisexchangeenergy in DFT calculationsh �	� ªJh Å é ' f ,� ´ h¨« Ø� � (3.31)

This doesnot work well, becauseh Å é ' f ,� is not a goodmatchwith h « Ø� . Thereforea weightedmixture

of h Å é ' f ,�
and h « Ø�

is required(adiabaticconnection).Themostsuccessfulapproachalongthat line is

Becke’s empiricalthreeparametercombinationof Hartree-Fock exchangeandPW91correlationfunc-

tional [95] which waslater replaced[96] by theLYP correlationfunctionalto yield thehybrid density

functionalB3LYPh u G ¡�¬®­��� ªG¼¾½À¿ ! Ãgh ¡ Ø ¢� ´¯! h�° i ^�	� ´²± h u©³´³� ´²µ h ¡�¬¶­� ´ ¼¾½À¿ µ Ãgh ¡ Ø ¢� � (3.32)
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Here, Û ª å refersto the exact Hartree-Fock exchange. Thereare, recently, attemptsto reducethe

numbersof empiricalparameters.

The successof DFT in the last 10-15yearsoriginatesfrom two facts. One,the implicit consider-

ationof electroncorrelationin theexchange-correlation functionals.Two, themoderatecomputational

costsfor DFT. Hartree-Fock formally scaleswith the sizeof the treatedsystemv of the orderof the

fourth power ( · ¼ vñú Ã ) andDFT · ¼ v G Ã . Whenelectroncorrelationis consideredin post-Hartree-Fock

approachesthecomputationtime increasesto · ¼ v F Ã for second-orderMøller-Plessetperturbationthe-

ory, and · ¼ v¹¸ Ã for quadraticconfigurationinteraction(QCI) with singleanddoubleexcitationsand

perturbatively addedtriples (CISD(T)) andcoupled-cluster(CCSD(T)).This formal scalingbehaviour

reducesquickly for largersystems.Thelast two methodsarethemostaccurateonesbut their demands

make themhardlyfeasiblefor systemslargera few atoms.

Onemustbearin mind, however, that the resultsfrom DFT calculationshave to be evaluatedcrit-

ically. Thereis no systematicrouteof improvementasopposedto wavefunctionbasedmethods.The

accuracy of B3LYP is about2-3 kcal/mol for atomizationenergiesof the G2 training setof data,the

pure GGA functionalslike BLYP, BP86arein errorby about5 kcal/mol. But, B3LYP givesup on the

favourablescalingcomparedto HF calculationsbecauseHF exchangeis explicitly includedand two

electronfour-centreintegralsmustbeevaluated.

3.6 DFT and Transition Metals

The field of transitionmetalcomplexes is a matterof the successstory of DFT (for a review, seefor

example[97–99]). Thisfactoriginatesfrom thedifficultiesassociatedwith thenatureof thesecomplexes.

A large numberof energetically closelying states,often open-shellspeciesanda large variability of

bondingsituations.Thebondingsituationis aninterplayof donorandacceptorcontributionsfrom both

thecentralmetalandits ligands.Thenecessityof usingelectroncorrelationbecomesobvious[100]. For

a comparisonof DFT andconventionalquantumchemicalmethodsseea review by Siegbahn[101] and

referencestherein. For transition-metalcomplexesthe BP86functionalproved to be mostaccurateof

the purefunctionals[102] andthe B3LYP hybrid functionalgivesresultsof the sameaccuracy. Bond

distancesareoften reproducedwithin 0.02Å andbond angleswithin 0.4º (for a collectionof critical

comparisonssee[90]).

The feasibility of DFT to treat large bioinorganicsystemhasrecentlybeenreviewed by Siegbahn

andBlomberg [103].
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3.7 Relativistic Quantum Chemistry

Relativistic effects manifestthemselves in heavy atoms. The magnitudeof the kinetic energy of the

coreelectronsleadsto a contractionandstabilizationof atomic 9 - and: -orbitals.Increasedshieldingof

thenuclearcharge on theotherhandcausesanexpansionanddestabilizationof Æ - and ; -typeorbitals.

Relativistic bondlengthcontraction,on the otherhand,is mainly dueto a reductionof the electronic

kineticenergy (for a review see[104]).

Traditionalrelativistic quantumchemistrymakesuseof the four-componentDirac-Fock wavefunc-

tion. In its full implementation,very high systemrequirementswith respectto memory, disk spaceand

computingtime have to be met [105,106]. In relativistic densityfunctional theory (RDFT) (seefor

example[107]) a “fully-relativistic” four-componentDirac-Kohn-Shammodel is the reference.More

approximate,two-componentschemesprojectout the positronicstatesandgive the “fully-relativistic”

electronicstatesat a lower computationaleffort. Thedecompositioncango even furtherandintroduce

spin-free(“scalarrelativistic”) andspin-dependent(“spin-orbit”) contributions. One-componentmeth-

odstreatmass-velocity andDarwin correctionsbut neglect spin-orbitcouplingcompletely. Oneof the

oldestapproximatetreatmentsof this kind is thequasi-relativistic (QR) schemeby Ziegler et al. which

usesthePauli operatorself-consistently[108]. Thereis theoreticalscepticismbecausethePauli operator

is not boundedfrom below andonemay endup with non-physicallow energiesdueto the variational

treatment.TheDouglas-Kroll-Hess(DK) approachtransformsinto aone-or two-componentform [109].

Relativistic effectivecorepotentials(RECP)(for areview seee.g.[110,111])areanefficientwayto treat

scalar-relativistic effects. They representananalyticfit of thecore-closeelectrondistribution to results

from atomicfour-componentcalculations.

3.7.1 The ZORA-Hamiltonian

The approachtaken in this thesisto considerrelativistic effects is the “zeroth-orderregular approxi-

mation” (ZORA) which is a perturbationalexpansionof the Dirac equation[112,113]. It wasalready

presentedby Chang,PélissierandDurandastheCPDequation[114]. It follows thepropositionsby Har-

rimanwhich hecalled‘modified partitioningof theDirac equation’[87]. In thetwo-componentZORA

calculations,spin-orbitcouplingis treatedself-consistentlysuchthatp £+» ¡ andpG » ¡ have differentradial

extensionsfrom thebeginning.Here,stationarystatesareclassifiedby thetotalmomentum� ª ×p´ °
.

The two-componentspinorstransformin a specialway undersymmetryoperationswhich requirethe

introductionof doublegroupsymmetryin closerelationandanalogyto point groupsymmetry.
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Thetotal energy of a particleis ¼
ª¾½ ¿ ¡^ µ ú ´¹: ¡ µ ¡ ´ r � (3.33)

In chemicalapplications,6 h 6 � ¼  ¿ ^ µ ¡ ¿ r Ã which leadstoh ª¾½ ¿ ¡^ µ ú ´À: ¡ µ ¡ ¿m¿ ^ µ ¡ ´ r
(3.34)

Thenon-relativistic result h 3ÂÁ ª r ´ : ¡ ¿ ^ (3.35)

andthefirst-orderPauli energiesareobtainedh ­ '0s e " ª h 3ÃÁ ¿ ¼ h 3ÃÁ ¿ r ¿ ^ µ ¡ Ã : ¡ ¿ ^ (3.36)

ª r ´ : ¡ ¿ ^ ¿ :�ú[ ¿ G^ µ ¡
whichcorrespondto anexpansionin ¼�h3¿ r Ã Ä ¼  ¿ ^ µ ¡ Ã . ThePauli-typeHamiltonianhasproblemswhenE¹� å then h ¿ rÅÄ  ¿ ¡^ . The Hamiltonianof the ‘zero-orderregular approximation (́ZORA) for

relativistic effectscorrespondsto anexpansionin ¼�h ¿ r Ã Ä ¼Æ¿ ^ µ ¡ ¿ r Ã whichgivesh¨Ç Ù Á n ª : ¡ µ ¡ ¿ ^ µ ¡ ¿ r ´ r � (3.37)

ThescaledZORA energy evencontainscertainhigherordertermsh # f ' e Å+È ª h Ç Ù Á n
½ ´ É�Ê f ÊË ¡ ÌÂÍ*f Ê �5ÎÐÏ Ê (3.38)

The transformationfrom the four-componentDirac-Hamiltonianto a two-componentform is defective

for mosttraditionalapproaches.A moresystematicapproachis theFoldy-Wouthuysentransformation

which eliminatesthe small component. The ZORA Hamiltonianincorporatesrelativistic effects that

traditionallyareonly introducedat thelevel of thePauli Hamiltonian.Thegreatadvantageof theZORA

Hamiltonian Ñ Ç Ù Á n is thatit canbeusedvariationallyandthatit doesnot suffer from thesingularities

for EÒ� å like thePauli Hamiltonian.Oneotherapproach,which is alsoregularfor Coulombpotentials,

is theDouglas-Kroll-HessHamiltonianwhichwill notbediscussedfurtherhere.In situationsin quantum

chemistrywherespin-orbit coupling is not important,a pure ‘scalar-relativistic´ Hamiltonianmay be

advantageous Ñ Ç Ù Á nØ Á Ó Ç Ù Á nØ Á ª ¼ r ´ x: µ ¡ µ ¡ ¿ r x: Ã Ó Ç Ù Á nØ Á
ª h Ç Ù Á nØ Á Ó Ç Ù Á nØ Á � (3.39)
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Thefull ZORA Hamiltonianleadsto theeigenvalueequationÑ Ç Ù Á n Ó Ç Ù Á n ª ¼ r ´ x: µ ¡ µ ¡ ¿ r x:¦´ µ ¡¼  µ ¡ ¿ r Ã ¡ xÁ­Ã á ¼ xj _ x: Ã
ª h Ç Ù Á n Ó Ç Ù Á n

(3.40)

which is boundedfrom below.

3.8 Calculations of Magnetic ResonanceParameters

3.8.1 Hyperfine Tensors

Semi-empiricalcalculationslike UHF-INDO [115] were usedto calculatethe isotropic hyperfinein-

teractionof very large systems.Thes-orbitaloccupanciesfrom a spin-unrestrictedwavefunctionwere

convertedinto isotropichyperfinecouplingconstants(hfcc) by meansof empiricalconversionfactors.

Theseempiricalcorrelationswerenecessarybecausesemi-empiricalmethodsonly considerthevalence

electronsandtheisotropichfcc is apropertyof electronsnearthenucleus.

Hartree-Fock calculationsat the UHF level suffer from the drawbackof major spin contamination

andthecompleteneglectof electroncorrelationandmake it anunsuitablemethodfor calculatinghfccs.

TheRHF-INDO/SPapproachtriedto circumventthisdeficiency by aperturbatively addedspin-polarized

calculationon topof aself-consistentspin-restrictedINDO calculation[116].

Post-HartreeFock (theexplicite considerationof electronconfigurationby e.g. configurationinter-

actionCI) approachesfor thecalculationof thehfccsof smallmoleculesleadto very accurateresultsat

thepriceof massively increasingcomputationalrequirements(seefor example[117–119]).

Theuseof DFT methodsin thecalculationof hfccswasestablishedin 1993independentlyby two

researchgroups[120,121]. The resultsarenon-relativistic andof first-orderonly, neglectingrelativis-

tic effectsandspin-orbitcouplingcontributionsto the isotropicandanisotropichyperfineinteractions.

Accurateresultswereobtainedfor light elementsbut they still fall behindmoreexpensive post-HFcal-

culations.Sincethenan increasingnumberof publicationsusingthis approachappeared(for a review

see[122–124]). Foracomparisonof CI andDFTcalculatedhfccssee[125]. MunzarovaandKaupp[126]

andHayes[127] usedthis first-orderapproachto calculatehfccsof transitionmetalcomplexes. Mun-

zarova andKauppmadea fortuitouschoiceof complexesfor which spin-orbitcouplingeffectsareex-

pectedto besmallandobtainedreasonableresults.Hayescame,however, to a very pessimisticconclu-

sionabouttheuseof DFT to calculatethehyperfineinteractionof transitionmetalcomplexes[127]. This

wasdueto thecompleteneglectof higher-ordereffects.
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A perturbative treatmentof spin-orbitcouplingontopof anon-relativistic calculationwasintroduced

by Belanzoniet al. [128,129] andlater alsousedby SwannandWestmoreland[130]. The spin-orbit

couplingparametersareeithertaken from experimentalvaluesor from relativistic atomiccalculations.

RECPscannotbeusedin thecontext of hyperfinecouplingconstants.Theisotropichyperfineinteraction

is apropertyof electronsnearthenucleuswhicharenotexplicitly consideredin RECPcalculations.

3.8.2 ZORA Calculationsof Hyperfine Tensors

In this work, theZORA Hamiltonianis usedto evaluatehyperfinecouplingconstantsfor bothlight and

heavy nuclei[131].

TheHamiltonianof Eq 3.40canbeusedto calculatetheinteractionbetweenaneffective electronic

spinandamagneticnucleus.Spin-orbitcouplingis alreadyincludedvariationallyin theZORA Hamilto-

nianwhichmeansthatonly afirst orderperturbationtheory(FOPT)is necessaryto evaluatetheinfluence

of spin-orbitcouplingon thehyperfinetensors
ý

. If oneincludesspin-orbitcoupling,thespinusedin

theeffective spinHamiltonianis in facta fictitious spin. ThehyperfineHamiltoniancanbeformulated

as Ñ¹Ô ê É Å&Õ0� " ) Å ª ¢ Å
4µ ` Ö Á á ¤ V ´ Ö ý V áD× ´ ×pá ý V Ö´ Á á ¼ j ÖÅ_ ý V Ã&c (3.41)

where
ý V

is thevectorfield of themagneticdipoleof thenucleus� andthecorrespondingmagneticfield

¤ V ª j _ ý V
. Ö ª ` ½ ´ ¼�h ¿ r Ã Ä  µ ¡ c � £ . Thefirst termis theelectronspinhyperfineinteractionand

the last termis thespin-orbithyperfinecorrectionwhile theremainingterms(secondandthird) arethe

orbital hyperfineinteraction.For reasonsof simplicity, they canberewrittenas

electronspinhyperfineinteraction

¢ Å ¢ V[ ��µ ¡ Á á ¼ Ö ¼ 2 C V5¼ a V áDC V�ÃE FV ¿ a VE GV ´ [ Q2 NÓ¼ C V Ã a V Ã P (3.42)

spin-orbithyperfinecorrection

¢�Å�¢ V[ �Uµ ¡ Á á ¼ j ÖØ_ ¼ a V _ C VE GV Ã�Ã P (3.43)

andorbital hyperfineinteractionwith
Þ V ª C V _ ×¢�ÅM¢ V[ ��µ ¡ E GV ` Ö a V ámÞ V ´ a V ámÞ V Ö c (3.44)

For spin-orbitcoupling,thespin-restrictedformalismis usedsincespin-polarizationeffectsin spin-

orbit coupledequationsaredifficult to calculate(seefor example[132]). For the isotropichyperfine
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interactionsfor whichspin-polarizationis dominant,onehasto resortto spin-polarizedscalarrelativistic

results.

3.8.3 g-Tensors

Theelectronic¢ -tensorcanbeobtainedfrom any wavefunctionby ana posterioriperturbationapproach.

Spin-orbitcouplingis treatedasaperturbationto thenon-relativistic wavefunction.

Semi-empiricalcalculationsarefeasiblefor organicradicalsbecausethe ¢ -tensoris apropertyof the

valenceelectronsandcoreelectronsareomittedfrom thesecalculations.Spin-orbitcouplingis intro-

ducedvia experimentalspin-orbitcouplingconstants(for a recentapplicationseefor example[133]).

The use of Hartree-Fock wavefunctionsto evaluate the ¢ -tensorsof organic radicals is also possi-

ble [134,135]. GeneralizedHartree-Fock theorywasalsousedandgave reasonableresults[136].

The benchmarksfor small moleculescomefrom MRCI [137,138], CI [139] andMCSCFcalcula-

tions [140,141]. Thesecalculationsyield very accurateresultsfor smallestdeviationsfrom ¢�Å . Their

applicability, however, is limited to systemswith only a few atoms.

DFT methods,certainly, cannotcompetewith thosesophisticatedapproaches.Belanzonietal. [128]

treatedspin-orbitcouplingasa perturbationto a non-relativistic Kohn-Shamwavefunction. Later this

approachwasalsousedby SwannandWestmoreland[130]. SchreckenbachandZiegler useda quasi-

relativistic (QR) approachandcalculatedthe ¢ -tensorfrom a relativistic Pauli DFT wavefunctionby

meansof perturbationtheory[142–144]. For a review of DFT calculationsof ¢ -tensorssee[145].

In this thesis,the ¢ -tensoris calculatedfrom a ZORA wavefunctionin which spin-orbitcouplingis

treatedvariationally[146] andgauge-includingatomicorbitals(GIAOs)areused.Until recently, there

wasno publicationon ¢ -tensorcalculationsfrom a Kohn-Shamwavefunctionusing RECPsalthough

sucha treatmentof relativistic effects, in principle, would be possible. This methodwas only very

recentlypresentedby Malkina etal. in thetreatmentof systemscontainingheavy atoms[147].

3.8.4 ZORA Calculationsof g-Tensors

TheZORA-Hamiltonianin thepresenceof a time-independentmagneticfield xÙ andwith substitutionx: � xÚ ªÛx: ¿ x� (3.45)

onearrivesatÑ Ç Ù Á n ª r ´ xÁ á xÚ µ ¡ µ ¡ ¿ r xÁ á xÚ
ª r ´ xÚ µ ¡ µ ¡ ¿ r xÚ ¿ µ ¡ µ ¡ ¿ r xÁ á xÙ ´ µ ¡¼  µ ¡ ¿ r Ã ¡ xÁ á ¼ xj _ xÚ Ã (3.46)
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where x� is the vectorpotential(Maxwell equation)suchthat xÙ ª xj _ x� . The termsthat arisefrom

this Hamiltonianaresimilar to that in thePauli approximation,namelythespin-Zeemankinetic energy

correction(relativistic masscorrectionto thespin-Zeemanterm)

¿ ½
4µ G : ¡ Á á ¤ (3.47)

andtheone-electronspin-orbitZeemangaugecorrection

½
4µ G Á á ¼ j r _ ý Ã (3.48)

TheZeemanHamiltonianÑ Ç is then(
Þ ª C _ × )Ñ Ç ª ¢�Å µ ` Ö  Á á ¤ ´ Ö 
 ¤ ^ ámÞ ´µ¤ ^ áwÞ Ö 
 ´ ÁD¼ j Ö  _ ý ^ Ã&c (3.49)

where Ö ª ½ correspondsto thenon-relativistic caseand Ö ª ` ½ ¿ r Ä  µ ¡ c � £ to theZORA equation.

Fromthelasttermin Eq. 3.49,complex matrix elementsarisewhich mustbeevaluated.For theenergy

in first orderin the magneticfield, matrix elementsof the derivative of the Zeeman-Hamiltonianwith

respectto theexternalmagneticfield have to becalculated(seeAbragamandBleaney [79])ÜÜ Ù ^Ý Ñ Ç ª ¢tÅ µ ` ½ Á Ý ´ Ö 
 × Ý ´µ× Ý Ö 
 ´ j á ¼ Ö ¿ ½
 C Ã�Á Ý
¿ j Ý ¼ Ö ¿Y½
 Á áDC Ã&c P ] ª í P î P ï�� (3.50)

Gauge-invarianceis ensuredusing‘gauge-includingatomicorbitals´(GIAOs).



Chapter 4

Nickel Model Complexes

4.1 Intr oduction

Transitionmetalsarerequiredfor many biochemicalprocesses,ascatalysis,electrontransferor gene

regulation[10]. Consequently, the investigationof biologically essentialtransitionmetalsis a field of

intenseresearch. In recentyears,six nickel-containingenzymeswere discovered (for a review, see

ref. [9, 23–25,65]). A prominentexampleare the [NiFe] hydrogenases[12,34]. Hydrogenasesare

enzymesthatcatalyzethereversibleoxidationof molecularhydrogeninto protonsandelectrons.Thereis

considerableinterestin understandingtheelectronicstructureof [NiFe] hydrogenaseswhich is available

from a combinedapproachof EPR techniquesand theoretical(DFT) calculations. However, before

DFT methodscanbeappliedto calculatemagneticresonanceparametersof [NiFe] hydrogenase,their

accuracy mustbeevaluatedon simplemodelcomplexes,which is theaim of thischapter.

The bio-mimeticchemistryof inorganicnickel compoundshasbeenextensively reviewed by Hal-

crow andChristou[148].

Thechoiceof themodelcompounds(Fig. 4.1) containingNi asthecentralmetalatomwasmadeon

thefollowing grounds:

In bis(maleonitriledithiolato)nickelate(III) (Ni(mnt)
�¡ ) (I ) thenickel atompossessesa similar coordina-

tion sphereasin [NiFe] hydrogenases.In thehydrogenases,Ni in theactive centreis coordinatedin a

distortedtetrahedronsphereby four cysteineaminoacid residues[28,32]. In Ni(mnt)
�¡ , nickel is also

boundto four sulphuratomsin a squareplanarcoordinationsphere.TheNi(III) oxidationstatepresent

in Ni(mnt)
�¡ is alsodiscussedfor theoxidizedformsNi-A andNi-B of the [NiFe] hydrogenase.In the

neutralcomplex Ni(CO)G H (II ) thenickel is formally in its +1 oxidationstateandahydrideion is axially

boundto theNi. This bondingsituationresemblestheonediscussedfor thecatalyticintermediateNi-C

39
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Figure 4.1: Schematic representation of the investigated Nickel complexes

bis(maleonitriledithiolato)nickelate(III) Ni(mnt) Þß (I ) and nickeltricarbonylhydride Ni(CO)à H (II ) with

their local coordinateaxessystems.

of thehydrogenase[12].

Ni(mnt)
�¡ hasbeenvery well characterizedand the calculationsperformedon this complex may

thereforeserve asa benchmarkfor evaluatingthemethodology. Theg-tensororientationwasobtained

from singlecrystalmeasurements[149]. From á�£ Ni enrichedsinglecrystalsMaki andEdelsteinob-

tainedtheNi hyperfinetensor[149]. Furthermore,all G´G S hyperfinetensorsweredeterminedfrom an-

gular dependentEPRspectra[150]. Recently, Ni(mnt)
�¡ regainedinterestasmodelclusterfor [NiFe]

hydrogenaseand,in additionto theexistingdata,theligand £ G C hyperfinetensorand £�ú N hyperfineand

quadrupoletensorsand £ F N hyperfinetensorweredeterminedby orientationselectedpulsed-ENDOR

andESEEMspectroscopy [151].

X � calculations[152] andrecentBLYP calculations[151] only gave atomicspinpopulations.Very

recently, apublicationon theDFT calculationof hyperfinetensorof Ni(mnt)
�¡ appeared[127]. Discour-

agingresultswereobtainedfrom variousfunctionals.Thecalculatedhyperfinetensorswereof first-order

only andno routeof improvementwassuggested.Therearea numberof quantumchemicalinvestiga-

tions for theNi complex with hydrogensreplacingtheCN groups.They rangefrom Hückel [153] and

Pariser-Parr-Pople[154] to Hartree-Fock [153,155,156], MP2 [157] andDFT calculations[158]. For

Ni(CO)G H thereis only oneDFT studyto our knowledgethataimedto calculatethehyperfineinterac-

tion [126].

Veryoften,theanalysisof experimentalhyperfinesplittingsis limited to thediscussionof atomicspin

densities.Themeasuredhyperfinecouplingsarerelatedto theoreticalvaluesof singly occupiedatomic
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orbitals [159] andthe orbital occupationis obtainedasthe ratio of experimentalto theoreticalvalues.

A moredirect routeto the comparisonof experimentalandcalculatedmagneticresonanceparameters

is given by the first principlescalculationsof the EPRparameters,e.g. asdonein this paperfrom a

densityfunctionaltheory(DFT) wavefunction.Althoughthemeritof DFT methodsin thecalculationof

hyperfineparametersof organicradicalsis unquestionable,its valuefor thedescriptionof paramagnetic

resonanceparametersof heavier elements,i.e. transitionmetalcomplexes, is still largely unexplored

[127]. Belanzoniet al. demonstratedthe importanceof un-freezingcoreelectronsin thecalculationof

g- andA-tensors[128,129]. SwannandWestmoreland[130] investigatedmolybdenum(V)oxyhalide

anionsusinga spin-polarizedwave function without un-freezingthe core. SchreckenbachandZiegler

[142,145] useda Pauli-typerelativistic Hamiltonianwith the inclusionof spin-orbitcouplingbasedon

secondorderperturbationtheorywhichwaslateralsoappliedto studytransitionmetalcomplexes[143].

Recently, MunzarovaandKauppcritically evaluatedtheuseof variousDFT functionalsin thecalculation

of hyperfineparametersof a numberof transitionmetalcomplexes[126]. They useda non-relativistic

calculationof hyperfineparametersbasedongeometriesthatwereoptimizedusingarelativistic effective

corepotential(RECP).However, in thiswork nog-tensorswerecalculated.

With thezero-orderregularapproximation(ZORA) for relativistic effects[112,113] onehasa fastand

powerful tool at handto calculatethehyperfinetensorA, thequadrupoletensorQ andthe g-tensorof

systemscontainingheavy elements[131,146]. HeretheZORA formalismis appliedin orderto validate

its applicationfor the calculationof magneticresonanceparametersfor transitionmetalcomplexes, in

particular[NiFe] hydrogenases.TheZORA formalismseemsto overcometheshortcomingsof theother

approachesusedsofar. In addition,theinfluenceof scalar-relativistic andvariationallyspin-orbitcoupled

DFT wave functionson the g- andA-tensorsfor light andheavy elementscan be separatelystudied

so that the influenceof secondordercontributions to the hyperfinecouplingcanbe rationalized.The

computationalefficiency of theZORA methodmakesit anidealtool for investigatingtheactive centres

of metalloenzymes.

4.2 Computational Details

Thecalculationsreportedherearebasedon theAmsterdamDensityFunctionalprogrampackage[160]

characterizedby Slater-type orbital (STO) basissets,the useof a densityfitting procedureto obtain

accurateCoulombandexchangepotentialsin eachSCFcycle andan accurateandefficient numerical

integrationof theeffective one-electronHamiltonianmatrixelements[161]. All electronswereincluded

in the calculationstherewereno frozencoreelectrons.The ZORA Hamiltonian[112,113] wasused
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for the inclusionof relativistic effectswhich will be referredto asscalar-relativistic (SR) effectsand

spin-orbit(SO)coupling.Both aretreatedvariationally. Geometryoptimizationswereperformedat the

ZORA SRlevel for which gradientsareavailable[162]. TheA-tensorsandg-tensorareobtainedfrom

the ZORA Hamiltonianin the presenceof a homogeneoustime-independentmagneticfield which is

thenintroducedvia first-orderperturbationtheory[131,146]. Theg-tensoris obtainedfrom a spin-non-

polarizedwave function sincespin-polarizationeffects in spin-orbitcoupledequationsaredifficult to

calculate,seee.g.[132]. Theeffect of spin-polarizationis assumedto besimilar to thatobservedwhen

going from a SR spin-restrictedopenshell Kohn-Sham(ROKS) calculationto a SR spin-unrestricted

openshell Kohn-Sham(UKS) calculation. The g-tensordeviatesfrom that of a free electrongÅ due

to spin-orbitcoupling. It is convenientto give the principal valuesof the g-tensor(gé , gê , gì ) asthe

deviation from gÅ multiplied by a factor1000(in ppt),e.g. � g" = (g" - gÅ ) _ 1000, â = x, y, z.

TheBecke exchangefunctional[91,163] wasusedin conjunctionwith thePerdew correlationfunc-

tional [93,164] (BP86).TheBP86functionalhasbeenshown to yield bestmagneticresonanceparame-

tersof thepureGGA functionals[129]. Thebasissetsusedwererelativistic ZORA basissetsfrom the

ADF1999distribution. BasissetII refersto adouble-ã basissetfor light atomsandtriple-ã for first row

transitionmetals.BasissetIV denotesa triple-ã basissetwith oneaddedpolarizationfunctionfor light

atoms(C, N, S), basisV hasa further polarizationfunction on atomsC, N, S. BasissetV+1s (for Ni

andSonly) possessesanaddedtight 1sfunctionin orderto improve thedescriptionof thewave function

neartheatomiccore. Thebasisset”Big” denotesa largebasisset. This basissetis triple-ã in thecore

andquadruple-ã in thevalencewith at leastthreepolarizationor diffusefunctionsadded.

Calculationsfor theg-tensorwerealsoperformedusinga traditionalsecond-orderperturbationthe-

ory (SPT)approach.Thespin-orbitcouplingconstantswerecalculatedfrom fully relativistic numerical

(basis-free)atomiccalculations: ä (Ni) = 855.4cm� £ and ä (S) = 460.4cm� £ . For comparisonGaus-

sian94[165] calculationswerealsoperformedusingtheB3LYP hybridfunctionalwith anadmixedexact

Hartree-Fock (HF) exchange[95,96]. Thehyperfinecouplingconstantsin this casearenon-relativistic

andof first-orderonly following refs.[122–124].

4.3 Resultsand Discussion

4.3.1 Ni(mnt) �¡
In the Bis(malenonitriledithiolato)-nickelate(II I) complex (I , Figure4.1) the centralnickel atomis co-

ordinatedin a square-planararrangementby four sulphuratoms(point groupD ¡ Ô ). Fromthemagnetic

resonancestudieson singlecrystals,theorientationof theprincipalaxesof thehyperfinetensorA and
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the g-tensorwere obtainedin a molecule-fixed coordinatesystem. Maki et al. determinedthe ori-

entationof the g- and á�£ Ni A-tensorsin magneticallydiluted single crystalsof the diamagnetichost

(n-Buú N) ¡ [Ni(mnt) ¡ ] [149]. They found that g- and á�£ Ni A-tensorsarecollinear(within experimental

errorof 2-3º ) andthatthemagneticaxessystemsin thecrystalarecoincidentwith thesymmetryaxesof

thecomplex in thecrystal.A (3dêëì ) £ electronicconfigurationwasinferredwith thez-axisperpendicular

to the molecularplaneandthe y-axisbisectingeachligand (seeFigure4.1 top). This assignmentwas

laterconfirmedby EPRexperimentsof the G´G S enrichedcomplex in singlecrystals[150]. The G´G S hy-

perfinetensorhasaxial symmetrywithin experimentalerrorandtheuniqueaxiswasfoundto lie along

themolecularz-axis.Themeasuredhyperfinetensoris consistentwith theg-tensoranalysisanda 3dê�ì
unpairedelectronwith significantdelocalizationinto sulphurligandpì orbitals[150]. Experimentalg-

andhyperfinetensorsaregivenin Tables4.2and4.3.

4.3.1.1 GeometricalParameters

Table4.1 comparescalculatedstructuralparameterswith averagedexperimentaldatafrom the X-ray

structureanalysis[166]. With asmallbasisset(BasisII) thedeviation in bondlengthsis 0.07Å for Ni–S

bondsand0.08Å for S–Cbonds,while bondanglesaresatisfactorily described.Carbon-carbonsingle

anddoublebondsaswell asC� N bondsarewell described(deviation 0.01 to 0.05 Å). A systematic

improvementin bondlengthsis obtainedwhenthebasissetis enlargedfrom double-ã to triple-ã (basis

setII to IV) andwhenafurthersetof polarizationfunctionsis added(basissetV). Theaveragedeviation

at the ZORA SR BP86/V geometryis 0.02 Å in bond lengthsand0.9º in bondanglesand therefore

agreeswith theX-ray structureanalysisto within experimentaluncertainty.

Theeffect of (scalar)-relativistic effectson thestructuralparametersof Ni(mnt)
�¡ is shown by com-

paringscalar-relativistic (SR) ZORA andnon-relativistic (NR) geometries.Both calculationsusedthe

samefunctionalandbasisset. The Ni–S bondlengthsarereducedby 0.01Å whenSR effectsarein-

cludedin theZORA Hamiltonian.Thedecreasein Ni–S bondlengthscausesanincreasein theS-Ni-S

bondangleform 91.70º to 91.91º whenSR effectsareconsidered.All otherbond lengthsandbond

anglesremainnearlyunaffecteduponinclusionof sucheffects.

For comparisonalsocalculationswith theB3LYP hybrid-functionalareincluded.A largeGaussian

typeorbital (GTO) valence-triple-ã basissetwith addedpolarizationfunctions(VTZP) wasused[167].

Hayes[127] very recentlyreporteda UKS B3LYP/6-311+G*geometryoptimizationof the Ni(mnt)
�¡

complex. His findingsfor thestructuralparametersareessentiallyidenticalto our B3LYP/VTZPresults

andarethereforenotgivenhere.TheB3LYP functionalprovesto bebetterin thedescriptionof bonding

parametersof light elements,i.e. theC=Cdoublebond,theC-CN singlebondandtheC� N triple bond
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Table 4.1: Comparisonof experimentalandcalculatedstructuralparametersof Ni(mnt) Þß .

Bondlengths(r) in Å, bondangles( å ) in degree.

X-ray ZORA SR ZORA SR ZORA SR NR NR

structure[166] BP86/II BP86/IV BP86/V BP86/V B3LYP/VTZP

r(Ni-S) 2.15 2.216 2.163 2.156 2.165 2.190

r(S-C) 1.72 1.805 1.737 1.733 1.733 1.747

r(C=C) 1.37 1.381 1.390 1.388 1.389 1.372

r(C-C) 1.44 1.415 1.419 1.417 1.418 1.421

r(Cæ N) 1.13 1.181 1.169 1.167 1.168 1.156å (S-Ni-S) 92.5 92.58 92.04 91.91 91.70 91.80å (Ni-S-C) 103.0 103.39 104.23 104.45 104.43 103.61å (S-C=C) 120.0 120.32 119.74 119.59 119.73 120.49å (C=C-C) 121.0 122.59 122.75 122.89 122.84 122.44å (C-Cæ N) 179.0 179.02 178.71 178.77 178.70 178.57

areslightly moreaccuratelyreproduced(by ö 0.01 Å) comparedto the ZORA SR/V case. Ni-S and

S-Cbondlengthsare,however, too long with theB3LYP functionalwith respectto thedatafrom X-ray

analysis.Thehybrid functionalalsogivesslightly betterresultsfor bondanglesascomparedwith the

X-ray databut thedifferencesbetweenthepureGGA andthehybrid functionalareverysmall(lessthan

0.8º ).
4.3.1.2 Electronic Structur e and g-TensorCalculations

In thecalculationstheunpairedelectronresidesin the5bG ç orbital. A Mullik en populationanalysisof

this singly occupiedmolecularorbital (SOMO) yields only a 21% contribution of the Ni 3dê�ì orbital,

60%S3pì orbitals,12%C=C2pì orbitalsand6%N 2pì orbitals.Theexactnumberswill dependonthe

basissetusedbut theoverallpictureremainsunchanged.TheSOMOhasanodeontheC� N carbonatom

whichcontributesto lessthan1%. Thehighestfully occupiedmolecularorbital(HOMO-1)is madeupof

62%Ni 3démì , 19%S3pì , 11%C 2pì and5%N 2pì . Thelowestunoccupiedmolecularorbital (LUMO)

consistsof 33%Ni 3dédê , 32%S 3pé and22%S 3pê . Uponelectrochemicaltwo electronreduction,the

SOMOwould bedoublyandtheLUMO singly occupiedto yield theparamagneticcomplex Ni(mnt)
GX�¡

[168].

Theg-valuesdeterminedby Maki etal. [149] andby Huyettetal. [151] differ in thegé andgì values
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(SeeTable4.2). The deviation alonggé (0.02)andalonggì (0.01) is probablydueto crystalpacking

effectsor interactionwith the host lattice in the singlecrystalexperiments[149] or solvent effects in

thecaseof thefrozensolutionmeasurements[151]. Theg principalvaluesfrom themostrecentfrozen

solutionexperiments[151] areto befavouredbecausethey providedthebasisfor thecomplex analysis

and simulationof ENDOR and ESEEM spectra. Table 4.2 gives a comparisonof experimentaland

Table 4.2: Comparisonof calculatedandexperimentalg-tensorof Ni(mnt) Þß . Ì gè = gè - gÑ , é = x,y,z.

g-value

g� g� g� Ì gè [ppt]

exp. [149] 2.16 2.04 2.00 158 38 -2

exp. [151] 2.14 2.04 1.99 138 38 -12

ZORA SOBP86/II 2.102 2.032 1.978 100 30 -24

ZORA SOBP86/IV 2.092 2.031 1.976 90 29 -26

ZORA SOBP86/V 2.094 2.031 1.976 92 29 -26

ZORA SOBP86/V+1s 2.094 2.031 1.976 92 29 -26

ZORA SOBP86/Big 2.101 2.033 1.974 99 31 -28

SPTROKS BP86/II 2.123 2.020 1.988 121 18 -14

SPTUKS BP86/II 2.105 2.020 1.984 103 18 -18

SPTUKS BP86/II ( ê (S)=0) 2.104 2.020 1.984 102 18 -18

SPTUKS BP86/II ( ê (Ni)=0) 2.0024 2.0023 2.0023 0.1 0 0

All calculationswereperformedat theZORA SRUKS BP86/Voptimizedgeometry.

Theorientationof theg-tensoraxesis alongthesymmetryaxesof thecomplex. SeeFigure4.1.

calculatedg-tensorcomponentsfor Ni(mnt)
�¡ . ThecalculationsusingtheZORA approachfor relativistic

effectswith inclusionof spin-orbit couplinganda small basisset (basisII) yields g-valuesof 2.102,

2.032, 1.978 for gé , gê and gì , respectively. The deviation of the calculationis largest for the gé -

component(38 ppt), smallestfor gê (8 ppt) and intermediatefor gì (12 ppt) as comparedwith the

experimentalvalues. The extensionof the basissetfrom a double-ã to a triple-ã basis(basisIV) and

to onewith addedpolarizationfunctions(basisV) doesnot improve resultsbut slightly increasesthe

deviation of thecalculatedg-tensorcomponentsfrom theexperimentalones.Patchkovskii andZiegler

alsoobserved suchanindependenceof theDFT calculatedg-tensorsfrom thebasisset[143]. Increase

of thecoreregion, obtainedby addinga further tight 1s function to basisV, doesalsonot improve the

g-tensorresults.This is dueto thefactthattheg-tensoris a propertyof thevalenceelectrons[142]. All

calculatedg-tensorprincipalvaluesaresystematicallysmallerthantheexperimentalones.This is dueto
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thefactthattheparamagneticcontribution to theg-tensoris toosmallwhich is alsoobservedin g-tensor

calculationsof othertransition-metalcomplexes(M. Kaupp,personalcommunication).

In order to validatewhetherthe deviationsof the calculatedg-tensorsweredueto the ZORA ap-

proach,a traditionalsecond-orderperturbationapproachwasalsoused(SPT).A restrictedopenshell

Kohn-Shamcalculationin theSPTtreatmentgivesa g-tensorwith smallerdeviation alonggé (17 ppt)

andgì (2 ppt) but larger deviation alonggê (20 ppt). Theconsiderationof spin-polarizationeffectsin

theperturbationtreatmentleadsto g-valuesof 2.105,2.020and1.984and,again,comesvery closeto

theZORA BP86/II results.Theeffect of spin-orbitcouplingis incorporatedin thesecond-orderpertur-

bationapproachandtheZORA formalism.Both give a very similar valuefor theinfluenceof spin-orbit

coupling[131].

It is known that thedeviation of theg-valuefrom thatof thefreeelectrongÅ is determinedby spin-

orbit couplingwhichgivestheunpairedelectronsomesmallangularmomentumandthusaltersits effec-

tive magneticmoment.TheSPTmethodologyofferstheopportunityto selectively switchthespin-orbit

coupling of different nuclei on or off. The contribution of spin-orbit couplingby the nickel nucleus

aloneto theg-tensorcanbeobtainedby settingthespin-orbitcouplingconstantof thesulphurnucleus

to zero.In theSPTUKS BP86/II(ä (Ni)=0) calculationonly spin-orbitcouplingdueto thesulphurnuclei

is considered.As expected,for gì andgê isotropicvaluesof thefreeelectrong-factorareobtained.The

spin-orbitcouplingof the sulphurnuclei only contribute to gé for which a marginal deviation from gÅ
(2.0024vs. 2.0023)is obtained.Fromthecomparisonof theSPTUKS BP86/II(ä (S)=0)calculationto

theSPTUKS BP86/II calculationsit is immediatelyclearthat100%of thegì - andgê -valuesoriginate

from spin-orbit coupling of the nickel atom. The only slight reductionis obtainedfor gé (2.105vs.

2.104).

For Ni(mnt)
�¡ , ZORA calculationswith a small basissetalreadygive g-tensormagnitudeandori-

entationin satisfyingagreementwith the experimentalvalues. The agreementcannotbe significantly

improved by enlarging the basisset. The absolutedeviation betweencalculationandexperimentin-

creaseswith thedeviation from the freeelectronvaluewhile the relative error remainsaboutconstant.

Patchkovskii andZiegleralsoobservedthatthedeviationbetweencalculatedandexperimentalg-tensors

increasedwhengoing from 3d to 4d and5d transitionmetalcomplexes[143]. This givesan indication

of theaccuracy of g-tensorcalculationsonecouldexpectin relatedwork on theactive centreof [NiFe]

hydrogenases.For the oxidizedNi(III) Ni-B EPRspectrumwith gé W ê W ì = 2.33, 2.16, 2.01 onemight

get the largestdeviation for gé (if the error is strictly proportionalto thedeviation from gÅ onewould

expecta deviation of up to 0.1) andbetteragreementfor the gê andgì components.Furthermore,for

thecomparisonof “gasphase”g-tensorcalculationsandexperimentsin singlecrystalsanagreementof
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10-15%wouldalreadybeconsideredsatisfying[126].

4.3.1.3 Spin DensityDistribution and Hyperfine Interactions

Figure4.2 shows contourplotsof theunpairedspindensityat 0.003e/aG^ . Thespindensityis not fully

localizedat thecentralnickel atom,but thefour surroundingsulphuratomscarrysignificantspindensity

in pë lobesorientedperpendicularto thehorizontalmirror plane.Thecarbonatomsof thecarbon-carbon

doublebondalsobearunpairedspindensityin their Q -bonds.In contrast,thecarbonatomsof thecyanide

groupcarryno unpairedspindensitywhile theterminalnitrogenatomsexhibit a small lobeof unpaired

spinin ap-orbitalperpendicularto theplaneof themolecule.

Figure4.2: Views of theunpairedspindensitydistributionof Ni(mnt) Þß at 0.003e/aàì . Theleft view is along

the í�î -planeof thecomplex with the ï -axiscomingout of thepaperplane.In theright view, thecomplex is

rotatedin thexy-planeby 90ð andtilted by approx.20ð out of theplane.

UnrestrictedZORA SRBP86/Vcalculationsyield totalatomicspinpopulationsof 0.26at thenickel

atom,0.16at eachsulphuratom,0.02at eachcarbonin thedoublebond,-0.003at eachcarbonof the

cyanidegroupand0.01at eachN. The Ni-Sú corethusbears90% of the unpairedspin. This valueis

slightly larger thantheonefrom BLYP/LANLDZ resultsby Huyettet al. [151], who found75%,andis

closeto X ñ [152] calculationswhere82%werefound.In thenon-andscalarrelativistic calculationsone

may discussatomicspin densitiesasthe differencebetweenñ and ¬ electrondensities.In relativistic

calculations,wherespin-orbit coupling requiresspin mixing, the resultingSO-coupledstateswill no

longerbepurespinstates.Thiswill complicatetheinterpretationin atomicspindensities[132].

The high covalency of Ni–S bondsand the significantdelocalizationof spin density into ligand
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orbitals might have a significant influenceon the interpretationof EPR and ENDOR spectraof a

biological Ni–S centre,for instancein the caseof [NiFe] hydrogenasefor which large isotropic £ H
hyperfinecouplingconstantsweremeasuredfor ¬ -CH¡ protonsof a cysteineaminoacid adjacentto a

nickel atom[169].

Thesinglecrystalexperimentsby Maki et al. [149] yieldedthe á�£ Ni hyperfinetensor. It wasfound

to becollinearwith theg-tensorprincipalaxeswithin experimentalerror. Unfortunately. thesignsof the

principal hyperfinetensorcomponents(A édé = 45 � 6 MHz, A êëê = 9 � 3 MHz, A ìMì = � 6 MHz) are

not known. From themeasuredhyperfineinteractionin liquid solutionis a"$#&% = +12.6 � 2.8 MHz. If

oneassumesthat the A ì�ì componentis zero,oneonly arrivesat two possibilities:ChoiceI, whereall

tensorcomponentsarepositive: A édé W êëê W ì�ì = (+45,+9, 0) MHz yieldsa"$#+% = +18MHz andfor thepurely

anisotropiccomponentsA’ édé W êMê W ìMì = (+27,-9, -18)MHz. ChoiceII: A édé W êMê W ì�ì = (+45,-9, 0) yieldsa"$#+% =

+12MHz, A’ édé W êMê W ìMì = (+33,-21, -12). EstimateswhereA ì�ì is smallbut not zero,donot fundamentally

changethediscussionof the results1. A discriminationbetweenthe two combinationscanbedoneon

thebasisof calculationsof the(anisotropic)á�£ Ni hyperfineinteraction(seeTable4.3).

The analysisof naturallyabundant G´G S satellitesyieldedan axial G´G S hyperfinetensor(A ì�ì = A ò
= 42.8 MHz, A édé = A êëê = A ó = 13.6 MHz). Two choicesof the signsof the hyperfinetensorwere

discussedin ref. [150]. I: All signsarepositive, the isotropicvalue is 23.3 MHz andthe anisotropic

valuesA’ édé W êëê W ì�ì (-9.7, -9.7,19.5)MHz. II: A ó = A édé = A êMê is negative, thenthe isotropiccouplingis

5.2 MHz andthe anisotropichyperfinetensorA’ édé W êëê W ì�ì = (-18.8, -18.8,37.6)MHz. The atomicspin

populationat the sulphurwas estimatedfrom the uniaxial hyperfinetensorand using the theoretical

atomicvaluesof Morton andPreston[159] to be between0.13 (A ò andA ó samesign) and0.26 (A ò
andA ó oppositesigns)[150]. This agreeswith thepicturein which a 3pì orbital occupationinducesa

polarizationof theNi–S Á orbitals. Fromthis, oneexpectsa small isotropichyperfineinteraction.The

largervalueof 23.3MHz, however, appearsunrealistic.

Table4.3 shows a comparisonof experimentalandcalculatedhyperfinetensorsof Ni(mnt)
�¡ . For

theexperimentalá�£ Ni and G´G S hyperfineinteractionsa plausiblechoiceof signsof thehyperfinetensor

componentswasmade(seeabove). In the caseof £ G C and £�ú N nuclei the choiceof hyperfinetensor

signsfrom ref. [151] is given(which provedto bein agreementwith thecalculations).All calculations

1AssumingthatA ô+ô takesthelargestvalue(6 MHz) onehas:I: All tensorcomponentspositive yieldsaõ/öÆ÷ = +20MHz and

A’ ø´øXù ú úZù ô+ô = (+25,-11,-14)MHz II: A ø´øXù ú úZù ô&ô = (+45,+9, -6) MHz yieldsaõ/öÆ÷ = +16MHz andanisotropicA’ ø´øXù ú ú*ù ô+ô = (+29,

-7, -22) MHz). III: A ø´øXù ú úZù ô&ô = (+45,-9, -6) MHz yieldsaõ1öÆ÷ = +10MHz, A’ ø´øXù ú úZù ô&ô = (+35, -19, -16) MHz. IV: A ø´øXù ú úZù ô+ô =

(+45,-9, +6) yieldsaõ/öÆ÷ = +14MHz andA’ ø´øXù ú úZù ô&ô = (+31,-23,-8) MHz.



4.3ResultsandDiscussion 49

weredoneat theunrestrictedSRZORA geometry(seeTable4.1). For meansof comparisonalsospin-

unrestrictedB3LYP calculationwith a valence-triple-ã basisset with polarizationfunctionsgiven by

Scḧaferet al. [167] wereperformed.

SRROKScalculationsyield reliableanisotropichyperfinetensorswhile theisotropichyperfineinter-

actionis not trustworthy sincetheeffect of spin-polarizationis not considered.For á�£ Ni, thecalculated

anisotropichyperfinetensordeviatesby a factorof two for theanisotropichyperfinetensorcomponents

A’ édé , A’ êMê . The agreementfor A’ ì�ì is muchbetter. Spin-polarizedZORA SR calculations(SR UKS)

yield anisotropichyperfineinteractionof +18.60MHz for á�£ Ni which nicely correspondsto anexperi-

mentalvalueof +18 MHz (choiceI). Theeffect of spin-polarizationon theanisotropichyperfinetensor

componentsis lesspronounced.A’ édé andA’ ì�ì areincreasedby approx. 4 MHz in absolutenumbers

uponconsiderationof polarizationeffects,whereastheeffect on A’ êëê is very small.Still, theagreement

with experimentaldatais far from satisfying. Non-relativistic UKS B3LYP calculationswith a VTZP

basissetgive similar numbersbut the agreementwith experimentaldatais even worse. This obvious

discrepancy which wasalsoobserved by Hayes[127] led theauthorto thepessimisticconclusionthat

densityfunctionalcalculationson Ni(mnt)
�¡ areunableto reliably assignthesignsof the á�£ Ni hyperfine

tensor. Thedisagreementwith experimentaldata,however, is not dueto deficienciesof eitherthebasis

setor thefunctionalbut dueto asystematicneglectof spin-orbitcouplingasshown below.

The spin-orbitcouplingmanifestsitself asa pseudocontactcontribution to a"$#&% anda second-order

contribution to theanisotropichyperfinetensor[77,79,80,87,128]. Theeffect of spin-orbitcouplingis

very largefor nickel. Theinclusionof spin-orbitcouplingeveninvertsthesignof thea"<#+% (Table4.3). It

mustbekeptin mind thata considerablepartof this differenceis dueto theneglectof spin-polarization

in thespin-orbitcoupledequations.A betterestimateof theeffect of spin-orbitcouplingcanbe made

if the spin-restrictedSR resultsand thoseincluding spin-orbit couplingarecompared.This gives an

effect of spin-orbitcouplingof approximately15 MHz. Whenisotropichyperfineinteractionsareto be

calculatedonestill hasto resortto spin-polarized(UKS) SRZORA valuesuntil spin-polarizedspin-orbit

couplingcanbetreatedin theZORA Hamiltonian.This work is in progress.

The influenceof SO couplingon the anisotropichyperfinetensor(secondordercontribution) can,

however, calculatedverycalculatedin theZORA approach.Theabsolutesignsof theanisotropichyper-

fine interactionareretaineduponinclusionof spin-orbitcouplingbut theirmagnitudeis decreasedby 22

MHz, 16MHz and6 MHz for A’ édé , A’ êMê andA’ ì�ì , respectively whencomparingSRROKSandSR+SO

ROKS calculations.Thelower hyperfinevaluesagreeto within a few MHz with theexperimentalones

of ChoiceI. If oneassumesthat theeffect of spin-polarizationon thespin-orbitcoupledanisotropichy-

perfinetensoris thesameasfor thescalar-relativistic anisotropichyperfinetensorthentheeffect canbe
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estimatedto increaseA’ édé andA’ ìMì by approx.4 MHz andleaveA’ êMê unchangedandthusgiveaperfect

agreementwith theChoiceI of signsof thehyperfinetensor.

Theotherchoice(ChoiceII) of thesignsof theexperimentalá�£ Ni hyperfinetensorscanthereforebe

ruledout on thebasisof our ZORA calculations.Neitherisotropic(from thespin-polarizedSRZORA

calculation)norSO-coupledanisotropichyperfinetensorssupportthispossibility.

Our findingsindicatethat the inclusionof spin-orbitcouplingis anabsolutenecessitywhentrying

to calculatethe hyperfineinteractionof a transitionmetal ion. The influenceof SO couplingon the

anisotropic á�£ Ni hyperfineinteractionreducesit by a factor of two and brings it to within excellent

agreementwith experimentalvalues.

For the G´G S hyperfineinteractionin Ni(mnt)
�¡ , the effect of spin-orbitcouplingis lesspronounced

thanfor the á�£ Ni nucleusbut still noticeable.ZORA SR UKS calculationsgive an isotropichyperfine

interactionof +3.11MHz which correspondsto thechoiceof experimentalsignsII ( a>�ûÆü = +5.2MHz).

ChoiceI would leadto an unrealistichigh valueof +23.3MHz which canalsonot be reproducedby

thecalculations.Furthermore,thecalculatedhyperfineinteractionof (-15.79,-14.38,+30.16)MHz sup-

portschoiceII whereasthe anisotropichyperfinetensorcomponentsof choiceI appeartoo low. The

effect of spin-polarizationbecomesobviouswhencomparingrestricted(ROKS) andunrestricted(UKS)

openshellSRZORA calculations.Spin-polarizationleadsto an increaseof A’ édé , A’ êëê andA’ ì�ì in ab-

solutemagnitudeby 2.3, 1.2 and3.5 MHz, respectively. The agreementwith the experimentalvalues

is improved. ZORA calculationswith spin-orbitcouplingyield an a"$#+% valueof only 0.19 MHz. The

anisotropichyperfinetensordoesnot changemuchuponinclusionof spin-orbitcoupling(changeslie

within 0.5 MHz). If the effect of spin-polarizationis taken from the SR calculations,valuesto within

0.5 MHz of the SR UKS canbe estimated.The isotropichyperfineinteractionof G´G S is due to spin

polarizationandyieldsasmallbut detectableisotropichyperfineinteraction.

For the £ G C hyperfineinteractionin the C=C double bond, ZORA SR UKS calculationsyield

isotropic and anisotropichyperfineinteractionsto within 0.5 MHz of the experimentalones. The

importanceof spin polarization again is illustrated by comparing restricted and unrestrictedSR

calculations. Spin polarizationreducesthe anisotropichyperfinetensorcomponentsby 0.5-1 MHz

and brings them closer to the experimentalvalues. When the effect of spin-polarizationis taken

from SR calculationsthe resultswith SO coupling representan improvementof 0.4 MHz. B3LYP

calculationsgive good resultsfor the £ G C isotropic hyperfineinteractionbut the anisotropicpart is

less well reproduced(seealso [127]). The experimental £ G C hyperfinetensorwas assumedto be

collinear with the g-tensorprincipal axes system. Only in this coordinatesystemthe tensor is of
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uniaxial symmetry. The deviation of the calculatedanisotropichyperfine tensor from uniaxiality

is indeedsmall. The orientation,however, is not collinear with the g-tensorprincipal axes system

but rotatedby 6º from thex- andy-axes.A’ ìMì is alongthegì -axis.Thiswasalsonoticedby Hayes[127].

Thecaseof the £ G C nucleusof thecyanidegroupis moredifficult. Thenegative isotropichyperfine

interactionis well reproducedby unrestrictedcalculations(-2.47MHz calculatedvs. -2.9 MHz exper-

imental). All theoreticalcalculations,however, agreethatA’ édé is negative andA’ êMê positive while the

simulationof theexperimentalspectrayieldedA’ édé andA’ êMê bothof positive sign. Theoryandexper-

iment agreethat thecomponentperpendicularto themolecularplane,A’ ìMì is negative. Onemustbear

in mind that the experimentalvaluesgive the hyperfinetensorin the g-tensor’s principal axessystem,

e.g.g- andA areassumedto becollinear. Thecalculationsyield thediagonalizedhyperfinetensorin its

own principalaxessystemA’ édé , A’ êëê , A’ ì�ì which is not necessarilycollinearwith theg-tensor. In fact,

A’ édé andA’ êMê arerotatedby 30º from therespective g-tensorprincipalaxesandA’ ì�ì is alonggì (similar

valueswereobtainedby Hayes[127]).

For the £�ú N hyperfineinteractionsof theCN groupspin-polarized(UKS) ZORA SRcalculationsgive

excellentresults.Thedeviation from theexperimentalvaluesis lessthan0.5MHz for bothisotropicand

anisotropiccontributions. B3LYP calculationsgive slightly bettervaluesfor the anisotropichyperfine

interactionof the £�ú N nucleus.Thenumbersgivenin [127] for theexperimentfrom ref. [151] correspond

to theexperimentalvaluesfor the £ F N nucleusandhave to becorrectedby theratio of the £ F N and £�ú N
Larmor frequencies(1.403). For a cyanidegrouponeexpectsa nearlyaxial quadrupoletensorwith its

largestcomponentalongtheC� N triple bond.Thecalculated£�ú N (I = 1) quadrupoletensoragreeswell

with the experimentalvalues. The deviation from experimentalvaluesmight be dueto environmental

effects in frozensolution. The calculatedquadrupoletensorhasits smallestcomponentperpendicular

to themolecularplane(0.85MHz) andits largestcomponent(-2.09MHz) alongtheC� N triple bond.

The third component(1.23 MHz) lies in the molecularplaneand is perpendicularto the C� N bond.

This orientationwasalsofoundexperimentallyby Huyettet al. [151]. Thethoroughanalysisof pulsed-

ENDOR and ESEEM databy simulationof the experimentalspectraand the assignmentof absolute

signs[151] of thehyperfinetensorsis confirmedby ourcalculations.

For meansof comparison,a calculationusingthepopularB3LYP functionalanda valence-triple-ã
basissetwith polarizationfunctions(VTZP) of Scḧaferet al. [167] wasalsoperformed.Thegeometry

of theZORA SR UKS BP86/V (Table4.1) calculationwasused.The hyperfineinteractionswerecal-

culatedusinga non-relativistic, first-orderapproach(seefor example[122–124]). Strictly speaking,the

comparisoncanonly bemadewith spin-polarizedscalarrelativistic ZORA calculationswherespin-orbit
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couplingis not considered.Theisotropic á�£ Ni hyperfineinteractionis of positive signandsignificantly

larger thantheZORA SRvalue. This maybedueto thedifferentdensityfunctionalsor basissetsused

in thecalculations.Gaussianbasisfunctionsdo not correctlydescribethecuspregion nearthecorein

contrastto theuseof Slaterbasisfunctionsin ADF, whichmeansthatoneneedsmoreGTOsthanSTOs

in thebasissetto obtainthesameaccuracy2. Thesignsof theanisotropichyperfinetensorcomponents

arereproducedin theB3LYP calculationsbut thevaluesarelargerthanthecorrespondingZORA values.

This deficiency is due to the neglect of spin-orbit couplingasshown above. For all othernuclei, the

absolutesignsof thetensorcomponentsagreewith theZORA results.Theagreementis of theorderof

a few MHz or lessbut theB3LYP functionaldoesnot representasystematicimprovementover thepure

GGA functional. This observation wasalsomadeby Munzarova andKauppwho comparedall usual

GGA andhybrid functionalsin thecalculationof transitionmetalhyperfineinteractions[126].

To summarize,ZORA calculationsyield hyperfineparametersfor all (light and heavy) atomsin

Ni(mnt)
�¡ in goodagreementwith experimentalvalues.Theambiguityof thesignsof the G´G S and á�£ Ni

hyperfinetensorscouldberesolvedonthebasisof ourZORA calculations.Thecalculationssupportone

specificchoiceof signsof thehyperfinetensorcomponents.Spin-orbitcouplingplaysanimportantrole

in thecalculationof heavy elementanisotropichyperfineinteraction.Theisotropichyperfineinteraction

muststill betakenfrom a spin-polarizedSRZORA calculation.

In theoxidizedstatesof the [NiFe] hydrogenase,theEPRsignalalsooriginatesfrom theNi metal

aloneas was shown by á�£ Ni enrichment[64]. The Fe metal in the active centredoesnot contribute

to the EPRspectrum.The hyperfineinteractionof the á�£ Ni enrichedhydrogenasefrom Desulfovibrio

gigas in theoxidizedNi-B stateshows a hyperfinesplitting of 6 to 17, 6 to 17, and76 MHz alongthe

g-tensorcomponentsgédé , gêëê andgì�ì , respectively [45]. Thehyperfineinteractionis thusof thesame

orderof magnitudeasin Ni(mnt)
�¡ andthespinpopulationat theNi nucleusin [NiFe] hydrogenasecan

beexpectedto besimilar to thatin thismodelcomplex Ni(mnt)
�¡ .

2NR BP86/VTZPcalculationswith a GTO basisset yielded aõ1öÆ÷ ( ýgþ Ni) = +69.85MHz. The differencebetweenspin-

polarizedSRZORA andNR BP86calculationsstill lies in thedifferentbasissets(STOsvs. GTOs)and/ortheconsiderationof

scalarrelativistic effectsin theZORA Hamiltonian.
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Table 4.3: Experimentalandcalculatedhyperfineandquadrupoleparametersof Ni(mnt) Þß in MHz.

Nucleus exp. SRROKS SRUKS SO+SRROKS UKS B3LYP

exp. ref. BP86/V+1s BP86/V+1s BP86/V+1s VTZPÿ��
Ni
�

[149] aèOÊ�� +18 -0.12 +18.60 -15.03 +30.82

A’ �X� +27 +47.15 +51.93 +25.87 +66.92

A’ �0� -9 -23.53 -24.03 -7.88 -28.52

A’ � � -18 -23.85 -27.35 -17.99 -38.40���
S
�

[150] aèOÊ�� +5.2 +0.12 +3.11 +0.19 +7.20

A’ �X� -18.8 -13.49 -15.79 -13.81 -18.46

A’ �0� -18.8 -13.15 -14.38 -12.65 -15.32

A’ � � +37.6 +26.65 +30.16 +26.45 +33.77���
C=C

	
[151] aèOÊ�� -2.1 +0.003 -1.63 +0.11 -2.32

A’ �X� -2.5 -3.49 -2.95 -3.09 -2.09

A’ �0� -2.5 -3.15 -2.63 -3.26 -1.49

A’ � � +5.0 +6.65 +5.59 +6.37 +3.58���
CN
	

[151] aèOÊ�� -2.9 -0.001 -2.47 +0.01 -1.95

A’ �X� +0.33 -0.31 -0.25 -0.51 -0.50

A’ �0� +0.13 +0.81 +0.80 +0.83 +0.62

A’ � � -0.47 -0.50 -0.54 -0.31 -0.12��

N
	

[151] aèOÊ�� +0.39 +0.001 +0.15 +0.007 +0.15

A’ �X� -0.26 -0.72 -0.59 -0.73 -0.40

A’ �0� -0.29 -0.60 -0.47 -0.59 -0.22

A’ � � +0.55 +1.33 +1.05 +1.31 +0.62

Q�Z� +0.85 +0.86 +0.85 +0.86 +0.41

Q�
� +1.10 +1.23 +1.23 +1.23 +1.80

Q��� -1.95 -2.09 -2.09 -2.09 -2.21

aè���� is theisotropic(Fermicontact)hyperfineinteraction,A’ ��� � = x,y,zaretheanisotropichyperfinetensorcompo-

nents.aOnly ChoiceI of thesignsof theexperimentalhyperfinetensorcomponentsis given(seetext for details).

b Only ChoiceII of theexperimentalhyperfinetensorcomponentsis given(seetext for details).

c Theabsolutesignsof theexperimentaltensorsarefixedassuminga2p� spinpopulation[151].

Thebestagreementswith experimentalvaluesaregivenin bold font.
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4.3.2 Ni(CO) � H
In Ni(CO)� H (II Figure4.1) thecentralnickel atomis coordinatedby threeCO ligandsin theequatorial

planeandaxially by ahydrogenatom(C��� symmetry).Formally, thecomplex maybedescribedeitheras

aNi(I) with aH � bound((CO)� -Ni(I)-H � ) or asaNi(0) with ahydrogenatombound((CO)� -Ni(0)-H)).

In the thoroughanalysisof the krypton matrix EPRspectrumMorton andPrestonconcludedthat the

structureof the complex is bestdescribedas(CO)� -Ni(I)-H � [170]. While the oxidizedstatesof the

hydrogenaseareusuallyreferredto asNi(III), thetwo electronmorereducedform Ni-C mightbeaNi(I)

species.SinceNi-C is anintermediatein thecatalyticprocess,eithera H � molecule,or a H
�

or H � are

supposedto beboundto theNi. Ni(CO)� H thereforerepresentsa goodmodelfor thecalculationof the

magneticresonanceparametersfor suchabondingsituation.

For Ni(CO)� H thereis no X-ray structureavailable.Thecomparisonof calculatedstructuralparam-

etersis thereforemadewith DFT calculationsby Munzarova andKaupp [126] who usedthe B3LYP

functionalwith a relativistic pseudopotentialfor Ni. Table4.4 comparesthe calculatedstructuralpa-

Table 4.4: Comparisonof calculatedstructuralparametersof Ni(CO)� H. Bondlengths(r) in Å, bondangles

( � ) in degree.

ZORA SRROKS ZORA SRUKS NR UKS B3LYP/RECP(Ni)

BP86/V BP86/V BP86/V [126]

r(Ni-H) 1.485 1.495 1.502 1.512

r(Ni-C) 1.807 1.807 1.824 1.851

r(C=O) 1.150 1.149 1.150 1.135� (H-Ni-C) 90.87 90.93 89.90 90.87� (Ni-C=O) 173.19 173.79 172.38 171.29

rametersof Ni(CO)� H in theZORA approachat thescalar-relativistic (SR) level usinga largebasisset

(basisV) with thoseusing a relativistic effective corepotential(RECP)[126] andnon-relativistic all

electroncalculations.NR calculationsagreewell with the B3LYP/RECP(Ni)calculationsin the Ni–H

bondlength(1.502vs. 1.512Å). TheNi–C bondlengthis shorterby 0.027Å in theNR calculationand

sois theC=Obondlengthby 0.015Å. Thedifferencein bondanglesis only � 1 degree.Theinfluence

of scalarrelativistic effectscanbe observed by comparingnon-relativistic ADF calculationswith SR

ZORA calculations.They aremanifestedin a reductionof theNi–H bondlengthby 0.007Å andof the

Ni–C bondlengthby 0.017Å. TheeffectontheC=Obondlengthis almostnegligible. Dueto theshorter

Ni–H andNi–C bondstheH–Ni-C andNi–C=O bondangleswidenby 0.4degrees.Theimportanceof
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spin-polarizationfor structuralparametersis highlightedby comparingrestrictedopenshellKohn-Sham

andunrestrictedKohn-Shamscalar-relativistic ZORA calculations(Table4.4). Spin-polarizationleads

to an increasein Ni–H bondlengthby 0.01 Å while all otherstructuralparametersremainnearlyun-

changed.In general,SRUKS ZORA calculationsagreewell with thoseusingtheB3LYP functionaland

a relativistic corepotential.Spin-polarizationis importantfor thedescriptionof theNi–H bond.

4.3.2.1 g-Tensorand Hyperfine Interaction

TheEPRspectrumof Ni(CO)� H wasmeasuredin a kryptonmatrix by Morton andPreston[170]. They

found an axial g-tensorwith g � = g�
� = 2.0674andg� = g��� = g ! = 2.0042. The orientationof the

g-tensoris g � alongthe " -axisandg� in the #%$ -planeof thecomplex (seeFigure4.1). Table4.5gives

Table 4.5: Comparisonof ZORA calculatedandexperimentalg-Tensorof Ni(CO)& H.'
g� = g� - g( , i = ) , * .

g-value

g� g � + g, [ppt]

exp. [170] 2.0674 2.0042 65 2

BP86/II 2.0468 2.0003 45 -2

BP86/IV 2.0478 2.0003 46 -2

BP86/V 2.0480 2.0003 46 -2

BP86/V+1s 2.0486 2.0003 46 -2

the resultsof ZORA calculationsof the g-tensorof Ni(CO)� H. All calculatedvaluesaresmallerthan

thecorrespondingexperimentalvalues.For thesmalldouble-- basis(basissetII) thedeviationof theg �
componentis 4 pptfrom theexperimentalvalueandfor g� it is 20ppt. A betterdescriptionof thevalence

electronsdoesnot significantlyimprove theresults.Theincreaseis only 1 ppt in g� . Theadditionof an

extra tight 1sfunctionalsoonly marginally improvestheresults.

Figure4.3 shows a contourplot of theunpairedspindensityat a valueof 0.003e/a�. . Thecontour

plot shows that the spin densitydistribution is of centroidsymmetry. The form of the spin densityat

theNi resemblesthatof ad�!/ orbital. A Mullik enanalysisyieldsatomicspinpopulationsof 0 (Ni) 0.48,

0 (H) 0.22, 0 (C) 0.06 and 0 (O) 0.04. The contribution of the atomicorbitals to the 13A1 SOMO are

asfollows (arrangedby decreasingpercentage):24%3d�2/ (Ni), 21%4p� (Ni), 19%2p� (C), 17%1s(H),

14%2p� (O), and4%2s(C).This indicatesthatthe4p� of theNi contributessignificantly.
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Figure4.3: View of theUnpairedSpinDensityDistributionof Ni(CO)& H at 0.003e/a&3 .

Due to the axial bondingof the hydrideion to the Ni atom,the H atommay acquirea significant

amountof spin densitywhich leadsto a very large hyperfinecoupling causedby the large magnetic

momentof the nucleus. Consequently, the 1 H hyperfinestructurecould be resolved in the Kr matrix

EPRspectra[170]. Thehyperfineinteractionis dominatedby avery largeisotropichyperfineinteraction

a,5476 of 293MHz while theuniaxialanisotropicinteractionis only 5.5MHz.

Table4.6 comparesthe 8 1 Ni and 1 H experimentalhyperfineinteractionswith ZORA calculations

at variouslevels of theory and non-relativistic B3LYP calculationsby Munzarova and Kaupp [126].

The comparisonis only madewith the resultsusingthe B3LYP functionalbecauseit is the onemost

frequentlyusedin DFT investigationsof transitionmetals. The ZORA SR UKS BP86/V optimized

geometryof Table4.4wasused.

The 8 1 Ni isotropichyperfineinteractionis well reproducedby unrestricted(UKS) SRZORA calcu-

lationswhereastheB3LYP functionaloverestimatestheisotropiccouplingconstantby a factorof three.

Theinclusionof spin-polarizationreducesA’ � andA’ � by 2 and4 MHz indicatingonly amoderateeffect

of polarization.SOcouplingreducestheanisotropiccouplingby 5 and10MHz for A’ � andA’ � , respec-

tively, whencomparingSR ROKS andSO + SR ROKS calculations.The effect is weaker thanin the

caseof Ni(mnt)�� becausetheSOMOconsistshereof p� andd� / orbitalsat theNi. If theassumptionof

similarspin-polarizationfor SRandSO-coupledcalculationsholds,theagreementwith theexperimental

valuesis perfect.A’ � would bebroughtdown to 44 MHz andA’ � to 88 MHz by spin-polarization.The

resultinganisotropictensoris in excellentagreementwith the experimentalvalueandsuperiorto the

resultsby Munzarova andKaupp[126]. (TheBP86valuesby Munzarova andKaupp[126] arein close

agreementwith our values. Still, the isotropiccouplingconstantis overestimatedby a factorof two.)

Theisotropichyperfineinteractionof theNi changesfrom +10.10to -18.70MHz uponinclusionof spin-

orbit couplingandneglectingspin-polarization.This largeeffectof -28.8MHz agreesverywell with the
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Table 4.6: Comparisonof experimentalandcalculatedhyperfineandquadrupoleinteractionsin Ni(CO)& H
in MHz.

Nucleus exp. SRROKS SRUKS SR+SOROKS B3LYP/DZPD(Ni),

[170] BP86/V+1s BP86/V+1s BP86/V+1s IGLO-III [126]9:�
Ni a����� +9.0 -9.94 +10.10 -18.70 +33.3

A’ ; +44.0 +50.88 +48.56 +45.76 +56.9

A’ < -88.0 -101.75 -97.11 -91.52 -113.8

Q; -4.1 -4.4 -4.1 -4.4 /

Q < +8.2 +8.8 +8.2 +8.8 /�
H a����� +292.8 +276.54 +335.58 +275.25 +208.0

A’ ; -5.50 -4.05 -2.68 -4.21 -3.15

A’ < +11.10 +8.11 +5.36 +8.42 +8.43� & C a����� +20.75 +7.61 +20.74 +5.10

A’ =2= -5.46 -5.71 -5.59 -5.50

A’ �!� -1.34 -2.60 -1.19 -3.20

A’ ��� +6.80 +8.31 +6.79 +8.70�7>
O a����� -1.31 -3.72 -1.35 -3.70

A’ =2= +7.92 +8.60 +8.00 -8.70

A’ �!� +6.98 +6.99 +6.83 -5.30

A’ ��� -14.90 -15.59 -14.83 +14.0

Calculationswereperformedat theZORA SRUKS BP/V geometry(seeTable4.4).

Bestagreementswith experimentalvaluesaregivenin bold font.

estimatedvalueof spin-orbitcouplingby Munzarova andKaupp[126] who usedanempiricalformula

by AbragamandPryce(seeref. [79]) andobtained-26.8MHz. Thiseffect is overestimated,sincein our

calculatedeffect alsospin-polarizationis neglected.A comparisonof theSRROKS resultswith theSR

UKS resultsshowsthatspin-polarizationeffectsalreadyexplainfor alargepartthecalculateddifference.

Becauseof the cylindrical spin density distribution (see Figure 4.3) one expects the largest

quadrupoleinteractionof the 8 1 Ni nucleus(I = 3/2) to be along the Ni–H bond and smallervalues

perpendicularto it. This is found experimentally: Q � = 8.2 MHz andQ� = -4.1 MHz. Thesenum-

bersareexactly obtainedfrom a spin-polarizedSRcalculationwhile non-polarizedcalculationsslightly

overestimatetheparallelvalueandunderestimatetheperpendicularvalue.

The 1 H isotropichyperfineinteractionis overestimatedby SRUKS calculationsby 43MHz andalso
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theanisotropicpart is not very well described(deviation 3 and6 MHz). It is in particularthe isotropic

componentthat is mostsensitive to spin polarization. The calculatedB3LYP 1 H valueby Munzarova

andKaupp[126] deviatesfrom theexperimentalvalueby 85MHz but into theotherdirection(208MHz

calculatedvs. 293MHz measured).A comparisonof thespin-restricted(ROKS) SR resultsandthose

includingspin-orbit(SR+ SOROKS) couplingshows that theeffect of spin-orbitcouplingis small for

the 1 H nucleus.

For the 1 � C and 1�? O nuclei thereareno experimentalvaluesavailable. Here,a comparisonis made

with thecalculatedB3LYP valuesby Munzarova andKaupp[126] whicharealsoincludedin Table4.6.

For the 1 � C nucleustheagreementbetweenSRUKS ZORA andnon-relativistic B3LYP calculationsis

verygood.Thedifferencein theisotropichyperfineinteractionis 2.5MHz atmost.In thecaseof 1�? O, in

contrast,theSRUKS calculatedsignsof theanisotropichyperfineinteractionareinvertedwith respect

to the valuesby Munzarova and Kaupp (seeTable 4.6). The calculationwas repeatedusing the SR

ZORA BP/V geometry, aVTZP basissetby Scḧaferetal. [167] andtheB3LYP hybrid functionalin the

Gaussian94program.Theobtainedvaluesare,in general,very similar to thatof Munzarova andKaupp

andare thereforenot given here. The only noteworthy differenceis in the 1�? O hyperfineinteraction.

The isotropicpart in our calculationis a,54�6 = -4.35MHz andthe anisotropicpart A’ ���A@  2 B@ �
� = (+9.64,

+6.11,-15.75)MHz. Our findingsof the absolutesignsof the anisotropichyperfineinteractionarein

agreementwith our ZORA resultsandcontradictthesignsgiven by Munzarova andKaupp. This may

bedueto a typingerrorin theirmanuscript.Theeffectof spin-orbitcouplingis verysmallfor ligandsin

themolecular#C$ -plane.Theanisotropicpartof thehyperfinetensorof the 1 � C and 1�? O nuclei remains

nearlyunchangeduponinclusionof SOcoupling.

It shouldbe mentionedasan asidethat thepopularB3LYP functionaldoesnot necessarilyleadto

an improvementin the calculationof hyperfineparameterscomparedto pureGGA functionalsaswas

alreadystatedby Munzarova andKaupp[126] andby Hayes[127].

The Ni-C stateof the [NiFe] hydrogenaseis two electronsmorereducedthanthe oxidizedstates,

andmight formally correspondto aNi(I) species.Theobservationof theNi-C EPRspectrumcorrelates

with thecatalyticactivity of theenzyme[45] andis thusassignedto beanintermediatein theheterolytic

cleavageof molecularhydrogen. For the Ni(I) in Ni-C a 3d�!/ groundstateis sometimesdiscussed

[65,69,70]. As shown here,ahydrideaxially boundto aNi 3d�!/ orbitalwould leadto amuchlarger 1 H
hyperfinecouplingthantheoneobservedin hydrogenase(16-20MHz [69,70]). Suchabondingsituation

seemsthereforeto beunrealisticin theNi-C state[12]. A hydrideion boundto nickel in thexy-plane

can,however, notbeexcluded.
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4.4 Conclusion

Thecalculationof magneticresonanceparametersfrom first principlesoffersa straightforwardrouteto

the comparisonof experimentalandtheoreticalvaluesfor transitionmetalcomplexes. The detourvia

atomicspinpopulationsis no longerrequired.

Theaccuracy of theZORA formalismto calculatethemagneticresonanceparametersof nickel con-

tainingmodelcomplexesbothin theNi(III) andNi(I) oxidationstateswasdemonstrated.Thehyperfine

tensorscanbecomputedrelatively accurately, whereastheagreementin g-tensorsis lessgood. Effects

of spin-orbitcouplingmaybelargefor boththecalculatedisotropicandthecalculatedanisotropicmetal

hyperfineinteractions.Theeffectson theligandhyperfineinteractionsarein generalmuchsmaller.

In thecaseof Ni(mnt) �� , thecalculationshelpedto resolve ambiguitiesin thechoiceof signsof the

8 1 Ni and �:� S nuclei. The unpairedelectronwasfound to residein the 5b��D orbital consistingmainly

of theNi 3d E� orbital andS 3p� orbitals. Thecovalentbondingleadsto a delocalizationof 64%of the

spinpopulationinto sulphurligandorbitals. This largeNi–S bondcovalency is animportantresultand

hasto be taken into considerationin the interpretationandanalysisof ENDOR datafrom the [NiFe]

hydrogenases.

In Ni(CO)� H, ahydrideion is boundaxially to ahybridNi 3d�!/ , 4p� orbital. Thelargehyperfinein-

teractionof thehydrogenrulesoutsuchabondingsituationfor theNi-C stateof the[NiFe] hydrogenase.

An in-planeboundhydridecan,however, notberuledout.

TheZORA formalism’s accuracy andcomputationalefficiency holdsgreatpromisefor theelucida-

tion andinterpretationof EPRandENDORdataof Ni complexesin biologicalsystemsandotheractive

centresin metalloenzymes.
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Chapter 5

The Electronic Structur eof the

ParamagneticStatesof [NiFe]

Hydr ogenase

5.1 Intr oduction

The active centreof the [NiFe] hydrogenaseconsistsof a heterobimetallicNi-Fe cluster. The Ni and

Featomsarebridgedby sulphuratomsof two cysteineaminoacids. In addition,therearetwo further

cysteinesasterminalligandsto theNi atom(seeFig. 5.1). D. gigasandD. vulgarisMiyazaki F [NiFe]

hydrogenasesdisplayidenticalEPRspectra[39]. The detailsof their active centres[27,28,171] with

regardto thenatureof thebridgingligandX andtheidentificationof thethreenon-proteinligandsto the

Featomarecontroverselydiscussed.Theelectrondensitypeakin theoxidizedstatesbetweenNi andFe

wastentatively assignedto anoxygenspeciesin D. gigas[27] andto asulphurspeciesD. vulgaris [28].

Recently, liberationof H � S uponreductionof D. vulgariswasreported[172] indicatingthepresenceof

a sulphurligand in this species.Furthermore,therearethreediatomic,non-proteinligandsterminally

boundto theFe. In thecaseof the [NiFe] hydrogenasefrom Allochromatiumvinosumthey have been

identifiedto be 1 CO and2 CN ligandsby FTIR spectroscopy [51] andchemicalanalysis[173]; and

by FTIR spectroscopy for D. gigas [27]. In D. vulgaris Miyazaki F two CO, andoneSO ligandwere

postulatedfrom X-ray crystallography[28].

Recently, a high resolutionX-ray structure(1.4 Å resolution)of the reducedenzymefrom D. vul-

garis Miyazaki F waspublished[174] in which removal of thebridgingligandin thereducedstatewas

reported.Therewereno significantchangesin thebondingparametersassociatedwith this reduction.
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DensityFunctionalTheory(DFT) calculationshavealreadybeenappliedto [NiFe] hydrogenasesby

Pavlov et al. [71] who have proposeda reactionmechanismfor thedissociationof molecularhydrogen

by [NiFe] hydrogenases.Theemphasisin this work wason theactivationof H � by theenzyme.TheFe

wasproposedto be thesiteof H � binding. In their work, theelectronicgroundstatewasnot correctly

calculated,makinga comparisonwith experimentaldatadifficult. In a subsequentpublication[72], the

initial reactionmechanismwas slightly revised. The first attemptto describethe redox statesof the

enzymewas recentlyaddressedby De Gioia et al. [74]. Theseauthorsobtainedthe correct(S=1/2)

groundstatebut the reportedspinpopulationswerenot in goodagreementwith experimentaldata(see

below). Later, Niu et al. [75] characterizedthe intermediatestatesof the [NiFe] hydrogenaseby their

CO stretchingfrequenciesbut no atomicspinpopulationswerereported.Amaraetal. suggestedatomic

compositionsfor the Ni-A and Ni-C paramagneticstatesbasedon QM/MM calculations[76]. The

obtainedspinpopulations,however, seemquestionabledueto largecontributionsfrom higherspinstates

(seebelow).

In thischapterDFT investigationsperformedonthedifferentparamagneticstatesof theactivecentre

(Ni-A, Ni-B, Ni-C) arereported.Severalcandidatesfor thebridgingligandaresuggestedandthediffer-

entparamagneticstatesaretracedbackmainly to modificationsof thisbridgingligand.Someaspectsof

thenon-proteinligandsat theFeatomarealsodiscussed.Theproposedatomicstructuresof theactive

centrein thedifferentparamagneticstatesarein agreementwith experimentalresultsderivedfrom EPR

andENDOR spectroscopy. This yields an understandingat the atomisticlevel of the Ni-A, Ni-B and

Ni-C states.Theobtaineddatafor thesestatesform thebasisfor establishinga reactionmechanismfor

theactivationof hydrogenby [NiFe] hydrogenases.

FeNi

S

Cys

S

S

S

Cys

Cys

Cys

CN

CO

CN

X

Figure5.1: Schematicpictureof theactivecentreof [NiFe] hydrogenasefrom D. gigas. Thediatomicligands

are1 CO and2 CN asshown [27], in D. vulgaris1 CO, 1 CN, and1 SOarepostulated[28]. Thebridging

ligandX is eitheranoxygen(D. gigas[27]) or a sulphurspecies(D. vulgaris [28]).
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5.2 Computational Details

The efficiently parallelizeddensityfunctionalcodeDGauss4.0[175] wasusedandrun on a Cray T3E

computerusingupto 128processors.Largeclustermodels(42atomsfor Ni-B, 41atomsfor Ni-A/Ni-C)

of theactive siteof [NiFe] hydrogenasewerecompletelygeometryoptimizedimposingno constraints

on thestructure.Dueto theabsenceof point groupsymmetryandtheopen-shellnatureof thespecies

consideredhere,typicalCPUusagetimesfor ageometryoptimizationwere50- 100h . Cysteineamino

acidswererepresentedby aS–CH� –CH� moietyleadingto arealisticdescriptionof theactivesiteof the

enzyme(seebelow). Smallerclustermodelsleadto erroneousresultsandareinsufficient to describethe

spindensitydistribution correctly. Two CN andoneCO ligandswerechosenasprostheticgroupsto the

Featombut also1 SO,1 CN, and1 CO ligandwerealternatively considered.

TheDFT-optimizedDZVP basissetof Godboutet al. [176] wasapplied.Theatomicbasissetwas

of the following contractionscheme:H 41, C 621/41/1,N 621/41/1,O 621/41/1,S 6321/521/1,Ni

63321/531/41,Fe63321/531/41.Theauxiliary basissetfor theexchange-correlation andcoulombpart

wasof thefollowing type: H 4, C 6/3/3,N 7/3/3,O 7/3/3,S 9/4/4,Ni 10/5/5,Fe10/5/5. This basisset

wassuccessfullyusedin thedescriptionof the electronicstructureof blue-copperproteins[177]. The

Becke exchangefunctionalandtheLee-Yang-Parr gradient-correctedcorrelationfunctionalswereused

(BLYP) [91,92]. TheBLYP functionalwasshown to yield structuralparameters(bondlengthsandvi-

brationalharmonicfrequencies)virtually identicalto thehybrid B3LYP functionalandto sophisticated

post-HFtechniquesin caseof neutralandpositively chargedtransitionmetalhydrides[178]. All struc-

turesreportedhereconvergedto doublet(S = 1/2) statesasexperimentallyobserved. Thedeviation of

theexpectationvalueof FHG �JI from thetheoreticalvalueof 0.75were K 0.008.

5.3 Resultsand Discussion

5.3.1 Structural Parametersfor The Oxidized States

Oneof theaimsof thecalculationswasto elucidatethenatureof thebridgingligandX betweentheNi

andFeatomsin theoxidizedstatesthatwaspostulatedto beanoxygen[27] or a sulphurspecies[28].

O� � , OH � , S� � andSH� weretestedasplausiblecandidatesfor this bridging ligandX. A protonation

of anoxygenor sulphurbridgewouldnotbedetectableby X-ray crystallography.

In Table5.1 datafrom the two X-ray structuresof the oxidizedenzymearecollected. In the D.

gigasX-ray structurerefinedto 2.5Å anelectrondensitypeakbetweentheNi andFeatomswasdiscov-

ered[27] andassignedto anoxygenicspecies.Thecrystalsconsistof enzymethat is predominantlyin
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the“unready“Ni-A state(85%Ni-A, 15%Ni-B) [171]. Thestructureof thehomologous[NiFe] hydro-

genasefrom D. vulgarisMiyazaki F [28] (1.8 Å resolution)differsfrom thatof D. gigas. TheNi L�L�L Fe

distanceis significantlyshorter(2.55Å) andso arenearlyall Ni–S andFe–Sbondlengths.A sulphur

speciesis postulatedto occupy thebridgingposition. In D. vulgaris [28] thediatomicligandsto theFe

atomaregivenas2 CO and1 SOligand.Theassignmentof SasbridgingligandandSOasterminalFe

ligandis basedonhighertemperaturefactorsandelectrondensitypeaksof theseatoms.It wasshown by

EPRthat theenzymeof D. vulgarisMiyazaki F wascrystallizedin the“ready” form Ni-B (70%Ni-B,

30%Ni-A) [179].

Table 5.1: Comparisonof selectedstructuralparametersfrom X-ray andBLYP/DZVP optimizedstructures

of theoxidizedactivecentreof [NiFe] hydrogenase.In thecalculations2 CN and1 CO ligandswerechosen

asdiatomicligandsto theFe.Bondlengthsin Å, bondangles( M ) in degrees.

Exp. Calc.

D. gigas D. vulgaris BridgingLigand

distances/angles [27] [28] X= O� � X= OH � X= S� � X= SH�
Ni L�L�L Fe 2.90 2.55 2.96 3.05 3.22 3.19

Ni L�L�L SCys533 2.62 2.37 2.49 2.51 2.50 2.48

Ni L�L�L SCys68 2.58 2.38 2.41 2.36 2.40 2.38

Ni L�L�L SCys530 2.27 2.33 2.40 2.31 2.39 2.32

Ni L�L�L SCys65 2.16 2.22 2.44 2.29 2.46 2.31

Ni L�L�L X 1.74 2.16 1.84 1.98 2.26 2.36

Fe L�L�L SCys533 2.20 2.37 2.61 2.47 2.56 2.48

Fe L�L�L SCys68 2.23 2.14 2.50 2.46 2.52 2.46

Fe L�L�L X 2.14 2.22 1.97 2.09 2.40 2.44N
Ni-X-Fe 96.5 71.0 102.1 96.8 87.3 83.5N
Ni-SCys533-Fe 73.6 64.1 71.0 75.5 79.1 82.5N
Ni-SCys68-Fe 73.9 66.2 74.1 78.3 81.8 80.1

Theerrorin theX-ray coordinatesis estimatedto be0.27Å at2.5Å [27] and0.2Å at 1.8Å [28] resolution.

Table5.1comparesselectedfeaturesof theBLYP/DZVPoptimizedstructureswith theX-ray data.1

1The offset in enumerationof amino acid residuesbetween[NiFe] hydrogenasesfrom D. gigasandD. vulgaris is +16

residuesbut in thefollowing only theD. gigasenumerationof aminoacidresidueswill beusedfor reasonsof consistency.
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In thecalculationstheNi L�L�L Fedistanceis largerwhenasulphuricspeciesoccupiesthebridgingposition

(3.22Å for S� � and2.96for O� � ). Thesameholdsfor aprotonatedbridgingligand(3.19Å for SH� and

3.05Å for OH � ). TheanglebetweenNi, thebridgingcysteinesCys533andCys68andtheFeis about

7-8O largerwith asulphuratom.TheNi L�L�L X andFe L�L�L X distancesreactmostdrasticallyuponsulphur

substitution.Thedistancesincreaseby asmuchas0.4Å whenasulphuris in thebridgingposition.The

increasein bondlengthbetweenthemetalandthebridgingatomis partly compensatedby adecreaseof

theNi–X–Febondanglefrom 102.1O (96.8O ) for O� � (OH � ) to 87.3O (83.5O ) for S� � (SH� ). Theoverall

increaseof theNi L�L�L Fedistanceis modestwith 0.26Å (O� � vs. S� � ). Themetal-cysteinebondlengths

arealmostindependentof the natureof the bridging ligand (seeTable5.1). Slightly larger valuesare

obtainedfor a doublynegatively chargedbridge(e.g. O� � andS� � ) thanfor singly negatively charged

bridges(OH � andSH� ). Theexcessnegative charge of thebridging ligandX leadsto a weakeningof

theNi–S andFe–Sbonds,i.e. anelongationof themetal–Sbonds.This indicatesachargetransferfrom

theNi–X (X = sulphuror oxygenspecies)towardsall coordinatingfour sulphuratomsof thecysteine

residues.

Theoptimizedgeometriesfor thefour differentbridgingligandsarecomparedwith theexperimental

geometricaldataobtainedfrom theX-ray structureanalysisin Table5.1. Thebestagreementbetweenthe

calculatedstructuresandthosefrom X-ray crystallographyis obtainedfor thestructureof D. gigas[27]

andanoxygenicspecies,O� � or OH � , occupying thepositionof thebridging ligand. Thedifferences

betweencalculatedbondlengthsandthosefrom X-ray coordinatesareatmost0.1-0.2Å andthuswithin

the rangeof error of the X-ray structurecoordinates.Bond anglesagreewithin 2-4O (seeTable5.1).

In particularthe Ni L�L�L X, FeL�L�L X, Ni L�L�L Fe bondlengthsandNi–SCys(bridging)–Febondanglesagree

favourablywith thedatafrom D. gigas. A discriminationbetweeneitheranOH � or anO� � bridgecan,

however, not bemadeon thebasisof structuralparametersalone.This canbederived from featuresof

theelectronicstructure(seebelow).

Accordingto thecalculationsa sulphurbridging ligandwould leadto Ni L�L�L Fe distancesof 3.22Å

(S� � ) and3.19 Å (SH� ) which doesnot agreewith the heavy atomdistanceof 2.55 Å in the crystal

structurefrom D. vulgaris [28] (seeTable5.1). Consideringa bondlengtherrorof 0.2 Å for theX-ray

structureat1.8Å resolution,thedeviation is clearlyoutsidetherangeof error. Thediscrepancy between

calculatedstructuralparametersandthosefrom theX-ray analysisis moststriking for parametersasso-

ciatedwith thesulphurbridgingligand(Ni L�L�L X, FeL�L�L X bondlengths,
N

Ni-X-Fe bondangle,seeTable

5.1). Ni–SCysandFe–SCysbondlengthsarewell reproduced,but thesearenearlyindependentof the

natureof thebridging ligand. Thedeviation betweencalculatedandmeasuredNi–Cys–Febondangles

is about15O .
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To conclude,BLYP/DZVP calculationsareableto describethe structuralparametersof the active

centreof [NiFe] hydrogenasefrom D. gigasquiteaccurately. Theclustermodelchosenin thecalculation

canthereforebeusedfor elucidationof theelectronicstructureof theactivecentreandacomparisonwith

experimentaldata.

5.3.2 Electronic Structure of the Oxidized States

The spin densitydistribution of a moleculeembeddedin a proteinenvironmentis obtainedfrom the

measuredandassignedhyperfinecouplingconstantswhich areavailablefrom EPRandENDORspec-

troscopy [66]. In particular, the isotropichyperfinecouplingconstantsaredirectly proportionalto the

spindensityat thenucleuswhereastheanisotropicpart is relatedto thespindensityin non-spherically

symmetricorbitals.

Theobservationof largehyperfinesplittingsin EPRspectrafrom 8 1 Ni (I=3/2) labelledhydrogenases

[45,59] theNi atomhasbeenrecognizedtobearthelargestpartof theunpairedspindensity. Furthermore,

EPRof �:� S substitutedhydrogenaseshowed thatonesulphuratomhasa large hyperfinesplitting [62].

This indicatesthatspindelocalizationoccurspredominantlyontoonesulphur, probablyfrom a cysteine

residueligated to the Ni atom. Experimentson P ? Fe enrichedhydrogenaseshowed virtually no line

broadeningin theEPRspectra. P ? Fe-ENDORexperimentsrevealeda smallhyperfineinteractionof �
1 MHz in Ni-A, whereasfor Ni-B andNi-C no couplingwasdetectable[61]. This indicatesthat theFe

remainsin a S= 0 (Fe(II) low spin)statein all paramagneticintermediatesof theenzyme.Thelow spin

stateof theiron wasalsoconfirmedby Mössbauerspectroscopy [180].

WhenNi-C is reoxidizedwith 1�? O� , a line broadeningis observed in samplesof Ni-B (increasein

line width of 0.0, 0.4, 0.7 mT for the QA� , QR and QS� components,respectively) andof Ni-A (increase

by 0.5, 0.5, 0.55mT at QA� , QA , QS� , respectively) [63]. This implies thatanoxygenspeciesbindsin the

vicinity of theNi atomandthata smallamountof unpairedspindensityis transferedto this oxygen.It

hasbeendiscussedthat this oxygenoccupiesthebridgingpositionbetweentheNi andFe [171]. This

cannotexplicitly excludethepossibility of a sulphuratomasa bridging ligand in a differentorganism

and/orspinstate.

Theexistenceof asulphurbridgingligandwassupportedby thereportedreleaseof H � S [172] upon

reductionof theD. vulgaris Miyazaki F enzymeandthesimultaneousremoval of the bridging ligand.

Thereare,atpresent,no furthermagneticresonancedatawhichmightsupportor contradictthishypoth-

esis.

A reliablemodelof theactive siteof oxidized[NiFe] hydrogenasemustbeableto reproduceall of

the above mentionedexperimentalfindings. This strict conditioncould not be fulfilled by any of the
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theoreticalstudiesso far [71,72,74–76]. Clearly, Ni andS mustbearthe largestpart of the unpaired

spindensitybecausethey aretheonly nuclei leadingto large hyperfinesplittingsin EPRandENDOR

spectra.Thespindensityat theFeatomcanonly beestimatedto bevery small.2

Table5.2givescalculatedatomicspinpopulationsfor thefour differentbridgingligandsinvestigated.

Thespinpopulationat thenickel atomis nearlyindependentof thebridgingligand(0.52for O� � , OH �
andSH� , 0.56in thecaseof S� � ) andis in agreementwith theexperimentalfinding of 8 1 Ni hyperfine

splitting. The insensitivity of the Ni spin densityto the type of bridging ligand (OH � or O� � ) is in

agreementwith theexperimentalfinding that theelectrondensityat theNi remainsunchangedbetween

Ni-A andNi-B [181].

The spin populationat the Fe atomis small andnegative. The negative sign may be dueto spin

polarizationeffectsof spindensityfrom thenickel via thebridgeto theFesite.Whenasinglynegatively

chargedbridge(OH � , SH� ) is presentthespinpopulationis only -0.002;it is abouta factorof tenlarger

(-0.02) whena doubly negatively charge bridge(O� � , S� � ) is present.This small spin populationis

in goodagreementwith the resultsfrom P ? Fe-ENDORstudies[61]. In Ni-B no P ? Fe-ENDOReffect

is observed, whereasNi-A givesa small but detectablehyperfineinteractionof � 1 MHz. Thus, it is

proposedthat Ni-B is associatedwith eitherOH � or SH� leadingto a vanishingspin densityat the

Fe site. Ni-A might possesseitheran O� � or S� � asbridging ligandwhich might give rise to a small

hyperfineinteraction.

Whengoingfrom asingly to adoublynegatively chargedbridgingligand,thespinpopulationat the

Cys533sulphuratomis reduced(from 0.34for OH � to 0.24for O� � andfrom 0.33for SH� to 0.28for

S� � , seeTable5.2). Sincenocompletehyperfinetensorsfor �:� G areavailablefor thetwo formsNi-A and

Ni-B, neighbouringT -CH� protonsof thecysteineaminoacidcanbeusedto probethemagnitudeof the

spindensityat thesulphuratomitself. Thereductionof atomicspindensityat thesulphurof Cys533is

in agreementwith thedecreaseof isotropichyperfinecouplingsby about2-3MHz of the T -CH� protons

of thatcysteineresidue[182]. In addition,thespindensityat theterminalcysteineCys530is reducedby

a factorof two (from 0.06in Ni-B to 0.03in Ni-A, seeTable5.2).

The atomic spin populationspresentedhere were used in the analysisof the deviation of the

anisotropichyperfinetensorsfrom axiality of thetwo T -CH� from Cys533in theNi-B state[169]. The

2Theatomicspinpopulationsareusuallyderivedfrom experimentallydeterminedhyperfinecouplingsby relatingthemto

thevaluesexpectedfor a free ion from Morton andPreston[159]. Thesituationis complicateddueto thefact thatthesignof

thehyperfinesplittingsis not known. Onethushasto make a plausiblechoiceof signsof thehyperfinesplitting anda priori

assumean atomicgroundstateanda specificorbital occupancy. The situationis hopelessfor heavy atomswherespin-orbit

couplingsignificantlycontributesto thehyperfineinteraction,i.e. Ni, FeandS.
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experimentallyobtainedanisotropichyperfinetensorscouldbeexplainedby acouplingof theprotonsto

theadjacentsulphuratomwith anatomicspinpopulationof � 0.3andto thecentralnickel atomwith �
0.5.

Table 5.2: BLYP/DZVP calculatedatomicspinpopulationsfor oxidized[NiFe] hydrogenase

DeGioia etal. Amaraetal.

Nucleus Ni-B [74] Ni-A [76]

X = O� � OH � S� � SH� empty O� �
(Ni) 0.52 0.52 0.56 0.52 0.43 1.17

(Fe) -0.02 -0.002 -0.02 -0.002 0.19 -0.12

(SU  V4 P �:� ) 0.24 0.34 0.28 0.33 0.006/-0.003W 0.19

(SU  V4 P � . ) 0.03 0.06 0.03 0.06 0.172/0.217W 0.07

(X) 0.18 0.003 0.08 0.02 / -0.48

�
No assignmentto aspecificcysteineis made.They areonly classifiedasbridgingor terminalcysteines.

Therecenttheoreticalwork by Pavlov et al. [71,72] hasfocusedon theactivationprocessof [NiFe]

hydrogenase.However, in their work theenzyme’s paramagneticstateswerenot accuratelydescribed,

i.e. structuralparametersandatomicspin populationsfor Ni-A or Ni-B werenot given. Thus, these

datacannotbe comparedwith the resultsin this chapter. De Gioia et al. [74] werethefirst to attempt

a descriptionof theparamagneticstatesof oxidized[NiFe] hydrogenase.Ni-A wasnot consideredbut

atomicspinpopulationsfor Ni-B weregiven. Their valuesareincludedin Table5.2. De Gioia et al. do

not placea bridging ligandbetweentheNi andFe atoms.Thespinpopulationat theNi (0.43) is only

slightly smallerthanthe resulthere(0.52). Thespinpopulationat theFe is, however, too large andin

cleardisagreementwith the P ? Fe-ENDORresults.

Calculationson a clustermodelwith an emptybridging position yield a spin densitydistribution

which is not in agreementwith themeasuredQ -tensororientationand 1 H-ENDOR results(seebelow).

In this bondingsituation,the sulphuratomsof the terminally boundcysteineaminoacids(Cys65and

530)would beara significantamountof unpairedspinpopulation(0.23and0.20,respectively). These

resultsalsodonot agreewith thefinding thatthespinis localizedalongtheNi–SCys533bond.Further-

more,thecalculatedNi L�L�L Fedistanceof 3.10Å is not in goodagreementwith theonefrom theX-ray

crystallographicanalysis(seeabove). Sucha modelcanthereforeberuledout for theoxidizedstatesof

[NiFe] hydrogenases.3

3BLYP calculationsalsorule out a watermoleculeasbridging ligand. ThecalculatedNi X�X�X Fe distanceis 3.25Å andthe
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Figure5.2summarizesthefindingsfor theNi-B state.Thefigure(top)displaysthecalculatedatomic

spinpopulationswhicharein goodagreementwith thedataderivedfromEPRandENDORspectroscopy.

The lower figureshows a contourplot of thespatialspindensitydistribution in Ni-B. Thespindensity

is orientedalongthe Ni–S(Cys533)bond,aswasalsofound in singlecrystalEPRstudies[179,183].

This alsoexplainsthe large isotropichyperfineinteractionsof T -CH� protonsof the cysteineCys533

observed in pulsed-ENDORinvestigationsof proteinsinglecrystals[184] andorientation-selectedcw-

ENDOR of frozensolutionof A. vinosum[169] in the Ni-B state. The calculatedisotropichyperfine

couplingconstantfor the two protons T -CH 1:@ � from the bridging cysteineCys533are10.1 and10.5

MHz, respectively, andcomparewell theexperimentalonesof 12.5MHz for theseprotons[169].

Figure5.3shows theunpairedspindensitydistribution at a contourvalueof 0.005e/a�. whenthere

is a Y -oxobridgebetweentheNi andFeatoms.This is amodelfor theNi-A state.Amaraetal. recently

alsosuggesteda Ni-A statewith a Y -oxo bridging ligand basedon the X-ray structureof the [NiFe]

hydrogenasefrom D. gigas[76] (seeTable5.2). Their B3LYP/ECPQM/MM calculationfor theNi-A

form sufferedfrom a majorspin-contamination( FZG �[I = 1.37vs. a theoreticalvalueof 0.75for a S=

1/2 state).Thegivenhigh spinpopulationat theNi of 1.17(seeTable5.2) thereforeseemsunrealistic.

The BLYP/DZVP calculationspresentedin this chapterdo not exhibit sucha high spin-contamination

(seeComputationalDetails). The resultsby Amaraet al. agreewith the datapresentedherethat the

unpairedspindensityin theNi-A form is primarily on theNi andSCys533atoms.Furthermore,Amara

et al. also found that the bridging ligand O� � in the Ni-A statemay acquirea significantamountof

spindensity. They reporta spinpopulationof -0.48for the Y -oxo bridgefor their S = 1/2 solutionwith

high spin contamination.This large valueseemsquestionable.The Y -oxo bridgein the BLYP/DZVP

calculationsexhibits a smallerspinpopulationof 0.18which appearsmorerealisticwhenexperimental

findingsareconsidered[63]. In thework by Amaraet al., themagnitudeof spinpopulationat theFeis

alsolarge(seeTable5.2).

5.3.3 Structural Parametersfor the ReducedEnzyme(Ni-C)

The recentX-ray structureanalysisof [NiFe] hydrogenasecrystallizedunderH � atmosphere[174] in-

dicateda vacantbridgingpositionbetweentheNi andFeatoms.In thecaseof theNi-C statetheplace

of the bridging ligand may be taken by a hydridespeciesandnot be detectableby X-ray crystallogra-

phy [34]. Thisassumptionwashereinvestigatedby furtherDFT BLYP/DZVPcalculations.

watermoleculeis only looselycoordinatedto the Ni (at a distanceof 3.23Å) andtheFe (at a distanceof 2.27Å). Thespin

populationsare(Ni) = 0.45,(Fe)= 0.02andnearlyequalon theterminalcysteines(SCys65)= 0.22and(SCys530)= 0.20.This

is not in agreementwith experimentalfindings.
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Figure 5.2: Top: BLYP/DZVP calculatedMullik enspin populationsfor the active centreof [NiFe] hydro-

genasein the Ni-B state. Bottom: BLYP/DZVP contourplot at 0.005e/a&3 of the unpairedspin density

distribution

Table5.3 comparesselectedstructuralparametersof the reducedenzymefrom theX-ray structure

[174]with thoseobtainedfrom DFTBLYP/DZVPcalculationswhereahydrideion bridgesNi andFeand

thepositionof the bridging ligand is vacant.The resultsfrom X-ray analysisof the reduced[NiFeSe]

hydrogenasefrom Desulfomicrobium baculatum[185] are also includedin Table 5.3. The [NiFeSe]

hydrogenasecontainsaselenocysteinein thepositionof theCys530in D. gigasandthebonddistanceto
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Figure5.3: BLYP/DZVPcalculatedspindensitydistributionin theNi-A stateatacontourvalueof 0.005e/a&3

this residueis elongatedbecauseof thelargervanderWaalsradiusof seleniumcomparedto sulphur. A

vacantpositionof thebridgingligandcanberuledoutsincetheNi L�L�L Fedistanceis too largeby 0.5Å in

thecalculations.

The calculatedstructuralparametersagreevery well with thosefrom the high-resolution(1.4 Å)

X-ray structureof D. vulgaris [174] andD. baculatum[185] whena hydrideion occupiesthebridging

position.Theagreementin bondlengthsandanglesis betterfor thereducedstatethanfor theoxidized

stateswhich is probablydueto thehigherresolutionof theX-ray analysisin thereducedenzyme.There

is lessheterogeneityin thereducedstate.Theoxidationstateof theactive Ni-Fe clusterin thereduced

crystals,however, couldnot bedeterminedyet. It thusremainsnot clearwhethertheparamagneticstate

Ni-C or thecompletelyreducedstateNi-R is presentin thecrystal.Whena furtherelectronis addedto

themodelfor theNi-C state,andadiamagnetic,closed-shellclusteris obtained,thestructuralparameters

do not changesignificantly(lessthan0.01Å in bonddistances).Thismaybeamodelfor theNi-R state

whichstructurallywouldbevery similar to theNi-C form.

TheNi L�L�L Fedistanceis 2.60Å in thecrystalstructureof thereduced[NiFe] hydrogenasefrom D.

vulgarisandhardlydiffersfrom thatin theoxidizedform (2.55Å). In contrast,thecalculationssuggest

that the heavy atom distanceshortensby approximately0.4-0.5Å upon replacementof the bridging

ligand (O or S) by a hydride ion (cf. Tables5.1 and5.3). One reasonfor this discrepancy between

experimentandcalculationmaybethattheoxidationstatefor which theX-ray structureof theoxidized
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Table 5.3: Comparisonof selectedstructuralparametersfrom X-ray andBLYP/DZVP optimizedstructures

of thereducedactivecentreof [NiFe] hydrogenase.Bondlengths(r) in Å, bondangles( M ) in degrees.

Exp. Calc.

D. vulgaris D. baculatumW
distances/angles [174] [185] X=H � empty

Ni L�L�L Fe 2.60 2.53 2.67 3.10

Ni–SCys533 2.45 2.62 2.43 2.23

Ni–SCys68 2.37 2.33 2.35 2.28

Ni–SCys530 2.21 2.46W 2.27 2.22

Ni–SCys65 2.30 2.25 2.31 2.24

Ni L�L�L X / / 1.69 /

Fe–SCys533 2.34 2.37 2.44 2.33

Fe–SCys68 2.29 2.29 2.39 2.36

Fe L�L�L X / / 1.73 /N
Ni-X-Fe / / 106.3 /N
Ni-SCys533-Fe 65.7 60.7 66.5 85.4N
Ni-SCys68-Fe 67.8 66.5 68.7 83.6

�
Notethatthe[NiFeSe]hydrogenasefrom Desulfomicrobiumbaculatumcontainsaselenocysteineat theposition

530.Thisexplainsthelargebondlengthto this residue.

form wassolvedpredominantlycorrespondsto adifferent,e.g.Ni-Si, species.

5.3.4 Electronic Structure of the ReducedEnzyme(Ni-C)

Thecalculatedspinpopulationsfor thesituationwhereeithera hydrideion occupiesthepositionof the

bridgingligandor it is emptyaregiven in Table5.4. For thereducedNi-C state,lessexperimentaldata

areavailablethanfor theoxidizedstates.Thehyperfinetensorsof 8 1 Ni or �:� S werenot fully obtained;

the absenceof a P ? Fe ENDOR effect [61], shows that the Fe is kept in its Fe(II) low spin state. The

calculationsshow that only 1\ of the unpairedspin resideson the Fe atom when the two metal are

Y -hydridobridgedand3% whenthebridgeis absent.Furthermore,thecalculationsshow that thespin

densitydistribution doesnot drasticallychangein Ni-C whena hydrideoccupiesthebridgingposition

(compareTables5.2 and5.4). The situationwherethe bridging position is emptyappearsunrealistic.
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Table 5.4: BLYP/DZVP calculatedatomicspinpopulationsfor reduced[NiFe] Hydrogenase

Nucleus De Gioiaet al. Pavlov ] etal. Amaraet al.

X=H � empty Ni-C [74] Ni-C [72] Ni-C [76]

(Ni) 0.51 0.41 0.53 1.39 0.90

(Fe) 0.01 0.03 0.08 0.14 0.03

(SU  V4 P �:� ) 0.29 0.05 0.14/0.14W 0.00 0.00

(SU  V4 P � . ) 0.10 0.20 0.001/0.19W 0.69 0.02

�
No assignmentto aspecificcysteineis made.They areonly classifiedasbridgingor terminalcysteines.^
Thecalculationsby Pavlov et al. weredoneon a S = 3/2 state.

It would be associatedwith a redistribution of spin densityfrom the bridging cysteineCys533in the

oxidizedstatesto the terminalcysteineCys530in the reducedstate(compareTables5.2 and5.4). In

addition,sucha bondingsituationcouldnotexplain thelarge,D � O-exchangeable1 H-ENDORcoupling

in theNi-C state[69,70].

Whena hydrideion bridgestheNi andFe atoms,the largestpart of the unpairedspindensitystill

residesalong the Ni–SCys533bondas also found in the oxidizedstates. Figure5.4 shows a plot of

theunpairedspin densityat a contourvalueof 0.005e/a�. . Thespinpopulationat thesulphuratomof

thebridgingcysteineCys533is slightly reducedfrom 0.34in Ni-B (X=OH � ) to 0.29in Ni-C (X=H � ).

The sulphuratomof the terminalcysteineCys530acquires10\ of the spin which may leadto small

additionalhyperfinesplittingsof the T -CH� protonsin ENDOR.

In X-ray absorptionspectroscopy (XAS) experimentsit wasfoundthattheelectrondensityat theNi

atomdoesonly slightly changebetweenNi-A/Ni-B/Ni-C [186]. In this work, it wasconcludedthat the

Ni atomwould not the redoxactive metal. This is in agreementwith the finding that the atomicspin

populationat theNi remainsnearlyconstant(Ni-A/B 0.52,Ni-C 0.51). Theconclusion[186] thatNi is

not theredoxactive metal,however, is notquitecorrect.

Resultsfor theproposedNi-C werealsoobtainedfrom earliercalculations[72,74,76] (Table5.4).

In the work by De Gioia et al. [74], the presenceof a Y -hydrido ligand leadsto a decreaseof atomic

spin populationat the Fe from 0.19 (no bridge in Ni-B) to 0.08 (Ni-C). Pavlov et al. also reported

an atomic spin populationat the Fe of 0.08 in Ni-C (bearingin mind their S= 3/2 groundstatethis

comescloseto theexperimentalvalue)[72]. Amaraetal. suggesteda Y -hydridobridgeandaprotonated
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Figure5.4: BLYP/DZVPcalculatedspindensitydistribution in Ni-C at a contourvalueof 0.005e/a&3 .
cysteineCys530[76]. Thisexplainsthevanishingspinpopulationonthesulphurnucleusof thatcysteine

aminoacid in their calculations(seeTable5.4). Their resultsalsoagreewith thefindingsherethat the

spin populationat theFe atomis small. In their work, however, thespin densityis almostexclusively

localizedat theNi nucleus.This cannotexplain the large hyperfinecouplingsof T -CH� protonsin the

Ni-C state[69,70] andthesimilar 8 1 Ni hyperfinecouplingsin theNi-B andNi-C states[45].

TheBLYP/DZVPcalculatedisotropic 1 H hyperfinesplittingsof the T -CH� protonsfrom Cys533are

8.0 and8.3 MHZ, respectively, which agreewell with theexperimentalvalues[69,70]. Thecalculated1 H isotropichyperfineinteractionfor aNi– Y -hydrido–Febridgeis -8.5MHz andin goodagreementwith

the experimentalvalueof -11 MHz for the solvent-exchangeableprotonin the Ni-C state[69]. It was

arguedthatthesignis negative dueto ahydridedirectlyboundto theNi atomin thenodalplaneof ad�!/
orbital. Theisotropichyperfinecouplingmayarisefrom a3d�!/`_ 3d�a/ �  E/ spinpolarization[69].

In themodelsuggestedfor theNi-C form, Ni is still in its formal Ni(III) oxidationstate.Possibly, a

reductiontakesplacein theligandspherefor which thebridgingligandis apotentialcandidate.

5.3.5 Influenceof the Small Ligands at the Ir on on the Electronic Structure

In D. vulgarisMiyazaki F thediatomicligandsto theFewereinitially assignedto two CO andoneSO

moleculein theX-ray structure[28]. Theseligands,however, cannotexplain theIR vibrationsdetected

above 2000cm� 1 which arecharacteristicfor CN stretchingvibrations. They werealsoobserved for



5.4SummaryandConclusion 75

D. vulgarissoat leastoneCN mustbepresent(Y. Higuchi, K. Bagley, personalcommunication).The

modelof theoxidizedD. vulgarisMiyazakiF enzymechosenhereincorporatesoneCO,oneCN andone

SOligandasprostheticgroupto theFe. Althougha sulphurspecieswaspostulatedin this enzyme[28]

to constitutethebridging liganda OH � insteadof SH� /Sbdc waschosen.Thespindensitydistribution

is ratherindependentof thenatureof thebridge.

Thecalculatedspindensitydistribution (Figure5.5) is remarkablydifferentfrom theD. gigasmodel.

TheterminalSOwithdraws spindensityfrom SCys533andleadsto aspinpopulationat theFeof -0.08.

In thiscase,atomicspinpopulationsare(Ni) = 0.44,(Fe)= -0.08,(SCys533)= 0.24,(SCys530)= 0.01,

(SO) = 0.16,(SO) = 0.11.Thecalculationscannotpositively ruleouta terminalSOligand. Its influence

on the spin densitydistribution, however, makes it an unlikely candidatefor a non-proteinligand in

[NiFe] hydrogenase.Theissueshouldeasilybeclarifiedby FTIR experiments.

D. gigasandD. vulgarishave verysimilarhyperfineinteractionsand Q -factors.If D. vulgariswould

haveSOinsteadof CN onewouldexpect,accordingto thecalculations,e 25% of thespinpopulationat

theSOligand,andareductionof thesameamountat theotherpositions(Ni, S).Furthermore,adeviation

of the Q -tensorprincipalvalueswould beexpected.Sincethis is not observed in theexperiments,a SO

ligand seemsto be unlikely – althoughit cannotbe completelyruled out becauseno direct hyperfine

coupling for �:� SO or S1�? O have beenmeasured( � � S1 8 O containsno magneticisotopeandshows no

hyperfinesplittings).

5.4 Summary and Conclusion

DFT calculationsof the heterobimetalliccentreof [NiFe] hydrogenasesyieldedstructuralparameters,

atomicspin populationsandspin densitydistributionsthat arein goodagreementwith theexisting re-

latedexperimentaldatafor theparamagneticstatesNi-A/Ni-B/Ni-C. Thedifferencesbetweenthepara-

magneticstatescanbeprimarily attributedto amodificationof thebridgingligand.

With regard to the so far unassignedbridging ligand X, a OH � ligand in the caseof Ni-B anda

O� � in the caseof Ni-A seemto be plausible. Ni-B would be describedasa Ni(III)- Y OH-Fe(II) and

Ni-A asa Ni(III)- Y O-Fe(II) system.A bulkier sulphurSH or S� � speciesareunlikely sincethey would

leadto a significantelongationof theNi L�L�L Fedistances.Thecalculatedspindensitydistribution is in

agreementwith theexperimentallydeterminedQ -tensororientationin theNi-A andNi-B forms.A vacant

bridgingpositionwould leadto a spindensitydistribution which is not in agreementwith experimental

findings.Whenthebridgeis occupiedby anOH � ligand,thecalculatedisotropichyperfinecouplingsof

the T -CH� protonsof cysteineCys533agreewell with availableexperimentaldata.
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Figure5.5: Top: BLYP/DZVP calculatedMullik enspinpopulationsfor theactivecentreof [NiFe] hydroge-

nasefrom D. vulgaris(1 CO,1 CN, 1 SOligand)in theNi-B state(OH f bridgingligand).

Bottom: BLYP/DZVPcontourplot at 0.005e/a&3 of theunpairedspindensitydistribution in theNi-B state.

Thereplacementof thebridgingligandin theoxidizedstates(O� � andOH � ) by ahydrideion in the

reducedNi-C stateleadsto adecreaseof theNi L�L�L Fedistanceby 0.4Å. TheFe(II) is keptin its low spin

statein all intermediates.The calculatedisotropichyperfineinteractionfor the hydrideion is in good

agreementwith therespective experimentalvalue.

As to thenatureof the non-proteindiatomicligandsof the Fe atom,theproposed2 CN and1 CO

ligandsappearmostrealistic. A terminalSO ligandwould act asa sink of spin densityandleadto Q -
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valuesandspindensitydistribution which is not in agreementwith experimentalfindings.Thedetection

of H � S uponreductionof thehydrogenasefrom D. vulgarisMiyazaki F [172] maystill originatefrom

a degradationproductof thecysteineaminoacidswhich coordinatetheactive centreor oneof theFe-S

clusters.

Whena possiblemechanismis discussed,experimentalfindingsmustbe taken into account. It is

known thatbridging ligand is liberateduponreductionandmight possiblytake up theprotonfrom the

heterolyticdissociationof H � . ThedifferencebetweenNi-A andNi-B (O� � vs. OH � bridging ligand)

might reflecttheir differentkineticsuponreductive activation. An OH � would beeasierto activateand

liberatethananO� � ligand.

Now that an understandingof the atomiccompositionof the active centrein the Ni-A, Ni-B and

Ni-C statesevolves,thefirstprinciplescalculationof magneticresonanceparametersfrom aKohn-Sham

wavefunctionandthecomparisonwith experimentaldatais required.
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Chapter 6

ENDOR Crystallography of the Oxidized

States

6.1 Intr oduction

The ‘as-isolated’,oxidized[NiFe] hydrogenaseis a mixture of two paramagneticstatesNi-A andNi-

B. Fromthesimilaritiesof the Q -valuesof Ni-A (2.32,2.24,2.01)andNi-B (2.33,2.16. 2.01)a drastic

changein theelectronicstructurein theNi-A statecomparedto Ni-B canberuledout. Thetwo,however,

differ in their ratesof activation. Ni-B (or ‘ready’) is reducedwithin minutesunderanH � atmosphere

while Ni-A (or ‘unready’)requiresincubationfor severalhours.

Details of the structureof the active centreof [NiFe] hydrogenasehave beenrevealedby X-ray

structureanalysisof proteinsinglecrystals[28,32,36]. Figure6.1displaystheactivecentreof the[NiFe]

hydrogenasefrom Desulfovibrio vulgaris Miyazaki F. The Ni atom is coordinatedby four cysteinyl

sulphuratoms(Cys80,84,546,and549),two of which(Cys84andCys549)form abridgeto theFeatom.

In addition,threeelectrondensitypeaksin thevicinity of theFewereobserved.They wereidentifiedby

FTIR measurementsto be2 CN � andoneCOligandin D. gigasandA.vinosum[27,51]. An unidentified

electrondensitypeak‘X’ betweentheNi andFeatomsof theactivecentrewastentatively assignedto an

oxygenicspeciesin D. gigasandto asulphuratomin D. vulgaris. In thehydrogenasefrom D. vulgaris,

thediatomicligandsof theFehave beenmodeledas1 CO,1 CN � or CO andoneSOligands(dueto a

largerelectrondensity)[28]. Thesymmetryof the ligandsphereof theNi is closeto square-pyramidal

andthatof theFeis closeto octahedral.

The coordinationof the active centrein the two oxidizedstatesis similar (the crystallized[NiFe]

hydrogenasefrom D. gigas is predominantlyin the Ni-A state[27], that of D. vulgaris Miyazaki F in

79
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Figure6.1: Detailsof theactivecentreof the[NiFe] hydrogenasefrom D. vulgarisMiyazakiF [28].

the Ni-B state[28]). One differencebetweenthe two forms may lie in their protonenvironment- a

modificationof whichwouldnotbedetectableby X-ray crystallography.

In hydrogenasesandother transition-metalcontainingenzymes,the large EPRlinewidth prevents

thedetectionof protonhyperfinesplittings. ThusElectronNuclearDoubleResonance(ENDOR)spec-

troscopy mustbeusedto obtainfurther informationaboutthe interactionof theunpairedelectronwith

nuclearspins,In frozensolution, the determinationof completehyperfinecoupling tensorsA is pos-

sible by steppingthe magneticfield over the rangeof EPR absorption,i.e. taking advantageof the

orientationaldependenceof the moleculeswith respectto the magneticfield [187–189]. The analysis

of orientation-selected ENDOR spectrain frozensolutionis difficult andsometimesit is not possible

to follow hyperfineinteractionsover thecompleteEPRenvelope.Recently, anorientation-selected EN-

DOR studyof theNi-B stateof the [NiFe] hydrogenasefrom A. vinosumhasbeenpublishedandthree

hyperfinetensorswerereported[169]. EarlierENDORinvestigationsof theactive siteof [NiFe] hydro-

genaseshave beenlimited to oneor a few field positionsonly andwereprimarily concernedwith the

Ni-C state[69,70]. No hyperfinetensorsweregivenandno spatialassignmentto protonsin theactive

centrewasdonesinceno informationabouttheligandenvironmentwasavailableat thattime.

A challengingalternative to theinvestigationof proteinsin frozensolution(powder) is theEPRand

ENDOR studyof proteinsinglecrystal if theseareavailable. The Q - andhyperfinetensormagnitudes

and orientationscan independentlybe obtained. EPR investigationsof singlecrystalsof D. vulgaris

Miyazaki F hydrogenase[179,190] have recentlyrevealedtheorientationof theprincipal Q -tensoraxes
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in thecrystalfor Ni-A andNi-B. It wasshown that thestructureof theactive site remainedunaffected

by freezingtheproteinsinglecrystalandthe orientationof the Q -tensorpersisted[190]. TheENDOR

investigationof proteinsinglecrystalsof the [NiFe] hydrogenasewill reveal isotropic,anisotropichy-

perfinecontributionsandspatial informationaboutthe unpairedspin densitydistribution in the ligand

environmentof theactive centre.Both continuouswave (cw) andpulsed-ENDORcan,in principle,be

used.

Pulsed-ENDORhasthe advantageof beingessentiallyfree from the restrictionsof balancingre-

laxationandinducedtransitionrates[83,191]. To thebestknowledge,thereis only oneapplicationof

pulsed-ENDORspectroscopy to proteinsinglecrystalsin theliteraturesofar [192].

Of the two commonpulsesequencesof pulsed-ENDOR(Mims- [193] andDavies-ENDOR[194]),

Davies-ENDORprovides a ”blind-spot”-freedeterminationof nuclearspin-electronspin interactions.

Doanet al. [195] showed thatMims-ENDORis mostusefulfor observingnucleiwith hyperfineinter-

actionssmallerthan5 MHz while Davies-ENDORis moresensitive to largercouplings.In thecatalytic

cyclechangesin theprotonenvironmentof [NiFe] hydrogenasesareexpectedto beassociatedwith large

hyperfineinteractionssincethe Ni atomis believed to be the catalyticallyactive transitionmetaland

eitherbind the substrate(H � ) or oneof its dissociationproducts.A large hyperfineinteractionwith a

hydrogenspeciesis detectedin the Ni-C state(approx. 20 MHz [70]). Thus Davies-ENDORis the

methodof choiceto investigate[NiFe] hydrogenases.Here,resultsof pulsed-ENDORspectroscopy of

singlecrystalsof theoxidizedenzymein the‘ready’ Ni-B and‘unready’Ni-A statesarepresented.The

enzymeis characterizedprior to catalyticactivity andsubsequentcomparative investigationson there-

ducedform may reveal changesin the protonenvironmentandcontribute to the understandingof the

reactionmechanismof theenzyme.Sinceprotonsareusuallynot detectablein theX-ray structuresof

proteins,the detectionof the positionof protonsin the active centregives informationwhich arenot

accessibleby X-ray crystallography.

First principles,in particularDensityFunctionalTheory(DFT), calculationscanprovide additional

insight into theelectronicstructureof transitionmetalcomplexes[90,101]. Evidenceis herepresented

that the groundstateof the unpairedspin distribution in the active centreof [NiFe] hydrogenasein

theoxidizedstatescanbedescribedasa Ni 3d�!/ orbital overlappingwith a sulphurpg orbital to yield a

delocalizedS= 1� state.A naturalbondorbital(NBO) analysisyieldsmutuallyorthogonalatomicorbitals

whicharefamiliar to achemist’s pointof view. Theresultingnaturalatomicorbitals(NAOs)recover the

pictureof a Lewis (valencebond)structureconcept. The isotropicandanisotropichyperfinetensors

canbeobtaineddirectly from a DFT (Kohn-Sham)wavefunction.Theisotropichyperfineinteractionis

relatedto thevalueof thewavefunctionat thenucleus,theanisotropichyperfineinteractionis obtained
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by integratingover thespatialdistribution of thespindensity. This is thefirst applicationto systemsas

complex astheactive centreof a transitionmetalenzymeandsupportstheassignmentof experimental

protonhyperfinetensorsin theNi-A andNi-B oxidationstates.

6.2 Materials and Methods

6.2.1 Protein Purification and Crystal Mounting

Themembrane-boundhydrogenasefrom D. vulgarisMiyazaki F wasisolatedandpurifiedaccordingto

thepublishedprocedure[37]. By meansof vapourdiffusion,orthorhombicsinglecrystalsbelongingto

spacegroupP21 21 21 with four sitesin theunit cell couldbeobtainedwhich diffractedto morethan2.5

Å. Recently, anX-ray structureat 1.8 Å resolutionwaspublishedandrevealeddetailsof theactive site

andits proteinenvironment[28]. Proteinsinglecrystalsof theapproximatedimensions1 mm h 0.5mm

h 0.5mmweretransferedto aWilmad K 4 mmo.d.quartzEPRtubein asealedquartzcontainer[196].

Carewastakento avoid anorientationalongoneof thecrystalaxes.

6.2.2 Computational Details

Geometryoptimizationswere performedwith DGauss4.0[175] on a Cray T3E supercomputerusing

up to 128 processors.The DFT-optimizedDZVP basissetof Godboutet al. [176] wasapplied. This

basissetwasalreadysuccessfullyappliedto the descriptionof the electronicstructureof blue-copper

proteins[177]. The Becke exchangefunctional and the Lee-Yang-Parr gradient-correctedcorrelation

functionalswereused(BLYP) [92]. TherecentlydevelopedHCTH functional[94] (alsoa ‘pure’, non-

hybrid functional)wasshown to yield improved energeticsfor reactionbarriersandsignificantly im-

provedgeometriesfor transitionmetalcompoundscomparedto theBLYP functional.TheHCTH func-

tional wasalsousedto validatethe sensitivity of the resultswith respectto the optimizedstructures.

Startingfrom the X-ray structure,42 and41 atomclustermodels(Ni-B andNi-A, respectively) were

completelygeometryoptimizedimposingno constraintson the structure.Cysteinyl aminoacidswere

representedby ethanethiolate(-S-CH� -CH� ) groups.At theBLYP/DZVP andHCTH/DZVP geometry,

propertyanalysesweredonewith Becke’s threeparameterhybrid functional (B3LYP [95,96]) in the

GAUSSIAN94 [165] suite of programs. A sufficiently large Pople-typebasisset with addeddiffuse

and two setsof polarizationfunctions(6-311*G(2d,2p))was used. Essentially, it is a Wachters-Hay

all-electronbasissetfor first row transitionmetals[197,198] usingthescalingfactorsof Raghavachari

andTrucks[199] anda McLean-Chandler[200,201] basissetfor secondrow atoms.Thepolarization
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functionsarefrom [202]. This basissetwasshown to yield accuratehyperfineparameters.Reviews of

thecalculationof hyperfinecouplingparametersfrom DFT aregivenin [122–124]. TheisotropicFermi

contacthyperfineinteractionis relatedto theunpairedspindensityat thecorrespondingnucleusby [78]

i ,54�6Rjlknmpo qsrt QSu2TCu:QsvwTxvzy�{|�a} � 1 0 4 j�~�v�m (6.1)

in which T%u is the Bohr magneton,T%v the nuclearmagneton,QAu the free electronQ -valueand QSv the

nuclearQ -valueand y�{��a} is theexpectationvalueof the " -componentof thetotalelectronspin.Thespin

densityat thenucleus0 4 j�~ v m canbeexpressedas

0 4 j�~�v�m�o�� � @ ���
� ���� @ � y�� ��� � j�~Rv�m � �%�s} (6.2)

where~�v is thepositionof thenucleus,� � ���
� @ � is thespindensitymatrix. Theformulafor theanisotropic

(dipolar)componentis derivedfrom theclassicalexpressionof two interactingdipoles[123]

� ,���jlk�mpo��b QAu2TCu:Qsv�Txv�y�{|�a} � 1 � � @ � �
� ���� @ � y�� �|� ~ �CP� v j�~ �� v � ,�@ ��c t ~Rvp@ ,l~�v�@ �am � �%�s} (6.3)

where ~ � v o�~�c�~�v . The integrationwasperformedfollowing [122,123]. The thusobtainedhyper-

fine parametersarenon-relativistic andof first-orderonly andmayonly be appliedto ligandhyperfine

interactionswheresecond-ordereffectsareexpectedto besmall. A naturalbondorbital (NBO) analy-

sis [203,204] wasperformedto derive atomicspinpopulationswhich arelesssensitive to thechoiceof

thebasissetthanMullik enatomicspinpopulations.Thetransformationfrom themolecularbasissetto

theminimalatomicbasisis doneby a occupancy-weightedsymmetricorthogonalization.Theresulting

naturalatomicorbitals(NAOs)recover thepictureof a familiar Lewis (valencebond)structureconcept.

Theoccupationnumbersof coreorbitalsis closeto two, thatof non-participatingorbitalscloseto zero

while bondingorbitalshave anoccupationnumbercloseto unity. Theelectronicgroundstatewasalso

derivedfrom aNAO analysis.

6.2.3 EPR and ENDOR Setup

All experimentswereperformedon a Bruker ESP380 E FT-EPRspectrometer[205] equippedwith a

dielectricring cavity (ESP380-1052DLQ-H) andanOxford cryostat(heliumgasflow system).

Oneof theadvantagesof pulsed-ENDORcomparedwith cw-ENDORis the fact that the lengthof

the pulsesequencecan be shorterthan relaxationeffects in the sample. Also, the ENDOR effect of

pulsedexperimentsis muchhigherthanthatof continuouswavestudies.In Davies-ENDORthefirst softr
pulse(preparation)burnsa holewith a width of � 1 oZ  u!¡�1 in the inhomogeneouslybroadenedEPR
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Figure6.2: Davies-ENDOR.

line. Thepopulationof electronicsublevelsis invertedwith respectto aninitial equilibriumstate.When

the(mixing) radiofrequency (RF)pulseis in resonancewith oneof theNMR transitions,thepopulation

changeof theelectroniclevelsis detectedasanincreaseof theechoamplitude.Davies-ENDORsignals

in the frequency range �p1 aroundthe free nuclearLarmor frequency aresuppressed.Mims-ENDOR

provides highersensitivity for small hyperfineinteractionswhich arecentredaroundthe free nuclear

frequency but suffersfrom thedrawbackof containing”blind-spots”for certainpulsedistances¦ . Mims

thuscanbe consideredascomplementaryto Davies type ENDOR. In the Davies-ENDORexperiment

theseparationbetweenfirst andsecondmicrowave pulseswas12 Y s, thewidth of thefirst
r

-pulsewas

112ns(seeFigure6.2). Themixing radio frequency pulsewasappliedfor 8 Y s coveringa rangefrom

0.5-25.5MHz. Theechowasdetectedaftera traditionalHahn-echosequence(
r¨§ b — r

pulses).

6.2.4 EPR Data Analysis

Theanalysisof EPRspectraof singlecrystalsof the[NiFe] hydrogenaseof D. vulgaris MiyazakiF has

alreadybeendescribedelsewhere[179,183,196].

Thetransformationmatricesbetweenthethreeaxessystems©
thelaboratoryaxessystem( �Aª b ª t )«
thecrystalaxessystem( i ª!¬aª
­ ) with crystallographicaxes i ª!¬�ª
­®

theintrinsic coordinatesystem( # ª $ ª " ) in which Q and Q � tensorsarediagonalizedto yield their prin-

cipal values
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have to be determined(seeFigure6.3). ¯ is the rotationmatrix betweenthe intrinsic coordinateaxes

system
®

andthecrystalaxessystem
«

. Thecolumnsof ¯ thenarethedirectioncosinesof the Q -tensor

axes # ª $ ª " with respectto thecrystalaxes i ª!¬�ª
­ . Thefour sitesin theunit cell of spacegroupsymme-

try P21 21 21 arerelatedby symmetryoperations°²± (correspondingto 180O rotationsaroundthecrystal

axes).

TherelationbetweenthediagonalQ � -tensorof onesite ³S´¶µ andthoseof thefour sitesperunit cell

is then ·
´ µ o¸°¹±�LB¯ºL ³ ´ µ La¯ � ³ LB° � ³± ª » o¸¼ ªB�Aª b ª t (6.4)

With ½ beingthe transformationmatrix betweencrystalandlaboratoryaxessystemsand ¾�jl¿ ª �|m the

unit vectoralongthemagneticfield À�Á the Q -valuesof thefour sitescanbecalculatedaccordingto

QA,:jl¿ ª �xmÂoÃjl¾ÄLa½ÅL
·
´ µ± LR½ � ³ LB¾ÂmSÆÇ (6.5)

or, explicitly,

Q , jl¿ ª �xmÂoÃjl¾ÄLa½ÅLB°²±CLB¯ÈL ³ ´ µ± LB¯ � ³ ° � ³± LR½ � ³ LB¾ÂmSÆÇ (6.6)

6.2.5 ENDOR Data Analysis

Thetotalhyperfinetensoris accessiblefrom ENDORsinglecrystalstudies.If theg-tensoris assumedto

beisotropic,thespinHamiltoniancanbewrittenas

É oHQÊT¨ÀËLSÌ¶cÍ� , QAÎ�,lT�ÎR,lÀËL ® ±�ÏÑÐ�� , Ì¹L�Ò²±�L
® ± (6.7)
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where
� , is the hyperfinecoupling tensorfor the » th nucleus. In the high field approximation(elec-

tronZeeman(
ÉÔÓ¨Õ

) Ö nuclearZeeman(
É v Õ ), hyperfineinteraction(

ÉÔ×ÙØ
)) theorientation-dependent

hyperfinesplitting is observedin theprincipalaxissystem# ª $ ª " of thehyperfinetensorÒ
� � 6 ] 4 � oÚj � ����SÛ �� Ï � � ! �Û � Ï � ��
�VÛ �� m 1�Ü��AÝ (6.8)

Here,
� ,�, are the principal valuesof the hyperfinetensorand the Û , are the direction cosinesof the

orientationof thehyperfinetensoraxeswith respectto thecrystallographicaxes.Theenergy expression

for ENDORtransitionswith selectionrules +ßÞ�àÔo¸¼ and +ßÞÍáâo � reads[206]

+ßãäoZå�Þ �à j ® LaÒÈL�ÒÈL ® m�ÏÍ  � ¡ �. cæbSÞ à   ¡ . j ® LRÒçL ® m!è 1�Ü�� (6.9)

SinceENDORtransitionsareusuallygivenin frequency unitsoneobtains

é � o é �v Ï Þ �àÐ � j ® L�ÒÈLaÒ�L ® mêc bSÞ�à é vÐ j ® LaÒ�L ® m (6.10)

where

Ð é v¸oH  ¡ . Ý (6.11)

Whenrestrictingto the {æo 1� case,thetwo ENDORfrequenciesare

é �ë o é �v Ï �q Ð � j ® L�ÒÈL�ÒÈL ® m�ì é vÐ j ® LaÒÈL ® m (6.12)

with theuppersignreferringto Þ à oÚÏ 1� andlower signsto the Þ à o�c 1� transitions.Thespectrum

is no longersymmetricwith respectto the free nuclearfrequency é v sincethe vectorof the applied

magneticfield B
.

andthe hyperfinefield A arenot collinear. The expressionreducesto a symmetric

splittingonly if thehyperfinecouplingA is purelyisotropic,or if themagneticfield liesalongaprincipal

directionof A. The elementsof A canbe directly determinedfrom a fit of both transitionsé � and é �
(hereshown for aspecialorientationin thexy planewith anangle ¿ to themagneticfield axis)[206]

Ðb é v j é �� c é �� mpo � ���îíVïsð � ¿âÏ �  2 ñð
òôó � ¿âÏõb � �� êð
ò5ó ¿ íVïsð ¿ Ý (6.13)

This approachstill impliesanisotropic Q -tensorbut wasalreadysuccessfullyappliedto fit theENDOR

transitionsin   -irradiatedartificial Fe-Sclusters[207]. In [NiFe] hydrogenases,the anisotropy of the

Q -tensorin Ni-B ( Q �A@  a@ � = 2.31,2.16,2.01)is still modestwith ö 7% aroundQ W � , i.e. ( Q � cæQ � )/ Q W � . In

analogyto Equation6.5 the following approachwasappliedto fit theENDORspectraof all four sites

simultaneously

� , jl¿ ª �|m 1�Ü�� oÚjl¾ÄL�½÷La°²±øLa¯�L ³ Ò²±øLB¯ � ³ ° � ³± La½ � ³ La¾Âm ª » où¼ ªB�Aª b ª t (6.14)
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The tensoris thendiagonalized,andtheprincipalvaluesof Ò²± aredeterminedin its principalaxes

system. The experimentsonly give the squareof the elementsof the hyperfinecoupling tensor, the

absolutesignsof thehyperfinecouplingconstantsthereforecannotbededuced.

ThetotalhyperfinecouplingtensorÒ is composedof isotropicandanisotropic(dipolar)components

Òú,¨o iÊûýü�þ � ÿ Ï Ò ��� ûýü�þ, (6.15)

where � ÿ is theunity matrix. Theisotropicpartis givenby

i�ûýü�þ o �t ��� Òß,�,¨o �t j � ����Ï �  2 �Ï � �
�am Ý
(6.16)

Theanisotropiccontributionsareobtainedfrom

Ò ��� ûýü�þ,�, oùÒú,�,xc i�ûýü�þ ��ÿ�ª » o # ª $ ª " (6.17)

6.3 Results

6.3.1 cw-EPR

Initially, rotation angle-dependentcw-EPRspectra(in stepsof 5 deg) were recordedat T = 80 K in

order to determinethe quality of the single crystal and its orientationin the laboratoryaxes system.

The orientationof the Q -tensorin the crystalaxessystemwasalreadydeterminedbeforeandchecked

again[179,183]. Below T = 77 K theNi EPRsignalis superimposedby an intensesignalat Q = 2.02

from a [3Fe-4S]cluster[39,208]. This preventedENDORmeasurementsof someEPRsignalsbelow Q
� 2.03. Figure6.4shows theangulardependenceof theEPRsignalswith anarbitraryrotationangle ¿
in stepsof 5 degrees.

The ratio of Ni-B to Ni-A is approximately70 \ to 30 \ as determinedfrom dissolved single

crystals[179,196]. For thespacegroup � b 1 b 1 b 1 therearefour sitesof theproteinmoleculein theunit

cell. Dependingon the orientationof the crystalwith respectto the magneticfield À�Á oneexpectsa

varying numberof EPRtransitions.In an arbitraryorientation,four EPRsignalscorrespondingto the

four sitesperunit cell areto beseen.If themagneticfield is alongonecrystalplane,two EPRsignalsare

expected(thetwo arepairwisedegenerate).In thespecialcasewhenthemagneticfield is exactly along

oneof thecrystalaxes,only oneEPRtransitioncanbeobserved(all four sitesaredegenerate).

In theangular-dependent EPRspectra(Figure6.4) betweenthreeandsevenlinesareobservedwhich

correspondto thepresenceof two paramagneticspecies(Ni-A andNi-B) in thecrystal.TheEPRspectra

of both forms show the periodicity of 180O which is expectedfrom the spacegroupsymmetryof the
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Figure 6.4: Angular-Dependenceof theEPRline positionsof proteinsinglecrystalsof the[NiFe] hydroge-

nasefrom D. vulgarisMiyazaki F. Parameters:T = 80K, microwave frequency 9.728GHz,field modulation

100kHz, modulationamplitude0.5mT, microwavepower0.4mW.

crystal.Initially, themoreintenseEPRsignalswerefitted. They wereshown to originatefrom theNi-B

form. Next, theweakerEPRsignals(from Ni-A) wereanalyzed.For eachform, all four siteswerefitted

simultaneously, taking into accountthe symmetryoperationsbetweeneachsite. EPRis usedhereto

distinguishbetweenthe Ni-A andNi-B forms in the singlecrystalandassignsitesI-IV to eachform.

Detailsof the assignmentof specificsitesandthe discussionof the Q -tensororientationcanbe found

in [190,209] andarenot repeatedhere. The mostplausibleassignmentof the Q -tensorprincipal axes

systemto themolecularstructureis suchthatthe QA� -axisin bothformsNi-A andNi-B is orientedalong

theNi–S(Cys549)bond(deviation 6O in Ni-A and11O in Ni-B) andthat Q � - and Q  -axesarerotatedby
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3O . Thegroundstatefor bothformswasdeterminedto be � �!/ basedon a ligandfield analysis[66,196]

with anorientationof thespecial" -axisalongtheNi–SCys549bond.

6.3.2 Pulsed-EPR

Pulsed-EPRspectroscopy (T = 10K) with thesamepulselengthslaterusedin theENDORexperiments

(56nsand112nsfor
r

/2- and
r

-pulses,respectively) wasapplied(seeFigure6.5, top). Theorientation

of the crystal in the EPRtubewasreconfirmedandit wasensuredthat site separationandNi-A/Ni-B

separationwasstill achieved underthe chosenconditions. It waspossibleto show that the excitation

 = 120 degreesΘ 

Rotation Angle

297� 307	 317
 327�
B [mT]�

Ni−B

2x Ni−B


Ni−B

Ni−A

Ni−A

Ni−A Ni−A
4th site
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2nd site
1st site�

4th site

1st site�
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Figure 6.5: Pulsed-EPRof the singlecrystalof the [NiFe] hydrogenasefrom D. vulgarisMiyazaki F. Top:

pulsesequenceandpulselengths;bottom: pulsed-EPRspectrumat therotationangleof � = 120 � . (centre

field at312mT, sweep-width30mT, T = 10K) Arrowsindicatethecontributionof eachparamagneticspecies

(Ni-A andNi-B) to theEPRsignal. Theenumerationof eachsite in theunit cell (1-4) is arbitraryandused

only in orderto differentiatetheir individualcontributionsto thepulsed-EPRandsubsequentpulsed-ENDOR

spectraat thechosenfield value.

bandwidth(8.9 MHz) is small enoughto ensuresite separation.Inhomogeneousline broadeningdid

notaffect thesiteseparationandseparationof Ni-A/Ni-B species.Angular-dependentpulsed-EPR(field

sweptecho)of theparamagneticspeciesin thecrystalwererecordedat T = 10 K in stepsof 10 degrees
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prior to ENDORexperiments(completedatasetnot shown). Thefield positionof eachEPRresonance

transitionwas measuredand chosenfor a subsequentDavies pulsed-ENDORexperiment. Only one

typicalexampleis shown here.

Figure6.5 (bottom)shows thepulsed-EPRspectrumthatwasrecordedat anrotationangleof 120O
(seeFigure 6.4). The assignmentof the Ni-A andNi-B forms and the four sitesin the unit cell for

eachspeciesto thepulsed-EPRsignalswasdoneon thebasisof thesinglecrystalcw-EPRspectra.The

analysisof the Q -tensormagnitudesandorientationsalloweda distinctionbetweenthedifferentspecies

andsites.TheEPRsignalat 310mT correspondsto onesite(labelled4th site)of Ni-B only (seeFigure

6.5). Thus,anENDORspectrumrecordedat this rotationangleandthisfield valueis expectedto exhibit

featuresof onesiteof Ni-B only. Thepulsed-EPRspectrumat 314mT is a superpositionof two sites

from theNi-B species(site2 and3) andonesitefrom theNi-A form (site1). In anENDORexperiment,

onewould thusexpectcontributionsaccordingto this composition.In addition,contributionsfrom the

neighbouring1stsiteof Ni-A (peakat316mT) arealsoexpected.At thisrotationangle,pulsed-ENDOR

spectraat fivedifferentfield valuesweresubsequentlycollected(seetraceat120O in Figure6.6).

6.3.3 Pulsed-ENDOR

Figure6.6 shows thefield positionsselectedfor pulsed-ENDORmeasurements.Sincethecrystalcon-

tainedpredominantlyNi-B, theENDOReffect wasmorepronouncedfor this form andthespectradis-

playeda bettersignalto noiseratio. Figure6.7shows therotationalangular-dependent pulsed-ENDOR

spectraof the four separatesitesof Ni-B. The numerationis only usedto label the four magnetically

distinguishablesitesin theunit cell. Angular-dependentENDORspectra(Figure6.7) couldbefollowed

over a completerangeof 180O . The spectrawereadjustedto the free nuclearfrequency which is also

field-dependent,andplottedcentredaroundé × . No spectraareshown (straightline is given) for a few

field valuesbelow g = 2.03sincetheENDORspectracontainedcontribution of theparamagnetic[3Fe-

4S] cluster. At somefield positions,a superpositionof different Ni-B sitesis obtained,furthermore

overlapwith spectrafrom Ni-A couldnot alwaysbeavoided. Via thecw- andpulsed-EPRexperiments

andthesubsequentfit of theEPRspectra,thecompositionof eachENDORspectrumat eachfield posi-

tion could,however, beaccuratelydetermined.

Startingfrom thefield positionswhereonly Ni-B andonly onespecificsitewasselected(‘single-site

ENDOR’), theENDORlinescouldbefollowedover thecompleterangeof rotationangle.In Figure6.7

clearly two hyperfinesplit line pairsat ö 5-6 MHz aroundthe free protonfrequency canbe detected.

They vary only slightly with the rotationangleand thus indicatea large isotropichyperfinecoupling

with a smallanisotropiccontribution. Thereis a furtherhyperfineinteractionwhich appearsoutsidethe



6.3Results 91

Θ
R

ot
at

io
n 

A
ng

le
20

10

60

70
80

90

120
130
140
150

160

170

180
190

0

30

100

110

40
50

Figure 6.6: Selectionof field positionsfor ENDORin theangulardependentEPRspectraof singlecrystals

of [NiFe] hydrogenase.Thepositionsof subsequentpulsed-ENDORmeasurementsaremarkedby arrows.

matrixandshows asignificantangulardependence(rangingfrom ahyperfinecouplingof � 1-2MHz at�
= 0� to 8-9 MHz near100� for site1 of Ni-B). Here,isotropicandanisotropichyperfineinteractions

areof similar magnitude. The protonmatrix rangeis very broadanda numberof peakscanstill be

detectedin the � 1-2 MHz rangearound ��� . The large numberof hyperfineinteractions,however,

makesit impossibleto follow themover thecompleterotationangle.Theanalysisandinterpretationof

the angular-dependentpulsed-ENDORspectrawhich correspondto the Ni-A form (seeFigure6.8) is

morecomplicated.Thespectralresolutionis not asgoodasfor Ni-B sincetheENDORresonancesare

broader. Thetwo largely isotropichyperfineinteractionsat � 5-6MHz aroundthefreeprotonfrequency
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arealsopresentbut not completelyberesolvedandappearasonebroadsignal.Theangulardependence

of theENDOR transitionscould,however, not befitted with theapproachgiven above. This might be

dueto thefollowing reasons:

� Ni-A is only the minority speciesin crystal of D. vulgaris Miyazaki F which complicatesthe

analysis.

� Relaxationcharacteristicsmight bedifferentfor Ni-A andthepulseexperimentswerenot specifi-

cally optimizedfor this species.

� Ni-A could alsopossessa moreheterogeneousenvironment; this is indeedindicatedby higher

temperaturefactorsof somecofactorsin theNi-A containingsinglecrystalsof D. gigas[27,32].

Despitethesedifficulties several statementsabouttheNi-A form canbe made.The large couplingsof

the Ni-B form arealsopresentin Ni-A. The third hyperfinecouplingof Ni-B with significantangular

dependenceis absentin theNi-A spectra.Wherepeaksof suchacouplingcanbeseenin Figure6.8 they

stemfrom acontribution of theNi-B form to theNi-A spectra(superpositionof Ni-A andNi-B sites).
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Figure6.7: Pulsed-ENDORspectraof Ni-B in proteinsinglecrystalsfrom D. vulgarisMiyazaki F.
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Figure6.8: Pulsed-ENDORspectraof Ni-A in proteinsinglecrystalsfrom D. vulgarisMiyazakiF.
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6.3.4 Analysis of ENDOR Spectra

Initially, the matrix � relating laboratoryand crystal axes systems,was held fixed in the fits of the

ENDOR spectrasinceit was alreadydeterminedin the analysisof the cw-EPRspectra. The crystal

orientationwasnot changedbetweenthecw-EPRandpulsed-ENDORexperimentsandthus � hadto

remainconstantwithin error. In this way, thenumberof fitting parameterswasreducedfrom 9 to 6 and

facilitatedtheanalysis.After satisfyingfits wereachieved,alsothevaluesof � wereallowed to vary

but did not changedrastically(atmostadeviation of 3� wasobserved).

Figure6.9shows theresultsof theobtainedfits for thethreehyperfineinteractionsin Ni-B. All three

hyperfinetensorswere simultaneouslyfitted for all four sitesof Ni-B. The colour codedistinguishes

the four magneticallyinequivalent sitesin the unit cell. The agreementbetweenmeasuredENDOR

transitions(points) and fitted curves (solid lines) is very good. The deviation of fitted curves from

experimentaldatawaslessthan100kHz, i.e. smallerthanthelinewidth. ThelargestcouplingA � ranges

from 11-13MHz (top of Figure6.9) , thesecondcouplingA � coversa rangefrom 10-11MHz (middle

of Figure6.9) and the third couplingA � rangesfrom 2-8 MHz (bottom of Figure6.9) . The results

of thefitted hyperfinetensorsaregiven in Table6.1. ��� � aretheobtainedprincipal valuesof the total

hyperfinetensorandthe directioncosines!#"%$'& ()$'& *+$-,/.10324,/56,%7 describethe orientationof the hyperfine

tensorprincipalaxes 2�,/58,%7 in thecrystalaxessystem9:,<;=,%> .

A � andA � bothexhibit a largeisotropichyperfineinteractionof 12.85MHz and10.67MHz, respec-

tively. This indicatesthat the protonsassociatedwith thesehyperfinetensorsmustbe connectedto an

atomwhich bearsunpairedspindensity. Thevaluescorrespondto therangeof ENDORcouplings(A �
11-13.5MHz, A � 10.1-11.1MHz). Thisprovidesevidencethatthesignsof thehyperfineprincipalvalues

of thesecouplingmustall be positive or negative yielding the maximumisotropichyperfinecontribu-

tion. Thepossibilitythatall principalvaluesof thehyperfinetensorhavenegativesigns(thiswouldyield

isotropichyperfineinteractionwith opposite,negative signs)canbe ruledout (seeDiscussion,below).

The anisotropictracelesscontribution labelledA ?$@$ in Table6.1, in somecasesdeviatesfrom axiality

(A ?$@$ (axial) = ( -A A/$CB , -A A/$CB , 2 A A%$ B ). Very often, the interpretationof ENDOR hyperfinecouplingsis

doneundertheassumptionof axial hyperfinetensorsin which the‘dipolar’ axis is thespecialaxis. For

A � A ?$@$ = (4.19,-1.71,-2.47)axiality is notfulfilled, indicatingamorecomplex hyperfineinteractionthan

thatof classicexpansionlessspins.In thecaseof A � , axiality is nearlyfulfilled A ?$@$ = (1.09,-0.54,-0.55)

which might beexplainedby a largerdistancebetweenthecouplednuclearandelectronspins.This is

alsoreflectedin thelower valuesof theelementsof theanisotropichyperfinetensorsincethatindicates

a largerdistancebetweenelectronspinandnuclearspin.
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Figure 6.9: Fit of threehyperfinetensorsof angulardependentpulsed-ENDORspectraof Ni-B in protein

singlecrystalof D. vulgarisMiyazakiF. Thecolourcoderefersto thefour magneticallydistinguishablesites

in theunit cell.

A � exhibitsasmallerisotropichyperfinecontribution which is only half of thatof A � andA � (a$EDGF =

5.20MHz). Again,thisvalueis theisotropicpartestimatedfrom theangulardependenceof thecomplete

hyperfinetensorfrom 2.5-8.1MHz. Thesignsof thecompletehyperfinetensorA � mustagainbechosen

to beall positive or negative to yield this isotropicvalue.TheresultinganisotropichyperfinetensorA ?$H$
= (3.07,2.14,-5.20)alsosignificantlydeviatesfrom axiality.
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Table 6.1: Hyperfinetensorprincipalvaluesanddirectioncosinesof hfccsfor Ni-B (‘ready‘-state)in [NiFe]

hydrogenasefrom D. vulgarisMiyazaki F (T = 10 K)

x y z

A � A $H$ 17.04 11.14 10.38

l "%$ 0.511 -0.410 0.755

l ()$ -0.308 -0.908 -0.285

l *+$ 0.803 -0.087 -0.590

a$IDJF 12.85

A ?$H$ 4.19 -1.71 -2.47

A � A $H$ 11.76 10.13 10.12

l "%$ 0.605 0.723 -0.335

l ()$ 0.023 0.404 0.915

l *+$ 0.796 -0.561 0.227

a$IDJF 10.67

A ?$H$ 1.09 -0.54 -0.55

A � A $H$ 8.27 7.34 0.00

l "%$ 0.110 0.738 -0.666

l ()$ -0.977 -0.041 0.208

l *+$ -0.181 0.674 0.716

a$IDJF 5.20

A ?$H$ 3.07 2.14 -5.20

A KHK : HFC-tensorprincipalvalues(i = x,y,z);

l L K : Directioncosinesof HFC-tensorprincipalaxes(i = x,y,z) in thecrystalaxessystem(k = a,b,c)for oneof the

four magneticallyinequivalentsites.

6.3.4.1 Assignmentof �NM and ��O
In the rotation-dependentpulsed-ENDORpattern(Figure 6.7) of the Ni-B state,signalswhich were

later labeledA � and A � appearpairwiseand exhibit a similar angulardependence.Consequently, it

canbe assumedthat the signalsstemfrom a pair of protonsof the sameresiduein closeproximity to

eachother. The large isotropiccontributionsof 12.85MHz and10.67MHz, respectively, indicatethat

they areeitherbounddirectly to aspin-bearingatomor they areboundin thevicinity of thespin-bearing

atomandaquireisotropichyperfineinteractionvia hyperconjugation.Theanisotropiccontribution of the
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hyperfinetensorA ?$H$ wasusedin orderto assignA � andA � . Protonswereaddedto theX-ray structureof

theD. vulgarishydrogenase[28] by meansof theINSIGHTII software[210] andanalgorithmbasedon

standardbondlengths,bondanglesanddihedralangles.Fromtheanisotropichyperfineinteractionthe

componentwith the largestvaluewasconsideredto bealongthedipolaraxis. Thedeviationsbetween

thecorrespondingdirectioncosinesandNi–H vectorsof possiblecandidateswerecalculated.Theresults

aregivenin Table6.2.

Table6.2: Deviation[degree]BetweenDipolarAxesandNi–ProtonVectorsfor Ni-B in [NiFe] Hydrogenase

of D. vulgarisMiyazaki F

HyperfineTensor

Proton A � A � A �
Cys81H1 56 69 19

Cys81H2 89 83 17

Cys84H1 51 54 63

Cys84H2 47 59 80

Cys546H1 29 41 43

Cys546H2 52 68 27

Cys549H1 38 18 89

Cys549H2 16 6 82

X553 H 80 85 14

Minimum deviationsaregivenin bold andcorrespondto mostprobableassignments(seetext for details).

For A �QP -CH� protonsof cysteinesCys81,Cys84,Cys546canbeexcludedsincethedeviationsare

56, 89, 51, 47, 29, and52 degrees,respectively. Also, a protonatedbridging ligandX533 canberuled

out sincetheanglebetweendipolaraxisandNi–X553 H vectoris 80 degrees.Theminimumdeviation

for A � is obtainedfor oneof the P -CH� protonsof cysteineCys549(Cys549H2 with angleof 16� ).

Thesamealsoholdsfor A � for which deviationsof lessthan20� wereonly obtainedfor thetwo P -

CH� protonsof cysteineCys549(18and6 degree,respectively). SinceCys549H2 wasalreadyassigned

to A � , thehyperfinetensorA � mustbeassignedto thesecondprotonCys549H1. This is in agreement

with the cw-ENDOR orientation-selectedstudy of the Ni-B form in Allochromatiumvinosum[169].

The two large hyperfineinteractionsexhibited isotropic contributions of 12.5 and 12.6 MHz. From

comparisonof the dipolar axeswith Ni–protonvectorsin the molecularstructurethey wereshown to

originatefrom P -CH� protonsof thebridgingcysteineCys533(Cys549in D. vulgarisenumerationof
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aminoacids).

The assignmentof A � andA � to P -CH� protonsof cysteineCys549hasto be consideredto be on

firm grounds.The R -tensorof Ni-B wasshown to have its RTS -axisalongtheNi–S(Cys549)bond[183].

In theoxidizedstates,theNi atomis assumedto bein a formal Ni(III) oxidationstatewith theunpaired

electronin a 3d�S orbital. Thefive-foldcoordinationof theNi is square-pyramidalin theoxidizedforms

(four cysteinyl sulphuratomsandthebridging ligandbind to theNi atom). Theopencoordinationsite

is oppositetheNi–S(Cys549)bondwhichmakesthatNi–Sbondaspecialaxis.Thespinbearingorbital

wasassumedto bealongtheNi–S(Cys549)bond. The isotropichyperfinecontributionsof A � andA �
indicateasignificantspindelocalizationinto thesulphurpS orbitalsof Cys549.The P -CH� protonsthus

coupledirectly to thefractionof spinon thesulphuratomof Cys549andalsoto thatat theNi atom(see

Figure6.10).

Ni
U

C
V HH

Cys
V

549/533

S
W

Figure 6.10: Bondingsituationfor the X -CHY protonsfrom cysteineCys549.They maycoupleto boththe

fractionof unpairedspinat thecysteinyl sulphuratomandthatat theNi centralatom.

This complicatedcoupling schememay explain the rather large deviations of 16 and 18 degrees

betweenthe dipolar axesandthe correspondingNi–H vectorsfor the cysteineCys549. The deviation

from axiality andthelargedeviationof thedirectioncosinesfrom theNi–H vectorsin Ni-B of the[NiFe]

hydrogenasefrom Allochromatiumvinosumwereanalyzed[169]. Theanisotropichyperfinetensorwas

simulatedfor thesituationwherethe P -CH� protonscouplesimultaneouslytoanickel atomandasulphur

atomor to oneof themalone. Thespinpopulationsat theNi wasvariedfrom 1 to 0.5 andthaton the

sulphuratomswas increasedfrom 0 to 0.5. Both the X-ray coordinatesfrom the D. gigas structure

andthe DFT optimizedclustermodelwereused. Bestagreementwith the experimentallydetermined

hyperfinetensorswasfound for thecasewherethespindensity Z at theNi is 0.5 andat thesulphuris

0.3. Theremaining0.2weredelocalizedover thecompletecluster. This is alsoin goodagreementwith

thecalculatedatomicspinpopulations(seeChapter5).

The isotropichyperfineinteractionsof 12.9and10.7MHz indicatedihedralanglesbetweenthe P -

CH� protonsandthesulphurp[ orbital of equalmagnitude(seeFigure6.11).
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C
HH

Cys549/533

Φ

Figure6.11: Newmanprojectionanddefinitionof thedihedralangle \ of X -CHY protonswith respectto the

3p] orbital of thecysteinyl sulphuratom

In general,the angulardependenceis of the form 9 $EDGF 0_^`Zbadcfehgi^kjmlonqp �qrts jvuxwGy with s the

dihedralangleand u = z /2 [177]. e and̂ aresystem-specificconstantsandnotknown for hydrogenase.

The largestcouplingariseswhenoneC-H bondis collinearwith the sulphurp[ orbital andminimum

couplingis achievedwhentheC-H bondis perpendicularto thelobesof the { -orbital. Thepositive sign

of the isotropichyperfineinteractionof the P -CH� protonscanbe explainedby an analogyto organic

radicalswherethesignof thespindensityat theprotonnucleusnext to a C| carbonatomis determined

by hyperconjugation.

6.3.4.2 Assignmentof �~}
Thethird protonwith thehyperfinetensorA � is only presentin Ni-B (seeFigure6.7) andabsentin Ni-A

(Figure6.8). The hyperfineinteractionA � in Ni-B exhibits an isotropiccontribution of 5 MHz (Table

6.1) which is only half of that of A � andA � . A protondirectly boundto a nucleuswith a significant

amountof unpairedspindensityin theactive centreof [NiFe] hydrogenasecanthusbeexcluded.One

thereforehasto find theprotonthatis associatedwith anisotropiccouplingof thatmagnitudein theNi-B

form but absentin Ni-A.

TheanisotropichyperfinetensorA ?$@$ = (3.07,2.14,-5.20)hasits largecomponentalongtheA S axis

but alsodeviatesfrom axiality. From a comparisonof thedipolaraxis of thehyperfinetensorA � with

that from Ni–H vectorsin the X-ray structureof D. vulgaris, two possibilitiesremain(seeTable6.2).

TheanglebetweenthedipolaraxisandNi–H vectorsis smallfor P -CH� protonsof theterminalcysteine

Cys81(19 and17 degrees),large for all other P -CH� cysteinyl protonsin questionandminimumfor a

possiblyprotonatedbridgingligandX (deviationbetweendipolaraxisandX553 H 14� ) spanningNi and

Fe in theactive centre.It wasinvestigatedwhetherDFT calculationscouldcontribute to theresolution

of this ambiguityin theassignmentof � } .
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6.3.5 DFT Calculationsof the Electronic Ground State

DFT calculationscanaccuratelyreproducethestructuralparametersof [NiFe] hydrogenase(seeChapter

5). GoodagreementbetweenexperimentalandBLYP/DZVP calculatedbond lengthsandangleswas

foundfor theX-ray structureof D. gigaswhenthebridgingligandwasanoxygenspecies,e.g. a OH �
for Ni-B and a O� � for Ni-A. The considerationof a sulphurbridging ligand led to bond distances,

especiallyNi ����� Fedistances,thatweresignificantlylargerthanthoseobtainedfrom X-ray analysis(see

Chapter5). 2 CN and1 COligandwerechosenasnon-proteinligandsto theiron atomsinceaSOligand

did not leadto a reasonablespindensitydistribution (seeChapter5).

Table6.3givesstructuraldatafor theclustermodelsof theNi-A andNi-B statewhichwereusedhere

in thecalculationof the � H hyperfinecouplings.Thestructureswerere-optimizedfrom thosein Chapter

5 usingafiner integrationgrid andtight convergencecriteria(5 � 10��� in gradient,1 � 10�6� in energy). The

obtainedBLYP/DZVPandHCTH/DZVPoptimizedgeometriesareverysimilar(seeTable6.3). Usually,

theHCTH functionalleadsto bondlengthsthatareshorterthanthoseof theBLYP functional.This was

alsofoundin [94]. Thedifferencein bondlengthscanbeasmuchas0.05Å for theFe–Sdistancesand

0.04Å for theNi ����� Fedistance.Bondanglesagreeto within 0.5degreesbetweenthetwo functionals.

Thecalculatedstructuralparameterswhich wereobtainedwith theHCTH functional,especiallytheNi

����� FeandNi ����� X bonddistancesandtheNi–X–Febondangle,agreeslightly betterwith thosefrom

X-ray analysisfor D. gigas [27] than thosecalculatedwith the BLYP functional. Onehasto bearin

mind theexperimentaluncertaintiesin structuralparametersfrom X-ray structures(ca. 0.2 Å at 2.0 Å

resolution).Thecalculatedstructuralparametersdo notagreewith thosefrom theX-ray structureof the

[NiFe] hydrogenasefrom D. vulgarisMiyazakiF [28] (for aDiscussionseeChapter5).

Singlepoint calculationsat the optimizedgeometriesandsubsequentanalysesof the Kohn-Sham

wavefunctionprovide insightinto theelectronicstructureof theactive site. It wasshown by crystalfield

analysisthat the groundstateof the oxidizedenzymemay correspondto a Ni(III) with a 3dS<� ground

state[66]. This assumptionwasthebasisfor theassignmentof the R -tensororientationin theoxidized

states[179,183]. In thecalculations,theNi is in its formal Ni(III) oxidationstate,coordinatedby four

cysteineaminoacid residues.The iron atomis in its formal Fe(II) oxidationstateandligatedby one

CO andtwo CN � . Thepositionof thebridging ligandis occupiedby eitheranOH � (Ni-B) or anO� �
(Ni-A) ligand leaving the Ni in a five-fold, square-pyramidal coordinationsphere. A naturalatomic

orbital (NAO) analysiswasperformedin orderto determinetheorbital occupancy of theNi atomand

gaininsightinto theelectronicstructureof theactive site.

Table6.5givesthetotal atomicspindensitiesasobtainedfrom theNAO analysis,theorbital occu-
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Table 6.3: Comparisonof selectedstructuralparametersfrom X-ray andDFT optimizedmodelsof theoxi-

dizedactivecentresof [NiFe] hydrogenase.

exp. BLYP/DZVP HCTH/DZVP

D. gigas[27] D. vulgaris [28] X= OY<� X= OH � X= OY<� X= OH �
Ni ���<� Fe 2.90 2.55 2.94 3.04 2.90 3.00

Ni–SCys549(533) 2.62 2.37 2.48 2.53 2.48 2.50

Ni–SCys84(68) 2.58 2.38 2.40 2.36 2.35 2.33

Ni–SCys546(530) 2.27 2.33 2.40 2.31 2.39 2.28

Ni–SCys81(65) 2.16 2.22 2.46 2.29 2.46 2.27

Ni ���<� X 1.74 2.16 1.85 1.98 1.81 1.96

Fe–SCys549(533) 2.20 2.37 2.62 2.46 2.57 2.40

Fe–SCys84(68) 2.23 2.14 2.52 2.46 2.47 2.41

Fe ���<� X 2.14 2.22 1.94 2.08 1.93 2.07�
Ni-X-Fe 96.5 71.0 101.7 96.8 101.5 96.1�
Ni-SCys549(533)-Fe 73.6 64.1 70.2 75.0 69.9 75.4�
Ni-SCys84(68)-Fe 73.9 66.2 73.4 78.0 73.8 78.5

The enumerationof amino acid residuescorrespondsto that of D. vulgaris Miyazaki F. The relatedsequence

numberof D. gigasis givenin parentheses.

pationof theunpairedspinandthenaturalorbital configurationfor theNi-B form.

63% of the unpairedspin rest on the Ni atom, this is qualitative agreementwith the � � Ni hyperfine

splitting of isotope-enrichedhydrogenases[59]. The differenceto the resultsof the spin population

presentedin Chapter5 (0.52)mayoriginatefrom theuseof differentfunctionals,basisset,integration

schemesetc.. The Fe atomonly possesses1% of the spin densitywhich agreeswith the absenceof

any � � Fe-ENDOReffect in isotope-enrichedsamplesof Ni-B [61]. One of the sulphuratomsbears

significantspindensity(23%,thesulphuratomof thebridgingcysteine533). This agreeswell with the

observedhyperfinesplitting in EPRdueto one �/� Snucleus[62]. Thespindensityat theremainingother

threecysteinyl sulphuratomsis 0.02,0.03,0.07,respectively (datanot includedin Table6.5) andis thus

significantlysmallerthanthatof thecysteine533. 86%of theunpairedspindensityresidesalonein the

bondNi–S�8� D � �%� . A closerinspectionof theorbital occupanciesof theunpairedspinat the two nuclei

givesthefollowing picture:Thelargestfractionof theunpairedspindensityis in theNi 3dS<� orbital,but
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Table 6.4: B3LYP/6-311GNAO analysisof theNi-B state.

TotalAtomic NaturalOrbital Natural

Atom SpinPopulation SpinOccupancy ElectronConfiguration

3d� � 0.027

3d� S 0.204

Ni 0.63 3d��S 0.055 [core] 4s��� � 3d��� � 4p��� � � 5s��� � �
3d��� � � � 0.003

3dS<� 0.341

3d� � 0.001

3d� S 0.001

Fe 0.01 3d��S 0.001 [core] 4s��� � 3d��� � 5s��� � � 4d��� � �
3d� � � �o� 0.005

3dS<� 0.007

3p� 0.076

SCys549 0.23 3p� 0.000 [core] 3s� � � 3p� � � 4s��� � � 4d��� � �
3pS 0.149

alsoasignificantamountin the3d� S orbital. The3d��S , 3d� � 3d� � � ��� orbitaloccupanciesaresmaller. At

thesulphuratomof cysteine533,thelargestfractionof unpairedspindensityresidesin the3pS orbital,

abouthalf asmuchin the3p� andzeroin the3p� orbital. This shows that thegroundstateof thenickel

atomin theNi-B stateis indeedcomposedof mainly a 3dS � orbital with a slightly smallercontribution

from the3d� S orbital.

If theNi orbitaloccupationwerepurely3d�S<� ( ��� = 0) thenonecouldnotexplain thedeviationof the

R � - and RT� -valuesfrom R�� by 0.33and0.16,respectively. For a pure3d�S�� groundstate,R -valuesmuch

closerto RT� areexpected(for an exampleseeChapter4, Ni(CO)� H). The admixtureof 3d� S character

( ���Q�0 0) cancontributeto the R -tensorvia spin-orbitcouplingandinduceR -valueslargerthan R�� .
The bondingsituationof the Ni atomis characterizedby a NBO analysisasfollows: The sulphur

nuclei of Cys81andCys530form two singlebondswith the Ni atom. The bondsareS � Ni donor

bondswith a contribution of 76%from thesulphur(of which 5% arefrom s- and95%from p-orbitals)

and24%from theNi (of which are44%from s-,0.6%from p- and55%from d-orbitals).Furthermore,

therearetwo anti-bondingorbitalswith reversedcontributions(24%from S and76%from Ni atoms).

For the � -spin, thereis an additional singlebondbetweenthesulphurfrom Cys549(71% S, 29%Ni)

andthecorrespondinganti-bonding(25%Sand75%Ni) interaction.Thisbondis notpresentfor P -spin
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orbitalsandthusshows thattheunpairedspinresidesin thatbond.This is ana posteriori justificationof

theassumptionsmadein theanalysesof experimentalR -tensororientations[179,190].

A Ni(0) hastheelectronconfiguration[core] 4s� 3d� , Ni(I) [core] 4s� 3d� , Ni(II) [core] 4s� 3d� and

Ni(III) [core] 4s� 3d� . Fromthenaturalatomicconfiguration(Ni [core] 4s��� � 3d��� � ) it becomesobvious

that the oxidationstate,however, is not a formal Ni(III) but dueto sulphur–Nickel donationits charge

is reduced.Thenickel atomcanbedescribedasa Ni(+1.2). Therelationbetweentheformal oxidation

stateandthe actualcharge on an atomis not straightforward. Nevertheless,the discussionof formal

oxidationstatesis frequentlydonein the field of bioinorganicchemistry. The stabilizationof high Ni

oxidationstatesby sulphurligandscanbe explainedby a favourableenergetic proximity of S 3p- and

Ni 3d-orbitals.Thecovalency of S–Ni bondsthenleadsto a compensationof thechargeon thecentral

metalatom.

Thesameargumentationalsoholdsfor theNi-A state(seeTable6.5).

Table 6.5: B3LYP/6-311GNAO analysisof theNi-A state.

TotalAtomic NaturalOrbital Natural

Atom SpinPopulation SpinOccupancy ElectronConfiguration

3d� � 0.235

3d� S -0.167

Ni 0.88 3d��S 0.042 [core] 4s��� � 3d��� � 4p��� � � 5s��� � �
3d� � � �o� 0.175

3dS<� 0.591

3d� � -0.008

3d� S -0.009

Fe -0.05 3d��S -0.009 [core]4s��� � 3d��� � 5s��� � 4d��� � �
3d� � � �o� -0.012

3dS � -0.012

3p� 0.018

SCys549 0.12 3p� 0.003 [core] 3s� � � 3p� � � 4s��� � � 4p��� � �
3pS 0.084

TheatomicspinpopulationattheNi is increasedto +0.88,thatof thebridgingsulphurof thecysteine

533decreasedto 0.12.TheFestill bearsonly a smallamountof spindensity(5%) possiblydueto spin
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polarizationfrom theNi atomvia theO� � bridge.ThebridgingligandO� � wouldacquireitself unpaired

spindensity(0.3)andtransferit from theNi to theFeatom.This might explain thesmallbut detectable

� � Fe-ENDORsignal in Ni-A [61] andan increasedhyperfinesplitting in � � O� treatedsamplesin Ni-

A comparedto Ni-B [63] . The numbersgiven heremust be critically discussed.The atomic spin

populationssignificantlydiffer from thosegivenin Chapter5. TheB3LYP functionalhasabiastowards

higherspincontaminationscomparedto thepureGGA functionalssincemore‘ionic’ contributionsare

consideredfrom theHartree-Fock exchange.As a result,theexpectationvalueof theS� operatordiffers

from thatexpectedfor aS = 1/2state(S(S+1)= 0.75),for theB3LYP/6-311Gcalculationthe �t� ��� value

was 1.0001. This indicatescontributions from spin statesdifferent from S = 1/2 to the Kohn-Sham

wavefunction.

The naturalorbital configurationsdo not changeon the Ni andFe atoms(cf. Tables6.4 and6.5).

TheNi atomremainsin its Ni(+1.2) statein agreementwith resultsfrom EXAFS experiments[55,186]

whichdo notpoint to achangeof electrondensityat theNi.

6.3.6 DFT CalculatedHyperfine Tensors

Table6.6givesthecalculatedisotropicandanisotropichyperfinecouplingconstantsfor theNi-B casein

whichthebridgingligandis OH � and2 CN and1 COarethenon-proteinligandsto theFeatom.The6-

311+(2d,2p)basissetwasusedwith adiffusefunctiononall heavy atomsandtwo setsof d-functionsfor

S,C,O,N(respectively f-functionsfor Ni andFe)andtwo setsof p-functionsfor hydrogenatoms(1231

basisfunctionsfor a Ni-B, 1220basisfunctionsfor a Ni-A clustermodel).A singlepoint calculationat

the BLYP/DZVP optimizedgeometrywascarriedout. The B3LYP functional is known to yield good

agreementbetweenexperimentalandtheoreticalhyperfinecouplingconstantsfor organicradicals(for a

review, see[124,125]). Calculationswith theBeckeexchangeandPerdew correlationfunctional(BP86)

werealsoperformedusingthesamegeometryandbasisset.

Despiterecentargumentsagainsttheclassificationof ‘spin contamination’in DFT methods[211],

the term will be usedherein thesamecontext asin HF theory(seefor example[212]). The effect of

spin-contaminationon thecalculatedhyperfinecouplingparametersis pronouncedsincetheexpectation

valueof the � S operatorenterstheformulaefor theisotropic(Eq. 6.1)andanisotropic(Eq. 6.3)hyper-

fine interactions.Thespincontaminationfor theB3LYP calculationis significantlylarger(0.8153)than

in theBP86case(0.7589).For a doublet,theexactexpectationvalue �t� ��� is 0.75. Thedeviation origi-

natesfrom thecontribution of spinstatesof highermultiplicity. Theisotropic(Fermicontact)hyperfine

interactionis mostsensitive to thechoiceof basissetandfunctional. The largestvalueis obtainedfor

the two P -CH� protonsof cysteineCys549(Cys533in D. gigasnomenclature)12.65and13.69MHz
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Table 6.6: DFT CalculatedIsotropicandAnisotropic   H-HyperfineCouplingParameters[MHz] in Ni-B

Functional/Basis B3LYP/6-311+G(2d,2p) BP86/6-311+G(2d,2p) B3LYP/6-311+G(2d,2p)

Geometry BLYP/DZVP BLYP/DZVP HCTH /DZVP¡£¢ �/¤ 0.8153 0.7589 0.7988

a¥§¦'¨ A ©�ª�¥§¦'¨ a¥ ¦'¨ A ©/ª�¥ ¦'¨ a¥§¦'¨ A ©/ª�¥§¦'¨
Proton

Cys81(65)H1 terminal -0.40 -1.85,-1.17,3.02 1.02 -1.39,-0.96,2.34 -0.48 -1.79,-1.18,2.97

Cys81H2 0.80 -1.83,-1.74,3.57 2.98 -1.74,-1.06,2.80 1.32 -1.73,-1.68,3.41

Cys84(68)H1 bridge 1.09 -1.00,-0.93,1.93 3.80 -0.87,-0.74,1.61 1.70 -1.00,-0.92,1.92

Cys84H2 1.57 -2.59,-2.29,4.89 3.94 -1.99,-1.56,3.55 2.09 -2.50,-2.16,4.66

Cys546(530)H1 terminal -2.19 -2.45,-1.82,4.26 1.57 -1.61,-1.45,3.06 -1.21 -2.25,-1.80,4.05

Cys546H2 3.77 -1.32,-1.06,2.38 5.99 -1.08,-0.93,2.01 4.59 -1.30,-1.10,2.40

Cys549(533)H1 bridge 13.69 -1.80,-1.06,2.85 17.53 -1.86,-0.97,2.83 16.40 -1.88,-1.10,2.89

Cys549H2 12.65 -2.82,-1.60,4.42 16.72 -2.44,-1.02,3.46 13.97 -2.69,-1.46,4.15

X=OH 1.31 -4.42,-4.11,8.53 0.31 -3.24,-2.49,5.72 1.45 -4.35,-4.09,8.44

The enumerationof amino acid residuescorrespondsto that of D. vulgaris Miyazaki F. The relatedsequence

numberof D. gigasis givenin parentheses.

with theB3LYP and16.72and17.53MHz with theBP86functional.Thecalculatedisotropichyperfine

couplingsof the P -CH� protonsof the terminalcysteineCys546(Cys530)areabouta factorof three

smaller. The hyperfineinteractionsfor P -CH� protonsof the cysteinesCys81andCys84(Cys65and

Cys68in D. gigasnomenclature)arealsogiven in Table6.6. The isotropic � H hyperfineinteractionof

the « -hydroxoligand is calculatedto be1.31MHz with theB3LYP functionaland0.31MHz with the

BP86functional.In general,thehybrid functionalB3LYP givessmallerisotropicandlargeranisotropic

hyperfineinteractionscomparedto the‘pure’ BP86functional.Thismayoriginatefrom theadmixtureof

‘exact’ Hartree-Fockexchangein theB3LYP calculations.Hartree-Fockisbiasedtowardsionic solutions

of the wavefunctions.This may leadto an increaseof spin densityat the nuclei (thuslarger isotropic

values)andthereforealsoto a larger anisotropichyperfineinteraction. Purefunctionals,on the other

hand,tendto favour a morecovalent,delocalizedspindensitydistribution (theisotropicandanisotropic

valuesthereforedecrease).Theoverall picture,however, givenby thetwo calculationsis similar.

For meansof comparisonandin orderto testthesensitivity of theresultswith respectto thechosen

geometry, geometryoptimizationusing the recentlydevelopedHCTH functional [94] were also per-

formed. HCTH is a ‘pure’ functionalwithout admixtureof Hartree-Fock contributionsandwasshown

to yield structuralparameters,vibrationalfrequenciesandenergeticsof superiorquality to thoseof other
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purefunctionals,the resultsaresometimescomparablein quality to thoseof the hybrid B3LYP func-

tional. In addition,alsotransitionmetalcomplexeswerepartof the trainingsetfrom which theHCTH

functionalwasderived [94]. A B3LYP/6-311+G(2d,2p)singlepoint calculationat the HCTH/DZVP

optimizedgeometrywasperformed.The �t� � � valueof 0.799is intermediatebetweenthatof theBP86

andtheB3LYP functionals.The influenceof thegeometrybecomesobvious whencomparingB3LYP

calculationswhich wereperformedat theBLYP andHCTH optimizedgeometries(seeTable6.6). The

isotropichyperfineinteractionsaregenerallylarge for the HCTH functional. This may originatefrom

thefactthatthebondlengthswith theHCTH functionalareshorterthanthosewith theBLYP functional

(seeTable6.3) or that theHCTH functionalshows thesametrendtowardsdelocalizationastheBLYP

functional(seeabove).

Table 6.7: DFT CalculatedIsotropicandAnisotropic   H-HyperfineCouplingParameters[MHz] in Ni-A

Functional/Basis B3LYP/6-311+G(2d,2p) BP86/6-311+G(2d,2p) B3LYP/6-311+G(2d,2p)

Geometry BLYP/DZVP BLYP/DZVP HCTH /DZVP¡£¢ �/¤ 0.9204 0.7625 0.8645

a¥ ¦'¨ A ©�ª�¥§¦'¨ a¥§¦'¨ A ©/ª�¥ ¦'¨ a¥§¦'¨ A ©/ª�¥§¦'¨
Proton

Cys81(65)H1 terminal 0.21 -1.90,-1.67,3.57 0.14 -1.31,-1.16,2.47 0.17 -3.84,-1.13,4.97

Cys81H2 -0.10 -2.22,-1.82,4.04 -0.17 -1.61,-1.22,2.83 -0.17 -1.25,-1.14,2.29

Cys84(68)H1 bridge 1.71 -3.52,-2.19,5.71 4.08 -2.35,-1.95,4.30 3.28 -3.05,-2.20,5.25

Cys84H2 4.90 -1.27,-0.72,1.99 5.43 -1.07,-0.73,1.80 4.96 -1.21,-0.84,2.04

Cys546(530)H1 terminal -2.37 -5.60,-0.44,6.05 0.63 -2.41,-2.15,4.56 -1.78 -1.86,-1.61,3.48

Cys546H2 2.76 -1.26,-1.12,2.39 4.68 -1.06,-0.94,1.99 3.03 -1.93,-1.57,3.50

Cys549(533)H1 bridge 9.78 -1.79,-0.62,2.41 12.27 -1.77,-0.66,2.43 8.48 -1.64,-0.79,2.43

Cys549H2 5.07 -3.34,-1.45,4.81 8.74 -2.43,-1.46,3.89 7.76 -3.06,-1.72,4.78

X=O �J¬ -16.44 80.71,-31.89,-48.83 -3.89 32.74,17.05,-49.78 -16.22 70.24,-20.07,-50.18

The enumerationof amino acid residuescorrespondsto that of D. vulgaris Miyazaki F. The relatedsequence

numberof D. gigasis givenin parentheses.

Table 6.7 gives the DFT calculatedhyperfinecoupling constantsfor a model of Ni-A wherean

O� � ligand is assumedto occupy thebridgingposition. Again, thespincontamination(deviation from

the theoretical�t� ��� value0.75)increasesin the rangeBP86//DZVP(0.76) ­ B3LYP//HCTH (0.86) ­
B3LYP//BLYP (0.92).Theisotropichyperfineinteractionsof the P -CH� protonsof cysteineCys549are

againthelargest.Theirmagnitudesarereducedcomparedto theNi-B form by 3-8MHz.

Thehyperfinetensorof thebridging « -oxo atomreactsmostsensitively to thechoiceof functional.
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While B3LYP//BLYP andB3LYP//HCTHyield very similar isotropicandanisotropichyperfineinterac-

tions, the BP86//BLYP calculationsyield an isotropichyperfineinteractionreducedby 12 MHz anda

stronglychangedanisotropiccontribution (seeTable6.7).

6.4 Discussion

In [NiFe] hydrogenases,it hasbeenshown that theEPRsignalarisesfrom the nickel atom( � � Ni sub-

stitution andsubsequenthyperfinesplitting in EPR [59]) andonesulphuratom ( �/� S substitutionand

subsequenthyperfinesplitting in EPR[62]). Thereare,however, at leastfour sulphuratomsligating the

nickel ion (two terminalcysteinesCys81andCys546,andtwo bridging cysteinesCys549andCys84,

seeFigure6.1). 1

�NMq,<��O : FrozensolutionQ-Bandcw-ENDORexperimentswereperformedon samplesof D.gigas

hydrogenaseby Fanet al. [69]. Ni-A andNi-B weretakenasa referencefor Ni-C andno assignmentof

hyperfinecouplingsin theoxidizedstateswasmade.ThelargesthyperfineinteractionswereA � = 12.8

MHz (Ni-A) andA � = 15MHz (Ni-B). No estimateof isotropicandanisotropiccontributionswasgiven

but this rangeis alsoobtainedin thepulsed-ENDORexperimentspresentedhere.

DFT calculationsarein agreementwith theexperimentalassignmentof thehyperfinetensorsA � and

A � to the P -CH� of Cys549in the Ni-B form. The calculatedisotropichyperfinecouplingconstants

for the P -CH� protonsare in in goodagreementwith experiment(compareTable6.1 andTable6.6).

Bestagreementfor the P -CH� protonsof Cys549(Cys533in D. gigas) is obtainedwith thecalculations

usingtheB3LYP functionalat theBLYP optimizedstructure(B3LYP//BLYP). Thecalculatedisotropic

hyperfineinteractionsare larger thanthe experimental(by ca. 5 MHz at BP86//BLYP, ca. 4 MHz at

B3LYP//HCTH andca. 1 MHz at B3LYP//BLYP). The agreementbetweenthe calculatedandexperi-

mentalanisotropichyperfineinteractionis verygood(deviationslessthan0.5MHz) for theslightly more

remoteprotonCys549H2. For Cys549H1 the deviation is up to 1.8 MHz for the largestanisotropic

hyperfinetensorcomponent.Thismayoriginatefrom thecompleteneglectof relativistic effects(scalar-

relativistic andspin-orbitcoupling)in thecalculations.They maybeimportantfor thedescriptionof the

electronicstructureof theNi atomandlikewise influenceligandsin thesurroundingof theNi. At this

point, it cannotbedecidedwhethertheagreementof theB3LYP resultsis only a fortuitouscancellation

of errorsandtheBP86resultscouldbesystematicallyimprovedby considerationof second-ordereffects

(i.e. spin-orbitcoupling,seeChapter4). Thereducedspin-contaminationof theBP86resultssuggests

1A possiblefifth sulphuratomwasassignedto anelectrondensitypeakin D. vulgarisMiyazakiF [28] but consideredto be

anoxygenspeciesin D. gigas[27].
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thatwork alongthatline is promising.

In theNi-A state,the two largecouplingsseemto bealsopresentalthoughno completeanalysisis

donefor thesingle-crystalspectra.Theassignmentof the two large couplingto the P -CH� protonsof

cysteineCys549for Ni-A is supportedby thefollowing arguments:

� the R�S -axisis alongthatNi-SCys549bondin bothNi-B andNi-A [190]

� theoxidationstateof theNi is unchangedcomparedto Ni-B

� thereis no drasticspinreorientationin theactive centreandthespindensityresidesmainly on Ni

andthesulphurof Cys549

� theisotropichyperfineinteractionis reducedby approximately2 MHz in theNi-A casecompared

to Ni-B (compareFigures6.7and6.8) andthetwo couplingsexhibit very similar isotropichyper-

fine interactionandcannotbeseparated.

DFT calculations yield isotropic hyperfine interactions for the two P -CH� of 9.8/5.1 MHz

(B3LYP//BLYP), 12.3/8.7MHz (BP86//BLYP) and8.5/7.8MHz (B3LYP//HCTH) (seeTable6.7). The

calculationat theHCTH geometryseemsto give bestresultssincethedifferencebetweenthetwo pro-

tons is only marginal (0.7 MHz) while it is approximately4 MHz at the BLYP optimizedgeometry.

Experimentally, theprotonsappearsosimilar thatthey cannotbeseparated.

�~} : Fan et al. [69] reporteda hyperfineinteractionin Ni-B of A = 4.4 MHz which wasobtained

after solvent-exchangeto D � O in the reducedNi-C stateandsubsequentre-oxidation. The hyperfine

interactionwastentatively assignedto eitheraH � O or OH � moleculeboundto thenickel site.Chipman

et al., by meansof 2-pulseESEEMspectroscopy, showedthat thereis no D � O exchangeableprotonin

thevicinity of theNi atomin theNi-A state[119]. Consequently, thedifferencebetweentheNi-A and

Ni-B statescaneither lie in a differentproteinconformationwhich allows solvent accessibilityin the

Ni-B but not in theNi-A stateor anadditional,solvent-exchangeable protonin theactive centrein the

Ni-B state.Deprotonationof thebridgingligandOH � in Ni-B to giveaO� � ligandin Ni-A is aplausible

model. Accordingto thecalculations,a protonatedbridging ligand(i.e. OH � ) in theNi-B statewould

leadto an isotropichyperfineinteractionof � 0.31- 1.45MHz (seeTable6.6) andcanberuledout as

a candidatefor A � . It may, however, correspondto thesolvent-exchangeableprotonobservedby Fanet

al. [69].

The secondpossibleassignmentis that to a P -CH� of the terminal cysteineCys81. In the Ni-B

model, the calculatedisotropic hyperfineinteractionfor the two P -CH� protonsare -0.40/0.80MHz

(B3LYP//BLYP), 1.02/2.98MHz (BP86//BLYP) and-0.48/1.32MHz (B3LYP//HCTH) for H1 andH2,
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respectively, andsmallerthantheexperimentalvalue.As statedabove, theBP86valuesappearreliable

dueto its lower spin-contamination.In themodelfor theNi-A state,the isotropichyperfineinteraction

is reducedfor thesetwo P -CH� protonsandcloseto zeroin all calculations.Thusadeprotonationof the

bridging ligandalsoleadsto a vanishingunpairedspin densityat the terminalcysteineCys81(from 3

MHz isotropiccouplingin Ni-B to 0.2 MHz in Ni-A). Accordingto thecalculations,the « -oxo bridge

in theNi-A form might acquiresignificantspindensityandwithdraw it from thesulphurligandsi.e. the

bridgingcysteineCys549andtheterminalcysteineCys81.Thereis, still, ampleroomfor improvement

of the calculationof the isotropichyperfineinteractions,e.g. the inclusionof second-ordereffectsor

theuseof Slater-type orbitals(STOs)which give a betterdescriptionof thecoreregion of theelectron

distribution. This is donein Chapter7. 2

Experimentally, the anisotropichyperfinetensorcomponentseemsto be overestimated.The fitted

ENDORtransitionsrangefrom 2-8MHz (seeFigure6.9bottom). With anisotropicvalueof 5 MHz, the

anisotropy canbeestimatedto be3 MHz atmost.Thus,adipolartensorof theorderof magnitude(-1.5,

-1.5,3.0)MHz appearsplausible.Dueto numericalinstabilitiesof thefit routines,it wasnotpossibleto

fit thehyperfinetensorsA � with thesevalues.

The cw-ENDORorientation-selected studyby Geßneret al. [169] alsorevealeda third hyperfine

interaction.Themeasuredisotropicpartwas,however, significantlysmallerthantheonereportedhere

(0.5MHz) andassignedto eitherone P -CH� protonfrom Cys81or adirectlyprotonatedcysteineCys84.

Thefirst possibility is in agreementwith thefinding in this work sincea protonatedCys84seemsvery

unlikely. A fourth hyperfineinteractionwas also reportedbut could not be analyzedbecauseof its

maximumnearthe R�S component[169]. It waslabelled‘ ® ‘ andonly tentatively assignedto eithera

protonatedbridgingligandor a P -CH� protonof theterminalcysteineCys546[169].

6.5 Conclusionand Outlook

ThecompletehyperfinetensorsA � , A � , A � of threeprotonsin Ni-B in theactivecentreof the[NiFe] hy-

drogenasefrom D. vulgarisMiyazakiF havebeendeterminedfrom Daviespulsed-ENDORexperiments

on proteinsinglecrystals.Figure6.12depictstheassignedprotonhyperfinetensors.

A � andA � showed the sameangulardependenceandboth exhibited a large isotropiccontribution

(13 and11 MHz, respectively). From the directionof the anisotropiccontribution, the protonswere
2CalculationsusingaSTO basissetin theADF99programsupporttheresultsobtainedhere.TheBP86calculatedisotropic

hyperfinecouplingconstantsare+13 and+12 MHz for the two ¯ -CH� protonsof thebridgingcysteineCys549in Ni-B and

+9.5and+6 MHz in Ni-A. Oneof the ¯ -CH� protonsof theterminalcysteineCys81exhibitsanisotropiccouplingof +3 MHz

in theNi-B clustermodelbut it is absentin theNi-A clustermodel(reducedto +0.2MHz).
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Figure6.12: AssignedHyperfineTensorsin theNi-B State

shown to be P -CH� protonsof the bridging cysteineCys549. This assignmentis in agreementwith

previouswork of orientation-selectedcw-ENDORmeasurements[169], theinterpretationof the R -tensor

in singlecrystalswith its RTS -axisalongtheNi–S(Cys549)bond[179,190] andDFT calculations.In the

Ni-A form, theenvironmentof theactive site is moremicroheterogeneousandtheENDORtransitions

couldnotbecompletelyanalyzed.ThehyperfinetensorsA � andA � arealsopresentin Ni-A but show a

reducedisotropichyperfineinteraction(8-9 MHz). This wasalsoconfirmedby DFT calculations.The

sensitivity of theDFT calculatedhyperfinetensorswith respectto theoptimizedgeometryandfunctional

wasinvestigated.

Thethird hyperfineinteractionA � is only presentwhentheenzymeis in theNi-B form andabsentin

Ni-A. It canoriginatefrom a eitherprotonatedbridgingligand,i.e. X = OH � or SH� , or from a P -CH�
protonof theterminalcysteineCys81. Theisotropichyperfineinteractionof 5 MHz makesit unlikely

to comefrom an OH � bridging ligand. TheDFT calculationssupportan assignmentaccordingto the

secondpossibilitythatof a P -CH� of Cys81.

For the first time, the differencebetweenthe Ni-A andNi-B forms of the [NiFe] hydrogenaseis

given, i.e. a O� � bridgein Ni-A andanOH � in Ni-B. Theaccumulationof spindensityon the « -oxo

bridgein theNi-A form leadsto awithdrawal of spinpopulationfrom thesulphurligandsto thebridging

atom.Thismodificationof thebridgingligandmight reflectthedifferentactivationkineticsof Ni-A and

Ni-B. The OH � ligand in the Ni-B statemay be moreeasily liberateduponactivation thanthe « -oxo

bridgein Ni-A.

Pulsed-ENDORinvestigationson thereducedcrystalwill revealchangesin theprotonenvironment

of the active site during the catalyticcycle and thushelp to elucidatethe reactionmechanismof this

enzyme.Neither the electronicstructurenor the hyperfineinteractionwith protonsis accessiblefrom
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X-ray crystallographicstudies.ENDORcrystallographyin conjunctionwith DFT calculationstherefore

areindispensablefor theinvestigationof theintermediatestatesin hydrogenasecatalysis.



Chapter 7

Relativistic DFT Calculationsof the

ParamagneticIntermediatesof [NiFe]

Hydr ogenase

7.1 Intr oduction

Theparamagneticstatesof theenzymeareexperimentallywell-characterizedandaresubjectof intense

research[12,65]. Their electronicor geometricalstructureshave, however, not beenunderstoodon an

atomiclevel. In the‘as-isolated‘oxidizedstatesthe[NiFe] hydrogenaseis amixtureof two paramagnetic

forms(Ni-A andNi-B). Thetwo only slightly differ in their R -values(Ni-A RT� & � & S = 2.32,2.24,2.02;Ni-

B R � & � & S = 2.32,2.16,2.01,seeTable7.1). In thesestates,theenzymeis catalyticallyinactive. It canbe

activatedby reductive incubationunderanH � atmosphere.Ni-B (or ‘ready’) is reducedwithin minutes

while Ni-A (or ‘unready’) requiresincubationfor severalhours. During reduction,anEPR-silentstate

Ni-Si ispassedbeforeathird paramagneticstateof theactivecentre(Ni-C) is reached.Ni-C is believedto

beacatalyticintermediatein theH � dissociationandmaybindeitherH � , H � or H ° . Uponillumination,

the Ni-C stateis converted into a fourth paramagneticstateNi-L. CO is an inhibitor of the enzyme

yielding a paramagneticCO-boundstateNi-CO. The completelyreducedstateNi-R is EPR-silentand

believedto bein equilibriumwith H � [57]. Thesequenceof redoxstatesreads

±³²µ´·¶ g ±³²�´·¸º¹»¼±½²�´ � ²:¹»¾±³²µ´À¿Á¹»¾±³²�´·Â Ã
(7.1)

Table7.1 collectsthe R -valuesfor the paramagneticstatesof the [NiFe] hydrogenasefrom Allochro-

matiumvinosumfor which themostcompletesetof datais available.

113
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Table 7.1: g-Valuesof theparamagneticstatesof the[NiFe] hydrogenasefrom Allochromatiumvinosum.

State RT� g� R S Ref.

Ni-A 2.32 2.24 2.02 [63]

Ni-B 2.33 2.16 2.01

Ni-C 2.19 2.15 2.01 [67]

Ni-L 2.29 2.13 2.05

Ni-CO 2.12 2.07 2.02 [40,213]

Previousquantummechanicalstudies[71–74]haveaddressedthequestionof H � activationby [NiFe]

hydrogenasesbut werenot aimedat a descriptionof intermediatestatesbasedon experimentalobserv-

ables. Niu et al. [75] andAmaraet al. [76] obtainedgoodagreementbetweencalculatedandexperi-

mentalIR CO andCN stretchingfrequency bandsof thenon-proteinligandsbut no attemptwasmade

to correctlydescribethe electronicstructuresof the paramagneticstates. In order to characterizethe

paramagneticstates,it is necessaryto calculateobservablesof magneticresonanceexperimentsdirectly

from relativistic DFT wavefunctions.

Here,thefirst relativistic descriptionandcalculationof magneticresonanceparameters( R - and Ä -

tensors)of a transitionmetalcontainingenzymeis presented.By correlatingthe R -valuesto structural

parametersandobservingtheir changesbetweenthe differentparamagneticstates,a possiblereaction

mechanismmaybesuggestedlater.

7.2 Computational Details

We usethe ‘zero-orderregular approximation‘for relativistic effects[112,113,214,215], the efficient

implementationof thefour-componentwavefunctionin a two-componentpicture.Recently, thecalcula-

tion of R -tensors[146], hyperfinetensors[131] andquadrupoletensors[216] includingscalarrelativistic

effectsandspin-orbitcouplinghavebecomeavailable.TheAmsterdamDensityFunctional(ADF) pack-

agewasemployed[160] whichhastheadvantageof anefficientnumericalintegrationschemedeveloped

by te VeldeandBaerends[161]. Slater-typerorbitals(STOs)areusedthroughout.Thecalculationsare

single-pointcalculationsat non-relativistic BP86[91,93,163,164] geometry-optimizedstructures.The

BP86functionalhasbeenshown to yield goodstructuralandmagneticresonanceparametersfor tran-

sition metalcomplexes(seeChapter4). A double-zetaSlater-type basissetwith polarizationfunctions

(basisII in ADF nomenclature)wasused. A triple-zetabasisset is usedfor the 3d shellsof the first
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transitionmetals.Thefollowing orbitalswerefrozenduringgeometryoptimizations: C 1s,N 1s,O 1s,

Sup to 2p,Ni up to 2p,Feupto 2p. Thecalculationsof magneticresonanceparameterswereperformed

in an all-electronbasis.For R -tensorcalculations,a double-zetaSlater-type basissetwith polarization

functions(basisII in ADF nomenclature)wasused.A triple-zetabasisset is usedfor the3d shellsof

thefirst transitionmetals.This basissetproducedreliableresultsfor Ni modelcomplexes(seeChapter

4) andan increaseof basissetdid not leadto an improvementof the results.For thecalculationof A-

tensors,a largerbasissetis needed.In particulartheisotropichyperfineinteractionaÅCÆ#Ç is mostsensitive

to thequality of basisset.BasisIV in ADF nomenclaturewasshown to produceratheraccurateresults.

Hyperfinetensorsusingthesmallerbasisset(basisII in ADF nomenclature)werealsoobtainedbut are

not presentedhere.Thedifferencebetweenthetwo basissetswas � 1 MHz or lessfor light nucleibut

up to 5 MHz for heavy elements.

For reasonsof comparison,the ‘quasi-relativistic’ (QR) Pauli-Hamiltonianof Schreckenbachand

Ziegler [142] was also used. It is a modificationof the ADF programand employs the sameBP86

exchange-correlation functional, the sameintegration routinesand the samebasisset. Differencesin

the resultsmay thereforeonly originatefrom a differenttreatmentof relativistic effects(i.e. spin-orbit

coupling). Scalarrelativistic effectsare treatedself-consistentlyandspin-orbitcouplingand thus the

R -tensoraretreatedasa first orderperturbation.Although, thePauli-Hamiltonianis not boundedfrom

below, theuseof anall-electronbasissetwasnotaproblemin thesecases.TheQR R -tensorcalculations

allow theuseof aspin-unrestrictedDFT wavefunctionwhich is importantfor thedescriptionof theNi-A

state(seebelow).

7.3 Results

7.3.1 Ni-B

7.3.1.1 g-Tensor

In preparationsof the [NiFe] hydrogenasefrom Desulfovibrio vulgaris Miyazaki F, Ni-B is the largest

constituentin solutionandsinglecrystals[179,190]. Its R -tensororientationin the active centrewas

determinedfrom angular-dependentEPRspectraof proteinsinglecrystals[179,190]. Fromthefactthat

thesmallestR -valueis closeto thefreeelectronvalue R�� (seeTable7.1) a3dS<� groundstatewasdeduced.

In the X-ray structureof the [NiFe] hydrogenasefrom D. vulgaris Miyazaki F, a sulphurspecies

wasfoundto occupy thepositionof thebridging ligand[28] which couldeitherbea S� � , SH� or H � S
ligand. Thesepossibilitieswerefirst testedin thecalculations.After completegeometryoptimizations
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theNi–Fedistancesare3.15Å for H � S, 3.11Å for SH� and3.19Å for S� � . TheexperimentalNi–Fe

distancesfrom theX-ray structuresare2.55Å (D. vulgarisMiyazakiF [28]) and2.90Å (D. gigas[27]).

Clearly. thecalculatedvaluesareoutsidetheerrormargin of theX-ray structureanalyses.

Table7.2: Comparisonof experimentalandcalculatedÈ -tensorprincipalvaluesusingtheZORAHamiltonian

for theoxidizedstatesof [NiFe] hydrogenase.

State/

Bridging ligand R � Ri� RTS Ref.

exp. Ni-A 2.32 2.24 2.01 [63]

Ni-B 2.33 2.16 2.01

calc. H � S 2.19 2.06 2.01

SH� 2.19 2.15 1.99

S� � 2.31 2.07 1.92

H � O 2.22 2.09 2.01

OH � 2.21 2.17 1.98

O� � 2.36 1.95 1.84

ThecalculatedR -valuesalsodonotagreewith theexperimentalvaluesfor eitheroxidizedstateNi-A

or Ni-B (seeTable7.2). A H � S ligandgivescalculatedR -valuesg� & � & S = 2.19,2.06,2.01;a SH� ligand

yields g� & � & S = 2.19, 2.15, 1.99 and a S� � ligand yields g� & � & S = 2.31, 2.07, 1.91. Togetherwith the

deviation in structuralparameters,thesediscrepanciesmake a sulphurspeciesanunlikely candidatefor

thebridgingligandin theparamagneticoxidizedstatesof [NiFe] hydrogenase.

A sulphurspecies(i.e. S� � or SH� ) in thepositionof thebridging ligandcanalsonot explain the
� � O hyperfinecouplingin the Ni-A andNi-B statesobserved by van der Zwaanet al. [63]. In the X-

ray structure,Volbedaet al. [27,32] alsosuggestedanoxygenicspeciesasa candidatefor thebridging

ligand. This wasinvestigatednext. WhenanOH � ligandoccupiesthepositionof thebridging ligand,

the calculatedNi–Fe distanceis 3.00 Å which agreeswith the experimentalvalue of 2.90 Å for the

hydrogenasefrom D. gigas[27].1 ThecalculatedR -tensorprincipalvaluesRi� & � & S = 2.21,2.17,1.98for

an OH � bridging ligand agreewith the experimentalvalues R � & � & S = 2.33, 2.16, 2.01 for the RT� - and

R�S -components.Thedeviation of thecalculatedg� -valuefrom theexperimentvalueis not unusualfor

1Theexperimentalvalueof thehydrogenasefrom D. vulgarisMiyazakiF couldnotbereproduced(seeabove). Onereason

might bethattheX-ray structurescollectedfor thetwo hydrogenasesreferto differentoxidationstates,e.g. thedatacollected

from D. vulgarisMiyazakiF couldbelongto anEPR-silentNi-Si species.
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theZORA approach(seeChapter4 onmodelcomplexes).
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Figure7.1: ZORA calculatedÈ -tensororientationsof theNi-A, Ni-B andNi-C paramagneticstatesin [NiFe]

hydrogenase.

Also, theexperimentalR -tensororientationwasreproducedwhenaOH � ligandoccupiestheposition

of the bridging ligand (seeFigure 7.1). Experimentally, the RTS -axis was shown to be approximately

orientedalongtheNi–SCys533bond(deviation16� ). The Ri� axispointedtowardsthebridgingligandX

andRT� wasorientedalongtheNi–SCys65bond.WhentheexperimentalR -tensororientationin theactive

centreis superimposedonto the geometry-optimizedclusterwith a OH � bridging ligand suchthat the

heavy atomsshow minimaldeviations,thedifferencein theaxesorientationsis 10� for g� , 12� for Ri� and

14� for R�S . Dueto theabsenceof any symmetryelementsin theactive centerof thismetalloenzyme,the

agreementcanbeconsideredsatisfactory. Theorientationof the RTS -axis is in agreementwith structural

informationfrom orientation-selected � H cw-ENDORof frozensolutionof A. vinosum[169] andthe

pulsed-ENDORspectroscopy of proteinsinglecrystalsfrom D. vulgarisMiyazaki F [184] (seeChapter

6). In theseexperiments,large isotropic � H hyperfinecouplingsweremeasuredandassignedto P -CH�
protonsof the bridging cysteineCys533. This shows that the unpairedspin densityis localizedalong

thatNi–S bond.

For meansof comparison,alsospin-unrestrictedQR calculationsof the R -tensorwere performed

(seeTable7.2). Identicalgeometry, basissetandexchange-correlationfunctional(BP86)comparedto

the ZORA calculationwereused. The QR valuesfor the R � and Ri� componentsaresmallerthanthe

correspondingZORA results. This may be dueto the differenttreatmentof spin-orbitcouplingin the

two approaches.In theQR calculationsthespin-orbitcouplingis treatedasa perturbationwhile in the

ZORA caseit is treatedvariationally. The R�S valueof theQRcalculationis largerthanthecorresponding

ZORA valueandcloserto experiment.This may be dueto an effect of spin-polarizationalongthe R�S
axiswhich is taken into accountin theQR calculation.TheQR calculatedR -tensororientationis very

similar to theZORA results.The RT� - andg� -axesarerotatedby 14� while the R S -axis remainsnearly



118 7. Relativistic DFT Calculationsof theParamagneticIntermediatesof [NiFe] Hydrogenase

unchanged(3� difference).

Table 7.3: Comparisonof spin-restrictedZORA andspin-unrestrictedQRresultsfor theNi-B state.

ROKSZORA UKS QR

x y z x y z

R -value 2.209 2.173 1.984 2.187 2.148 2.028

!E� $ 0.65786 0.16489 -0.73487 0.69707 0.02767 -0.71647

!£� $ -0.40064 0.90284 -0.15609 -0.16520 -0.96617 -0.19804

!£S $ 0.63773 0.39711 0.66000 0.69771 -0.25640 0.66892

È�É , È�Ê , È ] arethe È -tensorprincipalvalues;ËIÉ�K , ËIÊ%K , Ë ] K i = x, y, z arethe È -tensoreigenvectors.Theeigenvectors

of the ZORA Hamiltonianrepresentan orthonormal,right-handedcoordinateaxessystem(the triple productof

theeigenvetorsis +1); theeigenvectorsof theQR calculationrepresenta left-handedcoordinateaxessystem(the

triple productof theeigenvetorsis -1).

7.3.1.2 Hyperfine Interaction

Table7.4 gives the ZORA calculatedhyperfineparametersfor the Ni-B statewhen a hydroxogroup

bridgestheNi andFeatoms.Theeffectof spin-polarizationon thehyperfinetensorscanberationalized

whencomparingthe resultsfrom scalar-relativistic spin-restricted(SR ROKS) calculationswith those

from spin-unrestricted(SRUKS) calculations(cf. columns1 and2 in Table7.4). Theinfluenceof spin-

orbit couplingbecomesclearwhenonecomparesscalar-relativistic spin-restricted(SRROKS)with spin-

orbit-coupledspin-restricted(SR+SOROKS) results(cf. columns1 and3 in Table7.4). The isotropic

hyperfineinteractionaÅCÆ'Ç is to betakenfrom spin-unrestrictedscalar-relativistic (SRUKS) calculations,

exceptfor hydrogenatomsfor whichalsoSO+SRROKS resultsarereliable(seeChapter4).

� � Ni: The isotropic � � Ni hyperfineinteractionis calculatedto be small andpositive (+5 MHz). in

theSRUKS calculation.Theinfluenceof spin-polarizationis not largewhengoingfrom SRROKS to

SR UKS values.However, thereis a striking effect of spin-orbitcouplingwhencomparingSR ROKS

andSO+SRROKS results. The anisotropichyperfineinteractionis reducedby a factorof two when

SOcouplingis considered.Althoughthereis no experimentaldatafor the � � Ni hyperfinetensorin the

Ni-B state(seeTable2.5), the SO coupledvaluesseemunrealisticallylow. Ni-A andNi-C displaya

total � � Ni hyperfineinteractionalongA S of 76 MHz (seeTable2.4) andNi-B would be expectedto

exhibit ahyperfineinteractionof thesameorderof magnitude.Suchavaluewasrecentlyobtainedfrom

hyperfinesplitting of � � Ni enrichedproteinof the[NiFe] hydrogenasefrom D. vulgarisMiyazaki F (S.
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Foerster, personalcommunication).The SR UKS values,in particularfor the A S component,appear

morerealistic.

� � Fe: The � � Fehyperfineinteractionis calculatedto besmallat all levelsof thecalculationsdueto

thestrongCN andCO ligandswhich keepthe iron in its formal Fe(II) low spin (S = 0) state.A weak

spinpolarizationvia thebridginghydroxobridgeleadsonly to a small � � Fehyperfineinteraction.The

effect of spin-polarization(cf. SRROKS andSRUKS values)reducesthehyperfinecouplingby about

1 MHz for A � andA S . Spin-orbitcoupling(cf. SRROKSandSR+SOROKSvalues)furtherreducesA �
andA S componentsby 0.3and0.9MHz, respectively. TheA � componentsis alsoreducedin magnitude

andeveninvertsthesign.An extrapolatedspin-polarized,spin-unrestricted� � Fehyperfinecouplingthen

is very smallindeed.Despitea reportedabsenceof � � Fe-ENDORcouplings[61] in theNi-B state,there

is new evidencethat this resulthasto be revised. A valueof 0.8 MHz wasreported(J. Moura, B. M.

Hoffman,personalcommunication).Thecalculatedsmall � � Fehyperfineinteractionis thusin agreement

with mostrecentexperimentalfindings.
�/� S: In the Ni-B clustermodel,only the sulphuratomof the bridging cysteineCys533exhibits a

significanthyperfineinteraction(15MHz isotropichyperfineinteraction).Theisotropichyperfineinter-

actionsfrom the sulphuratomsof cysteineCys530,Cys65andCys68are2.4 MHz, 0.3 MHz and3.0

MHz andthusmuchsmaller. Thereforethesesulphuratomsarenot includedin Table7.4. The cal-

culated �/� S couplingof the bridging cysteineCys533agreeswith the experimentalfindingsthat there

is hyperfinesplitting dueto onesulphurnucleusonly [62] in Ni-B, that the R�S -axis (associatedwith a

3dS � orbital) is alongtheNi–SCys533bond[190] andthereis largehyperfineinteractionof the P -CH�
protonsof cysteineCys533[169,184]. Neitherspin-polarization.nor spin-orbit coupling largely in-

fluencethecalculatedanisotropic�/� S coupling. The isotropichyperfineinteractionis about+15 MHz

andthe anisotropicpart very closeto uniaxiality with A A%$ B = -27 MHz. Albracht et al. reporta �/� S

hyperfinesplitting of 27 MHz and39 MHz alongthe R � and RT� components[62]. A splitting along R�S
wasnot reported.Reasonsfor thedifferencesbetweenexperimentalandcalculatedhyperfinesplitting

may comefrom the numberof simulationparametersthat enterthe analysisof theexperimentalsplit-

ting (e.g. numberof sulphurnuclei, degreeof enrichment,R - and Ä -tensorrelative orientation). The

excellentagreementbetweenmeasuredandcalculated�<Ì hyperfinesplitting of the P -CH� protonsof

thatSCys533nucleusgivesconfidencethat thespindensityat thesulphuratomandthusthehyperfine

interactionarewell describedby thecalculations(seebelow).

� � O: The � � O couplingof thehydroxooxygenexhibits an isotropiccouplingof -7 MHz (SRUKS

results)andasmallanisotropiccontribution atall levelsof thecalculations.Thetotalhyperfinetensorof

[-6 , -6, -10] MHz is in approximateagreementwith thereportedexperimental� � O hyperfinebroadening
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of EPRlinewidth of 11and20MHz for R � andR S [63]. Theexperimentaldatamustbecritically regarded,

i.e. theuseof anEPRmodulationamplitudeof 1 mT andthedetectionof line-width broadeningsof the

orderof 0.4-0.7mT seemnot reliable.
� H: In the Ni-B clustermodel, the P -CH� protonsfrom the bridging cysteineCys533exhibit a

largehyperfineinteraction.Theagreementbetweencalculatedandexperimentaldatafrom cw-ENDOR

of frozensolution(isotropiccouplings+12.5MHz) [169] andpulsed-ENDORexperimentsof protein

single crystals(+13 and +11 MHz) (Chapter6) is very good. The isotropic hyperfineinteractionof

the two P -CH� of cysteineCys533is overestimatedby 3 and7 MHz in the spin-polarizedSR ZORA

calculations,but reproducedto within 1 MHz whenspin-orbitcoupling(SR+SOROKS) is considered.

Theeffectof spin-orbitcouplingon theanisotropichyperfinetensoris small(comparingSRROKSwith

SO+SRROKS data). Oneof the P -CH� protonsof the terminalcysteineCys65displaysa hyperfine

couplingof +2.2MHz (SRUKS value),respectively +2.6MHz attheSO+SRROKSlevel of calculation.

This would correspondto thethird hyperfinecoupling �Í} assignedin Chapter6. Thecalculationsalso

give an isotropic hyperfineinteractionof +5 MHz for one P -CH� proton from the terminal cysteine

Cys530. This caneitheroriginatefrom the coupling Ä½� in singlecrystalsor the one labelled‘ ® ’ in

frozen solution [169]. The hyperfineinteractionof the hydroxo bridge is rathersmall. The proton

exhibits a very small isotropichyperfineinteractionof about1 MHz anda largeranisotropiccoupling.

Thismaycorrespondto thesolvent-exchangeablecouplingof +4.4MHz at R � resportedby Fanetal. for

theNi-B state[69]. It wastentatively assignedby theauthorsto originatefrom aOH � or H � O boundin

thevicinity of theNi atom.
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Table 7.4: ZORA calculatedhyperfineinteractionin Ni-B in MHz.

hf

Nucleus component SRROKS SRUKS SO+SRROKSÎ   Ni aKHÏ � -17.28 +5.46 -55.19

A ÐÉ +56.15 +55.67 +24.26

A ÐÊ +21.10 +21.20 +9.58

A Ð] -77.26 -76.86 -33.85ÑJÒ
Fe aKHÏ � +0.08 -1.00 +0.78

A ÐÉ -3.07 -1.95 -2.72

A ÐÊ -0.32 -0.44 +0.13

A Ð] +3.41 +2.41 +2.58ÓJÓ
SÔ Ê<Ï ÑJÓ-Ó aKHÏ � +13.13 +15.30 +12.52

A ÐÉ -25.88 -27.54 -26.24

A ÐÊ -25.79 -26.64 -26.08

A Ð] +51.68 +54.18 +52.33

  Ò OÕ6ÖØ× aKHÏ � -4.85 -7.26 -4.68

A ÐÉ +1.77 +1.63 +2.38

A ÐÊ +1.41 +1.38 +1.48

A Ð] -3.19 -3.00 -3.81

  H Ô Ê<Ï Ñ-ÓJÓ � Ö   aKHÏ � 12.60 15.06 12.54

A ÐÉ -2.39 -2.41 -2.54

A ÐÊ -0.40 -1.12 -0.43

A Ð] +2.78 +3.52 +2.92

  H Ô Ê<Ï Ñ-ÓJÓ � Ö Y aKHÏ � 12.42 13.92 12.34

A ÐÉ -1.84 -1.68 -1.89

A ÐÊ -0.80 -1.07 -1.89

A Ð] +2.62 +2.76 +2.67

  H Ô Ê<Ï Ñ-ÓGÙ � Ö   aKHÏ � +2.16 +1.26 +2.23

A ÐÉ -1.56 -1.59 -1.71

A ÐÊ -0.87 -1.58 -1.02

A Ð] +2.42 +3.15 +2.73

  H Ô Ê<Ï Ñ-ÓGÙ � Ö Y aKHÏ � +4.70 +4.89 +4.69

A ÐÉ -0.95 -1.10 -1.02

A ÐÊ -0.90 -0.91 -0.96

A Ð] +1.85 +2.02 +1.99

  H Ô Ê<Ï ÎJÑ � Ö Y aKHÏ � +2.60 +2.22 +2.60

A ÐÉ -1.84 -1.89 -1.99

A ÐÊ -0.64 -1.15 -0.65

A Ð] +2.48 +3.04 +2.64

  H Õ6Ö × aKHÏ � +1.21 +0.30 +1.33

A ÐÉ -2.70 -3.37 -3.25

A ÐÊ -1.51 -2.34 -1.06

A Ð] +4.20 +5.71 +4.84
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7.3.2 Ni-A

7.3.2.1 g-Tensor

The R -tensororientationof theNi-A form wasdeterminedfrom angular-dependent EPRof singlecrystals

[179,190] in which Ni-A wastheminor compoundin theprotein. From thesimilarity of the R -values

a drasticchangein the electronicstructureof the active site could be ruled out. Indeed,the R -tensor

orientationwasexperimentallyfoundto beverysimilar to thatof Ni-B [190]. Only aslight reorientation

of about3-4� was detected. A modificationof the bridging ligand or one of the terminal cysteines

wasdiscussedwhich would causea shift in the RT� -value[190]. Thesehypothesesweretestedwith the

following results(seealsoTable7.2).

1. A protonationof theterminalcysteineCys530leadsto a R -tensorof g� & � & S = 2.29,2.14,1.92which

appearsimplausiblebecauseof its low R�S -value. Sucha modificationalsocould not explain the

differentactivationkineticof Ni-A andNi-B andtheirsimilaritiesin the R -tensororientations(data

not shown).

2. Also, adoublyprotonatedbridgingligandH � O canberuledout (thecalculatedR -tensorprincipal

valuesare2.22,2.09,2.01).

3. ZORA calculationswith a deprotonatedbridgingligand,e.g. leaving a O� � bridge,gave R -values

of g� & � & S = 2.36,1.95,1.84whichappearunrealistic.

In anext step,it wasinvestigatedwhethertheunrealisticvaluesbelow R�� derive from thespin-restricted

natureof the wavefunction. Spin-unrestrictedquasi-relativistic (QR) calculationsusing the Pauli-

Hamiltonian[142] but otherwisethe samebasisset, exchange-correlation functional and integration

schemeyieldedvaluesof g� & � & S = 2.187,2.148,2.028whenX = OH � andg� & � & S = 2.183,2.159,2.046

for X = O� � . TheQR-valuesaregenerallysmallerthanthecorrespondingZORA resultsbut thetrends

arereproduced:the R � componentof Ni-B (OH � ) is slightly larger thanfor Ni-A (O� � ), the RT� value

for Ni-A is larger thanfor Ni-B. TheQR RTS valuesarelarger thantheZORA resultsperhapsdueto the

perturbative treatmentof spin-orbitcoupling. In any case,theconsiderationof spin-polarisationdrasti-

cally improvesthedescriptionof theNi-A state.If oneassumesthatthetrendscanbeextrapolatedto the

ZORA valuesfor Ni-B, (i.e. Ni-A - Ni-B shifts Ú`R � = -0.004, Ú`RT� = 0.011, Ú`RT� = 0.018)onearrives

at reasonableR -valuesof 2.20,2.19,2.02. TheZORA calculatedR -tensororientationis givenin Figure

7.1. Thetensororientationis very similar to thatof Ni-B aswasalsofoundexperimentally[190]. The

gS axisis alongtheNi–SCys533bondandthe R � -axisroughlypointsto thebridgingligand.
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Table 7.5: Comparisonof spin-restrictedZORA andspin-unrestrictedQRresultsfor theNi-A state.

ROKSZORA UKS QR

x y z x y z

R -value 2.357 1.948 1.846 2.183 2.159 2.046

! � $ 0.49499 -0.18690 -0.84856 -0.01959 0.41151 -0.91120

! � $ -0.85012 -0.30610 -0.42848 -0.77154 -0.58585 -0.24799

!£S $ -0.17966 0.93347 -0.31040 0.63588 -0.69817 -0.32897

È É , È Ê , È�] arethe È -tensorprincipalvalues;Ë É�K , Ë Ê%K , ËI] K i = x, y, z arethe È -tensoreigenvectors.Theeigenvectors

of the ZORA Hamiltonianrepresentan orthonormal,right-handedcoordinateaxessystem(the triple productof

theeigenvetorsis +1); theeigenvectorsof theQR calculationrepresenta left-handedcoordinateaxessystem(the

triple productof theeigenvetorsis -1).

Thedifferencebetweenthespin-restrictedZORA andthespin-unrestrictedQR R -tensororientations

is alsoquite large. The R S -axesagreeto within 11� while R � - and Ri� -axesdiffer by 57� and58� , re-

spectively. From a comparisonof thesignsof theeigenvectorsit becomesclearthat the 2 - and 5 -axes

interchangewhengoing from the spin-restrictedZORA to the spin-unrestrictedQR calculations.The

7 -axis is retained.It is found that theaxesorientationof the ZORA calculationis in betteragreement

Figure7.2: Comparisonof ROKS ZORA andUKS QR È -tensororientationsfor theNi-A state.

with theexperimentalassignmentof theNi-A form. It is the R � axis thatpointsto thebridging ligand
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in the ZORA calculationbut the RT� axis in the QR calculationandvice versafor the otheraxes. Ex-

perimentally, theexactorientationof the R -tensoraxeswith respectto thecrystalaxeswasdetermined

from X-ray scatteringexperiments[179,196]. TheNi-B speciesis themajorconstituentof proteinsingle

crystalsfrom D. vulgarisMiyazaki F. Strictly speaking,theconfirmedorientationof R - andcrystalaxes

orientationonly holds for the Ni-B form. The orientationof a andb crystalaxeswith respectto the

correspondingR -tensoraxesmaybedifferentfor Ni-A but it wasassumedto besimilar to thatof Ni-B.

Unlessa proteinsinglecrystalfrom D. vulgarisMiyazaki F which is predominantelyin theNi-A form

is investigatedfirst by roomtemperatureEPRandthenby X-ray scattering,a definiteansweraboutthe

experimentalR -tensororientationin Ni-A cannotbemade.

Thepotentialassignmentof anO� � bridgingligandin theNi-A form is supportedby thefollowing

experimentalfacts.

� � � O� line broadeningwasobservedfor Ni-A andNi-B EPRsignalswhichsuggeststhatanoxygen

speciesbindsin thevicinity of theNi [63].

� In theactive centre,no D � O exchangeableprotoncouldbedetectedin theNi-A state[68,70].

� Ni-A requiresprolongedexposureto H � to beactivatedcomparedto Ni-B. An OH � ligandwould

bemoreeasilyremovableuponprotonationthantheproposedO� � ligand.

7.3.2.2 Hyperfine Interaction

Table7.6givestheresultsof ZORA calculationsof thehyperfineinteractionin themodelfor theNi-A

state.

� � Ni: Thescalar-relativistic (SRUKS) calculatedisotropic� � Ni hyperfineinteractionis positive(+13

MHz). Thevalueof theSRUKS anisotropicA Û S componentagreesratherwell with theexperimentalval-

uesby Albrachtetal. [59] andMouraetal. [45] (seeTable2.5) of 76MHz. Thesignof theexperimental

hyperfinecouplingcould not bedetermined.Accordingto thecalculations,it is negative. Experimen-

tally, however, a smaller Ä � hyperfineinteraction(21 MHz) wasdetected[59]. WhencomparingSR

ROKSandSRUKS calculations,theeffectof spin-polarizationcanbeseen:uponconsiderationof spin-

polarizationA Û� increasesby 2 MHz, A Û� is reducedby 4 MHz andA Û S increasesby 2 MHz. Theeffect

of spin-orbitcoupling(cf. columns1 and3 in Table7.6) reducesA Û� by 14 MHz, A Û S by 4 MHz but A Û�
increasesby 9 MHz.

� � Fe: The isotropic � � Fehyperfinecouplingis calculatedto bevery small (-0.5 MHz) from theSR

UKS calculation.Theanisotropichyperfineinteractionis alsovery small(lessthan1 MHz) at all levels
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of thecalculationsandneitherspin-polarizationnor spin-orbitcouplingareof drasticalinfluence.This

is in agreementwith a small experimental� � Fe-ENDORhyperfinesplitting of � 1 MHZ in the Ni-A

state[61].

�/� S: Thecalculated�/� S couplingof thesulphurof Cys533shows a largerisotropic(+29MHz in the

SRUKS calculation)andsmalleranisotropichyperfinecouplingcomparedto theNi-B state.The total

hyperfinetensor, however, remainsaboutconstant. All othercysteinyl sulphurnuclei exhibit smaller

isotropichyperfineinteractionsof theorderof 1/3or lessthanthatof thebridgingcysteineCys533;they

arenot includedin Table7.6. Thelargehyperfineinteractionof thesulphuratomof thatbridgingcysteine

supportstheconsistency betweentheNi-B andNi-A R -tensororientationsandthehyperfineinteraction

of the P -CH� protonsof theresidue(seebelow andChapter6).
� � O: The calculatedisotropic � � O coupling(-8.8 MHz) is very similar to that in the Ni-B state(-

7.3 MHZ) while thereis a drasticincreasein the anisotropichyperfineinteractioncomparedto Ni-B.

The experimental � � O hyperfinecoupling that increasesthe EPRlinewidth in Ni-A (14, 11, 13 MHz

for A � , A � , A S ) doesnot show this large anisotropy [63] (seeTable2.5). Onereasonfor that might

be an unfavourableorientationof R - and Ä -tensorswhich would make the determinationof the � � O
tensorprincipalvaluesmoredifficult. Theexperimentalstudyby vanderZwaanet al. [63] only aimed

at a characterizationof the environmentof the nickel nucleusbut not at an accuratedeterminationof

the � � O hyperfinetensorprincipal values. Underthe experimentalconditionschosenby theseauthors

(seeabove), the reportedincreasein line-width canonly serve asproof of an oxygenicspeciesin the

vicinity of the nickel atomin the Ni-A state. � � O-ENDORexperimentsarein progress(J. Moura, B.

M. Hoffman,personalcommunication)andwill provide a moresensitive tool to addressthequestionof

oxygenbindingin theoxidizedstatesof [NiFe] hydrogenase.

� H: The calculatedisotropichyperfinesplittingsof the P -CH� protonsfrom the bridging cysteine

Cys533(SR UKS valuesof +11 and +7 MHZ) are in agreementwith experimentalfindings by Fan

et al. of a total hyperfinesplitting of 12.8 MHz at RT� in the Ni-A form (seeTable2.6) and pulsed-

ENDOR of protein singlecrystals(seeChapter6). Neither spin-polarizationnor spin-orbit coupling

have a large influenceon the � H hyperfinetensorcomponents(at most1 MHz). Experimentally, the

two P -CH� protonsappearcloserto equivalencethanin thecalculation.Thereasonfor this might bea

slight torsionalchangewith respectto thesulphur3pS orbital. Thedeprotonationof thehydroxobridge

in the Ni-B form leadsto a « -oxo bridgein Ni-A. The ENDOR spectraof Ni-A in H � O andD � O are

identicalwhile asmallD � O-exchangeablecouplingwasdetectedin Ni-B [69] whichsupportsthismodel

(seeabove). Oneof the P -CH� protonsof theterminalcysteineCys65displayedanisotropichyperfine

interactionof 2-3 MHz in theNi-B modelcluster(seeabove). This hyperfineinteractionis in theNi-A



126 7. Relativistic DFT Calculationsof theParamagneticIntermediatesof [NiFe] Hydrogenase

model clusterreducedto almostzero (-0.15 MHz at the SR UKS level of calculation)andwould no

longerbeeasilydetectableby ENDOR.This is in angreementwith thepostulateddifferencebetweenthe

Ni-A andNi-B formsin Chapter6.
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Table 7.6: ZORA calculatedhyperfineinteractionin Ni-A in MHz.

hf

Nucleus component SRROKS SRUKS SO+SRROKSÎ   Ni aKHÏ � -17.05 +12.98 -85.10

A ÐÉ +75.75 +77.44 +62.18

A ÐÊ +0.95 -3.06 +10.06

A Ð] -76.71 -74.38 -72.24ÑJÒ
Fe aKHÏ � 0.08 -0.47 0.80

A ÐÉ -0.78 -0.52 -0.79

A ÐÊ +0.23 +0.13 -0.23

A Ð] +0.55 +0.39 +1.02ÓJÓ
SÔ Ê<Ï ÑJÓ-Ó aKHÏ � +29.83 +28.72 +30.17

A ÐÉ -19.54 -19.48 -14.30

A ÐÊ -19.51 -19.43 -19.75

A Ð] +39.06 +38.90 +34.06

  Ò O aKHÏ � -0.05 -8.83 -0.33

A ÐÉ +21.89 +29.94 +28.27

A ÐÊ +20.19 +14.08 +18.33

A Ð] -42.19 -44.03 -46.61

  H Ô Ê<Ï Ñ-ÓJÓ � Ö   aKHÏ � +9.56 +10.61 +9.47

A ÐÉ -1.79 -1.75 -1.70

A ÐÊ -0.58 -0.61 -0.76

A Ð] +2.38 +2.37 +2.46

  H Ô Ê<Ï Ñ-ÓJÓ � Ö Y aKHÏ � +6.10 +7.41 +6.22

A ÐÉ -2.43 -2.47 -2.53

A ÐÊ -0.90 -1.57 -1.10

A Ð] +3.33 +4.06 +3.64

  H Ô Ê<Ï Ñ-ÓGÙ � Ö   aKHÏ � +1.88 +0.31 +1.56

A ÐÉ -2.61 -2.44 -2.81

A ÐÊ -1.69 -2.25 -2.30

A Ð] +4.30 +4.70 +5.12

  H Ô Ê<Ï Ñ-ÓGÙ � Ö Y aKHÏ � +4.39 +4.20 +4.13

A ÐÉ -0.98 -1.09 1.14

A ÐÊ -0.90 -0.94 -1.08

A Ð] +1.88 +2.03 +2.22

  H Ô Ê<Ï ÎJÑ � Ö Y aKHÏ � +0.24 -0.15 +0.17

A ÐÉ -1.52 -1.71 -1.20

A ÐÊ -0.98 -1.30 -1.13

A Ð] +2.50 +3.01 +2.33
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7.3.3 Ni-C

7.3.3.1 g-Tensor

In the X-ray structureanalysisof the reducedenzyme,the position of the bridging ligand is vacant

[172,185]. This indicatesthatthebridgingligand Ü mustbeliberateduponactivationwhengoingfrom

theoxidizedNi-A/Ni-B statesto thereducedNi-C (or Ni-R) state.However, eitherthesubstrateH � or

thedissociationproductsH ° andH � maystill beboundto theactive centrein theNi-C stateandnotbe

detectableby X-ray analysis.

Table7.7: Comparisonof experimentalandcalculatedÈ -tensorprincipalvaluesusingtheZORAHamiltonian

for thereducedNi-C stateof [NiFe] hydrogenase.

BondingSit. R � Ri� RTS Ref.

exp. 2.19 2.15 2.01 [67]

2.20 2.15 2.01 [209]

calc. Ni(III) emptybridge 2.28 2.03 1.99

Ni(III) H � axial 2.13 2.06 2.02

Ni(III) H ° axial,H � bridge 2.13 2.02 1.96

Ni(III) H � bridge 2.20 2.10 2.00

Ni(I) H � bridge 2.09 2.03 2.03

First,calculationswith a formal Ni(III) oxidationstatewereperformed.Calculationswith anempty

bridgingpositionyield R -valuesg� & � & S = 2.28,2.03,1.99which arein pooragreementwith experiment

(seeTable7.7). Whenoneassumesthat the hydrideoccupiesthe positionoppositeto Cys533at the

vacantcoordinationsitein theactivecentre(axially coordinatedto theNi 3dS�� orbital,seeFigure7.3), the

calculatedR -valuesareg� & � & S = 2.13,2.06,2.02whicharenot in agreementwith experimentalvalues(see

Table7.7). Likewise,undertheassumptionthatbothproductsof theheterolyticcleavageof H � (H ° and

H � ) remainin theactivesite(onein thepositionof thebridgingligandandoneat theopencoordination

site)thecalculatedR -valuesareg� & � & S = 2.13,2.02,1.96.They alsodonotsupportthisbondingsituation

(Table7.7). Whena hydrideion occupiesthepositionof thebridging ligandandtheNi is in a formal

Ni(III) oxidationstate,thecalculatedR -tensorprincipalvalues( R � & � & S = 2.20,2.10,2.00)agreewell with

thosefrom frozensolution R � & � & S = 2.20,2.15,2.01(seeTable7.7). ThecalculatedR -tensororientationis

depictedin Figure7.1. Theorientationof the R�S -axisremainsunchangedascomparedwith theoxidized

states(alongNi–SCys533)whereastheaxesin thex,y-planechangequiteremarkedly. In Ni-C it is the
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Figure7.3: Modesof HydrideBinding to aNi 3d]-á Orbital.

g� -axis thatpointsapproximatelyto thepositionof thebridgingligandH � while it is the R � -axis in the

oxidizedstates. In Ni-C the g� axis roughly points to the terminalcysteineCys65. For meansof an

Table 7.8: Comparisonof spin-restrictedZORA andspin-unrestrictedQRresultsfor theNi-C state.

ROKSZORA UKS QR

x y z x y z

R -value 2.200 2.097 2.001 2.163 2.104 2.026

!E� $ -0.34837 0.63152 0.69269 0.40226 0.61099 0.68182

!£� $ 0.93735 0.23761 0.25479 -0.91548 0.27569 0.29307

!£S $ -0.00368 0.73805 -0.67473 0.00891 0.74208 -0.67025

È�É , È�Ê , È ] arethe È -tensorprincipalvalues;ËIÉ�K , ËIÊ%K , Ë ] K i = x, y, z arethe È -tensoreigenvectors.Theeigenvectors

of the ZORA Hamiltonianrepresentan orthonormal,right-handedcoordinateaxessystem(the triple productof

theeigenvetorsis +1); theeigenvectorsof theQR calculationrepresenta left-handedcoordinateaxessystem(the

triple productof theeigenvetorsis -1).

independentcheckof theresults,aspin-unrestrictedQR calculationwasperformed(seeTable7.8). The

spin-unrestrictedQR valuesareagainvery similar to the spin-restrictedZORA results. This indicates

thatspin-polarizationdoesnotplayamajorrole for theelectronicstructureof theNi-C state.Compared

to theZORA results,the R � - and RT� -valuesaresmallerin theQR calculationandthe R�S -valueis slightly

larger (for a discussionseeabove). TheQR R -tensororientationis alsovery comparableto theZORA

calculatedone.The R � -axesdiffer by 3� , the Ri� -axesby 2� andthe R�S -axesby 2� (seeTable7.8).

TheDFT calculationssuggesteda R -tensororientationbeforeexperimentalstudieson proteinsingle

crystalsin the Ni-C statewereperformed. Recentexperimentalfindings indicatethat thereis indeed

the possibility for an agreementwith the theoreticalresult. Here, the theoreticallyproposedR -tensor

orientationhelpedto resolve an ambiguity with respectto the orientationof the 2 - and 5 -axes with

respectto thecrystalaxes 9 and ; ( [209] andS.Foerster, personalcommunication).
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The assumptionof a hydride bridge in-planeboundto the Ni 3dS�� orbital (seeFigure 7.3) is in

agreementwith theobservationof a ratherlarge,D � O-exchangeable� H hyperfinecouplingin theNi-C

state[69,70] (seebelow).

Formally, Ni-C is two electronsmorereducedthantheoxidizedNi-A/Ni-B states.RecentEXAFS

results,however, donot reporta largeshift in electrondensityat theNi atom[186]. This is in agreement

with our modelthatNi-C formally containsNi(III) which impliesthatanoxidationin theligandsphere

or oneof its cofactorsor Fe-Sclustersmusttake placeuponNi-A/B � Ni-C conversion.A formalNi(I)

oxidationstatewith a hydridebridgeyields calculatedR -valuesg� & � & S = 2.09,2.03,2.03anddoesnot

agreewith experimentaldata.

7.3.3.2 Hyperfine Interaction

Thebondingsituationwhena hydrideis boundaxially to theNi(III) 3dS<� orbital (seeFigure7.3) does

not leadto satisfyingR -values(seeabove). Theprotonhyperfinetensorsarealsonot in agreementwith

experimentalfindings,i.e. the P -CH� protonsfrom Cys533show isotropichyperfineinteractionsof -0.7

and1.7 MHz andtheaxial hydridedisplaysa hyperfinetensorof [-16, -11, 14] MHz. Sucha situation

seemsunrealisticfor theNi-C statein particularbecauseof thesmallcalculatedcouplingsof the P -CH�
protonsfrom thebridgingcysteine(seebelow).

Table7.9givestheZORA calculatedhyperfineparameterfor theNi-C statewhenahydrideoccupies

thepositionof thebridgingligandandis in-planeboundto theNi 3dS<� orbital.

� � Ni: Theisotropic � � Ni hyperfineinteractionfrom theSRUKS calculationis smallandof negative

sign (-2 MHz). The effect of spin-polarization(obtainedwhenonecomparesSR ROKS andSR UKS

calculations)on theanisotropichyperfinetensoris smallandincreasesA Û� by 3 MHz, A Û� is reducedby

the sameamountandA Û S remainsnearlyunchanged.The anisotropichyperfinetensorexhibits a large

effect uponconsiderationof spin-orbitcoupling.SOcouplingreducestheanisotropiccomponentsby a

factorof two comparedto theSR ROKS case.This drasticreductionseemsunrealisticsincethespin-

polarizedtensoris in goodagreementwith theexperimentalvaluefor thehyperfinesplittingalong RTS by

Mouraetal. (76MHz) [45]. Valuesfor thesplitting alongthe R � and RT� componentswerenotgiven.

� � Fe: The isotropic � � Fe hyperfinesplitting is very small (-0.9 MHz in the SR UKS calculation).

Theanisotropichyperfinetensorshows only a smalleffect uponconsiderationof spin-polarization(A Û�
increaseswhile A Û� andA Û S slightly decrease;cf. columns1 and2). Spin-orbitcouplingslightly decreases

A Û� by 0.5 MHz andincreasesA Û� by 1 MHz (comparecolumns1 and3). This small valueof the � � Fe

hyperfinecouplingis in agreementwith theexperimentalfinding by Huyettet al. [61] who reportedan

absenceof any � � Fe-ENDORsignalin theNi-C state.
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�/� S: Of thefour cysteinyl sulphuratomsonly thatof thebridgingcysteineCys533showsasignificant

hyperfineinteraction(isotropichyperfineinteraction+14MHz). Theisotropichyperfinecouplingsof the

remainingthreesulphurnucleiaresmaller(+0.9MHz for Cys65,+6 MHz for Cys68and+1.9MHz for

Cys530). The �/� S couplingof Cys533is very similar to the Ni-B caseand is in agreementwith the

R -tensororientationwhichhasits R�S axisalongtheNi–SCys533bond.
� H: The P -CH� protonsof theCys533displayisotropicandanisotropichyperfinecouplingsof the

sameorderof magnitudeasin theNi-B state.Theisotropicpart is slightly reducedby 1-2 MHz which

was also found experimentally[70]. Whiteheadet al. assignedthis reductionto a slightly different

torsionalanglesof the P -CH� protonswith respectto thesulphur3pS orbital [70]. Accordingto thecal-

culations,it is a shift of unpairedspindensityaway from thebridgingcysteineto theterminalcysteine

Cys530thatis responsiblefor this reduction.Thetwo P -CH� protonsfrom Cys530exhibit nearlyidenti-

calhyperfineinteractionswith 9 $EDJF = +7 MHz and+6 MHz. Thesemaycorrespondto theunassigned� H
hyperfinesplitting â 5 MHz in theNi-C statewhichwereshown not to besolvent-exchangeable[70].

The bridging hydrideexhibits a ratherunusualhyperfineinteraction. The isotropiccontribution is

positive in bothSRROKS andSO+SRROKS calculationsbut negative whenspin-polarizationis con-

sidered.Thehydrideis boundto theunpairedspindensityin a Ni 3dS�� orbital (seeFigure7.3). In case

of anaxialbinding(seeFigure7.3, left) a largeisotropichyperfineinteractionis expected.If theanalogy

to an � protonboundto anunpairedspin in a carbon2pS orbital holds,thesignof the isotropichyper-

fine interactionmaybenegative in caseof a hydrideboundin thenodalplaneof a Ni 3dS<� orbital (see

right handsideof Figure7.3). Spin-polarizationalsoincreasestheanisotropichyperfineinteractionby 3

MHz. Theeffect of SOcouplingon theanisotropichyperfineinteraction,however, is small. Thecalcu-

latedhyperfinetensoris in goodagreementwith experimentswhereatotalhyperfinetensorof [+15, -22,

-25] MHz wasreported[69] which givesan isotropichyperfineinteractionof -11 MHz. Thevaluefor

the Ä½S componentgivenby Fanetal. [69] cannotberationalizedsinceno spectranearthe 7 -component

weremeasured.From thespin-polarizedcalculationonearrivesat [-20, -16, +10] MHz with aÅCÆ#Ç = -9

MHz which is in goodagreementwith experiment.This largehyperfinecouplingwasshown to beD � O
exchangeableandthecorresponding� H couplingwasdetected[69,70,196]. A nickel hydridespecies

wouldbeeasilysolvent-exchangeable dueto theacidityof thehydrogen.Furthermore,thelargecoupling

wasalsolost uponphotoilluminationandconversionto theNi-L form for which photodissociationof a

protonligandwasdiscussed[70]. Whensucha removal of eitherthe hydridebridgeor a protonfrom

thebridgingpositionis investigatedin theconversionto theNi-L species,onealsohasana posteriori

confirmationor falsificationof theelectronicstructureof theprecursorNi-C form.
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Table 7.9: ZORA calculatedhyperfineinteractionin Ni-C in MHz.

hf

Nucleus component SRROKS SRUKS SR+SOROKSÎ   Ni aKHÏ � -20-20 -2.16 -55.11

A ÐÉ +62.14 +65.43 +31.72

A ÐÊ +16.63 +13.89 +7.83

A Ð] -78.78 -79.33 -39.55ÑJÒ
Fe aKHÏ � +0.04 -0.93 +0.23

A ÐÉ -2.81 -1.88 -3.38

A ÐÊ +0.51 +0.24 +1.15

A Ð] +2.29 +1.65 +2.23ÓJÓ
SÔ Ê<Ï ÑJÓ-Ó aKHÏ � +11.35 +14.45 +10.70

A ÐÉ -24.70 -25.21 -24.94

A ÐÊ -24.58 -24.20 -25.22

A Ð] +49.28 +49.43 +50.16

  H Ô Ê<Ï Ñ-ÓJÓ � Ö   aKHÏ � +10.56 +11.85 +10.48

A ÐÉ -1.74 -1.66 -1.75

A ÐÊ -0.89 -1.03 -0.88

A Ð] +2.63 +2.69 +2.65

  H Ô Ê<Ï Ñ-ÓJÓ � Ö Y aKHÏ � 10.55 12.90 10.50

A ÐÉ -2.60 -2.49 -2.76

A ÐÊ -0.09 -0.96 -0.05

A Ð] +2.70 +3.44 +2.80

  H Ô Ê<Ï Ñ-ÓGÙ � Ö   aKHÏ � +7.01 +7.25 +6.98

A ÐÉ -1.68 -1.63 -1.79

A ÐÊ -0.47 -1.00 -0.51

A Ð] +2.13 +2.62 +2.30

  H Ô Ê<Ï Ñ-ÓGÙ � Ö Y aKHÏ � +5.68 +5.62 +5.66

A ÐÉ -1.18 -1.26 -1.18

A ÐÊ -0.85 -0.97 -0.97

A Ð] +2.02 +2.22 +2.14

  H � bridge aKHÏ � +10.04 -8.65 +10.89

A ÐÉ -8.00 -11.12 -9.77

A ÐÊ -4.19 -7.46 -4.88

A Ð] +12.15 +18.57 +14.65
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7.3.4 Ni-L

7.3.4.1 g-Tensor

ThereducedNi-C stateis light-sensitive [67,217]. Uponilluminationat low temperatures

±³²�´À¿äãæå´ � ±½²µ´·ç
(7.2)

a new rhombicsignalevolveswith g� & � & S = 2.29,2.13,2.05(seeTable7.1). In the oxidizedNi-A and

Ni-B statesand the reducedNi-C state RTS was always closeto the free electronvalue from which a

3dS � groundstatewas deduced. In Ni-L, the R S -value arguesfor a d� � or d��� � � � groundstate[66].

Thephotoreactionis reversibleandtemperingat 180K fully recoverstheNi-C signal[67,218]. After

photolysis,the large � H-ENDORcouplingis lost andphotodissociationof a ligandwasdiscussed[70].

Whenthehydridewouldbelostuponillumination, theNi remainsin its formalNi(III) oxidationstate.

±½² r'è<è%è w ´é¿ ¬qê ¬´ � ±³² r'è%è%è w ´·ç
(7.3)

ThecalculatedR -valuesfor this situationareg� & � & S = 2.28,2.03,1.99. They cannotexplain theshift of

the R S valuein theNi-L statecomparedto theNi-C state.Therefore,thisconfigurationfor theNi-L state

appearsimplausible.

Uponremoval of aprotonfrom thebridgingposition,theNi atomis left in its formalNi(I) state

±³² r'è%è%è w ´À¿ ¬qê8ë´ � ±³² r'è w ´ìç Ã
(7.4)

In theprotein,thedissociatedprotonmightbetakenupby anearbyaminoacid,i.e. thearginineArg463

residuewhich resideslike a lid on top of the active site andmight be protonatedat the -NH � group.

The calculatedZORA values(g� & � & S = 2.26, 2.10, 2.05) for Ni-L are in excellentagreementwith the

frozensolutionvalues(Table7.1). Thedifferencebetweenspin-restrictedZORA andspin-unrestricted

QR calculationsis smallandfollows thetrendsdiscussedabove (seeTable7.10).

The QR calculatedR -tensororientationis rotatedby 18� in the 5b7 -planecomparedto the ZORA

orientation.(The R � -axesdiffer by 1� , the RT� -axesby 18� andthe R�S -axesby 18� .) Theorientationof the

R -tensorin theNi-L stateis similar to thatof theNi-C statewith the R � -axispointing to thepositionof

theemptybridge(seeFigure7.4).

7.3.4.2 Hyperfine Interactions

Thecalculatedhyperfineparametersfor theNi-L statearecollectedin Table7.11.
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Table 7.10: Comparisonof spin-restrictedZORA andspin-unrestrictedQRresultsfor theNi-L state.

ROKSZORA UKS QR

x y z x y z

R -value 2.257 2.097 2.049 2.211 2.138 2.090

! � $ -0.32790 -0.86757 -0.37391 0.34651 -0.70001 -0.62443

!£� $ 0.94351 -0.28079 -0.17589 -0.93742 -0.23415 -0.25771

!£S $ 0.04761 -0.41046 0.91063 -0.03419 -0.67466 0.73734

È É , È Ê , È�] arethe È -tensorprincipalvalues;Ë É�K , Ë Ê%K , ËI] K i = x, y, z arethe È -tensoreigenvectors.Theeigenvectors

of the ZORA Hamiltonianrepresentan orthonormal,right-handedcoordinateaxessystem(the triple productof

theeigenvetorsis +1); theeigenvectorsof theQR calculationrepresenta left-handedcoordinateaxessystem(the

triple productof theeigenvetorsis -1).

� � Ni: Theisotropic � � Ni hyperfineinteractionobtainedfrom aSRUKS calculationis of positivesign

andsmall (+12 MHz). The influenceof spin-polarizationon theanisotropichyperfinetensor(obtained

from a comparisonof columns1 and2) lies in a reductionof the A Û� componentby 8 MHz, the A Û�
componentis reducedin absolutevaluesby 6 MHz and A Û S by 2 MHz. Spin-orbit coupling further

reducesA Û� by 45 MHz, A Û� by 25 MHz andA Û S by 20 MHz in absolutevalues(comparingSRUKS and

SR+SOROKS calculations).Theeffect of spin-polarizationis certainlyoverestimatedandfurtherwork

onspin-orbit-coupledspin-polarizedrelativistic calculationsis needed.Comparedto theotherstates,the

A Û S componentis reducedby � 25MHz. A Û� componentincreasesby thesameamount.Here,maximum

couplingis nolongerobtainedalongthe 7 - but alongthe 2 -direction.Thisindicatesaredistributionof the

spindensityfrom axiality with preferenceof the 7 -directionto amoreevenlydistributedunpairedspinin

the 2:5 -plane.Thisis in agreementwith experimentalfindingsfor thesolublehydrogenasefromRalstonia

eutropha(SH)in theNi-L state[60], in whichhyperfinesplittingsof 56MHz, 28MHz and14MHz were

obtainedat the R � -, RT� - and RTS -components,respectively, andrecentresultsfor thehydrogenasefrom D.

vulgarisMiyazakiF (S.Foerster, personalcommunication).

� � Fe: The isotropichyperfineinteraction(-0.8MHz in theSRUKS calculation)is smallandof the

sameorderasin theNi-C, Ni-A andNi-B states.In thecaseof avacantbridgingposition,theanisotropic

� � Fe hyperfineinteractionis larger thanin the otherparamagneticstatesinvestigatedso far. The con-

siderationof spin-polarizationleadsto an increaseof the anisotropichyperfinetensorcomponentsby

5 MHz in magnitudealongA Û� , 2.5MHz alongA Û� and3.5 MHz alongA Û S . The inclusionof spin-orbit

coupling,ontheotherhand,doesnotshow this largeeffect. TheSR+SOROKSvaluesareverysimilar to
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Figure 7.4: Comparisonof theZORA calculatedÈ -tensororientationsfor theNi-B, Ni-C, Ni-L andNi-CO

paramagneticstatesof [NiFe] hydrogenase.

thoseobtainedattheSRROKSlevel of theory(comparecolumns3 and1). Thisshowsthatthehyperfine

interactionis now mostly throughspacewith the electronspin at the Ni andthat the direct transferof

unpairedspindensityin theNi-A, Ni-B andNi-C statesis mediatedby thebridging ligands.Thereare

no experimental� � Fe-ENDORdatato comparewith.

�/� S: Thesulphurnucleialsosensethemoreevenly distributedspindensity. Thesulphurnucleusof

Cys533shows a reducedanisotropichyperfineinteraction,while theisotropicterm(+16MHz) remains

constantcomparedwith theNi-C form. Thesulphurnucleiof theotherthreecysteinesalsoexhibit �/� S

hyperfinesplittingswhicharenotdrasticallysmallerthanthatof Cys533(SCys530+7MHz, SCys68+15

MHz, SCys65+10MHz). Theisotropiccomponentof Cys68is comparableto thatof Cys533andonly

differs in the smalleranisotropicpart. The hyperfineinteractionsof the sulphurnuclei of Cys530and

Cys65areslightly smaller. Neitherspin-polarizationnor theconsiderationof spin-orbitcouplingshow

largeeffectson theanisotropichyperfinetensors.Themaximumeffect of spin-polarizationis obtained

for thesulphurnucleiof Cys533andCys530in whichspin-polarizationreducestheA Û S componentby 3

MHz.
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� H: The largesthyperfinecouplingof the hydridebridge in Ni-C is no longerpresentin the Ni-

L form. Thedecreaseof theanisotropichyperfineinteractionof thesulphurnucleusof Cys533is also

shown by the P -CH� protonsof thatresidue.Theisotropicpartsarereducedby 3.5and3 MHz compared

to theNi-C form. Thiswasalsoobservedexperimentallyby Whiteheadetal. [70]. Thecouplingsof 12.8

MHz in theNi-C form reduceto � 10MHz in theNi-L state.Thelatterprotonswereneitherphotolabile

nor D � O-exchangeable.As a consequenceof thesulphurnucleibeingcloserto equivalence,the P -CH�
protonsof the respective cysteinesalsoshow hyperfineinteractionsof the orderof 3-7 MHz isotropic

hyperfineinteractionandmaythusbedetectableby � H-ENDORof theNi-L state.

Table 7.11: ZORA calculatedhyperfineinteractionin Ni-L in MHz.

hf
Nucleus component SRROKS SRUKS SR+SOROKSÎ   Ni aKHÏ � -23.76 +12.22 -76.04

A ÐÉ +97.27 +89.32 +45.63

A ÐÊ -42.11 -36.30 -11.93

A Ð] -55.16 -53.01 -33.69ÑJÒ
Fe aKHÏ � +0.05 -0.83 +0.10

A ÐÉ -2.22 -7.16 -2.39

A ÐÊ +0.33 +2.93 +0.64

A Ð] +1.90 +4.24 +1.73ÓJÓ
SÔ Ê<Ï ÑJÓ-Ó aKHÏ � +12.16 +15.98 +11.41

A ÐÉ -14.26 -13.21 -14.33

A ÐÊ -14.12 -10.98 -15.08

A Ð] +28.39 +24.19 +29.40ÓJÓ
SÔ Ê<Ï ÑJÓJÙ aKHÏ � +2.70 +7.22 +1.42

A ÐÉ -8.51 -7.77 -10.74

A ÐÊ -7.83 -6.69 -7.76

A Ð] +10.23 +7.16 +10.75Ó-Ó
SÔ Ê<Ï Î-í aKHÏ � +15.72 +15.49 +15.30

A ÐÉ -5.17 -4.76 -5.09

A ÐÊ -5.06 -2.40 -5.67

A Ð] +10.23 +7.16 +10.75Ó-Ó
SÔ Ê<Ï Î-Ñ aKHÏ � +5.32 +10.27 +5.22

A ÐÉ -2.67 -3.75 -2.96

A ÐÊ -2.65 -1.42 -2.26

A Ð] +5.02 +5.17 +5.22

continuedonnext page
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hf
Nucleus component SRROKS SRUKS SR+SOROKS

  H Ô Ê<Ï Ñ-ÓJÓ � Ö   aKHÏ � +5.50 +6.53 +5.44

A ÐÉ -1.35 -1.59 -1.38

A ÐÊ -0.75 -0.49 -0.76

A Ð] +2.09 +2.07 +2.15

  H Ô Ê<Ï Ñ-ÓJÓ � Ö Y aKHÏ � +6.04 +7.05 +5.95

A ÐÉ -2.37 -2.77 -2.59

A ÐÊ -0.75 -0.49 -0.76

A Ð] +2.88 +4.25 +3.12

  H Ô Ê<Ï Ñ-ÓGÙ � Ö   aKHÏ � +6.21 +6.05 +6.15

A ÐÉ -1.74 -1.95 -1.86

A ÐÊ -0.65 -1.46 -0.77

A Ð] +2.39 +3.40 +2.62

  H Ô Ê<Ï Ñ-ÓGÙ � Ö Y aKHÏ � +4.61 +4.65 +4.56

A ÐÉ -1.18 -1.41 -1.20

A ÐÊ -0.85 -1.21 -0.96

A Ð] +2.04 +2.62 +2.17

  H Ô Ê<Ï ÎJí � Ö   aKHÏ � +3.45 +3.40 +3.44

A ÐÉ -2.13 -2.92 -2.34

A ÐÊ -0.91 -1.48 -1.02

A Ð] +3.02 +4.40 +3.95

  H Ô Ê<Ï ÎJí � Ö Y aKHÏ � +6.32 +6.56 +6.27

A ÐÉ -1.20 -1.20 -1.24

A ÐÊ -0.60 -0.66 -0.61

A Ð] +1.78 +1.86 +1.85

Thecalculatedhyperfineinteractions,in conjunctionwith thegoodresultsobtainedfor the R -tensor

principalvalues,leadto a modelpictureof theNi-L stateand,a posteriori, supporttheproposedNi-C

bindingsituation.

7.3.5 Ni-CO

The[NiFe] hydrogenaseis irreversiblyinhibitedby bindingof exogenousCO.This is accompaniedby a

dramaticchangein EPR R -values(g� & � & S = 2.12,2.07,2.02)(seeTable7.1) anda largealmostisotropic
�G� C hyperfinecouplingof 85 MHz [63] at the R -components.Initially, it wasdiscussedthat the Ni-C

statebindsCO [40,213].
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A numberof possibleCO bindingpossibilitiesto a Ni(III) specieswereinvestigatedby relativistic

DFT calculations,the resultsof which ( R -tensorprincipal valuesand �G� C isotropichyperfinecoupling

constant)aregivenin Table7.12. With respectto the R -tensorprincipalvaluesalone,thebondingsitua-

Table 7.13: Resultsof investigatedCO-bindingto aNi(III) species

Binding situation R -values �G� C a$EDJF [MHz]

Ni
î Fe

ï
S
ð S

C
ñOò

CO bridging 2.10,2.04,2.01 11.6

Ni Fe

S
S

H
C

O

CO axial@Ni; H ¬ bridge 2.07,2.05,2.01 183.9

Ni Fe

S
S

C
O

CO axial@Ni; nobridge 2.20,2.03,2.00 154.6

Ni
ó

Fe
ô

S
õ S

C
öO

÷
CO@Fe 2.11,2.06,2.01 9.9

experiment 2.12,2.07,2.02 85

tion whereCObindsattheFeatomandpointsto thepositionof thebridgingligandshowsbestagreement

with theexperimentalvalues.Theisotropichyperfineinteraction,in contrast,is far too small.Whenthe

CO axially bindsto the Ni(III), a bondingsituationproposedby van der Zwaanet al. [63] dueto the

largely isotropichyperfineinteraction,thecalculated�G� C isotropichyperfineinteractionis by a factorof

two largerthantheexperimentalvalueirrespective of thepresenceor absenceof abridginghydride(184

MHz and155MHz, respectively).

Only recently, Happeet al. [58] broughtforward the hypothesis,that it could actuallybe the Ni-L

statethat bindsCO. This hypothesiswasinvestigatedby probingdifferentCO bondingsituationsto a

Ni-L species(seeTable7.13). A possiblebindingplaceof exogenousCO is thepositionof thebridging

ligand. CO andH � would thenbe in competitionfor binding to the Ni andthe strongerNi-CO bond

would inhibit theenzyme.In orderto achieve this bondingsituation,photodissociationof thebridging

hydrideor a protonis alsorequired.The calculatedR -valuesfor a Ni(I) with a CO moleculebridging

Ni andFe areg� & � & S = 2.09, 2.05, 1.99 which aresomewhat too small. The calculatedisotropic �G� C

hyperfineinteractionis alsotoo small (26 MHz) comparedwith experimentaldataandsucha bonding

situationfor Ni-CO maythereforeberuledout. For thesamereasons,aNi(I) with CObindingon theFe

atomandtheCO pointingtowardstheNi atom,maybeexcluded,too.

If oneassumesthat theNi(I)-L clustermodelbindsCO in anaxial positionat theNi, thecalculated

R -tensorprincipal valuesareg� & � & S = 2.11, 2.06, 2.00 andagreevery well with the experimentaldata
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Table 7.14: Resultsof investigatedCO-bindingto aNi(I) species

Binding situation R -values �G� C a$IDJF [MHz]

Ni
î Fe

ï
S
ð S

C
ñOò

CObridging 2.09,2.05,1.99 25.9

Ni
ó

Fe
ô

S
õ S

C
öO

÷
CO@Fe 2.09,2.05,1.99 26.5

Ni
ø Fe

ù
S
S

C
O

COaxial@Ni 2.11,2.06,2.00 72.3

experiment 2.12,2.07,2.02 85

(g� & � & S = 2.12,2.07, 2.02). The spin-unrestrictedQR results(seeTable7.14) arevery similar both in

magnitudeandorientationwhich indicatesthatspin-polarizationis not of major importancefor theNi-

CO state. Also the isotropic �G� CO hyperfineinteractionis well reproducedby spin-unrestrictedSR

ZORA calculations(72 MHz calculatedvs. 85 MHz experimental,seeTable7.13). The proposedR -

tensororientationfrom theZORA calculationis shown in Figure7.4. It quitedrasticallydiffersfrom that

of theotherinvestigatedparamagneticstatesof the [NiFe] hydrogenase.In theCO-inhibitedform, the

R � -axispointsto theaxially coordinatedCOmoleculeand Ri� pointsapproximatelyto thevacantbridging

position.Comparedto theformal Ni(III) Ni-B statetheorientationin theNi(I)-CO form correspondsto

aninterchangeof 2 ´
and 7 -axes.

Table 7.15: Comparisonof spin-restrictedZORA andspin-unrestrictedQRresultsfor theNi-CO state.

ROKSZORA UKS QR

x y z x y z

R -value 2.112 2.056 2.000 2.108 2.070 2.016

! � $ -0.87738 0.01010 0.47969 0.89049 0.04804 0.45247

!£� $ -0.30734 0.75591 -0.57805 0.23208 0.80738 -0.54247

! S $ -0.36844 -0.65460 -0.66011 0.39137 -0.58808 -0.70781

È�É , È�Ê , È ] arethe È -tensorprincipalvalues;ËIÉ�K , ËIÊ%K , Ë ] K i = x, y, z arethe È -tensoreigenvectors.Theeigenvectors

of the ZORA Hamiltonianrepresentan orthonormal,right-handedcoordinateaxessystem(the triple productof

theeigenvetorsis +1); theeigenvectorsof theQR calculationrepresenta left-handedcoordinateaxessystem(the

triple productof theeigenvetorsis -1).
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The calculationwas repeatedusing the large triple-ú basisset (basisIV in ADF nomenclature).

The isotropic �G� CO hyperfineinteractionwasslightly reducedto +67.61MHz andA "%ûi$EDGF = [-6.04, -

1.61,7.64] MHz. The agreementwith the experimentalvaluesa$EDJF = 85 MHz andA "<û=$EDJF = [-4, 0, 5]

MHz [63] is morethansatisfying.Theassignmentof theCO-treatedenzymeto a Ni(I) specieswithout

a hydridebridge is in agreementwith the absenceof any line broadeningin EPRspectrauponH � O/

D � O solventexchangeof theNi-CO EPRsignal[213]. In Ni-C, thereis suchaneffect [67] which can

be assigned,accordingto thecalculations,to originatefrom the � H hyperfinecouplingof thebridging

hydride.Furthermore,thecarbonmonoxide-treatedhydrogenaseis light-sensitive anduponillumination

theNi-L EPRspectrumis fully recovered[213].

Theproposedcoordinationof CO axially boundto theNi is in agreementwith mostrecentexperi-

mentalfindings.TheX-ray structureanalysisof theCO-inhibited[Fe]-onlyhydrogenasefrom Clostrid-

ium pasteurianumCpI alsoshowedaxial bindingof CO to oneof theFeatomsin theactive site [219].

TherecentlyobtainedX-ray structureof thereduced,carbonmonoxidetreated[NiFe] hydrogenasefrom

D. vulgarisMiyazakiF containstwo conformationsof theboundCO(Y. Higuchi,personalcommunica-

tion). Oneshows aCOboundto theNi atomoppositeto Cys533in anunusualbentmode,theotherone

shows a CO moleculelinearly boundto theNi atom. At the moment,a statementaboutthe oxidation

stateof theNi atomin thecrystallizedCO-treatedenzymecannotbemade.It maybea productof the

active centreeitherin theNi-Si, Ni-L or Ni-R form. Preliminarystructuraldatafor thebentCO coordi-

nationarefor theNi–COdistance1.76Å, theC=Obondlengthis 1.22Å with aNi–C–Oangleof 118 �
(Y. Higuchi,personalcommunication).Thisbondingsituationis discussedin Chapter9.

RecentEXAFS investigationsof theNi-Si CO-treatedenzymegave a Ni–CO distanceof 1.78Å, a

Ni–O distanceof 2.90Å which led to aC–Obondlengthof 1.12Å [55]. Thestructuralparametersfrom

thecalculationsare1.74Å for theNi–COdistance,2.93Å for theNi–O distanceand1.21Å for theC=O

bondlength.Theagreementis satisfyingbut theauthorssuggestedaslightly differentbondingsituation

in which theCO wouldbeboundto theNi atombut wouldpoint towardstheFeatom[55].

The inhibition of theenzymaticcycle by CO binding in anaxial positionto theNi atomsuggestsa

participationof this coordinationsitein themechanism.

7.4 Discussionof Hyperfine Interactions

7.4.1 � � Ni Hyperfine Interaction

Figure7.5 shows the relative orientationsof the SO-coupledZORA calculatedR -tensorsandthe � � Ni

hyperfinetensor. For Ni-A the anglebetweenRT� and Äü� is 10� , betweenR � and Ä � 10� , betweenR S
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and Ä S 9� . For Ni-B, theanglesareonly 2� , 15� and15� , respectively. For Ni-C, thehyperfinetensor

principalaxessystemis rotatedby 42� away from R � and Ri� andby 18� from R�S . For theNi-L form, the

anglebetweenR - andÄ -tensorprincipalaxessystemis 18� for thex-direction,21� for they-directionand

18� for thez-direction.Experimentally, only the � � Ni hyperfinesplitting alongthe R -tensorcomponents

is known. The informationgainedfrom the theoreticallypostulatedrelative orientationsof R - and Ä -

tensorprincipalaxessystemsmayhelp to improve theanalysisandsimulationof experimentalspectra

in frozensolution. Independently, the relative orientationof the R -tensorand � � Ni Ä -tensorcoordinate

axessystemscouldbedeterminedfrom angular-dependentEPRspectraof � � Ni enrichedproteinsingle

crystals.

Figure7.5: Relativeorientationsof È - and
Î   Ni ý -tensorsfrom SR+SOZORA BP86/IVcalculations
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For Ni-A, Ni-B, andNi-C themagnitudeof the Ä S hyperfineinteractionis almostunchanged(-61

MHz for Ni-A, -70 MHz for Ni-B, -81 MHz for Ni-C). This is in agreementwith findingsby Mouraet

al. [45] for theNi-A andNi-C formsandAlbrachtet al. [59] for theNi-A form. Theauthorsobtained

hyperfinesplitting of 76 MHz along the R�S componentand implicitly assumedÄ³S to be parallel to

R�S . Accordingto the calculations,in the Ni-L state Ä³S reducesto -41 MHz. Ni-L is believed to be a

formalNi(I) oxidationstatewith theunpairedspinin a3d� � � ��� orbital. As aconsequence,thehyperfine

interactionis no longer largestalong the z-axisassociatedwith a 3dS<� SOMO but along Ä � . This is

supportedby a recentanalysisof � � Ni enrichedsamplesfrom the[NiFe] hydrogenasefrom D. vulgaris

MiyazakiF (S.Foerster, personalcommunication).

Spin-polarizationeffectsseemto bevery importantfor thedescriptionof hyperfineinteractionalong

thez-direction. Spin-orbit-coupledspin-restrictedcalculationsunderestimatethe Ä S hyperfineinterac-

tion by afactorof two. Spin-orbitcouplingreducesthehyperfineinteractionsÄ � and Ä½� quitedrastically

andbringstheminto therangeof experimentalvalues.In theNi-A, Ni-B andNi-C forms,theunpaired

spin densitydistribution is of sphericalsymmetryalongthe Ni–SCys533bond. Therefore,onemight

expectspin-polarizationto beimportantfor thisdirection.Thehyperfineinteractionsperpendicularto 7 ,

areobviously very sensitive to theeffect of spin-orbitcoupling. For thetime being,onemaynot accu-
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ratelydifferentiatebetweentheeffectsof spin-polarizationandspin-orbitcoupling.Oncespin-polarized,

SO-coupledhyperfinetensorsbecomeavailablefurtherinsightis expected.

It is very difficult to commenton thesignsandmagnitudesof the isotropic � � Ni hyperfineinterac-

tions. They arecalculatedto be+13MHz for Ni-A, +5 MHz for Ni-B, -2 MHz for Ni-C, and+12MHz

for Ni-L. They aresmallandof thesameorderof magnitudefor all four paramagneticstates.Dueto the

absenceof reliableexperimentaldata,adefinitive conclusionmaynotbedrawn.

7.4.2 � � FeHyperfine Interaction

Thecalculated� � Fe interactionis very small in all paramagneticstates.This indicatesthat theFe is in

its formal Fe(II) oxidationstatein a low spinconfigurationdueto thestrongligandfield causedby the

CO andCN ligands.Experimentally, thereis only onevaluefor theNi-A stateof � 1 MHz from � � Fe-

ENDORmeasurements[61]. In theNi-B andNi-C statesno � � Fe-ENDORsignalcouldbedetectedbut

a � � Fehyperfinecouplingof 0.8MHz for theNi-B statewasrecentlyreported(J.Moura,B. M. Hoffman

personalcommunication).The signsof the � � Fe hyperfinecouplingsarenot known from experiment.

Thecalculatedisotropichyperfineinteractionfrom spin-unrestrictedZORA calculationsis smallerthan

or equalto -1 MHz andmakesa comparisonwith experimentaldatavery difficult. Theanisotropicpart

of the � � Fehyperfinetensoris alsogenerallyvery small. Theanisotropiccontribution in theNi-L form

is a factorof 3-5 larger thanthat of the correspondingNi-A, Ni-B andNi-C states.In our model,the

Ni-L form exhibitsavacantbridgingpositionwhile anO� � , OH � , or aH � bridgeis presentin theother

forms, respectively. This may indicatethat the presenceof a bridging ligand significantlyreducesthe

anisotropichyperfineinteractionof theFeatom. Unfortunately, thereis no experimental� � Fecoupling

for theNi-L statewhich is predictedto belargerthanin theotherparamagneticforms.

7.4.3 �/� SHyperfine Interaction

Experimentally, Albracht et al. concludedthat therewashyperfineinteractiondueto one �/� S nucleus

only in theoxidizedstates[62]. This interpretationis supportedby theZORA calculations.Thesulphur

nucleusof thecysteineCys533exhibits significantisotropicandanisotropichyperfineinteraction.The

isotropichyperfineinteractionis largestin the Ni-A form ( � 30 MHz), andabouthalf of that in the

Ni-B, Ni-C, and Ni-L forms. The anisotropicpart is almostof uniaxial symmetry. The decreasein

isotropichyperfineinteractionin the Ni-B, Ni-C andNi-L forms with respectto Ni-A is compensated

by anincreasein theanisotropiccontribution. Thetotal hyperfinetensorthusremainsnearlyunchanged

in the four paramagneticstates. Experimentally, thereare only dataavailable for the oxidized Ni-B
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form in the hydrogenasefrom Wollinella succinogeneswhich is only remotelyrelatedto the ‘standard

hydrogenases’.The �/� S hyperfinetensorof [27, 39,–] MHz givenby Albrachtet al. [62] appearsto be

too largefor thex- andy- components.No valuefor the Ä½S componentcouldbeobtained.

In theNi-L form, thespindensityis not only delocalizedontothebridgingcysteineCys533but all

four Ni-coordinatingcysteinesmay exhibit an appreciable�/� S couplingaccordingto the calculations.

This is dueto theformal Ni(I) oxidationstatein Ni-L. The isotropichyperfineinteractionis largestfor

thebridgingCys533andCys68(bothexhibit anisotropiccouplingof +15MHz). Theterminalcysteines

Cys530andCys68display+7 and+10MHz isotropiccouplings,respectively. This is in agreementwith

thefinding thatthe � � Ni hyperfineinteractionin Ni-L is no longerlargestalongthez-directionbut in the

x,y-plane(seeabove). This leadsto a moreevenly distributedspindensityontoall four sulphuratoms.

The sulphurnuclei arebroughtcloserto equivalenceand the coordinationsphereof the Ni therefore

closerto beingsymmetric.

7.4.4 � � O Hyperfine Interaction

In orderto explain theexperimental� � O hyperfinesplitting in EPRspectraof theoxidizedstates,there

arepotentially threecandidatesas ligandsbridging the Ni andFe atomsin the active centre: a water

moleculeH � O, a hydroxo OH � or an oxo O� � ligand. A water moleculeleadsto an isotropic � � O
couplingof -23.50MHz andananisotropiccouplingof [+1.94,+0.84,-2.79]MHz. Suchalargeisotropic

couplingis not observedexperimentallyanda waterbridgingligandcanberuledout on thebasisof R -

tensorcalculations(seeabove) andthecalculatedhyperfineinteraction.A « -oxo bridgeanda hydroxo

bridgewould bothgive very similar isotropiccouplingsof -9 and-7 MHz, respectively. Theanisotropy,

however, would allow a discriminationbetweenthetwo candidates.Theanisotropy of a hydroxoligand

[+2, +1, -3] MHz is very moderatecomparedto [+30, +14, -44] MHz for an oxo bridge. A definite

comparisonwith experimentaldatais very difficult. Theexperimentaldataby vanderZwaanet al. [63]

comefrom estimatesof the increaseof EPRline widths uponre-oxidationwith � � O� . The valuesare

all below the intrinsic EPRlinewidth of typical [NiFe] hydrogenasesamplesandmustbe treatedwith

care.Here,orientation-selected � � O-ENDORwouldbeof importanceandcontributeto amoreprofound

characterizationof the bridging ligand in the oxidized states. Furthermore,from pulsed-ENDORor

ESEEMspectroscopiesthe � � O quadrupoletensorwould alsobe accessible.Theseexperimentsarein

progress(J.Moura,B. M. Hoffmanpersonalcommunication).Unfortunately, thecalculatedquadrupole

tensorsof � � O� � [+0.29,+0.03,-0.32]MHz and � � OH � [+0.31,+0.05,-0.36]MHz arevery similar and

wouldmake adefiniteassignmentdifficult.
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7.4.5 � H Hyperfine Interaction

In all four paramagneticstatesNi-A, Ni-B, Ni-C andNi-L the P -CH� protonsof thebridgingcysteine

aminoacidCys533exhibit a largehyperfineinteraction.For thesetwo couplings,thedifferencebetween

theNi-A, Ni-B andNi-C forms is small. This indicatesthata majorpartof thespindensityis oriented

alongtheNi–SCys533bondin all threestates.Thereis no majorspindensityreorientationbetweenthe

threestates.

ThedifferencebetweentheNi-A andNi-B formslies in aprotonationof thebridgingoxo ligandfor

Ni-B. This not only causesa massive � � O couplingfor Ni-A (seeabove) but alsoleadsto anelongation

of all Ni–S bonds.This is responsiblefor theabsenceof a third P -CH� protonhyperfineinteractionin

theNi-A state.In theNi-C form, thespindensityslightly shifts to theterminalcysteineCys530andan

isotropiccouplingof 5-6 MHz is predictedfor the P -CH� of this aminoacid residue.Furthermore,a

bridginghydridein theNi-C stateexhibits a large hyperfineinteraction. In Ni-L, the largesthyperfine

interactionis lost uponillumination. The oxidationto a Ni(I) speciesresultsin a moreevenly spread

spindensitydistribution in the 265 -plane(seeabove) away from thepreferredaxiality in theNi-A, Ni-B

andNi-C states.As a consequence,a larger numberof hyperfineinteractionsfrom P -CH� protonsis

predictedandthecouplingof thosefrom Cys533arereducedby a factorof two comparedto theother

states.

7.5
=?>

N Hyperfine and Quadrupole Interaction

Experimentally, hyperfineandquadrupoleinteractionsdue to onenitrogennucleuswereobserved by

ESEEMspectroscopy. Chapmanet al. measuredESEEMspectraof a frozenproteinsolutionof the

[NiFe] hydrogenasefrom D. gigasin theNi-A andNi-C states[68]. A relatively smallquadrupolecou-

pling ( @ ACBEDGFIH
= 1.9MHz) wasobtainedfor bothformsandtentatively assignedto adirectlycoordinated

nitrogenof aweaklycoupledimidazole[68].

Proteinsinglecrystalsof the[NiFe] hydrogenasefrom D. vulgarisMiyazaki F wereinvestigatedby

3-pulseESEEMspectroscopy. A setof quadrupoleparametersfor Ni-A ( @ ACBJDGFIH
= 1.98MHz and K

= 0.37)andfor Ni-B ( @ ACBJDLFIH
= 1.90and K = 0.37) weredetermined[184]. Thesevaluesarealmost

identicalwith thoseof Dikanov etal. whoobtained@ A BEDGFIH
= 1.87and K = 0.39for bothNi-A andNi-B

statesof frozenproteinsolutionof the[NiFe] hydrogenasefrom D. gigas[220]. Theisotropichyperfine

interactionis about2 MHz. Basedon themagnitudesof thequadrupoleparameters,bothstudiesassign

thecouplingto theN M nitrogenof ahistidine,possiblythatof His88(His72in D. gigas) whichmight be

hydrogenbondedto thebridgingcysteineCys533.
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Thisassignmentwasverifiedby ZORA calculationsby addingahistidineprotonatedat theN M to the

bareactive site clustermodels. This hydrogenbondwould allow the transferof unpairedspin density

from thebridgingcysteineCys533to thenearbyhistidineHis72.

Completegeometryoptimizationswere carried out on the cluster modelsconsistingof approx.

50 atoms. Hyperfineand quadrupoleparameterswere then calculatedfrom a spin-polarizedscalar-

relativistic BP86 DFT calculationusing a double-Q basisset (basisII in ADF nomenclature). The

geometry-optimizedstructuresaregivenin Figure7.6.

   2.33
   2.45

   2.31
   2.23

Figure 7.6: Histidine coordinationof the active centreof [NiFe] hydrogenase:BP86/DZPgeometryopti-

mizedstructuresNi-A (top, left), Ni-B (top, right), Ni-C (bottom,left), Ni-L (bottom,right). Hydrogenbond

lengthsin Å.

The calculatedparametersfor the NPO N M for Ni-B are A RTSUR = [1.72, 1.74, 2.32] MHz with VXW�YZS =

1.93MHz. ThecalculatedquadrupoletensorQ = [-1.02,+0.34,+0.68] leadsto quadrupoleparameters@ ACBJDGFIH
= 2.04MHz and K = 0.33which agreenicely with theexperimentalvalues.TheN [ nucleusof

thehistidinerevealsaquadrupoletensorQ = [-1.86,0.82,1.04]whichdoesnotagreewith experimental

findings.For Ni-A, a quadrupoletensorQ = [-0.96,+0.74,+0.22]wasobtainedwhich yielded @ ACBJDLFIH
= 1.92and K = 0.54. The calculatedNi-C NPO N M quadrupoletensorQ = [-1.09, +0.38,+0.71] leadsto
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= 2.18 MHz and K = 0.30. For Ni-L the NPO N M quadrupoletensoris Q = [-0.92, 0.21, 0.71]

which gives @ A BJDLFIH
= 1.84MHz and K = 0.54. Thecalculatedquadrupoleparametersagreewell with

experimentaldatawherethoseareavailable. They areratheruntypicalfor a N M coordinatedhistidine.

Theincreaseof bothquadrupoleparametersin theNi-A andNi-L formsmayoriginatefrom thereduced

hydrogenbonddistancesin thesemodels(2.33Å in Ni-A, 2.23Å in Ni-L).

To conclude,basedon theDFT calculationstheexperimentallyobservedquadrupoleinteractioncan

beassignedto theN M nucleusof histidineHis72. The NPO N quadrupoleparametersareof thesameorder

of magnitudein all paramagneticstatessincethe hyperfineinteractionalong the Ni–SCys533–His72

direction doesnot changedrastically. In the geometry-optimizedclustermodels,the hydrogenbond

lengths(Ni-A 2.33Å, Ni-B 2.45Å, Ni-C 2.31Å, Ni-L 2.23Å) slightly varieswith theoxidationstate.

Onereasonmight be thedifferenttotal chargesof theclustermodelsin thedifferentstates.In vivo the

histidineligandmaybeheldin placeby theproteinenvironment.

7.6 The Influence of the Protein Matrix

Onepoint of criticism with respectto theab initio or DFT calculationof theactive centresof proteins

is the completeneglect of the proteinenvironment. Onetries to comparein vacuomodelclustercal-

culationswith experimentaldataobtainedin liquid or frozensolutionor singlecrystalsof thecomplete

protein. Theaim of this sectionis to investigatewhetherthesatisfyingagreementbetweenexperimen-

tal andcalculated\ -tensormagnitudesandorientationswerea mereartefact of the modelandduea

fortuitouscancellationof errors.

All covalentlyboundcofactorsof theactivesite(namelythefour cysteineaminoacids)werealready

considered.Furtherinteractionof theproteinmight bemediatedby hydrogenbonds.Theargumentsfor

apotentialhydrogenbondare] theproximity of apotentialhydrogenbonddonor(-OH,-NH, -CH) andacceptor(CN,CO,O),] aheavy atomdistancesmallerthan3.5Å,] anapproximatelineararrangementof hydrogenbonddonorandacceptor.

Thereare,potentially, threehydrogenbondinteractionsof nearbyaminoacidswith theactivecentre(see

Figure7.7). Possibly, therearemorevanderWaals,neithercovalentnor hydrogenbondinginteractions

but they were not consideredhere. The histidine His72 can form a hydrogenbond to the bridging

cysteineCys533(seeabove) and transferunpairedspin densityfrom the cysteinyl sulphurto the N M
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Figure7.7: Protein-cofactorinteractionsin theactivecentreof the[NiFe] hydrogenasefrom D. gigas[27].

nitrogenof thatresidueandaccountfor the NPO N quadrupoleinteractionmeasuredin [NiFe] hydrogenases

[68,184,220]. Furthermore,the inorganic ligandsat the Fe site canalso form hydrogenbonds. The

assignmentof the threenon-proteinligandsin theX-ray structureof D. gigaswasdoneby their ability

to form hydrogenbonds[27]. From FTIR measurementsandchemicalanalysisoneknows that there

were2 CN and1 CO ligandcoordinatingtheFeatom[51,54,173]. Two of the inorganicligandspoint

towardspolarneighbouringaminoacidsandthe third is directedtowardsanunpolarproteinpocket. It

wasconcludedthat the two cyanideswould be moreefficient hydrogenbondacceptorsthanCO while

the carbonmonoxidewould sit in the unpolarpocket (seeFigure7.7) [27,54]. The arginine Arg 463

sits like a lid on top of theactive siteandmayenterinto oneor morehydrogenbondsto oneof theCN

ligands.SerineSer486couldform ahydrogenbondto theotherCN ligand(seeFigure7.7).

It wasinvestigatedwhethertheconsiderationof thesehydrogenbondingpartnerswouldsignificantly

changethecalculated\ -values.Successively, theclusterwasenlargedby first consideringthehistidine

residueandthenalsothearginineandserineaminoacids.Eachclusterwasagaincompletelygeometry-

optimizedusingfrozencoreorbitals(seeComputationalDetails)andthe \ -tensorswerecalculatedin

an all-electronbasis. The numberof atomsincreasedfrom 40 for the bareactive site to 50 whenthe

histidinewasaddedto 90 whenall threeaminoacidsweretaken into account.This poseda significant

challengeon thecomputationalside. For a pictureof theclustersoptimizedwith coordinatingHis 72,

pleasereferto Figure7.6. Thegeometry-optimizedstructuresof Ni-A, Ni-B andNi-C with all potential

hydrogenbondingpartnersaregivenin Figure7.8.

In the Ni-A statewherea O
A_^

occupiesthe positionof the bridging ligand, therearein total five

hydrogenbondsformed. The aminoacidssurroundingthe active site arehydrogenbonddonorsand



148 7. Relativistic DFT Calculationsof theParamagneticIntermediatesof [NiFe] Hydrogenase

1.9

SER 486

HIS 72

ARG 463

2.2

1.7 2.41.7

2.2

2.4

2.0 2.0
1.7

2.12.12.1

2.42.2

2.3

Figure 7.8: BP86geometry-optimizedclustersconsideringprotein-cofactorinteractionsin the Ni-A(left),

Ni-B(middle) andNi-C (right) states.Hydrogenbondlengthsin Å.

thesulphurof Cys533andtheCN groupsactashydrogenbondacceptors.HistidineHis72is hydrogen

bondedto thebridgingcysteineCys533in all threestates.Thehydrogenbondlengthis slightly shorterin

theNi-A form, possiblydueto theincreasednegative chargein thatclustermodelcomparedto theNi-B

andNi-C clusters.SerineSer486formstwo hydrogenbondsto oneof thecyanidegroups.A strongone

from the-OH group(1.7Å) andaweakeronefrom the-NH group(2.2Å). ArginineArg486coordinates

thesecondcyanidegroupvia two hydrogenbonds,oneof 1.9 Å length,theotherof 2.3 Å length. This

pictureis retainedin all threestates.Thehydrogenbondsfrom theserineresidueareunchangedin length

andthoseby thearginineresidueshortenandbecomeequivalentin length(2.0Å) in theNi-C state.This

mayimply aparticipationof thelatterresiduein thereactioncycleof the[NiFe] hydrogenase,i.e. in the

transferof aprotonfrom theactive siteto theproteinsurface.

In additionto thefive hydrogenbondsdescribedabove, thereis anadditionalsixth hydrogenbond

in the Ni-B state. Arginine 463 resideson top of the active site like a lid. The protonof the bridging

hydroxogroupmayform a donatorbondto thearginineArg463residue.Thehydrogenbondlengthis

ratherlong with 2.4 Å but it mayassistthe releaseof that liganduponactivation of the enzyme.This

mayexplain thedifferentactivationkineticsfor ‘ready’ Ni-B and‘unready’Ni-A.

Thestructuralparametersdo not changesignificantlywhenthehydrogenbondsareconsidered.The

Ni–Fe distancesremainconstantto within 0.01 Å and the C̀ N triple bondsareonly marginally ex-

pandedby 0.002Å uponhydrogenbondformation.
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Table 7.16: ZORA calculateda -tensorprincipal valuesuponsuccessive considerationof protein-cofactor

interactions

OxidationState

Cluster Ni-A Ni-B Ni-C

Active Site No. of Atoms 41 42 41\ -values 2.36,1.95,1.85 2.20,2.17,1.98 2.20,2.10,2.00

+His72 No. of Atoms 53 54 53\ -values 2.69,0.58,0.41 2.19,2.12,2.00 2.23,2.10,1.99

+Arg463 No. of Atoms 91 92 91

+Ser486 \ -values 2.35,1.99,1.90 2.20,2.18,1.98 2.19,2.10,1.99

experiment 2.32,2.24,2.02 2.33,2.16,2.01 2.19,2.15,2.01

Theproteinenvironmentconsideredso far doesnot significantlyinfluencethecalculatedmagnetic

resonanceparameters(seeTable7.16). Thecalculated\ -valuesdonotdrasticallychangewhenhydrogen

bondingis considered.A caveat, however, must be issuedthat a balanceddescriptionof the protein

environmentis important. The largestchangesin the calculated\ -tensorprincipal valuesare found,

whenonly His72 is considered(alongthe \Eb directionof the \ -tensor).In particular, the \Ic component

is affectedwhenonly this residueis takeninto account,e.g. for Ni-B the \Ic valuechangesfrom 2.17in

thebareactive site to 2.12whenthehistidineis addedandbackto 2.18whenall threeaminoacidsare

considered.Thesameeffect is observedfor Ni-C wherethe \ed valueis mostlyaffected(bearingin mind

thesuggestedinterchangethex- andy-axesorientationsin theNi-C form comparedto Ni-B, theeffect

is comparable).

7.7 Conclusion

With theability to correlatea shift of \ -valueswith structuralchanges,onehasa powerful tool at hand

to discriminatedifferent paramagneticstatesand intermediatesin the reactionmechanismof the hy-

drogenaseenzyme.Thereis, however, somesystematicdeviation betweencalculatedandexperimental\ -values.Theresultsobtainedfrom DFT calculationsfor \ - andhyperfinetensorsthereforalwaysneed

a critical inspectionandevaluation.TheZORA approachseemsto give reliableresultswith theexcep-

tion of the Ni-A statefor which spin-polarizationeffects have to be consideredin order to achieve a

reasonabledescriptionof theelectronicstructure.
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For Ni-B a f -hydroxo ligand gives bestagreementwith experimentalvalues. For Ni-A, a f -oxo

bridgeappearsmostplausiblewhile for Ni-C a f -hydridobridgingligandis suggested.In theseforms,

theNi is in its formalNi(III) oxidationstate.Themodelof theNi-C form is supportedby resultsfor the

Ni-L form in which thebridging ligandwould be lost uponillumination asa protonandleavesthe Ni

in a formal Ni(I) oxidationstate.For Ni-CO, bestagreementwith experimentaldatais obtainedwhenit

axially bindsto aNi(I) originatingfrom theNi-L state.SinceCOis aninhibitor of theenzyme,thismay

suggesta participationof theopencoordinationsiteoppositeto Cys533in thereactionmechanism.

Thesizeof thecalculatedclustermodelwassuccessively enlargedby consideringsomeof thesur-

roundingaminoacids,i.e. thosewhich form hydrogenbondswith the active site. It was found that

theproteinenvironmentdoesnot imposeenergeticallyunfavourableconformationson theactive centre

sincethestructuralparameterswerenearlyunchangedcomparedto thegasphaseclustermodelsalone.

Neitherdid thethreeaminoacidsconsideredsofarstronglyinfluencetheelectronicstructure.Thecalcu-

lated \ -valuesweresimilar for all clustersizes.A participationof theproteinin thecatalyticmechanism,

however, is still possible.

Furtherwork will suggesta connectionof the intermediateparamagneticstatesvia EPR-silentdia-

magneticstatesandthuscontribute to theunravelling of theenzymaticmechanism.



Chapter 8

Orientation-SelectedENDOR of the Ni-C

State

8.1 Intr oduction

The investigationof the reducedNi-C stateof the [NiFe] hydrogenasefrom Desulfovibrio vulgaris

Miyazaki F is complicatedby the spin-spininteractionof the Ni centrewith that of the S = 1/2 re-

ducedform of theproximal [4Fe-4S]g cluster[209]. The shortestdistance(edgeto edge)betweenthe

two cofactorsis 13Å. Theresultof which is a complicatedsplitting of theNi-C EPRsignalat low tem-

peratures[209]. At temperaturesabove 70 K, dueto the the fastrelaxationof the [4Fe-4S]g spin, the

interactionaveragesoutandtheNi-C EPRsignalappears‘unsplit’ Below 70K, thespin-spininteraction

is detectableandsomestructuralinformationcanbegainedabouttherelativeorientationsof the \ -tensors

of theNi centreandtheproximaliron-sulphurcluster[46,47]. This interaction,however, leadsto a fast

relaxationof theNi spinandpreventsthedetectionof any cw-ENDORor Daviespulsed-ENDORsignal

from theNi-C form (datanot shown).

The regulatoryhydrogenase(RH) from Ralstoniaeutropha (formerly Alcaligeneseutrophus) does

not exhibit this spin-spininteractionbetweenthe Ni-Fe and[4Fe-4S]g clusterspins. The RH is a hy-

drogenaseconsistingof two subunits (HoxB, HoxC).HoxA andHoxJaretwo additionalproteins[221]

(seeFigure8.1). HoxB andHoxC sharesignificantsimilarity [222] with thesmall andlarge subunits,

respectively, of thestandard[NiFe] hydrogenasesfrom Desulfovibrio gigasandDesulfovibrio vulgaris

Miyazaki F for which crystalstructuresareavailable[28,32]. The cysteineandhistidineresiduesthat

coordinatethethreeFe-Sclustersin thesmallsubunit arewell conservedin HoxB. However, thelackof

anN-terminalsignalsequenceindicatesa cytoplasmiclocationof theRH. HoxC containssignalmotifs

151
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Figure 8.1: Schematicdrawing of the role of the regulatoryhydrogenase(RH) from Ralstoniaeutropha.

Uponhydrogensensingin the largesubunit (HoxC) andelectrontransferto thesmall subunit (HoxB), con-

nectionto the histidine protein kinase(HoxJ) is establishedvia phosphorylation/dephosphorylation. The

transcriptionalactivatorHoxA theninducesthe expressionof thegenescodingfor thesolublehydrogenase

(SH)andthemembrane-boundhydrogenase(MBH).

of the large subunit which harboursthe active site. The two pairsof cysteinesthat coordinateboth Ni

andFearealsopresentin theRH. HoxC displaystheconservedaminoacidmotifswhichareconsidered

essentialelementsfor thecoordinationof theNiFe cofactor. It is noteworthy, however, thattheRH con-

tainsslight modificationsin the histidinemotifs of the large subunit. HoxB haspotentiallythreeFe-S

clusterssimilar to thesmallsubunit of D. gigas. Four cysteinescoordinatea proximal [4Fe-4S]cluster,

threecysteinesanda histidinecoordinatethedistal [4Fe-4S]cluster. The intermediateclustermayalso

bea [4Fe-4S]clustersincetherearefour insteadof threeconservedcysteineresidues[222]. hoxJshows

homologiesto sensorkinasesof bacterialtwo-componentsystems[221]. LenzandFriedrichalsoshowed

thatHoxJmediatesRH regulation[221]. HoxJ inactivatesthe transcriptionalactivator HoxA by phos-

phorylation.This negative effect is releaseduponH A -sensingby theRH. Thecommunicationbetween

the RH andHoxJ is not clearyet. In its non-phosphorylated form HoxA activatesthe transcriptionof

genescodingfor theothertwo, moreefficient hydrogenasesfrom R.eutropha, thesolublehydrogenase

(SH)andthemembrane-boundhydrogenase(MBH) (seeFigure8.1).
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The active site of the hydrogensensorwascharacterizedby EPRandFT-IR spectroscopies[223].

TheRH hasanactive sitemuchlike thatof standard[NiFe] hydrogenases[32,51], i.e. a Ni-Fe site(Ni

wasshown to bea requirementfor hydrogensensingby Kleihueset al. [222]) andtwo CN and1 CO as

prostheticligandsof the Fe atom. Pierik et al. showed that the uptake activity of H A is two ordersof

magnitudelower thanthatof standardhydrogenases[223] but insensitive to thepresenceof oxygenand

carbonmonoxide.

TheEPRpropertiesof theRH somewhatdiffer from thatof standardhydrogenases,i.e. thereis only

oneparamagneticstate. The as-isolatedRH only exhibits a faint signalwith two components\IdI� c =

2.29,2.17which resemblesthat of Ni-B. The \Eb edgewasnot observed [223]. After incubationwith

H A a new EPRsignalevolvedwith \IdI� c�� b = 2.191,2.133,2.010which resemblesthatof Ni-C. It is also

light-sensitive andconvertsinto a Ni-L signalwith gdI� c�� b = 2.24,2.09,2.04. It is noteworthy thatthegd
valueof Ni-L is lower thanthatof otherhydrogenases(2.29). TheFT-IR spectraof theRH alsoshow

typicalbandsfor theas-isolated(Ni-SI) andreduced(Ni-C) forms(seeTable8.1).

Table 8.1: Comparisonof thehigh-frequency bandsfrom RH with standard[NiFe] hydrogenases.The fre-

quenciesof thetwo CN andoneCOstretchingmodesaregivenin cm�o� .
RH [223] A. vinosum[50] D. gigas[54]

State �E�s� �E�o� �E�s� �E�o� �E�s� �E���
Ni-SI 2081 2073 1943 2086 2074 1932 2085 2075 1934

Ni-C 2084 2072 1962 2087 2074 1950 2086 2073 1952

Althoughthebindingmotifs for threeFe-Sclustersin thesmallsubunit arepresentin theRH, there

is no reportof anFe-SEPRsignal[223]. Furthermore,thereis no evidencefor a spin-spininteraction

betweenthe Ni-C spin andthat of the proximal [4Fe-4S]cluster. The absenceof that interactionand

the similarity of the RH Ni-C EPRsignalwith that of standard[NiFe] hydrogenasesmake it an ideal

candidatefor ENDORinvestigationsof theNi-C state.Sincetherearenoproteinsinglecrystalsavailable

for theRH yet,onehasto resortto orientation-selectedENDORin frozensolution.

Orientation-selectedENDOR,in principle,allows thecompletedeterminationof hyperfinecoupling

tensors[224,225]. Thismethodhasbeensuccessfullyappliedto biologicalsystemsto studyhemoglobin

[188], copper-enzymes[177] andto elucidatethereactionmechanismof enzymes,e.g.aconitase[189].

Themethodof orientation-selectedENDORhasbeenreviewed in [226,227]. Recently, anorientation-

selectedcw-ENDORstudyof theNi-B statewasreportedandthreehyperfinetensorswerestructurally

assigned[169]. Here,anorientation-selected N H-ENDORstudywhichallows thefull determinationand
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assignmentof the hyperfinetensorsfor several protonsin the active centerof [NiFe] hydrogenasein

the reducedNi-C stateis presented.For this method,the knowledgeof the \ -tensororientationin the

molecularstructureis aprerequisite.Sinceit wasnotreliablydeterminedin [NiFe] proteinsinglecrystals

yet, the theoretically calculated \ -tensorof theNi-C statewill be used.Basedon this assignment,the

orientationof N H hyperfinecouplingtensorswith respectto the \ -tensoraxeswill beusedto characterize

theprotonenvironmentof the active NiFe centerduring catalyticactivity andhelp to furtherelucidate

thereactionmechanismof [NiFe] hydrogenases.

8.2 Materials and Methods

8.2.1 SamplePreparation

The regulatoryhydrogenasewasoverexpressedin the native hostR. eutropha, grown, purified andas-

sayedas describedpreviously [222]. The final proteinconcentrationwas 0.5 mM. The solution was

transferredto a Wilmad 707SQ,4mm o.d. EPRtube. The enzymewasactivatedfor 30 mins at room

temperaturewith 100%H A underfrequentstirring andthenrapidly frozenin liquid nitrogen.

8.2.2 EPR and ENDOR Setup

Pulsed-EPRandpulsed-ENDORexperimentswereperformedwith a Bruker ESP380E FT-EPRspec-

trometer. A sapphirering resonator(1052DLQ-H, Bruker)wasused.Resonatorandsamplewerecooled

with aheliumflow-cryostat(Oxford CF 935).TheoptimumENDOReffect wasfoundat T = 10 K. The

pulselengthswere96 and48 ns for � and � FI�
pulses,respectively. The spectrataken at field values

of 3229G, 3260G, 3366G, and3430G arefrom Davies-ENDORexperimentswith selective � - � FI�
- �

microwave pulsesequenceanda radiofrequency pulseof 8 f s. Thespectrathatwererecordedat field

valuesof 3165G, 3208G, 3235G,3245G,3255G,3288G,3310G,3337G,3385G,3390G,and3410

G areDavies-ENDORexperimentswith an‘optimizedpolarizationtransfer’which exhibit anincreased

ENDOR effect (for detailssee[84]) andthusdecreasedtheaccumulationtime. Thepreparationphase

is alsoa � -microwave pulseof 96 ns length,the mixing periodconsistsof a non-selective microwave

(16 ns) � -pulsesandwichedbetweentwo � -radiofrequency pulsesof 8 f s each.Thedetectionis done

aftera traditional � /2-� microwave pulseHahn-echosequence.Pulsed-ENDORspectroscopy hasbeen

extensively reviewedin [83,84,189,191].
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8.2.3 Orientation-SelectedENDOR

ThespinHamiltonianusedherefor asystemof oneelectronandseveralmagneticnuclei���������E��������} ¢¡ ��¤£   �¥   � �§¦¨�©� \IªI« �¥  ­¬
(8.1)

includeselectronZeeman,electron-nuclearhyperfineinteractionandnuclearZeemanterms.Diagonal-

izationof theHamiltonianyieldstheenergy levelsof thesystem.Theselevelscanbe labelledwith the

magneticquantumnumbersof theelectron®°¯ andof thedifferentnuclei ±²®´³­µ  
. Sincenuclear-nuclear

interactionsaremuchsmallerthanelectron-nuclearinteractions,it is sufficient to discusstheinteractions

of theunpairedelectronwith onenucleusat a time.

In theENDORexperiment,anEPRtransition( ¶©®°¯ �¸·
) is monitored,while transitionsbetween

the nuclearsublevels within one ® ¯ -manifold ( ¶¹® ¯ �»º½¼ ¶©® ³ �¾·
) are inducedusingan additional

radiofrequency field with appropriateresonancefrequency �I�§¿�À . ThedetectedEPRamplitudechanges

whenever �I�Á¿�À matchesa nuclearsublevel transition. The ENDOR transitionfrequency reflectsthe

interactionof thenuclearspinwith theelectronspinactingon thenucleus(secondtermin theHamilto-

nian).Theobservedlinesarecentredaroundthefreenuclearfrequency � ¦
.

In thecaseof an isotropic \ -tensorandisotropichyperfineinteractionÂ � VXÃ�Ä(Å , the interactionsin

theHamiltoniando not dependon theorientationof themolecularaxissystemin theexternalmagnetic

field. TheENDORtransitionenergiesarethensimply thesumof thenuclearZeemanfrequency andthe

additionalcontribution from hyperfineinteraction,thesignof thelatterbeingdependenton theelectron

spin ®°¯ . In asystemwith electronspin Æ �Ç· FI�
andnuclearspin È �É· FI�

thisleadsto apairof ENDOR

transitionsspacedsymmetricallyaboutthefreenuclearZeemanfrequency, � ¦
.�oÊË �§ÌÍ�ÎÀ �ÐÏ � ¦ÒÑ Â � ÏÔÓ

(8.2)

In themoregeneralcaseof anisotropic\ - andhyperfinetensors,theEPRandENDORtransitionener-

giesdependon the orientationof the magneticfield relative to the molecularaxes. Assumingthat the

hyperfineinteractionsaresmallcomparedwith theelectronZeemanterm,theEPRresonancecondition

is expressedas H � � \Î±ÖÕ ¼Ø× µ �ÚÙÜÛ¨¼
(8.3)

with theeffective \ -valuedefinedas \Î±ÖÕ ¼Ø× µ �ÇÝ �?Þ ±(\ ÞvßàÞ µ A ¼
(8.4)
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where\ Þ ±�á �â·I¼ � ¼?ã µ arethe \ -tensorprincipalvalues.

ß Þ ±�á �ä·I¼ � ¼?ã µ arethedirectioncosinesof the

externalfield in the \ -tensorprincipalaxissystem,ß N �»å}æJçÁ×èçêéTë Õ ¼ ß A �»çêéTëì×èçêéTë Õ ¼ ß_í ��å}æJç Õ Ó
(8.5)

Now at a givenfield valueonly thesubsetof moleculeswith appropriateorientationscontributesto the

EPRintensityandthusto theENDORspectrumrecordedat thatfield value.Also, thehyperfinefield is

no longerparallelto theexternalfield, it now dependson directionandmagnitudeon theelectronspin

quantumnumber®°¯ . This leadsto amorecomplicatedexpressionfor theENDORfrequencies,derived

from diagonalizationof theHamiltonianin Eq.(8.1) for an( Æ �Ç· FI� ¼ È �Ç· FI�
)-system[224]:

� ÊË �ÁÌÍ�ÎÀ ±ÖÕ ¼Ø× µ � îïïïð í� WTñ N©òó ß W � ¦ôÑ í�Þ ñ N \ Þ�ßàÞ� \Á±ÖÕ ¼Ø× µ Â W Þ_õö A
(8.6)

Dueto theeffectof thehyperfinefield on theENDORsignalintensities[85], signalsat �o÷Ë �ÁÌÍ�ÎÀ usually

appearmore intensein the ENDOR spectrumthanthe correspondinglines at � ^Ë �ÁÌÍ�ÎÀ . The determi-

nationof the completehyperfinetensor
£

can, in principle, be obtainedfrom ENDOR singlecrystal

measurementsbut in the caseof proteinmoleculessinglecrystalsareoften not available. Whenap-

plied to frozen-solutionsamples,angle-selectedENDORspectraof sampleswith anisotropicmagnetic

interaction(non-axial \ -anisotropy) in the EPRalsoallows the full determinationof electron-nuclear

interactiontensorsin favorablecases.TheEPRspectrumof a polycrystallinesampleis a superposition

of signalsfrom a largenumberof moleculesrandomlyorientedwith respectto
�©�

.

OverthecompleteEPRenvelope(Figure8.2) ENDORspectraarerecordedatselectedfield positionsÙÜÛ
from \Id to \Eb . Only thefractionof moleculesthatareorientedaccordingto Eq.(8.3)arecontributing

to theENDOR spectrumat eachfield position. A subsetof moleculesis selectedby steppingthrough

the EPRspectrum.At the EPRedges\Id and \Ib the selectedsubsetis very small andsinglecrystal-

like ENDOR spectraareobserved. At intermediatefield valuestheselectionis lessrestrictive andthe

resultingENDORspectraaresuperpositionsof a largernumberof molecularorientations.

8.2.4 Simulation of ENDOR Spectra

In thefirst step,thefull EPRspectrumwassimulatedaccordingto Eq.(8.3) (Figure8.2bottom).ENDOR

frequencieswerethencalculatedfor specificfield valuesandorientationsfor agivennumberof hyperfine

tensors±ÖÂ W Þ µ usingEq.(8.6), the intensityof theENDORtransitionwasassumedto beproportionalto

thatof theEPRtransition.TheENDORsimulationprogram[196] allows theangle-dependentsimula-

tion of ENDOR spectrausinganarbitrarynumberof fully anisotropichyperfinetensorswith arbitrary
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orientationsrelative to the \ -tensoraxes. Basedon analgorithmby MombourquetteandWeil [228], a

uniformly distributedsetof orientationswascreatedby steppingon a spiralpath,typically using5160

differentorientations.A moredetaileddescriptionof thealgorithmcanbefoundin [196]. ENDORspec-

tra with 1024pointseachweresimulatedfor eachof the15field positionsselectedin theexperiments.

Thespecificcontribution of eachorientation( Õ ¼Ø×
) to theEPRspectrumis calculated,including \ -

anisotropy andthehyperfineinteractions.Contributionsof thisorientationto anENDORspectrumtaken

atagivenfield valuearethencalculatedaccordingto Eq. (8.6), weightedwith theEPRamplitudeat this

field positionandstored.In thisway, aseriesof orientation-selected ENDORspectrawassimulated.

8.3 Resultsand Discussion

8.3.1 Characterization by EPR

The X-band(9.699GHz) pulsed-EPRspectrumof the regulatoryhydrogenasefrom R. eutrophaat 10

K displaysa Ni-C-like spectrum(Fig. 8.1, top). The \ -tensorprincipal valuesweredeterminedfrom

a simulationof thepulsed-EPRspectrumto be \ed = 2.192, \ec = 2.135, \Eb = 2.011andareidenticalto

thoseobtainedby Pieriketal. \IdI� c�� b = 2.191,2.133,2.010[223] within error. Furthermore,they arevery

similar to thosereportedfor theNi-C signalof the‘standardhydrogenase’from D. gigaswhichexhibited\IdI� c�� b = 2.19,2.14,2.02[66,229]. Thisstrikingsimilarity indicatesthatthetwo activecentresof thetwo

functionallydifferenthydrogenasesmustbevery closelyrelated,if not identical.

8.3.2 Analysis of Orientation-SelectedPulsed-ENDORSpectra

Figure8.3shows thecollectedfield-dependentpulsed-ENDORspectra.Thespectrawerenormalizedto

the freenuclearfrequency �Eø . Fromtop to bottomthemagneticfield increasesgoing from 3165G (g

= 2.189)to 3430G (g = 2.020). Especiallyat thehigh-frequency sideof the spectra( � ÷Ë �§ÌÍ�ÎÀúù �Eø )

several linescanclearlybedistinguished.Thesplitting in theENDORspectrais nearlysymmetricwith

respectto the free proton frequency with a maximumdeviation of 0.2 MHz. In generallines at the� ÷Ë �§ÌÍ�ÎÀ sidearemoreintensethanthoseat � ^Ë �§ÌÍ�ÎÀ . Threelarge hyperfinecouplingcanbe directly

deduced.At \ = 2.189therearelarge couplingsof � ÷ = 8 MHz, 6 MHz and3 MHz. Thesignalsare

ratherbroadandmaycontaincontributionsfrom morethanoneproton.WhensteppingthroughtheEPR

spectrumandgoingto largerfield values,theintermediatesignalsplitsandthenbecomesbroader. Near\Ic ( \ = 2.136),onelargebroadENDORsignalis detectableat � Êüû 9 MHz andanumberof unresolved

smallerhyperfinecouplingsappearbetween� Ê = 2 and7 MHz. Here,theanalysisis especiallycompli-
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Figure 8.2: Pulsed-EPRspectrumof theRH. Comparisonof experimentalpulsed-EPRspectrumof theRH

(top) andsimulation(bottom),both in absorptionmode. ExperimentalDetails: T = 10 K, mw-frequency

9.699GHz, ( � /2-, � -pulsesof 56 nsand112ns,respectively. Detailsof thesimulation:centrefield 3300G,

field sweep600G, EPRlinewidth 18G, a���� ��� � = 2.192,2.135,2.011.

catedbecausealargenumberof orientationscontributeto theENDOReffectat \ c . At field valueslarger

than \Ic , the unresolved signalscoalesceinto two pairsof doubly split ENDOR resonances.The large

andbroadresonancesignalmovesto smallerhyperfinecouplingvaluesanda new very broadandflat

signalevolvesat thehigh frequency side(seefor examplespectrumat \ = 2.077).Near \Eb ( \ = 2.020),

onesharpsignalat � Ê = 3 MHz andtwo broadsignalsat � Ê = 6 MHz and � Ê = 9 MHz areobserved.

Figure8.4 shows a field-dependentplot of the ENDOR resonances.The hyperfinesplitting with

respectto �Eø is plottedversusthevariationof themagneticfield. Thesituationis socomplicatedthat

onecannottracea hyperfinecouplingcontinuouslyover thewholefield range.Theremaybemultiple

crossingsof hyperfineinteractionswhichcomplicatethisprocedure.

8.3.3 Simulations

For theanalysisof theorientation-selected ENDORspectra,theorientationof the \ -tensorprincipalaxes

in themolecularcoordinateaxessystemis aprerequisite.For Ni-C, theexperimental\ -tensororientation

is not yet unambiguouslydetermined(S. Foerster, personalcommunication).TheZORA calculated\ -

tensororientationswereshown to be in goodagreementwith experimentalfindingsfor the Ni-A and

Ni-B states[179,190].

Whenoneassumesthatthecompositionandstructuralparametersof theNi-C form of theregulatory
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Figure 8.3: Orientation-selectedpulsed-ENDORspectraof theRH. Thespectraarecentredaroundthefree

nuclearfrequency ��� for eachfield position.T = 10 K, sweepwidth 1-26MHz.

hydrogenasearesimilar if not identicalto thosesuggestedfor theNi-C stateof standardhydrogenases

(e.g.D. gigas, D. vulgarisMiyazakiF), thedilemmacanberesolvedby resortingto magnitudesandori-

entationsof magneticresonanceparametersobtainedfrom relativistic DFT calculations.Theunderlying

assumptionof theanalysispresentedin this chapteris thereforethata Ni(III)- f hydrido-Fe(II)bridged

active centreexistswith four coordinatingcysteineligandsandtwo CN andoneCO inorganicligandsat

theFeatom.

The theoreticallypredicted\ -tensorfrom the spin-orbit-coupledZORA calculationsin Chapter7

may be a first startingpoint for the analysisof the orientation-selectedENDOR spectra.For protons,

thespin-restrictedSO-coupledZORA hyperfinetensorswereshown to bein goodagreement(within û
1 MHz for both isotropicandisotropiccontributions)with experiments(seeChapter7). Thusknowing

the \ -tensororientationandthehyperfinetensors‘magnitudesandorientations,onehasa goodstarting

point for theanalysisof theENDORspectra.

Tables8.2and8.3give thecalculatedmagneticresonanceparametersfor theNi-C form. Thevalues

comefrom spin-restrictedspin-orbit-coupled ZORA calculationsusing a large basisset (basisIV in

ADF nomenclature[160]). Theprincipalvaluesof the \ - and Â -tensorsaregivenin their corresponding



160 8. Orientation-SelectedENDORof theNi-C State

3150 3200 3250 3300 3350 3400 3450
Magnetic Field B� 0 [G]

−12

−10

−8

−6

−4

−2

0

2

4

6

8

10

12

ν E
N

D
O

R
 −

 ν
H

�  [M
H

z]

Figure8.4: Fieldplot of ENDORresonancepositions

eigenvectorsystems.

For the simulationsof the ENDOR spectra,the \ -tensororientationfrom ZORA calculationswas

usedbut the \ -tensorprincipalvaluesfrom thesimulationof thepulsed-EPRspectrumof theRH were

takensincethe \ -tensorprincipalvaluesfrom DFT calculationsarenotaccurateenoughto allow asimu-

lationwith these.Deviationsof upto 0.1in \ -magnitudearesometimesfoundfor thelargestcomponents

which is not tolerablefor suchasensitive probelike orientation-selected ENDOR.

The total Â -tensorsin Tables8.2 and8.3 aregiven in their individual principal axessystems.The

hyperfinetensorsare thenrotatedto a commonaxessystem,herethe \ -tensorprincipal axessystem,

accordingto £�� � ��� ^ N�� ��� � £������ � � � � ^ N!� ���
(8.7)

where
£����"� �

is thediagonalhyperfinetensorin its own eigenvectorsystem,
� �

and
���

aretheeigen-

vectorsof the \ -tensor(the \ -tensorprincipalaxessystem).
£��

is theresulting,non-diagonalhyperfine

tensorin the \ -tensorprincipalaxessystem.

8.3.3.1 ENDOR Signalsfr om
�

-CH # Protons

Figure8.5shows thesimulatedENDORtransitionswhichareexpectedfor thefour
�

-CH# protonsfrom

thebridgingcysteineCys533(left) andthe terminalcysteineCys530(right). TheZORA calculated\ -
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Table 8.2: Prinicpalvaluesandorientationsof the a -tensorand $ -CH% hyperfinetensorsin the Ni-C state.

Hyperfinecouplingsaregivenin MHz.

x y z

g-Tensor \ W 2.178 2.090 2.002& d W -0.37047 -0.60913 -0.70122& c W 0.92801 -0.27462 -0.25174& b W -0.03923 -0.74401 0.66702

A-Tensor Â W +8.73 +9.60 +13.13N H Cys533-H1
& d W 0.20484 -0.01154 -0.97873& c W 0.87856 -0.43863 0.18905& b W -0.43148 -0.89859 -0.07971

A-Tensor Â W +7.74 +10.45 +13.30N H Cys533-H2
& d W -0.09268 -0.41085 -0.90698& c W 0.99358 -0.09746 -0.05738& b W 0.06482 0.90648 -0.41725

A-Tensor Â W +9.28 +5.19 +6.47N H Cys530-H1
& d W -0.68409 -0.58703 -0.43292& c W 0.53783 -0.80689 0.24426& b W -0.49271 -0.06574 0.86771

A-Tensor Â W +7.80 +4.69 +4.48N H Cys530-H2
& d W -0.25378 -0.43947 -0.86166& c W 0.71822 -0.68230 0.13646& b W -0.64788 -0.58423 0.48880

The labelling of aminoacid residuesaccordingto the standard[NiFe] hydrogenasefrom D. gigaswasusedfor

which an X-ray structureis available[27]. The valuesarefrom relativistic SO ZORA BP86/IV calculationsat

theBP86/II optimizedgeometryusingvery tight convergencecriteria. ')(+*,(.- arethe a -tensorand / -tensorprin-

cipal values,respectively. 0 �21 (.0 �31 (.0 �41 , 5768')(+*,(.- , arethe eigenvectorsthat diagonalizethe 9;: and / matrices,

respectively.

tensororientationandthehyperfinetensorsof thefour
�

-CH# protonswasused.The
�

-CH# protonsof

cysteineCys533bothexhibit anisotropiccouplingof 10.5MHz each(seeTable8.2). Near\Id thespectra

fall togetherto a splitting of A = 10-12MHz, with increasingfield valuesplit into two componentsdue

to slightly differentorientationswith respectto themagneticfield andcoalesceto asinglesignalat \ b at
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A = 10 MHz (seeFigure8.5,left). Theanisotropy is rathersmall.
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Figure 8.5: Simulationof Ni-C orientation-selectedENDOR spectrausing the theoreticallycalculateda -

tensororientationandhyperfinetensorsof $ -CH% protonsfrom cysteineresiduesCys533andCys530.

Left: Simulationsof thetwo $ -CH% protonsfrom thebridgingcysteineCys533

Right: Simulationsof thetwo $ -CH% protonsfrom theterminalcysteineCys530.

The
�

-CH# protonsof theterminalcysteineCys533displaya significantlyreducedisotropichyper-

fine interactionof 7 and6 MHz, respectively (seeTable8.2). At \Id they show asinglehyperfinesplitting

of around7 MHz. With increasingmagneticfield, thetwo protonsslightly split into apairof 5 MHz and

8 MHz hyperfinesplitting andat \Ib againfall togetherto a singleresonanceat � Êüû 3 MHz (seeFigure

8.5,right ).

Thissetof four protonscan,in general,satisfactorilyexplainanumberof featuresof theexperimental

ENDORspectra(Figure8.3). At \Id theENDORresonancesat � Ê = 6 MHz canbeassignedto the
�

-

CH# protonsof cysteineCys533andthoseat � Ê = 3 MHz to
�

-CH# protonsof cysteineCys530.The

sameholdsfor \Ib . At intermediatefield valuesthesetsof pairsof protonssplit into individual splittings

andthe experimentalENDOR resonancesarebroader(seeFigure8.3). The simulatedspectraexhibit

anadditionalslight splitting of thepairsof protonsat \ed which is not observed experimentally. It may

benot resolved in thebroadENDORsignalsat \Id . Or alternatively, thesplitting might becausedby a

slight deviation of thecalculated\ -tensororientationfrom theexperimentalonealongthex-axis. Since

the splitting is small, thedifferencebetweenthe \ -tensororientationcanbe assumedto be only a few

degrees.
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8.3.3.2 ENDOR Signalsfr om the Bridging Hydride Ion

TheexperimentalENDORspectra(Figure8.3) displayanadditionallargehyperfinesplittingof about16

MHz at \ed , broadfeaturesof about16-20MHz near\ec and17 MHz at \Ib . This largehyperfinesplitting

cannotbe explainedby a couplingresultingfrom
�

-CH# protons. A candidatefor this nucleusis the

bridging f -hydridothatmayoccupy thevacantbridgingpositionin theNi-C form [34]. Table8.3shows

thecalculatedhyperfineparametersfor suchabondingsituation.Scalar-relativistic, restrictedopen-shell

Table 8.3: J -tensorprincipalvaluesin MHz andorientationsfor thebridginghydridein Ni-C

A K A L A M
SRROKS

A-Tensor +22.19 +2.07 +5.85

Eigenvectors
& d W +0.45327 -0.79855 -0.39607& c W -0.89137 -0.40508 -0.20340& b W -0.00199 -0.44524 +0.89541

SR+ SOROKS

A-Tensor +25.54 +1.12 +6.01

Eigenvectors
& d W -0.46165 -0.77852 -0.42518& c W +0.88705 -0.40742 -0.21714& b W -0.00418 -0.47740 +0.87868

SRUKS

A-Tensor +9.92 -19.77 -16.12

Eigenvectors
& d W +0.46001 -0.71084 -0.53206& c W -0.88786 -0.37474 -0.26697& b W +0.00961 -0.59521 +0.80351

Thevaluesarefrom ZORA BP86/IVcalculationsat theBP86/IIoptimizedgeometryusingvery tight convergence

criteria. 0N�21O(.0N�31O(.0N�41 , 5�6P'Q(R*S(+- aretheeigenvectorsthatdiagonalizethe / matrix.

calculations(SRROKS) yield all hyperfinetensorelementsof positive sign. Whenspin-orbitcoupling

(SO) is additionallyconsidered(SR + SO ROKS), the sign of the hyperfinetensorprincipal valuesis

retainedbut A d increasesby 3 MHz, A c decreasesby about1 MHz andA b remainsnearlyunchanged.

Whenspin-polarizationis consideredat the scalar-relativistic level (SR UKS), a completelydifferent

pictureis obtained:Comparedto the SR ROKS results,A d is reducedby 55% uponconsiderationof

spin-polarization,A c andA b show inversesignsandsignificantlylargervalues.
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A detaileddiscussionof theinfluenceof spin-polarizationandspin-orbitcouplingcanbedoneonthe

basisof thedecompositioninto isotropicandanisotropichyperfinetensorcomponentsdonein Table8.4.

Onemustbearin mind, that thediscussionpresentedheredealswith theinfluenceof relativistic effects

(scalarrelativistic effects and spin-orbit coupling) of the transitionmetalsNi andFe on a f -hydrido

bridging ligand. For thebridgingatomitself, the intrinsic effectsareexpectedto bevanishinglysmall.

Changesin the electronicstructureandthehyperfineparametersoriginatefrom theadjacenttransition

metals.

Table 8.4: Influenceof spin-polarizationandspin-orbitcouplingon the � H hyperfinetensor

of a Ni– T -hydrido-Febridge.All valuesarein MHz.

SRROKS A U Å U +22.19 +2.07 +5.85

aÃ�Ä(Å +10.04

A V4W}Ã�Ä(Å +12.15 -7.97 -4.19

SR+ SOROKS A U Å U +25.54 +1.12 +6.01

aÃ�Ä(Å +10.89

A V4W}Ã�Ä(Å 14.65 -9.77 -4.88

SRUKS A U Å U +9.92 -19.77 -16.12

aÃ�Ä(Å -8.66

A V4W}Ã�Ä(Å +18.58 -11.11 -7.46

SR+ SOUKS (extrapolated) A U Å U +11.6 -22.4 -17.7

aÃ�Ä(Å -9.5

A V4W}Ã�Ä(Å +21.1 -12.9 -8.2

Spin-restrictedcalculationsyield a positive isotropichyperfineinteractionfor a hydridebridge.The

influenceof spin-orbitcouplingis small (9%) whencomparingSR ROKS andSR + SO ROKS calcu-

lations. Spin-unrestrictedcalculationsgive a negative isotropichyperfineinteractionof aboutthesame

magnitude. 1 Sincethe hydride is boundto the Ni 3dbYX orbital in the nodal plane(seeFigure 7.3),

the isotropichyperfineinteractionmay be of negative sign if the analogyto an Z -proton boundto a

spin-carryingcarbon2pb orbital holds(for discussionseefor example[69]). Theinfluenceof spin-orbit

couplingon the anisotropichyperfinetensorbecomesclearwhenonecomparesSR ROKS andSR +

1For comparisona non-relativistic unrestrictedB3LYP/6-311+G(2d,2p)calculationat thesamegeometrywasperformed.

Theobtainedvalues(a[ \^] = -41.74MHz, A _a`4[ \^] = (-15.76,-12.23,28.04)MHz) areunrealisticallylarge.
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SOROKS calculations.Spin-orbitcouplingincreasestheA V4W�bdcfe�g K componentby 2.5MHz, theA h4i bdcfe�g j
componentby 2 MHz andtheA h4i bdcke�g l componentby 0.6MHz. Onereasonfor this effect might bethe

relativistic contractionof theNi p- andd-orbitalswhichwould thenleadto anincreaseof unpairedspin

densitynearthecoreof theNi nucleusandlikewiseincreasetheanisotropichyperfineinteractionof the

neighbouringhydride.

It is difficult to calculatespin-polarizationeffects in spin-orbitcoupledequations(seeref. [132]).

Onethereforehasto assumethattheeffectof spin-orbitcouplingcanbetakenfrom theSRROKS m SR

+ SOROKS calculationandmaybeaddedto thespin-polarizedscalar-relativistic (SRUKS) data.The

extrapolatedvaluesarealsogivenin Table8.4.
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Figure8.6: Simulationof Ni-C orientation-selectedENDORspectrafor thebridginghydrideusingtheoreti-

cal data.Left: SimulationsusingtheSO+ SRROKSZORA hyperfinetensor(spinrestricted).

Right: SimulationsusingtheSRUKS ZORA hyperfinetensor(spinunrestricted).

Figure8.6, left shows the field-dependentsimulationsfor a bridging hydrideusing the calculated

spin-restrictedspin-orbit-coupledZORA hyperfinetensor. At {}| a very large hyperfinesplitting of 25

MHz is obtainedwhich thenquickly splits into a pair of two weakENDOR signals.At {�~ thesignals

fall togetherto a single resonancesignal at 6 MHz. This dependenceis not in agreementwith the

experimentalENDORspectrafor thefollowing reasons:

i) experimentally, thereis nosuchlargesplitting of 25MHz at {�| ,
ii) thesimulationscannotexplain thelargehyperfinesplitting largerthan16 MHz for all field values.

Table8.4showsthatthereisadrasticinfluenceof spin-polarizationonthehyperfinetensormagnitude

andorientationfor the bondingsituationof a hydrideboundto a Ni 3d~Y� orbital. Also, the � -tensor

orientationchangesslightly. Theeigenvectorsof the � | componentin theSOZORA calculationshow



166 8. Orientation-SelectedENDORof theNi-C State

an inversionof sign in theSR spin-unrestrictedcalculation.The eigenvectorsof the ��� componentin

the SO ZORA calculationarerotatedby 8� in the SR spin-unrestrictedcalculation. Thoseof the ��~
componentin theSOZORA calculationaretransformedto thosein thespin-unrestrictedcalculationby

likewiserotationby 8� . Theresultof a simulationusingthespin-unrestricteddatais givenin Figure8.6

right . Thehyperfinesplittingat {�| of A = 10MHz is toosmall.Over thecompleterangeof field values,

thegeneralfeaturesof thespectraarewell reproduced,i.e. anaccumulationof anintenseENDORsignal

ataboutA = 20MHz at { � to aboutA = 16MHz at {�~ . This indicatestheimportanceof spin-polarization

for thedescriptionof thehyperfineinteractionof a � -hydridobridgeaswassuggestedhere.

Thediscrepancy betweenthesimulatedENDORspectrum(Figure8.6, right) with theexperimental

spectrum(Figure8.3) for field valuesnear {�| mayresultfrom theneglectof spin-orbitcoupling. From

the experimentalspectraat {�| (Figure8.3, top trace)oneexpectsa hyperfineinteractionof the large

couplingof about16 MHz at this field value. Fan et al. measureda hyperfinecouplingof A = 16.8

MHz at the {}| -componentof theNi-C EPRspectrumof the[NiFe] hydrogenasefrom D. gigas[69] and

showedthatthenucleusassociatedwith thissignalwasD � O exchangeableandalsobelongedto thesame

nucleusthatexhibitedacouplingof A = 20 MHz at { � [70]. Uponillumination, this signalis lost [70].

Theeffectof spin-orbitcouplingis mostpronouncedfor theA h4i bdcfe�g � component,smallerfor A h4i bdcfe�g j ,
andalmostnegligible for A h4i bdcfe�g l (seeTable8.4). If spin-orbitcouplingwereconsideredalongthese

lines, an improvementof the simulationswould be possible.Extrapolatedvalues(SR + SO UKS) are

givenin Table8.4andsuggestthistrend.Thesimultaneoustreatmentof spin-polarizationandspin-orbit-

couplingmight improve theagreementfor thehyperfineinteractionalongtheg| -componentbut sucha

theoreticalapproachis currentlyoutof reach.

There is sucha large numberof adjustableparametersin the simulationsof orientation-selected

ENDOR spectra(e.g. the { -tensororientation,the hyperfinetensorprincipal valuesandthe hyperfine

tensororientations)thatasystematicimprovementof thesimulationsis difficult.

8.4 Discussionand Conclusion

Theorientation-selectedpulsed-ENDORspectraof the regulatoryhydrogenase(RH) from R. eutropha

wererecordedfor a numberof field positionsbetween{}| and {�~ . Supportedby the theoreticallycal-

culated{ -tensororientationandthehyperfinetensormagnitudesandorientationsfrom relativistic DFT

calculationsin theZORA approach,hyperfinetensorsof five protonscouldbeassignedto experimental

ENDORsignals.

Given the numberof approximationsandparametersthat entertheanalysisof orientation-selected



8.4DiscussionandConclusion 167

ENDORspectra,theimpactandaccuracy of theoreticalcalculationsmustbeconsideredsatisfying.Fur-

therwork on spin-polarizedspin-orbit-coupledDFT wavefunctionsmight improve thetheoreticallypre-

dicted { -tensororientationand/or the calculatedhyperfinetensors. Figure 8.8 displaysthe assigned

hyperfinetensorsat the ��� sideof thespectra.
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Figure 8.7: Assignedhyperfinecouplingsin theNi-C form of theRH from Ralstoniaeutropha. At thehigh

frequency side,theENDORsignalsoriginatingfrom thebridginghydride(dottedline), the � -CH� protonsof

Cys533(dashedline), andthe � -CH� protonsof Cys530(solid line) aremarked.

The assignmentof two � -CH� protonsof the bridging cysteineCys533with isotropic valuesof

10.5MHz eachagreeswell with orientation-selected cw-ENDORmeasurementsof theNi-B form from

Allochromatiumvinosum[169]. In the Ni-B form 12.6and12.5MHz werefound. This indicatesthat

the {�~ -axis shouldbe closeto theNi–SCys533bondin both redoxstates.A completereorientationof

the { -tensoraxesseemsimplausibleanda reductionto a formal Ni(I) canthereforealsobe ruled out.

This resultswasalsoobtainedin theZORA calculationsof the { -tensororientation(seeChapter7). The

decreaseof theisotropiccouplingmightbeexplainedby aslight reductionof spindensityat thecysteine

sulphuratom.Thevaluesobtainedfor the � -CH� protonsof Cys533alsoagreewith valuesreportedby

Fanet al. [69] who measureda couplingof around12 MHz at { � for the [NiFe] hydrogenasefrom D.

gigas in the Ni-C state. The couplingwasfound to be ratherisotropicandnot solvent-exchangeable.

A tentative assignmentwasmadeto cysteinyl � -protonsbut a specificstructuralassignmentwasnot

possibledueto thelackof anX-ray structureat thattime.

Thesignalsassignedto � -CH� protonsfrom the terminalcysteineCys530in this work maycorre-

spondto thosereportedby Whiteheadet al. [70] who observeda numberof hyperfinecouplingwith �
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5 MHz in the Ni-C stateof Thiocapsaroseopersicina. An assignment,however, wasnot done. In the

oxidizedstatesNi-A andNi-B thesecouplingswerenotobserved(seeChapter6 andreferences[70,169].

The redistribution of spindensitytowardsthe terminalcysteinein theNi-C statemayexplain the ��� Se

hyperfineinteractionof thehydrogenasefrom Methanococcusvoltae. This [NiFeSe]hydrogenasepos-

sessesa selenocysteinein the position of Cys530. In the oxidized state,there is no ��� Se hyperfine

interactiondetectablein EPRwhile theNi-C stateexhibits a large ��� Sehyperfinesplitting [230]. This

indicatesthat in theNi-C form, unpairedspindensityis transferedto thepositionof Cys530.Giventhe

ratio of the nuclear { -factorsof ��� Seandof ��� S (1.0693/0.42911= 2.49),a Seatomin placeof the S

atomof Cys530maydisplaysuchaneffect. ��� Sehyperfineinteractionsthatare2.5timeslargerthanthe

corresponding��� Sarethenexpected.

Theassignmentof thelargehyperfinecouplingto ahydrideion in thepositionof thebridgingligand

is supportedby anumberof experimentalfindings.Thevaluereportedby Whiteheadetal. of 16-20MHz

agreeswell with thatfoundfor theRH [70]. Thecouplingwasshown to besolvent-exchangeable in D � O
andthe correspondingdeuterium-ENDORsignalwasobserved. Furthermore,uponphotoillumination

this couplingwascompletelylost. Fan et al. reporteda solvent-exchangeable couplingof 17 MHz at

{�| for the Ni-C form [69]. The authorsalsosuggesteda completehyperfinetensor ��� = (+15, -22,

-25)MHz andarguedin favour of anegativesignof theisotropichyperfineinteraction(-11MHz) for an

in-planeboundhydride.Fromtheirwork, it is not clearwhich { -tensorprincipalaxessystemandwhich

hyperfinetensororientationwasusedby theauthors.Furthermore,sinceno ENDORspectrumnear {�~
wasreported,theirestimateof theA ~ hyperfineinteractionis notcomprehensible.Thespin-unrestricted

scalar-relativistic ZORA calculationsyieldeda completetensorof (+10, -20, -16) MHz (abdcfe = -9 MHz)

in its own principalaxessystemwhichagreesreasonablywell with thatpostulatedby Fanetal..

Theregulatoryhydrogenasefrom R.eutrophaseemsto possessanactivecentrethatis verysimilar to

thatof the‘standardhydrogenases’.Thecompositionof theNi-Feclusterwith its threediatomicligands

(2 CN and1 CO)andfour cysteinescoordinatingtheNi andFeatomsappearsto beverysimilar to thatof

other‘standard[NiFe] hydrogenases’.Theroleof theRH, however, is distinctfrom thatof the‘standard

hydrogenases’,i.e. its low activity, its resistivity towardsoxygenationandtheabsenceof S = 1/2 EPR

signalsfrom Fe-Sclusterscannotbeexplainedby a modificationof theactive site. Themodulationof

the function may result from a differentproteinenvironmentor folding pattern. This issuecannotbe

decidedyet.

Furtherexperimentalinvestigationsarenecessaryin orderto characterizetheactivecentreof theRH.

Thedeterminationof the { -tensororientationfrom angulardependentEPRof protein-singlecrystalsin

the Ni-C form (either in one of the standardhydrogenasesor in the RH) may supportor contradict
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theorientationobtainedfrom relativistic DFT calculations.In frozensolution,D � O solvent exchange,

observation of the disappearanceof certainENDOR signalsand subsequent� H-ENDOR or ESEEM

detectionwill shedmorelight on thehydrogen/deuteronbindingsite.
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Chapter 9

Proposalof a ReactionMechanism

Basedon thefindingsin this thesis,thedifferencebetweentheparamagneticstatesof the[NiFe] hydro-

genasecanbe explained. Ni-A canbe describedasa Ni– � -oxo–Fe,Ni-B asa Ni– � -hydroxo–Feand

Ni-C asaNi– � -hydrido–Febridgedcluster.

For thefirst time,amodelof theoxidationstatesandligandenvironmentcanbeproposed:Ni remains

in its Ni(III) oxidationstatein theNi-A, Ni-B, andNi-C forms. Ni-L originatesfrom theNi-C stateby

photodissociationof thebridginghydridewhich leavesits two electronsat theNi atom(thena formal

Ni(I) oxidationstate).The CO-inhibitedform Ni-CO is derived from theNi(I)-L form; theagreement

with aCO boundto Ni-C werenot satisfying.

By characterizationof theparamagneticstates,oneonly hasan incompletepictureof thecomplete

reactioncycleof theenzyme.Theconnectionof theparamagneticstatesis accomplishedvia diamagnetic

andthusEPR-silentstatesNi-Si �4g � andNi-R. Accordingto theabovefindings,asequenceof redoxstates

for theactive sitecanbededuced(seeFigure9.1).

However, anumberof openquestionsremainto beanswered.

� Whatis theroleandfunctionof theNi andFemetals,i.e. whichof themis catalyticallyactive?

� Wheredoesthesubstratehydrogenbind?

� Whatis theroleof theFeatomin thestrongligandfield causedby theCO andCN ligands?

� Doesthebridgingligandfacilitateor participatein thesplitting of H � ?
� Are thecysteineaminoacidslikewiseinvolved in thereactionmechanism?

� Do theprotein-cofactorinteractionsfine-tunetheheterolyticsplittingof hydrogen?

171
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Figure9.1: Sequenceof redoxstatesin [NiFe] hydrogenase

Thenumberof electronsthatflow into theactive centreandthenumberof protonsassociatedwith each

redoxstepwerederivedfrom redoxtitrationsin thepresenceof dyes[40] (seeFigure9.2). Theseresults

mustbeconsideredwhena reactionmechanismis suggested.In theabsenceof artificial dyes,theredox

potentialof theproteinis controlledby theH � partialpressurein solution[12]. Then,theexactnumber

of redoxequivalences(electronsandprotons)thatenteror leave theactivesite in eachredoxstepcannot

bedetermined.Only theoverall conversionsof H � by all metalliccofactorscanbemonitored.
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Figure9.2: Theredoxequivalencesthatentertheactivecentreof [NiFe] hydrogenase.Symbolsareexplained

in thecaptionof Figure2.6.

In a modelfor theheterolyticsplitting of H � , Ni-L andNi-CO arenot consideredsincethey do not

participatein the catalyticcycle. The investigationof thosestates,however, providesevidencefor the
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light-sensitivity andinhibition of thisenzyme.
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Figure9.3: ReactionPathwayProposed

Takingintoaccounttheresultsof thecompositionof theactivecentrein its paramagneticstates[Ni-A

(X = O�2ª ), Ni-B (X = OH ª ), Ni-C (X = H ª )] andtheredoxequivalentsthatentertheactivesitein each

step(from Figure9.2), the following pictureis obtained(Figure9.3): Upon activation of the enzyme,

first thebridgingligandmaybeprotonated.TheresultingH � O bridgewouldonly belooselyboundand

openthecoordinationsiteat theNi atom.H � couldthenbeheterolyticallysplit. Thehydrideremainsin

theactive centreasa Ni–Febridgingligandwhile thewatermoleculemaytake up theprotonandleave

theactive siteasa H � O� . Alternatively, theprotonmaybereleasedvia anaminoacidassistedproton

transferchain.Formally, thecompletelyreducedNi-R stateis oneelectronmorereducedthanNi-C. The

axial coordinationsiteis apossiblecandidatefor bindingof anadditionalproton.

This is a plausibleconnectionof the alternatingparamagneticanddiamagneticredoxstatesof the

active centrebut thereis no ultimateproof for thesuggestedmechanism.

All proposedintermediates1 werecharacterizedby DFT calculationsusingthe ADF99 [160] pro-

gramandtheBP86exchangecorrelationfunctional(for computationaldetailsseeChapter7). A detailed
1The Ni-A, Ni-B, Ni-C andNi-L clustermodelswereidentifiedasminima on the potentialenergy surfaceby analytical
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comparisonof thestructuralparametersof thecalculatedparamagneticintermediateswasalreadydone

in Chapters5 and7 andis not repeatedhere. Formally, the paramagneticstatescorrespondto Ni(III)

andthe diamagneticstatesto Ni(II) oxidationstates.Figure9.4 shows the obtainedstructuresfor the

intermediates.Only relevantstructuralparametersaregiven.

calculationsof secondderivatives. At the B3LYP/6-311+Glevel all harmonicfrequencieswere positive. Transitionstates

couldnotbeobtainedsofar.
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Figure 9.4: Calculatedintermediatesin theheterolyticsplitting of H � by [NiFe] hydrogenasein theabsence

of theproteinenvironment.Selectedbonddistancesin Å.
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Startingfrom themodelfor theNi-B (II ) form, aprotonis addedto thebridgingOH ª ligandyielding

aS= 1/2statewith awatermoleculebridgingNi andFe(IIa ). Thebonddistancesto thewatermolecule

increaseby 0.3Å and0.2Å. TheEPR-silent(S= 0) stateNi-Si is reacheduponfurtheraddinganelectron

to thecluster(III ) in whichtheNi–OH� bondis alreadybroken(3.07Å). Next, molecularhydrogenmay

entertheactive site. It is believedto diffusethrougha hydrophobicchanneltowardstheNi atom[231].

An axialcoordination(IIIa ), however, is veryweak(atadistanceof 3.26Å) but inducesadecreaseof the

Ni–Fedistancefrom 3.32Å to 3.11Å. Whenthesubstrateis locatedbetweentheNi andwatermolecule

(IIIb ), a (local) minimumis reached.In anend-oncoordinationof theH � moiety, theNi–H distanceis

2.44Å andtheshortestdistanceto thewatermolecule2.36Å. This is accompaniedby adecreaseof the

Ni–Fedistanceto 3.03Å. A protontransferis only achievedwhenit is manuallytransferedto thewater

moleculeyielding a formal H � O� molecule(IIIc ). Theremaininghydridethenoccupiesthepositionof

thebridgingligand.TheH � O� is still hydrogenboundto theCN ligands.It maydonateaprotonto one

of theligandsandremaincoordinatedin thevicinity of theactive siteor diffuseasa wholeH � O� away

from theactive centre.Thereby, theNi-C state(IV ) is obtained.TheNi-R (V) stateis diamagneticand

containsoneelectronandonemoreprotonthantheNi-C state(see[40] andreferencestherein).An axial

coordinationof a formalhydrogenatomseemsmostplausible.

Experimentalsupportfor thesuggestedstructureof theNi-R form comesfrom thecarbonmonoxide-

inhibitedhydrogenasefor whichanaxialcoordinationof theCOto theNi wassuggested(Y. Higuchi,per-

sonalcommunication).ThecrystallizedreducedCO-inhibitedhydrogenasefrom D. vulgarisMiyazaki

F shows an unusualbentform of a CO axially coordinatedto the Ni atom. This is reproducedin the

calculationswhenthe suggestedNi-R clustermodelbindsCO, the carbonmonoxidemoleculewould

insertinto theNi–H bondandgive theexperimentallyfoundbentcoordination(seeFigure9.5).

Figure9.6displaysthestructuresof thegeometry-optimizedintermediates.

In Chapter7 it wasshown thatproteinenvironmentdid not have a large influenceon thecalculated

magneticresonanceparametersof theactive centreof the [NiFe] hydrogenase.Next, it remainedto be

investigatedwhethertheproteinsurroundingwould thenparticipatein or assisttheheterolyticcleavage

of H � . Furthermore,it wasinvestigatedwhetherthe local minimumof H � coordinationto theNi atom

wasanartefactof theclustermodelapproach.Thesuggestedreactionpathwasthenre-investigatedusing

a largerclustermodelin which thecoordinatingaminoacidshistidineHis72,serineSer486andarginine

Arg463 were explicitly considered.His72 forms a hydrogenbond to the bridging cysteineCys533,

Ser486coordinatesto oneof theCN ligands,andArg486coordinatesthesecondCN ligandand,in the

Ni-B state,alsothebridgingligandOH ª (seeChapter7).

Schematically, theobtainedintermediatesaregivenin Figure9.7.
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Figure9.5: Comparisonof Ni-R ´¶µ structures.Left: X-ray structureof theCO-inhibited[NiFe] hydrogenase

from D. vulgaris Miyazaki F (Y. Higuchi, personalcommunication).Protonpositionscould not be deter-

mined. Right: BP86 calculatedmodel clusterfor Ni-R with CO insertedinto the Ni–H ·R¸3¹ ·.º bond. Bond

lengths(r) in Å, bondangle( » ) in degree.
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Figure 9.6: Geometry-optimizedstructuresof theintermediatesin thereactioncycle of [NiFe] hydrogenase

in theabsenceof theproteinenvironment(for a schematicdrawing seeFigure9.4).
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Whenthebridging � -hydroxoligandin theNi-B form (II ) is protonated,aparamagneticstatewith a

bridgingwatermoleculeis generated(IIa ). Thehydrogenbondto thearginineArg463leadsto ashorter

Ni–OH� bonddistance(2.10Å) thanin theabsenceof thearginineresidue.Uponone-electronreduction,

theNi-Si state(III ) is reached.In theabsenceof proteininteraction(Figure9.4) theNi–OH� bondwas

alreadymostly broken andthe waterwasonly looselycoordinatedto the Fe atom. Here, the picture

is different. Thewateris still firmly boundto theNi atom(distance2.05Å) andslightly moreremote

from theFeatom(distance2.32Å). As in thepreviously suggestedreactioncycle in theabsenceof the

proteinenvironment,H � mayapproachtheactivecentrethroughahydrophobicproteinchannelandonly

looselycoordinatetheNi atomat adistanceof 3.4Å (IIIa ). Still, thewatermoleculeis heldin placeby

ahydrogenbondto thearginineArg463residue.

Whenthesubstratecomesinto thevicinity of thebridgingwatermolecule,theNi–OH� bondbreaks

andspaceis provided for the H � substrate(IIIb ). Whereasan end-oncoordinationwasfound in the

absenceof any proteinenvironment(seeFigure9.4 IIIb ), only a temporaryside-oncoordinationof the

substrateto theNi atomis foundhere. During thecourseof a very long geometryoptimization(more

than200optimizationstepsfor the95 atomclustermodel),without any biasor manualinterference,the

H � substrateis split.

Onehydrogenatom(thelaterhydride)quickly formsabondto theneighbouringFeatomandoccu-

piesthepositionof thebridgingligandwhile theotherhydrogen(consideredto beaproton)is temporar-

ily taken up by the sulphuratomof the terminalcysteineCys530(IIIc ). Finally, the cysteinedonates

the proton to the approachingwatermolecule(IIId ) andH � O� is formed. The H � O� moiety is still

hydrogen-boundto both thearginine residueandthe terminalcyanidesandmaydonatea protonto ei-

ther of theseor diffuseaway from theactive site. ThentheNi-C stateis obtained(IV ) andfinally the

completelyreducedNi-R state(V).

Theoptimizedgeometriesof theclustermodelswith relevanceto thesplitting of H � (from IIIb to

IIId ) aregivenin Figure9.8
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Figure9.8: Snapshotsof thegeometryoptimizationsof thesplittingof H � by [NiFe] hydrogenase.Top, left:

side-oncoordinationof H � (IIIb ); top, right : splittingof H � ; middle,right: protonationof CysteineCys530,

middle, left: reorientationof the protonatedCys530(IIIc ); bottom: proton transferto the bridging ligand

(IIId ).
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Whereastheoverallpictureandthereactionproductsarethesamein thetwo suggestedmechanisms

with andwithout the considerationof the coordinatingnearbyaminoacid residues,they stronglydif-

fer in the details. In theabsenceof the protein,thebridging ligand is easilyremoved andnot directly

coordinatedto theNi atom.For thesubstrate,anend-oncoordinationto theNi is obtainedbut nosponta-

neousdissociationof H � is found. Theresultinghydrideis foundto occupy thepositionof thebridging

ligandwhile H � O� formshydrogenbondsto theterminalcyanideligands.Theinfluenceof theprotein-

cofactor interactionsis manifestedin a tight coordinationof the protonatedbridging ligand. Arginine

Arg463holdsthebridgingwatermoleculein closeproximity to theNi atom.For thesubstrateaside-on

coordinationis found.In thereactioncycle,thesubstrateimmediatelydissociatesandtemporarilyproto-

natestheterminalcysteineCys530.This intermediateprotonationof theterminalcysteinemayexplain

thehigheractivity of [NiFeSe]hydrogenaseswhich possessa selenocysteinein thepositionof Cys530.

Theroleof thearginineresidue,again,is to bringthewatermoleculein closecontactwith theprotonated

cysteineandthusfinally enableprotonationof thewater.

Thesuggestedmechanismfor the[NiFe] hydrogenasediffers in someaspectsfrom thosesuggested

by otherauthors[71–76]:

� Ni wasidentifiedastheactive metalsite.

� Ni-Si/Ni-C arethecatalyticallyactive states.

� Theexperimentallydeterminednumberof electronsandprotonsthatentertheactivesitewastaken

into account.

� Experimentaldatafor theparamagneticstateswereconsidered.

� Thenumberof experimentallydeterminedD � O solvent-exchangeable protonsis in agreementwith

thesuggestedstructuresof theparamagneticstates.

� TheNi atomshuttlesbetweenformal+III and+II oxidationstates.

� Thebridgingligandis involvedin theactivationof theenzyme.

� TheFeatomis not redoxactive; its role is of structural,notelectronicnature.

� Amino acidresiduessurroundingtheactive sitehave an importantstructuralrole in retainingthe

positionof thebridgingligand.

� Theterminalcysteineandthebridgingligandassisttheheterolyticcleavageof H � .
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� A protonationof a cysteineresidueis only short-lived andfinally theprotonatedwatermolecule

mayreceive theproton.

To conclude,the work in this thesishassuggestedstructuraldetailsfor the paramagneticanddia-

magneticstatesof the[NiFe] hydrogenase.In particular, carewastakento assureagreementwith avast

amountof experimentaldatawherethey wereavailable. Many experimentaldatacouldbe reproduced

within satisfyingaccuracy. Someexperimentalfindingsarepredictedandmaystimulatefurtherwork.

A plausiblereactionmechanismwhich links thewell-characterizedparamagneticstatesvia diamag-

neticstatesis proposed.Thereis ampleroomto supportor contradictthesuggestedenzymaticmecha-

nismbothon theexperimentalandtheoreticalside.

The experimentaldeterminationof { - and hyperfinetensorsin protein single crystalsin the Ni-

C and Ni-L stateswill hopefully agreewith the suggested{ -tensororientationfrom relativistic DFT

calculations.This work is in progress(S.Foerster, personalcommunication).

Thesedays,very little is known abouttheEPR-silentstates.Furthercharacterizationof thesestates,

e.g. additionalparallel-modedetectedEPRexperimentson theenergeticorderingof integerspinstates

or time-resolvedFTIR experimentswhich leadto morekineticdatawouldbehelpful.

From the theoreticalpoint of view, an efficient andreliablecalculationof reactionprofilesinclud-

ing secondderivativesandtransitionstateson modelsthat consistof 90-100atoms,whenthe protein

environmentis explicitly considered,is requiredin orderto characterizethe reactionmechanism.Fur-

thermore,thereis aneedfor methodologicalextensionsfor simultaneouslyconsideringspin-polarization

andspin-orbitcouplingin transitionmetalcomplexes.

Theintroductionof amutagenesissystemfor the‘standardhydrogenases’andsite-directedmutations

in the protonor electrontransferchannelswill further help to unravel the catalyticprocessof [NiFe]

hydrogenases.
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Chapter 10

Zusammenfassungund Ausblick

In der vorliegendenArbeit wurden [NiFe]-Hydrogenasenmit Methoden der magnetischenReso-

nanzspektroskopie (EPR,ENDOR) und der Dichtefunktionaltheorie (DFT) untersucht.Hydrogenasen

katalysierendie reversible,heterolytischeOxidationvon molekularemWasserstoff ¾ ��¿À ¾ �ÂÁ ¾ ª .

Das aktive Zentrum in der großenUntereinheitdes Enzymsist ein heterobimetallischerNi-Fe-

Cluster, der von Cysteinaminos̈aurenkoordiniert wird. Drei anorganischeLigandensind zus̈atzliche

terminaleLigandendesEisenatoms.Ein bishernicht eindeutigidentifizierterLigandverbr̈uckt die bei-

denSchwermetallatome.Drei Eisen-Schwefelclusterin der kleinenUntereinheitdesProteinssind am

Elektronentransfervon undzumaktivenZentrumbeteiligt. In einigenRedoxzusẗandenweistdasaktive

ZentrumungepaarteElektronenaufundist deshalbmit derEPR-SpektroskopieundverwandtenMetho-

denuntersuchbar.

Ziel dieserDoktorarbeitwar es, Einsicht in die FunktionsweisediesesMetalloenzymsüber die

CharakterisierungderparamagnetischenIntermediatezu erhalten.

Nickelmodellkomplexe

Die beidenanorganischenModellkomplexe Bis(maleonitrildithiolat)-Nickelat(III) (Ni(mnt)
ª� ) und Tri-

carbonylnickel(I)hydrid (Ni(CO)� H) weisengewisseÄhnlichkeitenin dergeometrischenundelektron-

ischenStrukturmit den[NiFe]-Hydrogenasenauf. Für diesenbeidenKomplexe wurdedie Berechnung

von Ã - und Ä -Tensorenmit demZORA-Hamiltonoperatoretabliertundkritischmit vorhandenenexper-

imentellenErgebnissenverglichen.Ein störungstheoretischer AnsatzwurdealsVergleichebenfalls ver-

wendet.Der Einflußskalar-relativistischer Effekteaufdie Bindungsparameterwurdediskutiert. Im De-

tail lassensichdieEinflüssevonskalar-relativistichen EffektenundderSpinbahnkopplungaufdieHyper-

feintensorenuntersuchen.Die BerücksichtigungderSpinbahnkopplungerweistsichals unverzichtbar,
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wenndie elektronischeStruktur(insbesonderedie Hyperfeintensoren)von Übergangsmetallkomplexen

mit DFT-Verfahrenberechnetwerdensollen.Die Übereinstimmungmit experimentellenÃ -Tensorenist

zufriedenstellend.Die Abweichungderberechnetenvon denexperimentellenDatenist proportionalzu

derAbweichungder { -Wertevon {�Å . Für die Hyperfeintensorenist die Übereinstimmungi.a. sehrgut

und die Größeder Abweichungist wenigeProzent.ExperimentelleUneindeutigkeiten in der Bestim-

mungder Vorzeichender Nickel- und Schwefelhyperfeintensorenin Ni(mnt)
ª� konntenmit Hilfe der

Rechnungenbehobenwerden.

Spindichteverteilung im aktivenZentrum der [NiFe] Hydr ogenase

Für die paramagnetischenZusẗandeNi-A, Ni-B und Ni-C war die genaueatomareStruktur desak-

tiven Zentrum bisher unklar. Insbesonderedie Art des Nickel und Eisen verbr̈uckendenLiganden

war GegenstandkontroverserwissenschaftlicherDiskussionen.Es konntegezeigtwerden,daßbeste

Übereinstimmungmit den Röntgenstrukturdatender HydrogenaseausD. gigas erzielt werdenkon-

nte, wennder Brückenligandein O�2ª oderOH ª war. Der Schwefelligand,der für die Hydrogenase

ausD. vulgaris Miyazaki F postuliertwurde, konntenicht durch die Rechnungenbesẗatigt werden,

da die berechnetenstrukturellenParameternicht in gutemEinklangmit experimentellenErgebnissen

der Röntgenstrukturanalyse waren. Die berechneteVerteilungder ungepaartenSpindichteist in guter

Übereinstimmungmit Daten der EPR- und ENDOR-Spektroskopie oder darausabgeleitetenErgeb-

nissen. Im Ni-C ZustandkonnteguteÜbereinstimmungmit der Röntgenstrukturder reduziertenHy-

drogenasenausD. baculatumund D. vulgaris Miyazaki F erzielt werde,wenn die vakantePosition

des Brückenligandenin den Röntgenstrukturendurch ein Hydridanion besetztwurde. Die berech-

neteVerteilungderungepaartenSpindichtewar ebenfalls in Übereinstimmungmit vorhandenenexper-

imentellenDatender magnetischenResonanz.Es konntegezeigtwerde,daßdie drei anorganischen,

prosthetischenLigandenamEisenatomdesaktivenZentrumswahrscheinlichzwei Zyanidligandenund

ein Kohlenmonoxidsind. Ein für die HydrogenaseausD. vulgarisMiyazaki F postulierterSO-Ligand

führte in den Rechnungenzu einer großenVerschiebung der ungepaartenSpindichte. DieserLigand

erscheintdaherwenigwahrscheinlich.

ENDOR-Kristallographie der oxidierten Zuständeder [NiFe] Hydr ogenase

Proteineinkristalleder [NiFe]-Hydrogenaseaus D. vulgaris Miyazaki F wurden mit der gepulsten

ENDOR-Spektroskopie in den oxidiertenZusẗandenNi-A und Ni-B untersucht. Eine Trennungder

beidenSpeziesunddervier Moleküle in derEinheitszelle(RaumgruppederKristalle P2Æ 2 Æ 2 Æ ) erfolgte
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durcheineAnalyseder rotationswinkelabḧangigen EPR-Spektren.Für denNi-B Zustandkonntendrei

HyperfeintensorenausdenwinkelabḧangigenENDOR-Spektrenanalysiertundzugeordnetwerden.Die

beidengroßenKopplungenwurden � -CH� Protonendesverbr̈uckendenCysteinsCys549zugeordnet.

Für die dritte Kopplungbliebenzwei Zuordnungsm̈oglichkeiten: zu einemProtonamBrückenliganden

oderzu einem � -CH� ProtondesterminalenCysteinsCys81. DFT Berechnungender Hyperfeinten-

sorenbesẗatigtendie ZuordnungderbeidengroßenHyperfeintensorenundkonntendie Uneindeutigkeit

bez̈uglich derdrittenKopplungbeseitigen.Die Zuordnungzueinem� -CH� ProtondesterminalenCys-

teinsCys81erschienamplausibelsten.Der Ni-A ZustandzeichnetesichdurcheineMikroheterogeniẗat

derProteinumgebungaus.Die erhaltenenwinkelabḧangigenENDOR-Spektrenließensichnicht im De-

tail analysieren.Nichtsdestowenigerkonntendie beidengroßenHyperfeinkopplungen, nicht aberdie

kleinere,dritte Kopplungbeobachtetwerden. DieserBefund wurdenwiederumuntersẗutzt von DFT

Rechnungen.

RelativistischeDFT Rechnungenan denparamagnetischenZuständender Hydr ogenase

In diesemKapitel konnteerstmalseineVorstellungder genauenatomarenZusammensetzungund der

elektronischenStrukturderparamagnetischenZusẗandeNi-A, Ni-B, Ni-C, Ni-L undNi-CO der[NiFe]-

Hydrogenasegewonnenwerden. Im RahmendesZORA-HamiltonoperatorswurdeneineVielzahlvon

möglichenBindungssituationenberechnetunddieerhaltenenErgebnissemit experimentellenDatenver-

glichen. BesteÜbereinstimmungbez̈uglich der Orientierungund Grössedes Ã -Tensorsmit den ex-

perimentellenErgebnissenwurdeerzielt,wennder Brückenligandein OH ª im Ni-B Zustandist. Die

berechnetenHyperfeinwechselwirkungen sind ebenfalls im Einklang mit experimentellenBefunden.

Für denNi-A Zustand(eineO�2ª Brücke erscheintam plausibelsten)konntegezeigtwerden,daßsich

DefizitedesZORA-HamiltonoperatorsdurchBerücksichtigungvon Spinpolarisationim Pauli-Operator

teilweisebehebenlassen.Für Ni-C wurdebesteÜbereinstimmungmit experimentellenErgebnissener-

halten,wennein Hydridaniondie BindungsstelledesBrückenligandeneinnimmt. Die vorgeschlagene

Ã -Tensororientierungwurdesp̈aterexperimentellbesẗatigt. NachdenRechnungengehtder Ni-L Zus-

tandausdemNi-C ZustanddurchPhotodissoziationdesBückenligandenhervor. EineReduktionzum

formalenNi(I) wird vorgeschlagen.Für alle Zusẗande(Ni-A, Ni-B, Ni-C, Ni-L) wurdenHyperfeinten-

sorenfür Ç Æ Ni, È � Fe, ��� S, Æ � O und Æ H berechnetundkritischmit experimentellenDatenverglichen.Das

Enzymewird durch Kohlenmonoxidirreversibel inhibiert. VerschiedeneBindungspositionenfür das

zus̈atzlicheCO-Molek̈ul wurdenuntersucht.BesteÜbereinstimmungmit experimentellenErgebnisse

wurdefür eineaxialeBindungandasaktive Zentrumim Ni-L Zustanderhalten.Zus̈atzlichwurden ÆOÉ N
Hyperfein-und Quadrupolkopplungen berechnetund diskutiertund der Einfluß der Proteinumgebung



188 10. ZusammenfassungundAusblick

aufdie elektronischeStrukturdesaktivenZentrumsuntersucht.

OrientierungsselektierteENDOR-Spektroskopie am Ni-C Zustand

Die regulatorischeHydrogenase(RH) ausR. eutrophaweist im reduziertenNi-C ZustandkeineSpin-

Spin-KopplungzwischenElektronenspinsdesaktiven Zentrumsund Fe-SClusternauf. Dies macht

die RH eineidealeKandidatinfür die ENDOR-CharakterisierungdesNi-C Zustandes,die in derStan-

dardhydrogenaseausD. vulgaris Miyazaki F ausdemobigenGrundnicht möglich war. In gefrorener

Proteinl̈osungwurde von der Selektivität der Anzahl resonanterMoleküle in Bezugauf dasMagnet-

feld profitiert. Orientierungsselektierte gepulsteENDOR-Spektrenan fünfzehnFeldpositionenwurden

so erhalten. Die Analyseder orientierungsselektierten Spektrenerforderteine a priori Kenntnisder

Lagedes Ã -Tensorsin der molekularenStruktur. DiesewurdeausdenRechnungenmit demZORA-

Hamiltonoperatorgewonnen. Zusammenmit denberechnetenGrößenund Orientierungender Proto-

nenhyperfeintensoren im Ni-C Zustandkonnteninsgesamtfünf ProtonenzugeordnetwerdenVier davon

rührenvondenbeiden� -CH� ProtonendesterminalenCysteinsCys530unddesverbr̈uckendenCysteins

Cys549her. DasfünfteProtonwurdedemverbr̈uckendenLigandenH ª zugeordnet.

VorschlageinesReaktionsmechanismus

Die obenerwähntenEinblicke in dieverschiedenenparamagnetischenZusẗandewurdenin diesemKapi-

tel zusammengefügt, um einenplausibleReaktionsmechanismusdesEnzymsvorzuschlagen.Ni-A und

Ni-B unterscheidensichin ihrenAktivierungskinetiken unterreduzierendenBedingungen.Die Freiset-

zungdesBrückenligandenunddieAufnahmeeinesHydridanionsin dieseBindungspositionscheinendie

AktivierungdesEnzymsdarzustellen.Ein plausiblerReaktionsweg, derdie gewonneneEinsichtin die

paramagnetischenZusẗandeverbindetmit denRedoẍaquivalentenundProtonen,die dasaktive Zentrum

in jedemReaktionsschrittaufnimmt,wurdekonstruiert.In derAbwesenheitderProteinumgebung wird

einModellefür alleZwischenzusẗandevorgeschlagen.DassogewählteModell ist abernichtvonsichaus

katalytischaktiv, d.h. H � -Spaltungsetztenicht spontanein. Erstnachderexpliziten Berücksichtigung

derAminos̈aurenArginin Arg463,Histidin His72undSerinSer486konnteeinReaktionszykluserhalten

werden,in demdie heterolytischeDissoziationvon H � ein spontanablaufendenProzeßist. Dastermi-

naleCysteinCys530agiertdemnachtempor̈ar als Baseund nimmt dasProtonausder heterolytischen

H � -Spaltungauf. DasProtonwird an denmodifiziertenBrückenligandenweitergegebenund kannals

H � O� oderübereinenProtonentransferkanal dasaktive Zentrumverlassen.In diesemvorgeschlagenen

Mechanismusist dasNickelatomdaskatalytischaktive Metall. DemEisenatomundderProteinumge-
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bungkommendemnachRollenstrukturellerNaturzu,z. B. die PositionierungdesBrückenliganden,so

daßdieseranderAufnahmedesProtonsbeteiligtwerdenkann.

Ausblick

In dieserArbeit konnteEinsichtin die paramagnetischenZusẗandeunddenReaktionsmechanismusder

[NiFe]-Hydrogenasegewonnenwerden.Die ResultatekönnennochvielezukünftigeExperimentestim-

ulierenbzw. zurAnalysevon experimentellenBefundenbeitragen.Die experimentelleBestimmungder

Lageder Ã -Tensorenin denNi-C undNi-L Zusẗandenkönntedurchdiehiervorgeschlagenenvereinfacht

werden.Derzeitwird daranin derAG Lubitz gearbeitet(S.Foerster, pers̈onlicheMitteilung). Verglichen

mit denparamagnetischenZusẗandenweißmanheuterelativ wenig überdie diamagnetischenInterme-

diate. Mit der zeitaufgel̈osteFTIR-Spektroskopie könntemanwichtige Aussagen̈uberKinetiken der

Zustandsumwandlungengewinnen.Mit derEPR-Spektroskopie in parallelerDetektionließensichnoch

viele interessanteEinzelheiten̈uberdieseZusẗandehervorbringen,d.h. die energetischeLagevon ganz-

zahligenSpinzusẗandenkönntebestimmtwerden.

VondertheoretischenSeiteist diegenaueBerechnungvonReaktionsbarrierenunddieLokalisierung

von Übergangszuständenfür Systemevon der Grössevon 90-100Atomen zwingendnötig, um zu-

verlässigeAussagen̈ubereinenmöglichenReaktionsmechanismusmachenzukönnen.Weiteremethod-

ischeArbeit ist zur gleichzeitigenBehandlungvon SpinbahnkopplungundSpinpolarisationnotwendig,

um dadurchdasVersẗandnisderelektronischenStrukturvon Übergangsmetallkomplexen und-enzymen

zu vertiefen.

BisherexistierennurungenaueVorstellungen̈ubereinenmöglichenProtonen-oderElektronentrans-

ferweg in der [NiFe]-Hydrogenase.Die EtablierungeinesMutagenesesystemsfür ‘Standardhydroge-

nasen’undortsgerichteteMutationenim Protonen-oderElektronentransferweg (Austauschvon poten-

tiell amTransferbeteiligtenAminos̈aurengegenandereundBeobachtungderAuswirkungderMutatio-

nenaufdie Transferraten)wird dazubeitragen,die Spaltungvon molekularemWasserstoff durchdieses

Metalloenzymbei Raumtemperaturzu verstehen.
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York, 1998,pp.952–958.

[125] Engels,B.; Eriksson,L. A.; Lunell, S.Adv. QuantumChem.199627, 297.

[126] Munzarova, M.; Kaupp,M. J. Phys.ChemA 1999103, 9966.

[127] Hayes,R. G. Inorg. Chem.200039, 156.

[128] Belanzoni,P.; Baerends,E. J.;vanAsselt,S.;Langewen,P. B. J. Phys.Chem.199599, 13094.

[129] Belanzoni,P.; Baerends,E. J.;Gribnau,M. J. Phys.Chem.A 1999103, 3732.

[130] Swann,J.;Westmoreland,T. D. Inorg. Chem.199736, 5348.

[131] vanLenthe,E.; vanderAvoird, A.; Wormer, P. E. S.J. Chem.Phys.1998108, 4783.



196 BIBLIOGRAPHY

[132] vanLenthe,E.; Snijders,J.G.; Baerends,E. J.J. Chem.Phys.1996105, 6505.
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