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Abstract

Stein, Matthias

Insight into the Mechanismof [NiF e] Hydr ogenasdoy meansof Magnetic ResonanceExperiments
and DFT Calculations

Hydrogenasehkatalysiererdie reversibleheterolytischdissoziatiorvon molekularemWasserstdf Die
UntersuchunglieseElementarprozessébegangsmetallhaltier Enzymkatalysést derzentraleAspekt
dieserArbeit. [NiFe]-Hydrogenasehbesitzerein heterobimetallischeaktivesZentrum,andemdie Um-
setzungdesWasserstd$ erfolgt. EPRund verwandteexperimentellemagnetischd&kesonanzmethoden
lassensich auf die paramagnetischeRedoxzusindedes Nickelzentrumsanwenderund liefern Aus-
sageriiberdie elektronischestrukturund Ligandenumgeling der Metalle. Diesewerdenerganztdurch
theoretisch&erechnundm Rahmerder Dichtefunktionaltheoe (DFT).

Im RahmerdieserDoktorarbeitwurdedie Berechnungon ObsenablendermagnetischeResonanz
(g- und A-Tensoren)mit der relatvistischenDFT und demZORA (zero-orderregular approximation)
Hamiltonoperatoan zwei Nickelmodelllomplexen etabliertund evaluiert. Beide Verbindungerwiesen
strukturelleundelektronischeédhnlichkeitenmit demaktiven Zentrumder[NiFe]-Hydrogenaseauf. Der
EinfluRrelatvistischerEffekteaufdie geometrischendelektronisch&trukturwurdekritisch diskutiert.

Der Einflul? verschiedenemoglicher verbiickenderLiganden X im aktiven Zentrumauf die ge-
ometrischeStrukturund die Verteilungder ungepaarteispindichtewurdemit DFT Rechnungeminter
sucht.Sauerstd¥erbrickte Strukturenerscheinemplausibelfiir die oxidiertenNi-A undNi-B Zustnde,
wahrendm reduziertemNi-C Zustanddie Positionwahrscheinlichdurchein Hydridanionbesetzvird.

In Proteineinkristallemler[NiFe]-HydrogenasausDesulfwibrio vulgarisStammMiyazaki F wurde
die Protonenumgeaing desNi-Zentrumsmit gepulstelENDOR Spektroskpie in denZustindenNi-A
undNi-B charaletrisiert. Drei Hyperfeintensorefonnteng-CHy Protonervon Cysteinaminadurenin
derUmgehungdesNickelszugeordnetverden.Die MelRegebnissavurdenuntersiitzt von DFT berech-
netenHyperfeintensorenNi-A undNi-B unterscheiderichim ProtonierungsgradesBrickenliganden.
Ein u-Oxo-Ligandim Ni-A Zustandund eine u-Hydroxo-Biicke im Ni-B Zustandfuhrtenzu einer
leichtunterschiedliche®pindichteerteilung.Diesewirkte sichauchauf die Hyperfeinwechselirkung
der 8-CHy ProtonerderterminalenCysteineaus. Eine ProtonenkpplungdesterminalenCysteines31
konnteim Ni-B, abernichtim Ni-A Zustandgemessemwerden.

Relatvistische DFT Rechnungenlieferten atomare Vorstellungenvon den paramagnetischen
Zustinden Ni-A, Ni-B, Ni-C, Ni-L und Ni-CO. Die berechneteng-Tensoren sind in guter
Ubereinstimmungmit experimentellenErgebnissen,soweit vorhanden. Ni-A und Ni-B sind p-
Oxo- und u-Hydroxo verbiickt. Ni-L geht aus dem Ni-C Zustanddurch Photodissoziatiordes
verbiickendenLigandenhenor. Die berechneterdyperfeintensoreriir alle Kernesind ebenélls in
guter Ubereinstimmungnit experimentellenWerten. Kohlenmonoxidals Inhibitor desEnzymsbindet
im Ni-L Zustandn axialerPositionandasNi Atom undkannsodieseKoordinationsstell®lockieren.

DerNi-C Zustandderregulatorischemdydrogenas€RH) ausRalstoniaeutophawurdein gefrorener
Losungmit Hilfe derorientierungssekdierten ENDOR Spektroskpie untersucht.Mit Hilfe dertheo-
retischberechnetg-Tensororientierungndder Grof3eund Orientierungder Protonenhyperfeintsoren
konntenfiinf Hyperfeintensoremau Protonerin dermolekularerStrukturzugeordnetverden.Die Struk-
tur desaktivenZentrumsm Ni-C Zustandst derder Standardhydrogenaseerhrahnlich.

Auf der Grundlageder gevonnenerexperimentellerund theoretischerergebnissewird ein Reak-
tionsmechanismuir die [NiFe]-Hydrogenaseorgeschlagen Dieserdeutetauf eine Beteiligungder
Proteinumgebnghin. DasterminaleCystein530konntedie heterolytisch&paltungdesWasserstds als
Baseuntersiitzten.WahrenddasHydrid in derBriicke verbleibt,kanndasProtonvom Briickenliganden
aufgenommerwerdenund das aktive Zentrumals H3O" oder Uiber einen Protonentransferkanaker
lassen.
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Chapter 1

Intr oduction

Hydrogenasebelongto theoldestbacterisandarchaeon Earth. Althoughthe productionandconsump-
tion of Hy by microoganismshadbeenknown sinceendof the 19" [1] andthe beginning of the 20!
century[2, 3], it wasnot until 1931thatthe name‘hydrogenasetvasproposed4]. Hydrogenaseare
involved in the respirationof elementakulphurand/orpolysulphide. The ability to reducesulphurus-
ing Hsy or organicsubstratesiselectrondonorsis widespreacamongbacteriaandarchae.Someof the
hypothermophilicorganismslive in watercontainingvolcanicareasat up to 80° C. In vivo nearlyall
hydrogenasefunctionin oneway only, they catalyzean ‘irreversible’ reaction:eithersplit or produce
moleculahydrogen.Only in presencef anexcessof electrondonorsor acceptorsthey mayreversethe
preferredreaction

Hy=H"+H . (1.1)

Theinvestigationof the heterolyticcleavageof the strongessinglebond(436kJ mol~! at298K, pK, =
35) atroomor bodytemperaturés the subjectof this dissertation.

Thecomhustionof fossil carboncompoundswhichwereaccumulatedor millions of yearsonearth,
to carbondioxideis goingto disturbthe sensitve equilibrium of our atmosphereThe ‘green-housef-
fect’ andtheglobalwarmingthreaterto changeour climate. Whenhydrogenvereusedasenegy carrier
for automobilesno exhaustgasesvould be produced.The investigationof one of the major problems
of todays world, relatedto thefossil fuel questionyequiresa combinednterdisciplinaryapproactrom
variousfields (for a perspectie seei.e. [5]).

Thedirectcomhustionof hydrogerrequiresacontrolledexplosionof Hy andO, (Knallgasreaktion).
In fuel cells, hydrogenandoxygenreactbut notin a directcomhustionwhich producesa lot of thermal
enegy but in a‘cold’ processnediatedby an electrolyte(for a review see[6]). Fuelcellsareelectro-

chemicalcellswhich corvertchemicalenegy from areactionbetweerafuel andanoxidantdirectlyinto

1



2 1. Introduction

electricalenegy. A schematiaiagramof afuel cellis givenin Figurel.1 Fuelcellsareopendevices,

load

O
—_——

anode J cathode
i \
fuel air
. B 2 -
H, T 2H™+ 2 120,42 — O

Figure1.1: Schematidrawing of afuel cell

unlike batteries.Fueland oxidantare continuouslysuppliedto the electrodegfuel, i.e. Hy, to the an-
odeside,air or oxygento the cathodeside). Anodeandcathodeare separatedby a polymerelectrolyte
membran€PEM) which alsoactsasa protonconductor The electrochemicaleactionsattheanodeand
cathodearealsodisplayedn Figurel.l At theanodehydrogeris oxidizedto protonsandelectronsand
at the cathodeoxygenis reducedo oxide. As the electrons producedby the electrochemicateaction,
move throughthe externalcircuit (seeFigurel.1) a currentcanbe measure@dndusedto drive anelectric
motor Protonsaretransferedvia the PEMto the cathodeside. Whenpurehydrogenis usedin fuel cells,
the comhustionproductof afuel cell is water- atrue zeroemissionprocess.Thethermalheatliberated
by a fuel cell canbe usedto heatindividual homes,co-generatingsteamfor the reformerin a power
plantor discardechswasteheat. Today mary largeautomobilemanufcturersoperateafleetof fuel cell

drivenvehicles(for areview see[7]) L.

Apart from the electrolysisof water the biological productionof hydrogenis the mostpromising
route (“bio-hydrogen”). An efficient couplingof solarenegy corversionandbiological hydrogenpro-
ductionis achiered by combiningphotosystenil (PSIl) and hydrogenasesPSII delivers oxygenand
protonsfrom the photolytically driven splitting of water(wateroxidation). Hydrogenasesanmale use
of the protonsgenerate@ndyield H, (Figurel.2).

The actiity of [Fe]-only hydrogenases usuallylarger thanthat of [NiFe] hydrogenases|NiFe]
hydrogenaseact mostly as ‘hydrogen-upta&’ hydrogenaseand consumehydrogenwhereaqdFe] hy-
drogenasemostfrequentlyproducehydrogen. The efficiency of hydrogenases demonstratedn an
example: 1 mole of the[Fe] hydrogenasé&rom D. desulfuricancanfill theairshipGraf Zeppelinin ten

minutes(assuminga sufiicient supplyof reductantsandprotons)[8].

1A comprehense list of fuel cell applicationss givenatthewebsite http://www.fuelcells.og
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Figure1.2: Photoproductiomf biohydrogen

Natures choiceof Ni for the active site of enzymess peculiar given the moderndistribution of
solublemetalson Earth. Still, Ni playsa versatilerole in enzymaticcatalysig9]. Onepossibilityis that
the choiceof Ni reflectsa selectionthat was madeunderdifferentatmosphericonditions. Before Oy
becamelundantmary transitionmetalswould have beenpresentssulphidesandnickel sulphidesare
amongthe more solubletransitionmetal sulphideg[10]. [NiFe] hydrogenaseareresistantto oxygen
whereagFe]-only hydrogenasearedestryedin the presencef oxygen.This mayindicateanadaption
of the hydrogenase® anincreaseof oxygenin theatmosphereNatures choiceof Ni asaredoxactive

switchmaybedueto thefollowing reasong11]:

¢ Ni isagoodcatalystfor Hy heterolyticcleavage

¢ A nickel hydridemaysene asanelectronstoragedevice andguaranteeeversibility

e Comparedo Fe,Ni is resistanto oxidation(but at lower batteryefficiency).

In orderto contritute to the understandingf the heterolyticsplitting of molecularhydrogenby [NiFe]
hydrogenaseglectronParamagneti®Resonanc€EPR)and ElectronNuclearDouble Resonanc€EN-
DOR) spectroscopieandmoderntheoreticabpproachesjamelyDensityFunctionalTheory(DFT), are
usedin thisthesis.

The EPRandpulsed-ENDORspectrain Chapteré were recordedtiogetherwith Dr. Olga Trofan-
chouk. The orientation-selecteBENDOR spectraof the Ni-C statewere measuredogetherwith Dipl.-
Phys.Marc Brecht.






Chapter 2

Hydr ogenases

Hydrogenasesre a family of oxidoreductaseenzymesof different constitutionthat catalyzethe re-
versibleoxidationof molecularhydrogenH, (enzymeclassificationEC 1.18.99.1).Hydrogenasebave
beenclassifiedaccordingo the contentof theiractive sitesas[NiFe] [12], [NiFeSe][12], [Fe]-only[13]
andtransitionmetal-freg[14] hydrogenasesNickel-containinghydrogenasebave beenisolatedfrom
eubacteridi.e. Desulfaibrio, AzobacterRhodobacterRalstonig andarchaebacterii.e. Methanobac-
terium and Methanothermys[15]. The mesophilicsulphate-reducindacteriaDesulfwibrio live atan
optimumof body-temperaturé37°C) andpH 7.2[16]. Desulfwibrio useH, asa sourceof enegy by

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

4H,y + S02™ — S~ + 4H,0 (2.1)
or Hs S (seeFigure2.1).
Ha Hy H
Slefs SO42 S306% S,08% 2 - g2
ATP AMP
3 ADP 3ATP
Ha
> hydrogenase cytochrome c3 ferredoxin

2H* S205*

thiosulphate

reductase X

S03% + H,S

Figure2.1: H, metabolisnin Desulfwibrio, X denotesinknawn electroncarrier(s)[17].
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Hydrogenaseffom the anaerobidacteriaof Desulfwibrio usecytochromecs asthe physiological
electroncarrierbut may alsoemploy artificial electronacceptorsuchas methyl viologenand benzyl

viologen (seeFigure2.2). The heterolyticclearageof molecularhydrogeninto protonsandelectrons

Hydrogenase

+
H2 ) 2H
2e

Cytochrome ¢ ,

Figure 2.2: Theheterolyticclearageof H, by Hydrogenasegom Desulfwibrio

(or oneprotonandonehydrideanion) hasbeenshovn by hydrogen-deuteriuraxchangereactionsand

the para/orthaconversionof Hy [17].

2.1 Classificationof [NiFe] Hydr ogenases

The molecularbiology of hydrogenasebhasbeenreviewed in [15,18,19]. Genetically [NiFe] hydro-
genasesanbe classifiedinto five groupsaccordingto [15]. Groupl is the [NiFeSe]hydrogenasérom
Desulfaibrio (Desulfomicobium) baculatum group Il hydrogenasesompriseD. gigas D. vulgaris
Miyazaki F andD. fructosaworans Grouplll hydrogenaseareslightly moredivegentanddisplayless
homology (i.e. Rhodobactercapsulatus Azobactervinelandi). All enzymesn groupl-lll represent
two-suhunit enzymesconsistingof a small 5 (28-35kDa) anda large o (56-68kDa) sutunit. Groupsl
andll areencodedy simpletwo-geneoperonsgrouplll by morecomple operonsThe*“large” sulunit
bindstheactive sitenickel, whereaghe“small” sukunit hasanelectrontransferfunction. This structural
differencebetweergroupll andlll [NiFe] hydrogenaseis manifestedn their modeof action: groupl|
hydrogenasedonatetheir electronso a soluble,non-membrane-boungeriplasmiccytochromewhile
electronsfrom grouplll hydrogenaseare delivereddirectly to a membrane-bounelectrontransport
chain.

Enzymesin groupslV (i.e. Ralstoniaeutiopha Methanobacteriunautotrophicun) andV (E. coli
hydrogenase-3have a more comple suhunit compositionand fading homologywith the group I-111
hydrogenases.

It canbe concludedthat the [NiFe] hydrogenasefrom D. gigas D. vulgaris Miyazaki F and D.

fructosworansgeneticallyexhibit a highhomology(65-70%)andrepresent subclas®f [NiFe] hydro-
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genasesTheidentity of the aminoacid sequencén the large sutunit of D. vulgaris with thatfrom D.
gigasis 69% (FASTA alignment),with thatfrom D. fructosaworans 66% andwith the [NiFeSe]hydro-
genasdrom D. baculatumstill 42%. ThesegNiFe] hydrogenasearesometimeseferredto as‘standard
hydrogenases'.Figure 2.3 shavs the classificationof hydrogenaseaccordingto a protein sequence

comparisorof thelarge («) sukunit.

I —
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"Standard" [NiFe] Hydrogenases

Figure 2.3: Dendogranof the [NiFe] hydrogenasebasedon a proteinsequencéomologyof the large (a)
sulunit with the FASTA algorithm. The comparisorwasonly donefor hydrogenasefor which the complete

proteinsequencés available.

The[NiFe] hydrogenasesom Allochromatiumvinosum(formerly Chromatiumvinosum andThio-
capsaroseopesicinamayalsobeassociateavith groupll hydrogenasedueto their spectroscopichar
acteristics Thesewo bacterigbelongto thegroupof purple-sulphatéacteriaandstill possestheability
to performphotosynthesiandgrow phototrophically- an ability the usualclassll hydrogenasebave
lost during evolution. Until now, thereis no primary structureavailablefor A. vinosum The [NiFe] hy-
drogenasérom Th. roseopesicinaBBS hasrecentlybeensequencetbr a8000basepair fragmen{20].
The homologyof the genefor the large sutunit with thatfrom D. vulgaris was58% andjustifiestheir

assignmento a classll hydrogenaseThe proteinsimilarity betweenrA. vinosumandTh. roseopesicina
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may alsobe fortuitous. The two organismsseemto have developedindependentlyo performdissimilar
metabolicfunctions[21].

Neverthelessall [NiFe] hydrogenasewhich have beensequencedo far, possesswo highly con-
sened consensu€ys—X—X—Cysin the a sulunit, onetowardsthe N-terminusand one further dowvn
towardsthe C-terminus.In [NiFeSe]hydrogenasethe first cysteineof the latter motif is replacedby a
selenogsteine.Thosecysteineaminoacidscanbe shavn to coordinatehe heterobinucleametalactive
site (seebelav). The conseration of aminoacidsis lesspronouncedn the 8 sutlunit whichis responsi-
ble for the electrontransfer A varyingnumberof Fe-Sclustersof differentcompositionmay participate
in the electrontransferchain.

ComparingdNiFe] and[Fe] hydrogenaseshereis nosignificanthomologybetweerthe polypeptides
encodingthe active sitesof theseenzymesThetwo familiesmustthereforhave evolved independently
The [NiFe] hydrogenasewith their high homologymusthave developedfrom a commonancestar It
appearplausibleto assumehata cytoplasmic,nickel-containinghydrogenasexistedbeforethe evolu-
tionary pathtowardsa periplasmicenzymeleft the nickel-bindingsiterelatively consered andinvented

amorevariableelectron-transferrip sutunit.

2.2 Molecular Structure

The arrangementf the consered residuesand the compositionof the active sitesbecameclearfrom
X-ray crystallographicstudiesand from spectroscopiavork. Since 1995, crystal structuresat atomic
resolutionof sereral nickel-containingenzymeshave beendeterminedand contrikuted to the under
standingof biological nickel in catalysis(seeTable2.1). The progressn nickel bioinomganicstructural

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

Table 2.1: Overview of Ni-containingproteinX-ray structures

Protein Resolutior{,&] 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]

hydrogenasesom Clostridiumpasteurianuni30] andDesulfaiibrio desulfuricang31] wereindepen-

dently published.Until now, thereis no X-ray structureof the metal-freehydrogenase.
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A milestonein [NiFe] hydrogenaseesearclwasthefirst X-ray structureof the D. gigasenzymeat
2.85A resolution[32]. The crystalform wastriclinic with two moleculesin the unit cell. While the
small sutunit, containingl [3Fe-4S]and 2 [4Fe-4S]clusters,displayedsimilaritiesto the flavodoxin
redoxprotein,thelarge sulunit presentec new topologicalclassof enzymewith anunusualNi coordi-
nationsphere Figure2.4 shavs the cofactorarrangemenin the [NiFe] hydrogenaséom Desulfwibrio
vulgaris Miyazaki F [28]. Thelarge sutunit bearsthe active site, the small sukunit containsthreeiron—
sulphurclusterswhich arearrangedn a chainandparticipatein electrontransferto andfrom the active

site. Theactive centrecontainsa nickel anda secondnetalion, thediscovery of thelattercameasa sur

Ni-Fe active site

large subunit small subunit

Figure2.4: Cofactorarrangemerih Desulfovibrio vulgarisMiyazakiF [28]. Thelargesulunit (left) harbours
theNi-Fe active site,the smallsutunit (right) incorporateshe proximal[4Fe-4S]cluster the[3Fe-4S]cluster
andthedistal[4Fe-4S]clusterwhich maybeinvolvedin electrontransfer

prise.It wasonly tentatvely assignedo a Featom[32]. Cysteine$8 and533 sene asbhridgingligands
betweerthe metalswhereasCys65andCys530(in D. gigasenumeratiorof aminoacids)areterminally
boundto the nickel atom (seeFigure 2.5). Highertemperaturdactorsof the Ni andits surrounding
sulphuratomsweredeterminedvhich could originatefrom disordey X-ray damageo the crystal,only

partialNi occupang of theactive sitesin thecrystalor the presencef severalNi redoxstates.Thelatter
was investigatedby EPR spectroscop and revealedthat the X-ray structurecorrespondgrimarily to

thatof theNi-A form (seebelaw) [32]. This wasalsosupportedy activation of the crystallizedenzyme
which requiredhoursto recover full hydrogenuptale activity. Thethreenon-proteinligandsof the sec-

ond metalwere modelledaswatermoleculessincea positive assignmenbf the electrondensitypeaks
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wasnot possible. The heterobinucleacenterthenled the authorsto a speculatiorof the CO inhibitor
andH, substratéindingin the bridging positionbetweerthe nickel andiron atoms.Speculationsibout
possibleelectronandprotontransferpathwayswerealsomade.An electrontransferfrom the active site
via two Fe-Sclusterto the distal [4Fe-4S]clusterandthento cytochromecs was proposed.A highly
consered His/Glu motif would representn separatgossibleway of protontransfer Table2.2 gives
detailsof the actve site structuralparametersrom the refinedX-ray analysis. The Ni - - - Fe distance
wasgivenas2.69A, the Ni-S distancesvere2.23A (Cys68),2.04A (Cys65),2.42 A (Cys530),and
2.60A for Cys533.A non-proteiniigand bridging the nickel andiron atoms(labelled'X’ in Table2) is

notincludedin this model. This positionwasvacantin theinitial structure.

In a later publicationby the sameauthors,a new, pseudo-heagonalcrystalform wasinvestigated
[27]. This time the secondmetal atomwas unambiguouslyidentifiedto be iron by collecting dataat
wavelengthscloseto eithersideof the Fe absorptioredge. The resolutionwasincreasedo 2.54A. The
bridging cysteines(Cys68and 533) refinedto distancef 2.6 A, that of the terminal cysteineswere
shorter(2.2 A for Cys65and2.3 A for Cys530)(seeTable2.2). A strongpeakin the electrondensity
mapindicatedthe presencef anadditionalligandin a bridging positionbetweerthe Ni andFecentres.
This peakwastentatvely assignedo an oxygenspeciesjeaving the nickel atomin a highly distorted
squaregpyramidalcoordinationspherewith avacantaxial sixth ligandsite. Theiron atomhassix ligands

in adistortedoctahedrakrvironment(seeFigure2.5).

Cys530 I/ Cys546
Cys65 @ y Cysel Cf) y

Figure 2.5: Detailsof theactive centresf the [NiFe] hydrogenaseom D. gigas[27] (left) andD. vulgaris
Miyazaki F [28] (right). The bridging ligand X is supposedo be an oxygenor sulphurspeciesn D. gigas
andD. vulgaris, respectiely.
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Candidatedor the bridging ligand are mono-oxygenatedpeciesderived from the reductionof Os.
Inclusion of a diatomic moleculewould be sterically hinderedaccordingto the authors[27]. Higher
temperaturdactorswereonly obsered for the Ni ion, the S atomof Cys530andthe bridging species
which were assignedo static disorderdue to structuraldifferencesbetweenthe various active sites
presentin the crystal. The findingsfor the D. gigas[NiFe] hydrogenas¢ogetherwith a speculation

aboutthe mechanisnhave beenreviewedin [11,33-35].

Table 2.2: Selectedstructuralparameterf the active centreof ‘as-isolated’[NiFe] hydrogenasefrom
differentX-ray structuresBondlengthsin A, bondangles(/) in °.

D. gigas D.gigas D.vulgarisMiyazakiF D. fructosaworans

Arclres. ref. 2.85A [32] 2.54A [27] 1.8A [28] 2.7A [36]
Ni--- 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--- 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--- X notgiven 2.14 2.28 not given
/ Ni-X-Fe notgiven 96.5 68.4 not given
/ Ni-SCys533-Fe  66.7 73.6 64.1 85.6
/ Ni-SCys68-Fe 66.8 73.9 66.2 113.9

The[NiFe] hydrogenasérom D. vulgarisMiyazakiF is highly relatedto thatof D. gigas(seeabaove).
After first single crystalsbecameavailable [37] the active site andthe Fe-Sclusterswerelocalizedat
a resolutionof 4 A [38]. The membrane-bountiydrogenasés solubilizedby trypsin digestionthus
facilitatingthecrystallization.Thehydrogenas&om D. vulgariscrystallizesn thespacegroupP2 2, 2;.
Thefolding patternof the proteinandstructuralfeaturesof the metalcentresarevery similar to thoseof
D. gigas Thetwo structurescanbe superimposedavith a root meansquaredeviation of 0.82A for all

mainchainatoms|[28]. Thecoordinationof the Ni-Fe active centreis very similarto thatof D. gigas Ni
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is coordinatedy four sulphuratomsof cysteinegaminoacidresidues80,84,546and549). TheFeatom
(asidentifiedby anomalouglispersiordifferencemaps)is coordinatedy two bridgingcysteinegCys84
andCys549)andexhibits threedistinctive electrondensitypeaksasterminalligands. A comparisorof
theactive centresof the [NiFe] hydrogenasefsom D. gigasandD. vulgarisMiyazaki F is donein Table
2.2anddepictedn Figure2.5. At closerinspectionhowever, differencesn the structuralparametersf
the active site becomeapparen{seeTable2.2). TheNi --- Fedistances 2.55A, the diatomicligands
to the Fe wererefinedto oneS=0,andtwo CO or CN moleculeghigherelectrondensitypeakfor one
non-proteinligand and pyrolysis MS experimentswith an usualmasspeakat 48 (S=0)[28]) andthe
bridging ligand is assignedo a sulphuratom basedon a higher electrondensityalthoughan oxygen
speciesemaineda possiblesecondcandidate Unexpectedly a magnesiunion wasalsodiscoverednear
the C terminusof thelarge sukunit which mightbeinvolvedin protontransfereactions.

The[NiFe] hydrogenas&om D. fructosworanshasbeenalsocrystallizedandits structurewaselu-
cidatedby X-ray crystallography Until now, it hasonly beenpublishedin the contet of a [3Fe-4S]—
[4Fe-4S]clustercorversionby site-directednutagenesisf a glycin into a cysteineresidueafterhetero-
loguousexpressionin D. gigas[36]. Thecoordinate®f the[NiFe] hydrogenaséom D. fructosaworans
however, have beendepositedat the Brookharen ProteinDataBank (PDB) asa ‘layer 1’ file. Thisin-
dicatesthatthe structuralparametersarestill not definiteandmustbe usedwith caution. They arealso
includedin Table2.2.

Thusfor all hydrogenasegsf thegroupll, X-ray structuredave becomeavailable. Thehydrogenases
from D. gigasandD. vulgaris Miyazaki F arespectroscopicallyery similar [39]. It thusremainsto be

investigatedvhetheranagreemenéboutthe compositionof the active centrecanbereached.

2.3 The RedoxStatesof [NiFe] Hydr ogenases

Hydrogenaseareoxidoreductasewhich meanghatthey oxidizea substratetransportheelectronsand
reduceareductant.

In particular they oxidize Hy to 2 HT and2 electronspassthe electrongo their physiologicalelectron
acceptorcytochromecs andfinally utilize themto reducesulphurto sulphide.

During the courseof the redox cycle, [NiFe] hydrogenasepassthrougha numberof differentredox
states.Electronparamagneticesonancepectroscop (EPR)andrelatedtechniquegseebelow) arethe
methodof choiceto characterizéhe paramagnetic statesinvolved in theredoxcycle. Figure2.6 gives
a schematiqictureof the complex redox statesof the [NiFe] hydrogenaseThereare potentially four

paramagneticentresin the [NiFe] hydrogenasenamelythe heterobimetallidNiFe clusterin the large
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Figure2.6: Redox-Statesf the [NiFe] HydrogenaseAsteristsdenoteparamagneti€S = 1/2) statessquares
symbolizethecuband4Fe-4Siclustersatrianglestandgor the[3Fe-4S]cluster Theactive centres givenby
therectanglewith roundedcorners.Opensymbolsstandfor oxidized,filled symbolsfor completelyreduced
states.Theredoxpotentialof the proteinin solutionis loweredwhengoing from the oxidizedNi-A/B states
to thecompletelyreducedNi-R form. Ontheright handside,the numbersf protonsandelectronsaregiven
which areinvolved in eachredoxstep. Thesewere determinedby redoxtitrationsin the presenceof dyes
(se€]40] andreferencesherein). Thenumberof protonsarederivedfrom the pH-dependencef themidpoint

potentials.

suhunit, the proximal [4Fe-4S]clusterin the smallsukunit, one[3Fe-4S]cluster andthedistal [4Fe-4S]
cluster

In the‘as-isolatedform theactive site of theenzymaes in its oxidized,enzymatidnactive, paramag-
neticstatesNi-A or Ni-B. Ni-A displaysEPRspectrawith g-tensorprincipalvaluesg, , , = 2.32,2.24,
2.01andNi-B with g, , . = 2.33,2.16,2.02. In addition,atlow temperature¢< 60 K) aratherisotropic
EPRsignalatg = 2.01is visible whichis assignedo the oxidized[3Fe-4S} clusterin thesmallsulunit.
EPRexperimentswith 6'Ni enrichedproteinsampleg41,42] andthe obsered *'Ni hyperfinesplitting
thereinunambiguouslghavedthatthe EPRsignalsoriginatefrom the Ni atomin the active centre.The
correlationbetweertheEPRsignalsandenzymaticactiity wasfirst establishedy Fernandeetal. [43].
They shavedthatNi-A andNi-B differ in their ratesof actvation. WhereaNi-B is actvatedby incu-
bationunderanH, atmospheravithin minutes(thereforesometimeseferredto as‘ready’ or Ni,.) Ni-A
requiresincubationfor hours(sometimesalled ‘unready’ Ni,,). During actvation, the Ni-A andNi-B
EPRsignalsdisappeaandadiamagneticEPR-silenistateNi-Sl is reached.

EPR analysisof the first protein crystalsfrom D. gigasrevealeda 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 the D. gigashydrogenasand obtainedan EPR spectrumessentially
identicalto that of a frozensolutionof Ni-A [44]. A constitutionof 10% Ni-B, 40 % Ni-A and50%
Ni-SI wasdetermined.

Uponreductionfrom theoxidizedstatego the EPR-silenform Ni-Sl, the[3Fe-4S]clusteris reduced
to its S= 2 [3Fe-4S{ form. Uponfurtherreduction,a new rhombicEPRsignalof theactive site“Ni-C”
with principalvaluesg; , ., = 2.20,2.14,2.02appears.This stateis believed to be two electronsmore
reducedthanNi-A/B andbelongto a catalyticintermediaten the redoxcycle. The relationbetween
catalytic activity andthe appearancef the Ni-C EPR signalwas given by Moura et al. [45]. Here,
EPR spectroscop provides a direct spectroscopi@ssayof enzymeactivity. The Ni-C statedisplays
unusualfeatures. The Ni-C stateis light-sensitve and corvertsinto a fourth paramagnetistateNi-L
with g-tensorprincipal valuesg,,, ., = 2.28,2.11,2.05. Thereactionis carriedout at low temperatures
betweert and77 K. Uponfurther'warming’thesampleto 120K in thedark,the Ni-L signaldisappears
andthe Ni-C signalis recovered. In addition,in the Ni-C state,boththe proximal andthe distal [4Fe-
4S] clustersbecomeparamagneti€S = 1/2) in their reduced[4Fe-4S} forms. Magneticinteraction
betweenthe proximal [4Fe-4ST clusterandthe NiFe active site inducesthe appearancef a comple
EPRspectrum(called“split Ni-C") atlow temperatureanda significantenhancemerntf therelaxation
ratesof theNi centre.The magnetidnteractionbetweerthetwo centresvasanalyzedoy Guigliarelli et
al. [46,47]. Basedon numericalsimulations,they determinedhe parameter®f exchangeanddipolar
interactiondbetweerthetwo closelyspacegaramagnetandalsoobtainedherelative orientationsf the
g-tensorswith respecto eachother Furthermorethe g-valuesof the proximal [4Fe-4S]cluster which
are obsened by the spin-couplingwith the distal [4Fe-4S]cluster were given. The study was later
extendedto the interactionof the Ni-L stateandthe proximal [4Fe-4S](in the “split Ni-L” signal)and

led theauthorgo the conclusionthatthe g-tensororientationgn Ni-C andNi-L werevery similar [48].

Finally, the fully reduceddiamagneticresting’ stateNi-R is obtainedfor which hardlyary spectro-

scopicdataapartfrom Fouriertransformednfraredspectroscop (FTIR) areavailable.

Wherea€EPRsuffersfrom the dravbackof beingapplicableonly to the paramagnetic statesof the
enzyme,FTIR coversthe completerangeof redox states. After the initial discorery of unusualhigh
frequeng bandsin [NiFe] hydrogenaseandtheir speculatie assignmento non-proteinCO and CN
ligandsat the Fe atomsin the active centre[27,49,50], they were unambiguouslyassignedo 2 CN
and1 CO ligandin A. vinosumupon cultivation with >N and '*C enrichedmediaand observingthe
respecire isotopeshifts of the IR bands[51]. The bandaround1930-1940cm~! correspondsgo the

stretchingfrequenyg of the C=0 bond. The two bandsabore 2040cm~! belongto the symmetricand
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antisymmetricstretchingirequencie®f the C=N triple bonds(seeFigure2.7).
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Figure 2.7: BLYP/DZVP calculatedhigh frequeng IR vibrationalfrequencief a small clustermodel of

the Ni-B state. The positionsof the vibrationsapproximatelycorrespondo thoseobsened experimentally
(seetext). B3LYP/6-311+GIR frequenciesverealsoobtainedfor larger Ni-A, Ni-B, Ni-C andNi-L model
clusters. The respectie frequenciesvere 1988,1995,1612cm~! (Ni-A), 2016,2002,1697cm~! (Ni-B),

2014,2009,1687cm~! (Ni-C), 1969,1963,1586cm~! (Ni-L). Themagnitudeof the deviationsareatypical

systemati@rrorinherentin DFT methodsn the calculationof IR frequenciegin particularfor CO stretching
vibrations[52]) and also originate from the drasticinfluenceof spin-contaminatioron the calculatedIR

vibrations[53] ({S2) valuesare0.94for Ni-A, 0.80for Ni-B, 0.79for Ni-C, 1.18for Ni-L).

The characterizatiorof all redox statesof [NiFe] hydrogenaseby meansof their IR spectrathe
in situ following of their bandsupon oxidation/reductin hasmaturedto nearperfection[50, 54,55].
Table2.3collectsFTIR datafor thetwo mostintensiely investigatedNiFe] hydrogenaseb. gigasand
A. vinosum In generalthe shift in IR bandsis rathersmall betweenthe differentredox statesof the
enzymesFTIR spectroscop probeshestrengthof the C=0 andC=N bonds.Theforce constanof the
bonddepend®nthebalancebetweery ligand-metabondingandw-backbonding.Metal-ligandzr-back
donationinto anti-bondingn* orbitals of the C=N triple bondwealensthe C-N bond. A decreasef
3-5cm~! in the CN IR bandsuponreductionfrom Ni-B to Ni-C thusindicatesa slightincreasen the
metal-ligandr-backdonationcausedy anincreaseof chage densityat the Fe atom. The changesare

all in therangeof 30-35cm~! andsmallerthanthatexpectedfor a oneelectronchangeof the electron
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Table 2.3: Characterizationf theredoxstatesof [NiFe] hydrogenasely their IR bands

Redoxstate High frequeny IR bandslcm~!]
D. gigas[27] A.vinosum55]
vco VCN vco VCN
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-Sly 1914 2055 2069| 1910 2051 2067
Ni-Sl;; 1934 2075 2086| 1932 2074 2086

densityon aniron atom(102cm™~! [56]). The largestshifts areobsered for the reductionNi-B to Ni-
S| (a concertedshift dovnwardsby approx. 30 cm—1) andthe Ni-C to Ni-L corversion(30 cm~! for
the CN bandsand50 cm! for the CO band). Thesetwo processesustbe accompaniedy a larger
changeof electrondensityat the Fe metalsite,i.e. anincreasean electrondensitydueto liberationor

photodissociationf aligand.

During the catalyticcycle, paramagnetianddiamagneticstatesalternate. The appearancer disap-
pearancef the correspondindgePRsignalsenesasan assayof the redoxstateof the Ni centre.Redox
titrationsof [NiFe] hydrogenasegave a midpointpotentialfor the Ni-A/B — Ni-SI (Ni(ll)/Ni(ll)) con-
versionbetween410and-110mV [12,57] (seeFigure2.6). Themidpointpotentialof Ni(lll) wasfound
to be pH-dependenby -60 mV perpH unit. Thefirst reductionstepcanthusbewritten as

Ni(IIT) + H" + e~ — Ni(IDHT . (2.2)

TheNi-SI — Ni-C corversionexhibited a pH-dependencivice aslarge asthatof theinitial stepwhich
indicatesthat two protonsmight enterthe active centre[40]. The Ni-C — Ni-R reduction,again,is a

stepassociatedvith a singleprotonation( [58], seeFigure2.6).
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2.4 SpecificPropertiesof the Paramagnetic States

Table2.4givesanoverviev aboutthemeasuredhyperfinesplittingsin EPRandENDOR spectrawith nu-
cleiwhich possesa nuclearspinl > 1/2. Very often, thereportechyperfinesplittingsareonly deduced
from linewidth broadeningeffectsin EPR spectraandarethusonly crudeestimatespften simulations
werenot performed. The given hyperfineinteractionsare alsothosemeasuredlongthe g-tensorprin-
cipal values.In the casewherehyperfinetensorandg-tensorarenot collinear the true hyperfinetensor

principalvaluesmight differ. After thefirst discorery of an EPRsignalfrom [NiFe] hydrogenasegtl],

Table 2.4: Collectionof hyperfinedatain MHz for [NiFe] hydrogenases

Nucleus State Organisnt HyperfineCoupling Ref. Remarks
Ay Ay A,

6INj Ni-A M. t. 21 42 76 [59] simulated
Ni-A D.g. 6-17 6-17 76 [45] A, A, estd.
Ni-C - - 76 Az,Ay notresoled
Ni-C R.a. 17 14 - [60] A, notresohed
Ni-L 56 28 14

5TFe Ni-A D.g. ~ [61] 5"Fe-ENDOR
Ni-B D.d. none
Ni-C D.g. none

33 Ni-B W.s. 27 39 - [62]

170 Ni-A A. V. 14 11 13 [63]
Ni-B 0 1 20

13CO  Ni-CO A. V. 81 85 90 [63] ©=2.12,2.07,2.02

a Abbreviations: M.t. M. thermoautotmphicum D. g. D. gigas R. a. R. eutopha (SH), D. d. D.

desulfuricansW. s. W. succingenes A. v. A. vinosum

actualproof of it beinga Ni signalwasobtainedrrom 6'Ni enrichmentindsubsequendetectionof line
broadeningandhyperfinesplitting [59,64]. Mouraet al. producedevidencethatall threeparamagnetic
statesNi-A, Ni-B andNi-C shaved *'Ni hyperfinebroadeningpr splitting [45]. In the literature,how-
ever, only onecomplete’’ Ni hyperfinetensoris foundwhich wasobtainedrom simulationsof the EPR
spectra[59]. All otherdeliveredonly estimatedrom the line broadeningeffects. For an overview of

6INi hyperfinesplittingsin [NiFe] hydrogenasesee[65].
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The detectionof a secondmetal ion (the Fe) in the active centre of then termed “[NiFe]"-
hydrogenasem the X-ray structureanalysiswasa surpriseto the magneticresonanceommunity So
far, a secondmetalsituatedcloseto the nickel hadnot beendetected. Therewasno effect of °"Fe en-
richmenton the EPRspectrunof Ni-A from D. gigas[66]. Theabsencef *”Feline broadeningloneis
not suflicient to demonstrat¢hatthe Ni-Fe binuclearcentreis not a spin-coupledsystem.In caseof an
exchange-coupledystemonewould expecta deviation from Curie’s law atlow temperaturesThevery
existenceof a spin-coupleccentreis ruled out by analysisof the temperaturalependencef the Ni-A,
Ni-B, Ni-C andNi-L EPRsignalintensities[44]. No deviation from Curie’s law wasdetectedetween
10K and240K. Furthersupportcomesfrom recent®” Fe-ENDORexperiments(seeTable2.5) in which
no hyperfineinteractioncouldbedetectedor Ni-B andNi-C andonly avery smallone(approx.1 MHz)
for Ni-A [61]. Thetotal spinmultiplicities of the metalsin theactive centrenecessarilynustthereforbe
assumedo be S = 1/2 for the Ni andS = 0 for the Fe atom. The low spin Fe(ll) 3d® stateis plausible
becausef the CN and CO non-proteinligands(seeabore) which imposea strongligand field on the

iron atom.

The spectroscopidetectionof spin densityat a sulphurligand to the Ni atomcomesfrom 33S en-
richedproteinfrom the [NiFe] hydrogenaséom Wollinella succingenes[62]. Hyperfinesplitting due
to interactionbetweerthe | = 3/2 nuclearspin from 23S andthe electronspin of the Ni centrein Ni-B
wasdetectedseeTable2.4). Simulationsof the measuredine broadeningf the g,-componenandhy-
perfinesplitting of the g,-componenaissumingnenrichmenbf 70%andhyperfineinteractionwith one
333 nucleusgave goodagreemenwith the experimentalspectrum.For Ni-C line broadeningvasalso
obsered. A differencespectrunof theNi-L minusNi-C spectrurmalsorevealeda33S hyperfinesplitting
of theg,-componentn Ni-L. The experimentsareindicative of thefactthathyperfineinteractionto one
sulphurnucleusis presenin Ni-B, Ni-C andNi-L states.It cannotbe said,however, whetherthis is the
samesulphuratomin all thesestates.

In orderto investigatethe hypothesisof an oxygenicspeciespresentin the oxidized statesof the
[NiFe] hydrogenasehe effect of 17O, uponthe EPRspectran the oxidizedstatesNi-A/B wasstudied
by vander Zwaanet al. [63]. They measured nearlyisotropicline broadeningf all g-componentsn
EPRspectreof Ni-A (seeTable2.4) but alsosomedetectabldyperfinebroadeningn the Ni-B state. It
wasconcludedhateitherO, or areductionadductbindsin thevicinity of theoxidizedstates According
totheauthorsthedifferencenetweemNi-A andNi-B speciestherefore cannoteexplainedby assuming

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

WhenNi-C is treatedwith CO, its EPRsignaltransformsinto a Ni-C¢o signalwith g, , , = 2.12,
2.04,2.02[63]. TheboundCO is photolabileandthe Ni-C signalis recorereduponillumination. The
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effectof 13CO (I = 1/2) onthe EPRspectraof the CO-inhibitedNi-C o wasinvestigated63] (seeTable
2.4). Fromthenearlyisotropichyperfinesplitting from '3C of 13CO about85 MHz alongthe g principal
values,an axial bondingsituationfor the CO is discussedVery recently it wasinvestigatedvhetherit
would betheNi-C or the Ni-L statethatactuallybindsthe carbonmonoxidemolecule[58].

The investigationof 'H hyperfineinteractionsin the different paramagnetictatesof the [NiFe]
hydrogenasés of particularrelevance. Sincethe enzymeis involved in hydrogenmetabolism either
substrateH,, or the productsH™, H™ or H* areexpectedto be boundin the vicinity of the Ni atomin
theactive centreandthusshouldbe detectabldoy EPRor ENDOR spectroscopies.

Whenthe enzymein the Ni-C form is solvent-exchangedwith D,O/D,, a slight but significantre-
ductionof line width of theg, - andg, componentsvasnoticed(maximumeffecton g, of 14 MHz (0.5
mT)) [67]. Thisindicatesa solvent-exchangeald protonin theligand surroundingof the Ni atomin the
Ni-C state. The Ni-C to Ni-L corversionis six-fold slover whenthe enzymeis preparedn D,O/Ds
solvent[67] which indicatesthata hydrogenspecieqrespectiely a deuteriumspecies)s lost uponillu-
mination. Likewisethe re-appearancef the Ni-C signalat high temperaturess alsofive-fold slower in
D,O/D, [68].

The ultimatedetectionof 'H or 2H nuclearhyperfineinteractionin the vicinity of the Ni active site
is complicatedby thelarge EPRIinewidth but canbe resoled by doubleresonancexperimentsuchas
ENDORandelectronspin echoenvelopemodulation(ESEEM).Chapmaretal. usediwo-pulseESEEM
spectroscop to addresghe questionof solventaccessibilityof the Ni-A andNi-C stateshy comparing
spectran H,O andD,0 [68]. The Ni signalin Ni-A shaved no maodificationuponsolvent exchange.
Thisindicatesthatthereis no protonboundto the active centrewhich canbe substitutedby a deuteron.
The[3Fe-4Sj signal,however, shavedthe presencef a solventexchangeabl@roton. The Ni-C signal
exhibiteda significantmodulationin D,O dueto a deuteriumnucleusn thevicinity of theNi. Table2.5
collects’H- and?H-ENDORdata.Fanetal. investigatedhe active site of the [NiFe] hydrogenasérom
D. gigasin threeparamagnetistatesNi-A, Ni-B, Ni-C by meansof ENDOR spectroscop[69]. Ni-A
spectrawereidenticalin H,O andD,0 in agreementvith the finding by Chapmar(seeabove). Large
hyperfinecouplingsof 12.8 MHz at g, were assignedo 5-CH, protons. The 'H-ENDOR spectrum
of the Ni-C form displaysan additionallarge hyperfinecouplingof 16.8 MHz at g, which is lost upon
solventexchangewith D,O. ThecorrespondingH-ENDORSsignalwasalsodetected Thesecondsignal
whichalsoshaveda D0 effect (4.4 MHz) waslatershavn to originatefrom theNi-B form. The8-CH,
protoncouplingsincreasdrom 12.8MHz in Ni-A to 15MHz in Ni-B.

Whiteheacktal. laterrepeatedENDORexperimentonadifferentorganismthe[NiFe] hydrogenase

from Th. roseopesicina[70]. Here,the Ni-C to Ni-L corversionwasalsoinvestigated.In Ni-C, two
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Table 2.5: Overview of 'H-ENDOR Dataof [NiFe] Hydrogenases

State Organisn¥ HyperfineCoupling Remark/Assignment Ref.
Ni-A D.g. 12.8MHz atg, cysteiryl 5-CHo [69]
in DO identical
Ni-B 15MHz atg, cysteiryl 3-CHy
4.4MHz atg, lossin intensityin DoO/OH~ or H,O
Ni-C 16.8MHz atg, solventexchangeablé\ =[15, 22,25]

line narraving in D2O (3, 7,8 MHz)
2H-ENDOR2.4 MHz/in planeH ™
Ni-C T.r. A(*Hy) 16-20MHz  in DO A(?H;) =~ 3.1MHz [70]

solventexchangeabl@roton

A(*Hy) ~ 12MHz isotropic,notexchangeable
A(*H3) < 5 MHz
Ni-L A('H,) lost photololabilespecies
A(*Hy) ~ 10MHz  neitherphotolabilenor exchangeable

a AbbreviationsD.g. D. gigas T.r. Th. roseopesicina

large 'H hyperfinecouplingsweredetected The isotropic,non-exchangeabl&ouplingof 12 MHz was
assignedo 5-CH, protonsof acysteineresidue.Thelargercouplingof 16-20MHz is D, O exchangeable
andlost uponphotoilluminationin the Ni-L state.Unresohed signalssmallerthan5 MHz in the Ni-C
statecould not be assigned.The largest'H couplingsin the Ni-L stateare8-10 MHz andthussmaller
thanin theNi-A, Ni-B andNi-C forms.

2.5 Motivation and Perspectve of this Work

Albeit therewasalarge amountof very detailedspectroscopidatain the literature,their interpretation
in the context of structuralchangedetweenthe redox stateswas not possiblebeforethe work in this
thesiswasstarted.This wasdueto severalcomplications.

The elucidationof the X-ray structureof a [NiFe] hydrogenasén 1995revealedatomic detailsof
the active Ni site in the enzymefor the first time. The detectionof a heterobimetallicclusterwith an
additionalFe atomwas unexpected. The unusualcoordinationsphereof the Ni raisedmore questions

thanit answered.Is Ni the catalyticsite? Is therea bridging ligandin all stateswhatis its natureand
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role, do thecysteineligandsparticipatein the cleavageof the H—H bond,whatis therole of the Featom,
how do the differentparamagnetistatesdiffer from eachother? How do the Hy andprotonchannels
look like?Whatis theinfluenceof the proteinervironment?

Only in 1999, an X-ray structureof the reducedenzymewere published. Someof the information
canbe gainedfrom EPR investigationsof proteinsingle crystals. The large and well-orderedprotein
single crystalsof the [NiFe] hydrogenasdrom D. vulgaris Miyazaki F openeda new field. Onecan
deducethe spatial arrangemenof i.e. g-tensorswith respectto the ligand ervironment, orientations
of hyperfineinteractiontensorsof, for example!H nuclei, and possiblydetectthe binding situationof
molecularhydrogenor its dissociatiorproductsin the active centre.

Thecorrelationbetweermagnetiaesonanc@arameterandstructuraimodificationds still difficult.
Changesn EPRor ENDOR spectracanonly indirectly be interpretedin termsof changesn the X-
ray structure. It is not possibleto perform a high-resolutioncollection of X-ray diffraction dataof a
crystalmountedin an EPRquartztube. However, the determinatiorof the unit cell parameterandthe
orientationof the crystalaxesis feasible. Likewise, after massie X-ray diffraction datacollectionin
a synchrotronbeam,the proteinsingle crystal suffers from X-ray damageand from the generationof
additionalradicals.

Here,a theoreticalapproachwhich yields hyperfineparameterand g-tensorsfor a given geometry
may provide usefulinformation. Is it possibleto find a methodologythat allows the predictionof mag-
neticresonanc@arameter$or a systemascomplex asthe active site of a metalloproteinwith sufficient
accurag andaffordablecomputingresources?

Thiscombinatiorof proteinsinglecrystalEPRandENDORandtheoreticaktalculationsn theframe
of approximateDensityFunctionalTheory(DFT) is the centralaspecbf thiswork.

Whenthis work wasstarted therewasno theoreticalstudy of [NiFe] hydrogenases)eitheron the
electronicstructurenoronthereactionmechanisnpublished.This metalloenzymeecentlygainedatten-
tion andanumberof publicationsdasednfirstprinciplescalculationsappearedh thelastyearqd71-76].
Noneof them,however, dealtwith atheoreticadescriptionof the paramagnetistatesof the enzymefor
which mary experimentaldataexist.

Until recently therewasalsono rigorousapproactto reliably dealwith the magneticresonancea-
rameterof transitionmetalcomplexes,notto saythatthetreatmenbpf systemsascomple asthe active
centreof a metalloenzymavasout of reachwith conventionalpost-Hartred-ock methods.Thus,a nev
relatvistic DFT approachasbeencritically evaluatedandwasusedherefor the characterizatiowf the
paramagnetiintermediate®f [NiFe] hydrogenaseBaseduponthe resultsobtainedfor the intermedi-

ates,a plausibleenzymationechanisntanbe suggesteavhich considersexperimentafindings.
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Chapter 3

Theory and Fundamentals

3.1 EPR Spectroscopy

The basicsand more sophisticatedletailsof EPR spectroscop are givenin mary text books[77,78].
In the following only a very concisetreatmenbf the aspectswhich arenecessaryor the understanding
of this thesisis given. ElectronParamagneti®kesonanc€EPR) spectroscop detectgheinteractionof
anunpairedelectronspinwith a magneticfield andwith its environment. Paramagnetisrnof the sample

thusis aprerequisite.

3.2 The Spin-Hamiltonian

The interactionof an electronspin with an external magneticfield Bg is describedby the electron-
Zeemarterm
Hez = gfBoS (3.1)

whereg is the electrong-factor 3 is the Bohr magnetorand $ the electronspin operator(seeFigure
3.0.
Theelectron however, doesnot sensaheexternalmagnetidield Bg but aneffective field, wealened

or enforcedby shieldingor deshielding.
Besr = Bo + Biocal = (1 — 0)Bo = (9/9¢)Bo (3.2)

Thusary deviation from g, is a measuref the chemicalervironmentof the unpairedelectron.In tran-
sition metalcompleesit is not only the electrons angularmomentumthat contrikutesto the deviation

from g.. Somecomplees(i.e. d-metalcomplexes)possesa resultingorbitalangulatmmomentumwhich

23
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Figure 3.1: Electron-Zeemargplitting in a Magnetic Field. In the presenceof a homogeneoustime-
independentnagneticfield Bg the two degenerateenegetic statessplit into a spin-up(a M, = +1/2) and
aspin-davn (8 M, =-1/2) enepgy level. Theenepeticdifferencebetweerthetwo statess AE = g.8.B and

mustbe matchedoby the microwave radiationAE = hv.

may causea significantdeviation from the free electronvaluedueto spin-orbitcoupling(L.S coupling).
Hso = ALT - S (3.3)

Electronicgroundstatesmay alsoacquireorbital magneticmomentumdueto spin-orbitcouplingfrom
higherstateswith I # 0 into the groundstatewavefunctionanddisplayg-valuesdifferentfrom g..
Dueto theanisotropicsurroundingthelocal field alsobecome®rientation-deperadt. This depen-
deny canbe taken into accountin the spin-Hamiltonianby replacingthe scalarg-factor by a matrix
g.
Hez, = fBogS (3.4

Thismatrix g is usuallyreferredto as' g-tensor’.* Theg-tensorcanbediagonalizedo yield its principal

valuesgy;, g4y, andg,, in its principal axes system(z,y,z). The “g-tensorprincipal axes system”is

relatedto the orbital axessystemandthusto the molecularbondingsituationof the complex.
ThenuclearZeeman-terndescribesheenegy of a paramagnetiaucleus(I # 0) in the presencef

amagnetidield in analogyto the electron-Zeematerm

Hnz = BxBogn I (3.5)

It is of the orderof g3/gnfx ~ 1000smallerthanthe electron-Zeematerm but often aslarge asthe

hyperfineinteraction.

!Notethatmathematicallyonly the G* matrix is atensor
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The hyperfineterm arisesfrom the interactionof the electronspin S with the nuclearspini. I can

bealigandnucleus(i.e. 'H, 1*N) or themetalnucleusitself.
Hue = SAT (3.6)

The hyperfinetensor A describeshe magnitudeand orientationof the couplingin the moleculeor
comple.
Thenuclearquadrupte termoriginatesrom anadditionalinteractionof the electricfield gradientat

the positionof the nucleuswith its nuclearspin (I > 1) exhibiting anelectricquadrupolenoment.
Hq=1IPI . 3.7)
Thetotal spinHamiltonianis of theform

H = Hez + Hns + Hoz + Hq = SBogS + SAT + fxBognI + IPT . (3.8)

3.3 The g-Tensor

Dependingon the orbital angularmomentumof the electronicgroundstateand the natureof the co-
ordinatingligands, transitionmetal complexes may exhibit EPR spectrawith g-valuesdifferentfrom
ge- For transitionmetal complexes, the g-tensoris mostly rhombic,e.g. g, # g, # g.. Thatmeans
that the interactionof the magneticfield is anisotropicand differentalongthe z-, y-, and z-directions
of the molecule. This is the mostgeneralcase. Specialcasese.g. axial (g9, = g, # g.) Or isotropic
(9z = g9y = g.) g-tensorsarisefrom accidentallyor orbital-symmetricallydegeneratespindensitydistri-
butionsandspin-orbitcouplings. The theoryof EPRspectroscop of transitionmetalionsis described
in varioustext books[79-81]. The EPR-spectraf [NiFe] hydrogenasegsuallydisplaysucharhombic
EPRspectrum(seeFigure3.2). The g-anisotrop, neverthelessis still modestwith aA(g, — g,) < 0.4
comparedo e.g.low-spinferric (Fe(lll)) haemwith A(g, — g.) ~ 3. For Ni, thereis no simplemodel
which can predictthe g-valuesof a Ni comple. The variationsin natureand numberof coordinating
ligands,ligand strengthsand coordinationgeometriesnake it impossibleto suggesan instructive way

to predictg-values.

3.4 The Hyperfine Tensor

Whenthe hyperfineinteractionA is largerthanthe EPRIlinewidth, a splitting of the EPRIines by this

hyperfineinteractioncanbe obsened. In [NiFe]-hydrogenaseshe EPRIlinewidth is solarge (usuallyof
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Figure 3.2: RhombicEPR spectrum:Left: SimulatedEPR spectrunwith parametersypical for the Ni-B
EPRsignalof [NiFe] hydrogenasey, = 2.32,g, = 2.16, g, = 2.01;linewidth 19 G, microwave frequeny
9.480GHz, centrefield 3150G, sweepwidth 700G. Top: absorptiorspectrumpottom: derivative spectrum.

Right: Geometricakhapeassociateavith arhombicg-tensor

theorderof 10-20G) thatonly verylarge hyperfineinteractionsanbedetectedin favourablecasesThe
electron-rnucleardoubleresonancd ENDOR) spectroscop allows the measuremendf small hyperfine
interactionby meansof a high-resolutiondoubleresonancexperiment[82]. In ENDOR spectroscop
theinfluenceof asecondsweptradiationfrequeng, in theradio-frequeng (RF) range onthemicrowave
absorptionof an EPR transitionis obsered. Whenthe RF field matchesone of the NMR transitions
with AMgs = 0, AM; = 1 in Figure 3.3 (correspondingo two transitionsbetweenhyperfinelevels),
the effective relaxationratesof the systemsare changedandso is the EPRabsorption.This changeof
EPRabsorptionis detectedvhile sweepinghe RF field. The higherresolutionof ENDOR is obtained
at the expenseof experimentalsensitvity (the ENDOR effect is only of the order of a few percent).
However, ENDOR is much more sensitve than the respectte NMR experiment. Furtherdetails of
ENDORspectroscoparegivenin [81,83-85].

Thetwo NMR transitionscorrespondo two ENDOR transitionfrequencies .. andv_ which are

detectedn anENDOR experiment.They areobtainedastwo lines

vy =

aroundthe nuclearLarmorfrequeny vy. The splitting of the two ENDOR frequenciesorresponds$o
the hyperfinecoupling.

ThehyperfinetensorA is thesumof anisotropic,scalarpart(a;s,) andananisotropigpart (A ¢uiso)

Aot = aisoll + Agpiso (310)
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Figure 3.3: Fourlevel diagramof a S=1/2andl= 1/2 system.Schematidrawing of theenegy levelsof a S
= 1/2andl = 1/2 systemin anexternalmagneticfield dueto electronZeemannuclearZeemarandhyperfine
interaction.Theallowed EPRandNMR transitionsaremarkedwith arrows (left). Ontheright handsidethe

transferratesaregiven

wherell is the unity matrix. Theisotropiccoupling (Fermicontactterm) arisesfrom the probability of

finding the unpairedelectron(or a fraction of the unpairedspindensity)at the positionof the nucleus.

2
Qjso = ggeﬁegN,Bij(O) |2 (3.11)

Only s-orbitals have a non-vanishingprobability densityat the nucleus;p-, d-, or f-orbitalsall have

nodesat the nucleus. The detectionof an isotropic hyperfineinteractionin d-metal complexes can
eitheroriginatefrom adirectoccupatiorof s-orbitals,from a polarizationof s-orbitalsby higherangular
momentumorbitals (i.e. p- or d-orbitals) or from an admixtureof excited statesinto the groundstate
wavefunctionby spin-orbitcoupling.

The anisotropic,or dipolar, contritution A ;5. is causeddy the interactionof the magneticdipolesof

nucleusand unpairedelectron. Its enegy is given by the classicalequationfor the interactionof two

dipoles.

Haip = 59,6’1\19N (3(5’-1')([-1') 5-31) 3.12)
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wherer is the vectorconnectinghetwo dipolesandr its modulus.In matrix form
Haip = S - Aqip - I (3.13)

with

_ Bgbngn <37'i7'j — ijr2> ’ (3.14)

(Adlp) 3 ro
with the angularbracletsindicatingthe integration over the electronwavefunctionin orderto remove
theexplicit spatialdependencef the anglebetweerthe magnetidield andther-vector

Theanalysisof isotropichyperfinecouplingsfor organicr-radicalsis doneby the McConnellequa-
tions and more sophisticatedreatmentsof the sameform [86]. It relatesthe measuredsotropic 'H
hyperfinecouplingto the p, spindensityat the nucleusof the neighbouringsp® hybridizedcarbonatom
by anempiricalrelation. For transitionmetalions or complees,a quantitatve interpretatioris not pos-
siblein the sameway becauseanore electronsareinvolved with atendeng to morevariationsin their
bondingsituationsandno simplehybridizationschemes applicable.If a detailedandreliableinterpre-
tation of the electronicstructureof transitionmetalsis required,oneshouldattempta thoroughanalysis
of thetotal hyperfineandg-tensorsandtheir relative orientations.

Furthermorethereis anadditional,second-ordecontribution to the hyperfineinteractionin transi-
tion metalcomplexes[79,87]. Sofar, the magnetichyperfineinteractionwasassumedo originatefrom
theinteractionof nucleamagnetiaonomentandelectronspinangularmomentumln systemswherethe
g-valuesdiffer appreciablyfrom g, thereis aresultingorbitalangulaTmomentunmwhich caninteractwith
theonefrom theelectronspin(‘spin-orbitcoupling’) andcontritute to the hyperfinetensor{79,87]. This
playsarole for centralmetal hyperfinecoupling but alsofor ligand hyperfineinteractionsin transition
metalcompleces. |t is describedy

v Z k N
ASOZZZQ ge . O,rTJ )

J uu Jv ]V’

x [0 1,085 L) = (Sj -1, (L -1)]  (3.15)

wherej runsover the numberof electronsy, V' runoverall nuclei.

Theuseof EPRandENDORtechniquedo studymetalloproteings extensvely reviewedin [88].

3.5 DFT
Density FunctionalTheory(DFT) asatool of electronicstructurecalculationshasreceved recognition
by theaward of the 1998Nobel Prizein Chemistry

“to Walter Kohnfor his developmentof the density-functionatheoryandto JohnPoplefor

his developmentof computationamethodsn quantumchemistry
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The underlyingprinciplesof DFT are given in a seriesof monographg89,90]. Electronicstructure
calculationdry to numericallysolve thetime-independenglectronicSchibdingerequationin the Born-
Oppenheimeapproximation

HetecVelec = FeiecVelec (3.16)

with the electronicHamiltonian

Hiw = 32 V-D Y By 5L

i=1A=1 A 2 1j>4 Tij
= Te‘l‘VNe‘i‘V@ (3'17)

Thenuclearnuclearrepulsionentersonly parametrically

M Z.Zp

A=1B>A 'AB
andthetotal enegy of the systemthenis
Etot = Eelec + Enuc . (319)

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

electrondensityis the probability of finding ary of NV electrondn afinite volumeelement
:N/---/\\If(:?l,;i’Q,...a‘c’N)\2d31d:E’2...dg‘c’N . (3.20)

Two conditionsmustbefulfilled by theelectrondensity:It mustvanishatinfinity (» — oo) andintegrate

to thetotal numberN of electronsn thesystem

p(r >o00) = 0 ,

/pf' i = N (3.21)

Two electronsdo not move independenthfrom eachother Rathery the probability of finding two elec-
tronswith spinso; andosy simultaneouslyvithin two volumeelementsii, anddis is diminishedby the
exchange-correlation holeh x - (Z1; Z2). Theexchange-correlatioholehastwo contrilbutions: the Fermi
hole andthe Coulombhole Thefirst originatesfrom the hole dueto the Pauli principle andappliesto
two electronswith the samespinonly. Thelatterresultsfrom the classicl/rys electrostatiaepulsionof
two particleswith the samechage.

Theapproachtakenby DFT is notnewn. Thefirst attemptto usethe electrondensityratherthanthe

wavefunctioncomesfrom the work by ThomasandFermiin 1927. Furtherimprovementwasmadeby
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Slaterin 1951 (the so-called X' approximation).Thetheoreticaljustificationof the useof DFT were
latergivenby Hohenbeg andKohnin 1964.
Thefirst Hohenbeg-Kohntheorenmprovesthatthe completegroundstateenegy (andall otherproperties

thereof)is afunctionalof the groundstateelectrondensity
po = {N,Za,Ra} = H=Ty= Ey (3.22)

albeitthefunctionalitselfis unknavn. In the secondHohenbeg-Kohntheorenthey have shavn thatthe

variationalprinciple appliesto the Hohenbeg-Kohnfunctional
Ey < E[f] (3.23)

andthe bestsolutionto the exact value (if the functionalwas known) is obtainedby minimizing the
enegy of thetrial densityg.

Kohn and Shamin 1965 facilitatedthe practicaluse of DFT. They chosethe kinetic enegy of a
non-interactingT,,;) systemasreferenceandall deviationsthereofwereputinto the non-classicaton-

tributionsto electron-electromepulsion(the exchange-corelation enegy Ex¢)

Fp(7)] = Tnilp(7)] + J]p(P)] + Exc[p(7)] (3.24)
with
Exclp(r)] = (T[p] — Tnilp]) + (Eeelp] — I[p]) = Tilp] + Encilp] (3.25)

T; is the part of the true kinetic enegy thatis not coveredby the non-interactingeferencesystemt,;.

Finally, theenepy of thetrue,interactingsystemis written as

Elp(M)] = Tuilp(F)] + J[p(M)] + Exclp(F)] + Enelp]

N N N
= S+ 25 [ [letranan
N M ’
+ Bxcl® - Y [ Sleitan (3.26)
i A

Theeffective potentialin which anelectronmovesis

» ™) . .
Vers(r) = %dm + Vxc(m) — Vi (3.27)

in whichonly Vx ¢ is notknowvn. Theobtainedohn-Shanorbitalsarethoseof anon-interactingystem

with the sameelectrondensityastheinteractingone.
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Therearea numberof possibilitiesfor approximatinghe exactan exchange-correlatiofunctional.

Thesimplestis thelocal densityapproximation(LDA)

EX o) = Y p(Mexc(p(Pdi (3.28)

which containghe exchangdunctionalperparticlefrom Slater

ex = 3,300 (3.29)
4 T

andthe correlationfunctionalec- derived from numericalqguantumMonte Carlo simulationsof the ho-
mogeneouglectrongasby Ceperlyand Alder 1980. Surprisingly alreadythe LDA gives structural
parametersomparabldo or sometimedbetterthanHartree-lBck. The performancef LDA for eneget-
ics, however, is poot. DFT hasreceved interestin the 19805 whenimproved functionalsappeareand
madea stepfrom the solid-statephysicists’communityto thoseinterestedn calculationsof chemical
accurag. Thesefunctionalsmale useof the genealizedgradientapproximation(GGA). The function-
alsdonotonly dependntheelectrondensityp(7) but alsoon thegradientof the densityV p(+) in order

to considera non-homogeneousensitydistribution.

E)G(gA[paapﬂ] = Zf(ﬂaap,ﬁav/)aavPﬂ)dF - (330)

Thereis anincreasinghumberof separatexchangeandcorrelationfunctionals.To mentiononly a few
of themostpopularonesBecle’s exchangefunctionalB88 [91], Lee-Yang-Rarr's correlationfunctional
(LYP) [92], Perdev’'s 1986 correlationfunctional[93]. More detailscanbefoundin the original refer
encesFurtherwork to improve currentfunctionalss to alsoincludethe Laplacianof theelectrondensity
V2p(7), usehigh-level electrondensitiedor fitting new functionals(HCTH [94]) or usea hybrid density
functional(seebelaw).

In Hartree-Bck, the exchangeenegy of a Slaterdeterminantanbe computedexactly. Theideais

to usethis exchangesnegy in DFT calculations
Exc = E¥*“t + EES . (3.31)

This doesnot work well, becausez§*! is nota goodmatchwith EXS. Thereforea weightedmixture
of E$¥*t and EXS is required(adiabaticconnection). The mostsuccessfuapproachalongthatline is
Becle's empiricalthreeparametecombinationof Hartree-ck exchangeand PW91 correlationfunc-
tional [95] which waslaterreplaced96] by the LYP correlationfunctionalto yield the hybrid density
functionalB3LYP

EBUYP — (1 - a)EYSD 4 aBYQ + bEESS + cBELYP + (1- ELSP . (3.32)
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Here, A\ = 0 refersto the exact Hartree-leck exchange. Thereare, recently attemptsto reducethe

numbersof empiricalparameters.

The succesof DFT in the last 10-15yearsoriginatesfrom two facts. One,the implicit consider
ation of electroncorrelationin the exchange-correlatiofunctionals. Two, the moderatecomputational
costsfor DFT. Hartree-lock formally scaleswith the size of the treatedsystemN of the orderof the
fourth power (O(N*)) andDFT O(N?3). Whenelectroncorrelationis consideredn post-Hartree-8ck
approachethe computatiortime increaseso O(N?) for second-ordeMgller-Plesseperturbatiorthe-
ory, and O(N7) for quadraticconfigurationinteraction(QCI) with single and double excitationsand
perturbatiely addedtriples (CISD(T)) and coupled-cluste(CCSD(T)). This formal scalingbehaiour
reducegquickly for larger systems.The lasttwo methodsarethe mostaccurateonesbut their demands

make themhardlyfeasiblefor systemdargerafew atoms.

Onemustbearin mind, however, thatthe resultsfrom DFT calculationshave to be evaluatedcrit-
ically. Thereis no systematiaoute of improvementasopposedo wavefunctionbasedmethods.The
accurag of B3LYP is about2-3 kcal/mol for atomizationenegies of the G2 training setof data,the
pure GGA functionalslike BLYP, BP86arein error by about5 kcal/mol. But, B3LYP givesup onthe
favourablescalingcomparedo HF calculationsbecauseHF exchangeis explicitly includedand two

electronfour-centreintegralsmustbe evaluated.

3.6 DFT and Transition Metals

The field of transitionmetalcompleesis a matterof the successtory of DFT (for a review, seefor
example[97-99]). Thisfactoriginatedrom thedifficultiesassociateavith thenatureof thesecomplees.
A large numberof enegetically closelying states,often open-shellspeciesand a large variability of
bondingsituations.The bondingsituationis aninterplayof donorandacceptorcontritutionsfrom both
thecentralmetalandits ligands.The necessityof usingelectroncorrelationbecome®bvious[100]. For
acomparisorof DFT andcorventionalquantumchemicalmethodsseea review by Siegbahn[101] and
referencegherein. For transition-metatompleesthe BP86 functional proved to be mostaccurateof
the purefunctionals[102] andthe B3LYP hybrid functional givesresultsof the sameaccurag. Bond
distancesare often reproducedwithin 0.02A and bond angleswithin 0.4° (for a collection of critical

comparisonsee[90]).

The feasibility of DFT to treatlarge bioinomganic systemhasrecentlybeenreviewed by Siegbahn
andBlombeg [103].
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3.7 Relativistic Quantum Chemistry

Relatvistic effects manifestthemselesin heary atoms. The magnitudeof the kinetic enegy of the
coreelectrondeadsto a contractionandstabilizationof atomics- andp-orbitals. Increasedhieldingof

the nuclearchage on the otherhandcausesan expansionanddestabilizatiorof d- and f-type orbitals.
Relatvistic bondlength contraction,on the otherhand,is mainly dueto a reductionof the electronic

kinetic enegy (for areview see[104]).

Traditionalrelatvistic quantumchemistrymalkesuseof the four-componenDirac-Fock wavefunc-
tion. In its full implementationyery high systemrequirementsvith respecto memory disk spaceand
computingtime have to be met [105,106]. In relatvistic densityfunctional theory (RDFT) (seefor
example[107]) a “fully-relativistic” four-componentDirac-Kohn-Shanmmodelis the reference.More
approximatetwo-componenschemesgprojectout the positronicstatesand give the “fully-relativistic”
electronicstatesat a lower computationakffort. The decompositiorcango even furtherandintroduce
spin-free(“scalarrelatvistic”) andspin-dependent'spin-orbit”) contritutions. One-componentneth-
odstreatmass-elocity and Darwin correctionsbut neglect spin-orbitcouplingcompletely Oneof the
oldestapproximatdreatmentf this kind is the quasi-relatiistic (QR) schemeby Ziegler etal. which
useghePauli operatorself-consistently108]. Thereis theoreticakcepticismbecausehe Pauli operator
is not boundedfrom belov andone may end up with non-physicalow enegiesdueto the variational
treatmentThe Douglas-Kroll-Hes¢DK) approachransformsnto aone-or two-componentorm [109].
Relatiistic effective corepotentialf RECP)(for areview seee.g.[110,111]) areanefficientwayto treat
scalarrelativistic effects. They representainanalyticfit of the core-closeslectrondistribution to results

from atomicfour-componentalculations.

3.7.1 The ZORA-Hamiltonian

The approachtaken in this thesisto considerrelativistic effectsis the “zeroth-orderregular approxi-
mation” (ZORA) which is a perturbationakxpansionof the Dirac equation[112,113]. It wasalready
presentedby Chang,PelissierandDurandasthe CPDequation[114]. It follows thepropositionsy Har
rimanwhich he called‘'modified partitioningof the Dirac equation’[87]. In thetwo-componenZORA
calculations spin-orbitcouplingis treatedself-consistentlysuchthatp, ,, andps,, have differentradial
extensiondrom the beginning. Here,stationarystatesareclassifiedoy thetotal momentumJ = L + S.
The two-componenspinorstransformin a specialway undersymmetryoperationswhich requirethe

introductionof doublegroupsymmetryin closerelationandanalogyto point groupsymmetry
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Thetotal enegy of a particleis

W = /mict+p?c2+V . (3.33)

In chemicalapplications|E| < (2moc? — V') which leadsto

E = \/m3ct + p2c® —mo® +V (3.34)

Thenon-relatvistic result \

Exp=V+ 22— (3.35)
2’)7’1,0

andthefirst-orderPauli enegiesareobtained

Epoui = ENr—(—F—5)5— (3.36)

which correspondo anexpansionin (E — V) /(2mgc?). ThePauli-typeHamiltonianhasproblemswhen
r — 0thenE — V > 2mZ. The Hamiltonianof the ‘zero-orderregular approximation (ZORA) for
relativistic effectscorresponds$o anexpansionin (E — V') /(mgc? — V') which gives
2.2
p7ORA - P2 iy 3.37
2moc2 -V + ( )

ThescaledZORA enegy evencontainscertainhigherorderterms

EZORA

Escaled — (338)

22

1+ Gy vy
Thetransformatiorfrom the four-componenDirac-Hamiltonianto a two-componentform is defectve
for mosttraditionalapproachesA moresystematiapproactis the Foldy-Wouthuysertransformation
which eliminatesthe small component. The ZORA Hamiltonianincorporategelatvistic effects that
traditionallyareonly introducedat the level of the Pauli Hamiltonian. The greatadvantageof the ZORA
HamiltonianHZ©%A4 s thatit canbe usedvariationallyandthatit doesnot suffer from the singularities
for r — 0 like thePauli Hamiltonian.Oneotherapproachwhichis alsoregularfor Coulombpotentials,
is theDouglas-Kroll-Hes#amiltonianwhichwill notbediscussedurtherhere.In situationsn quantum
chemistrywhere spin-orbit couplingis not important,a pure ‘scalarrelativistic’ Hamiltonianmay be

adwantageous

2
L, C A

= EZORAQZORA (3.39)

ZORAFZORA
HSR q)SR
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Thefull ZORA Hamiltonianleadsto the eigervalueequation

2 2

= C - C i =
EORGZORA. — (V4 ot o) (V7

— EZORA(I)ZORA (340)

whichis boundedrom below.

3.8 Calculations of Magnetic ResonanceéParameters

3.8.1 Hyperfine Tensors

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

teractionof very large systems.The s-orbitaloccupanciesrom a spin-unrestrictedvavefunctionwere
convertedinto isotropic hyperfinecoupling constantghfcc) by meansof empirical corversionfactors.
Theseempiricalcorrelationsverenecessarypecausesemi-empiricamethodsonly considerthe valence
electronsandtheisotropichfccis a propertyof electronsnearthenucleus.

Hartree-Bck calculationsat the UHF level suffer from the dravback of major spin contamination
andthecompleteneglectof electroncorrelationandmale it anunsuitablemethodfor calculatinghfccs.
TheRHF-INDO/SPapproachriedto circumentthisdeficieny by aperturbatiely addedspin-polarized
calculationontop of a self-consistenspin-restrictedNDO calculation[116].

Post-Hartred-ock (the explicite consideratiorof electronconfigurationby e.g. configurationinter
actionCl) approachefor the calculationof the hfccsof smallmoleculedeadto very accurataesultsat
the price of massiely increasingcomputationatequirementgseefor example[117-119]).

The useof DFT methodsn the calculationof hfccswasestablishedn 1993independenthby two
researchgroups[120,121]. The resultsare non-relatvistic and of first-orderonly, negglectingrelatvis-
tic effectsand spin-orbitcoupling contritutionsto the isotropic and anisotropichyperfineinteractions.
Accurateresultswereobtainedfor light elementdut they still fall behindmoreexpensve post-HFcal-
culations. Sincethenanincreasingnumberof publicationsusingthis approachappearedfor a review
sed122-124)). Foracomparisorof Cl andDFT calculatechfccsse€125]. MunzarowaandKaupp[126]
andHayes[127] usedthis first-orderapproacho calculatehfccsof transitionmetalcomplees. Mun-
zarosa and Kaupp madea fortuitous choiceof complexesfor which spin-orbitcoupling effectsare ex-
pectedto be smallandobtainedreasonableesults.Hayescame,however, to a very pessimisticconclu-
sionabouttheuseof DFT to calculatehe hyperfineinteractionof transitionmetalcomplexes[127]. This

wasdueto thecompletengglectof higherordereffects.
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A perturbatie treatmenbf spin-orbitcouplingontop of anon-relatvistic calculationwasintroduced
by Belanzoniet al. [128,129] and later also usedby SwannandWestmoreland130]. The spin-orbit
couplingparametersire eithertaken from experimentalvaluesor from relatwistic atomiccalculations.
RECPscannotbeusedin thecontet of hyperfinecouplingconstantsTheisotropichyperfineinteraction

is apropertyof electronmearthe nucleuswvhich arenot explicitly consideredn RECPcalculations.

3.8.2 ZORA Calculations of Hyperfine Tensors

In this work, the ZORA Hamiltonianis usedto evaluatehyperfinecouplingconstantgor bothlight and
heary nuclei[131].

The Hamiltonianof Eq 3.40canbe usedto calculatethe interactionbetweenan effective electronic
spinandamagnetimucleus.Spin-orbitcouplingis alreadyincludedvariationallyin theZORA Hamilto-
nianwhichmeanghatonly afirst orderperturbatiortheory(FOPT)is necessarjo evaluatetheinfluence
of spin-orbitcouplingon the hyperfinetensorsA. If oneincludesspin-orbitcoupling,the spinusedin
the effective spin Hamiltonianis in factafictitious spin. The hyperfineHamiltoniancanbe formulated

as

thperfine — Z—Z[KU-B”+KAV'P+P'A”K
+ o (VK x AY)] (3.41)

whereAY is thevectorfield of themagnetidipole of thenucleuss andthecorrespondingnagnetidield
B’ =V x AY. K = [1+ (E — V)/2c%]~L. Thefirsttermis the electronspinhyperfineinteractionand
thelasttermis the spin-orbithyperfinecorrectionwhile the remainingterms(secondandthird) arethe
orbital hyperfineinteraction.For reason®f simplicity, they canberewrittenas

electronspinhyperfineinteraction

Ye9v r,(I".-r,) 1" 8r 5
8&620 . (K(3T -3+ ?5(”)1 ), (3.42)
spin-orbithyperfinecorrection
» I" xr,
S0 (VK x (—) (3.43)
andorbital hyperfineinteractionwith LY = r, x p
Je9v v v v v
[KTV-L" +1"-LYK] (3.44)

8Mc?r3
For spin-orbitcoupling,the spin-restrictedormalismis usedsincespin-polarizatioreffectsin spin-

orbit coupledequationsare difficult to calculate(seefor example[132]). For the isotropic hyperfine
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interactiondor which spin-polarizations dominant,onehasto resortto spin-polarizedscalarelatvistic
results.

3.8.3 g-Tensors

Theelectronicg-tensorcanbeobtainedrom ary wavefunctionby ana posterioriperturbatiorapproach.
Spin-orbitcouplingis treatedasa perturbatiorto the non-relatvistic wavefunction.

Semi-empiricatalculationsarefeasiblefor organicradicalsbecauséhe g-tensoris apropertyof the
valenceelectronsand core electronsare omitted from thesecalculations. Spin-orbitcouplingis intro-
ducedvia experimentalspin-orbitcoupling constantgfor a recentapplicationseefor example[133]).
The use of Hartree-Bck wavefunctionsto evaluatethe g-tensorsof organic radicalsis also possi-
ble[134,135]. GeneralizedHartree-lock theorywasalsousedandgave reasonableesults[136].

The benchmarkgor small moleculescomefrom MRCI [137,138], CI [139] and MCSCF calcula-
tions[140,141]. Thesecalculationsyield very accurateresultsfor smallestdeviationsfrom g.. Their
applicability however, is limited to systemswith only afew atoms.

DFT methodsgertainly cannotcompetewith thosesophisticatecpproachesBelanzonietal. [128]
treatedspin-orbitcouplingasa perturbationto a non-relatvistic Kohn-Shamwavefunction. Later this
approachwasalsousedby Swannand Westmoreland130]. SchrecknbachandZiegler useda quasi-
relatvistic (QR) approachand calculatedthe g-tensorfrom a relativistic Pauli DFT wavefunctionby
meansof perturbatiortheory[142-144]. For areview of DFT calculationsf g-tensorssee[145].

In this thesis,the g-tensoris calculatedrom a ZORA wavefunctionin which spin-orbitcouplingis
treatedvariationally[146] andgauge-includingatomic orbitals (GIAOs) areused. Until recently there
was no publicationon g-tensorcalculationsfrom a Kohn-Shamwavefunctionusing RECPsalthough
sucha treatmentof relatwistic effects, in principle, would be possible. This methodwas only very

recentlypresentedby Malkina etal. in thetreatmenbf systemsontainingheary atoms[147].

3.8.4 ZORA Calculations of g-Tensors

The ZORA-Hamiltonianin the presencef atime-independennagneticfield B andwith substitution

FPold=p—A (3.45)
onearrivesat
HPORA — v ys i S g0
o 2c2 -V
. 2 . c? . 2 L.
= V+1 I — 7B+ g-(V xII) (3.46)
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where A is the vector potential(Maxwell equation)suchthat B = V x A. Thetermsthatarisefrom
this Hamiltonianaresimilar to thatin the Pauli approximationnamelythe spin-Zeemarkinetic enegy
correction(relativistic masscorrectionto the spin-Zeemarerm)

1

—@p%' ‘B (3.47)

andthe one-electrorspin-orbitZeemargaugecorrection

1
50 (VV x A) (3.48)

TheZeemarHamiltonianH Z is then(L = r x p)

K K K K
HZ:g_ZEO—.B+ZBO-L+B°-LZ+O—(VExAO)] (3.49)

whereK = 1 correspondso the non-relatvistic caseand K = [1 — V/2¢?] ! to the ZORA equation.
Fromthelasttermin Eq. 3.49,complex matrix elementsarisewhich mustbe evaluated.For the enegy
in first orderin the magneticfield, matrix elementsof the derivative of the Zeeman-Hamiltonianvith

respecto the externalmagnetidield have to be calculated seeAbragamandBleans [79])

0 ge .1 K K K-1
—H? = Z[- — Ly + Ly— .
OB 2027k T g e e V- (o
K-1
— Vil YR r)], k=uz,y,z. (3.50)

Gauge-inarianceis ensuredising‘gauge-includingatomicorbitals” (GIAOSs).



Chapter 4

Nickel Model Complexes

4.1 Intr oduction

Transitionmetalsare requiredfor mary biochemicalprocessesas catalysis,electrontransferor gene
regulation[10]. Consequentlythe investigationof biologically essentiatransitionmetalsis a field of
intenseresearch. In recentyears,six nickel-containingenzymeswere discovered (for a review, see
ref. [9, 23-25,65]). A prominentexampleare the [NiFe] hydrogenase§l2, 34]. Hydrogenasegre
enzymeghatcatalyzethereversibleoxidationof moleculamydrogerinto protonsandelectronsThereis
considerablénterestin understandinghe electronicstructureof [NiFe] hydrogenasewhichis available
from a combinedapproachof EPR techniquesand theoretical(DFT) calculations. However, before
DFT methodscanbe appliedto calculatemagneticresonancg@arametersf [NiFe] hydrogenasetheir
accurag mustbe evaluatedon simplemodelcomplees,whichis theaim of this chapter

The bio-mimetic chemistryof inorganic nickel compoundsasbeenextensvely reviewed by Hal-
crov andChristou[148].

Thechoiceof themodelcompoundgFig. 4.1) containingNi asthe centralmetalatomwasmadeon
thefollowing grounds:
In bis(maleonitriledithiatonickelae(ll) (Ni(mnt),) (1) the nickel atompossessea similar coordina-
tion sphereasin [NiFe] hydrogenasesin the hydrogenased\li in the active centreis coordinatedn a
distortedtetrahedrorsphereby four cysteineaminoacid residueq28,32]. In Ni(mnt), , nickel is also
boundto four sulphuratomsin a squareplanarcoordinationsphere.The Ni(lll) oxidationstatepresent
in Ni(mnt), is alsodiscussedor the oxidizedformsNi-A andNi-B of the [NiFe] hydrogenaseln the
neutralcomplex Ni(CO)sH (Il ) thenickelis formally in its +1 oxidationstateanda hydrideion is axially

boundto the Ni. This bondingsituationresembleshe onediscussedor the catalyticintermediateNi-C

39
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Figure 4.1: Schematic representation of the investigated Nickel complees
bis(maleonitriledithiolato)nicklate(lll) Ni(mnt); (1) and nickeltricarborylhydride Ni(CO)sH (1) with
theirlocal coordinateaxessystems.

of thehydrogenasg§l2].

Ni(mnt); hasbeenvery well characterizedand the calculationsperformedon this complex may
thereforesene asa benchmarkor evaluatingthe methodology. The g-tensororientationwasobtained
from single crystalmeasurementfl49]. From 'Ni enrichedsingle crystalsMaki and Edelsteinob-
tainedthe Ni hyperfinetensor[149]. Furthermoreall 33S hyperfinetensorswere determinedrom an-
gular dependenEPR spectrg[150]. Recently Ni(mnt), regainedinterestas modelclusterfor [NiFe]
hydrogenasand,in additionto the existing data,theligand 13C hyperfinetensorand*N hyperfineand
quadrupoleensorsand ®N hyperfinetensorwere determinedby orientationselectedoulsed-ENDOR
andESEEMspectroscop[151].

X, calculationg152] andrecentBLYP calculationg151] only gave atomicspin populations.Very
recently a publicationon the DFT calculationof hyperfinetensorof Ni(mnt), appeared127]. Discour
agingresultswereobtainedrom variousfunctionals.Thecalculatechyperfinetensorsvereof first-order
only andno routeof improvementwas suggestedTherearea numberof quantumchemicalinvestiga-
tionsfor the Ni complex with hydrogengeplacingthe CN groups. They rangefrom Hiickel [153] and
PariserParPople[154] to Hartree-lBck [153,155,156], MP2 [157] and DFT calculationg158]. For
Ni(CO)sH thereis only oneDFT studyto our knowledgethataimedto calculatethe hyperfineinterac-
tion [126].

Very often,theanalysisof experimentahyperfinesplittingsis limited to thediscussiorof atomicspin

densities.The measuredyperfinecouplingsarerelatedto theoreticalvaluesof singly occupiedatomic
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orbitals [159] andthe orbital occupationis obtainedasthe ratio of experimentalto theoreticalvalues.
A moredirectrouteto the comparisorof experimentaland calculatedmagneticresonanceparameters
is given by the first principles calculationsof the EPR parameterse.g. asdonein this paperfrom a
densityfunctionaltheory(DFT) wave function. Althoughthemeritof DFT methodsn the calculationof
hyperfineparametersf organicradicalsis unquestionabldts valuefor the descriptionof paramagnetic
resonancearameter®f heavier elementsj.e. transitionmetal complees, is still largely unexplored
[127]. Belanzonietal. demonstratethe importanceof un-freezingcoreelectronsn the calculationof
g- and A-tensorg[128,129]. SwannandWestmoreland130] investigatedmolybdenum(V)oxyhalide
anionsusinga spin-polarizedvave function without un-freezingthe core. Schreckenbachand Ziegler
[142,145] useda Pauli-typerelatvistic Hamiltonianwith theinclusionof spin-orbitcouplingbasedon
secondrderperturbatiortheorywhich waslateralsoappliedto studytransitionmetalcomplexes[143].
RecentlyMunzarwaandKauppcritically evaluatedheuseof variousDFT functionalsin thecalculation
of hyperfineparameter®ef a numberof transitionmetalcomplexes[126]. They useda non-relatvistic
calculationof hyperfineparameterbasedn geometrieshatwereoptimizedusingarelatvistic effective
corepotential RECP).However, in thiswork no g-tensorsverecalculated.

With the zero-orderregular approximation(ZORA) for relatvistic effects[112,113] onehasa fastand
powerful tool at handto calculatethe hyperfinetensorA, the quadrupoleéensorQ andthe g-tensorof
systemgontainingheary elementg131,146]. Herethe ZORA formalismis appliedin orderto validate
its applicationfor the calculationof magneticresonancgarametergor transitionmetalcomplees,in
particular[NiFe] hydrogenasesiheZORA formalismseemdo overcomethe shortcoming®f theother
approachessedsofar. In addition theinfluenceof scalafrelatiistic andvariationallyspin-orbitcoupled
DFT wave functionson the g- and A-tensorsfor light and heary elementscan be separatelystudied
so that the influenceof secondorder contrikutions to the hyperfinecoupling canbe rationalized. The
computationakfficiengy of the ZORA methodmalkesit anidealtool for investigatingthe active centres

of metalloenzymes.

4.2 Computational Details

The calculationgreportedherearebasedon the AmsterdanDensity Functionalprogrampackagdg160]
characterizedy Slatertype orbital (STO) basissets,the use of a densityfitting procedureto obtain
accurateCoulomband exchangepotentialsin eachSCF cycle and an accurateand efficient numerical
integrationof the effective one-electrotHamiltonianmatrix elementg161]. All electronsvereincluded

in the calculationstherewere no frozen core electrons. The ZORA Hamiltonian[112,113] wasused
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for the inclusion of relatvistic effectswhich will be referredto as scalafrelatiistic (SR) effectsand
spin-orbit(SO) coupling. Both aretreatedvariationally Geometryoptimizationswereperformedatthe
ZORA SR level for which gradientsareavailable[162]. The A-tensorsandg-tensorareobtainedfrom
the ZORA Hamiltonianin the presenceof a homogeneousime-independeninagneticfield which is
thenintroducedvia first-orderperturbatiortheory[131,146]. The g-tensoris obtainedfrom a spin-non-
polarizedwave function sincespin-polarizationeffectsin spin-orbitcoupledequationsare difficult to
calculate seee.g.[132]. Theeffect of spin-polarizatioris assumedo be similar to thatobsered when
going from a SR spin-restrictecdbpenshell Kohn-Sham(ROKS) calculationto a SR spin-unrestricted
openshell Kohn-Sham(UKS) calculation. The g-tensordeviatesfrom that of a free electrong. due
to spin-orbitcoupling. It is corvenientto give the principal valuesof the g-tensor(g,, gy, 9.) asthe
deviation from g, multiplied by afactor1000(in ppt),e.g. Ag; = (g; - ge) X 1000,i =X, V, z.
TheBecke exchangeunctional[91,163] wasusedin conjunctionwith the Perdev correlationfunc-
tional [93,164] (BP86). The BP86functionalhasbeenshavn to yield bestmagnetiacesonanc@arame-
tersof the pure GGA functionals[129]. The basissetsusedwererelativistic ZORA basissetsfrom the
ADF1999distribution. Basissetll refersto adouble¢ basissetfor light atomsandtriple-¢ for first row
transitionmetals.BasissetlV denotestriple-( basissetwith oneaddedpolarizationfunctionfor light
atoms(C, N, S), basisV hasa further polarizationfunction on atomsC, N, S. BasissetV+1s (for Ni
andS only) possessesnaddedight 1sfunctionin orderto improve thedescriptionof thewave function
nearthe atomiccore. Thebasisset”Big” denotesa large basisset. This basissetis triple<C in the core
andquadruplet in thevalencewith atleastthreepolarizationor diffusefunctionsadded.
Calculationdor the g-tensorwerealsoperformedusinga traditionalsecond-ordeperturbatiorthe-
ory (SPT)approach.The spin-orbitcouplingconstantsverecalculatedrom fully relativistic numerical
(basis-free)atomic calculations:£(Ni) = 855.4cm™! and&(S) = 460.4cm~!. For comparisonGaus-
sian94[165] calculationsverealsoperformedusingthe B3LYP hybrid functionalwith anadmixedexact
Hartree-lBck (HF) exchangg95,96]. The hyperfinecouplingconstantsn this casearenon-relatvistic

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

4.3 Resultsand Discussion

4.3.1 Ni(mnt),

In the Bis(malenonitriledithitato)-nickelatgll1) comple (I, Figure4.l) the centralnickel atomis co-
ordinatedin a square-planaarrangemeniby four sulphuratoms(point groupDsy). Fromthe magnetic

resonancetudieson singlecrystals,the orientationof the principal axesof the hyperfinetensorA and
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the g-tensorwere obtainedin a molecule-fixed coordinatesystem. Maki et al. determinecdthe ori-
entationof the g- and%'Ni A-tensorsin magneticallydiluted single crystalsof the diamagnetichost
(n-BugN)o[Ni(mnt),] [149]. They foundthatg- and®!Ni A-tensorsarecollinear (within experimental
errorof 2-3°) andthatthe magneticaxessystemsn thecrystalarecoincidentwith the symmetryaxesof
thecomplex in thecrystal. A (3d,,)! electronicconfigurationwasinferredwith the z-axisperpendicular
to the molecularplaneandthe y-axis bisectingeachligand (seeFigure 4.1 top). This assignmenwas
later confirmedby EPRexperimentsof the 33S enrichedcomplex in singlecrystals[150]. The 23S hy-
perfinetensorhasaxial symmetrywithin experimentalerrorandthe uniqueaxiswasfoundto lie along
the molecularz-axis. The measuredhyperfinetensoris consistentith the g-tensoranalysisanda 3d,,
unpairedelectronwith significantdelocalizationinto sulphurligand p, orbitals[150]. Experimentalg-

andhyperfinetensorsaregivenin Tables4.2and4.3.

4.3.1.1 Geometrical Parameters

Table 4.1 comparescalculatedstructuralparametersvith averagedexperimentaldatafrom the X-ray

structureanalysig166]. With asmallbasisset(Basisll) thedeviationin bondlengthsis 0.07A for Ni—S

bondsand0.08A for S—Cbonds while bondanglesaresatisfctorily described Carbon-carborsingle

anddoublebondsaswell asC=N bondsarewell describeddeviation 0.01to 0.05A). A systematic
improvementin bondlengthsis obtainedwhenthe basissetis enlagedfrom double¢ to triple-¢ (basis
setll to IV) andwhenafurthersetof polarizationfunctionsis addedbasissetV). Theaveragedeviation

at the ZORA SR BP86/V geometryis 0.02 A in bondlengthsand 0.9 in bond anglesand therefore
agreeswith the X-ray structureanalysigo within experimentaluncertainty

Theeffect of (scalar)-relatiistic effectson the structuralparametersf Ni(mnt), is shavn by com-
paringscalafrelatiistic (SR) ZORA andnon-relatvistic (NR) geometries.Both calculationsusedthe
samefunctionalandbasisset. The Ni-S bondlengthsarereducedby 0.01A when SR effectsarein-
cludedin the ZORA Hamiltonian. The decreasén Ni—S bondlengthscausesanincreasen the S-Ni-S
bondangleform 91.70 to 91.9F when SR effects are considered.All otherbond lengthsand bond
anglesremainnearlyunafecteduponinclusionof sucheffects.

For comparisoralsocalculationswith the B3LYP hybrid-functionalareincluded. A large Gaussian
type orbital (GTO) valence-triple¢ basissetwith addedpolarizationfunctions(VTZP) wasused[167].
Hayes[127] very recentlyreporteda UKS B3LYP/6-311+G*geometryoptimizationof the Ni(mnt),
comple. His findingsfor the structuralparametersreessentiallyidenticalto our B3LYP/VTZP results
andarethereforenot givenhere. The B3LYP functionalprovesto be betterin thedescriptionof bonding

parametersf light elementsij.e. the C=C doublebond,the C-CN singlebondandthe C=N triple bond
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Table 4.1: Comparisorof experimentalandcalculatedstructuralparametersf Ni(mnt); .

Bondlengths(r) in A, bondangles(() in degree.

X-ray ZORASR ZORASR ZORASR NR NR
structure[166]  BP86/II BP86/IV BP86/V  BP86/V B3LYP/NVTZP
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(C=N) 1.13 1.181 1.169 1.167 1.168 1.156
( (S-Ni-S) 92.5 92.58 92.04 91.91 91.70 91.80
( (Ni-S-C) 103.0 103.39 104.23 104.45  104.43 103.61
((S-C=C) 120.0 120.32 119.74 119.59  119.73 120.49
((C=C-C) 121.0 122.59 122.75 122.89 122.84 122.44
((C-C=N) 179.0 179.02 178.71 178.77 178.70 178.57

areslightly more accuratelyreproducedby = 0.01A) comparedo the ZORA SR/V case. Ni-S and
S-Chbondlengthsare, however, too long with the B3LYP functionalwith respecto the datafrom X-ray
analysis. The hybrid functionalalsogivesslightly betterresultsfor bondanglesascomparedwith the

X-ray databut the differencesdetweerthe pure GGA andthe hybrid functionalarevery small (lessthan

0.8).

4.3.1.2 Electronic Structure and g-TensorCalculations

In the calculationsthe unpairedelectronresidesin the 5bs, orbital. A Mulliken populationanalysisof
this singly occupiedmolecularorbital (SOMO) yields only a 21% contritution of the Ni 3d,, orbital,
60%S 3p, orbitals,12%C=C2p, orbitalsand6% N 2p, orbitals. Theexactnumberswill dependnthe
basissetusedbut theoverall pictureremainsunchangedThe SOMOhasanodeonthe C=N carboratom
which contritutesto lessthan1%. Thehighesfully occupiednolecularorbital( HOMO-1)is madeup of
62%Ni 3d,,, 19%S 3p,, 11%C 2p, and5% N 2p,. Thelowestunoccupiednolecularorbital (LUMO)
consistsof 33%Ni 3d,,, 32%S 3p, and22%S 3p,. Uponelectrochemicatwo electronreduction the
SOMOwould be doublyandthe LUMO singly occupiedto yield the paramagneticomplex Ni(mnt)s -
[168].

Theg-valuesdeterminedy Maki etal. [149] andby Huyettetal. [151] differ in theg, andg, values
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(SeeTable4.2). The deviation alongg, (0.02)andalongg, (0.01)is probablydueto crystal packing
effects or interactionwith the hostlattice in the single crystal experiments[149] or solvent effectsin

the caseof thefrozensolutionmeasurementd 51]. Theg principal valuesfrom the mostrecentfrozen
solutionexperimentg151] areto befavouredbecauséhey providedthe basisfor the complex analysis

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

Table 4.2: Comparisorof calculatedandexperimentalg-tensorof Ni(mnt), . Ag; =0 - Qe, ¢ = X,Y,Z.

g-value
U 9y 9: Ag; [ppt]
exp. [149] 2.16 2.04 2.00 | 158 38 -2
exp. [151] 2.14 2.04 1.99 | 138 38 -12
ZORA SOBPS86/II 2.102 2.032 1.978 | 100 30 -24
ZORA SOBP86/IV 2092 2031 1976 | 90 29 -26
ZORA SOBP86/V 2094 2031 1976 | 92 29 -26
ZORA SOBP86/V+1s 2094 2031 1976 | 92 29 -26
ZORA SOBP86/Big 2101 2.033 1974 | 99 31 -28
SPTROKS BP86/II 2123 2.020 1.988 | 121 18 -14
SPTUKS BP86/II 2105 2.020 1.984 | 103 18 -18
SPTUKS BP86/I1 (£(S)=0) | 2.104 2.020 1.984 | 102 18 -18
SPTUKS BP86/I1 (£(Ni)=0) | 2.0024 2.0023 2.0023| 0.1 O 0

All calculationsvereperformedatthe ZORA SR UKS BP86/V optimizedgeometry

The orientationof the g-tensoraxesis alongthe symmetryaxesof thecomplex. SeeFigure4.1.

calculatedy-tensorcomponentgor Ni(mnt), . ThecalculationsusingtheZORA approacHor relatvistic
effectswith inclusion of spin-orbit couplingand a small basisset (basisll) yields g-valuesof 2.102,
2.032,1.978for g;, g, andg,, respectiely. The deviation of the calculationis largestfor the g,-
component(38 ppt), smallestfor g, (8 ppt) andintermediatefor g, (12 ppt) as comparedwith the
experimentalvalues. The extensionof the basissetfrom a double€¢ to atriple< basis(basislV) and
to onewith addedpolarizationfunctions(basisV) doesnot improve resultsbut slightly increaseghe
deviation of the calculatedg-tensorcomponentgrom the experimentalones. Patchlovskii andZiegler
alsoobsered suchanindependencef the DFT calculatedy-tensorsrom the basisset[143]. Increase
of the coreregion, obtainedby addinga furthertight 1sfunctionto basisV, doesalsonot improve the
g-tensorresults.Thisis dueto thefactthatthe g-tensoris a propertyof thevalenceelectrong142]. All

calculatedy-tensomrincipalvaluesaresystematicallysmallerthanthe experimentabnes. Thisis dueto
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thefactthatthe paramagneticontritution to the g-tensoris too smallwhichis alsoobseredin g-tensor
calculationof othertransition-metatomplees(M. Kaupp,personatommunication).

In orderto validatewhetherthe deviations of the calculatedg-tensorswere dueto the ZORA ap-
proach,a traditional second-ordeperturbationapproachwasalsoused(SPT).A restrictedopenshell
Kohn-Shancalculationin the SPTtreatmentgivesa g-tensorwith smallerdeviation alongg,, (17 ppt)
andg, (2 ppt) but larger deviation alongg, (20 ppt). The consideratiorof spin-polarizatioreffectsin
the perturbationtreatmenteadsto g-valuesof 2.105,2.020and 1.984and,again,comesvery closeto
the ZORA BP86/II results. The effect of spin-orbitcouplingis incorporatedn the second-ordepertur
bationapproachandthe ZORA formalism.Both give a very similar valuefor theinfluenceof spin-orbit
coupling[131].

It is known thatthe deviation of the g-valuefrom thatof the free electrong, is determinedy spin-
orbit couplingwhich givesthe unpairecelectronsomesmallangulamomenturmandthusaltersits effec-
tive magnetiomoment.The SPTmethodologyoffersthe opportunityto selectvely switchthe spin-orbit
coupling of differentnuclei on or off. The contritution of spin-orbit coupling by the nickel nucleus
aloneto the g-tensorcanbe obtainedby settingthe spin-orbitcouplingconstanpf the sulphurnucleus
to zero.In the SPTUKS BP86/11(¢(Ni)=0) calculationonly spin-orbitcouplingdueto the sulphurnuclei
is consideredAs expectedfor g, andg, isotropicvaluesof thefree electrong-factorareobtained.The
spin-orbitcoupling of the sulphurnucleionly contrilute to g, for which a maiginal deviation from g,
(2.0024vs. 2.0023)is obtained.From the comparisorof the SPTUKS BP86/I1¢(S)=0) calculationto
the SPTUKS BP86/Il calculationst is immediatelyclearthat 100%of the g, - andg,-valuesoriginate
from spin-orbit coupling of the nickel atom. The only slight reductionis obtainedfor g, (2.105vs.
2.104).

For Ni(mnt), , ZORA calculationswith a small basissetalreadygive g-tensormagnitudeand ori-
entationin satisfyingagreementvith the experimentalvalues. The agreementannotbe significantly
improved by enlaging the basisset. The absolutedeviation betweencalculationand experimentin-
creasewith the deviation from the free electronvaluewhile the relative error remainsaboutconstant.
Patchlovskii andZiegleralsoobsenedthatthedeviation betweercalculatedcandexperimentalg-tensors
increasedvhengoing from 3d to 4d and 5d transitionmetalcomplexes[143]. This givesanindication
of theaccurag of g-tensorcalculationsonecould expectin relatedwork on the active centreof [NiFe]
hydrogenasesFor the oxidized Ni(lll) Ni-B EPR spectrumwith g, , = 2.33,2.16,2.01 one might
getthelargestdeviation for g, (if the erroris strictly proportionalto the deviation from g, onewould
expecta deviation of up to 0.1) andbetteragreementor the g, andg, components Furthermore for

the comparisorof “gasphase”g-tensorcalculationsandexperimentdn singlecrystalsanagreemenof
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10-15%would alreadybe consideredsatisfying[126].

4.3.1.3 Spin Density Distrib ution and Hyperfine Interactions

Figure4.2 shavs contourplots of the unpairedspin densityat 0.003e/g. The spindensityis not fully
localizedat the centralnickel atom,but thefour surroundingsulphuratomscarry significantspindensity
in p, lobesorientedperpendiculato thehorizontalmirror plane.Thecarbonatomsof the carbon-carbon
doublebondalsobearunpairedspindensityin their r-bonds.In contrastthecarbonatomsof thecyanide
groupcarry no unpairedspindensitywhile the terminalnitrogenatomsexhibit a smalllobe of unpaired

spinin ap-orbital perpendiculato the planeof themolecule.

Figure 4.2: Views of theunpairedspindensitydistribution of Ni(mnt), at0.003e/g. Theleft view is along
theyz-planeof the complex with the z-axis comingout of the paperplane.In theright view, thecomple is
rotatedin the xy-planeby 90° andtilted by approx.20° out of the plane.

UnrestrictedZORA SRBP86/V calculationsyield total atomicspinpopulationsof 0.26atthe nickel
atom,0.16 at eachsulphuratom,0.02 at eachcarbonin the doublebond,-0.003at eachcarbonof the
cyanidegroupand0.01at eachN. The Ni-S4 corethusbears90% of the unpairedspin. This valueis
slightly largerthanthe onefrom BLYP/LANLDZ resultsby Huyettetal. [151], who found 75%, andis
closeto X« [152] calculationsvhere82%werefound. In thenon-andscalarrelatiistic calculationone
may discussatomic spin densitiesasthe differencebetweena and 8 electrondensities.In relatiistic
calculations,where spin-orbit coupling requiresspin mixing, the resulting SO-coupledstateswill no
longerbe purespinstates.Thiswill complicatetheinterpretatiorin atomicspindensitied132].

The high covaleny of Ni—S bondsand the significantdelocalizationof spin densityinto ligand
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orbitals might have a significantinfluence on the interpretationof EPR and ENDOR spectraof a
biological Ni-S centre,for instancein the caseof [NiFe] hydrogenasdor which large isotropic 'H
hyperfinecouplingconstantsvere measuredor 3-CH, protonsof a cysteineaminoacid adjacento a
nickel atom[169].

The singlecrystalexperimentsby Maki et al. [149] yieldedthe ' Ni hyperfinetensor It wasfound
to becollinearwith theg-tensomrincipalaxeswithin experimentakrror. Unfortunately the signsof the
principal hyperfinetensorcomponentgA;, = 45+ 6 MHz, A, =9 £ 3 MHz, A, = < 6 MHz) are
not known. From the measuredyperfineinteractionin liquid solutionis a;;, = +12.6+ 2.8 MHz. If
oneassumeshatthe A,, componenis zero,oneonly arrivesat two possibilities: Choicel, whereall
tensorcomponentgirepositve: Ay; yy .. = (+45,+9, 0) MHz yields a;5, = +18 MHz andfor the purely
anisotropiccomponent®\' ;5 .y ., = (+27,-9, -18) MHz. Choicell: Ay 4y .. = (+45,-9, 0) yieldsa;,, =
+12MHZ, A’ 35 4y, = (+33,-21,-12). EstimatesvhereA ., is smallbut not zero,do notfundamentally
changethe discussiorof theresults. A discriminationbetweerthe two combinationsanbe doneon

the basisof calculationsof the (anisotropic’!Ni hyperfineinteraction(seeTable4.3).

The analysisof naturally abundant?3S satellitesyielded an axial 33S hyperfinetensor(A., = A,
=42.8MHz, Az, = Ayy = A = 13.6 MHz). Two choicesof the signsof the hyperfinetensorwere
discussedn ref. [150]. I: All signsare positive, the isotropicvalueis 23.3 MHz andthe anisotropic
valuesA' ;; vy 2. (-9.7,-9.7,19.5)MHz. II: A | = A, = Ay, is negative, thentheisotropiccouplingis
5.2 MHz andthe anisotropichyperfinetensorA’;; ., ., = (-18.8,-18.8,37.6) MHz. The atomicspin
populationat the sulphurwas estimatedfrom the uniaxial hyperfinetensorand using the theoretical
atomicvaluesof Morton and Preston[159] to be between0.13 (A andA | samesign)and0.26 (A,
andA | oppositesigns)[150]. This agreeswith the picturein which a 3p, orbital occupatiorinducesa
polarizationof the Ni—S o orbitals. Fromthis, oneexpectsa smallisotropichyperfineinteraction. The

largervalueof 23.3MHz, however, appearsinrealistic.

Table 4.3 shavs a comparisorof experimentaland calculatedhyperfinetensorsof Ni(mnt), . For
the experimentaf!Ni and?3S hyperfineinteractionsa plausiblechoiceof signsof the hyperfinetensor
componentsvas made(seeabove). In the caseof '3C and N nuclei the choiceof hyperfinetensor

signsfrom ref. [151] is given (which provedto be in agreementvith the calculations).All calculations

IAssumingthatA ., takesthelargestvalue(6 MHz) onehas:!: All tensorcomponentpositive yieldsa;, = +20 MHz and
Aczyy,z2 = (125,-11,-14) MHz II: Azz,yy,z2 = (+45,+9, -6) MHz yieldsa;s, = +16 MHz andanisotropicA’ zz,yy,-» = (+29,
-7,-22) MH2). l: Agg yy.22 = (+45,-9, -6) MHz yieldsaso = +10MHZ, A 4s g2z = (+35,-19,-16) MHZ. IV: Ay 4y 2z =
(+45,-9, +6) yieldsa;so = +14MHz andA’ 45, yy,.. = (+31,-23,-8) MHz.
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weredoneat the unrestrictedSR ZORA geometry(seeTable4.1). For meansof comparisoralsospin-
unrestrictedB3LYP calculationwith a valence-triple¢ basissetwith polarizationfunctionsgiven by
Schaferetal. [167] wereperformed.

SRROKS calculationgyield reliableanisotropichyperfinetensoravhile theisotropichyperfineinter
actionis not trustworthy sincethe effect of spin-polarizatioris not considered For 6 Ni, the calculated
anisotropichyperfinetensordeviatesby afactorof two for the anisotropichyperfinetensorcomponents
Az, A'yy. Theagreemenfor A',, is muchbetter Spin-polarizedZ ORA SR calculations(SR UKS)
yield anisotropichyperfineinteractionof +18.60MHz for ' Ni which nicely correspondso anexperi-
mentalvalueof +18 MHz (choicel). The effect of spin-polarizatioron the anisotropichyperfinetensor
componentss lesspronounced.A’,, andA’,, areincreasedy approx. 4 MHz in absolutenumbers
uponconsideratiorof polarizationeffects,whereasheeffecton A’ is very small. Still, the agreement
with experimentaldatais far from satisfying. Non-relatvistic UKS B3LYP calculationswith a VTZP
basissetgive similar numbersbut the agreementvith experimentaldatais even worse. This obvious
discrepang which wasalsoobsered by Hayes[127] led the authorto the pessimisticconclusionthat
densityfunctionalcalculationson Ni(mnt), areunableto reliably assignthe signsof the 6! Ni hyperfine
tensor The disagreementith experimentaldata,however, is not dueto deficiencieof eitherthe basis

setor thefunctionalbut dueto a systematiaeglectof spin-orbitcouplingasshavn below.

The spin-orbitcoupling manifeststself asa pseudocontaatontritution to a;5, anda second-order
contrikution to the anisotropichyperfinetensor[77,79,80,87,128]. The effect of spin-orbitcouplingis
very large for nickel. Theinclusionof spin-orbitcouplingeveninvertsthe signof thea;;, (Table4.3). It
mustbe keptin mind thata considerablgartof this differenceis dueto the ngglectof spin-polarization
in the spin-orbitcoupledequations.A betterestimateof the effect of spin-orbitcouplingcanbe made
if the spin-restrictedSR resultsand thoseincluding spin-orbit coupling are compared. This gives an
effect of spin-orbitcouplingof approximatelyl5 MHz. Whenisotropichyperfineinteractionsareto be
calculatednestill hasto resortto spin-polarizeUKS) SRZORA valuesuntil spin-polarizedpin-orbit

couplingcanbetreatedn the ZORA Hamiltonian.Thiswork is in progress.

The influenceof SO couplingon the anisotropichyperfinetensor(secondorder contritution) can,
however, calculatedvery calculatedn theZORA approachTheabsolutesignsof the anisotropichyper
fine interactionareretaineduponinclusionof spin-orbitcouplingbut theirmagnitudds decreaseby 22
MHz, 16 MHz and6 MHz for A’ ., Ay, andA’,,, respectiely whencomparingSRROKS andSR+SO
ROKS calculations.The lower hyperfinevaluesagreeto within afew MHz with the experimentalones
of Choicel. If oneassumeshatthe effect of spin-polarizatioron the spin-orbitcoupledanisotropichy-

perfinetensoris the sameasfor the scalafrelativistic anisotropichyperfinetensorthenthe effect canbe
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estimatedo increase\';, andA'’,, by approx.4 MHz andleave A',, unchange@ndthusgive a perfect
agreementvith the Choicel of signsof the hyperfinetensor

Theotherchoice(Choicell) of thesignsof theexperimentaP!Ni hyperfinetensorscanthereforebe
ruled out on the basisof our ZORA calculations.Neitherisotropic(from the spin-polarizedSR ZORA
calculation)nor SO-coupledanisotropichyperfinetensorssupportthis possibility

Our findingsindicatethat the inclusion of spin-orbitcouplingis an absolutenecessitywhentrying
to calculatethe hyperfineinteractionof a transitionmetalion. The influenceof SO coupling on the
anisotropic®'Ni hyperfineinteractionreducesit by a factor of two and bringsit to within excellent

agreementvith experimentalalues.

For the 23S hyperfineinteractionin Ni(mnt); , the effect of spin-orbitcouplingis lesspronounced
thanfor the 5'Ni nucleusbut still noticeable.ZORA SR UKS calculationsgive an isotropic hyperfine
interactionof +3.11MHz which corresponds$o the choiceof experimentalsignsll ( ag, = +5.2 MHZz).
Choicel would leadto an unrealistichigh value of +23.3 MHz which canalsonot be reproducecy
the calculations.Furthermorethe calculatedchyperfineinteractionof (-15.79,-14.38,+30.16YIHz sup-
portschoicell whereashe anisotropichyperfinetensorcomponentf choicel appearoo low. The
effect of spin-polarizatiorbecome®bviouswhencomparingrestricted ROKS) andunrestricted UKS)
openshell SRZORA calculations.Spin-polarizatiorleadsto anincreaseof A’ ;;, Ay, andA’,, in ab-
solutemagnitudeby 2.3, 1.2 and 3.5 MHz, respectiely. The agreementvith the experimentalvalues
is improved. ZORA calculationswith spin-orbitcouplingyield an a;,, valueof only 0.19 MHz. The
anisotropichyperfinetensordoesnot changemuch uponinclusionof spin-orbitcoupling (changedie
within 0.5 MHz). If the effect of spin-polarizatioris taken from the SR calculations yaluesto within
0.5 MHz of the SR UKS can be estimated. The isotropic hyperfineinteractionof 33S is dueto spin
polarizationandyieldsa smallbut detectablésotropichyperfineinteraction.

For the 13C hyperfineinteractionin the C=C double bond, ZORA SR UKS calculationsyield
isotropic and anisotropichyperfine interactionsto within 0.5 MHz of the experimentalones. The
importanceof spin polarization again is illustrated by comparing restricted and unrestrictedSR
calculations. Spin polarizationreducesthe anisotropichyperfinetensorcomponentsy 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 '3C isotropic hyperfineinteractionbut the anisotropicpart is
less well reproduced(seealso [127]). The experimental'*C hyperfinetensorwas assumedo be

collinear with the g-tensor principal axes system. Only in this coordinatesystemthe tensoris of
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uniaxial symmetry The deviation of the calculatedanisotropic hyperfine tensorfrom uniaxiality
is indeedsmall. The orientation, however, is not collinear with the g-tensor principal axes system

but rotatedby 6° from thex- andy-axes.A’,, is alongtheg,-axis. Thiswasalsonoticedby Hayeg127].

The caseof the 13C nucleusof the cyanidegroupis moredifficult. The negative isotropichyperfine
interactionis well reproduceddy unrestricteccalculationg(-2.47 MHz calculatedvs. -2.9 MHz exper
imental). All theoreticalcalculations however, agreethat A’ is negatve andA’,, positive while the
simulationof the experimentalspectrayieldedA’ ., andA’y, bothof positive sign. Theoryandexper
imentagreethatthe componenperpendiculato the molecularplane,A'’,, is negatve. Onemustbear
in mind that the experimentalvaluesgive the hyperfinetensorin the g-tensors principal axes system,
e.g.g- andA areassumedo becollinear The calculationsyield the diagonalizechyperfinetensorin its
own principalaxessystemA’ ., A'yy, A, Whichis not necessarilicollinearwith the g-tensor In fact,
A’ andA'y, arerotatedby 30° from therespectre g-tensorprincipalaxesandA’ ,, is alongg, (similar
valueswereobtainedby Hayes[127]).

Forthe!*N hyperfineinteractionsof the CN groupspin-polarizedUKS) ZORA SRcalculationgyive
excellentresults.Thedeviation from theexperimentalaluesis lessthan0.5 MHz for bothisotropicand
anisotropiccontributions. B3LYP calculationsgive slightly bettervaluesfor the anisotropichyperfine
interactionof the '*N nucleus Thenumberggivenin [127] for theexperimentirom ref.[151] correspond
to the experimentalvaluesfor the >N nucleusandhave to be correctedby theratio of the 15N and N
Larmorfrequencieg1.403). For a cyanidegroupone expectsa nearlyaxial quadrupolgensorwith its
largestcomponenglongthe C=N triple bond. Thecalculated*N (I = 1) quadrupold@ensoragreesvell
with the experimentalvalues. The deviation from experimentalvaluesmight be dueto environmental
effectsin frozensolution. The calculatedquadrupolgensorhasits smallestcomponeniperpendicular
to the molecularplane(0.85MHz) andits largestcomponen{(-2.09 MHz) alongthe C=N triple bond.
The third component(1.23 MHz) lies in the molecularplaneandis perpendiculato the C=N bond.
This orientationwasalsofound experimentallyby Huyettetal. [151]. Thethoroughanalysisof pulsed-
ENDOR and ESEEM databy simulationof the experimentalspectraand the assignmenbf absolute

signs[151] of the hyperfinetensords confirmedby our calculations.

For meansof comparisona calculationusingthe popularB3LYP functionalanda valence-triples
basissetwith polarizationfunctions(VTZP) of Schaferetal. [167] wasalsoperformed.The geometry
of the ZORA SR UKS BP86/V (Table4.1) calculationwasused. The hyperfineinteractionswvere cal-
culatedusinga non-relatvistic, first-orderapproach(seefor example[122-124]). Strictly speakingthe

comparisorcanonly bemadewith spin-polarizedscalarelatiistic ZORA calculationsvherespin-orbit
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couplingis not considered Theisotropic®' Ni hyperfineinteractionis of positive sign andsignificantly
larger thanthe ZORA SRvalue. This may be dueto the differentdensityfunctionalsor basissetsused
in the calculations.Gaussiarbasisfunctionsdo not correctly describethe cuspregion nearthe corein
contrasto the useof Slaterbasisfunctionsin ADF, which meanghatoneneedanoreGTOsthanSTOs
in the basissetto obtainthe sameaccurag?. The signsof the anisotropichyperfinetensorcomponents
arereproducedn theB3LYP calculationsut thevaluesarelargerthanthecorresponding ORA values.
This deficieny is dueto the neglect of spin-orbitcouplingasshavn abore. For all othernuclei, the
absolutesignsof thetensorcomponentagreewith the ZORA results. The agreemenis of the orderof
afew MHz or lessbut the B3LYP functionaldoesnot represena systematiémprovementover the pure
GGA functional. This obseration was also madeby Munzarawa and Kauppwho comparedall usual
GGA andhybrid functionalsin the calculationof transitionmetalhyperfineinteractiong126].

To summarize ZORA calculationsyield hyperfineparameterdor all (light and heary) atomsin
Ni(mnt), in goodagreementvith experimentalvalues. The ambiguityof the signsof the 33S and®! Ni
hyperfinetensorouldberesohedonthebasisof our ZORA calculations.The calculationssupportone
specificchoiceof signsof the hyperfinetensorcomponentsSpin-orbitcouplingplaysanimportantrole
in thecalculationof heary elementanisotropichyperfineinteraction.Theisotropichyperfineinteraction
muststill betakenfrom a spin-polarizedSRZORA calculation.

In the oxidized statesof the [NiFe] hydrogenasethe EPR signalalsooriginatesfrom the Ni metal
aloneaswas shavn by ®'Ni enrichment{64]. The Fe metalin the active centredoesnot contritute
to the EPR spectrum. The hyperfineinteractionof the ' Ni enrichedhydrogenasdérom Desulfwibrio
gigasin the oxidizedNi-B stateshaws a hyperfinesplitting of 6 to 17,6 to 17, and 76 MHz alongthe
g-tensorcomponents),;, g,y andg,, respectiely [45]. The hyperfineinteractionis thusof the same
orderof magnitudeasin Ni(mnt), andthe spinpopulationatthe Ni nucleusin [NiFe] hydrogenasean

be expectedto besimilar to thatin this modelcomplex Ni(mnt), .

“NR BP86/VTZP calculationswith a GTO basissetyielded a;s,(°'Ni) = +69.85MHz. The differencebetweenspin-
polarizedSRZORA andNR BP86calculationsstill liesin thedifferentbasissets(STOsvs. GTOs)and/orthe consideratiorof

scalarmrelativistic effectsin the ZORA Hamiltonian.
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Table 4.3: Experimentabndcalculatechyperfineandquadrupolgparametersf Ni(mnt); in MHz.

Nucleus exp. SRROKS SRUKS SO+SRROKS UKSBS3LYP
exp. ref. BP86/V+1s BP86/V+1ls BP86/V+1s VTZP
61Nje [149] as, +18 -0.12 +18.60 -15.03 +30.82
A, +27 +47.15 +51.93 +25.87 +66.92
Ay -9 -23.53 -24.03 -7.88 -28.52
A, -18 -23.85 -27.35 -17.99 -38.40
33gb [150] 850 5.2 +0.12 +3.11 +0.19 +7.20
A,, -188 -13.49 -15.79 -13.81 -18.46
Ay, -18.38 -13.15 -14.38 -12.65 -15.32
A.. +37.6 +26.65 +30.16 +26.45 +33.77
1BC=C* [151] a0 -2.1 +0.003 -1.63 +0.11 -2.32
A, -25 -3.49 -2.95 -3.09 -2.09
Ay, -25 -3.15 -2.63 -3.26 -1.49
A,. +50 +6.65 +5.59 +6.37 +3.58
IBCNe [151] &y, -2.9 -0.001 -2.47 +0.01 -1.95
A,, +0.33 -0.31 -0.25 -0.51 -0.50
Ay, +0.13 +0.81 +0.80 +0.83 +0.62
A,. -047 -0.50 -0.54 -0.31 -0.12
14Ne [151] a5 +0.39  +0.001 +0.15 +0.007 +0.15
A, -0.26 -0.72 -0.59 -0.73 -0.40
Ay, -0.29 -0.60 -0.47 -0.59 -0.22
A ., +0.55 +1.33 +1.05 +1.31 +0.62
Q,, +0.85 +0.86 +0.85 +0.86 +0.41
Q,y +1.10 +1.23 +1.23 +1.23 +1.80
Q.. -1.95 -2.09 -2.09 -2.09 -2.21

8;s, IS theisotropic(Fermicontacthyperfineinteraction A’ ;; ¢ = X,y,zaretheanisotropichyperfinetensorcompo-
nents.a Only Choicel of the signsof the experimentahyperfinetensorcomponentss given(seetext for details).
b Only Choicell of theexperimentahyperfinetensorcomponentss given(seetext for details).
¢ Theabsolutesignsof the experimentatensorsarefixedassuminga 2p, spinpopulation[151].

Thebestagreementswith experimentalaluesaregivenin bold font.
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4.3.2 Ni(CO);H

In Ni(CO)sH (Il Figure4.1) thecentralnickel atomis coordinatedby threeCO ligandsin the equatorial
planeandaxially by ahydrogeratom(Cs,, symmetry).Formally, thecomplex maybedescribeditheras
aNi(l) with aH~ bound((CO)-Ni()-H ~) or asa Ni(0) with ahydrogenatombound((CO);-Ni(0)-H)).
In the thoroughanalysisof the krypton matrix EPR spectrumMorton and Prestonconcludedthat the
structureof the comple is bestdescribedas (CO);-Ni(l)-H~ [170]. While the oxidized statesof the
hydrogenasareusuallyreferredto asNi(lll), thetwo electronmorereducedorm Ni-C mightbea Ni(l)
speciesSinceNi-C is anintermediaten the catalyticprocesseitheraHy molecule,oraH™ or H™ are
supposedo be boundto the Ni. Ni(CO)3H thereforerepresentsa goodmodelfor the calculationof the
magnetiacesonanc@arametergor sucha bondingsituation.

For Ni(CO)3H thereis no X-ray structureavailable. The comparisorof calculatedstructuralparam-
etersis thereforemadewith DFT calculationsby Munzaraa and Kaupp [126] who usedthe B3LYP

functionalwith a relatwvistic pseudopotentidior Ni. Table 4.4 compareghe calculatedstructuralpa-

Table 4.4: Comparisorof calculatedstructuralparametersf Ni(CO);H. Bondlengths(r) in A, bondangles

(¢) in degree.

ZORASRROKS ZORASRUKS NRUKS | 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=0) 1.150 1.149 1.150 1.135
{ (H-Ni-C) 90.87 90.93 89.90 90.87
{ (Ni-C=0) 173.19 173.79 172.38 171.29

rameterof Ni(CO)3H in the ZORA approachat the scalafrelativistic (SR) level usinga large basisset
(basisV) with thoseusing a relatvistic effective core potential ( RECP)[126] and non-relatvistic all
electroncalculations.NR calculationsagreewell with the B3LYP/RECP(Ni)calculationsin the Ni—H
bondlength(1.502vs. 1.512,&). TheNi—C bondlengthis shorterby 0.027A in the NR calculationand
sois the C=0 bondlengthby 0.015A. Thedifferencein bondangless only = 1 degree.Theinfluence
of scalarrelatistic effects canbe obsered by comparingnon-relatvistic ADF calculationswith SR
ZORA calculations.They aremanifestedn areductionof the Ni-H bondlengthby 0.007A andof the
Ni—C bondlengthby 0.017A. TheeffectontheC=0 bondlengthis almostnegligible. Dueto theshorter
Ni—H andNi—C bondsthe H-Ni-C andNi—C=0 bondangleswiden by 0.4 degrees.The importanceof
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spin-polarizatiorfor structuralparameterss highlightedby comparingrestrictedopenshellKohn-Sham
andunrestrictedkohn-Shanscalasrelativistic ZORA calculationgTable4.4). Spin-polarizatioreads
to anincreasen Ni-H bondlengthby 0.01 A while all other structuralparametersemainnearly un-
changedIn general SRUKS ZORA calculationsagreewell with thoseusingthe B3LYP functionaland

arelatiistic corepotential. Spin-polarizatioris importantfor the descriptionof the Ni—H bond.

4.3.2.1 g-Tensorand Hyperfine Interaction

The EPRspectrunof Ni(CO)3H wasmeasuredn a kryptonmatrix by Morton andPrestor{170]. They
found an axial g-tensorwith g, = g, = 2.0674andg, = gz = gyy = 2.0042. The orientationof the

g-tensoris g alongthe z-axisandg, in the zy-planeof the complex (seeFigure4.1). Table4.5gives

Table 4.5: Comparisorof ZORA calculatedandexperimentaly-Tensorof Ni(CO)zH.
AGi=0i-Qe,i=1,]

g-value
gL off Ag; [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)sH. All calculatedvaluesare smallerthan
thecorrespondingxperimentalalues.For thesmalldouble¢ basis(basissetll) thedeviation of the g,
components 4 pptfrom theexperimentalvalueandfor g, it is 20 ppt. A betterdescriptiorof thevalence
electrongdoesnot significantlyimprove theresults. Theincreasds only 1 pptin g, . Theadditionof an
extratight 1sfunctionalsoonly maginally improvestheresults.

Figure 4.3 shavs a contourplot of the unpairedspin densityat a value of 0.003e/g. The contour
plot shaws that the spin densitydistribution is of centroidsymmetry The form of the spin densityat
the Ni resembleghatof ad,» orbital. A Mullikenanalysisyieldsatomicspin populationsof p(Ni) 0.48,
p(H) 0.22, p(C) 0.06 and p(O) 0.04. The contribution of the atomic orbitalsto the 13A; SOMO are
asfollows (arrangedy decreasingercentage)24% 3d,» (Ni), 21%4p,(Ni), 19% 2p,(C), 17% 1s(H),
14%2p,(0), and4% 2s(C).Thisindicateshatthe 4p, of theNi contrikutessignificantly
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Figure 4.3: View of the UnpairedSpin DensityDistribution of Ni(CO);H at0.003e/g.

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. Consequentlythe 'H hyperfinestructurecould be resohed in the Kr matrix
EPRspectrd170]. Thehyperfineinteractionis dominatedoy a very largeisotropichyperfineinteraction
a5, Of 293 MHz while the uniaxialanisotropidnteractionis only 5.5 MHz.

Table 4.6 compareshe $'Ni and'H experimentalhyperfineinteractionswith ZORA calculations
at variouslevels of theory and non-relatvistic B3LYP calculationsby Munzarwa and Kaupp [126].
The comparisonis only madewith the resultsusingthe B3LYP functionalbecauset is the one most
frequentlyusedin DFT investigationsof transitionmetals. The ZORA SR UKS BP86/V optimized
geometryof Table4.4wasused.

ThebINi isotropichyperfineinteractionis well reproducedy unrestricted UKS) SR ZORA calcu-
lationswhereaghe B3LYP functionaloverestimatesheisotropiccouplingconstanby afactorof three.
Theinclusionof spin-polarizatiomeduces\' | andA’|; by 2 and4 MHz indicatingonly amoderatesffect
of polarization.SOcouplingreducegheanisotropiccouplingby 5 and10MHz for A", andA’||, respec-
tively, whencomparingSR ROKS and SO + SR ROKS calculations.The effect is wealer thanin the
caseof Ni(mnt), becaus¢he SOMO consistshereof p, andd,» orbitalsattheNi. If theassumptiorof
similar spin-polarizatiorfor SRandSO-coupledtalculationsholds,theagreementvith theexperimental
valuesis perfect. A’ would be broughtdown to 44 MHz andA’|| to 88 MHz by spin-polarization.The
resultinganisotropictensoris in excellentagreementvith the experimentalvalue and superiorto the
resultsby Munzaraowa andKaupp[126]. (The BP86valuesby Munzarowa andKaupp[126] arein close
agreementvith our values. Still, the isotropic coupling constantis overestimatedy a factor of two.)
Theisotropichyperfineinteractionof theNi changegrom +10.10to -18.70MHz uponinclusionof spin-

orbit couplingandngglectingspin-polarizationThis large effect of -28.8 MHz agrees/ery well with the
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Table 4.6: Comparisorof experimentaland calculatechyperfineand quadrupolenteractionsn Ni(CO)sH
in MHz.

Nucleus exp. SRROKS SRUKS SR+SOROKS | B3LYP/DZPD(Ni),
[170] BP86/V+1ls BP86/V+1s BP86/V+1s| IGLO-IIl [126]
61N Qg0 +9.0 -9.94 +10.10 -18.70 +33.3
A, +440 +50.88 +48.56 +45.76 +56.9
A,  -880 -101.75 -97.11 -91.52 -113.8
QL -4.1 -4.4 -4.1 -4.4 /
Qi +8.2 +8.8 +8.2 +8.8 /
'H &5, 1292.8 +276.54 +335.58 +275.25 +208.0
AL -5.50 -4.05 -2.68 -4.21 -3.15
Ay +11.10 +8.11 +5.36 +8.42 +8.43
13C Qiso +20.75 +7.61 +20.74 +5.10
Az -5.46 -5.71 -5.59 -5.50
Ay, -1.34 -2.60 -1.19 -3.20
A +6.80 +8.31 +6.79 +8.70
170 Aiso -1.31 -3.72 -1.35 -3.70
A, +7.92 +8.60 +8.00 -8.70
Ayy +6.98 +6.99 +6.83 -5.30
A, -14.90 -15.59 -14.83 +14.0

Calculationsvereperformedat the ZORA SRUKS BP/V geometry(seeTable4.4).

Bestagreementwith experimentalaluesaregivenin bold font.

estimatedvalue of spin-orbitcouplingby Munzarawa andKaupp[126] who usedan empiricalformula
by AbragamandPryce(seeref. [79]) andobtained-26.8MHz. This effectis overestimatedsincein our
calculatedeffect alsospin-polarizatioris neglected.A comparisorof the SR ROKS resultswith the SR
UKS resultsshavs thatspin-polarizatioreffectsalreadyexplainfor alarge partthe calculatedifference.

Becauseof the cylindrical spin density distribution (see Figure 4.3) one expects the largest
quadrupoleinteractionof the $'Ni nucleus(l = 3/2) to be along the Ni-H bond and smallervalues
perpendiculato it. This is found experimentally: Q = 8.2 MHz andQ, = -4.1 MHz. Thesenum-
bersareexactly obtainedfrom a spin-polarizedSR calculationwhile non-polarizectalculationsslightly
overestimatahe parallelvalueandunderestimatéhe perpendiculavalue.

The'H isotropichyperfineinteractionis overestimatedhy SRUKS calculationdy 43 MHz andalso
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the anisotropicpartis not very well describeddeviation 3 and6 MHz). It is in particulartheisotropic
componenthat is mostsensitve to spin polarization. The calculatedB3LYP 'H value by Munzarwa
andKaupp[126] deviatesfrom the experimentalalueby 85 MHz but into the otherdirection(208 MHz
calculatedvs. 293 MHz measured) A comparisorof the spin-restrictedROKS) SR resultsandthose
including spin-orbit(SR + SO ROKS) couplingshaws thatthe effect of spin-orbitcouplingis smallfor

thelH nucleus.

For the 13C and'7O nucleithereareno experimentalvaluesavailable. Here,a comparisoris made
with the calculatedB3LYP valuesby Munzarowa andKaupp[126] which arealsoincludedin Table4.6.
For the 13C nucleusthe agreemenbetweenSR UKS ZORA andnon-relatvistic B3LYP calculationss
very good. Thedifferencen theisotropichyperfineinteractionis 2.5MHz atmost. In thecaseof 170, in
contrastthe SRUKS calculatedsignsof the anisotropichyperfineinteractionareinvertedwith respect
to the valuesby Munzarwa and Kaupp (seeTable 4.6). The calculationwas repeatedusing the SR
ZORA BP/V geometrya VTZP basissetby Schaferetal. [167] andthe B3LYP hybrid functionalin the
Gaussian9grogram.The obtainedvaluesare,in generalyery similar to thatof Munzarowa andKaupp
and are thereforenot given here. The only notevorthy differenceis in the 7O hyperfineinteraction.
The isotropicpartin our calculationis g, = -4.35MHz andthe anisotropicpart A’ ;. 4y .. = (+9.64,
+6.11,-15.75)MHz. Our findingsof the absolutesignsof the anisotropichyperfineinteractionarein
agreementvith our ZORA resultsand contradictthe signsgiven by Munzaraa and Kaupp. This may
bedueto atyping errorin theirmanuscript.The effect of spin-orbitcouplingis very smallfor ligandsin
the molecularzy-plane. The anisotropicpartof the hyperfinetensorof the 13C and”O nucleiremains

nearlyunchangediponinclusionof SOcoupling.

It shouldbe mentionedasan asidethatthe popularB3LYP functionaldoesnot necessariljfeadto
animprovementin the calculationof hyperfineparametergomparedo pure GGA functionalsaswas

alreadystatedby Munzarowa andKaupp[126] andby Hayes[127].

The Ni-C stateof the [NiFe] hydrogenasés two electronsmore reducedthanthe oxidized states,
andmightformally correspondo a Ni(l) speciesThe obsenationof the Ni-C EPRspectruncorrelates
with the catalyticactivity of theenzymeg45] andis thusassignedo beanintermediatén the heterolytic
cleavage of molecularhydrogen. For the Ni(l) in Ni-C a 3d,» groundstateis sometimesdiscussed
[65,69,70]. As shavn here,a hydrideaxially boundto aNi 3d,» orbital would leadto amuchlarger 'H
hyperfinecouplingthantheoneobsenedin hydrogenas€l6-20MHz [69,70]). Suchabondingsituation
seemghereforeto be unrealisticin the Ni-C state[12]. A hydrideion boundto nickel in the xy-plane

can,however, notbeexcluded.
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4.4 Conclusion

The calculationof magnetiacesonanc@arametergrom first principlesoffersa straightforward routeto
the comparisorof experimentalandtheoreticalvaluesfor transitionmetal compleces. The detourvia
atomicspinpopulationdgs nolongerrequired.

Theaccurag of theZORA formalismto calculatethe magnetiacesonanc@arametersf nickel con-
tainingmodelcomplexesbothin the Ni(lll) andNi(l) oxidationstatesvasdemonstratedThe hyperfine
tensorscanbe computedrelatively accuratelywhereaghe agreemenin g-tensorss lessgood. Effects
of spin-orbitcouplingmaybelargefor boththe calculatedsotropicandthe calculatedanisotropiametal
hyperfineinteractions.The effectson the ligand hyperfineinteractionsarein generamuchsmaller

In the caseof Ni(mnt), , the calculationshelpedto resolve ambiguitiesin the choiceof signsof the
6INi and?33S nuclei. The unpairedelectronwasfound to residein the 5hy, orbital consistingmainly
of theNi 3d,, orbitalandS 3p, orbitals. The covalentbondingleadsto a delocalizationof 64% of the
spin populationinto sulphurligand orbitals. This large Ni—S bondcovaleng is animportantresultand
hasto be taken into consideratiorin the interpretationand analysisof ENDOR datafrom the [NiFe]
hydrogenases.

In Ni(CO)3H, ahydrideion is boundaxially to a hybrid Ni 3d,2, 4p, orbital. Thelarge hyperfinein-
teractionof the hydrogerrulesout sucha bondingsituationfor the Ni-C stateof the[NiFe] hydrogenase.
An in-planeboundhydridecan,however, notberuledout.

The ZORA formalisms accurag andcomputationakfficienoy holdsgreatpromisefor the elucida-
tion andinterpretatiorof EPRandENDOR dataof Ni complexesin biological systemsandotheractive

centresn metalloenzymes.
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Chapter 5

The Electronic Structur e of the
Paramagnetic Statesof [NiFe]

Hydrogenase

5.1 Intr oduction

The active centreof the [NiFe] hydrogenaseonsistsof a heterobimetallioNi-Fe cluster The Ni and
Fe atomsare bridgedby sulphuratomsof two cysteineaminoacids. In addition,therearetwo further
cysteinesasterminalligandsto the Ni atom(seeFig. 5.1). D. gigasandD. vulgaris Miyazaki F [NiFe]
hydrogenasedisplayidentical EPR spectra[39]. The detailsof their active centreq27,28,171] with
regardto the natureof the bridgingligand X andtheidentificationof thethreenon-proteirigandsto the
FeatomarecontroserselydiscussedThe electrondensitypeakin the oxidizedstatesetweerNi andFe
wastentatiely assignedo anoxygenspeciesn D. gigas[27] andto a sulphurspecieD. vulgaris[28].
Recentlyliberationof HyS uponreductionof D. vulgariswasreported172] indicatingthe presencef
a sulphurligandin this species.Furthermoretherearethreediatomic, non-proteinligandsterminally
boundto the Fe. In the caseof the [NiFe] hydrogenasérom Allochromatiumvinosumthey have been
identifiedto be 1 CO and2 CN ligandsby FTIR spectroscop [51] and chemicalanalysis[173]; and
by FTIR spectroscopfor D. gigas[27]. In D. vulgaris Miyazaki F two CO, andone SO ligand were
postulatedrom X-ray crystallography28].

Recently a high resolutionX-ray structure(1.4 A resolution)of the reducedenzymefrom D. vul-
garis Miyazaki F waspublished[174] in which removal of the bridgingligandin thereducedstatewas

reported.Therewereno significantchangesn thebondingparameterassociatedvith this reduction.
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DensityFunctionalTheory(DFT) calculationshave alreadybeenappliedto [NiFe] hydrogenasely
Pavlov et al. [71] who have proposeda reactionmechanisnfor the dissociationof molecularhydrogen
by [NiFe] hydrogenaseslhe emphasisn this work wason the activation of Hy by theenzyme.The Fe
was proposedo bethe site of Hy binding. In their work, the electronicgroundstatewasnot correctly
calculatedmakinga comparisorwith experimentaldatadifficult. In a subsequenpublication[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 reportedspin populationswverenotin goodagreementith experimentaldata(see
belav). Later, Niu etal. [75] characterizedhe intermediatestatesof the [NiFe] hydrogenaséy their
CO stretchingfrequenciesut no atomicspinpopulationsverereported Amaraetal. suggeste@tomic
compositionsfor the Ni-A and Ni-C paramagnetistatesbasedon QM/MM calculations[76]. The
obtainedspinpopulationshowever, seemguestionablelueto large contritutionsfrom higherspinstates
(seebelaw).

In thischapte DFT investigationgerformedonthedifferentparamagnetistatesof theactive centre
(Ni-A, Ni-B, Ni-C) arereported.Seseralcandidategor thebridgingligandaresuggeste@ndthediffer-
entparamagnetistatesaretracedbackmainly to modificationsof this bridgingligand. Someaspect®of
the non-proteinligandsat the Fe atomarealsodiscussedThe proposedatomicstructuresof the active
centrein thedifferentparamagnetistatesarein agreementvith experimentakesultsderived from EPR
and ENDOR spectroscop This yields an understandingt the atomisticlevel of the Ni-A, Ni-B and
Ni-C states.The obtaineddatafor thesestatesform the basisfor establishinga reactionmechanisnfor

theactivation of hydrogerby [NiFe] hydrogenases.

Figure5.1: Schematigictureof theactive centreof [NiFe] hydrogenas&om D. gigas Thediatomicligands
arel COand2 CN asshavn [27], in D. vulgaris1 CO, 1 CN, and1 SO arepostulated28]. The bridging
ligand X is eitheranoxygen(D. gigas[27]) or asulphurspeciegD. vulgaris[28]).
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5.2 Computational Details

The efficiently parallelizeddensityfunctionalcodeDGauss4.(J175] wasusedandrun on a Cray T3E
computemsingupto 128processorslargeclustermodels(42 atomsfor Ni-B, 41 atomsfor Ni-A/Ni-C)
of the active site of [NiFe] hydrogenasevere completelygeometryoptimizedimposingno constraints
on the structure.Due to the absencef point group symmetryandthe open-shelhatureof the species
consideredhere typical CPU usagdimesfor ageometryoptimizationwere50- 100h . Cysteineamino
acidswererepresentetly a S—-CH,—CHs; moietyleadingto arealisticdescriptionof theactive site of the
enzyme(seebelow). Smallerclustermodelsleadto erroneousesultsandareinsuficient to describehe
spindensitydistribution correctly Two CN andoneCO ligandswerechoserasprosthetiogroupsto the
Featombut alsol SO,1 CN, and1 COligandwerealternatvely considered.

The DFT-optimizedDZVP basissetof Godboutet al. [176] wasapplied. The atomicbasissetwas
of the following contractionscheme:H 41, C 621/41/1,N 621/41/1,0 621/41/1,S 6321/521/1,Ni
63321/531/41Fe 63321/531/41 The auxiliary basissetfor the exchange-correlatin andcoulombpart
wasof thefollowing type: H 4, C 6/3/3,N 7/3/3,0 7/3/3,S 9/4/4,Ni 10/5/5,Fe 10/5/5. This basisset
was successfullyusedin the descriptionof the electronicstructureof blue-coppemproteins[177]. The
Becle exchangefunctionalandthe Lee-Yang-Rarr gradient-correctedorrelationfunctionalswereused
(BLYP) [91,92]. The BLYP functionalwasshawn to yield structuralparametergbondlengthsandvi-
brationalharmonicfrequenciesyirtually identicalto the hybrid B3LYP functionalandto sophisticated
post-HFtechniquesn caseof neutralandpositively chagedtransitionmetalhydrides[178]. All struc-
turesreportedherecorvergedto doublet(S = 1/2) statesasexperimentallyobsered. The deviation of

the expectatiorvalueof < S? > from thetheoreticalvalueof 0.75were< 0.008.

5.3 Resultsand Discussion

5.3.1 Structural Parametersfor The Oxidized States

Oneof theaimsof the calculationsvasto elucidatethe natureof the bridgingligand X betweerthe Ni
andFe atomsin the oxidized stateshat waspostulatedo be an oxygen[27] or a sulphurspecieq28].
0%~, OH~, S~ andSH~ weretestedasplausiblecandidategor this bridgingligand X. A protonation
of anoxygenor sulphurbridgewould not be detectabldy X-ray crystallography

In Table 5.1 datafrom the two X-ray structuresof the oxidized enzymeare collected. In the D.
gigasX-ray structurerefinedto 2.5A an electrondensitypeakbetweerthe Ni andFe atomswasdiscov-

ered[27] andassignedo an oxygenicspecies.The crystalsconsistof enzymethatis predominantlyin
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the“unready“Ni-A state(85% Ni-A, 15%Ni-B) [171]. The structureof thehomologougNiFe] hydro-
genasdrom D. vulgaris Miyazaki F [28] (1.8 A resolution)differsfrom thatof D. gigas TheNi - - - Fe
distanceis significantlyshorter(2.55A) andso arenearlyall Ni-S and Fe—Sbondlengths. A sulphur
specieds postulatedo occuyy the bridging position. In D. vulgaris[28] the diatomicligandsto the Fe
atomaregivenas2 CO and1 SOligand. Theassignmenof S asbridgingligandandSOasterminalFe
ligandis basedn highertemperaturdactorsandelectrondensitypeaksof theseatoms.It wasshavn by
EPRthatthe enzymeof D. vulgaris Miyazaki F wascrystallizedin the “ready” form Ni-B (70% Ni-B,

30%Ni-A) [179].

Table 5.1: Comparisorof selectedstructuralparameterérom X-ray andBLYP/DZVP optimizedstructures
of the oxidizedactive centreof [NiFe] hydrogenaseln the calculations2 CN and1 CO ligandswerechosen
asdiatomicligandsto the Fe. Bondlengthsin A, bondangles(/) in degrees.

Exp. Calc.

D. gigas D. vulgaris Bridging Ligand
distances/angles  [27] [28] X=0%>" X=O0H~ X=%~ X=SH"-
Ni---Fe 2.90 2.55 2.96 3.05 3.22 3.19
Ni --- SCys533 2.62 2.37 2.49 2.51 2.50 2.48
Ni --- SCys68 2.58 2.38 241 2.36 2.40 2.38
Ni - - - SCys530 2.27 2.33 2.40 2.31 2.39 2.32
Ni - - - SCys65 2.16 2.22 2.44 2.29 2.46 2.31
Ni--- X 1.74 2.16 1.84 1.98 2.26 2.36
Fe... SCys533 2.20 2.37 2.61 2.47 2.56 2.48
Fe... SCys68 2.23 2.14 2.50 2.46 2.52 2.46
Fe--- X 2.14 2.22 1.97 2.09 2.40 2.44
/ Ni-X-Fe 96.5 71.0 102.1 96.8 87.3 83.5
/ Ni-SCysb33-Fe 73.6 64.1 71.0 75.5 79.1 82.5
/ Ni-SCys68-Fe 73.9 66.2 74.1 78.3 81.8 80.1

Theerrorin the X-ray coordinatess estimatedo be0.27A at2.5A [27] and0.2 A at1.8A [28] resolution.

Table5.1compareselectedeaturesof the BLYP/DZVP optimizedstructureswith the X-ray data.t

The offsetin enumeratiorof amino acid residuesbetween[NiFe] hydrogenasefrom D. gigasand D. vulgaris is +16

residuesut in thefollowing only the D. gigasenumeratiorof aminoacidresidueswill beusedfor reason®f consisteny.
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In thecalculationgheNi - - - Fedistancads largerwhena sulphuricspecie®ccupieghebridgingposition
(3.22A for >~ and2.96for 0?~). Thesameholdsfor aprotonatedridgingligand(3.19A for SH~ and
3.05A for OH™). TheanglebetweerNi, the bridging cysteinesCys533andCys68andthe Feis about
7-8 largerwith asulphuratom.TheNi - - - X andFe- - - X distanceseactmostdrasticallyuponsulphur
substitution The distancesncreaseny asmuchas0.4 A whena sulphuris in the bridging position. The
increasen bondlengthbetweerthe metalandthe bridgingatomis partly compensatetly adecreasef
theNi—X—Febondanglefrom 102.F (96.8) for 0>~ (OH™) t0 87.3 (83.5) for >~ (SH™). Theoverall
increasef theNi - - - Fedistancds modestwith 0.26A (0%~ vs. $27). Themetal-gsteinebondlengths
are almostindependenof the natureof the bridging ligand (seeTable5.1). Slightly larger valuesare
obtainedfor a doubly negatively chagedbridge(e.g. O*~ andS?~) thanfor singly negatively chaged
bridges(OH™ andSH™). The excessnagative chage of the bridging ligand X leadsto a wealeningof
the Ni-S andFe—Shonds,i.e. anelongationof themetal-Sbonds.This indicatesa chage transferfrom
the Ni-X (X = sulphuror oxygenspeciesYowardsall coordinatingfour sulphuratomsof the cysteine

residues.

Theoptimizedgeometriesor thefour differentbridgingligandsarecomparedvith theexperimental
geometricablataobtainedrom the X-ray structureanalysidn Table5.1 Thebestagreemenbetweerthe
calculatedstructuresandthosefrom X-ray crystallographys obtainedfor the structureof D. gigas[27]
andan oxygenicspeciesO?~ or OH™, occupying the positionof the bridging ligand. The differences
betweercalculatedbondlengthsandthosefrom X-ray coordinatesreatmost0.1-0.2A andthuswithin
the rangeof error of the X-ray structurecoordinates.Bond anglesagreewithin 2-4° (seeTable5.1).
In particularthe Ni- - -X, Fe --X, Ni- - -Fe bondlengthsand Ni-SCys(bridging)—Fdond anglesagree
favourablywith the datafrom D. gigas A discriminationbetweereitheran OH~ or anO?~ bridgecan,
however, not be madeon the basisof structuralparameteralone. This canbe derived from featuresof

the electronicstructure(seebelaw).

Accordingto the calculationsa sulphurbridging ligand would leadto Ni- - -Fe distanceof 3.22A
($?7) and 3.19A (SH™) which doesnot agreewith the heary atom distanceof 2.55A in the crystal
structurefrom D. vulgaris[28] (seeTable5.1). Consideringa bondlengtherror of 0.2A for the X-ray
structureat 1.8 A resolution thedeviation is clearlyoutsidetherangeof error Thediscrepang between
calculatedstructuralparametersindthosefrom the X-ray analysisis moststriking for parametergasso-
ciatedwith the sulphurbridgingligand (Ni- - - X, Fe - -X bondlengths,/ Ni-X-Fe bondangle,seeTable
5.1). Ni-SCysandFe—SCydondlengthsarewell reproducedbut theseare nearlyindependenbf the
natureof the bridging ligand. The deviation betweencalculatedand measuredNi—Cys—Febondangles

is aboutl5°.
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To conclude BLYP/DZVP calculationsare ableto describethe structuralparametersf the active
centreof [NiFe] hydrogenaséom D. gigasquiteaccurately Theclustermodelchoserin thecalculation
canthereforebeusedfor elucidationof theelectronicstructureof theactive centreandacomparisorwith

experimentaldata.

5.3.2 Electronic Structur e of the Oxidized States

The spin densitydistribution of a moleculeembeddedn a protein ervironmentis obtainedfrom the

measuredind assignecdyperfinecoupling constantsvhich areavailablefrom EPRand ENDOR spec-
troscopy [66]. In particular the isotropic hyperfinecoupling constantsare directly proportionalto the

spindensityat the nucleuswhereaghe anisotropicpartis relatedto the spindensityin non-spherically
symmetricorbitals.

Theobserationof large hyperfinesplittingsin EPRspectrarom ! Ni (1=3/2) labelledhydrogenases
[45,59]theNi atomhasbeenrecognizedo bearthelargestpartof theunpairedspindensity Furthermore,
EPRof 33S substitutechydrogenasshaved that one sulphuratomhasa large hyperfinesplitting [62].
This indicatesthat spin delocalizatioroccurspredominantlyonto onesulphur probablyfrom a cysteine
residueligated to the Ni atom. Experimentson ®”Fe enrichedhydrogenasehaved virtually no line
broadeningn the EPRspectra.’” Fe-ENDORexperimentsrevealeda small hyperfineinteractionof ~
1 MHz in Ni-A, whereador Ni-B andNi-C no couplingwasdetectablg61]. Thisindicatesthatthe Fe
remainsin aS= 0 (Fe(ll) low spin) statein all paramagnetintermediate®f theenzyme.Thelow spin
stateof theiron wasalsoconfirmedby Mdssbauespectroscop[180].

WhenNi-C is reoxidizedwith 17O,, a line broadenings obsered in samplesf Ni-B (increasen
line width of 0.0,0.4,0.7 mT for the g, g, andg, componentsyespectiely) andof Ni-A (increase
by 0.5,0.5,0.55mT atg,, gy, 9., respectiely) [63]. Thisimpliesthatanoxygenspecieshindsin the
vicinity of the Ni atomandthata smallamountof unpairedspindensityis transferedo this oxygen. It
hasbeendiscussedhat this oxygenoccupiesthe bridging positionbetweerthe Ni andFe[171]. This
cannotexplicitly excludethe possibility of a sulphuratomasa bridging ligandin a differentorganism
and/orspinstate.

Theexistenceof a sulphurbridgingligandwassupportedy thereportedreleaseof HyS[172] upon
reductionof the D. vulgaris Miyazaki F enzymeandthe simultaneousemoval of the bridging ligand.
Thereare,at presentno furthermagnetiacesonanceatawhich might supportor contradictthis hypoth-
esis.

A reliablemodelof the active site of oxidized[NiFe] hydrogenasenustbe ableto reproduceall of

the above mentionedexperimentalfindings. This strict condition could not be fulfilled by ary of the
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theoreticalstudiesso far [71,72,74-76]. Clearly Ni andS mustbearthe largestpart of the unpaired
spin densitybecausehey arethe only nucleileadingto large hyperfinesplittingsin EPRandENDOR

spectraThespindensityatthe Featomcanonly be estimatedo bevery small. ?

Table5.2givescalculatecatomicspinpopulationdor thefour differentbridgingligandsinvestigated.
The spinpopulationat the nickel atomis nearlyindependentf the bridgingligand (0.52for O?>~, OH~
andSH~ , 0.56in the caseof S?~) andis in agreementith the experimentalfiinding of ' Ni hyperfine
splitting. The insensitvity of the Ni spin densityto the type of bridging ligand (OH~ or O%7) is in
agreementvith the experimentafinding thatthe electrondensityat the Ni remainsunchangedetween
Ni-A andNi-B [181].

The spin populationat the Fe atomis small and negative. The negative sign may be dueto spin
polarizationeffectsof spindensityfrom the nickel via thebridgeto the Fesite. Whena singly negatively
chagedbridge(OH~, SH™) is presenthespinpopulationis only -0.002;it is aboutafactorof tenlarger
(-0.02) when a doubly negatively chage bridge (0?>~, S?7) is present. This small spin populationis
in good agreementvith the resultsfrom 5“Fe-ENDORstudies[61]. In Ni-B no ®”Fe-ENDOReffect
is obsenred, whereasNi-A givesa small but detectablehyperfineinteractionof ~ 1 MHz. Thus,it is
proposedhat Ni-B is associatedvith either OH™ or SH™ leadingto a vanishingspin densityat the
Fesite. Ni-A might posses®itheran 0>~ or S>~ asbridging ligand which might give rise to a small
hyperfineinteraction.

Whengoingfrom a singly to adoubly negatively chagedbridgingligand, the spinpopulationatthe
Cys533sulphuratomis reducedfrom 0.34for OH™ to 0.24for O>~ andfrom 0.33for SH™ to 0.28for
S?~, seeTable5.2). Sinceno completehyperfinetensordor 23S areavailablefor thetwo formsNi-A and
Ni-B, neighbouring3-CH, protonsof the cysteineaminoacid canbe usedto probethe magnitudeof the
spindensityat the sulphuratomitself. The reductionof atomicspin densityat the sulphurof Cys533is
in agreemenwvith thedecreasef isotropichyperfinecouplingsby about2-3 MHz of the 3-CH, protons
of thatcysteineresidueg182]. In addition,the spindensityattheterminalcysteineCys530is reducedby
afactorof two (from 0.06in Ni-B to 0.03in Ni-A, seeTable5.2).

The atomic spin populationspresentechere were usedin the analysisof the deviation of the

anisotropichyperfinetensorgrom axiality of thetwo 8-CH, from Cys533in the Ni-B state[169]. The

2The atomicspin populationsare usuallyderived from experimentallydeterminechyperfinecouplingsby relatingthemto
the valuesexpectedfor afreeion from Morton andPrestor{159]. The situationis complicateddueto the factthatthe sign of
the hyperfinesplittingsis not knovn. Onethushasto male a plausiblechoiceof signsof the hyperfinesplitting anda priori
assumean atomicgroundstateanda specificorbital occupang. The situationis hopelesgor heary atomswherespin-orbit

couplingsignificantlycontributesto the hyperfineinteraction,i.e. Ni, FeandS.
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experimentallyobtainedanisotropichyperfinetensorscould be explainedby a couplingof the protonsto
theadjacensulphuratomwith anatomicspinpopulationof =~ 0.3 andto the centralnickel atomwith =
0.5.

Table 5.2: BLYP/DZVP calculatedatomicspinpopulationgor oxidized[NiFe] hydrogenase

DeGioiaetal. | Amaraetal.
Nucleus Ni-B [74] Ni-A [76]
X = 0> OH S SH empty o~
(Ni) 052 052 056 0.52 0.43 1.17
(Fe) -0.02 -0.002 -0.02 -0.002 0.19 -0.12
(Scyss33) 0.24 034 0.28 0.33 | 0.006/-0.003 0.19
(Scyss30) 0.03  0.06 0.03 0.06 | 0.172/0.217 0.07
(X) 0.18 0.003 0.08 0.02 / -0.48

@ No assignmento a specificcysteineis made.They areonly classifiedasbridgingor terminalcysteines.

Therecenttheoreticalwork by Pavlov etal. [71,72] hasfocusedon the activation procesof [NiFe]
hydrogenaseHowever, in their work the enzymes paramagnetistatesvere not accuratelydescribed,
i.e. structuralparametersandatomic spin populationsfor Ni-A or Ni-B were not given. Thus, these
datacannotbe comparedwith the resultsin this chapter De Gioia et al. [74] werethefirst to attempt
a descriptionof the paramagnetistatesof oxidized[NiFe] hydrogenaseNi-A wasnot consideredut
atomicspinpopulationgor Ni-B weregiven. Theirvaluesareincludedin Table5.2 De Gioiaetal. do
not placea bridging ligand betweenthe Ni and Fe atoms. The spin populationat the Ni (0.43)is only
slightly smallerthanthe resulthere(0.52). The spin populationat the Fe is, however, too large andin
cleardisagreemenwith the >’ Fe-ENDORresults.

Calculationson a clustermodel with an emptybridging positionyield a spin densitydistribution
which is notin agreementvith the measuredj-tensororientationand ' H-ENDOR results(seebelow).
In this bondingsituation,the sulphuratomsof the terminally boundcysteineaminoacids(Cys65and
530) would beara significantamountof unpairedspin population(0.23and0.20,respectiely). These
resultsalsodo not agreewith thefinding thatthe spinis localizedalongthe Ni-SCys533ond. Further
more,the calculatedNi - - - Fedistanceof 3.10A is notin goodagreementvith the onefrom the X-ray
crystallographi@nalysis(seeabore). Sucha modelcanthereforeberuled out for the oxidized statesof
[NiFe] hydrogenases.

3BLYP calculationsalsorule out a watermoleculeasbridging ligand. The calculatedNi- - -Fe distanceis 3.25A andthe
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Figure5.2 summarizeshefindingsfor theNi-B state.Thefigure(top) displaysthe calculatecatomic
spinpopulationsvhicharein goodagreementith thedataderivedfrom EPRandENDORSspectroscop
The lower figure shawvs a contourplot of the spatialspin densitydistribution in Ni-B. The spin density
is orientedalongthe Ni-S(Cys533)bond, aswasalso found in single crystal EPR studies[179,183].
This also explainsthe large isotropic hyperfineinteractionsof 5-CH, protonsof the cysteineCys533
obseredin pulsed-ENDORnNvestigationof proteinsingle crystals[184] and orientation-selectedw-
ENDOR of frozensolutionof A. vinosum[169] in the Ni-B state. The calculatedisotropic hyperfine
coupling constantfor the two protons3-CH; o from the bridging cysteineCys533are 10.1and 10.5
MHz, respectiely, andcomparewell the experimentalbnesof 12.5MHz for theseprotons[169].

Figure5.3 shavs the unpairedspin densitydistribution at a contourvalueof 0.005e/g whenthere
is a u-oxo bridgebetweerthe Ni andFeatoms.Thisis amodelfor the Ni-A state.Amaraetal. recently
alsosuggested Ni-A statewith a p-oxo bridging ligand basedon the X-ray structureof the [NiFe]
hydrogenasérom D. gigas[76] (seeTable5.2). Their B3LYP/ECPQM/MM calculationfor the Ni-A
form sufferedfrom a major spin-contaminatiorf< S? > = 1.37vs. atheoreticaivalueof 0.75for a S=
1/2 state). The given high spin populationat the Ni of 1.17 (seeTable5.2) thereforeseemaunrealistic.
The BLYP/DZVP calculationspresentedn this chapterdo not exhibit sucha high spin-contamination
(seeComputationaDetails). The resultsby Amaraet al. agreewith the datapresentecerethatthe
unpairedspindensityin the Ni-A form is primarily onthe Ni andSCys533atoms.FurthermoreAmara
etal. alsofound that the bridging ligand O%>~ in the Ni-A statemay acquirea significantamountof
spindensity They reporta spinpopulationof -0.48for the u-oxo bridgefor their S = 1/2 solutionwith
high spin contamination.This large value seemgjuestionable. The u-oxo bridgein the BLYP/DZVP
calculationsaxhibits a smallerspin populationof 0.18 which appearsnorerealisticwhenexperimental
findingsareconsidered63]. In thework by Amaraetal., the magnitudeof spin populationat the Feis

alsolarge (seeTable5.2).

5.3.3 Structural Parametersfor the ReducedEnzyme (Ni-C)

The recentX-ray structureanalysisof [NiFe] hydrogenaserystallizedunderH, atmosphergl74] in-
dicateda vacantbridging positionbetweerthe Ni andFe atoms.In the caseof the Ni-C statethe place
of the bridging ligand may be taken by a hydride speciesand not be detectableby X-ray crystallogra-
phy [34]. Thisassumptiorwashereinvestigatedy furtherDFT BLYP/DZVP calculations.

watermoleculeis only looselycoordinatedo the Ni (at a distanceof 3.23,&) andthe Fe (at a distanceof 2.27,&). The spin
populationsare(Ni) = 0.45,(Fe)= 0.02andnearlyequalontheterminalcysteine{SCys65)= 0.22and(SCys530)k 0.20.This

is notin agreementvith experimentaffindings.
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Figure 5.2: Top: BLYP/DZVP calculatedMullik en spin populationsfor the active centreof [NiFe] hydro-
genasen the Ni-B state. Bottom: BLYP/DZVP contourplot at 0.005e/g of the unpairedspin density

distribution

Table5.3 comparesselectedstructuralparametersf the reducedenzymefrom the X-ray structure
[174] with thoseobtainedrom DFT BLYP/DZVP calculationsvherea hydrideion bridgesNi andFeand
the positionof the bridging ligandis vacant. The resultsfrom X-ray analysisof the reducedNiFeSe]
hydrogenasdrom Desulfomicobium baculatum[185] are also includedin Table5.3 The [NiFeSe]

hydrogenaseontainsa selenogsteinein the positionof the Cys530in D. gigasandthebonddistanceo
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Figure5.3: BLYP/DZVP calculatedspindensitydistributionin theNi-A stateata contourvalueof 0.005e/§

thisresidues elongateecaus®f the largervander Waalsradiusof seleniumcomparedo sulphur A

vacantpositionof the bridgingligandcanberuledoutsincethe Ni- - -Fedistances too large by 0.5Ain
thecalculations.

The calculatedstructuralparametersgreevery well with thosefrom the high-resolution(1.4 A)
X-ray structureof D. vulgaris[174] andD. baculatum[185] whena hydrideion occupiesthe bridging
position. The agreemenin bondlengthsandanglesis betterfor the reducedstatethanfor the oxidized
stateswhichis probablydueto the higherresolutionof the X-ray analysisin thereducedenzyme.There
is lessheterogeneityn the reducedstate. The oxidationstateof the active Ni-Fe clusterin the reduced
crystals however, could not bedeterminedyet. It thusremainsnot clearwhetherthe paramagnetistate
Ni-C or the completelyreducedstateNi-R is presenin the crystal. Whena furtherelectronis addedto
themodelfor the Ni-C state andadiamagneticclosed-sheltlusteris obtainedthestructuralparameters
do notchangesignificantly (lessthan0.01A in bonddistances)This maybeamodelfor the Ni-R state

which structurallywould be very similar to the Ni-C form.

TheNi - - - Fedistanceis 2.60A in the crystalstructureof thereducedNiFe] hydrogenaséom D.
vulgarisandhardly differs from thatin the oxidizedform (2.55,&). In contrastthe calculationssuggest
that the heary atom distanceshortensby approximately0.4-0.5,& uponreplacemenbf the bridging
ligand (O or S) by a hydrideion (cf. Tables5.1and5.3). Onereasonfor this discrepang between
experimentandcalculationmaybe thatthe oxidationstatefor which the X-ray structureof the oxidized
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Table 5.3: Comparisorof selectedstructuralparameterérom X-ray andBLYP/DZVP optimizedstructures

of thereducedactive centreof [NiFe] hydrogenaseBondlengths(r) in A, bondangles(/) in degrees.

Exp. Calc.

D. vulgaris D. baculaturd
distances/angles [174] [185] X=H" empty
Ni--- 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 2.46' 227 222
Ni—SCys65 2.30 2.25 231 224
Ni--- X / / 1.69 /
Fe—SCys533 2.34 2.37 244 233
Fe—SCys68 2.29 2.29 239 236
Fe-.-- X / / 1.73 /

/ Ni-X-Fe / / 106.3 /
/ Ni-SCys533-Fe 65.7 60.7 66.5 85.4
/ Ni-SCys68-Fe 67.8 66.5 68.7 83.6

@ Notethatthe [NiFeSe]hydrogenas&om Desulfomicobiumbaculatumcontainsa selenogsteineat the position

530. This explainsthelargebondlengthto this residue.

form wassolved predominantlycorrespond$o a different,e.g. Ni-Si, species.

5.3.4 Electronic Structur e of the ReducedEnzyme (Ni-C)

The calculatedspin populationdor the situationwhereeithera hydrideion occupieghe positionof the
bridgingligandor it is emptyaregivenin Table5.4. For the reducedNi-C state lessexperimentaldata
areavailablethanfor the oxidizedstates.The hyperfinetensorsof 6'Ni or 33S werenot fully obtained;
the absenceof a 5"Fe ENDOR effect [61], shaws thatthe Feis keptin its Fe(ll) low spin state. The
calculationsshawv that only 1% of the unpairedspin resideson the Fe atom whenthe two metal are
u-hydrido bridgedand 3% whenthe bridgeis absent.Furthermorethe calculationsshav thatthe spin
densitydistribution doesnot drasticallychangein Ni-C whena hydrideoccupiesthe bridging position

(compareTables5.2 and5.4). The situationwherethe bridging positionis empty appearaunrealistic.
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Table 5.4: BLYP/DZVP calculatedatomicspinpopulationdor reducedNiFe] Hydrogenase

Nucleus De Gioiaetal. | Pavlov® etal. | Amaraetal.
X=H~ empty| Ni-C[74] Ni-C [72] Ni-C [76]
(Ni) 051 041 0.53 1.39 0.90
(Fe) 0.01 0.03 0.08 0.14 0.03
(Scyss33) 0.29  0.05 0.14/0.14 0.00 0.00
(Scyss30) 0.10  0.20 | 0.001/0.19 0.69 0.02

2 No assignmento a specificcysteineis made.They areonly classifiedasbridgingor terminalcysteines.

b The calculationsby Pavlov etal. weredoneona S = 3/2 state.

It would be associatedvith a redistrilution of spin densityfrom the bridging cysteineCys533in the
oxidized statesto the terminal cysteineCys530in the reducedstate(compareTables5.2 and5.4). In
addition,sucha bondingsituationcould not explain the large, Do O-exchangeabléH-ENDOR coupling
in the Ni-C state[69,70].

Whena hydrideion bridgesthe Ni and Fe atoms,the largestpart of the unpairedspin densitystill
residesalong the Ni-SCys533bond as alsofound in the oxidized states. Figure 5.4 shaws a plot of
the unpairedspin densityat a contourvalue of 0.005e/g. The spin populationat the sulphuratom of
the bridging cysteineCys533is slightly reducedrom 0.34in Ni-B (X=0H") to 0.29in Ni-C (X=H").
The sulphuratom of the terminal cysteineCys530acquiresl0% of the spin which may leadto small

additionalhyperfinesplittingsof the 8-CHs protonsin ENDOR.

In X-ray absorptiorspectroscop (XAS) experimentst wasfoundthatthe electrondensityat the Ni
atomdoesonly slightly changebetweenNi-A/Ni-B/Ni-C [186]. In this work, it wasconcludedhatthe
Ni atomwould not the redoxactive metal. This is in agreementvith the finding that the atomic spin
populationat the Ni remainsnearlyconstani{Ni-A/B 0.52,Ni-C 0.51). The conclusion186] thatNi is

nottheredoxactive metal,however, is not quite correct.

Resultsfor the proposeNi-C werealsoobtainedfrom earliercalculationd72,74,76] (Table5.4).
In the work by De Gioia et al. [74], the presencef a u-hydrido ligand leadsto a decreasef atomic
spin populationat the Fe from 0.19 (no bridge in Ni-B) to 0.08 (Ni-C). Pavlov et al. alsoreported
an atomic spin populationat the Fe of 0.08in Ni-C (bearingin mind their S= 3/2 groundstatethis

comexloseto the experimentalalue)[72]. Amaraetal. suggested p-hydridobridgeandaprotonated
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Figure5.4: BLYP/DZVP calculatedspindensitydistributionin Ni-C ata contourvalueof 0.005e/g.

cysteineCys530[76]. This explainsthevanishingspinpopulationonthesulphurmnucleusof thatcysteine
aminoacidin their calculationgseeTable5.4). Their resultsalsoagreewith the findingsherethatthe
spin populationat the Fe atomis small. In their work, however, the spin densityis almostexclusively
localizedat the Ni nucleus.This cannotexplain the large hyperfinecouplingsof 8-CH, protonsin the
Ni-C state[69,70] andthesimilar 8'Ni hyperfinecouplingsin the Ni-B andNi-C stateg45].

TheBLYP/DZVP calculatedsotropic!H hyperfinesplittingsof the 3-CH, protonsfrom Cys533are
8.0and8.3 MHZ, respectiely, which agreewell with the experimentalvalues[69,70]. The calculated
'H isotropichyperfineinteractionfor a Ni—u-hydrido—Febridgeis -8.5MHz andin goodagreemenivith
the experimentalvalue of -11 MHz for the solvent-exchangeablgrotonin the Ni-C state[69]. It was
amguedthatthe signis negative dueto a hydridedirectly boundto the Ni atomin thenodalplaneof ad,»
orbital. Theisotropichyperfinecouplingmayarisefrom a3d,> — 3d,2_,2 spinpolarization[69].

In the modelsuggestedor the Ni-C form, Ni is still in its formal Ni(lll) oxidationstate.Possiblya

reductiontakesplacein theligandspherefor which the bridgingligandis a potentialcandidate.

5.3.5 Influence of the Small Ligands at the Ir on on the Electronic Structure

In D. vulgaris Miyazaki F the diatomicligandsto the Fe wereinitially assignedo two CO andoneSO
moleculein the X-ray structure[28]. Theseligands,howvever, cannotexplainthe IR vibrationsdetected

abore 2000cm™~! which are characteristidor CN stretchingvibrations. They were also obsered for
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D. vulgaris so at leastone CN mustbe presentY. Higuchi, K. Bagley, personakommunication).The
modelof theoxidizedD. vulgarisMiyazakiF enzymechoserhereincorporate®neCO,oneCN andone
SOligandasprostheticgroupto the Fe. Althougha sulphurspeciesvaspostulatedn this enzyme[28]
to constitutethe bridgingliganda OH ™ insteadof SH /S2— waschosen.The spindensitydistribution
is ratherindependenof the natureof the bridge.

Thecalculatedspindensitydistribution (Figure5.5) is remarkablhydifferentfrom theD. gigasmodel.
Theterminal SOwithdraws spindensityfrom SCys533andleadsto a spinpopulationat the Fe of -0.08.
In this case atomicspinpopulationsare(Ni) = 0.44,(Fe)=-0.08,(SCys533) 0.24,(SCys530)F 0.01,
(80)=0.16,(SO) = 0.11. Thecalculationsannotpositively rule out aterminalSOligand. Its influence
on the spin density distribution, however, makesit an unlikely candidatefor a non-proteinligand in
[NiFe] hydrogenaseTheissueshouldeasilybeclarifiedby FTIR experiments.

D. gigasandD. vulgarishave very similar hyperfineinteractionsandg-factors.If D. vulgariswould
have SOinsteadof CN onewould expect,accordingo thecalculations> 25 % of thespinpopulationat
theSOligand,andareductionof thesameamountattheotherpositions(Ni, S). Furthermoreadeviation
of the g-tensorprincipal valueswould be expected.Sincethis is not obseredin the experimentsa SO
ligand seemdo be unlikely — althoughit cannotbe completelyruled out becauseno direct hyperfine
couplingfor 33S0O or S!70 have beenmeasured®?S'®0O containsno magneticisotopeand shavs no

hyperfinesplittings).

5.4 Summary and Conclusion

DFT calculationsof the heterobimetalliccentreof [NiFe] hydrogenasegielded structuralparameters,
atomic spin populationsandspin densitydistributionsthatarein goodagreementvith the existing re-
latedexperimentaldatafor the paramagnetistatesNi-A/Ni-B/Ni-C. Thedifferencedbetweernthe para-
magneticstatescanbe primarily attributedto a modificationof the bridgingligand.

With regardto the so far unassignedridging ligand X, a OH™ ligandin the caseof Ni-B anda
O?~ in the caseof Ni-A seemto be plausible. Ni-B would be describedasa Ni(lll)- zOH-Fe(ll) and
Ni-A asa Ni(lll)- zO-Fe(ll) system.A bulkier sulphurSH or S>~ speciesareunlikely sincethey would
leadto a significantelongationof the Ni - - - Fe distances.The calculatedspin densitydistribution is in
agreemenvith theexperimentallydetermined;-tensororientationin theNi-A andNi-B forms. A vacant
bridging positionwould leadto a spindensitydistribution which is not in agreementvith experimental
findings.Whenthebridgeis occupiedoy anOH™ ligand,the calculatedsotropichyperfinecouplingsof

the 5-CHy protonsof cysteineCys533agreewell with availableexperimentaldata.
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Cys549

Figure5.5: Top: BLYP/DZVP calculatedviullik enspinpopulationgfor the active centreof [NiFe] hydroge-
nasefrom D. vulgaris(1 CO,1 CN, 1 SOligand)in theNi-B state(OH~ bridgingligand).
Bottom: BLYP/DZVP contourplot at0.005e/g of the unpairedspindensitydistributionin the Ni-B state.

Thereplacemenof thebridgingligandin the oxidizedstateO?~ andOH ") by ahydrideion in the
reduced\i-C stateleadsto adecreasef theNi- - -Fedistanceby 0.4 A. TheFe(ll) is keptin its low spin
statein all intermediates.The calculatedsotropic hyperfineinteractionfor the hydrideion is in good

agreementvith therespectie experimentalalue.

As to the natureof the non-proteindiatomicligandsof the Fe atom, the proposed2 CN and1 CO

ligandsappeamostrealistic. A terminal SO ligand would actasa sink of spin densityandleadto g-
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valuesandspindensitydistribution whichis notin agreementvith experimentafindings. Thedetection
of HoS uponreductionof the hydrogenasérom D. vulgaris Miyazaki F [172] may still originatefrom
adegradationproductof the cysteineaminoacidswhich coordinatehe active centreor oneof the Fe-S
clusters.

When a possiblemechanisiris discussedexperimentalfindings mustbe taken into account. It is
known that bridging ligandis liberateduponreductionand might possiblytake up the protonfrom the
heterolyticdissociationof Ho. The differencebetweerNi-A andNi-B (0%~ vs. OH~ bridgingligand)
might reflecttheir differentkineticsuponreductve activation. An OH™ would be easierto actvateand
liberatethananO?~ ligand.

Now that an understandingf the atomic compositionof the active centrein the Ni-A, Ni-B and
Ni-C statesevolves,thefirst principlescalculationof magnetiocesonancearameterfrom aKohn-Sham

wavefunctionandthe comparisorwith experimentaldatais required.
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Chapter 6

ENDOR Crystallography of the Oxidized

States

6.1 Intr oduction

The ‘as-isolated’,oxidized [NiFe] hydrogenasés a mixture of two paramagnetistatesNi-A and Ni-
B. Fromthesimilaritiesof the g-valuesof Ni-A (2.32,2.24,2.01)andNi-B (2.33,2.16.2.01)adrastic
changen theelectronicstructurein theNi-A statecomparedo Ni-B canberuledout. Thetwo, however,
differ in their ratesof activation. Ni-B (or ‘ready’) is reducedwithin minutesunderan H, atmosphere
while Ni-A (or ‘unready’)requiresincubationfor severalhours.

Details of the structureof the active centreof [NiFe] hydrogenasdave beenrevealedby X-ray
structureanalysisof proteinsinglecrystalg28,32,36]. Figure6.1displaystheactive centreof the[NiFe]
hydrogenasdrom Desulfaibrio vulgaris Miyazaki F. The Ni atomis coordinatedby four cysteiryl
sulphuratoms(Cys80,84,546,and549),two of which (Cys84andCys549)orm abridgeto theFeatom.
In addition,threeelectrondensitypeaksn thevicinity of the Fewereobsered. They wereidentifiedby
FTIR measurement® be2 CN~ andoneCOligandin D. gigasandA. vinosun{27,51]. An unidentified
electrondensitypeak'’X’ betweertheNi andFeatomsof theactive centrewastentatvely assignedo an
oxygenicspeciesn D. gigasandto a sulphuratomin D. vulgaris In thehydrogenaséom D. vulgaris
the diatomicligandsof the Fe have beenmodeledas1 CO, 1 CN~ or CO andoneSOligands(dueto a
larger electrondensity)[28]. The symmetryof the ligand sphereof the Ni is closeto square-gramidal
andthatof theFeis closeto octahedral.

The coordinationof the active centrein the two oxidized statesis similar (the crystallized[NiFe]

hydrogenasérom D. gigasis predominantlyin the Ni-A state[27], that of D. vulgaris Miyazaki F in

79
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Cys546

Figure 6.1: Detailsof theactive centreof the[NiFe] hydrogenasé&om D. vulgaris Miyazaki F [28].

the Ni-B state[28]). One differencebetweenthe two forms may lie in their proton ervironment- a

modificationof which would not be detectabldoy X-ray crystallography

In hydrogenaseand other transition-metakontainingenzymesthe large EPR linewidth prevents
the detectionof protonhyperfinesplittings. ThusElectronNuclearDouble Resonanc€ENDOR) spec-
troscoly mustbe usedto obtainfurtherinformationaboutthe interactionof the unpairedelectronwith
nuclearspins,In frozen solution, the determinationof completehyperfinecouplingtensorsA is pos-
sible by steppingthe magneticfield over the rangeof EPR absorption,i.e. taking adwvantageof the
orientationaldependencef the moleculeswith respecto the magneticfield [187-189]. The analysis
of orientation-seleetd ENDOR spectrain frozensolutionis difficult and sometimest is not possible
to follow hyperfineinteractionsover the completeEPRervelope. Recently an orientation-selecteEN-
DOR studyof the Ni-B stateof the [NiFe] hydrogenasérom A. vinosumhasbeenpublishedandthree
hyperfinetensorswverereported169]. Earlier ENDOR investigationof the active site of [NiFe] hydro-
genase$iave beenlimited to oneor a few field positionsonly andwere primarily concernedvith the
Ni-C state[69,70]. No hyperfinetensorsweregiven andno spatialassignmento protonsin the active

centrewasdonesinceno informationabouttheligand ervironmentwasavailableat thattime.

A challengingalternatve to the investigationof proteinsin frozensolution(powder)is the EPRand
ENDOR studyof proteinsinglecrystalif theseare available. The g- andhyperfinetensormagnitudes
and orientationscan independentiybe obtained. EPR investigationsof single crystalsof D. vulgaris

Miyazaki F hydrogenas§l 79,190] have recentlyrevealedthe orientationof the principal g-tensoraxes
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in the crystalfor Ni-A andNi-B. It wasshavn thatthe structureof the active site remainedunafected
by freezingthe proteinsingle crystalandthe orientationof the g-tensorpersisted190]. The ENDOR
investigationof proteinsingle crystalsof the [NiFe] hydrogenasevill revealisotropic,anisotropichy-
perfinecontributions and spatial informationaboutthe unpairedspin densitydistribution in the ligand
ervironmentof the active centre. Both continuouswvave (cw) andpulsed-ENDORcan, in principle, be
used.

Pulsed-ENDORhasthe adwantageof being essentiallyfree from the restrictionsof balancingre-
laxationandinducedtransitionrates[83,191]. To the bestknowledge,thereis only oneapplicationof
pulsed-ENDORspectroscopto proteinsinglecrystalsin theliteraturesofar[192].

Of the two commonpulsesequencesf pulsed-ENDORMims- [193] and Davies-ENDOR[194]),
Davies-ENDORprovides a "blind-spot”-free determinationof nuclearspin-electronspin interactions.
Doanet al. [195] shaved that Mims-ENDORis mostusefulfor observingnucleiwith hyperfineinter
actionssmallerthan5 MHz while Davies-ENDORIis moresensitve to larger couplings.In the catalytic
cycle changesn theprotonervironmentof [NiFe] hydrogenaseareexpectedo beassociateavith large
hyperfineinteractionssincethe Ni atomis believed to be the catalytically active transitionmetaland
eitherbind the substratgH,) or one of its dissociationproducts. A large hyperfineinteractionwith a
hydrogenspeciess detectedn the Ni-C state(approx. 20 MHz [70]). Thus Davies-ENDORIs the
methodof choiceto investigatgNiFe] hydrogenaseddere, resultsof pulsed-ENDORspectroscop of
singlecrystalsof the oxidizedenzymein the ‘ready’ Ni-B and‘unready’Ni-A statesarepresentedThe
enzymeis characterizegbrior to catalyticactivity andsubsequentomparatie investigationson the re-
ducedform may reveal changesn the proton ervironmentand contrikute to the understandingf the
reactionmechanisnof the enzyme.Sinceprotonsareusually not detectablén the X-ray structuresof
proteins,the detectionof the position of protonsin the active centregivesinformationwhich are not

accessibldy X-ray crystallography

First principles,in particularDensity FunctionalTheory (DFT), calculationscanprovide additional
insightinto the electronicstructureof transitionmetalcomplexes[90,101]. Evidenceis herepresented
that the ground stateof the unpairedspin distribution in the active centreof [NiFe] hydrogenasén
the oxidizedstatescanbe describedasa Ni 3d,» orbital overlappingwith a sulphurp, orbital to yield a
delocalizeds = 5 state.A naturalbondorbital (NBO) analysisyieldsmutuallyorthogonabtomicorbitals
which arefamiliarto a chemists point of view. Theresultingnaturalatomicorbitals(NAOs)recover the
picture of a Lewis (valencebond) structureconcept. The isotropic and anisotropichyperfinetensors
canbe obtaineddirectly from a DFT (Kohn-ShamWwavefunction. Theisotropichyperfineinteractionis

relatedto the valueof the wavefunctionat the nucleus the anisotropichyperfineinteractionis obtained
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by integratingover the spatialdistribution of the spindensity Thisis thefirst applicationto systemsas
complex asthe active centreof a transitionmetalenzymeandsupportsthe assignmenbf experimental

protonhyperfinetensorsn the Ni-A andNi-B oxidationstates.

6.2 Materials and Methods

6.2.1 Protein Purification and Crystal Mounting

The membrane-bountlydrogenasé&om D. vulgaris Miyazaki F wasisolatedandpurified accordingto
the publishedprocedurd37]. By meansof vapourdiffusion, orthorhombicsingle crystalsbelongingto
spacegroupP2 2, 2; with four sitesin theunit cell could be obtainedwhich diffractedto morethan2.5
A. Recently an X-ray structureat 1.8A resolutionwaspublishedandrevealeddetailsof the active site
andits proteinervironment[28]. Proteinsinglecrystalsof theapproximatalimensionsl mm x 0.5mm
x 0.5mmweretransferedo a Wilmad < 4 mm o.d. quartzEPRtubein asealedjuartzcontainef196].

Carewastakento avoid anorientationalongoneof the crystalaxes.

6.2.2 Computational Details

Geometryoptimizationswere performedwith DGauss4.J175] on a Cray T3E supercomputeusing
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 andthe Lee-Yang-Rarr gradient-correctedorrelation
functionalswereused(BLYP) [92]. TherecentlydevelopedHCTH functional[94] (alsoa ‘pure’, non-
hybrid functional) was shavn to yield improved enegeticsfor reactionbarriersand significantly im-
proved geometriedor transitionmetalcompoundsomparedo the BLYP functional. The HCTH func-
tional was also usedto validatethe sensitvity of the resultswith respectto the optimizedstructures.
Startingfrom the X-ray structure,42 and41 atomclustermodels(Ni-B and Ni-A, respectiely) were
completelygeometryoptimizedimposingno constraintson the structure. Cysteiryl aminoacidswere
representetby ethanethiolat¢-S-CH,-CHjs) groups.At the BLYP/DZVP andHCTH/DZVP geometry
propertyanalysesvere donewith Becle’s three parametehybrid functional (B3LYP [95,96]) in the
GAUSSIAN94[165] suite of programs. A suficiently large Pople-typebasissetwith addeddiffuse
andtwo setsof polarizationfunctions (6-311*G(2d,2p))was used. Essentially it is a Wachters-Hay
all-electronbasissetfor first row transitionmetals[197,198] usingthe scalingfactorsof Raghaachari

andTrucks[199] anda McLean-Chandlef200,201] basissetfor secondrow atoms. The polarization
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functionsarefrom [202]. This basissetwasshavn to yield accuratenyperfineparametersReviews of
the calculationof hyperfinecouplingparameterérom DFT aregivenin [122-124]. TheisotropicFermi

contacthyperfineinteractionis relatedto the unpairedspindensityat the correspondingiucleusby [78]

47 _
aiso(N) = ?geﬁegNﬁN<Sz> 1PS(TN) (61)
in which S, is the Bohr magneton8y the nuclearmagnetong, the free electrong-valueand gy the
nuclearg-valueand(S,) is theexpectationvalueof the z-componenbf thetotal electronspin. The spin

densityatthenucleusp®(ry) canbeexpressedis
ZPO‘ Blpuld(rn)|dw) (6.2)

wherery is the positionof the nucIeusPﬁ‘,;B is thespindensitymatrix. Theformulafor theanisotropic

(dipolar)components derived from the classicalkexpressiorof two interactingdipoles[123]
Aij(N) = —geﬂegNﬁN ZPQ Plulrem (rEndi — 3rnirn,)|dv) (6.3)

whereryy = r — ry. Theintegrationwasperformedfollowing [122,123]. The thusobtainedhyper
fine parametergare non-relatvistic and of first-orderonly and may only be appliedto ligand hyperfine
interactionswheresecond-ordeeffectsare expectedto be small. A naturalbondorbital (NBO) analy-
sis[203,204] wasperformedto derive atomicspin populationswhich arelesssensitve to the choiceof
the basissetthanMullik enatomicspin populations.The transformatiorfrom the molecularbasissetto
the minimal atomicbasisis doneby a occupang-weightedsymmetricorthogonalizationTheresulting
naturalatomicorbitals(NAOs)recover the pictureof afamiliar Lewis (valencebond)structureconcept.
The occupatiomumbersof coreorbitalsis closeto two, that of non-participatingorbitalscloseto zero
while bondingorbitalshave an occupatiommumbercloseto unity. The electronicgroundstatewasalso

derivedfrom a NAO analysis.

6.2.3 EPRand ENDOR Setup

All experimentswere performedon a Bruker ESP380 E FT-EPR spectrometef205] equippedwith a
dielectricring cavity (ESP380-1052DLQ-H) andan Oxford cryostat(heliumgasflow system).

Oneof the adwantagesf pulsed-ENDORcomparedwvith cw-ENDORs the factthat the lengthof
the pulse sequencean be shorterthan relaxationeffectsin the sample. Also, the ENDOR effect of
pulsedexperimentss muchhigherthanthatof continuousvave studies.In Davies-ENDORthefirst soft

7 pulse(preparationpurnsa hole with a width of w; = v,.B; in theinhomogeneouslproadenedEPR
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Figure6.2: Davies-ENDOR.

line. Thepopulationof electronicsublerelsis invertedwith respecto aninitial equilibriumstate.When
the (mixing) radiofrequeng (RF) pulseis in resonancevith oneof theNMR transitionsthe population
changeof theelectroniclevelsis detectedasanincreaseof the echoamplitude.Davies-ENDORsignals
in the frequeny rangew; aroundthe free nuclearLarmor frequeng are suppressedMims-ENDOR
provides higher sensitvity for small hyperfineinteractionswhich are centredaroundthe free nuclear
frequeng but suffersfrom thedravbackof containing’blind-spots”for certainpulsedistances. Mims

thus canbe consideredas complementaryo Davies type ENDOR. In the Davies-ENDORexperiment
the separatiorbetweerfirst andsecondmicrovave pulseswas12 us, the width of thefirst w-pulsewas
112ns(seeFigure6.2). The mixing radiofrequeng pulsewasappliedfor 8 us covering a rangefrom

0.5-25.5MHz. TheechowasdetectedfteratraditionalHahn-echsequencér /2— pulses).

6.2.4 EPR Data Analysis

Theanalysisof EPRspectraof singlecrystalsof the [NiFe] hydrogenasef D. vulgaris MiyazakiF has

alreadybeendescribeclsevhere[179,183,196].
Thetransformatiommatricesbetweerthethreeaxessystems

L thelaboratoryaxessystem(1, 2, 3)

C thecrystalaxessystem(a, b, ¢) with crystallographi@xesa, b, c

I theintrinsic coordinatesystem(z, y, z) in which g andg? tensorsarediagonalizedo yield their prin-

cipalvalues
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Laboratory axes system
Crystal

Figure 6.3: Definition of thelaboratoryaxessystemL, the crystalaxessystemC andtheintrinsic coordinate

systeml.

have to be determinedseeFigure6.3). X is therotation matrix betweerthe intrinsic coordinateaxes
systeml andthecrystalaxessystemC. Thecolumnsof X thenarethedirectioncosinesof the g-tensor
axesz, y, z With respecto the crystalaxesa, b, c. The four sitesin the unit cell of spacegroupsymme-
try P2 2,2, arerelatedby symmetryoperationsR; (correspondingo 180 rotationsaroundthe crystal

axes).
Therelationbetweerthe diagonalg?-tensorof onesite! G2 andthoseof the four sitesperunit cell

is then
CGZ=R;-X-'G2- X '.R;!, i=0,1,2,3 (6.4)

With M beingthe transformatiommatrix betweencrystalandlaboratoryaxes systemsandb(4, ¢) the

unit vectoralongthe magnetidield B¢ the g-valuesof the four sitescanbe calculatedaccordingto

N|=

9i(0,4) = (b-M-°G} M -b) (6.5)

or, explicitly,
gi(0,¢)=(b-M-R; - X-'G?. X 'R;' M !.b)z (6.6)

6.2.5 ENDOR Data Analysis

Thetotal hyperfinetensoris accessiblérom ENDOR singlecrystalstudies.If theg-tensoris assumedo

beisotropic,the spinHamiltoniancanbe written as

H=gBB-S—> gniBuiB-Li+h> S-A; I (6.7)
; 5
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where A; is the hyperfinecoupling tensorfor the ith nucleus. In the high field approximation(elec-
tronZeemanHg z) > nuclearZeemarn(H y ), hyperfineinteraction(H g r)) the orientation-depende

hyperfinesplitting is obseredin the principalaxissysteme, y, z of the hyperfinetensorA

| Agps| = (A2,1% + A2,12 + AZI12)'/2. (6.8)

Here, A;; arethe principal valuesof the hyperfinetensorand the /; are the direction cosinesof the
orientationof the hyperfinetensoraxeswith respecto the crystallographi@xes. The enegy expression
for ENDORtransitionswith selectiorrulesAMg = 0 andAM; = 1 readq206]

AE = {M2(I1-A-A-1)+~%B2 — 2MgyBy(I- A -1)}!/? (6.9)

SinceENDORtransitionsareusuallygivenin frequeng unitsoneobtains

2Msvn

2
u2=uj2v+%(l-A-A-I)— I-A-1) (6.10)
where

]’LI/N = ")/B(). (611)

Whenrestrictingto the S = % casethetwo ENDORfrequenciesre

T-AADFNI-A-T) (6.12)

V:l:_VN_l_ h

4h2
with the uppersignreferringto Mg = +% andlower signsto the Mg = —% transitions.The spectrum
is no longer symmetricwith respectto the free nuclearfrequenyg vy sincethe vectorof the applied
magneticfield By, andthe hyperfinefield A arenot collinear The expressionreduceso a symmetric
splitting only if thehyperfinecouplingA is purelyisotropic,or if themagnetidield lies alonga principal
directionof A. The elementsof A canbe directly determinedrom afit of both transitionsv_ andv

(hereshawvn for a specialorientationin the xy planewith ananglef to the magnetidield axis)[206]

h
T (V2 —v3) = Aggcos® 0 + Ay, sin® 0 + 2A,, sin 6 cos 6. (6.13)
N

This approactstill impliesanisotropicg-tensorbut wasalreadysuccessfullyappliedto fit the ENDOR
transitionsin ~y-irradiatedartificial Fe-Sclusters[207]. In [NiFe] hydrogenaseghe anisotroy of the
g-tensorin Ni-B (g4, = 2.31,2.16,2.01)is still modestwith + 7% aroundgg,, i-€. (9 — 92)/gav- IN
analogyto Equation6.5 the following approachwasappliedto fit the ENDOR spectraof all four sites

simultaneously

A(0,0)Y*=(b -M-R;-X-1A;- X 'R; 1. M'.b), i=0,1,2,3 (6.14)
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The tensoris thendiagonalizedandthe principal valuesof A; aredeterminedn its principal axes
system. The experimentsonly give the squareof the elementsof the hyperfinecoupling tensoy the
absolutesignsof the hyperfinecouplingconstantshereforecannot bededuced.

Thetotal hyperfinecouplingtensorA is composeaf isotropicandanisotropiqdipolar)components
A; = aioll + A0 (6.15)

wherell is the unity matrix. Theisotropicpartis givenby

1 1
Qigo = gT‘rAzz = g(Amm + Ayy + Azz) . (616)

Theanisotropiccontritutionsareobtainedfrom

A = Ay — aioll, I =1T,Y,2 (6.17)

6.3 Results

6.3.1 cw-EPR

Initially, rotation angle-dependertw-EPRspectra(in stepsof 5 deg) wererecordedat T = 80 K in
orderto determinethe quality of the single crystal andits orientationin the laboratoryaxes system.
The orientationof the g-tensorin the crystalaxes systemwas alreadydeterminecdbeforeand checled
again[179,183]. Below T = 77 K the Ni EPRsignalis superimposetby anintensesignalat g = 2.02
from a[3Fe-4S]cluster[39,208]. This preventedENDOR measurementsf someEPRsignhalsbelow ¢
=~ 2.03. Figure6.4 shavs the angulardependencef the EPRssignalswith an arbitraryrotationangled
in stepsof 5 degrees.

The ratio of Ni-B to Ni-A is approximately70 % to 30 % as determinedfrom dissohed single
crystals[179,196]. For the spacegroupP2,2,2; therearefour sitesof the proteinmoleculein the unit
cell. Dependingon the orientationof the crystalwith respecto the magneticfield By one expectsa
varying numberof EPRtransitions.In an arbitrary orientation,four EPR signalscorrespondingdo the
four sitesperunit cell areto beseen If themagnetidield is alongonecrystalplane two EPRsignalsare
expected(thetwo arepairwisedegenerate)ln the specialcasewhenthe magneticfield is exactly along
oneof the crystalaxes,only oneEPRtransitioncanbe obsered (all four sitesaredegenerate).

In theangulardependenEPRspectrgFigure6.4) betweerthreeandsesenlinesareobseredwhich
correspondo the presencef two paramagnetispeciegNi-A andNi-B) in thecrystal. TheEPRspectra

of both forms showv the periodicity of 180 which is expectedfrom the spacegroup symmetryof the



88 6. ENDOR Crystallographyof the Oxidized States

g—value
2;4 213 212 2i1 2i0 1 i9

10 % ,
20 i
0 e

{
» A

I

50 {

“‘
. ;
80

e e —

100

120
At S —
140 W\

150 ?'#'
o —

180

o

T T T T T T
288 304 320 336 352 368
B/mT

]

Rotation Angle

Figure 6.4: AngularDependencef the EPRIine positionsof proteinsinglecrystalsof the [NiFe] hydroge-
nasefrom D. vulgaris Miyazaki F. ParametersT = 80K, microwave frequeng 9.728GHz, field modulation
100kHz, modulationamplitude0.5 mT, microwave power 0.4 mW.

crystal. Initially, the moreintenseEPRsignalswerefitted. They wereshavn to originatefrom the Ni-B
form. Next, thewealer EPRsignals(from Ni-A) wereanalyzedFor eachform, all four siteswerefitted
simultaneouslytaking into accountthe symmetryoperationsbetweeneachsite. EPRis usedhereto
distinguishbetweenthe Ni-A andNi-B formsin the single crystaland assignsitesl|-IV to eachform.
Details of the assignmenbf specificsitesandthe discussiorof the g-tensororientationcanbe found
in [190,209] and are not repeatechere. The mostplausibleassignmenbf the g-tensorprincipal axes
systemto the molecularstructureis suchthatthe g,-axisin bothformsNi-A andNi-B is orientedalong
the Ni-S(Cys549)ond(deviation 6° in Ni-A and11° in Ni-B) andthatg,- andg,-axesarerotatedby



6.3Results 89

3°. Thegroundstatefor bothformswasdeterminedo bed,. basedon aligandfield analysis[66,196]

with anorientationof the specialz-axisalongthe Ni-SCys54%ond.

6.3.2 Pulsed-EPR

Pulsed-EPRpectroscop (T = 10 K) with the samepulselengthslaterusedin the ENDOR experiments
(56 nsand112nsfor n/2- andw-pulsesyespectiely) wasapplied(seeFigure6.5, top). Theorientation
of the crystalin the EPRtubewasreconfirmedandit wasensuredhat site separatiorand Ni-A/Ni-B

separatiorwas still achieved underthe chosenconditions. It was possibleto shav that the excitation

56ns  112ns echo field—swept
2-pulse echo

AL

/2 ks

2xNi-B  Ni-A
Rotation Angle 3rd site u 1st site

2nd site

O =120 degrees Ni-B

4th site

Ni-A
2nd site

|

Ni-B

1stsite
Ni—-A
3rd site

|

297 307 317 327
B [mT]

Figure 6.5: Pulsed-EPRf the singlecrystalof the [NiFe] hydrogenasérom D. vulgaris Miyazaki F. Top:

pulsesequencandpulselengths;bottom: pulsed-EPRspectrumat the rotationangleof © = 120°. (centre
field at312mT, sweep-widtlBOmT, T = 10K) Arrowsindicatethecontribution of eachparamagnetispecies
(Ni-A andNi-B) to the EPRsignal. The enumeratiorof eachsitein the unit cell (1-4) is arbitraryandused
only in orderto differentiatetheirindividual contributionsto the pulsed-EPRandsubsequerpulsed-ENDOR

spectraatthechoserfield value.

bandwidth(8.9 MHz) is small enoughto ensuresite separation.Inhomogeneoutine broadeningdid
notaffectthe site separatiorandseparatiorof Ni-A/Ni-B speciesAngulardependenpulsed-EPRfield

sweptecho)of the paramagnetispeciesn thecrystalwererecordedat T = 10K in stepsof 10 degrees
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prior to ENDOR experimentgcompletedatasetnot shavn). Thefield positionof eachEPRresonance
transitionwas measuredand chosenfor a subsequenbDavies pulsed-ENDORexperiment. Only one
typical exampleis shavn here.

Figure6.5 (bottom)shaws the pulsed-EPRspectrunmthatwasrecordedat anrotationangleof 120°
(seeFigure 6.4). The assignmentbf the Ni-A andNi-B forms and the four sitesin the unit cell for
eachspeciedgo the pulsed-EPRsignalswasdoneon the basisof the singlecrystalcw-EPRspectra.The
analysisof the g-tensormagnitudesandorientationsallowed a distinctionbetweerthe differentspecies
andsites. The EPRsignalat 310mT correspond$o onesite (labelled4th site) of Ni-B only (seeFigure
6.5). Thus,anENDORspectrunrecordedatthis rotationangleandthis field valueis expectedo exhibit
featuresof onesite of Ni-B only. The pulsed-EPRspectrumat 314 mT is a superpositiorof two sites
from theNi-B speciegsite2 and3) andonesitefrom theNi-A form (site1). In anENDOR experiment,
onewould thusexpectcontritutions accordingto this composition.In addition, contritutionsfrom the
neighbouringlstsiteof Ni-A (peakat316mT) arealsoexpected At thisrotationangle,pulsed-ENDOR

spectraat five differentfield valuesweresubsequentlgollected(seetraceat 12C° in Figure6.6).

6.3.3 Pulsed-ENDOR

Figure6.6 shaws thefield positionsselectedor pulsed-ENDORmeasurementsSincethe crystalcon-
tainedpredominantlyNi-B, the ENDOR effect wasmorepronouncedor this form andthe spectradis-
playeda bettersignalto noiseratio. Figure6.7 shavs the rotationalangulardependenpulsed-ENDOR
spectraof the four separatesitesof Ni-B. The numerationis only usedto label the four magnetically
distinguishablesitesin the unit cell. AngulardependenENDOR spectraFigure6.7) couldbefollowed
over a completerangeof 18C°. The spectrawere adjustedto the free nuclearfrequeng which is also
field-dependentandplottedcentredaroundry. No spectraareshavn (straightline is given) for a few
field valuesbelow g = 2.03sincethe ENDOR spectracontainedcontritution of the paramagneti¢3Fe-
4S] cluster At somefield positions,a superpositiorof differentNi-B sitesis obtained,furthermore
overlapwith spectrafrom Ni-A could not alwaysbe avoided. Via the cw- andpulsed-EPRxperiments
andthesubsequerit of the EPRspectrathe compositionof eachENDOR spectrumat eachfield posi-
tion could,however, be accuratelydetermined.

Startingfrom thefield positionswhereonly Ni-B andonly onespecificsitewasselected'single-site
ENDOR’), the ENDORIinescouldbefollowed over the completerangeof rotationangle.In Figure6.7
clearly two hyperfinesplit line pairsat + 5-6 MHz aroundthe free protonfrequeny canbe detected.
They vary only slightly with the rotation angleandthusindicatea large isotropic hyperfinecoupling

with a smallanisotropiccontritution. Thereis afurtherhyperfineinteractionwhich appearoutsidethe
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Figure 6.6: Selectionof field positionsfor ENDORin the angulardependenEPR spectraof singlecrystals
of [NiFe] hydrogenaseThe positionsof subsequentulsed-ENDORmeasurementaremarkedby arrows.

matrix andshaws a significantangulardependencéangingfrom a hyperfinecouplingof ~ 1-2 MHz at
0 = 0° to 8-9 MHz near100C for site 1 of Ni-B). Here,isotropicandanisotropichyperfineinteractions
are of similar magnitude. The proton matrix rangeis very broadand a numberof peakscanstill be
detectedn the + 1-2 MHz rangearoundvy. The large numberof hyperfineinteractions,howvever,
makesit impossibleto follow themover the completerotationangle. The analysisandinterpretatiorof
the angulardependenpulsed-ENDORspectrawhich correspondo the Ni-A form (seeFigure6.8) is
morecomplicated.The spectrakesolutionis not asgoodasfor Ni-B sincethe ENDORresonanceare

broader Thetwo largely isotropichyperfineinteractionsat + 5-6 MHz aroundthe freeprotonfrequeng
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arealsopresenbut not completelyberesohed andappeamasonebroadsignal. The angulardependence
of the ENDOR transitionscould, however, not be fitted with the approachgiven abore. This might be

dueto thefollowing reasons:

¢ Ni-A is only the minority speciesin crystal of D. vulgaris Miyazaki F which complicatesthe

analysis.

¢ Relaxationcharacteristicsnight be differentfor Ni-A andthe pulseexperimentsverenot specifi-

cally optimizedfor this species.

¢ Ni-A could also possess more heterogeneousrvironment; this is indeedindicatedby higher

temperaturdactorsof somecofactorsin the Ni-A containingsinglecrystalsof D. gigas[27,32].

Despitethesedifficulties several statementsboutthe Ni-A form canbe made. The large couplingsof
the Ni-B form arealsopresentin Ni-A. The third hyperfinecouplingof Ni-B with significantangular
dependencis absentin theNi-A spectraWherepeaksf sucha couplingcanbeseenn Figure6.8they

stemfrom a contritution of the Ni-B form to the Ni-A spectrasuperpositiorof Ni-A andNi-B sites).



6.3Results

93

Figure6.7: Pulsed-ENDORspectraof Ni-B in proteinsinglecrystalsfrom D. vulgaris Miyazaki F.
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Figure 6.8: Pulsed-ENDORspectraof Ni-A in proteinsinglecrystalsfrom D. vulgaris Miyazaki F.
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6.3.4 Analysisof ENDOR Spectra

Initially, the matrix M relating laboratoryand crystal axes systemswas held fixed in the fits of the
ENDOR spectrasinceit was alreadydeterminedn the analysisof the cw-EPR spectra. The crystal
orientationwasnot changedetweenhe cw-EPRand pulsed-ENDORexperimentsandthus M hadto
remainconstantithin error In this way, the numberof fitting parametersvasreducedrom 9 to 6 and
facilitatedthe analysis. After satisfyingfits wereachieved, alsothe valuesof M wereallowed to vary

but did not changeadrastically(at mosta deviation of 3° wasobsened).

Figure6.9shavs theresultsof the obtainedfits for thethreehyperfineinteractionsn Ni-B. All three
hyperfinetensorswere simultaneouslyfitted for all four sitesof Ni-B. The colour codedistinguishes
the four magneticallyinequivalent sitesin the unit cell. The agreemenbetweenmeasurecENDOR
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) , the secondcouplingA, coversarangefrom 10-11MHz (middle
of Figure6.9) andthe third coupling As rangesfrom 2-8 MHz (bottom of Figure6.9) . The results
of the fitted hyperfinetensorsaregivenin Table6.1 Aj; arethe obtainedprincipal valuesof the total
hyperfinetensorandthe directioncosinesly; 4 i, 4 = x,¥, z describethe orientationof the hyperfine

tensorprincipalaxesz, y, z in the crystalaxessystenu, b, c.

A, andA, bothexhibit alargeisotropichyperfineinteractionof 12.85MHz and10.67MHz, respec-
tively. This indicatesthatthe protonsassociateavith thesehyperfinetensorsmustbe connectedo an
atomwhich bearsunpairedspindensity The valuescorrespondo the rangeof ENDOR couplings(A
11-13.5MHz, A, 10.1-11.1IMHz). Thisprovidesevidencethatthesignsof thehyperfineprincipalvalues
of thesecouplingmustall be positive or negative yielding the maximumisotropic hyperfinecontritu-
tion. Thepossibilitythatall principalvaluesof the hyperfinetensorave negative signs(thiswould yield
isotropic hyperfineinteractionwith opposite negative signs)canbe ruled out (seeDiscussionpelow).
The anisotropictracelesscontrikution labelledA;; in Table 6.1, in somecasesdeviatesfrom axiality
(A;i(axial) = (-Adgip, -Adip, 2 Agip). Very often, the interpretationof ENDOR hyperfinecouplingsis
doneunderthe assumptiorof axial hyperfinetensoran which the ‘dipolar’ axisis the specialaxis. For
A1 A, =(4.19,-1.71,-2.47)axiality is notfulfilled, indicatingamorecomplex hyperfineinteractionthan
thatof classicexpansionlesspins.In the caseof A, axiality is nearlyfulfilled AZZ =(1.09,-0.54,-0.55)
which might be explainedby a larger distancebetweerthe couplednuclearandelectronspins. This is
alsoreflectedin the lower valuesof the elementsf the anisotropichyperfinetensorsincethatindicates

alargerdistancebetweerelectronspinandnuclearspin.
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Figure 6.9: Fit of threehyperfinetensorsof angulardependenpulsed-ENDORspectraof Ni-B in protein
singlecrystalof D. vulgaris Miyazaki F. The colourcoderefersto the four magneticallydistinguishablesites
in theunit cell.

A3 exhibits a smallerisotropichyperfinecontritution which is only half of thatof A; andAs (a5, =
5.20MHz). Again,thisvalueis theisotropicpartestimatedrom theangulardependencef thecomplete
hyperfinetensorfrom 2.5-8.1MHz. Thesignsof thecompletehyperfinetensorA s mustagainbechosen
to be all positive or negative to yield this isotropicvalue. The resuItinganisotropiohyperfinetensorA;-i

=(3.07,2.14,-5.20)alsosignificantlydeviatesfrom axiality.
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Table 6.1: Hyperfinetensorprincipalvaluesanddirectioncosinesf hfccsfor Ni-B (‘ready’-state)in [NiFe]
hydrogenasé&om D. vulgarisMiyazaki F (T = 10 K)

X y z
Ay A; 17.04 11.14 10.38
l; 0511 -0.410 0.755
l,; -0.308 -0.908 -0.285
l; 0.803 -0.087 -0.590
Biso 12.85
A, 419 -1.71 -247

Ay A; 1176 1013 10.12
l; 0.605 0.723 -0.335
l,; 0.023 0.404 0.915
l; 0.796 -0.561 0.227
8iso 10.67
A 1.09 -0.54 -0.55

A; A; 827 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
8iso 5.20
A.. 3.07 214 -5.20

A;;: HFC-tensomprincipalvalues(i = x,y,z);
Ix;: Directioncosinesof HFC-tensomprincipalaxes(i = x,y,z) in the crystalaxessystem(k = a,b,c)for oneof the

four magneticallyinequivalentsites.

6.3.4.1 Assignmentof A; and A,

In the rotation-dependemnpulsed-ENDORpattern(Figure 6.7) of the Ni-B state,signalswhich were
later labeledA; and Ay appearpairwise and exhibit a similar angulardependence Consequentlyit
canbe assumedhat the signalsstemfrom a pair of protonsof the sameresiduein closeproximity to
eachother The large isotropiccontritutionsof 12.85MHz and10.67MHz, respectiely, indicatethat
they areeitherbounddirectly to a spin-bearingatomor they areboundin thevicinity of thespin-bearing

atomandaquireisotropichyperfineinteractionvia hyperconjugationTheanisotropiccontrikution of the
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hyperfinetensorA;Z- wasusedin orderto assignA; andAs. Protonswereaddedo the X-ray structureof
theD. vulgarishydrogenasg8] by meanf the INSIGHTII software[210] andanalgorithmbasedn
standardbondlengths,bondanglesanddihedralangles.Fromthe anisotropichyperfineinteractionthe
componenwith the largestvaluewasconsideredo be alongthe dipolar axis. The deviationsbetween
thecorrespondinglirectioncosinesandNi—H vectorsof possiblecandidatesverecalculated Theresults

aregivenin Table6.2

Table 6.2: Deviation [degree]BetweerDipolar AxesandNi—ProtonVectorsfor Ni-B in [NiFe] Hydrogenase
of D. vulgaris Miyazaki F

HyperfineTensor
Proton Al Ay A
Cys81H1 56 69 19
Cys81H2 89 83 17
Cys84H1 51 54 63
Cys84H2 47 59 80
Cysb46H1 29 41 43
Cysb46H2 52 68 27
Cysb49H1 38 18 89
Cysb49H2 16 6 82
X553 H 80 85 14

Minimum deviationsaregivenin bold andcorrespondo mostprobableassignmentéseetext for details).

For A1 5-CHs protonsof cysteinesCys81,Cys84,Cysb46canbe excludedsincethe deviationsare
56, 89,51, 47,29, and52 dggrees respectrely. Also, a protonatedoridging ligand X533 canbe ruled
out sincethe anglebetweendipolar axisandNi—X553_H vectoris 80 degrees.The minimum deviation
for A1 is obtainedfor oneof the 3-CH, protonsof cysteineCys549(Cys549H2 with angleof 16°).

Thesamealsoholdsfor A, for which deviationsof lessthan20® wereonly obtainedfor thetwo §-
CHjy, protonsof cysteineCys549(18 and6 degree respectiely). SinceCys549H2 wasalreadyassigned
to Ay, thehyperfinetensorA, mustbe assignedo the secondprotonCys549H1. Thisis in agreement
with the cw-ENDOR orientation-selectegtudy of the Ni-B form in Allochromatiumvinosum[169].
The two large hyperfineinteractionsexhibited isotropic contritutions of 12.5and 12.6 MHz. From
comparisorof the dipolar axeswith Ni—protonvectorsin the molecularstructurethey were shavn to

originatefrom §8-CH, protonsof the bridging cysteineCys533(Cys549in D. vulgaris enumeratiorof
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aminoacids).

The assignmenbf A; andA, to 5-CHy protonsof cysteineCys549hasto be consideredo beon
firm grounds.The g-tensorof Ni-B wasshavn to have its g,-axisalongthe Ni-S(Cys549)ond[183].
In the oxidizedstatesthe Ni atomis assumedo bein aformal Ni(lll) oxidationstatewith the unpaired
electronin a 3d? orbital. Thefive-fold coordinationof the Ni is square-gramidalin the oxidizedforms
(four cysteiryl sulphuratomsandthe bridgingligand bind to the Ni atom). The opencoordinationsite
is oppositethe Ni-S(Cys549%ondwhich makesthatNi—S bonda specialaxis. The spinbearingorbital
wasassumedo be alongthe Ni-S(Cys549)ond. Theisotropichyperfinecontritutions of A; andA,
indicatea significantspindelocalizatiorinto the sulphurp, orbitalsof Cys549.The 8-CH, protonsthus
coupledirectly to thefractionof spinonthe sulphuratomof Cys549andalsoto thatatthe Ni atom(see
Figure6.10.

Ni
S

Cyssa9/533

Figure 6.10: Bondingsituationfor the 3-CH, protonsfrom cysteineCys549.They may coupleto boththe
fractionof unpairedspinat the cysteiryl sulphuratomandthatatthe Ni centralatom.

This complicatedcoupling schememay explain the ratherlarge deviations of 16 and 18 degrees
betweenthe dipolar axesandthe correspondindNi—H vectorsfor the cysteineCys549. The deviation
from axiality andthelarge deviation of thedirectioncosinedrom the Ni—H vectorsin Ni-B of the[NiFe]
hydrogenasérom Allochromatiumvinosumwereanalyzed169]. The anisotropichyperfinetensorwas
simulatedor thesituationwherethe 5-CH; protonscouplesimultaneouslyo anickel atomandasulphur
atomor to oneof themalone. The spin populationsat the Ni wasvariedfrom 1 to 0.5 andthaton the
sulphuratomswas increasedrom 0 to 0.5. Both the X-ray coordinatedrom the D. gigas structure
andthe DFT optimizedclustermodelwere used. Bestagreementvith the experimentallydetermined
hyperfinetensorswasfound for the casewherethe spindensityp at the Ni is 0.5 andat the sulphuris
0.3. Theremaining0.2 weredelocalizedover the completecluster Thisis alsoin goodagreementvith
the calculatedatomicspinpopulationgseeChapters).

Theisotropichyperfineinteractionsof 12.9and10.7 MHz indicatedihedralanglesbetweerthe 3-

CH, protonsandthe sulphurp, orbital of equalmagnitudgseeFigure6.11).
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CySs49/533

Figure 6.11: Newmanprojectionanddefinitionof thedihedralangle® of 5-CH, protonswith respecto the
3p. orbital of the cysteiryl sulphuratom

In general the angulardependencés of the form a;5, = Bpg[C/B + cos?(® + ©)] with & the
dihedralangleand® = #/2[177]. C andB aresystem-specificonstantandnotknown for hydrogenase.
The largestcoupling ariseswhenone C-H bondis collinearwith the sulphurp, orbital and minimum
couplingis achiered whenthe C-H bondis perpendiculato thelobesof the p-orbital. The positive sign
of the isotropic hyperfineinteractionof the 5-CH; protonscanbe explainedby an analogyto organic
radicalswherethe signof the spindensityat the protonnucleusnext to a C4 carbonatomis determined

by hyperconjugation.

6.3.4.2 Assignmentof Ag

Thethird protonwith the hyperfinetensorAs is only presenin Ni-B (seeFigure6.7) andabsenin Ni-A
(Figure6.8). The hyperfineinteractionAs in Ni-B exhibits anisotropiccontrikution of 5 MHz (Table
6.1) which is only half of that of A; andA,. A protondirectly boundto a nucleuswith a significant
amountof unpairedspindensityin the active centreof [NiFe] hydrogenaseanthusbe excluded. One
thereforehasto find theprotonthatis associateevith anisotropiccouplingof thatmagnituden theNi-B

form but absenin Ni-A.

TheanisotropichyperfinetensorA;; = (3.07,2.14,-5.20) hasits large componenglongthe A, axis
but alsodeviatesfrom axiality. From a comparisorof the dipolar axis of the hyperfinetensorAs with
thatfrom Ni—H vectorsin the X-ray structureof D. vulgaris two possibilitiesremain(seeTable6.2).
TheanglebetweerthedipolaraxisandNi—H vectorsis smallfor 5-CH, protonsof theterminalcysteine
Cys81(19and17 degrees) Jarge for all other 3-CH, cysteiryl protonsin questionandminimumfor a
possiblyprotonatedridgingligand X (deviation betweerdipolaraxisandX553 H 14°) spanningNi and
Fein theactive centre.It wasinvestigatedvhetherDFT calculationscould contrikute to the resolution

of thisambiguityin theassignmenbf A 5.
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6.3.5 DFT Calculations of the Electronic Ground State

DFT calculationsanaccuratelyreproducehestructuralparametersf [NiFe] hydrogenaséseeChapter
5). Goodagreemenbetweenexperimentaland BLYP/DZVP calculatedbond lengthsand angleswas
foundfor the X-ray structureof D. gigaswhenthe bridgingligand wasan oxygenspeciesge.g. a OH™
for Ni-B anda O%>~ for Ni-A. The consideratiorof a sulphurbridging ligand led to bond distances,
especiallyNi - - - Fedistancesthatweresignificantlylargerthanthoseobtainedrom X-ray analysigsee
Chapteis). 2 CN and1 CO ligandwerechoserasnon-proteifigandsto theiron atomsincea SOligand

did notleadto a reasonablspindensitydistribution (seeChapters).

Table6.3givesstructuraldatafor the clustermodelsof theNi-A andNi-B statewhichwereusedhere
in thecalculationof the 'H hyperfinecouplings.Thestructuresverere-optimizedrom thosein Chapter
5 usingafinerintegrationgrid andtight cornvergencecriteria(5-10~* in gradient,1.10~7 in enegy). The
obtainedBLYP/DZVP andHCTH/DZVP optimizedgeometriegirevery similar (seeTable6.3). Usually
the HCTH functionalleadsto bondlengthsthatareshorterthanthoseof the BLYP functional. Thiswas
alsofoundin [94]. Thedifferencein bondlengthscanbe asmuchas0.05A for the Fe—Sdistancesnd
0.04A for theNi - - - Fedistance Bondanglesagreeto within 0.5 degreesbetweerthe two functionals.
The calculatedstructuralparametersvhich were obtainedwith the HCTH functional,especiallythe Ni
--- FeandNi - - - X bonddistancesandthe Ni-X—Fe bondangle,agreeslightly betterwith thosefrom
X-ray analysisfor D. gigas[27] thanthosecalculatedwith the BLYP functional. One hasto bearin
mind the experimentaluncertaintiesn structuralparameterérom X-ray structureqca. 0.2 A at2.0A
resolution).The calculatedstructuralparameterslo not agreewith thosefrom the X-ray structureof the

[NiFe] hydrogenasérom D. vulgarisMiyazaki F [28] (for a DiscussiorseeChapters).

Single point calculationsat the optimized geometriesand subsequenanalysesf the Kohn-Sham
wavefunctionprovide insightinto the electronicstructureof the active site. It wasshavn by crystalfield
analysisthat the groundstateof the oxidized enzymemay correspondo a Ni(lll) with a 3d,» ground
state[66]. This assumptiorwasthe basisfor the assignmenbf the g-tensororientationin the oxidized
stateqd179,183]. In the calculationsthe Ni is in its formal Ni(lll) oxidationstate,coordinatecby four
cysteineaminoacid residues.The iron atomis in its formal Fe(ll) oxidationstateandligated by one
COandtwo CN~. The positionof the bridging ligandis occupiedoy eitheranOH~ (Ni-B) or anO?~
(Ni-A) ligand leaving the Ni in a five-fold, square-gramidal coordinationsphere. A naturalatomic
orbital (NAO) analysiswas performedin orderto determinethe orbital occupang of the Ni atomand

gaininsightinto the electronicstructureof the active site.

Table6.5 givesthetotal atomicspin densitiesas obtainedfrom the NAO analysis the orbital occu-
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Table 6.3: Comparisorof selectedstructuralparameterérom X-ray andDFT optimizedmodelsof the oxi-

dizedactive centresof [NiFe] hydrogenase.

exp. BLYP/DZVP HCTH/DZVP
D.gigas[27] D.vulgaris[28] X=0?>~ X=O0OH~ X=0?" X=O0H~
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 enumeratiorof amino acid residuescorrespondgo that of D. vulgaris Miyazaki F. The relatedsequence

numberof D. gigasis givenin parentheses.

pationof the unpairedspinandthe naturalorbital configurationfor the Ni-B form.

63% of the unpairedspin reston the Ni atom, this is qualitatve agreementvith the $'Ni hyperfine
splitting of isotope-enrichediydrogenasefs9]. The differenceto the resultsof the spin population
presentedn Chapters (0.52) may originatefrom the useof differentfunctionals,basisset,integration
schemesetc.. The Fe atomonly possesse$% of the spin densitywhich agreeswith the absenceof

ary 3"Fe-ENDOReffect in isotope-enrichedamplesof Ni-B [61]. One of the sulphuratomsbears
significantspindensity(23%,the sulphuratomof the bridging cysteine533). This agreeswell with the
obsered hyperfinesplittingin EPRdueto one33S nucleug62]. Thespindensityatthe remainingother
threecysteiryl sulphuratomsis 0.02,0.03,0.07,respectiely (datanotincludedin Table6.5) andis thus
significantlysmallerthanthatof the cysteine533. 86% of the unpairedspindensityresidesalonein the
bondNi-Scys549. A closerinspectionof the orbital occupanciesf the unpairedspin at the two nuclei

givesthefollowing picture: Thelargestfractionof the unpairedspindensityis in theNi 3d,» orbital, but
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Table 6.4: B3LYP/6-311GNAO analysisof the Ni-B state.

Total Atomic NaturalOrbital Natural
Atom  SpinPopulation SpinOccupang ElectronConfiguration

3d,, 0.027
3d,, 0.204

Ni 0.63 3dy. 0.055 [core]44 3P4 4p°01 5901
3d,2_,2  0.003
3d,» 0.341
3d,, 0.001
3d,, 0.001

Fe 0.01 3dy. 0.001 [core] 44 3cf-8 501 4001
3d,2_,2 0.005
3d,» 0.007
3p: 0.076

SCys549 0.23 3p, 0.000 [core]3s® 3pt® 4401 4001
3p, 0.149

alsoasignificantamountn the 3d,, orbital. The 3d,., 3d;, 3d,>_,> orbital occupanciearesmaller At
the sulphuratomof cysteine533, thelargestfraction of unpairedspin densityresidesn the 3p, orbital,
abouthalf asmuchin the 3p, andzeroin the 3p, orbital. This shavs thatthe groundstateof the nickel
atomin the Ni-B stateis indeedcomposedf mainly a 3d,. orbital with a slightly smallercontritution
from the 3d,, orbital.

If theNi orbital occupationNerepurer:%d;2 (m,; = 0) thenonecouldnotexplainthedeviation of the
gz~ andg,-valuesfrom g, by 0.33and0.16,respectiely. For apureSdi2 groundstate,g-valuesmuch
closerto g, areexpected(for an exampleseeChapterd, Ni(CO)sH). The admixtureof 3d,, character
(m; # 0) cancontriluteto the g-tensorvia spin-orbitcouplingandinduceg-valueslargerthange,.

The bondingsituationof the Ni atomis characterizedy a NBO analysisasfollows: The sulphur
nuclei of Cys8land Cys530form two single bondswith the Ni atom. The bondsare S — Ni donor
bondswith a contritution of 76% from the sulphur(of which 5% arefrom s- and95% from p-orbitals)
and24%from the Ni (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 a-spin, thereis an additional single bond betweenthe sulphurfrom Cys549(71% S, 29% Ni)

andthe correspondingnti-bonding(25% S and75%Ni) interaction.Thisbondis not presentfor 8-spin
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orbitalsandthusshaws thatthe unpairedspinresidesn thatbond. Thisis ana posteriorijustificationof
theassumptionsnadein theanalyse®f experimentaly-tensororientationd179,190].

A Ni(0) hastheelectronconfigurationjcore] 48> 3d®, Ni(l) [core]4s' 3d?, Ni(ll) [core]4s’ 3d® and
Ni(lll) [core] 4’ 3d". Fromthe naturalatomicconfiguration(Ni [core] 494 3dP4) it become®bvious
thatthe oxidationstate,however, is not a formal Ni(lll) but dueto sulphuNickel donationits chage
is reduced.The nickel atomcanbe describedasa Ni(+1.2). Therelationbetweenthe formal oxidation
stateandthe actualchage on an atomis not straightforward. Neverthelessthe discussiorof formal
oxidation statesis frequentlydonein the field of bioinomganic chemistry The stabilizationof high Ni
oxidation statesby sulphurligandscanbe explainedby a favourableenegetic proximity of S 3p- and
Ni 3d-orbitals. The covaleny of S—Ni bondsthenleadsto a compensatiomf the chage on the central
metalatom.

Thesameargumentatioralsoholdsfor the Ni-A state(seeTable6.5).

Table 6.5: B3LYP/6-311GNAO analysisof the Ni-A state.

Total Atomic NaturalOrbital Natural
Atom  SpinPopulation SpinOccupang ElectronConfiguration

3d,, 0.235
3d;, -0.167

Ni 0.88 3d,, 0.042 [core] 494 34 4pP-01 5-01
3d,2_,2 0.175
3d,2 0.591
3d,, -0.008
3d,, -0.009

Fe -0.05 3d,, -0.009 [core]4€# 307 594 4001
3d,2 2 -0.012
3d,» -0.012
3p: 0.018

SCys549 0.12 3p, 0.003 [core] 3s-8 3p*6 4901 4002
3p, 0.084

TheatomicspinpopulationattheNi is increasedo +0.88,thatof the bridgingsulphurof thecysteine

533decreasetb 0.12. The Festill bearsonly a smallamountof spindensity(5%) possiblydueto spin
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polarizationfrom theNi atomvia the 0%~ bridge. ThebridgingligandO?>~ would acquireitself unpaired
spindensity(0.3) andtransferit from the Ni to the Featom. This might explain the small but detectable
5TFe-ENDORsignalin Ni-A [61] and an increasechyperfinesplitting in 17O, treatedsamplesin Ni-
A comparedto Ni-B [63] . The numbersgiven here must be critically discussed. The atomic spin
populationssignificantlydiffer from thosegivenin Chapters. The B3LYP functionalhasa biastowards
higherspin contaminationg€omparedo the pure GGA functionalssincemore‘ionic’ contritutionsare
consideredrom the Hartree-Bck exchange As aresult,the expectationvalueof the S? operatordiffers
from thatexpectedfor a S = 1/2 state(S(S+1)= 0.75),for the B3LYP/6-311Gcalculationthe (S2) value
was 1.0001. This indicatescontritutions from spin statesdifferent from S = 1/2 to the Kohn-Sham
wavefunction.

The naturalorbital configurationsdo not changeon the Ni and Fe atoms(cf. Tables6.4 and6.5).
TheNi atomremainsin its Ni(+1.2) statein agreementvith resultsfrom EXAFS experimentg55,186]
which do not pointto a changeof electrondensityat the Ni.

6.3.6 DFT Calculated Hyperfine Tensors

Table6.6 givesthe calculatedsotropicandanisotropichyperfinecouplingconstantgor theNi-B casen
whichthebridgingligandis OH~ and2 CN and1 CO arethe non-proteirligandsto the Featom. The 6-
311+(2d,2p)pasissetwasusedwith adiffusefunctiononall heary atomsandtwo setsof d-functionsfor
S,C,0,N(respectiely 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 optimizedgeometrywas carriedout. The B3LYP functionalis known to yield good
agreemenbetweerexperimentalandtheoreticahyperfinecouplingconstantgor organicradicals(for a
review, see[124,125]). Calculationswith the Becke exchangeandPerdav correlationfunctional(BP86)
werealsoperformedusingthe samegeometryandbasisset.

Despiterecentagumentsagainstthe classificationof ‘spin contaminationin DFT methodg211],
thetermwill be usedherein the samecontet asin HF theory(seefor example[212]). The effect of
spin-contamination the calculatechyperfinecouplingparameterss pronouncedincethe expectation
valueof the S, operatorentersthe formulaefor theisotropic(Eq. 6.1) andanisotropico(Eq. 6.3) hyper
fine interactions.The spincontaminatiorfor the B3LYP calculationis significantlylarger (0.8153)than
in the BP86case(0.7589).For a doublet,the exactexpectationvalue (S2) is 0.75. The deviation origi-
natesfrom the contritution of spinstatesof highermultiplicity. Theisotropic(Fermicontact)hyperfine
interactionis mostsensitve to the choiceof basissetandfunctional. The largestvalueis obtainedfor

the two 8-CH, protonsof cysteineCys549(Cys533in D. gigasnomenclaturel2.65and13.69MHz
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Table 6.6: DFT CalculatedsotropicandAnisotropic! H-HyperfineCouplingParameter§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
(S?) 0.8153 0.7589 0.7988

Qiso Aaniso 3iso Agniso Qiso Agniso
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,-1.74,3.57 298 -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 157 -2.59,-2.29,489 3.94 -1.99,-156,3.55 2.09 -2.50,-2.16,4.66
Cys546(53QH1 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(533H1 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
Cysb549H2 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=0OH 1.31 -4.42,-411,853 0.31 -3.24,-2.49,5.72 1.45 -4.35,-4.09,8.44

The enumeratiorof amino acid residuescorrespondgo that of D. vulgaris Miyazaki F. The relatedsequence

numberof D. gigasis givenin parentheses.

with the B3LYP and16.72and17.53MHz with the BP86functional. The calculatedsotropichyperfine
couplingsof the 8-CH, protonsof the terminal cysteineCys546(Cys530)are abouta factor of three
smaller The hyperfineinteractionsfor 5-CHy protonsof the cysteinesCys8land Cys84(Cys65and
Cys68in D. gigasnomenclaturerealsogivenin Table6.6. Theisotropic!H hyperfineinteractionof

the p-hydroxoligandis calculatedto be 1.31 MHz with the B3LYP functionaland0.31 MHz with the

BP86functional.In generalthe hybrid functionalB3LYP givessmallerisotropicandlargeranisotropic
hyperfineinteractionsccomparedo the‘pure’ BP86functional. This mayoriginatefrom theadmixtureof

‘exact’ Hartree-lockexchangdn theB3LYP calculationsHartree-lckis biasedowardsionic solutions
of the wavefunctions. This may leadto anincreaseof spin densityat the nuclei (thuslarger isotropic
values)andthereforealsoto a larger anisotropichyperfineinteraction. Purefunctionals,on the other
hand,tendto favour a morecovalent,delocalizedspin densitydistribution (theisotropicandanisotropic

valuesthereforedecrease)Theoverall picture,however, givenby thetwo calculationds similar.

For meansof comparisorandin orderto testthe sensitvity of the resultswith respecto thechosen
geometry geometryoptimization using the recently developedHCTH functional [94] were also per
formed. HCTH is a ‘pure’ functionalwithout admixtureof Hartree-Bck contritutionsandwasshavn

to yield structuralparametersyibrationalfrequenciesindenegeticsof superiorquality to thoseof other
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purefunctionals,the resultsare sometimessomparablén quality to thoseof the hybrid B3LYP func-
tional. In addition,alsotransitionmetalcomplexeswere partof the training setfrom which the HCTH
functionalwasderived [94]. A B3LYP/6-311+G(2d,2p¥kingle point calculationat the HCTH/DZVP
optimizedgeometrywasperformed.The (S?) valueof 0.799is intermediatebetweerthat of the BP86
andthe B3LYP functionals. The influenceof the geometrybecomebvious whencomparingB3LYP
calculationswhich wereperformedat the BLYP andHCTH optimizedgeometriegseeTable6.6). The
isotropic hyperfineinteractionsare generallylarge for the HCTH functional. This may originatefrom
thefactthatthe bondlengthswith the HCTH functionalareshorterthanthosewith the BLYP functional
(seeTable6.3) or thatthe HCTH functionalshawvs the sametrendtowardsdelocalizationasthe BLYP

functional(seeabove).

Table 6.7: DFT CalculatedsotropicandAnisotropic! H-HyperfineCouplingParametergMHz] 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
(52) 0.9204 0.7625 0.8645

Qiso Aaniso Qiso Agniso Qiso Aaniso
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(53QH1 terminal | -2.37 -5.60,-0.44,6.05 0.63 -2.41,-2.15,456 -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(533H1 bridge 9.78 -1.79,-0.62,2.41 12.27 -1.77,-0.66,2.43 8.48 -1.64,-0.79,243
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=02" -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 enumeratiorof amino acid residuescorrespondgo 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
0%~ ligandis assumedo occupy the bridging position. Again, the spin contaminatior(deviation from
the theoretical(S?) value0.75)increasesn the rangeBP86//DZVP(0.76) > B3LYP//HCTH (0.86) >
B3LYP//BLYP (0.92). Theisotropichyperfineinteractionof the 5-CHy protonsof cysteineCys549are

againthelargest. Theirmagnitudesrereducedcomparedo the Ni-B form by 3-8 MHz.

The hyperfinetensorof the bridging 1-oxo atomreactsmostsensitvely to the choiceof functional.
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While B3LYP//BLYP andB3LYP//HCTH yield very similar isotropicandanisotropichyperfineinterac-
tions, the BP86//BLYP calculationsyield anisotropic hyperfineinteractionreducedby 12 MHz anda

stronglychangedanisotropiccontrikution (seeTable6.7).

6.4 Discussion

In [NiFe] hydrogenasest hasbeenshavn thatthe EPRsignalarisesfrom the nickel atom (*Ni sub-
stitution and subsequenhyperfinesplitting in EPR[59]) and one sulphuratom (33S substitutionand
subsequerttyperfinesplitting in EPR[62]). Thereare,however, atleastfour sulphuratomsligating the
nickel ion (two terminal cysteinesCys8land Cys546,andtwo bridging cysteinesCys549and Cys84,
seeFigure6.1). !

A1, A, FrozensolutionQ-Bandcw-ENDOR experimentswvere performedon samplesof D.gigas
hydrogenasey Fanetal. [69]. Ni-A andNi-B weretakenasa referencdor Ni-C andno assignmenof
hyperfinecouplingsin the oxidizedstatesvasmade.The largesthyperfineinteractionsvereA” = 12.8
MHz (Ni-A) andA# = 15MHz (Ni-B). No estimateof isotropicandanisotropiccontritutionswasgiven
but this rangeis alsoobtainedn the pulsed-ENDORexperimentgresentedhere.

DFT calculationsarein agreementvith the experimentabssignmenof thehyperfinetensorsA; and
A, to the 5-CHy of Cys549in the Ni-B form. The calculatedisotropic hyperfinecoupling constants
for the 8-CH, protonsarein in good agreementvith experiment(compareTable 6.1 and Table 6.6).
Bestagreementor the 5-CHy protonsof Cys549(Cys53& D. gigag is obtainedwith the calculations
usingthe B3LYP functionalatthe BLYP optimizedstructure(B3LYP//BLYP). The calculatedsotropic
hyperfineinteractionsare larger thanthe experimental(by ca. 5 MHz at BP86//BLYP, ca. 4 MHz at
B3LYP//HCTH andca. 1 MHz at B3LYP//BLYP). The agreemenbetweerthe calculatedand experi-
mentalanisotropichyperfineinteractionis very good(deviationslessthan0.5MHz) for theslightly more
remoteproton Cys549H2. For Cys549H1 the deviation is up to 1.8 MHz for the largestanisotropic
hyperfinetensorcomponentThis may originatefrom the completengglectof relativistic effects(scalar
relativistic andspin-orbitcoupling)in the calculations They maybeimportantfor the descriptionof the
electronicstructureof the Ni atomandlikewise influenceligandsin the surroundingof the Ni. At this
point, it cannotbe decidedwhetherthe agreemenof the B3LYP resultsis only a fortuitouscancellation
of errorsandthe BP86resultscouldbe systematicallymprovedby consideratiorof second-ordeeffects

(i.e. spin-orbitcoupling,seeChapter4). Thereducedspin-contaminatiof the BP86resultssuggests

A possibléfifth sulphuratomwasassignedo anelectrondensitypeakin D. vulgaris Miyazaki F [28] but consideredo be

anoxygenspeciesn D. gigas[27].



6.4 Discussion 109

thatwork alongthatline is promising.
In the Ni-A state the two large couplingsseemto be also presentalthoughno completeanalysisis
donefor the single-crystakpectra. The assignmenbf the two large couplingto the 5-CH, protonsof

cysteineCys549for Ni-A is supporteddy thefollowing aguments:
e theg,-axisis alongthatNi-SCys54%ondin both Ni-B andNi-A [190]
¢ theoxidationstateof the Ni is unchanged@omparedo Ni-B

¢ thereis nodrasticspinreorientatiorin the active centreandthe spindensityresidesmainly on Ni

andthe sulphurof Cys549

¢ theisotropichyperfineinteractionis reducedoy approximatel\2 MHz in theNi-A casecompared
to Ni-B (compareFigures6.7 and6.8) andthetwo couplingsexhibit very similarisotropichyper

fine interactionandcannotbe separated.

DFT calculations yield isotropic hyperfine interactions for the two S-CHy of 9.8/5.1 MHz
(B3LYP//BLYP), 12.3/8.7MHz (BP86//BLYP) and8.5/7.8MHz (B3LYP//HCTH) (seeTable6.7). The
calculationat the HCTH geometryseemdo give bestresultssincethe differencebetweenthe two pro-
tonsis only maginal (0.7 MHz) while it is approximately4 MHz at the BLYP optimizedgeometry
Experimentallythe protonsappearso similar thatthey cannotbe separated.

Aj: Fanetal. [69] reporteda hyperfineinteractionin Ni-B of A = 4.4 MHz which wasobtained
after solvent-exchangeto D50 in the reducedNi-C stateand subsequente-oxidation. The hyperfine
interactionwastentatvely assignedo eithera H,O or OH~ moleculeboundto the nickel site. Chipman
etal., by meansof 2-pulseESEEMspectroscop shaved thatthereis no D,O exchangeablgrotonin
thevicinity of the Ni atomin the Ni-A state[119]. Consequentlythe differencebetweerthe Ni-A and
Ni-B statescaneitherlie in a different protein conformationwhich allows solvent accessibilityin the
Ni-B but notin the Ni-A stateor anadditional,solvent-exchangeald protonin the active centrein the
Ni-B state.Deprotonatiorof thebridgingligandOH~ in Ni-B to give aO?~ ligandin Ni-A is aplausible
model. Accordingto the calculations a protonatedoridging ligand (i.e. OH™) in the Ni-B statewould
leadto anisotropichyperfineinteractionof ~ 0.31- 1.45MHz (seeTable6.6) andcanberuledout as
a candidatdor As. It may however, correspondo the solvent-exchangeabl@rotonobsered by Fanet
al. [69].

The secondpossibleassignments thatto a 8-CH, of the terminal cysteineCys81. In the Ni-B
model, the calculatedisotropic hyperfineinteractionfor the two 5-CHy protonsare -0.40/0.80MHz
(B3LYP//BLYP), 1.02/2.98VIHz (BP86//BLYP) and-0.48/1.32MHz (B3LYP//HCTH) for H1 andH2,
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respectiely, andsmallerthanthe experimentalvalue. As statedabove, the BP86valuesappeatrreliable
dueto its lower spin-contaminationln the modelfor the Ni-A state the isotropichyperfineinteraction
is reducedor thesetwo 8-CHy protonsandcloseto zeroin all calculations Thusadeprotonatiorof the
bridging ligand alsoleadsto a vanishingunpairedspin densityat the terminal cysteineCys81(from 3

MHz isotropiccouplingin Ni-B to 0.2 MHz in Ni-A). Accordingto the calculationsthe p-oxo bridge
in theNi-A form might acquiresignificantspindensityandwithdraw it from the sulphurligandsi.e. the
bridging cysteineCys549andthe terminalcysteineCys81. Thereis, still, ampleroomfor improvement
of the calculationof the isotropic hyperfineinteractions,e.g. the inclusion of second-ordeeffects or

the useof Slatertype orbitals (STOs) which give a betterdescriptionof the coreregion of the electron
distribution. Thisis donein Chapter7. ?

Experimentally the anisotropichyperfinetensorcomponenseemdo be overestimated.The fitted
ENDORtransitiongrangefrom 2-8 MHz (seeFigure6.9bottom). With anisotropicvalueof 5 MHz, the
anisotroy canbeestimatedo be3 MHz atmost. Thus,a dipolartensorof the orderof magnitudg-1.5,
-1.5,3.0) MHz appearplausible.Dueto numericalinstabilitiesof thefit routines,t wasnot possibleto
fit thehyperfinetensorsAs with thesevalues.

The cw-ENDOR orientation-seleed study by GelRneret al. [169] alsorevealeda third hyperfine
interaction. The measuredsotropic partwas, however, significantlysmallerthanthe onereportedhere
(0.5MHz) andassignedo eitherone3-CH, protonfrom Cys81or adirectly protonatedtysteineCys84.
Thefirst possibilityis in agreementith the finding in this work sincea protonatedCys84seemsvery
unlikely. A fourth hyperfineinteractionwas also reportedbut could not be analyzedbecauseof its
maximumnearthe g, componen{169]. It waslabelled' M* andonly tentatvely assignedo eithera

protonateddridgingligandor a 3-CHs protonof theterminalcysteineCys546[169].

6.5 Conclusionand Outlook

ThecompletehyperfinetensorsA, Aq, Ag of threeprotonsin Ni-B in theactive centreof the[NiFe] hy-
drogenasérom D. vulgarisMiyazaki F have beendeterminedrom Davies pulsed-ENDORexperiments
on proteinsinglecrystals.Figure6.12depictsthe assignegrotonhyperfinetensors.

A, andAs shaved the sameangulardependencand both exhibited a large isotropic contritution

(13 and 11 MHz, respectiely). From the direction of the anisotropiccontrikution, the protonswere

2Calculationausinga STO basissetin the ADF99 programsupporttheresultsobtainechere. The BP86calculatedsotropic
hyperfinecouplingconstantsare+13 and+12 MHz for the two 3-CH. protonsof the bridging cysteineCys549in Ni-B and
+9.5and+6 MHz in Ni-A. Oneof the 3-CH, protonsof theterminalcysteineCys81lexhibits anisotropiccouplingof +3 MHz

in theNi-B clustermodelbut it is absenin theNi-A clustermodel(reducedo +0.2 MHz).
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Figure 6.12: AssignedHyperfineTensorsn theNi-B State

shawvn to be 8-CH, protonsof the bridging cysteineCys549. This assignments in agreementvith

previouswork of orientation-selectedw-ENDORmeasuremen{469], theinterpretatiorof theg-tensor
in singlecrystalswith its g,-axisalongthe Ni-S(Cys549bond[179,190] andDFT calculations.In the
Ni-A form, the environmentof the active site is more microheterogeneouwendthe ENDOR transitions
couldnotbe completelyanalyzed.The hyperfinetensorsA; andA, arealsopresenin Ni-A but shav a
reducedsotropichyperfineinteraction(8-9 MHz). This wasalsoconfirmedby DFT calculations.The
sensitvity of theDFT calculatechyperfinetensorswith respecto theoptimizedgeometryandfunctional

wasinvestigated.

Thethird hyperfineinteractionAs is only presentwvhentheenzymes in theNi-B form andabsenin
Ni-A. It canoriginatefrom a eitherprotonatedridgingligand,i.e. X = OH~ or SH™, or from a 8-CH,
protonof theterminalcysteineCys81. Theisotropichyperfineinteractionof 5 MHz makesit unlikely
to comefrom an OH™ bridging ligand. The DFT calculationssupportan assignmengaccordingto the
secondpossibilitythatof a 5-CH; of Cys81.

For the first time, the differencebetweenthe Ni-A and Ni-B forms of the [NiFe] hydrogenasés
given,i.e. a0?~ bridgein Ni-A andan OH~ in Ni-B. The accumulatiorof spin densityon the y-0xo
bridgein theNi-A form leadsto awithdrawal of spinpopulationfrom the sulphurligandsto thebridging
atom. This modificationof the bridgingligand might reflectthe differentactivation kineticsof Ni-A and
Ni-B. The OH™ ligandin the Ni-B statemay be more easily liberateduponactvation thanthe u-oxo
bridgein Ni-A.

Pulsed-ENDORnvestigationson thereducedcrystalwill reveal changesn the protonervironment
of the active site during the catalytic cycle andthus help to elucidatethe reactionmechanisnof this

enzyme. Neitherthe electronicstructurenor the hyperfineinteractionwith protonsis accessibldrom
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X-ray crystallographicstudies. ENDOR crystallographyn conjunctionwith DFT calculationgherefore

areindispensabléor theinvestigationof theintermediatestatesn hydrogenaseatalysis.



Chapter 7

Relativistic DFT Calculations of the
Paramagnetic Intermediates of [NiFe]

Hydr ogenase

7.1 Intr oduction

The paramagnetistatesof the enzymeare experimentallywell-characterize@dndare subjectof intense
researcl12,65]. Their electronicor geometricaktructureshave, however, not beenunderstoodn an
atomiclevel. In the‘as-isolated'oxidizedstateghe[NiFe] hydrogenases amixtureof two paramagnetic
forms(Ni-A andNi-B). Thetwo only slightly differ in their g-values(Ni-A g, , = 2.32,2.24,2.02;Ni-
B gzy,. =2.32,2.16,2.01,seeTable7.1). In thesestatesthe enzymeis catalyticallyinactive. It canbe
activatedby reductie incubationunderan Hy atmosphereNi-B (or ‘ready’) is reducedwithin minutes
while Ni-A (or ‘unready’) requiresincubationfor several hours. During reduction,an EPR-silentstate
Ni-Si is passedbeforeathird paramagnetistateof theactive centre(Ni-C) is reachedNi-C is believedto
bea catalyticintermediatén theH, dissociatiorandmaybind eitherH,, H~ or HT. Uponillumination,
the Ni-C stateis corvertedinto a fourth paramagnetistateNi-L. CO is an inhibitor of the enzyme
yielding a paramagneti€€O-boundstateNi-CO. The completelyreducedstateNi-R is EPR-silentand

believedto bein equilibriumwith Hy [57]. Thesequencef redoxstateseads
Ni-A/Ni-B=Ni—-Si=Ni—-C=Ni—R . (7.1)

Table 7.1 collectsthe g-valuesfor the paramagnetistatesof the [NiFe] hydrogenasdérom Allochro-

matiumvinosumfor which the mostcompletesetof datais available.

113
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Table 7.1: g-Valuesof the paramagnetistatef the [NiFe] hydrogenasé&om Allochromatiumvinosum

State gz Oy g. | Ref.
Ni-A 232 224 2.02| [63]
Ni-B  2.33 216 201
Ni-C  2.19 2.15 2.01|[67]
Ni-L 229 2.13 2.05
Ni-CO 2.12 2.07 2.02| [40,213]

Previousquantunmechanicastudied71—74] have addressethequestiorof Hy activationby [NiFe]
hydrogenasebut werenot aimedat a descriptionof intermediatestatesbasedon experimentalobserv-
ables. Niu et al. [75] and Amaraet al. [76] obtainedgood agreemenbetweencalculatedand experi-
mentallR CO andCN stretchingfrequeng bandsof the non-proteinligandsbut no attemptwasmade
to correctly describethe electronicstructuresof the paramagnetistates. In orderto characterizehe
paramagnetistatesjt is necessaryo calculateobserablesof magneticresonancexperimentdirectly
from relativistic DFT wavefunctions.

Here, thefirst relatvistic descriptionandcalculationof magneticresonancg@arametergg- and A-
tensors)of a transitionmetal containingenzymeis presented By correlatingthe g-valuesto structural
parameterand observingtheir changesdetweenthe differentparamagnetistates,a possiblereaction

mechanisnmmay be suggestedhater

7.2 Computational Details

We usethe ‘zero-orderregular approximation‘for relatiistic effects[112,113,214,215], the efficient
implementatiorof the four-componentvavefunctionin atwo-componenpicture.Recentlythe calcula-
tion of g-tensorgd146], hyperfinetensord131] andquadrupoldensord216] includingscalarelatistic
effectsandspin-orbitcouplinghave becomeavailable. The AmsterdanDensityFunctional ADF) pack-
agewasemployed[160] which hastheadvantageof anefficientnumericalintegrationschemeadeveloped
by te VeldeandBaerendg§161]. Slatertyper orbitals(STOs) areusedthroughout.The calculationsare
single-pointcalculationsat non-relatvistic BP86[91,93,163,164] geometry-optimizedtructures.The
BP86functionalhasbeenshavn to yield good structuraland magneticresonancgarametergor tran-
sition metalcomplees (seeChapterd). A double-zeteéBlatertype basissetwith polarizationfunctions

(basisll in ADF nomenclaturevasused. A triple-zetabasissetis usedfor the 3d shellsof the first



7.3Results 115

transitionmetals.Thefollowing orbitalswerefrozenduringgeometryoptimizations: C 1s,N 1s,0 1s,
Supto 2p, Ni upto 2p, Feupto 2p. Thecalculationof magnetiacesonanc@arametersvereperformed
in an all-electronbasis. For g-tensorcalculations a double-zeteSlatertype basissetwith polarization
functions(basisll in ADF nomenclaturejvasused. A triple-zetabasissetis usedfor the 3d shellsof

thefirst transitionmetals. This basissetproducedeliableresultsfor Ni modelcomplees(seeChapter
4) andanincreaseof basissetdid notleadto animprovementof the results. For the calculationof A-

tensorsalargerbasissetis neededIn particulartheisotropichyperfineinteractiona, is mostsensitve

to the quality of basisset. BasislV in ADF nomenclaturavasshavn to produceratheraccurateesults.
Hyperfinetensorsusingthe smallerbasisset(basisll in ADF nomenclaturejverealsoobtainedout are
not presentedere. The differencebetweerthe two basissetswas= 1 MHz or lessfor light nucleibut

upto 5 MHz for heavry elements.

For reasonsof comparisonthe ‘quasi-relawistic’ (QR) Pauli-Hamiltonianof Schrecknbachand
Ziegler [142] was also used. It is a modificationof the ADF programand emplo/s the sameBP86
exchange-correlatio functional, the sameintegration routinesand the samebasisset. Differencesn
theresultsmay thereforeonly originatefrom a differenttreatmentf relatvistic effects(i.e. spin-orbit
coupling). Scalarrelatiistic effects are treatedself-consistentlyand spin-orbit coupling and thusthe
g-tensoraretreatedasa first orderperturbation.Although, the Pauli-Hamiltonianis not boundedfrom
belaw, theuseof anall-electronbasissetwasnota problemin thesecasesThe QR g-tensorcalculations
allow theuseof aspin-unrestricte@®FT wavefunctionwhichis importantfor thedescriptiorof the Ni-A

state(seebelaw).

7.3 Results

7.3.1 Ni-B
7.3.1.1 g-Tensor

In preparation®f the [NiFe] hydrogenasé&om Desulfaibrio vulgaris Miyazaki F, Ni-B is the largest
constituentin solutionandsingle crystals[179,190]. Its g-tensororientationin the active centrewas
determinedrom angulardependenEPRspectraof proteinsinglecrystals[179,190]. Fromthefactthat
thesmallesiy-valueis closeto thefreeelectrorvalueg, (seeTable7.1) a3d,» groundstatewasdeduced.
In the X-ray structureof the [NiFe] hydrogenasdérom D. vulgaris Miyazaki F, a sulphurspecies
wasfoundto occupy the positionof the bridging ligand [28] which could eitherbea S*~, SH™ or H,S

ligand. Thesepossibilitieswerefirst testedin the calculations.After completegeometryoptimizations
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the Ni-Fe distancesare3.15A for H,S, 3.11A for SH- and3.19A for $>~. The experimentalNi—Fe
distancegrom the X-ray structuresare2.55A (D. vulgaris Miyazaki F [28]) and2.90A (D. gigas[27]).

Clearly the calculatedvaluesareoutsidethe errormagin of the X-ray structureanalyses.

Table 7.2: Comparisorof experimentabndcalculated;-tensomprincipalvaluesusingtheZORA Hamiltonian

for the oxidizedstatesof [NiFe] hydrogenase.

State/
Bridgingligand g, Gy g, Ref.

exp. Ni-A 2.32 224 2.01 [63]
Ni-B 2.33 2.16 201

calc. H,S 2.19 2.06 2.01
SH- 219 2.15 1.99
S 231 2.07 1.92
H,0 222 2.09 2.01
OH~ 221 2.17 1.98
0%~ 2.36 195 1.84

Thecalculatedy-valuesalsodo not agreewith theexperimentalvaluesfor eitheroxidizedstateNi-A
or Ni-B (seeTable7.2). A H,Sligandgivescalculatedy-valuesg,, , = 2.19,2.06,2.01;a SH™ ligand
yields g, , = 2.19,2.15,1.99anda S$*~ ligand yields g, , , = 2.31,2.07, 1.91. Togetherwith the
deviation in structuralparametershesediscrepanciemake a sulphurspeciesan unlikely candidateor
thebridgingligandin the paramagnetioxidizedstatesof [NiFe] hydrogenase.

A sulphurspeciegi.e. S>~ or SH™) in the positionof the bridging ligand canalsonot explain the
170 hyperfinecouplingin the Ni-A andNi-B statesobsered by vander Zwaanet al. [63]. In the X-
ray structure Volbedaet al. [27,32] alsosuggeste@n oxygenicspeciesasa candidatdor the bridging
ligand. This wasinvestigatechext. Whenan OH™ ligand occupieshe positionof the bridging ligand,
the calculatedNi—Fe distanceis 3.00 A which agreeswith the experimentalvalue of 2.90A for the
hydrogenasérom D. gigas[27].! The calculateds-tensorprincipalvaluesg, ., = 2.21,2.17,1.98for
an OH~ bridging ligand agreewith the experimentalvaluesg, , , = 2.33,2.16, 2.01for the g,- and

g.-components.The deviation of the calculatedg, -valuefrom the experimentvalueis not unusualfor

1The experimentalalueof the hydrogenaséom D. vulgaris Miyazaki F could not bereproducedseeabore). Onereason
might be thatthe X-ray structurescollectedfor thetwo hydrogenaseseferto differentoxidationstatesg.g. the datacollected

from D. vulgaris Miyazaki F could belongto an EPR-silentNi-Si species.
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theZORA approachseeChapterd on modelcomplees).

Figure7.1: ZORA calculatedj-tensororientationof theNi-A, Ni-B andNi-C paramagnetistatesn [NiFe]
hydrogenase.

Also, theexperimental-tensororientatiorwasreproducedvhenaOH ligandoccupiegheposition
of the bridging ligand (seeFigure 7.1). Experimentally the g,-axis was shavn to be approximately
orientedalongthe Ni-SCys533ond(deviation 16°). Theg, axispointedtowardsthe bridgingligand X
andg, wasorientedalongtheNi—SCys6%ond.Whentheexperimental-tensororientationin theactive
centreis superimposewnto the geometry-optimizedalusterwith a OH~ bridging ligand suchthatthe
heary atomsshav minimal deviations,thedifferencein theaxesorientationdgs 10° for g,,, 12 for g, and
14 for g,. Dueto theabsencef ary symmetryelementsn the active centerof this metalloenzymethe
agreementanbe consideredatishctory The orientationof the g,-axisis in agreementvith structural
information from orientation-selecte' H cw-ENDOR of frozen solution of A. vinosum[169] andthe
pulsed-ENDORspectroscop of proteinsinglecrystalsfrom D. vulgaris Miyazaki F [184] (seeChapter
6). In theseexperiments)arge isotropic'H hyperfinecouplingsweremeasureéndassignedo 3-CH,
protonsof the bridging cysteineCys533. This shavs that the unpairedspin densityis localizedalong
thatNi—S bond.

For meansof comparisonalso spin-unrestrictedR calculationsof the g-tensorwere performed
(seeTable7.2). ldenticalgeometry basissetandexchange-correlatiofunctional (BP86) comparedo
the ZORA calculationwere used. The QR valuesfor the g, andg, componentsare smallerthanthe
correspondingZORA results. This may be dueto the differenttreatmentof spin-orbitcouplingin the
two approachesln the QR calculationghe spin-orbitcouplingis treatedasa perturbationwhile in the
ZORA caseit is treatedvariationally Theg, valueof the QR calculationis largerthanthecorresponding

ZORA valueandcloserto experiment. This may be dueto an effect of spin-polarizatioralongthe g,
axiswhich is takeninto accountin the QR calculation. The QR calculatedg-tensororientationis very

similar to the ZORA results. The g,- andg,-axesarerotatedby 14° while the g,-axis remainsnearly
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unchanged3° difference).

Table 7.3: Comparisorof spin-restricted ORA andspin-unrestricte@R resultsfor the Ni-B state.

ROKSZORA UKS QR

X y z X y z

g-value 2.209 2.173 1.984 2.187 2.148 2.028
lyi | 0.65786 0.16489 -0.73487| 0.69707 0.02767 -0.71647
ly; | -0.40064 0.90284 -0.15609| -0.16520 -0.96617 -0.19804
l,; | 0.63773 0.39711 0.66000| 0.69771 -0.25640 0.66892

9z, 9y, 9. arethe g-tensorprincipalvalues;l,;, ly;, I.; | = X, y, z arethe g-tensoreigervectors.The eigervectors
of the ZORA Hamiltonianrepresentin orthonormal right-handedcoordinateaxes system(the triple productof
the eigervetorsis +1); the eigervectorsof the QR calculationrepresent left-handedcoordinateaxessystem(the

triple productof the eigervetorsis -1).

7.3.1.2 Hyperfine Interaction

Table 7.4 givesthe ZORA calculatedhyperfineparametergor the Ni-B statewhen a hydroxo group
bridgesthe Ni andFe atoms.The effect of spin-polarizatioron the hyperfinetensorscanberationalized
when comparingthe resultsfrom scalasrelatiistic spin-restricted SR ROKS) calculationswith those
from spin-unrestricteSR UKS) calculationgcf. columnsl and2 in Table7.4). Theinfluenceof spin-
orbit couplingbecomeglearwhenonecomparescalasrelativistic spin-restrictedSRROKS) with spin-
orbit-coupledspin-restricted SR+SOROKS) results(cf. columnsl and3 in Table7.4). Theisotropic
hyperfineinteractiona;, is to betakenfrom spin-unrestrictedcalasrelativistic (SR UKS) calculations,
exceptfor hydrogernatomsfor which alsoSO+SRROKS resultsarereliable(seeChapter4).

61Ni: Theisotropic'Ni hyperfineinteractionis calculatedto be small andpositive (+5 MHz). in
the SR UKS calculation. Theinfluenceof spin-polarizatioris not large whengoing from SR ROKS to
SR UKS values. However, thereis a striking effect of spin-orbitcouplingwhencomparingSR ROKS
and SO+SRROKS results. The anisotropichyperfineinteractionis reducedby a factor of two when
SO couplingis considered Althoughthereis no experimentaldatafor the ! Ni hyperfinetensorin the
Ni-B state(seeTable2.5), the SO coupledvaluesseemunrealisticallylow. Ni-A andNi-C displaya
total ' Ni hyperfineinteractionalong A, of 76 MHz (seeTable 2.4) and Ni-B would be expectedto
exhibit a hyperfineinteractionof the sameorderof magnitude Sucha valuewasrecentlyobtainedfrom

hyperfinesplitting of ' Ni enrichedproteinof the [NiFe] hydrogenaséom D. vulgaris Miyazaki F (S.
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Foerster personalcommunication). The SR UKS values,in particularfor the A, componentappear
morerealistic.

5TFe: The5"Fe hyperfineinteractionis calculatedo be smallat all levels of the calculationsdueto
the strongCN and CO ligandswhich keeptheiron in its formal Fe(ll) low spin (S = 0) state. A weak
spin polarizationvia the bridging hydroxobridgeleadsonly to a small 3" Fe hyperfineinteraction. The
effect of spin-polarization(cf. SRROKS and SR UKS values)reduceghe hyperfinecouplingby about
1 MHz for A, andA . Spin-orbitcoupling(cf. SRROKS andSR+SOROKS values)furtherreduces\,
andA, componentdy 0.3and0.9MHz, respectrely. TheA, componentss alsoreducedn magnitude
andeveninvertsthesign. An extrapolatedspin-polarizedspin-unrestricted” Fe hyperfinecouplingthen
is very smallindeed.Despitea reportedabsencef 5" Fe-ENDORcouplings[61] in the Ni-B state there
is new evidencethat this resulthasto be revised. A valueof 0.8 MHz wasreported(J. Moura, B. M.
Hoffman,personatommunication) The calculatedsmall®’ Fehyperfineinteractionis thusin agreement
with mostrecentexperimentalindings.

33S: In the Ni-B clustermodel, only the sulphuratom of the bridging cysteineCys533exhibits a
significanthyperfineinteraction(15 MHz isotropichyperfineinteraction).Theisotropichyperfineinter
actionsfrom the sulphuratomsof cysteineCys530,Cys65and Cys68are 2.4 MHz, 0.3 MHz and 3.0
MHz andthus muchsmaller Thereforethesesulphuratomsare not includedin Table7.4. The cal-
culated??S coupling of the bridging cysteineCys533agreeswith the experimentalfindingsthat there
is hyperfinesplitting dueto one sulphurnucleusonly [62] in Ni-B, thatthe g,-axis (associateavith a
3d,» orbital) is alongthe Ni-SCys5330nd[190] andthereis large hyperfineinteractionof the 5-CH,
protonsof cysteineCys533[169,184]. Neither spin-polarization. nor spin-orbit coupling largely in-
fluencethe calculatedanisotropic®®S coupling. The isotropic hyperfineinteractionis about+15 MHz
andthe anisotropicpart very closeto uniaxiality with Ag;, = -27 MHz. Albrachtetal. reporta 333
hyperfinesplitting of 27 MHz and39 MHz alongthe g, andg, component$62]. A splitting alongg,
wasnot reported. Reasongor the differencesbetweenexperimentaland calculatedhyperfinesplitting
may comefrom the numberof simulationparametershat enterthe analysisof the experimentalsplit-
ting (e.g. numberof sulphurnuclei, degreeof enrichmentg- and A-tensorrelative orientation). The
excellentagreemenbetweermeasurednd calculated' H hyperfinesplitting of the 3-CH, protonsof
that SCysb33nucleusgivesconfidencehatthe spin densityat the sulphuratomandthusthe hyperfine
interactionarewell describedy the calculationgseebelaw).

170: The 7O couplingof the hydroxooxygenexhibits anisotropiccouplingof -7 MHz (SR UKS
results)anda smallanisotropiccontrikution atall levels of the calculations Thetotal hyperfinetensorof

[-6, -6,-10] MHz is in approximateagreementvith thereportedexperimental’O hyperfinebroadening
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of EPRIlinewidth of 11and20MHz for g, andg, [63]. Theexperimentatlatamustbecritically regarded,
i.e. theuseof anEPRmodulationamplitudeof 1 mT andthe detectionof line-width broadeningsf the
orderof 0.4-0.7mT seemnotreliable.

IH: In the Ni-B cluster model, the 3-CH, protonsfrom the bridging cysteine Cys533exhibit a
large hyperfineinteraction.The agreemenbetweercalculatedandexperimentaldatafrom cw-ENDOR
of frozensolution (isotropic couplings+12.5MHz) [169] and pulsed-ENDORexperimentsof protein
single crystals(+13 and +11 MHz) (Chapter6) is very good. The isotropic hyperfineinteractionof
thetwo 3-CH, of cysteineCys533is overestimatedy 3 and 7 MHz in the spin-polarizedSR ZORA
calculationsput reproducedo within 1 MHz whenspin-orbitcoupling(SR+SOROKS) is considered.
Theeffect of spin-orbitcouplingon the anisotropichyperfinetensoris small(comparingSR ROKS with
SO+SRROKS data). One of the 5-CH, protonsof the terminal cysteineCys65displaysa hyperfine
couplingof +2.2MHz (SRUKS value),respectiely +2.6 MHz atthe SO+SRROKS level of calculation.
This would correspondo thethird hyperfinecoupling A 3 assignedn Chapter6. The calculationsalso
give an isotropic hyperfineinteractionof +5 MHz for one 5-CHy proton from the terminal cysteine
Cysb530. This caneitheroriginatefrom the coupling As in single crystalsor the onelabelled* M’ in
frozen solution [169]. The hyperfineinteractionof the hydroxo bridge is rathersmall. The proton
exhibits a very smallisotropichyperfineinteractionof aboutl MHz anda larger anisotropiccoupling.
This maycorrespondo thesolvent-exchangeableouplingof +4.4MHz at g, resportedy Fanetal. for
theNi-B state[69]. It wastentatiely assignedy theauthorso originatefrom a OH~ or H,O boundin

thevicinity of theNi atom.
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Table 7.4: ZORA calculatechyperfineinteractionin Ni-B in MHz.

hf

Nucleus component SRROKS SRUKS SO+SRROKS
SINI &y -17.28  +5.46 -55.19
Al +56.15  +55.67 +24.26
A, +21.10  +21.20 +9.58
A, -77.26  -76.86 -33.85
5TFe a5 +0.08  -1.00 +0.78
A, -3.07 -1.95 2,72
A, 032 -0.44 +0.13
A +3.41 +2.41 +2.58
33S0yss33  Biso +13.13  +15.30 +12.52
A, -25.88  -27.54 -26.24
A, -25.79  -26.64 -26.08
A, +51.68  +54.18 +52.33
"Oom-  @iso -4.85 -7.26 -4.68
A, +1.77  +1.63 +2.38
A, +1.41  +1.38 +1.48
A, -3.19 -3.00 -3.81
YHeyssss—m1 @iso 12.60  15.06 12.54
A, -2.39 -2.41 -2.54
A, -0.40 -1.12 -0.43
A, +2.78  +3.52 +2.92
YHoyssss—m2  @iso 1242  13.92 12.34
Al -1.84 -1.68 -1.89
A, -0.80  -1.07 -1.89
A, +2.62  +2.76 +2.67
"Hoysszo-m1  8iso +2.16  +1.26 +2.23
A, -1.56 -1.59 -1.71
A, -0.87  -1.58 -1.02
A, +2.42  +3.15 +2.73
"Hoyssso—H2  @iso +4.70  +4.89 +4.69
A, -0.95 -1.10 -1.02
A, -0.90  -0.91 -0.96
A, +1.85  +2.02 +1.99
"Heyses—H2  @iso +2.60 +2.22 +2.60
A, -1.84 -1.89 -1.99
A, -0.64  -115 -0.65
A, +2.48  +3.04 +2.64
"Hom-  @so +1.21  +0.30 +1.33
A, -2.70 -3.37 -3.25
A, 151 -2.34 -1.06
A, +420  +5.71 +4.84
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7.3.2 Ni-A
7.3.2.1 g-Tensor

Theg-tensororientationof theNi-A form wasdeterminedrom angulardependenEPRof singlecrystals
[179,190] in which Ni-A wasthe minor compoundn the protein. Fromthe similarity of the g-values
a drasticchangein the electronicstructureof the active site could be ruled out. Indeed,the g-tensor
orientationwasexperimentallyfoundto bevery similar to thatof Ni-B [190]. Only aslightreorientation
of about3-4°> was detected. A modification of the bridging ligand or one of the terminal cysteines
wasdiscussedvhich would causea shift in the g,-value[190]. Thesehypothesesveretestedwith the

following results(seealsoTable7.2).

1. A protonatiorof theterminalcysteineCys530leadsto ag-tensorof g, , , = 2.29,2.14,1.92which
appearsmplausiblebecausef its low g,-value. Sucha modificationalso could not explain the
differentactivationkinetic of Ni-A andNi-B andtheir similaritiesin the g-tensororientationgdata

notshawn).

2. Also, adoublyprotonatedridgingligandH,O canberuledout (the calculatedy-tensorprincipal
valuesare2.22,2.09,2.01).

3. ZORA calculationswith a deprotonatedridgingligand,e.g.leaving a O%>~ bridge,gave g-values

of gz,y,- = 2.36,1.95,1.84which appeaunrealistic.

In anext step,it wasinvestigatedvhetherthe unrealisticvaluesbelow g, derive from the spin-restricted
nature of the wavefunction. Spin-unrestrictedquasi-relatristic (QR) calculationsusing the Pauli-
Hamiltonian[142] but otherwisethe samebasisset, exchange-correlatio functional and integration
schemeyieldedvaluesof g, , , = 2.187,2.148,2.028whenX = OH™ andg, , . = 2.183,2.159,2.046
for X = 0?~. The QR-valuesaregenerallysmallerthanthe corresponding ORA resultsbut the trends
arereproducedthe g, componenbf Ni-B (OH™) is slightly larger thanfor Ni-A (0%7), the g, value
for Ni-A is largerthanfor Ni-B. The QR g, valuesarelargerthanthe ZORA resultsperhapsiueto the
perturbatre treatmenbf spin-orbitcoupling. In ary case the consideratiorof spin-polarisatiordrasti-
cally improvesthedescriptionof the Ni-A state.lf oneassumeshatthetrendscanbeextrapolatedo the
ZORA valuesfor Ni-B, (i.e. Ni-A - Ni-B shifts Ag, = -0.004,Ag, = 0.011,Ag, = 0.018)onearrives
atreasonableg-valuesof 2.20,2.19,2.02. The ZORA calculatedy-tensororientationis givenin Figure
7.1 Thetensororientationis very similar to thatof Ni-B aswasalsofound experimentally[190]. The

g, axisis alongthe Ni-SCys533ondandthe g, -axisroughly pointsto the bridging ligand.
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Table 7.5: Comparisorof spin-restricted ORA andspin-unrestricte@R resultsfor theNi-A state.

ROKS ZORA UKS QR

X y z X y z

g-value 2.357 1.948 1.846 2.183 2.159 2.046
Iy | 0.49499 -0.18690 -0.84856| -0.01959 0.41151 -0.91120
ly; | -0.85012 -0.30610 -0.42848| -0.77154 -0.58585 -0.24799
l,; | -0.17966 0.93347 -0.31040| 0.63588 -0.69817 -0.32897

9z, 9y, 9. arethe g-tensorprincipalvalues;l,;, ly;, I.; | = X, Y, z arethe g-tensoreigervectors.The eigervectors
of the ZORA Hamiltonianrepresentin orthonormal right-handedcoordinateaxes system(the triple productof

the eigervetorsis +1); the eigervectorsof the QR calculationrepresent left-handedcoordinateaxessystem(the
triple productof the eigervetorsis -1).

Thedifferencebetweerthe spin-restricted ORA andthe spin-unrestricte @R g-tensororientations
is alsoquite large. The g,-axes agreeto within 11° while g,- and g,-axes differ by 57° and58°, re-
spectvely. Froma comparisorof the signsof the eigevectorsit becomeslearthatthe z- andy-axes
interchangenvhengoing from the spin-restricted ORA to the spin-unrestricted)R calculations. The

z-axisis retained. It is found that the axes orientationof the ZORA calculationis in betteragreement

ROKS ZORA
UKS QR

Figure 7.2: Comparisorof ROKS ZORA andUKS QR g-tensororientationdor the Ni-A state.

with the experimentalassignmenof the Ni-A form. It is the g, axisthatpointsto the bridging ligand
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in the ZORA calculationbut the g, axisin the QR calculationandvice versafor the otheraxes. Ex-
perimentally the exact orientationof the g-tensoraxeswith respecto the crystalaxeswasdetermined
from X-ray scatteringexperimentg179,196]. TheNi-B speciess themajorconstituenof proteinsingle
crystalsfrom D. vulgaris Miyazaki F. Strictly speakingthe confirmedorientationof g- andcrystalaxes
orientationonly holdsfor the Ni-B form. The orientationof a andb crystal axes with respecto the
corresponding-tensoraxesmay be differentfor Ni-A but it wasassumedo be similar to that of Ni-B.
Unlessa proteinsinglecrystalfrom D. vulgaris Miyazaki F which is predominantelyn the Ni-A form
is investigatedirst by roomtemperatur&ePRandthenby X-ray scatteringa definiteansweraboutthe
experimentalg-tensororientationin Ni-A cannotbe made.

The potentialassignmenobf an O?~ bridgingligandin the Ni-A form is supportecy the following

experimentafacts.

e 170, line broadeningvasobseredfor Ni-A andNi-B EPRsignalswhich suggestshatanoxygen

speciedindsin thevicinity of theNi [63].
¢ In theactive centre no D,O exchangeabl@rotoncouldbe detectedn the Ni-A state[68,70].

¢ Ni-A requiresprolongedexposureto Hs to beactivatedcomparedo Ni-B. An OH~ ligandwould

be moreeasilyremovableuponprotonatiorthanthe proposedd?~ ligand.

7.3.2.2 Hyperfine Interaction

Table 7.6 givesthe resultsof ZORA calculationsof the hyperfineinteractionin the modelfor the Ni-A
state.

61Nj: Thescalasrelatvistic (SRUKS) calculatedsotropicé! Ni hyperfineinteractionis positive (+13
MHz). Thevalueof theSRUKS anisotropicA'z componenagreesatherwell with theexperimentalal-
uesby Albrachtetal. [59] andMouraetal. [45] (seeTable2.5) of 76 MHz. Thesignof theexperimental
hyperfinecouplingcould not be determined.Accordingto the calculationsijt is negatve. Experimen-
tally, however, a smaller A, hyperfineinteraction(21 MHz) wasdetected59]. WhencomparingSR
ROKS andSR UKS calculationsthe effect of spin-polarizatiorcanbe seen:uponconsideratiorof spin-
polarizationA, increasedy 2 MHz, A, is reducedby 4 MHz andA, increasedy 2 MHz. The effect
of spin-orbitcoupling(cf. columnsl and3 in Table7.6) reducesA;, by 14 MHz, A, by 4 MHz but A,
increasedy 9 MHz.

5TFe: Theisotropic®”Fe hyperfinecouplingis calculatedo be very small (-0.5 MHz) from the SR

UKS calculation.The anisotropichyperfineinteractionis alsovery small (lessthan1 MHz) atall levels
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of the calculationsandneitherspin-polarizatiomor spin-orbitcouplingareof drasticalinfluence. This
is in agreementvith a small experimental’” Fe-ENDORhyperfinesplitting of ~ 1 MHZ in the Ni-A
state[61].

33S: The calculated®®S couplingof the sulphurof Cys533shawvs alargerisotropic(+29 MHz in the
SR UKS calculation)andsmalleranisotropichyperfinecouplingcomparedo the Ni-B state. Thetotal
hyperfinetensor however, remainsaboutconstant. All other cysteiryl sulphurnuclei exhibit smaller
isotropichyperfineinteractionsof the orderof 1/3 or lessthanthatof the bridging cysteineCys533;they
arenotincludedin Table7.6. Thelargehyperfineinteractionof thesulphuratomof thatbridgingcysteine
supportghe consisteng betweerthe Ni-B andNi-A g-tensororientationsandthe hyperfineinteraction
of the 8-CH, protonsof theresidue(seebelov andChapters).

170: The calculatedisotropic 17O coupling (-8.8 MHz) is very similar to thatin the Ni-B state(-
7.3 MHZ) while thereis a drasticincreasen the anisotropichyperfineinteractioncomparedo Ni-B.
The experimental'”O hyperfinecouplingthat increaseshe EPR linewidth in Ni-A (14, 11, 13 MHz
for A;, Ay, A;) doesnot shaw this large anisotroy [63] (seeTable2.5). Onereasonfor that might
be an unfavourableorientationof g- and A-tensorswhich would male the determinationof the 17O
tensorprincipal valuesmoredifficult. The experimentalstudyby vanderZwaanetal. [63] only aimed
at a characterizatiorof the ervironmentof the nickel nucleusbut not at an accuratedeterminatiorof
the 17O hyperfinetensorprincipal values. Underthe experimentalconditionschosenby theseauthors
(seeabove), the reportedincreasen line-width canonly sene as proof of an oxygenicspeciesn the
vicinity of the nickel atomin the Ni-A state. '”O-ENDOR experimentsarein progress(J. Moura, B.
M. Hoffman, personactommunicationandwill provide a moresensitve tool to addresshe questionof

oxygenbindingin the oxidizedstatesof [NiFe] hydrogenase.

'H: The calculatedisotropic hyperfinesplittings of the 3-CH, protonsfrom the bridging cysteine
Cysb533(SR UKS valuesof +11 and+7 MHZ) are in agreementvith experimentalfindings by Fan
etal. of atotal hyperfinesplitting of 12.8 MHz at g, in the Ni-A form (seeTable 2.6) and pulsed-
ENDOR of proteinsingle crystals(seeChapter6). Neither spin-polarizationnor spin-orbit coupling
have a large influenceon the 'H hyperfinetensorcomponentgat most1 MHz). Experimentally the
two 3-CH, protonsappearcloserto equivalencethanin the calculation. The reasorfor this mightbea
slight torsionalchangewith respecto the sulphur3p, orbital. The deprotonatiorof the hydroxobridge
in the Ni-B form leadsto a u-oxo bridgein Ni-A. The ENDOR spectraof Ni-A in H,O andD,0O are
identicalwhile asmallD,O-exchangeableouplingwasdetectedn Ni-B [69] which supportghis model
(seeabore). Oneof the 5-CHy protonsof the terminalcysteineCys65displayedanisotropichyperfine

interactionof 2-3 MHz in the Ni-B modelcluster(seeabore). This hyperfineinteractionis in the Ni-A
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model clusterreducedto almostzero (-0.15MHz at the SR UKS level of calculation)andwould no
longerbeeasilydetectabldy ENDOR.Thisis in angreemenwith the postulatediifferencebetweerthe
Ni-A andNi-B formsin Chaptel6.
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Table 7.6: ZORA calculatechyperfineinteractionin Ni-A in MHz.

hf
Nucleus component SRROKS SRUKS SO+SRROKS
SINI -17.05  +12.98 -85.10
Al +75.75  +77.44 +62.18
A, +0.95  -3.06  +10.06
A, -76.71  -74.38 -72.24
5TFe a5 0.08  -0.47 0.80
A, -0.78 -0.52 -0.79
A, +0.23  +0.13 -0.23
A, +0.55  +0.39 +1.02
33S0yss33  Biso +29.83  +28.72 +30.17
A, -19.54  -19.48 -14.30
A, -19.51  -19.43 -19.75
A, +39.06  +38.90 +34.06
70 &y, -0.05  -8.83 -0.33
A, +21.89  +29.94 +28.27
A, +20.19  +14.08  +18.33
A, -42.19  -44.03 -46.61
"Hoyssss—m1  @iso +9.56  +10.61 +9.47
A, -1.79 -1.75 -1.70
A, -0.58  -0.61 -0.76
A, +2.38  +2.37 +2.46
YHeyssss—m2  @iso +6.10  +7.41 +6.22
A, -2.43  -2.47 -2.53
A, -0.90  -157 -1.10
A, +3.33  +4.06 +3.64
"Heyssso—H1  @iso +1.88  +0.31 +1.56
A, -2.61 -2.44 -2.81
A, 169 -2.25 -2.30
A, +4.30  +4.70 +5.12
YHeysss0- 2 @iso +439  +4.20 +4.13
A, -0.98 -1.09 1.14
A, -0.90  -0.94 -1.08
A, +1.88  +2.03 +2.22
"Heyses—H2  @iso +0.24 -0.15 +0.17
A, -1.52 -1.71 -1.20
A, -0.98  -1.30 -1.13
A, +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 indicatesthatthe bridgingligand X mustbe liberateduponactivationwhengoingfrom
the oxidizedNi-A/Ni-B statego thereducedNi-C (or Ni-R) state.However, eitherthe substrateHs or
thedissociatiorproductsH* andH~ maystill be boundto theactive centrein the Ni-C stateandnot be

detectabldy X-ray analysis.

Table 7.7: Comparisorof experimentabndcalculated;-tensomprincipalvaluesusingtheZORA Hamiltonian

for thereducedNi-C stateof [NiFe] hydrogenase.

BondingSit. Gz Gy g, Ref.
exp. 2.19 215 2.01 [67]
2.20 2.15 2.01 [209]
calc. Ni(lll) emptybridge 2.28 2.03 1.99
Ni(lll) H™ axial 2.13 2.06 2.02
Ni(lll) H* axial,H™ bridge | 2.13 2.02 1.96
Ni(lll) H™ bridge 2.20 2.10 2.00
Ni(l) H™ bridge 209 2.03 2.03

First, calculationswith aformal Ni(lll) oxidationstatewereperformed.Calculationswith anempty
bridging positionyield g-valuesg, , , = 2.28,2.03,1.99which arein pooragreementith experiment
(seeTable7.7). Whenone assumeghat the hydride occupiesthe position oppositeto Cys533at the
vacantcoordinatiorsitein theactive centre(axially coordinatedo theNi 3d,» orbital, seeFigure?.3), the
calculategy-valuesareg, , , = 2.13,2.06,2.02whicharenotin agreementvith experimentabvalues(see
Table7.7). Likewise,underthe assumptionthatboth productsof the heterolyticcleavageof Hy (HT and
H™) remainin theactive site (onein thepositionof the bridgingligandandoneat the opencoordination
site)thecalculatedy-valuesareg; , , = 2.13,2.02,1.96. They alsodo notsupporthis bondingsituation
(Table7.7). Whena hydrideion occupiesthe positionof the bridging ligand andthe Ni is in a formal
Ni(lll) oxidationstate the calculatedy-tensormrincipalvalues(g, ,. . = 2.20,2.10,2.00)agreewell with
thosefrom frozensolutiong, ,, , = 2.20,2.15,2.01(seeTable7.7). Thecalculatedj-tensororientationis
depictedn Figure7.1 Theorientationof the g,-axisremainsunchange@scomparedvith the oxidized

stategalongNi—SCys533Wwhereaghe axesin the x,y-planechangequiteremarledly. In Ni-C it is the
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Ni Ni

Figure 7.3: Modesof Hydride Bindingto aNi 3d,= Orbital.

g-axisthatpointsapproximatelyto the positionof the bridgingligandH™ while it is the g, -axisin the

oxidized states. In Ni-C the g, axisroughly pointsto the terminal cysteineCys65. For meansof an

Table 7.8: Comparisorof spin-restricted ORA andspin-unrestricte@R resultsfor the Ni-C state.

ROKS ZORA UKS QR

X y z X y z

g-value 2.200 2.097 2.001 2.163 2.104 2.026
Iz | -0.34837 0.63152 0.69269| 0.40226 0.61099 0.68182
ly; | 0.93735 0.23761 0.25479| -0.91548 0.27569 0.29307
l,; | -0.00368 0.73805 -0.67473| 0.00891 0.74208 -0.67025

9z» 9y, 9. arethe g-tensorprincipalvalues;l,;, l,;, I.; i = X, y, z arethe g-tensoreigervectors. The eigervectors
of the ZORA Hamiltonianrepresentin orthonormal right-handedcoordinateaxes system(the triple productof

the eigervetorsis +1); the eigervectorsof the QR calculationrepresent left-handedcoordinateaxessystem(the

triple productof the eigervetorsis -1).

independentheckof theresults a spin-unrestricte@R calculationwasperformed(seeTable7.8). The
spin-unrestricted)R valuesare againvery similar to the spin-restrictedZORA results. This indicates
thatspin-polarizatiordoesnot play a majorrole for the electronicstructureof the Ni-C state.Compared
to theZORA results the g,- andg,-valuesaresmallerin the QR calculationandthe g, -valueis slightly
larger (for a discussiorseeabove). The QR g-tensororientationis alsovery comparabldo the ZORA
calculatecbne. The g.-axesdiffer by 3°, the g,-axesby 2° andthe g,-axesby 2° (seeTable7.8).

TheDFT calculationssuggestea g-tensororientationbeforeexperimentalstudieson proteinsingle
crystalsin the Ni-C statewere performed. Recentexperimentalfindingsindicatethat thereis indeed
the possibility for an agreementvith the theoreticalresult. Here, the theoreticallyproposedy-tensor
orientationhelpedto resole an ambiguity with respectto the orientationof the z- and y-axes with
respecto thecrystalaxesa andb ( [209] andS. Foersterpersonatommunication).
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The assumptiorof a hydride bridge in-planeboundto the Ni 3d,» orbital (seeFigure 7.3) is in
agreementvith the obseration of a ratherlarge, D,O-exchangeabléH hyperfinecouplingin the Ni-C
state[69,70] (seebelaw).

Formally, Ni-C is two electronsmorereducedthanthe oxidized Ni-A/Ni-B states.RecentEXAFS
results however, do notreportalarge shiftin electrondensityatthe Ni atom[186]. Thisis in agreement
with our modelthat Ni-C formally containsNi(lll) which impliesthatanoxidationin theligandsphere
or oneof its cofactorsor Fe-Sclusteramusttake placeuponNi-A/B — Ni-C corversion.A formal Ni(l)
oxidationstatewith a hydride bridge yields calculatedg-valuesg,, , . = 2.09,2.03,2.03and doesnot

agreewith experimentaldata.

7.3.3.2 Hyperfine Interaction

The bondingsituationwhena hydrideis boundaxially to the Ni(lll) 3d,» orbital (seeFigure7.3) does
notleadto satisfyingg-values(seeabore). The protonhyperfinetensorsarealsonotin agreementvith
experimentafindings,i.e. the 8-CH, protonsfrom Cys533shaw isotropichyperfineinteractionsof -0.7
and1.7 MHz andthe axial hydridedisplaysa hyperfinetensorof [-16, -11, 14] MHz. Sucha situation
seemasunrealisticfor the Ni-C statein particularbecausef the smallcalculateccouplingsof the 5-CHy
protonsfrom the bridging cysteine(seebelow).

Table7.9givestheZORA calculatechyperfineparametefor the Ni-C statewhenahydrideoccupies
the positionof the bridgingligandandis in-planeboundto the Ni 3d,» orbital.

6INi: TheisotropicNi hyperfineinteractionfrom the SRUKS calculationis smallandof negative
sign (-2 MHz). The effect of spin-polarization(obtainedwhenone comparesSR ROKS and SR UKS
calculations)n the anisotropichyperfinetensoris smallandincreasesA'x by 3 MHz, A;/ is reducedby
the sameamountand A'Z remainsnearly unchanged.The anisotropichyperfinetensorexhibits a large
effect uponconsideratiorof spin-orbitcoupling. SO couplingreduceghe anisotropiccomponentdy a
factorof two comparedo the SR ROKS case. This drasticreductionseemsunrealisticsincethe spin-
polarizedtensoris in goodagreementvith the experimentalaluefor the hyperfinesplitting alongg, by
Mouraetal. (76 MHz) [45]. Valuesfor the splitting alongthe g, andg, componentsverenot given.

5TFe: The isotropic®”Fe hyperfinesplitting is very small (-0.9 MHz in the SR UKS calculation).
The anisotropichyperfinetensorshawvs only a small effect uponconsideratiorof spin-polarizatior(A'm
increasesvhile A; andA'z slightly decreasesf. columnsl and2). Spin-orbitcouplingslightly decreases
A'z by 0.5 MHz andincreasesA; by 1 MHz (comparecolumns1 and3). This smallvalueof the ®"Fe
hyperfinecouplingis in agreementvith the experimentalfinding by Huyettet al. [61] who reportedan

absencef ary ®”Fe-ENDORsignalin theNi-C state.
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33S: Of thefour cysteiryl sulphuratomsonly thatof the bridgingcysteineCys533shavs asignificant
hyperfineinteraction(isotropichyperfineinteraction+14 MHz). Theisotropichyperfinecouplingsof the
remainingthreesulphurnucleiaresmaller(+0.9 MHz for Cys65,+6 MHz for Cys68and+1.9 MHz for
Cys530). The 33S coupling of Cys533is very similar to the Ni-B caseandis in agreementvith the
g-tensororientationwhich hasits g, axisalongthe Ni-SCys533ond.

IH: The 8-CH, protonsof the Cys533displayisotropicandanisotropichyperfinecouplingsof the
sameorderof magnitudeasin the Ni-B state. Theisotropicpartis slightly reducedoy 1-2 MHz which
was also found experimentally[70]. Whiteheadet al. assignedhis reductionto a slightly different
torsionalanglesof the 8-CHy protonswith respecto the sulphur3p, orbital [70]. Accordingto thecal-
culations,it is a shift of unpairedspin densityaway from the bridging cysteineto the terminalcysteine
Cysb30thatis responsibldor this reduction.Thetwo 5-CHy protonsfrom Cys530exhibit nearlyidenti-
cal hyperfineinteractionswith a;s, = +7 MHz and+6 MHz. Thesemaycorrespondo theunassignedH
hyperfinesplitting < 5 MHz in the Ni-C statewhich wereshavn not to be solvent-exchangeablé70].

The bridging hydride exhibits a ratherunusualhyperfineinteraction. The isotropic contrikution is
positive in both SR ROKS and SO+SRROKS calculationsbut negative whenspin-polarizatioris con-
sidered.The hydrideis boundto the unpairedspindensityin a Ni 3d,- orbital (seeFigure7.3). In case
of anaxial binding(seeFigure7.3, left) alargeisotropichyperfineinteractionis expected If theanalogy
to ana protonboundto anunpairedspinin a carbon2p, orbital holds,the sign of the isotropichyper
fine interactionmay be negative in caseof a hydrideboundin the nodalplaneof a Ni 3d,. orbital (see
right handsideof Figure7.3). Spin-polarizatioralsoincreasesheanisotropichyperfineinteractionby 3
MHz. Theeffect of SO couplingon the anisotropichyperfineinteraction however, is small. The calcu-
latedhyperfinetensoris in goodagreementvith experimentsvhereatotal hyperfinetensorof [+15, -22,
-25] MHz wasreported[69] which givesan isotropic hyperfineinteractionof -11 MHz. The valuefor
the A, componengivenby Fanetal. [69] cannotbe rationalizedsinceno spectranearthe z-component
were measured Fromthe spin-polarizedcalculationonearrivesat [-20, -16, +10] MHz with g, = -9
MHz whichis in goodagreementvith experiment.This large hyperfinecouplingwasshavn to be D, O
exchangeabl@ndthe correspondingdH couplingwasdetected69,70,196]. A nickel hydridespecies
wouldbeeasilysolvent-exchangeale dueto theacidity of thehydrogen Furthermorethelargecoupling
wasalsolost uponphotoilluminationandcorversionto the Ni-L form for which photodissociatiomf a
protonligand wasdiscussed70]. Whensucha removal of eitherthe hydridebridge or a protonfrom
the bridging positionis investigatedn the conversionto the Ni-L speciespnealsohasan a posteriori

confirmationor falsificationof the electronicstructureof the precursolNi-C form.
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Table 7.9: ZORA calculatechyperfineinteractionin Ni-C in MHz.

hf
Nucleus component SRROKS SRUKS SR+SOROKS
SINI a0 -20-20  -2.16 -55.11
A, +62.14  +65.43 +31.72
A, +16.63  +13.89 +7.83
A -78.78  -79.33 -39.55
5TFe  ay,, +0.04  -0.93 +0.23
A -2.81 -1.88 -3.38
A, +0.51  +0.24 +1.15
A, +2.29  +1.65 +2.23
33S0ys533  Aiso +11.35  +14.45 +10.70
A, 2470  -25.21 -24.94
A, 2458  -24.20 -25.22
A, +49.28  +49.43 +50.16
YHeyssss—m1 @iso +10.56  +11.85 +10.48
A, -1.74 -1.66 -1.75
A, -0.89  -1.03 -0.88
A, +2.63  +2.69 +2.65
YHeyssss—mz  @iso 1055  12.90 10.50
A, -2.60 -2.49 -2.76
A, -0.09  -0.96 -0.05
A, +2.70  +3.44 +2.80
"Heyssso—m1  Qiso +7.01 +7.25 +6.98
A, -1.68 -1.63 -1.79
A, -0.47  -1.00 -0.51
A, +2.13  +2.62 +2.30
YHeysss0- 2 @iso +5.68  +5.62 +5.66
A, -1.18 -1.26 -1.18
A, -0.85  -0.97 -0.97
A, +2.02 +2.22 +2.14
'H- bridge &, +10.04 -8.65 +10.89
A, -8.00  -11.12 -9.77
A, 419 -7.46 -4.88
A, +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-sensitve [67,217]. Uponillumination atlow temperatures
Ni—C2% Ni—L (7.2)

anew rhombicsignalevolveswith g, , , = 2.29,2.13,2.05(seeTable7.1). In the oxidizedNi-A and
Ni-B statesandthe reducedNi-C stateg, was always closeto the free electronvalue from which a
3d,> groundstatewas deduced. In Ni-L, the g,-value aguesfor a d;, or d,»_,» groundstate[66].
The photoreactionis reversibleandtemperingat 180K fully recoversthe Ni-C signal[67,218]. After
photolysis the large 'H-ENDOR couplingis lost andphotodissociatiomf a ligandwasdiscussed70].

Whenthe hydridewould belost uponillumination, the Ni remainsin its formal Ni(lll) oxidationstate.
Ni(III) — C =% Ni(III) — L (7.3)

The calculatedg-valuesfor this situationareg, , . = 2.28,2.03,1.99. They cannotexplain the shift of
theg, valuein theNi-L statecomparedo theNi-C state.Thereforethis configuratiorfor the Ni-L state
appearsmplausible.

Uponremoval of a protonfrom the bridging position,the Ni atomis left in its formal Ni(l) state
Ni(Ill) - C 3 Ni(T) - L . (7.4)

In the protein,thedissociategrotonmight betakenup by a nearbyaminoacid,i.e. thearginine Arg463
residuewhich resideslike a lid on top of the active site and might be protonatedat the -NHs group.
The calculatedZORA values(g, ,,. = 2.26,2.10,2.05) for Ni-L arein excellentagreementvith the
frozensolutionvalues(Table7.1). Thedifferencebetweenspin-restricted ORA andspin-unrestricted
QR calculationds smallandfollows thetrendsdiscusse@bore (seeTable7.10.

The QR calculatedg-tensororientationis rotatedby 18 in the yz-plane comparedo the ZORA
orientation.(Theg,-axesdiffer by 1°, the g, -axesby 18> andthe g,-axesby 18°.) Theorientationof the
g-tensorin the Ni-L stateis similar to thatof the Ni-C statewith the g,-axis pointing to the positionof

theemptybridge(seeFigure7.4).

7.3.4.2 Hyperfine Interactions

Thecalculatechyperfineparameter$or the Ni-L statearecollectedin Table7.11
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Table 7.10: Comparisorof spin-restricted ORA andspin-unrestricte@R resultsfor the Ni-L state.

ROKS ZORA UKS QR

X y z X y z

g-value 2.257 2.097 2.049 2.211 2.138 2.090
lyi | -0.32790 -0.86757 -0.37391| 0.34651 -0.70001 -0.62443
lyi | 0.94351 -0.28079 -0.17589| -0.93742 -0.23415 -0.25771
l,; | 0.04761 -0.41046 0.91063| -0.03419 -0.67466 0.73734

9z» 9y, 9. arethe g-tensorprincipalvalues;l,;, ly;, I.; i = X, y, z arethe g-tensoreigervectors. The eigervectors
of the ZORA Hamiltonianrepresentin orthonormal right-handedcoordinateaxes system(the triple productof
theeigervetorsis +1); the eigervectorsof the QR calculationrepresent left-handedcoordinateaxessystem(the

triple productof the eigervetorsis -1).

61Nj: Theisotropic®' Ni hyperfineinteractionobtainedrom a SRUKS calculationis of positive sign
andsmall(+12 MHz). Theinfluenceof spin-polarizatioron the anisotropichyperfinetensor(obtained
from a comparisorof columns1 and2) lies in a reductionof the A, componentoy 8 MHz, the A;
components reducedin absolutevaluesby 6 MHz and A, by 2 MHz. Spin-orbit coupling further
reducesA,, by 45 MHz, A, by 25 MHz andA’, by 20 MHz in absolutevalues(comparingSR UKS and
SR+SOROKS calculations).The effect of spin-polarizatioris certainlyoverestimate@ndfurtherwork
on spin-orbit-coupledpin-polarizedelatiistic calculationds neededComparedo theotherstatesthe
A’ components reducedoy ~ 25MHz. A, componenincreasedy the sameamount.Here,maximum
couplingis nolongerobtainedalongthe z- but alongthez-direction. Thisindicatesaredistritution of the
spindensityfrom axiality with preferencef the z-directionto amoreevenly distributedunpairedspinin
thezy-plane.Thisisin agreementith experimentafindingsfor thesolublehydrogenaséom Ralstonia
eutopha(SH)in theNi-L statg/60], in which hyperfinesplittingsof 56 MHz, 28 MHz and14 MHz were
obtainedattheg,-, g,- andg,-componentsiespectiely, andrecentresultsfor the hydrogenasérom D.

vulgarisMiyazaki F (S. Foersterpersonatommunication).

5TFe: Theisotropichyperfineinteraction(-0.8 MHz in the SR UKS calculation)is smallandof the
sameorderasin theNi-C, Ni-A andNi-B statesln thecaseof avacantbridgingposition,theanisotropic
5TFe hyperfineinteractionis larger thanin the other paramagnetistatesinvestigatedso far. The con-
siderationof spin-polarizationeadsto an increaseof the anisotropichyperfinetensorcomponentsy
5 MHz in magnitudealongA;,, 2.5MHz alongA, and3.5 MHz alongA’,. Theinclusionof spin-orbit

coupling,ontheotherhand,doesnotshaw thislargeeffect. The SR+SOROKS valuesarevery similarto
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Figure 7.4: Comparisorof the ZORA calculatedy-tensororientationgfor the Ni-B, Ni-C, Ni-L andNi-CO
paramagnetistatesof [NiFe] hydrogenase.

thoseobtainedatthe SRROKS level of theory(comparecolumns3 andl). This shavs thatthehyperfine
interactionis now mostly throughspacewith the electronspin at the Ni andthat the direct transferof
unpairedspindensityin the Ni-A, Ni-B andNi-C statess mediatedby the bridgingligands. Thereare

no experimentaP” Fe-ENDORdatato comparewith.

33S: The sulphurnucleialsosensehe moreevenly distributed spin density The sulphurnucleusof
Cysb33shaws a reducedanisotropichyperfineinteraction,while theisotropicterm (+16 MHz) remains
constantomparedvith the Ni-C form. The sulphurnucleiof the otherthreecysteinesalsoexhibit 33S
hyperfinesplittingswhich arenotdrasticallysmallerthanthatof Cys533(SCys530+7 MHz, SCys68+15
MHz, SCys65+10 MHz). Theisotropiccomponenbf Cys68is comparabldo thatof Cys533andonly
differsin the smalleranisotropicpart. The hyperfineinteractionsof the sulphurnuclei of Cys530and
Cys6bareslightly smaller Neitherspin-polarizatiomor the consideratiorof spin-orbitcouplingshav
large effectson the anisotropichyperfinetensors.The maximumeffect of spin-polarizatioris obtained
for the sulphurnucleiof Cys533andCys530in which spin-polarizatiorreducestheA'Z componenby 3
MHz.
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IH: The largesthyperfinecoupling of the hydride bridgein Ni-C is no longer presentin the Ni-
L form. The decreas®f the anisotropichyperfineinteractionof the sulphurnucleusof Cys533is also
shawvn by the 8-CH, protonsof thatresidue.Theisotropicpartsarereducedy 3.5and3 MHz compared
to theNi-C form. Thiswasalsoobseredexperimentallyby Whiteheacetal. [70]. Thecouplingsof 12.8
MHz in theNi-C form reduceto =~ 10 MHz in theNi-L state.Thelatter protonswereneitherphotolabile
nor D,O-exchangeableAs a consequencef the sulphurnucleibeingcloserto equivalence the 5-CHs
protonsof the respectie cysteinesalsoshav hyperfineinteractionsof the orderof 3-7 MHz isotropic
hyperfineinteractionandmaythusbe detectabléoy 'H-ENDOR of the Ni-L state.

Table 7.11: ZORA calculatechyperfineinteractionin Ni-L in MHz.

Nucleus Egmponent SRROKS SRUKS SR+SOROKS
SINI 2376 +12.22 -76.04
A, +97.27  +89.32 +45.63
A, 4211 -36.30 -11.93
A, -55.16  -53.01 -33.69
TFe a5 +0.05  -0.83 +0.10
A, -2.22 -7.16 -2.39
A, +0.33  +2.93 +0.64
A, +1.90  +4.24 +1.73
3S0ys533  Biso +12.16  +15.98 +11.41
Al -14.26  -13.21 -14.33
A, -14.12  -10.98 -15.08
A, +28.39  +24.19 +29.40
33S0ys530  @iso +2.70 +7.22 +1.42
A, -8.51 -7.77 -10.74
A, -783  -6.69 -7.76
A, +10.23  +7.16 +10.75
3BSoym68  Qiso +15.72  +15.49 +15.30
A, -5.17 -4.76 -5.09
A, -5.06  -2.40 -5.67
A, +10.23  +7.16 +10.75
33S0ys65  Biso +5.32  +10.27 +5.22
A, -2.67 -3.75 -2.96
A, -265  -1.42 -2.26
A, +5.02  +5.17 +5.22

continuedon next page
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Nucleus gf)mponent SRROKS SRUKS SR+SOROKS
"Hoyssss—H1  @iso +5.50 +6.53 +5.44
A, -1.35 -1.59 -1.38
A, -0.75  -0.49 -0.76
A, +2.09  +2.07 +2.15
"Heyssss—m2 iso +6.04 +7.05 +5.95
A, -2.37 -2.77 -2.59
A, -0.75  -0.49 -0.76
A, +2.88  +4.25 +3.12
"Heyssso—m1 iso +6.21 +6.05 +6.15
A, -1.74 -1.95 -1.86
A, -0.65  -1.46 -0.77
A, +2.39  +3.40 +2.62
"Hoysss0-H2  @iso +4.61 +4.65 +4.56
A, -1.18  -1.41 -1.20
A, 085  -1.21 -0.96
A, +2.04  +2.62 +2.17
"Heyses—m1  iso +3.45 +3.40 +3.44
A, -2.13 -2.92 -2.34
A, 091 -1.48 -1.02
A, +3.02  +4.40 +3.95
YHeyses—H2  @iso +6.32 +6.56 +6.27
A, -1.20 -1.20 -1.24
A, -0.60  -0.66 -0.61
A, +1.78  +1.86 +1.85

The calculatechyperfineinteractionsjn conjunctionwith the goodresultsobtainedfor the g-tensor
principal values,leadto a modelpicture of the Ni-L stateand,a posteriori supportthe proposed\i-C

bindingsituation.

7.3.5 Ni-CO

The[NiFe] hydrogenases irreversiblyinhibitedby bindingof exogenousCO. Thisis accompaniethy a
dramaticchangein EPRg-values(g, 4. = 2.12,2.07,2.02)(seeTable7.1) andalarge almostisotropic
13C hyperfinecouplingof 85 MHz [63] at the g-components. Initially, it wasdiscussedhat the Ni-C
statebindsCO[40,213].
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A numberof possibleCO binding possibilitiesto a Ni(lll) speciesvereinvestigatedoy relatiistic
DFT calculations the resultsof which (g-tensorprincipal valuesand 13C isotropic hyperfinecoupling

constantiaregivenin Table7.12 With respecto the g-tensorprincipal valuesalone the bondingsitua-

Table 7.13: Resultsof investigatedCO-bindingto a Ni(lll) species

Binding situation g-values '3C a;,, [MHZ]

[e)

I
Ni c €

<& CO bridging 2.10,2.04,2.01 11.6
O\\C\N\ H e

<" Coaxial @Ni: H- bridge | 2.07,2.05,2.01 183.9
O\\C\N\ e

=" coaxial @Ni: nobridge | 2.20,2.03,2.00 154.6
Niwj\\c\Fe

s~ CO@Fe 2.11,2.06,2.01 9.9
experiment 2.12,2.07,2.02 85

tion whereCObindsattheFeatomandpointsto thepositionof thebridgingligandshavs bestagreement
with the experimentalvalues.Theisotropichyperfineinteraction,in contrastjs far too small. Whenthe
CO axially bindsto the Ni(lll), a bondingsituationproposedoy van der Zwaanet al. [63] dueto the
largely isotropichyperfineinteraction the calculated3C isotropichyperfineinteractionis by afactorof
two largerthanthe experimentalalueirrespectie of the presencer absencef abridginghydride(184
MHz and155MHz, respectiely).

Only recently Happeet al. [58] broughtforward the hypothesisthatit could actuallybe the Ni-L
statethat binds CO. This hypothesisvasinvestigatedoy probingdifferent CO bondingsituationsto a
Ni-L specieqseeTable7.13. A possiblebinding placeof exogenousCO is the positionof the bridging
ligand. CO andH~ would thenbe in competitionfor binding to the Ni andthe strongerNi-CO bond
would inhibit the enzyme.In orderto achieve this bondingsituation,photodissociatiomf the bridging
hydrideor a protonis alsorequired. The calculatedg-valuesfor a Ni(l) with a CO moleculebridging
Ni andFeareg,, . = 2.09,2.05, 1.99 which are somevhat too small. The calculatedisotropic 13C
hyperfineinteractionis alsotoo small (26 MHz) comparedwith experimentaldataandsucha bonding
situationfor Ni-CO maythereforeberuledout. For thesamereasonsa Ni(l) with CO bindingontheFe
atomandthe CO pointingtowardsthe Ni atom,maybe excluded,too.

If oneassumeshattheNi(l)-L clustermodelbindsCO in anaxial positionat the Ni, the calculated

g-tensorprincipal valuesareg, , ., = 2.11,2.06,2.00 and agreevery well with the experimentaldata
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Table 7.14: Resultsof investigatedCO-bindingto aNi(l) species

Binding situation g-values '3C a;,, [MHZ]
[e)
I
Ni c e
<S>F CObridging 2.09,2.05,1.99 25.9
O\\C
Ni s SFe
= co@re 2.09,2.05,1.99 26.5
O\\C\N\ e
=& coaxial@ni | 2.11,2.06,2.00 72.3
experiment 2.12,2.07,2.02 85

(Oz,9,. = 2.12,2.07,2.02). The spin-unrestrictedR results(seeTable 7.14) arevery similar bothin
magnitudeandorientationwhich indicatesthat spin-polarizatioris not of majorimportancefor the Ni-

CO state. Also the isotropic **CO hyperfineinteractionis well reproducedoy spin-unrestrictedSR

ZORA calculations(72 MHz calculatedvs. 85 MHz experimental,seeTable7.13. The proposedy-

tensororientationfrom the ZORA calculationis shavn in Figure7.4. It quitedrasticallydiffersfrom that

of the otherinvestigatecparamagnetistatesof the [NiFe] hydrogenaseln the CO-inhibitedform, the

gz-axispointsto theaxially coordinated”O moleculeandg, pointsapproximatelyto thevacantoridging

position. Comparedo the formal Ni(lll) Ni-B statethe orientationin the Ni(l)-CO form correspond$o

aninterchangef x— andz-axes.

Table 7.15: Comparisorof spin-restricted ORA andspin-unrestricte@R resultsfor the Ni-CO state.

ROKSZORA UKS QR
X y z X y z
g-value 2.112 2.056 2.000 2.108 2.070 2.016
ly; | -0.87738 0.01010 0.47969| 0.89049 0.04804 0.45247
ly; | -0.30734 0.75591 -0.57805| 0.23208 0.80738 -0.54247
l,; | -0.36844 -0.65460 -0.66011| 0.39137 -0.58808 -0.70781

9z, 9y, 9. arethe g-tensorprincipalvalues;l,;, l,;, I.; i = X, y, z arethe g-tensoreigervectors.The eigervectors

of the ZORA Hamiltonianrepresentin orthonormal right-handedcoordinateaxes system(the triple productof

the eigervetorsis +1); the eigervectorsof the QR calculationrepresent left-handedcoordinateaxessystem(the

triple productof the eigervetorsis -1).
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The calculationwas repeatedusing the large triple- basisset (basislV in ADF nomenclature).
The isotropic '*CO hyperfineinteractionwas slightly reducedto +67.61MHz and Ag,is, = [-6.04, -
1.61,7.64] MHz. The agreementith the experimentalvaluesa;;, = 85 MHz andA ;50 = [-4, 0, 5]
MHz [63] is morethansatisfying. The assignmenbf the CO-treatedenzymeto a Ni(l) specieswithout
a hydride bridgeis in agreementvith the absenceof ary line broadeningn EPR spectraupon H,O/
D,0 solventexchangeof the Ni-CO EPRsignal[213]. In Ni-C, thereis suchan effect [67] which can
be assignedaccordingto the calculationsto originatefrom the 'H hyperfinecoupling of the bridging
hydride.Furthermorethe carbonmonoxide-treatetlydrogenases light-sensitve anduponillumination
theNi-L EPRspectrunis fully recorered[213].

The proposedcoordinationof CO axially boundto the Ni is in agreementvith mostrecentexperi-
mentalfindings. The X-ray structureanalysisof the CO-inhibited[Fe]-only hydrogenas&om Clostrid-
ium pasteurianunCpl alsoshaved axial binding of CO to oneof the Fe atomsin the active site [219].
TherecentlyobtainedX-ray structureof thereducedcarbonmonoxidetreatedNiFe] hydrogenaséom

D. vulgarisMiyazaki F containgwo conformationf theboundCO (Y. Higuchi, personatommunica

tion). Oneshavs a CO boundto the Ni atomoppositeto Cys533in anunusuabentmode theotherone
shavs a CO moleculelinearly boundto the Ni atom. At the moment,a statementboutthe oxidation
stateof the Ni atomin the crystallizedCO-treatedenzymecannotbe made. It may be a productof the
actie centreeitherin the Ni-Si, Ni-L or Ni-R form. Preliminarystructuraldatafor the bentCO coordi-
nationarefor the Ni-CO distancel.76A, the C=0 bondlengthis 1.22A with aNi—-C—Oangleof 118°
(Y. Higuchi, personatommunication) This bondingsituationis discussedn Chapter9.

RecentEXAFS investigationsof the Ni-Si CO-treatedenzymegave a Ni—CO distanceof 1.78A, a
Ni—O distanceof 2.90A whichledto aC-O bondlengthof 1.12A [55]. Thestructuralparametersrom
thecalculationsare1.74A for theNi—CO distance2.93A for theNi—O distanceand1.21A for theC=0
bondlength. Theagreemenis satisfyingbut the authorssuggestea slightly differentbondingsituation
in whichthe COwould be boundto the Ni atombut would point towardsthe Featom[55].

The inhibition of the enzymaticcycle by CO bindingin anaxial positionto the Ni atomsuggests&

participationof this coordinationsitein themechanism.

7.4 Discussionof Hyperfine Interactions

7.4.1 S'Ni Hyperfine Interaction

Figure 7.5 shaws the relative orientationsof the SO-coupledZORA calculatedg-tensorsandthe ¢! Ni

hyperfinetensor For Ni-A the anglebetweeng, and A, is 10°, betweeng, and 4, 10°, betweeng,
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and A, 9°. For Ni-B, theanglesareonly 2°, 15° and15°, respectiely. For Ni-C, the hyperfinetensor
principalaxessystemis rotatedby 42° away from g, andg, andby 18° from g,. For theNi-L form, the
anglebetweery- and A-tensorprincipalaxessystenis 18° for thex-direction,21° for they-directionand
18 for the z-direction.Experimentallyonly the ' Ni hyperfinesplitting alongthe g-tensorcomponents
is knowvn. The informationgainedfrom the theoreticallypostulatedrelative orientationsof g- and A-
tensorprincipal axes systemamay help to improve the analysisand simulationof experimentalspectra
in frozensolution. Independentlythe relative orientationof the g-tensorand®'Ni A-tensorcoordinate
axessystemscould be determinedrom angulardependenEPRspectreof ' Ni enrichedproteinsingle
crystals.

Figure7.5: Relatve orientationf g- and®!Ni A-tensordrom SR+SOZORA BP86/IV calculations

9. 9.

For Ni-A, Ni-B, andNi-C the magnitudeof the A, hyperfineinteractionis almostunchanged-61
MHz for Ni-A, -70 MHz for Ni-B, -81 MHz for Ni-C). Thisis in agreementvith findingsby Moura et
al. [45] for the Ni-A andNi-C formsandAlbrachtetal. [59] for the Ni-A form. The authorsobtained
hyperfinesplitting of 76 MHz alongthe g, componentand implicitly assumedA, to be parallelto
g,. Accordingto the calculations,n the Ni-L stateA, reducego -41 MHz. Ni-L is believedto bea
formal Ni(l) oxidationstatewith theunpairedspinin a3d,._,. orbital. As aconsequencehehyperfine
interactionis no longerlargestalongthe z-axis associatedvith a 3d,- SOMO but along A,. This is
supportedyy a recentanalysisof ' Ni enrichedsamplesrom the [NiFe] hydrogenasérom D. vulgaris

MiyazakiF (S. Foersterpersonatommunication).

Spin-polarizatioreffectsseemo beveryimportantfor the descriptionof hyperfineinteractionalong
the z-direction. Spin-orbit-coupledpin-restrictectalculationsunderestimatéhe A, hyperfineinterac-
tion by afactorof two. Spin-orbitcouplingreduceshehyperfineinteractionsd, andA, quitedrastically
andbringstheminto the rangeof experimentalalues.In the Ni-A, Ni-B andNi-C forms,the unpaired
spin densitydistribution is of sphericalsymmetryalongthe Ni-SCys533bond. Therefore,one might
expectspin-polarizatiorto beimportantfor this direction. The hyperfineinteractiongerpendiculato z,

areobviously very sensitve to the effect of spin-orbitcoupling. For the time being,onemay not accu-
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ratelydifferentiatebetweerthe effectsof spin-polarizatiorandspin-orbitcoupling. Oncespin-polarized,
SO-couplechyperfinetensordbecomeavailablefurtherinsightis expected.

It is very difficult to commenton the signsandmagnitudesf the isotropic®'Ni hyperfineinterac-
tions. They arecalculatedo be +13 MHz for Ni-A, +5 MHz for Ni-B, -2 MHz for Ni-C, and+12 MHz
for Ni-L. They aresmallandof thesameorderof magnitudefor all four paramagnetistates Dueto the

absencef reliableexperimentaldata,a definitive conclusionmay not bedrawn.

7.4.2 5"FeHyperfine Interaction

The calculated’” Fe interactionis very smallin all paramagnetistates.This indicatesthatthe Feis in

its formal Fe(ll) oxidationstatein alow spin configurationdueto the strongligandfield causedy the
CO andCN ligands. Experimentallythereis only onevaluefor the Ni-A stateof ~ 1 MHz from ®"Fe-
ENDORmeasurement§1]. In theNi-B andNi-C statesno 5’ Fe-ENDORsignalcould be detectedut
a’"Fehyperfinecouplingof 0.8 MHz for theNi-B statewasrecentlyreportedJ. Moura,B. M. Hoffman
personalcommunication).The signsof the *” Fe hyperfinecouplingsare not known from experiment.
The calculatedsotropichyperfineinteractionfrom spin-unrestricte@ ORA calculationss smallerthan
or equalto -1 MHz andmakesa comparisorwith experimentaldatavery difficult. The anisotropicpart
of the 5"Fe hyperfinetensoris alsogenerallyvery small. The anisotropiccontritution in the Ni-L form

is afactorof 3-5 larger thanthat of the correspondindNi-A, Ni-B andNi-C states.In our model,the
Ni-L form exhibits a vacantbridging positionwhile anO?>~, OH~, or aH™~ bridgeis presenin theother
forms, respectiely. This may indicatethatthe presencef a bridging ligand significantlyreducegshe
anisotropichyperfineinteractionof the Fe atom. Unfortunately thereis no experimentaP?Fe coupling

for theNi-L statewhichis predictedto belargerthanin the otherparamagnetiforms.

7.4.3 33SHyperfine Interaction

Experimentally Albrachtet al. concludedthat therewas hyperfineinteractiondueto one33S nucleus
only in the oxidizedstated62]. Thisinterpretatioris supportedy the ZORA calculations.Thesulphur
nucleusof the cysteineCys533exhibits significantisotropicandanisotropichyperfineinteraction. The
isotropic hyperfineinteractionis largestin the Ni-A form (= 30 MHz), andabouthalf of thatin the
Ni-B, Ni-C, and Ni-L forms. The anisotropicpartis almostof uniaxial symmetry The decreasen
isotropic hyperfineinteractionin the Ni-B, Ni-C andNi-L formswith respecto Ni-A is compensated
by anincreasen the anisotropiccontritution. Thetotal hyperfinetensorthusremainsnearlyunchanged

in the four paramagnetictates. Experimentally thereare only dataavailable for the oxidized Ni-B
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form in the hydrogenasérom Wollinella succingeneswhich is only remotelyrelatedto the ‘standard
hydrogenasesThe 33S hyperfinetensorof [27, 39,—] MHz given by Albrachtet al. [62] appeargo be

too largefor thex- andy- componentsNo valuefor the A, componentouldbe obtained.

In theNi-L form, the spindensityis not only delocalizedontothe bridging cysteineCys533but all
four Ni-coordinatingcysteinesmay exhibit an appreciable’®S couplingaccordingto the calculations.
This is dueto the formal Ni(l) oxidationstatein Ni-L. Theisotropichyperfineinteractionis largestfor
thebridging Cys533andCys68(bothexhibit anisotropiccouplingof +15MHz). Theterminalcysteines
Cysb530andCys68display+7 and+10MHz isotropiccouplings respectiely. Thisis in agreementvith
thefinding thatthe ' Ni hyperfineinteractionin Ni-L is nolongerlargestalongthe z-directionbut in the
X,y-plane(seeabove). This leadsto a moreevenly distributed spindensityonto all four sulphuratoms.
The sulphurnuclei are broughtcloserto equivalenceand the coordinationsphereof the Ni therefore

closerto beingsymmetric.

7.4.4 70O Hyperfine Interaction

In orderto explain the experimental'”O hyperfinesplitting in EPRspectraof the oxidizedstatesthere
are potentially three candidatesas ligandsbridging the Ni and Fe atomsin the active centre: a water
moleculeH,0, a hydroxo OH~ or an oxo O?~ ligand. A water moleculeleadsto an isotropic 'O
couplingof -23.50MHz andananisotropiacouplingof [+1.94,+0.84,-2.79]MHz. Suchalargeisotropic
couplingis not obsered experimentallyanda waterbridgingligand canbe ruled out on the basisof g-
tensorcalculationgseeabove) andthe calculatechyperfineinteraction. A p-oxo bridgeanda hydroxo
bridgewould both give very similar isotropiccouplingsof -9 and-7 MHz, respectiely. Theanisotrop,
however, would allow a discriminationbetweerthetwo candidatesThe anisotroy of a hydroxoligand
[+2, +1, -3] MHz is very moderatecomparedo [+30, +14, -44] MHz for an oxo bridge. A definite
comparisorwith experimentaldatais very difficult. The experimentaldataby vanderZwaanetal. [63]
comefrom estimatesf the increaseof EPR line widths uponre-oxidationwith '7O,. The valuesare
all belav the intrinsic EPR linewidth of typical [NiFe] hydrogenassamplesand mustbe treatedwith
care.Here,orientation-seleed '” O-ENDORwould be of importanceandcontritute to amoreprofound
characterizatiorof the bridging ligand in the oxidized states. Furthermorefrom pulsed-ENDORor
ESEEMspectroscopiethe 7O quadrupoleensorwould alsobe accessible Theseexperimentsarein
progresgJ. Moura,B. M. Hoffmanpersonacommunication) Unfortunately the calculatecquadrupole
tensorsof 170%~[+0.29,+0.03,-0.32] MHz and'"OH~ [+0.31,+0.05,-0.36] MHz arevery similar and

would make a definiteassignmendifficult.
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7.4.5 H Hyperfine Interaction

In all four paramagnetistatesNi-A, Ni-B, Ni-C andNi-L the 8-CH, protonsof the bridging cysteine
aminoacid Cys533exhibit alarge hyperfineinteraction.For thesetwo couplings thedifferencebetween
theNi-A, Ni-B andNi-C formsis small. This indicatesthata major partof the spindensityis oriented
alongthe Ni-SCys533ondin all threestates.Thereis no major spindensityreorientatiorbetweerthe
threestates.

Thedifferencebetweerthe Ni-A andNi-B formsliesin aprotonationof the bridgingoxo ligandfor
Ni-B. This notonly causesa massie 7O couplingfor Ni-A (seeabaove) but alsoleadsto anelongation
of all Ni-S bonds. This is responsibldor the absencef a third 5-CH, protonhyperfineinteractionin
the Ni-A state.In the Ni-C form, the spindensityslightly shiftsto theterminalcysteineCys530andan
isotropic coupling of 5-6 MHz is predictedfor the 5-CHy of this aminoacid residue. Furthermorea
bridging hydridein the Ni-C stateexhibits a large hyperfineinteraction. In Ni-L, the largesthyperfine
interactionis lost uponillumination. The oxidationto a Ni(l) speciesesultsin a more evenly spread
spindensitydistribution in the zy-plane(seeabove) awvay from the preferredaxiality in the Ni-A, Ni-B
and Ni-C states. As a consequenceg larger numberof hyperfineinteractionsfrom 5-CHy protonsis
predictedandthe couplingof thosefrom Cys533arereducedby a factorof two comparedo the other

states.

7.5 1“N Hyperfine and Quadrupole Interaction

Experimentally hyperfineand quadrupoléenteractionsdueto one nitrogennucleuswere obsered by
ESEEMspectroscop Chapmaret al. measuredeSEEM spectraof a frozen protein solution of the
[NiFe] hydrogenasérom D. gigasin the Ni-A andNi-C stated68]. A relatively smallquadrupolecou-
pling (e?¢Q/h = 1.9MHz) wasobtainedor bothformsandtentatiely assignedo adirectly coordinated
nitrogenof aweakly coupledimidazole[68].

Proteinsinglecrystalsof the[NiFe] hydrogenasérom D. vulgaris Miyazaki F wereinvestigatedy
3-pulseESEEMspectroscop A setof quadrupoleparametersor Ni-A (e2¢Q/h = 1.98 MHz andn
= 0.37)andfor Ni-B (e2¢Q/h = 1.90andn = 0.37) were determined184]. Thesevaluesare almost
identicalwith thoseof Dikanov etal. who obtainede?q@Q/h = 1.87andn = 0.39for bothNi-A andNi-B
statesof frozenproteinsolutionof the[NiFe] hydrogenasérom D. gigas[220]. Theisotropichyperfine
interactionis about2 MHz. Basedon the magnitude®f the quadrupolgarameterdhoth studiesassign
the couplingto the N¢ nitrogenof a histidine,possiblythatof His88 (His72in D. gigag which mightbe
hydrogerbondedo the bridging cysteineCys533.
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This assignmenivasverifiedby ZORA calculationsoy addinga histidineprotonatedatthe N€ to the
bareactive site clustermodels. This hydrogenbondwould allow the transferof unpairedspin density
from the bridging cysteineCys533to the nearbyhistidineHis72.

Completegeometryoptimizationswere carried out on the cluster models consistingof approx.
50 atoms. Hyperfine and quadrupoleparametersvere then calculatedfrom a spin-polarizedscalar
relativistic BP86 DFT calculationusing a double¢ basisset (basisll in ADF nomenclature). The

geometry-optimizedtructuresaregivenin Figure7.6.

Figure 7.6: Histidine coordinationof the active centreof [NiFe] hydrogenaseBP86/DZPgeometryopti-
mizedstructureNi-A (top, left), Ni-B (top, right), Ni-C (bottom,left), Ni-L (bottom,right). Hydrogenbond
lengthsin A

The calculatedparameterdor the *N¢ for Ni-B are A;,; = [1.72, 1.74, 2.32] MHz with a;s, =
1.93MHz. ThecalculatedquadrupoldgensorQ = [-1.02,+0.34,+0.68] leadsto quadrupolgparameters
e2qQ/h = 2.04MHz andn = 0.33which agreenicely with the experimentalvalues. The N? nucleusof
thehistidinerevealsa quadrupolgensorQ = [-1.86,0.82,1.04]which doesnot agreewith experimental
findings. For Ni-A, a quadrupoleiensorQ = [-0.96, +0.74,+0.22] wasobtainedwhich yieldede?qQ/h
= 1.92andn = 0.54. The calculatedNi-C *N¢ quadrupoleensorQ = [-1.09, +0.38,+0.71] leadsto
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e?qQ/h = 2.18 MHz andn = 0.30. For Ni-L the *N¢ quadrupoletensoris Q = [-0.92, 0.21,0.71]

which givese?qQ/h = 1.84MHz andn = 0.54. The calculatedquadrupoleparameteragreewell with

experimentaldatawherethoseare available. They areratheruntypicalfor a N¢ coordinatechistidine.
Theincreaseof bothquadrupolgarameterin theNi-A andNi-L formsmay originatefrom thereduced
hydrogenbonddistancesn thesemodels(2.33A in Ni-A, 2.23A in Ni-L).

To concludepasedn the DFT calculationghe experimentallyobsered quadrupolénteractioncan
beassignedo the N¢ nucleusof histidineHis72. The 14N quadrupoleparametersireof the sameorder
of magnitudein all paramagneticstatessincethe hyperfineinteractionalong the Ni-SCys533-His72
directiondoesnot changedrastically In the geometry-optimizedluster models,the hydrogenbond
lengths(Ni-A 2.33A, Ni-B 2.454, Ni-C 2.31A, Ni-L 2.23A) slightly varieswith the oxidationstate.
Onereasommight be the differenttotal chagesof the clustermodelsin the differentstates.In vivo the

histidineligandmaybeheldin placeby the proteinernvironment.

7.6 The Influence of the Protein Matrix

Onepoint of criticism with respecto the ab initio or DFT calculationof the active centresof proteins
is the completengglect of the proteinervironment. Onetriesto comparein vacuomodel clustercal-
culationswith experimentaldataobtainedin liquid or frozensolutionor singlecrystalsof the complete
protein. The aim of this sectionis to investigatewhetherthe satisfyingagreemenbetweenexperimen-
tal and calculatedg-tensormagnitudesand orientationswere a mereartefict of the modelandduea
fortuitouscancellatiorof errors.

All covalentlyboundcofactorsof theactive site (hamelythefour cysteineaminoacids)werealready
consideredFurtherinteractionof the proteinmight be mediatedoy hydrogenbonds.The agumentdor

apotentialhydrogerbondare
e theproximity of a potentialhydrogenbonddonor(-OH,-NH, -CH) andaccepto(CN,CO,0),
e aheay atomdistancesmallerthan3.5,&,
e anapproximatdineararrangementf hydrogenbonddonorandacceptar

Thereare,potentially threehydrogerbondinteractionf nearbyaminoacidswith theactive centre(see
Figure7.7). Possibly therearemorevanderWaals,neithercovalentnor hydrogenbondinginteractions
but they were not considerechere. The histidine His72 can form a hydrogenbondto the bridging

cysteineCys533(seeabove) and transferunpairedspin density from the cysteiryl sulphurto the N¢
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Figure 7.7: Protein-cofctorinteractionsn theactive centreof the[NiFe] hydrogenas&om D. gigas[27].

nitrogenof thatresidueandaccounfor the'*N quadrupolénteractionmeasuredn [NiFe] hydrogenases
[68,184,220]. Furthermorethe inorganic ligandsat the Fe site canalsoform hydrogenbonds. The
assignmenbf the threenon-proteinligandsin the X-ray structureof D. gigaswasdoneby their ability
to form hydrogenbonds[27]. From FTIR measurementand chemicalanalysisone knows that there
were2 CN and1 CO ligand coordinatingthe Fe atom[51,54,173]. Two of the inorganicligandspoint
towardspolar neighbouringaminoacidsandthe third is directedtowardsan unpolarproteinpoclet. It
was concludedthat the two cyanideswould be more efficient hydrogenbond acceptorghan CO while
the carbonmonoxidewould sit in the unpolarpoclet (seeFigure7.7) [27,54]. The amginine Arg 463
sitslike alid ontop of the active site andmay enterinto one or morehydrogenbondsto one of the CN
ligands.SerineSer486couldform a hydrogernbondto the otherCN ligand(seeFigure7.7).

It wasinvestigatedvhethertheconsideratiorof thesenydrogerbondingpartnersvould significantly
changethe calculatedg-values. Successiely, the clusterwasenlagedby first consideringhe histidine
residueandthenalsothe aminine andserineaminoacids.Eachclusterwasagaincompletelygeometry-
optimizedusingfrozen core orbitals (seeComputationaDetails) and the g-tensorswere calculatedin
an all-electronbasis. The numberof atomsincreasedrom 40 for the bareactve site to 50 whenthe
histidinewasaddedto 90 whenall threeaminoacidsweretakeninto account.This poseda significant
challengeon the computationakide. For a picture of the clustersoptimizedwith coordinatingHis 72,
pleaseeferto Figure7.6. The geometry-optimizeadtructureof Ni-A, Ni-B andNi-C with all potential
hydrogerbondingpartnersaregivenin Figure7.8.

In the Ni-A statewherea O~ occupiesthe positionof the bridging ligand, therearein total five

hydrogenbondsformed. The aminoacidssurroundingthe active site are hydrogenbond donorsand
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Figure 7.8: BP86 geometry-optimizedlustersconsideringprotein-cofctorinteractionsin the Ni-A(left),
Ni-B(middle) andNi-C (right) states Hydrogenbondlengthsin A.

the sulphurof Cys533andthe CN groupsactashydrogenbondacceptorsHistidine His72is hydrogen
bondedo thebridgingcysteineCys533in all threestates Thehydrogerbondlengthis slightly shorterin
theNi-A form, possiblydueto theincreasedegative chagein thatclustermodelcomparedo the Ni-B
andNi-C clusters.SerineSer486formstwo hydrogenbondsto oneof the cyanidegroups.A strongone
from the-OH group(1.7 A) andawealer onefrom the-NH group(2.2A). Arginine Arg486coordinates
the seconccyanidegroupvia two hydrogenbonds,oneof 1.9 A length,the otherof 2.3 A length. This
pictureis retainedn all threestates Thehydrogerbondsfrom theserineresidueareunchangedh length
andthoseby theaminineresidueshorterandbecomeequivalentin length(2.0A) in theNi-C state.This
mayimply a participationof thelatterresiduein thereactioncycle of the [NiFe] hydrogenasa,e. in the

transferof a protonfrom the active siteto the proteinsurface.

In additionto the five hydrogenbondsdescribedabore, thereis an additionalsixth hydrogenbond
in the Ni-B state. Arginine 463 resideson top of the active sitelike a lid. The protonof the bridging
hydroxogroupmay form a donatorbondto the arginine Arg463residue.The hydrogenbondlengthis
ratherlong with 2.4 A but it may assistthe releaseof that ligand uponactiation of the enzyme. This

may explain the differentactivationkineticsfor ‘ready’ Ni-B and‘unready’ Ni-A.

Thestructuralparameterslo not changesignificantlywhenthe hydrogernbondsareconsideredThe
Ni—Fe distancesemainconstantto within 0.01A andthe C=N triple bondsare only mamginally ex-

pandedoy 0.002A uponhydrogerbondformation.
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Table 7.16: ZORA calculatedg-tensorprincipal valuesupon successie consideratiorof protein-cofctor

interactions

OxidationState

Cluster Ni-A Ni-B Ni-C
Active Site  No. of Atoms | 41 42 41

g-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

g-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 g-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

The proteinervironmentconsideredso far doesnot significantlyinfluencethe calculatednagnetic
resonanc@arameterg¢seeTable7.16). Thecalculated;-valuesdo notdrasticallychangevhenhydrogen
bondingis considered.A caveat, however, mustbe issuedthat a balanceddescriptionof the protein
ervironmentis important. The largestchangesn the calculatedg-tensorprincipal valuesare found,
whenonly His72is consideredqalongthe g, directionof the g-tensor).In particular the g, component
is affectedwhenonly this residueis takeninto accountge.qg. for Ni-B the g, valuechangedrom 2.17in
the bareactve site to 2.12whenthe histidineis addedandbackto 2.18whenall threeaminoacidsare
consideredThesameeffectis obseredfor Ni-C wherethe g,, valueis mostlyaffected(bearingin mind
the suggestedhterchangehe x- andy-axesorientationan the Ni-C form comparedo Ni-B, the effect

is comparable).

7.7 Conclusion

With the ability to correlatea shift of g-valueswith structuralchangespnehasa powerful tool at hand
to discriminatedifferent paramagnetistatesand intermediatesn the reactionmechanisnof the hy-
drogenasenzyme.Thereis, however, somesystematideviation betweencalculatedandexperimental
g-values.Theresultsobtainedfrom DFT calculationdor g- andhyperfinetensorghereforalwaysneed
a critical inspectionandevaluation. The ZORA approactseemdo give reliableresultswith the excep-
tion of the Ni-A statefor which spin-polarizatioreffects have to be consideredn orderto achiee a

reasonablelescriptionof the electronicstructure.
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For Ni-B a u-hydroxoligand gives bestagreementvith experimentalvalues. For Ni-A, a u-oxo
bridgeappearsnostplausiblewhile for Ni-C a p-hydrido bridging ligandis suggestedin theseforms,
theNi isin its formal Ni(lll) oxidationstate.The modelof the Ni-C form is supportedy resultsfor the
Ni-L form in which the bridging ligand would be lost uponillumination asa protonandleavesthe Ni
in aformal Ni(l) oxidationstate.For Ni-CO, bestagreementvith experimentaldatais obtainedwhenit
axially bindsto aNi(l) originatingfrom theNi-L state.SinceCQ s aninhibitor of the enzymethis may
suggesh participationof the opencoordinationsite oppositeto Cys533in thereactionmechanism.

The sizeof the calculatedclustermodelwassuccessiely enlagedby consideringsomeof the sur
roundingamino acids,i.e. thosewhich form hydrogenbondswith the active site. It wasfound that
the proteinervironmentdoesnotimposeenegetically unfavourableconformationson the active centre
sincethe structuralparametersverenearlyunchangeadomparedo the gasphaseclustermodelsalone.
Neitherdid thethreeaminoacidsconsideredofar stronglyinfluencethe electronicstructure . The calcu-
latedg-valuesweresimilarfor all clustersizes.A participationof the proteinin the catalyticmechanism,
however, is still possible.

Furtherwork will suggest connectionof the intermediateparamagnetistatesvia EPR-silentdia-

magneticstatesandthuscontribute to the unravelling of the enzymatiomechanism.



Chapter 8

Orientation-SelectedENDOR of the NiI-C
State

8.1 Intr oduction

The investigationof the reducedNi-C stateof the [NiFe] hydrogenasdrom Desulfaibrio vulgaris

Miyazaki F is complicatedby the spin-spininteractionof the Ni centrewith that of the S = 1/2 re-

ducedform of the proximal [4Fe-4S}, cluster[209]. The shortestistance(edgeto edge)betweerthe

two cofactorsis 13A. Theresultof which is a complicatedsplitting of the Ni-C EPRsignalatlow tem-

perature4209]. At temperaturesbove 70 K, dueto the the fastrelaxationof the [4Fe-4S} spin, the

interactionaverageoutandtheNi-C EPRsignalappearsunsplit’ Below 70K, thespin-spininteraction
is detectablendsomestructurainformationcanbegainedabouttherelative orientationsof the g-tensors
of theNi centreandthe proximaliron-sulphurcluster[46,47]. This interaction however, leadsto afast
relaxationof the Ni spinandpreventsthe detectionof any cw-ENDORor Daviespulsed-ENDORsignal

from the Ni-C form (datanot shawn).

The regulatory hydrogenas€RH) from Ralstoniaeutropha (formerly Alcaligeneseutiophug does
not exhibit this spin-spininteractionbetweenthe Ni-Fe and[4Fe-4S} clusterspins. The RH is a hy-
drogenaseonsistingof two sulunits (HoxB, HoxC). HoxA andHoxJaretwo additionalproteins[221]
(seeFigure8.1). HoxB andHoxC sharesignificantsimilarity [222] with the small andlarge sukunits,
respectrely, of the standardNiFe] hydrogenasefom Desulfaiibrio gigasand Desulfaribrio vulgaris
Miyazaki F for which crystalstructuresareavailable [28,32]. The cysteineandhistidineresidueghat
coordinataghethreeFe-Sclustersan the smallsulunit arewell conseredin HoxB. However, thelack of

anN-terminalsignalsequencéndicatesa cytoplasmiclocationof the RH. HoxC containssignalmotifs

151
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Figure 8.1: Schematiadrawing of the role of the regulatory hydrogenas€RH) from Ralstoniaeutopha
Upon hydrogensensingn the large sulunit (HoxC) andelectrontransferto the small sutunit (HoxB), con-
nectionto the histidine protein kinase(HoxJ) is establishedvia phosphorylation/deptsphaylation. The
transcriptionalactivator HoxA theninducesthe expressionof the genescodingfor the solublehydrogenase

(SH) andthe membrane-bountdydrogenaséViBH).

of the large sutlunit which harboursthe active site. The two pairsof cysteinesthat coordinateboth Ni
andFearealsopresenin the RH. HoxC displaysthe consered aminoacid motifs which areconsidered
essentiatlementdor the coordinationof the NiFe cofactor It is notevorthy, however, thatthe RH con-
tains slight modificationsin the histidine motifs of the large sulunit. HoxB haspotentiallythreeFe-S
clusterssimilar to the small subunit of D. gigas Four cysteinescoordinatea proximal [4Fe-4S]cluster
threecysteinesanda histidine coordinatehe distal [4Fe-4S]cluster The intermediateclustermay also
bea[4Fe-4S]clustersincetherearefour insteadof threeconsered cysteineresidueg222]. hoxJshavs
homologiedo sensokinaseof bacteriatwo-componensystemg221]. LenzandFriedrichalsoshaved
that HoxJ mediatesRH regulation[221]. HoxJ inactivatesthe transcriptionakctivator HoxA by phos-
phorylation. This negative effect is releasediponHs-sensingoy the RH. The communicatiorbetween
the RH andHoxJ s not clearyet. In its non-phosphorylateform HoxA activatesthe transcriptionof
genescodingfor the othertwo, moreefficient hydrogenasesom R. eutiopha the solublehydrogenase

(SH) andthe membrane-bounbydrogenaséViBH) (seeFigure8.1).
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The actie site of the hydrogensensomwas characterizedy EPRandFT-IR spectroscopief223].
The RH hasanactive site muchlik e thatof standardNiFe] hydrogenasef82,51], i.e. a Ni-Fe site (Ni
wasshawn to bearequiremenfor hydrogensensingoy Kleihuesetal. [222]) andtwo CN and1 CO as
prostheticligandsof the Fe atom. Pierik etal. shaved thatthe uptale actiity of Hs is two ordersof
magnituddower thanthatof standarchydrogenase23] but insensitve to the presencef oxygenand
carbonmonoxide.

The EPRpropertiesof the RH somavhatdiffer from thatof standardhydrogenases.e. thereis only
one paramagnetistate. The as-isolatedRH only exhibits a faint signalwith two componentsy,. , =
2.29,2.17which resembleghat of Ni-B. The g, edgewasnot obsered [223]. After incubationwith
H, anew EPRsignalevolvedwith g, , = 2.191,2.133,2.010which resembleshatof Ni-C. It is also
light-sensitve andcorvertsinto aNi-L signalwith g, , , = 2.24,2.09,2.04. 1t is notevorthy thatthe g,
valueof Ni-L is lower thanthat of otherhydrogenase&.29). The FT-IR spectraof the RH alsoshawv
typical bandsfor the as-isolatedNi-SlI) andreducedNi-C) forms(seeTable8.1).

Table 8.1: Comparisorof the high-frequeng bandsfrom RH with standardNiFe] hydrogenasesThe fre-
quenciesf thetwo CN andoneCO stretchingmodesaregivenin cm™1.

RH [223] A.vinosum50] D. gigas[54]
State VCON vco ‘ VCON vco ‘ VON vco
Ni-SI 2081 2073| 1943 | 2086 2074 | 1932| 2085 2075| 1934
Ni-C 2084 2072| 1962 | 2087 2074 | 1950| 2086 2073| 1952

Althoughthe binding motifs for threeFe-Sclustersin the small sukunit arepresenin the RH, there
is noreportof an Fe-SEPRsignal[223]. Furthermorethereis no evidencefor a spin-spininteraction
betweerthe Ni-C spin andthat of the proximal [4Fe-4S]cluster The absenceof thatinteractionand
the similarity of the RH Ni-C EPR signalwith that of standardNiFe] hydrogenasemake it anideal
candidatdor ENDORIinvestigation®of theNi-C state.Sincethereareno proteinsinglecrystalsavailable
for the RH yet, onehasto resortto orientation-selecteBNDORin frozensolution.

Orientation-selecteBENDOR,in principle,allows the completedeterminatiorof hyperfinecoupling
tensord224,225]. This methodhasbeensuccessfullyappliedto biologicalsystemgo studyhemoglobin
[188], copperenzymed177] andto elucidatethe reactionmechanisnof enzymese.g. aconitasg189].
The methodof orientation-selecteBNDOR hasbeenreviewedin [226,227]. Recently anorientation-
selecteccw-ENDORstudyof the Ni-B statewasreportedandthreehyperfinetensorswverestructurally

assigned169]. Here,anorientation-seleed ' H-ENDOR studywhich allows thefull determinatiorand
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assignmenbf the hyperfinetensorsfor several protonsin the active centerof [NiFe] hydrogenasén
the reducedNi-C stateis presented For this method,the knowvledgeof the g-tensororientationin the
molecularstructures aprerequisite Sinceit wasnotreliably determinedn [NiFe] proteinsinglecrystals
yet, the theoetically calculatedg-tensorof the Ni-C statewill be used.Basedon this assignmentthe
orientationof 'H hyperfinecouplingtensorswith respecto the g-tensoraxeswill beusedto characterize
the protonervironmentof the active NiFe centerduring catalyticactivity andhelp to further elucidate

thereactionmechanisnof [NiFe] hydrogenases.

8.2 Materials and Methods

8.2.1 SamplePreparation

The regulatory hydrogenasevas overexpressedn the native hostR. eutiopha grown, purified andas-
sayedas describedoreviously [222]. The final protein concentrationwas 0.5 mM. The solutionwas
transferredo a Wilmad 707SQ,4mm o.d. EPRtube. The enzymewasactivatedfor 30 mins at room

temperaturavith 100%H, underfrequentstirring andthenrapidly frozenin liquid nitrogen.

8.2.2 EPRand ENDOR Setup

Pulsed-EPRandpulsed-ENDORexperimentswere performedwith a Bruker ESP380 E FT-EPRspec-
trometer A sapphiraing resonatof1052DLQ-H, Bruker) wasused.Resonatoandsamplewerecooled
with a heliumflow-cryostat(Oxford CF 935). The optimumENDOR effectwasfoundat T = 10K. The
pulselengthswere 96 and48 nsfor = andx /2 pulses,respectrely. The spectrataken at field values
of 3229G, 3260G, 3366G, and3430G arefrom Davies-ENDORexperimentswith selectve 7-m/2-7
microwave pulsesequencenda radiofrequeng pulseof 8 us. The spectrathatwererecordedat field
valuesof 3165G, 3208G, 3235G, 3245G, 3255G, 3288G, 3310G, 3337G, 3385G, 3390G, and3410
G areDavies-ENDORexperimentsvith an‘optimized polarizationtransfer' which exhibit anincreased
ENDOR effect (for detailssee[84]) andthusdecreasethe accumulatiortime. The preparatiorphase
is alsoa w-microvave pulseof 96 nslength,the mixing period consistsof a non-selectie microvave
(16 ns) r-pulsesandwichedetweenwo w-radiofrequeng pulsesof 8 us each. The detectionis done
afteratraditional/2-r microwvave pulseHahn-echasequencePulsed-ENDORspectroscop hasbeen
extensvely reviewedin [83,84,189,191].



8.2 MaterialsandMethods 155

8.2.3 Orientation-SelectedENDOR

ThespinHamiltonianusedherefor a systemof oneelectronandseseralmagneticnuclei
H = BogS + > (SAkik + 5NBognkik) (8.1)
k

includeselectronZeemanglectron-nucleahyperfineinteractionandnuclearZeemarterms. Diagonal-
ization of the Hamiltonianyieldsthe enepgy levels of the system.Theselevels canbe labelledwith the
magneticquantumnumbersof the electronmg andof the differentnuclei(my). Sincenucleasnuclear
interactionsaremuchsmallerthanelectron-nucleainteractionsit is sufiicientto discusgheinteractions
of theunpairedelectronwith onenucleusatatime.

In the ENDOR experiment,an EPRtransition(Amg = 1) is monitored,while transitionsbetween
the nuclearsublevels within one mg-manifold (Amg = 0, Am; = 1) areinducedusing an additional
radiofrequeng field with appropriateesonancérequeny vnyir. ThedetectedEPRamplitudechanges
wheneer vyygr Matchesa nuclearsublevel transition. The ENDOR transitionfrequeng reflectsthe
interactionof the nuclearspinwith the electronspinactingon the nucleus(secondermin the Hamilto-
nian). Theobseredlinesarecentredaroundthefreenuclearfrequeng vy.

In the caseof anisotropicg-tensorandisotropichyperfineinteractionA = a;g,, theinteractionsn
the Hamiltoniando not dependon the orientationof the molecularaxis systemin the externalmagnetic
field. The ENDORtransitionenegiesarethensimply the sumof the nuclearZeemarfrequeng andthe
additionalcontrikution from hyperfineinteraction the sign of the latterbeingdependenon the electron
spinmg. In asystemwith electronspinS = 1/2 andnuclearspinl = 1/2 thisleadsto apairof ENDOR

transitionsspacedsymmetricallyaboutthe free nuclearZeemarfrequeng, vy .

A
VEENDOR =|vy £ §| (8.2)
In the moregeneralcaseof anisotropicg- andhyperfinetensorsthe EPRandENDOR transitionener
giesdependon the orientationof the magneticfield relative to the molecularaxes. Assumingthat the
hyperfineinteractionsaresmallcomparedwvith the electronZeemarterm,the EPRresonanceondition

is expresse@s

hv = 9(07 d))ﬁBO ) (83)

with the effective g-valuedefinedas

90,9) = [> (g;bj)?, (8.4)

J
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whereg; (j = 1,2, 3) arethe g-tensorprincipalvalues.b; (j = 1,2, 3) arethedirectioncosinesof the

externalfield in the g-tensorprincipal axis system,
b1 = cos ¢sinf, by = sin¢sinf, bs = cosf . (8.5)

Now ata givenfield valueonly the subsebf moleculeswith appropriateorientationscontritutesto the
EPRintensityandthusto the ENDOR spectrunrecordedat thatfield value. Also, the hyperfinefield is
no longerparallelto the externalfield, it now depend®n directionandmagnitudeon the electronspin
guantumnumbermg. Thisleadsto amorecomplicatedexpressiorfor the ENDORfrequenciesgderived
from diagonalizatiorof the Hamiltonianin Eq.@.1) for an(S = 1/2, I = 1/2)-system[224]:

3

Visnnor(0:8) = |

=1

2
3
g;bj
bivy + Ay 8.6
N ;29(9,05) ”} (86)

Dueto the effect of the hyperfinefield onthe ENDOR signalintensitieg85], signalsat ygNDOR usually
appeamoreintensein the ENDOR spectrumthanthe correspondindines at vgypog- The determi-
nation of the completehyperfinetensorA can,in principle, be obtainedfrom ENDOR single crystal
measurementbut in the caseof protein moleculessingle crystalsare often not available. When ap-
plied to frozen-solutionrsamplesangle-selecteENDOR spectraof sampleswith anisotropicmagnetic
interaction(non-axial g-anisotrop) in the EPR also allows the full determinationof electron-nuclear
interactiontensordan favorablecases.The EPRspectrumof a polycrystallinesampleis a superposition
of signalsfrom alarge numberof moleculesandomlyorientedwith respecto By.
OverthecompleteEPRervelope(Figure8.2) ENDORSspectraarerecordedht selectedield positions
By from g, to g,. Only thefractionof moleculeghatareorientedaccordingo Eq.(8.3)arecontrituting
to the ENDOR spectrumat eachfield position. A subsetof moleculess selectedby steppingthrough
the EPR spectrum. At the EPR edgesg, andg, the selectedsubsetis very small and single crystal-
like ENDOR spectraare obsened. At intermediatefield valuesthe selectionis lessrestrictive andthe

resultingENDOR spectraaresuperpositionsf alargernumberof molecularorientations.

8.2.4 Simulation of ENDOR Spectra

In thefirst step,thefull EPRspectrumwassimulatedaccordingo Eq.@.3) (Figure8.2bottom).ENDOR
frequenciesverethencalculatedor specificfield valuesandorientationdor agivennumberof hyperfine
tensors(4;;) usingEq.@8.6), theintensityof the ENDOR transitionwasassumedo be proportionalto
thatof the EPRtransition. The ENDOR simulationprogram[196] allows the angle-dependergimula-

tion of ENDOR spectrausingan arbitrary numberof fully anisotropichyperfinetensorswith arbitrary
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orientationsrelative to the g-tensoraxes. Basedon an algorithmby Mombourquetteand Weil [228], a
uniformly distributed setof orientationswascreatedby steppingon a spiral path, typically using5160
differentorientations A moredetaileddescriptiorof thealgorithmcanbefoundin [196]. ENDOR spec-
trawith 1024 pointseachweresimulatedfor eachof the 15 field positionsselectedn the experiments.
The specificcontritution of eachorientation(d, ¢) to the EPR spectrumis calculatedjncluding g-
anisotroy andthehyperfineinteractions Contrikutionsof this orientationto anENDOR spectruntaken
atagivenfield valuearethencalculatedaccordingo Eq. (8.6), weightedwith the EPRamplitudeat this

field positionandstored.In this way, a seriesof orientation-selecttENDOR spectravassimulated.

8.3 Resultsand Discussion

8.3.1 Characterization by EPR

The X-band (9.699GHz) pulsed-EPRspectrumof the regulatory hydrogenasérom R. eutiophaat 10
K displaysa Ni-C-like spectrum(Fig. 8.1, top). The g-tensorprincipal valueswere determinedrom
a simulationof the pulsed-EPRspectrunmto be g, = 2.192,g, = 2.135,g, = 2.011andareidenticalto
thoseobtainedby Pieriketal. g, , . =2.191,2.133,2.010[223] within error Furthermorethey arevery
similarto thosereportedor theNi-C signalof the‘standarchydrogenasefrom D. gigaswhich exhibited
9z, = 2.19,2.14,2.02[66,229]. This striking similarity indicateshatthetwo active centresof thetwo

functionally differenthydrogenasesiustbe very closelyrelated,f notidentical.

8.3.2 Analysis of Orientation-SelectedPulsed-ENDORSpectra

Figure8.3 shaws the collectedfield-dependenpulsed-ENDORspectra.The spectraverenormalizedto
the free nuclearfrequeny vy . Fromtop to bottomthe magneticfield increasegoing from 3165G (g
= 2.189)to 3430G (g = 2.020). Especiallyat the high-frequeng sideof the spectra(ugl\moR > vy)
severallines canclearlybe distinguished The splitting in the ENDOR spectras nearlysymmetricwith
respectto the free protonfrequeng with a maximumdeviation of 0.2 MHz. In generallines at the
Vixpor Sidearemoreintensethanthoseat vgypogr- Threelarge hyperfinecoupling can be directly
deduced.At g = 2.189therearelarge couplingsof »* = 8 MHz, 6 MHz and3 MHz. The signalsare
ratherbroadandmay containcontritutionsfrom morethanoneproton. Whensteppinghroughthe EPR
spectrumandgoingto largerfield values theintermediatssignalsplitsandthenbecomesroader Near
gy (9 = 2.136),0nelarge broadENDOR signalis detectablatv,. ~ 9 MHz andanumberof unresoled

smallerhyperfinecouplingsappeatbetween.. = 2 and7 MHz. Here,the analysiss especiallycompli-
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Figure 8.2: Pulsed-EPRspectrumof the RH. Comparisorof experimentalpulsed-EPRspectrumof the RH
(top) and simulation (bottom), both in absorptionmode. ExperimentaDetails: T = 10 K, mw-frequeng
9.699GHz, (n/2-, m-pulsesof 56 nsand112ns,respectiely. Detailsof the simulation: centrefield 3300G,
field sweeps00G, EPRIinewidth 18 G, g, . = 2.192,2.135,2.011.

catedbecausalarge numberof orientationscontrilute to the ENDOReffectat g,,. At field valueslarger
thang,, the unresoled signalscoalescento two pairs of doubly split ENDOR resonancesThe large
andbroadresonanceignalmovesto smallerhyperfinecouplingvaluesanda new very broadandflat
signalevolvesat the high frequeng side(seefor examplespectrumat g = 2.077).Nearg, (¢ = 2.020),
onesharpsignalat vy = 3 MHz andtwo broadsignalsat v = 6 MHz andvy = 9 MHz areobsenred.
Figure 8.4 shaws a field-dependenplot of the ENDOR resonances.The hyperfinesplitting with
respecto vy is plottedversusthe variationof the magneticfield. The situationis so complicatecthat
onecannottracea hyperfinecoupling continuouslyover the whole field range. Theremay be multiple

crossingof hyperfineinteractionsvhich complicatethis procedure.

8.3.3 Simulations

For theanalysisof theorientation-selecttENDOR spectrathe orientationof the g-tensomrincipalaxes
in themolecularcoordinateaxessystems aprerequisite For Ni-C, theexperimentaly-tensororientation
is not yet unambiguoushdeterminedS. Foerster personakommunication).The ZORA calculatedy-
tensororientationswere shavn to be in good agreementvith experimentalfindingsfor the Ni-A and
Ni-B stated179,190].

Whenoneassumeshatthe compositiorandstructuralparametersf the Ni-C form of theregulatory
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Figure 8.3: Orientation-selectedulsed-ENDORspectraof the RH. The spectraarecentredaroundthe free
nuclearfrequeny vy for eachfield position. T = 10K, sweepwidth 1-26 MHz.

hydrogenasearesimilar if notidenticalto thosesuggestedor the Ni-C stateof standarchydrogenases
(e.g.D. gigas D. vulgarisMiyazaki F), thedilemmacanberesohed by resortingto magnitudesndori-
entationsof magneticesonanc@arametersbtainedrom relativistic DFT calculations.Theunderlying
assumptiorof the analysispresentedn this chapteris thereforethata Ni(lll)- » hydrido-Fe(Il)bridged
active centreexistswith four coordinatingcysteineligandsandtwo CN andoneCO inorganicligandsat

theFeatom.

The theoreticallypredictedg-tensorfrom the spin-orbit-coupledZORA calculationsin Chapter?7
may be a first startingpoint for the analysisof the orientation-selecteENDOR spectra. For protons,
the spin-restricted5O-coupledZORA hyperfinetensorsvereshavn to bein goodagreemengwithin ~
1 MHz for bothisotropicandisotropiccontritutions)with experimentgseeChapter7). Thusknowing
the g-tensororientationandthe hyperfinetensors’'magnitudesandorientationspnehasa goodstarting

pointfor theanalysisof the ENDOR spectra.

Tables8.2 and8.3 give the calculatednagneticesonanc@arametersor the Ni-C form. Thevalues
comefrom spin-restrictedspin-orbit-coupld ZORA calculationsusing a large basisset (basislV in

ADF nomenclatur¢160]). The principalvaluesof the g- and A-tensorsaregivenin their corresponding
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Figure 8.4: Field plot of ENDOR resonanc@ositions

eigervectorsystems.

For the simulationsof the ENDOR spectrathe g-tensororientationfrom ZORA calculationswas
usedbut the g-tensorprincipal valuesfrom the simulationof the pulsed-EPRspectrumof the RH were
takensincetheg-tensormrincipalvaluesfrom DFT calculationsarenotaccurateenoughto allow asimu-
lationwith these Deviationsof upto 0.1in g-magnitudearesometimegoundfor thelargestcomponents
whichis nottolerablefor sucha sensitve probelik e orientation-seleetd ENDOR.

Thetotal A-tensorsin Tables8.2 and8.3 aregivenin their individual principal axes systems.The
hyperfinetensorsare thenrotatedto a commonaxes system,herethe g-tensorprincipal axes system,
accordingo

Ag =S, ' Sa Agiag-Sa - Sg (8.7)

where A 4ia¢ IS the diagonalhyperfinetensorin its own eigevectorsystem,S, andSg arethe eigen-
vectorsof the g-tensor(the g-tensorprincipal axessystem).A is theresulting,non-diagonahyperfine

tensorin the g-tensorprincipal axessystem.

8.3.3.1 ENDOR Signalsfrom g-CH, Protons

Figure8.5shavsthe simulatedENDORtransitionswhich areexpectedor thefour 8-CH, protonsfrom

the bridging cysteineCys533(left) andthe terminalcysteineCys530(right). The ZORA calculatedy-
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Table 8.2: Prinicpalvaluesandorientationsof the g-tensorand g-CH, hyperfinetensorsin the Ni-C state.
Hyperfinecouplingsaregivenin MHz.
X y z
g-Tensor Gi 2.178 2.090 2.002
Iz | -0.37047 -0.60913 -0.70122
lyi | 0.92801 -0.27462 -0.25174
l,; | -0.03923 -0.74401 0.66702
A-Tensor A; +8.73 +9.60 +13.13
'H Cys533-H1 1I,; | 0.20484 -0.01154 -0.97873
ly; | 0.87856 -0.43863 0.18905
l,; | -0.43148 -0.89859 -0.07971
A-Tensor A; +7.74 +10.45 +13.30
'H Cys533-H2 1,; | -0.09268 -0.41085 -0.90698
ly; | 0.99358 -0.09746 -0.05738
l,; | 0.06482 0.90648 -0.41725
A-Tensor A; +9.28 +5.19 +6.47
'H Cys530-H1 1,; | -0.68409 -0.58703 -0.43292
ly; | 0.53783 -0.80689 0.24426
l,; | -0.49271 -0.06574 0.86771
A-Tensor A; +7.80 +4.69 +4.48
'H Cys530-H2 1,; | -0.25378 -0.43947 -0.86166
lyi | 0.71822 -0.68230 0.13646
l,; | -0.64788 -0.58423 0.48880

The labelling of aminoacid residuesaccordingto the standardNiFe] hydrogenasérom D. gigaswas usedfor
which an X-ray structureis available[27]. The valuesare from relatvistic SO ZORA BP86/IV calculationsat
the BP86/11 optimizedgeometryusingvery tight corvergencecriteria. z, y, z arethe g-tensorand A -tensorprin-
cipal values,respectiely. I,;,1,:,1.:, i = z,y, z, arethe eigervectorsthat diagonalizethe G2 and A matrices,

respectiely.

tensororientationandthe hyperfinetensorsof the four 5-CH,y protonswasused.The 5-CHy protonsof
cysteineCys533bothexhibit anisotropiccouplingof 10.5MHz each(seeTable8.2). Nearg, thespectra
fall togetherto a splitting of A = 10-12MHz, with increasindfield valuesplit into two componentslue

to slightly differentorientationswith respecto the magnetidield andcoalescéo a singlesignalat g, at
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A = 10MHz (seeFigure8.5,left). Theanisotrop is rathersmall.
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Figure 8.5: Simulationof Ni-C orientation-selecteENDOR spectrausing the theoreticallycalculatedg-
tensororientationandhyperfinetensorsof 3-CH, protonsfrom cysteineresiduesCys533andCys530.

Left: Simulationsof thetwo 3-CH, protonsfrom thebridging cysteineCys533

Right: Simulationsof thetwo 3-CH, protonsfrom theterminalcysteineCys530.

The 8-CHy protonsof theterminalcysteineCys533displaya significantlyreducedsotropichyper
fineinteractionof 7 and6 MHz, respectiely (seeTable8.2). At g, they shav asinglehyperfinesplitting
of around7 MHz. With increasingnagnetidield, thetwo protonsslightly splitinto a pair of 5 MHz and
8 MHz hyperfinesplitting andat g, againfall togetherto a singleresonancatyv, ~ 3 MHz (seeFigure
8.5, right).

Thissetof four protonscan,in generalsatisactorily explainanumberof featuref theexperimental
ENDOR spectra(Figure8.3). At g, theENDORresonanceat v, = 6 MHz canbe assignedo the -
CH, protonsof cysteineCys533andthoseat v = 3 MHz to 8-CH, protonsof cysteineCys530. The
sameholdsfor g,. At intermediatdield valuesthe setsof pairsof protonssplit into individual splittings
andthe experimentaENDOR resonanceare broader(seeFigure 8.3). The simulatedspectraexhibit
anadditionalslight splitting of the pairsof protonsat g, which is not obsened experimentally It may
be not resohed in the broadENDOR signalsat g,.. Or alternatvely, the splitting might be causedy a
slight deviation of the calculatedy-tensororientationfrom the experimentalonealongthe x-axis. Since
the splitting is small, the differencebetweenthe g-tensororientationcanbe assumedo be only a few
dagrees.
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8.3.3.2 ENDOR Signalsfrom the Bridging Hydride lon

TheexperimentaENDOR spectrgFigure8.3) displayanadditionallarge hyperfinesplitting of about16
MHz at g, broadfeaturesof about16-20MHz nearg, and17 MHz atg,. This large hyperfinesplitting
cannotbe explainedby a couplingresultingfrom 3-CH; protons. A candidatefor this nucleusis the
bridging -hydridothatmayoccupy thevacantridging positionin the Ni-C form [34]. Table8.3shavs

thecalculatechyperfingparameterfor suchabondingsituation.Scalafrelatiistic, restrictedopen-shell

Table 8.3: A-tensorprincipalvaluesin MHz andorientationdor the bridging hydridein Ni-C

A Ay A,

SRROKS
A-Tensor +22.19 +2.07 +5.85
Eigervectors 1,; | +0.45327 -0.79855 -0.39607
ly; | -0.89137 -0.40508 -0.20340
l,; | -0.00199 -0.44524 +0.89541
SR+ SOROKS
A-Tensor +25.54 +1.12 +6.01
Eigervectors 1,; | -0.46165 -0.77852 -0.42518
ly; | +0.88705 -0.40742 -0.21714
l,; | -0.00418 -0.47740 +0.87868

SRUKS
A-Tensor +9.92 -19.77 -16.12
Eigervectors 1,; | +0.46001 -0.71084 -0.53206
ly; | -0.88786 -0.37474 -0.26697
l,; | +0.00961 -0.59521 +0.80351

Thevaluesarefrom ZORA BP86/IV calculationsat the BP86/I optimizedgeometryusingverytight corvergence

criteria. l,;, lyi, 124, ¢ = z,y, 2 aretheeigervectorsthatdiagonalizethe A matrix.

calculationd SR ROKS) yield all hyperfinetensorelementf positive sign. Whenspin-orbitcoupling
(SO) is additionally considered SR + SO ROKS), the sign of the hyperfinetensorprincipal valuesis
retainedout A, increasedy 3 MHz, A, decreaseby aboutl MHz andA, remainsnearlyunchanged.
When spin-polarizationis considerecat the scalafrelatiistic level (SR UKS), a completelydifferent
pictureis obtained: Comparedo the SR ROKS results,A,, is reducedby 55% uponconsideratiorof

spin-polarizationA, andA, shav inversesignsandsignificantlylargervalues.
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A detaileddiscussiorof theinfluenceof spin-polarizatiorandspin-orbitcouplingcanbedoneonthe
basisof thedecompositionnto isotropicandanisotropichyperfinetensorcomponentsionein Table8.4.
Onemustbearin mind, thatthe discussiorpresentedheredealswith the influenceof relatwistic effects
(scalarrelatiistic effects and spin-orbit coupling) of the transitionmetalsNi and Fe on a p-hydrido
bridging ligand. For the bridging atomitself, the intrinsic effectsare expectedto be vanishinglysmall.
Changesn the electronicstructureandthe hyperfineparametersriginatefrom the adjacentransition

metals.

Table 8.4: Influenceof spin-polarizatiorandspin-orbitcouplingonthe ' H hyperfinetensor
of aNi—u-hydrido-Febridge. All valuesarein MHz.

SRROKS Ay +22.19 +2.07 +5.85
Aiso +10.04
Aaniso  +12.15 -7.97 -4.19
SR+ SOROKS Ayt +25.54 +1.12 +6.01
Biso +10.89
Aaniso  14.65 -9.77 -4.88
SRUKS Ayt +9.92 -19.77 -16.12
3iso -8.66

Apniso  +18.58 -11.11 -7.46

SR+ SOUKS (extrapolated) Ay +11.6 -22.4 -17.7
Aiso -9.5

Aaniso  t21.1  -12.9 -8.2

Spin-restrictedtalculationsyield a positive isotropichyperfineinteractionfor a hydridebridge. The
influenceof spin-orbitcouplingis small (9%) whencomparingSR ROKS and SR + SO ROKS calcu-
lations. Spin-unrestrictedalculationsgive a negative isotropichyperfineinteractionof aboutthe same
magnitude. > Sincethe hydrideis boundto the Ni 3d,> orbital in the nodal plane (seeFigure 7.3),
the isotropic hyperfineinteractionmay be of negative sign if the analogyto an a-protonboundto a
spin-carryingcarbon2p, orbital holds(for discussiorseefor example[69]). Theinfluenceof spin-orbit

coupling on the anisotropichyperfinetensorbecomeslearwhen one comparesSR ROKS and SR +

For comparisora non-relatvistic unrestricted33LYP/6-311+G(2d,2p¥alculationat the samegeometrywas performed.
Theobtainedvalues(aso = -41.74MHz, Aaniso = (-15.76,-12.23,28.04)MHz) areunrealisticallylarge.
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SOROKS calculations.Spin-orbitcouplingincreaseshe A 450 x COMponenby 2.5 MHz, the A ,piso,y
componenby 2 MHz andthe A,niso,» COMponenby 0.6 MHz. Onereasorfor this effect might bethe
relativistic contractionof the Ni p- andd-orbitalswhich would thenleadto anincreaseof unpairedspin
densitynearthe coreof the Ni nucleusandlik ewise increasehe anisotropichyperfineinteractionof the
neighbouringhydride.

It is difficult to calculatespin-polarizatioreffectsin spin-orbitcoupledequations(seeref. [132]).
Onethereforenasto assumehattheeffect of spin-orbitcouplingcanbetakenfrom the SRROKS — SR
+ SOROKS calculationandmay be addedto the spin-polarizedscalafrelativistic (SR UKS) data. The

extrapolatedvaluesarealsogivenin Table8.4.
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Figure 8.6: Simulationof Ni-C orientation-selecteBNDOR spectréaor the bridginghydrideusingtheoreti-
caldata.Left: Simulationsusingthe SO+ SRROKS ZORA hyperfinetensor(spinrestricted).
Right: Simulationsusingthe SRUKS ZORA hyperfinetensor(spinunrestricted).

Figure 8.6, left shavs the field-dependensimulationsfor a bridging hydride using the calculated
spin-restrictedspin-orbit-coupled ORA hyperfinetensor At g, a very large hyperfinesplitting of 25
MHz is obtainedwhich thenquickly splitsinto a pair of two weak ENDOR signals. At g, the signals
fall togetherto a single resonancesignalat 6 MHz. This dependencés not in agreementvith the
experimentaENDOR spectrdor thefollowing reasons:

i) experimentallythereis no suchlarge splitting of 25 MHz at g,,,
i) thesimulationscannotexplain the large hyperfinesplitting largerthan16 MHz for all field values.

Table8.4shavsthatthereis adrasticinfluenceof spin-polarizatioronthehyperfinetensommagnitude
and orientationfor the bondingsituationof a hydrideboundto a Ni 3d,» orbital. Also, the A-tensor
orientationchangeslightly. The eigervectorsof the A, componenin the SO ZORA calculationshav
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aninversionof signin the SR spin-unrestrictedalculation. The eigevectorsof the 4, componenin
the SO ZORA calculationarerotatedby 8° in the SR spin-unrestricteatalculation. Thoseof the A,
componentn the SOZORA calculationaretransformedo thosein the spin-unrestrictedalculationby
likewiserotationby 8°. Theresultof a simulationusingthe spin-unrestrictediatais givenin Figure8.6
right. The hyperfinesplitting atg, of A = 10 MHz is too small. Over the completerangeof field values,
thegenerafeatureof thespectraarewell reproducedi.e. anaccumulatiorof anintenseENDOR signal
ataboutA = 20MHz atg, to aboutA = 16 MHz atg,. Thisindicatesheimportanceof spin-polarization
for the descriptionof the hyperfineinteractionof a y-hydridobridgeaswassuggestethere.

Thediscrepang betweenrthe simulatedENDOR spectrum(Figure8.6, right) with the experimental
spectrum(Figure 8.3 for field valuesnearg, mayresultfrom the neglectof spin-orbitcoupling. From
the experimentalspectraat g, (Figure 8.3, top trace)one expectsa hyperfineinteractionof the large
couplingof about16 MHz at this field value. Fan et al. measured hyperfinecouplingof A = 16.8
MHz atthe g,-componenbdf the Ni-C EPRspectrunof the [NiFe] hydrogenasérom D. gigas[69] and
shavedthatthenucleusassociatevith this signalwasD,O exchangeablandalsobelongedo thesame
nucleusthatexhibiteda couplingof A = 20 MHz at g, [70]. Uponillumination, this signalis lost[70].

Theeffectof spin-orbitcouplingis mostpronouncedor the A aniso,x cCOMmMponentsmallerfor Aaniso.y
andalmostnegligible for A,qiso,. (S€€Table8.4). If spin-orbitcouplingwere consideredalongthese
lines, animprovementof the simulationswould be possible. Extrapolatedvalues(SR + SO UKS) are
givenin Table8.4andsuggesthistrend. Thesimultaneousreatmenbdf spin-polarizatiorandspin-orbit-
couplingmightimprove the agreementor the hyperfineinteractionalongthe g,-componenbut sucha
theoreticalpproachs currentlyout of reach.

Thereis sucha large numberof adjustableparametersn the simulationsof orientation-selected
ENDOR spectra(e.g. the g-tensororientation,the hyperfinetensorprincipal valuesandthe hyperfine

tensororientations}thata systematiégmprovementof the simulationss difficult.

8.4 Discussionand Conclusion

The orientation-selectedulsed-ENDORspectraof the regulatory hydrogenaséRH) from R. eutopha
wererecordedfor a numberof field positionsbetweeng, andg,. Supportedby the theoreticallycal-
culatedg-tensororientationandthe hyperfinetensormagnitudesndorientationsgrom relatiistic DFT
calculationgn the ZORA approachhyperfinetensorsof five protonscould be assignedo experimental
ENDORsignals.

Giventhe numberof approximationsand parametershat enterthe analysisof orientation-selected
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ENDORspectratheimpactandaccurag of theoreticakalculationanustbe consideredatisfying.Fur
therwork on spin-polarizedpin-orbit-coupledFT wavefunctionamightimprove thetheoreticallypre-
dicted g-tensororientationand/orthe calculatedhyperfinetensors. Figure 8.8 displaysthe assigned
hyperfinetensorsatthe v, sideof thespectra.
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Figure 8.7: Assignedhyperfinecouplingsin the Ni-C form of the RH from Ralstoniaeutropha At the high
frequeng side,the ENDORsignalsoriginatingfrom the bridginghydride(dottedline), the 5-CH, protonsof
Cys533(dashedine), andthe 8-CH, protonsof Cys530(solid line) aremarked.

The assignmenbf two 8-CHy protonsof the bridging cysteineCys533with isotropic valuesof
10.5MHz eachagreesvell with orientation-selectecw-ENDORmeasurementsf the Ni-B form from
Allochromatiumvinosum[169]. In the Ni-B form 12.6and12.5MHz werefound. This indicatesthat
the g,-axis shouldbe closeto the Ni-SCys533bondin bothredoxstates.A completereorientationof
the g-tensoraxes seemamplausibleanda reductionto a formal Ni(I) canthereforealsobe ruled out.
Thisresultswasalsoobtainedn the ZORA calculationsof the g-tensororientation(seeChapter7). The
decreasef theisotropiccouplingmightbeexplainedby a slightreductionof spindensityatthecysteine
sulphuratom. The valuesobtainedfor the 5-CH, protonsof Cys533alsoagreewith valuesreportedby
Fanetal. [69] who measured couplingof around12 MHz at g, for the [NiFe] hydrogenasérom D.
gigasin the Ni-C state. The couplingwasfound to be ratherisotropic and not solvent-exchangeable
A tentatve assignmentvas madeto cysteiryl S-protonsbut a specific structuralassignmentvas not
possibledueto thelack of anX-ray structureatthattime.

The signalsassignedo 8-CH, protonsfrom the terminalcysteineCys530in this work may corre-
spondto thosereportedby Whiteheadet al. [70] who obsenred a numberof hyperfinecouplingwith <
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5 MHz in the Ni-C stateof Thiocapsaroseopesicina An assignmenthowever, wasnot done. In the
oxidizedstateNi-A andNi-B thesecouplingswerenotobsered (seeChaptei6 andreference$70,169].
The redistritution of spin densitytowardsthe terminalcysteinein the Ni-C statemay explain the 7’ Se
hyperfineinteractionof the hydrogenasérom Methanococcusoltae This [NiFeSe]hydrogenas@os-
sesses selenogsteinein the position of Cys530. In the oxidized state, thereis no 7’ Se hyperfine
interactiondetectablén EPRwhile the Ni-C stateexhibits a large 7 Se hyperfinesplitting [230]. This
indicatesthatin the Ni-C form, unpairedspin densityis transferedo the positionof Cys530.Giventhe
ratio of the nuclearg-factorsof 7"Seandof 23S (1.0693/0.4291% 2.49),a Seatomin placeof the S
atomof Cys530maydisplaysuchaneffect. ” Sehyperfineinteractionghatare2.5timeslargerthanthe
corresponding?S arethenexpected.

Theassignmenof thelarge hyperfinecouplingto a hydrideion in the positionof the bridgingligand
is supportedy anumberof experimentafindings. Thevaluereportedoy Whiteheadetal. of 16-20MHz
agreesvell with thatfoundfor theRH [70]. Thecouplingwasshavn to besolvent-exchangeale in D,O
andthe correspondingleuterium-ENDORsignalwas obsered. Furthermoreupon photoillumination
this couplingwascompletelylost. Fanet al. reporteda solvent-exchangeald couplingof 17 MHz at
g for the Ni-C form [69]. The authorsalso suggestec completehyperfinetensorA? = (+15, -22,
-25) MHz andarguedin favour of a negative sign of theisotropichyperfineinteraction(-11 MHz) for an
in-planeboundhydride. Fromtheirwork, it is not clearwhich g-tensorprincipalaxessystemandwhich
hyperfinetensororientationwasusedby the authors.Furthermoresinceno ENDOR spectrumnearg,
wasreportedtheir estimateof the A, hyperfineinteractionis not comprehensibleThe spin-unrestricted
scalafrelativistic ZORA calculationsyieldeda completetensorof (+10,-20,-16) MHz (a4, = -9 MHZz)
in its own principalaxessystemwhich agreegeasonablyvell with thatpostulatedy Fanetal..

Theregulatoryhydrogenaséom R. eutophaseemsgo possessanactive centrethatis very similarto
thatof the‘standarchydrogenasesThe compositiorof the Ni-Fe clusterwith its threediatomicligands
(2 CN and1 CO)andfour cysteinesoordinatinghe Ni andFeatomsappearso bevery similarto thatof
other'standardNiFe] hydrogenasesTherole of the RH, however, is distinctfrom thatof the‘standard
hydrogenasesi,e. its low actwity, its resistvity towardsoxygenatiomandthe absencef S= 1/2 EPR
signalsfrom Fe-Sclusterscannotbe explainedby a modificationof the active site. The modulationof
the function may resultfrom a different protein ervironmentor folding pattern. This issuecannotbe
decidedyet.

Furtherexperimentainvestigationsrenecessarin orderto characterizéheactive centreof the RH.
The determinatiorof the g-tensororientationfrom angulardependenEPR of protein-singlecrystalsin

the Ni-C form (eitherin one of the standardhydrogenasesr in the RH) may supportor contradict
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the orientationobtainedfrom relatiistic DFT calculations.In frozensolution,D,O solvent exchange,
obseration of the disappearancef certain ENDOR signalsand subsequentH-ENDOR or ESEEM

detectionwill shedmorelight onthe hydrogen/deuterohindingsite.
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Chapter 9

Proposalof a ReactionMechanism

Basedon thefindingsin this thesis the differencebetweerthe paramagnetistatesof the [NiFe] hydro-
genasecanbe explained. Ni-A canbe describedasa Ni—u-oxo—Fe,Ni-B asa Ni—u-hydroxo—Feand
Ni-C asa Ni—u-hydrido—Febridgedcluster

Forthefirsttime,amodelof theoxidationstatesandligandervironmentcanbeproposedNi remains
in its Ni(lll) oxidationstatein the Ni-A, Ni-B, andNi-C forms. Ni-L originatesfrom the Ni-C stateby
photodissociatiomf the bridging hydride which leavesits two electronsat the Ni atom(thena formal
Ni(l) oxidationstate). The CO-inhibitedform Ni-CO is derived from the Ni(l)-L form; the agreement
with a CO boundto Ni-C werenot satisfying.

By characterizatiomf the paramagnetistatesoneonly hasanincompletepicture of the complete
reactioncycle of theenzyme.Theconnectiorof theparamagnetistateds accomplishedia diamagnetic
andthusEPR-silenstatesNi-Si, ,, andNi-R. Accordingto theabove findings,asequencef redoxstates
for the active sitecanbededucedseeFigure9.1).

However, anumberof openquestiongemainto beanswered.

e Whatis therole andfunctionof theNi andFemetals,.e. which of themis catalyticallyactive?

Wheredoesthe substratdydrogenbind?

Whatis therole of the Featomin the strongligandfield causedy the CO andCN ligands?

Doesthebridgingligandfacilitateor participatein the splitting of Hy?

Are the cysteineaminoacidslik ewiseinvolvedin thereactionmechanism?

Do the protein-coéctorinteractiondine-tunethe heterolyticsplitting of hydrogen?

171
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Ni-Sl Ni-S

h
‘ T<T70K +CO

Ni-C Ni-L Ni-CO

hv
-Co

T>120K

Figure9.1: Sequencef redoxstatedn [NiFe] hydrogenase

Thenumberof electronghatflow into the active centreandthe numberof protonsassociatedvith each
redoxstepwerederivedfrom redoxtitrationsin the presencef dyes[40] (seeFigure9.2). Theseresults
mustbe consideredvhena reactionmechanisnis suggestedin the absenc®f artificial dyes,theredox
potentialof the proteinis controlledby the H, partial pressuren solution[12]. Then,theexactnumber
of redoxequivalenceqelectronsandprotons)thatenteror leave the activesitein eachredoxstepcannot

bedeterminedOnly the overall corversionsof Hy by all metalliccofactorscanbe monitored.

Ni-Fe 4Fe-4S 3Fe-4S 4Fe-4S

Ni-A/B [ } "
O O
+e’
Ni-Si
] A +
+2H
+e-
ve [ Il AN
0 0 0 +H?
; +e’
R ) A N
O O

-E/mV

Figure9.2: Theredoxequialenceghatentertheactive centreof [NiFe] hydrogenaseSymbolsareexplained
in the captionof Figure2.6.

In amodelfor the heterolyticsplitting of Hy, Ni-L andNi-CO arenot consideredincethey do not

participatein the catalyticcycle. The investigationof thosestateshowever, provides evidencefor the
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light-sensitvity andinhibition of thisenzyme.
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Figure 9.3: ReactionPathway Proposed

Takinginto accountheresultsof thecompositiorof theactive centrein its paramagnetistategNi-A
(X = 0?7), Ni-B (X = OH™), Ni-C (X = H™)] andtheredoxequivalentsthatenterthe active sitein each
step(from Figure 9.2), the following pictureis obtained(Figure 9.3): Upon activation of the enzyme,
first thebridgingligand may be protonated.TheresultingH,O bridgewould only be looselyboundand
openthecoordinationsite atthe Ni atom.H, couldthenbe heterolyticallysplit. The hydrideremainsin
the active centreasa Ni—Fe bridging ligand while the watermoleculemaytake up the protonandleave
the active siteasa H3O™. Alternatively, the protonmay be released/ia an aminoacid assistegproton
transferchain. Formally, thecompletelyreducedNi-R stateis oneelectronmorereducedhanNi-C. The
axial coordinationsiteis a possiblecandidatdor binding of anadditionalproton.

This is a plausibleconnectionof the alternatingparamagnetiand diamagnetiaedox statesof the
active centrebut thereis no ultimateproof for the suggestednechanism.

All proposedntermediates were characterizedy DFT calculationsusingthe ADF99 [160] pro-

gramandthe BP86exchangecorrelationfunctional(for computationatietailsseeChapter7). A detailed

1The Ni-A, Ni-B, Ni-C andNi-L clustermodelswereidentified as minima on the potentialenegy surfaceby analytical
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comparisorof the structuralparametersf the calculatedoaramagnetiintermediatesvasalreadydone
in Chapterss and 7 andis not repeatechere. Formally, the paramagnetistatescorrespondo Ni(lll)
andthe diamagneticstatesto Ni(ll) oxidation states.Figure 9.4 shaws the obtainedstructuresfor the

intermediatesOnly relevantstructuralparameteraregiven.

calculationsof secondderiatives. At the B3LYP/6-311+Glevel all harmonicfrequenciesvere positive. Transitionstates

couldnotbeobtainedsofar.
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Startingfrom themodelfor theNi-B (II') form, aprotonis addedo thebridgingOH™ ligandyielding
aS=1/2 statewith awatermoleculebridgingNi andFe(lla). Thebonddistanceso thewatermolecule
increasévy 0.3A and0.2A. TheEPR-silen{S = 0) stateNi-Si is reachediponfurtheraddinganelectron
to thecluster(lll ) in whichthe Ni-OH, bondis alreadybroken (3.07A). Next, moleculathydrogermay
enterthe active site. It is believedto diffusethrougha hydrophobicchanneltowardsthe Ni atom[231].
An axial coordination(llla ), however, is veryweak(atadistanceof 3.26A) butinducesadecreasef the
Ni—Fedistancerom 3.32A to 3.11A. Whenthe substratés locatedbetweertheNi andwatermolecule
(b ), a (local) minimumis reachedIn anend-oncoordinationof the H, moiety, the Ni-H distances
2.44A andtheshortestlistanceto thewatermolecule2.36A. This is accompanietby a decreasef the
Ni—Fedistanceto 3.03A. A protontransferis only achiered whenit is manuallytransferedo the water
moleculeyielding aformal H;O1 molecule(llic ). Theremaininghydridethenoccupieshe positionof
thebridgingligand. TheH;O™ is still hydrogenboundto the CN ligands.It maydonatea protonto one
of theligandsandremaincoordinatedn thevicinity of the active site or diffuseasawhole H;O1 away
from the active centre. Therebythe Ni-C state(lV) is obtained.The Ni-R (V) stateis diamagnetiand
containsoneelectronandonemoreprotonthantheNi-C state(see[40] andreferencesherein).An axial
coordinationof aformal hydrogenatomseemsnostplausible.

Experimentabupportfor thesuggestedtructureof theNi-R form comesrom thecarbonmonoxide-
inhibitedhydrogenas#or whichanaxialcoordinatiorof the COto theNi wassuggestedY. Higuchi,per
sonalcommunication).The crystallizedreducedCO-inhibitedhydrogenasérom D. vulgaris Miyazaki
F shavs an unusualbentform of a CO axially coordinatedo the Ni atom. This is reproducedn the
calculationswhenthe suggestedNi-R clustermodel binds CO, the carbonmonoxidemoleculewould
insertinto the Ni-H bondandgive the experimentallyfound bentcoordination(seeFigure9.5).

Figure9.6 displaysthe structuresf the geometry-optimizeihtermediates.

In Chapter7 it wasshavn thatproteinernvironmentdid not have a large influenceon the calculated
magneticresonanc@arametersf the active centreof the [NiFe] hydrogenaseNext, it remainedo be
investigatedvhetherthe proteinsurroundingvould thenparticipatein or assistthe heterolyticcleavage
of Hy. Furthermorejt wasinvestigatedvhetherthe local minimumof He coordinationto the Ni atom
wasanartefactof theclustermodelapproachThesuggestedeactionpathwasthenre-investigatedising
alargerclustermodelin which the coordinatingaminoacidshistidineHis72,serineSer486andarminine
Arg463 were explicitly considered. His72 forms a hydrogenbond to the bridging cysteineCys533,
Ser486coordinatego oneof the CN ligands,andArg486coordinateghe secondCN ligandand,in the
Ni-B state alsothebridgingligandOH~ (seeChapter7).

Schematicallythe obtainedntermediatesregivenin Figure9.7.
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r (Ni-Fe) 2.64 2.68
r (Ni-CO) 1.76 1.95
r (C=0) 1.22 1.24
<(Ni-C-0) 118 127

Figure 9.5: Comparisorof Ni-R¢o structuresLeft: X-ray structureof the CO-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,.;.; bond. Bond
lengths(r) in A bondangle(() in degree.
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Ni-A

Ni-Si
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llla

Ni-R

Figure 9.6: Geometry-optimizedtructuref theintermediate$n the reactioncycle of [NiFe] hydrogenase
in theabsenc®f the proteinernvironment(for a schematiadrawing seeFigure9.4).
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Whenthebridging u-hydroxoligandin theNi-B form (I1) is protonateda paramagnetistatewith a
bridgingwatermoleculeis generatedlla). Thehydrogernbondto thearginine Arg463leadsto ashorter
Ni—OH, bonddistancg2.10A) thanin theabsencef theaminineresidue Uponone-electromeduction,
the Ni-Si state(lll ) is reachedIn the absencef proteininteraction(Figure9.4) the Ni-OH; bondwas
alreadymostly broken and the waterwas only loosely coordinatedo the Fe atom. Here, the picture
is different. The wateris still firmly boundto the Ni atom (distance2.05A) andslightly moreremote
from the Fe atom(distance2.32A). As in the previously suggestedeactioncycle in the absencef the
proteinenvironment,Hy mayapproachheactive centrethroughahydrophobigoroteinchannekndonly
looselycoordinatethe Ni atomatadistanceof 3.4 A (llla ). Still, thewatermoleculeis heldin placeby
ahydrogenbondto theamginine Arg463residue.

Whenthesubstrateeomesnto thevicinity of the bridgingwatermolecule the Ni-OH; bondbreaks
andspaceis provided for the Hy substratg(lllb ). Whereasan end-oncoordinationwas found in the
absencef ary proteinenvironment(seeFigure9.41llb ), only atemporaryside-oncoordinationof the
substratdo the Ni atomis found here. During the courseof a very long geometryoptimization(more
than200 optimizationstepsfor the 95 atomclustermodel),without any biasor manualinterferencethe
H, substrates split.

Onehydrogenmatom(thelaterhydride)quickly formsabondto the neighbouring-e atomandoccu-
piesthepositionof thebridgingligandwhile theotherhydrogen(consideredo bea proton)is temporas
ily taken up by the sulphuratom of the terminal cysteineCys530(llic ). Finally, the cysteinedonates
the protonto the approachingvater molecule(llld ) andH3O™ is formed. The H;O™ moiety is still
hydrogen-boundo both the aginine residueandthe terminal cyanidesand may donatea protonto ei-
ther of theseor diffuse away from the active site. Thenthe Ni-C stateis obtained(IV) andfinally the
completelyreducedNi-R state(V).

The optimizedgeometrief the clustermodelswith relevanceto the splitting of Hy (from Illb to

llld ) aregivenin Figure9.8
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Figure 9.8: Snapshotsf thegeometryoptimizationsof the splitting of Hy by [NiFe] hydrogenaseTop, left:
side-oncoordinationof Hy (IlIb ); top, right : splitting of Hy; middle, right: protonationof CysteineCys530,
middle, left: reorientationof the protonatedCys530(llic ); bottom: protontransferto the bridging ligand
(ind).
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Whereagheoverall pictureandthereactionproductsarethe samein thetwo suggestednechanisms
with and without the consideratiorof the coordinatingnearbyamino acid residuesthey strongly dif-
fer in the details. In the absencef the protein, the bridging ligand is easilyremored and not directly
coordinatedo the Ni atom. For thesubstrateanend-oncoordinatiorto the Ni is obtainedout no sponta-
neousdissociatiorof Hs is found. Theresultinghydrideis foundto occuyy the positionof the bridging
ligandwhile H3O* forms hydrogenbondsto the terminalcyanideligands.Theinfluenceof the protein-
cofactorinteractionsis manifestedn a tight coordinationof the protonatedoridging ligand. Arginine
Arg463holdsthebridgingwatermoleculein closeproximity to the Ni atom.For the substratea side-on
coordinationis found. In thereactioncycle, the substratémmediatelydissociatesndtemporarilyproto-
natesthe terminalcysteineCys530.This intermediatgorotonationof the terminalcysteinemay explain
the higheractvity of [NiFeSe]hydrogenasewhich possess selenogsteinein the positionof Cys530.
Therole of theaginineresidue again,is to bringthewatermoleculein closecontactwith the protonated
cysteineandthusfinally enableprotonationof thewater

The suggestednechanisnfor the [NiFe] hydrogenasdiffersin someaspectgrom thosesuggested
by otherauthorg71-76]:

¢ Ni wasidentifiedasthe active metalsite.
¢ Ni-Si/Ni-C arethe catalyticallyactive states.

e Theexperimentallydeterminediumberof electronsandprotonsthatentertheactive sitewastaken

into account.
e Experimentallatafor the paramagnetistatesvereconsidered.

¢ Thenumberof experimentallydetermined,0O solvent-exchangeale protonssin agreementvith

thesuggestedtructureof the paramagnetistates.
e TheNi atomshuttlesbetweerformal +III and+Il oxidationstates.
e Thebridgingligandis involvedin theactivation of theenzyme.
e TheFeatomis notredoxactie; its role s of structuralnotelectronicnature.

¢ Amino acidresiduessurroundingthe active site have animportantstructuralrole in retainingthe

positionof thebridgingligand.

¢ Theterminalcysteineandthebridgingligandassisthe heterolyticclearageof Hs.
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e A protonationof a cysteineresidueis only short-lved andfinally the protonatedvatermolecule

may receve the proton.

To conclude the work in this thesishassuggestedtructuraldetailsfor the paramagnetiand dia-
magneticstatesof the [NiFe] hydrogenaseln particular carewastakento assureagreementvith avast
amountof experimentaldatawherethey wereavailable. Many experimentaldatacould be reproduced
within satisfyingaccurag. Someexperimentafindingsarepredictedandmay stimulatefurtherwork.

A plausiblereactionmechanisnwhich links the well-characterizegharamagnetistatesvia diamag-
netic statess proposed.Thereis ampleroomto supportor contradictthe suggeste@nzymaticmecha-
nismbothon the experimentalandtheoreticakide.

The experimentaldeterminationof g- and hyperfinetensorsin protein single crystalsin the Ni-
C and Ni-L stateswill hopefully agreewith the suggested;-tensororientationfrom relativistic DFT
calculations.Thiswork is in progresgS. Foersterpersonatommunication).

Thesedays,very little is known aboutthe EPR-silentstates Furthercharacterizationf thesestates,
e.g. additionalparallel-modealetectedEPR experimentson the enegetic orderingof integer spin states
or time-resoled FTIR experimentswvhich leadto morekinetic datawould be helpful.

From the theoreticalpoint of view, an efficient andreliable calculationof reactionprofilesinclud-
ing secondderiatives and transitionstateson modelsthat consistof 90-100atoms,whenthe protein
ervironmentis explicitly consideredis requiredin orderto characterizehe reactionmechanism.Fur
thermorethereis aneedfor methodologicaéxtensiondor simultaneouslyonsideringspin-polarization
andspin-orbitcouplingin transitionmetalcomplees.

Theintroductionof amutagenesisystenfor the‘standarchydrogenasesindsite-directednutations
in the proton or electrontransferchannelswill further help to unravel the catalytic processof [NiFe]

hydrogenases.
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Chapter 10

Zusammenfassungund Ausblick

In der vorliegenden Arbeit wurden [NiFe]-Hydrogenasermit Methoden der magnetischerReso-
nanzspektrosipie (EPR,ENDOR) und der Dichtefunktionalthede (DFT) untersucht.Hydrogenasen
katalysiererdie reversible heterolytische@xidationvon molekularemwasserstdfHy, = HT + H~.

Das aktive Zentrumin der groRenUntereinheitdes Enzymsist ein heterobimetallischeNi-Fe-
Cluster der von Cysteinaminodurenkoordiniertwird. Drei anoganischeligandensind zusatzliche
terminaleLigandendesEisenatomsEin bishernicht eindeutigidentifizierterLigand verbitickt die bei-
den SchwermetallatomeDrei Eisen-Schwefelclustan derkleinen UntereinheitdesProteinssind am
Elektronentransfevon und zum aktiven Zentrumbeteiligt. In einigenRedoxzusindenweistdasaktive
Zentrumungepaart&lektronenaufundist deshaltmit der EPR-Spektrosipie und verwandtenMetho-
denuntersuchbar

Ziel dieserDoktorarbeitwar es, Einsichtin die FunktionsweisadiesesMetalloenzymstiber die

Charakterisierundgerparamagnetischdntermediatezu erhalten.

Nickelmodellkomplexe

Die beidenanoganischerModellkomplexe Bis(maleonitrildithiolat)Nickela(l1l) (Ni(mnt), ) und Tri-
carborylnickel(l)hydrid (Ni(CO)sH) weisengewisseAhnlichkeitenin dergeometrischemnd elektron-
ischenStrukturmit den[NiFe]-Hydrogenaseauf. Fur diesenbeidenKomplexe wurdedie Berechnung
von g- und A-Tensoremmit demZORA-Hamiltonoperatoetabliertundkritisch mit vorhandenemxper
imentellenErgebnisserverglichen. Ein storungstheoretiser AnsatzwurdealsVergleichebenélls ver
wendet.Der EinfluR skalarrelativistischer Effekte auf die Bindungsparametevurdediskutiert. Im De-
tail lassersichdie Einflussevonskalarrelatvistichen EffektenundderSpinbahnkpplungaufdie Hyper

feintensoreruntersuchenDie Beriicksichtigungder Spinbahnkpplungerweistsich als unverzichtbar
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wenndie elektronischeStruktur (insbesonderdie Hyperfeintensorenyon Ubelgangsmetall@mplecen
mit DFT-Verfahrenberechnetverdensollen. Die Ubereinstimmungnit experimentellerg-Tensorerist
zufriedenstellendDie Abweichungderberechneternon denexperimentellerDatenist proportionalzu
der Abweichungder g-Wertevon g.. Firr die Hyperfeintensoreist die Ubereinstimmung.a. sehrgut
und die GroReder Abweichungist wenigeProzent. ExperimentelleUneindeutigkitenin der Bestim-
mung der Vorzeichender Nickel- und Schwefelhyperfeintensoren Ni(mnt),  konntenmit Hilfe der

Rechnungeehoberwerden.

Spindichteverteilung im aktiven Zentrum der [NiFe] Hydr ogenase

Fur die paramagnetischeAustindeNi-A, Ni-B und Ni-C war die genaueatomareStruktur des ak-
tiven Zentrum bisherunklar Insbesonderalie Art des Nickel und Eisen verbiiickendenLiganden
war Geggenstandkontroverserwissenschaftlichebiskussionen. Es konnte gezeigtwerden,dalR beste
Ubereinstimmungnit den Rontgenstrukturdateder Hydrogenaseaus D. gigas erzielt werdenkon-
nte, wenn der Briickenligandein O~ oder OH~ war. Der Schwefelligandder fiir die Hydrogenase
ausD. vulgaris Miyazaki F postuliertwurde, konnte nicht durch die Rechnungerbesttigt werden,
da die berechneterstrukturellenParametemicht in gutemEinklang mit experimentellenErgebnissen
der Rontgenstrukturanade waren. Die berechneté/erteilungder ungepaarterspindichteist in guter
Ubereinstimmungnit Daten der EPR- und ENDOR-Spektrosspie oder darausabgeleiteterErgeb-
nissen. Im Ni-C Zustandkonntegute Ubereinstimmungnit der Rontgenstruktuder reduzierterHy-
drogenaseraus D. baculatumund D. vulgaris Miyazaki F erzielt werde, wenn die vakantePosition
des Briickenligandenin den Rontgenstrukturerdurch ein Hydridanion besetztwurde. Die berech-
neteVerteilungder ungepaartefSpindichtewar ebenélls in Ubereinstimmungnit vorhandenemxper
imentellenDatender magnetischerResonanz.Es konnte gezeigtwerde,dal3die drei anoganischen,
prosthetischehigandenam Eisenatonrdesaktiven Zentrumswahrscheinliclewei Zyanidliganderund
ein Kohlenmonoxidsind. Ein fur die HydrogenaseausD. vulgaris Miyazaki F postulierterSO-Ligand
fuhrtein den Rechnungerzu einer grof3enVerschiebing der ungepaarterspindichte. DieserLigand

erscheindaherwenigwahrscheinlich.

ENDOR-Kristallographie der oxidierten Zustandeder [NiFe] Hydr ogenase

Proteineinkristalleder [NiFe]-Hydrogenaseaus D. vulgaris Miyazaki F wurden mit der gepulsten
ENDOR-Spektrostipie in den oxidiertenZustindenNi-A und Ni-B untersucht. Eine Trennungder

beidenSpeziesuinddervier Molekille in der EinheitszelldfRaumgruppealer Kristalle P2, 2, 2,) erfolgte
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durcheine Analyseder rotationswinlelabranggen EPR-SpektrenFur denNi-B Zustandkonntendrei
HyperfeintensoreausdenwinkelablangigenENDOR-Spektremmnalysiertund zugeordnewerden.Die
beidengroRenKopplungenwurden3-CHy ProtonendesverbiiickendenCysteinsCys549zugeordnet.
Fur die dritte Kopplungbliebenzwei Zuordnungsraglichkeiten: zu einemProtonam Briickenliganden
oder zu einem 3-CHy ProtondesterminalenCysteinsCys81. DFT Berechnungemler Hyperfeinten-
sorenbesttigtendie ZuordnungderbeidengrolRenHyperfeintensorennd konntendie Uneindeutigkit
beZiglich derdritten KopplungbeseitigenDie Zuordnungzu einemg-CH, ProtondesterminalenCys-
teinsCys8lerschieram plausibelstenDer Ni-A Zustandzeichnetesich durcheine Mikroheterogeniit
derProteinumgebng aus.Die erhaltenerwinkelabtangigenENDOR-Spektretie3ensichnichtim De-
tail analysieren.Nichtsdestawenigerkonntendie beidengroRenHyperfeintopplungen nicht aberdie
kleinere, dritte Kopplungbeobachtetverden. Dieser Befund wurdenwiederumuntersiitzt von DFT

Rechnungen.

RelativistischeDFT Rechnungenan den paramagnetischenZustandender Hydr ogenase

In diesemKapitel konnteerstmalseine Vorstellungder genaueratomarenZusammensetzungnd der
elektronischerstrukturder paramagnetischefustindeNi-A, Ni-B, Ni-C, Ni-L undNi-CO der[NiFe]-
Hydrogenasgevonnenwerden. Im RahmendesZORA-Hamiltonoperatorsvurdeneine Vielzahlvon
moglichenBindungssituationeherechnetinddie erhaltenerkrgebnissenit experimentellerDatenver-
glichen. BesteUbereinstimmuncpeziglich der Orientierungund Grossedes g-Tensorsmit den ex-
perimentellerErgebnissemwurde erzielt, wennder Brickenligandein OH™ im Ni-B Zustandist. Die
berechneterHyperfeinwechselirkungen sind ebenélls im Einklang mit experimentellenBefunden.
Fur denNi-A Zustand(eine O>~ Briicke erscheiniam plausibelstenkonntegezeigtwerden,daRsich
Defizite desZORA-HamiltonoperatorgdurchBeriicksichtigungvon Spinpolarisatiorim Pauli-Operator
teilweisebehebenassen Firr Ni-C wurdebesteUbereinstimmungnit experimentellerErgebnisserer-
halten,wennein Hydridaniondie BindungsstelledesBriickenligandereinnimmt. Die vorgeschlagene
g-Tensororientierungvurde spater experimentellbesttigt. NachdenRechnungemgehtder Ni-L Zus-
tandausdemNi-C ZustanddurchPhotodissoziationlesBiickenliganderhenor. Eine Reduktionzum
formalenNi(l) wird vorgeschlagenFr alle Zustinde(Ni-A, Ni-B, Ni-C, Ni-L) wurdenHyperfeinten-
sorenfurr 8INi, °"Fe,33S,170 und'H berechnetindkritisch mit experimentellerDatenverglichen. Das
Enzymewird durch Kohlenmonoxidirreversibelinhibiert. Verschiedendindungspositionetiir das
zusatzliche CO-Molekiil wurdenuntersucht. BesteUbereinstimmungnit experimentellerErgebnisse
wurdefiir eineaxialeBindungandasaktive Zentrumim Ni-L Zustanderhalten.Zusatzlichwurden'*N

Hyperfein-und Quadrupolkpplunga berechneund diskutiertund der Einflul der Proteinumgebng
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aufdie elektronischeStrukturdesaktiven Zentrumsuntersucht.

Orientierungsselektierte ENDOR-Spektroskopie am Ni-C Zustand

Die regulatorischeHydrogenas€RH) ausR. eutophaweistim reduzierterNi-C Zustandkeine Spin-
Spin-Kopplung zwischenElektronenspingles aktiven Zentrumsund Fe-S Clusternauf. Dies macht
die RH eineidealeKandidatinfiir die ENDOR-CharakterisierundesNi-C Zustandesgie in der Stan-
dardhydrogenasausD. vulgaris Miyazaki F ausdem obigenGrundnicht moglich war. In gefrorener
Proteinbsungwurde von der Selektvitat der Anzahl resonanteMolekille in Bezugauf dasMagnet-
feld profitiert. Orientierungsselektite gepulsteENDOR-Spektreran fiinfzehnFeldpositionerwurden
so erhalten. Die Analyseder orientierungssekldierten Spektrenerforderteine a priori Kenntnisder

Lagedesg-Tensorsin der molekularenStruktur Diesewurde ausden Rechnungemit dem ZORA-

Hamiltonoperatoigevonnen. Zusammemnit denberechneterGroRenund Orientierungerder Proto-
nenhyperfeintensondm Ni-C Zustandkonnteninsgesamtinf ProtonerzugeordnetverdenVier davon

rihrenvondenbeidens-CHy ProtonerdesterminalenCysteingCys530unddesverbiickendenCysteins

Cysb49her Dasflinfte ProtonwurdedemverbiiickendenLigandenH™ zugeordnet.

VorschlageinesReaktionsmechanismus

Die obenerwahnterEinblicke in die verschiedeneparamagnetischezustindewurdenin diesemKapi-
tel zusammengéht, um einenplausibleReaktionsmechanismagesEnzymsvorzuschlagenNi-A und
Ni-B unterscheidesichin ihren Aktivierungskinetiken unterreduzierende®edingungenDie Freiset-
zungdesBriuckenliganderunddie AufnahmeeinesHydridanionsn dieseBindungspositiorscheinertie
AktivierungdesEnzymsdarzustellen Ein plausiblerReaktionswg, der die geavonnenekinsichtin die
paramagnetischezustindeverbindetmit denRedoxquivalentenund Protonendie dasaktive Zentrum
in jedemReaktionsschritaufnimmt,wurdekonstruiert.In der Abwesenheitler Proteinumgebng wird
einModellefiralle ZwischenzustndevorgeschlagenDassogewvahlteModell ist abemichtvonsichaus
katalytischaktiv, d.h. Hy-Spaltungsetztenicht spontarein. Erstnachder expliziten Berlicksichtigung
derAminosaurenArginin Arg463,Histidin His72und SerinSer488konnteein Reaktionszyklugrhalten
werden,in demdie heterolytischeDissoziationvon Hy ein spontamablaufenderProzeldst. Dastermi-
nale CysteinCys530agiertdemnachtempoér als Baseund nimmt dasProtonausder heterolytischen
H,-Spaltungauf. Das Protonwird an denmodifiziertenBriickenligandenweitegegebenund kannals
Hs O™ oderiibereinenProtonentransferkahdasaktive Zentrumverlassenin diesemvorgeschlagenen

Mechanismusgst dasNickelatomdaskatalytischaktive Metall. Dem Eisenatonmund der Proteinumge-
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bung kommendemnacHRollen strukturellerNaturzu, z. B. die PositionierunglesBriickenligandenso

daldieserander AufnahmedesProtonsheteiligtwerdenkann.

Ausblick

In dieserArbeit konnteEinsichtin die paramagnetischefustindeund denReaktionsmechanismuer
[NiFe]-Hydrogenasgevonnenwerden.Die Resultaté&kdnnennochviele zukiinftige Experimentestim-
ulierenbzw. zur Analysevon experimentellerBefunderbeitragenDie experimentelleBestimmungder
Lagederg-Tensorerin denNi-C undNi-L Zustinderkonntedurchdie hiervorgeschlagenewereinficht
werden.Derzeitwird daranin derAG Lubitz gearbeite(S. FoersterpersnlicheMitteilung). Vemlichen
mit denparamagnetischesustindenweil® manheuterelatv wenig Uberdie diamagnetischemterme-
diate. Mit der zeitaufgebste FTIR-Spektroskpie konnte manwichtige Aussageriber Kinetiken der
Zustandsumandlungergewvinnen. Mit der EPR-Spektrogbpiein parallelerDetektionlieRensichnoch
viele interessant&inzelheiteniiberdieseZustindehenorbringen,d.h. die enegetischeLagevon ganz-
zahligenSpinzusandenkdnntebestimmiwerden.

Vondertheoretische®eiteist die genaudBerechnungon Reaktionsbarrierennddie Lokalisierung
von Ubeigangszusindenfiir Systemevon der Grossevon 90-100 Atomen zwingend nbtig, um zu-
verlassigeAussageriibereinenmdglichenReaktionsmechanismusacherzu konnen.Weiteremethod-
ischeArbeit ist zur gleichzeitigerBehandlungron Spinbahnkpplungund Spinpolarisatiomotwendig,
um dadurchdasVerstindnisder elektronischerStrukturvon Ubeigangsmetallimplexen und-enzymen
zu vertiefen.

Bisherexistierennurungenaud&/orstellungerniibereinenmdglichenProtonen-oderElektronentrans-
ferweg in der [NiFe]-Hydrogenase.Die EtablierungeinesMutagenesesystenigr ‘Standardhydroge-
nasen’und ortsgerichtetéMutationenim Protonen-oderElektronentransfervge(Austauschvon poten-
tiell am TransferbeteiligtenAminosaurengegenandereund Beobachtungler Auswirkungder Mutatio-
nenaufdie Transferratenyvird dazubeitragengdie Spaltungvon molekularemWasserstdfdurchdieses

Metalloenzymbei Raumtemperatuzu verstehen.
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