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1.Favaudonenmedewerkers kenneninhetDesulfovibrioGigas flavodoxine
de 7,8-methyl resonanties vanhetflavine toe.Dekansdatdeze toekenning
juist is,isnihil.
V. Favaudon,J.LeGall,J.-M.Lhoste.In"FlavinsandFlavoproteins",
Proceedingsofthe6thInternational Symposium onFlavinsandFlavoproteins,K.Yagi,T.Yamanoed.,Japan Scientific Press TokyoandUniversity Park Press Baltimore (1980), 373.
2.Decorrelatie zoalsdiedoorFoxenmedewerker gelegd wordt tussendeberekende ionisatie energieenderedox potentiaal isprincipieel onjuist.
M. Teitell,J.L. Fox; Int.J.Quant. Chem. (1982)22, 583.
3.Wyattenmedewerkers gebruiken bijdeinterpretatievanhunresultatenten
onrechtede"studenten t-test".Erbestaatdanookgeen significant verschil indeCortisol spiegel tussendemet Beclometasondipropionaatbehandelde groependeonbehandelde groep.
R. Wyatt,J.Waschek,M.Weinberger,B.Scherman;New. Eng.J.Med. (1978)
299,1378.
4.Dedoor Spahnenmedewerkers gegeven verklaring voordediscrepantie tussen
hun klinische bevindingenendegemeten serum spiegels isintegenspraak
metdedosis-respons curvevanhetmetoprolol.
H. Spahn,E.Mutscher,W.Kirsch,E.E. Ohnhaus,H.D. Janisch;
British. Med.J.(1983), 286, 1546.
5.Erbestaateeninteractie tussen Cimetidineenpentobarbitone,maar deze ontbreekt tussen Ranitidineenpentobarbitone. Brittain enmedewerkers verklarenditverschil aandehandvandedissociatieconstanten tussen deze
tweegeneesmiddelen enhetmicrosomaal cytochroom P-450.Ditkannietmeer
dandehalvewaarheid zijn.
R.T. Brittain,M.J. Daly,D.Jack,L.E.Martin,R.Stabeis,M.Sutherland;In
"The Clinical useofRanitidine",eds.J.J.Misiewicz, K.G. Wormsley;
TheMedicine Publishing Foundation (1981),1.
6.DeuitspraakvanJamesenmedewerkers overdesnelheid vanelektronenoverdracht tussenhetsemiquinone-enhetvolledig gereduceerd M.elsdenii
flavodoxineisoponvoldoende gegevens gebaseerd enonjuist.
T.L. James,M.L.Ludwig,M.Cohn; Proc.Natl.Acad.Sei. U.S. (1973)70,3292.
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7. Dedoor Wagner enmedewerkers afgeleide formules verklaren nietdedoor
henweergegeven Perrin curves.Deformules zijn dan ook onjuist ende
auteurs hadden deappendix indezevorm beter achterwege kunnen laten.
R.Wagner,W.Junge;Biochemistry (1982)21,1890.
8.Gezien de implicaties enerzijds en de nonchalance vandeauteurs anderzijds zouden brieven naarmedische tijdschriften door eenonafhankelijk
deskundige beoordeeld dienen teworden.
9.Wanneermen deontwikkeling op hetgebied van de praktijk verkleining
volgt,dan kanmen duidelijk constateren dat bijdemeestemensen het
hart links zitmaar de portemonaierechts.

C G . van Schagen,The application of various
N.M.R. techniques tofreeand protein bound
flavins.
9 november 1983.
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LIST OF ABBREVIATIONS
Ala

=Alanine

A.vinelandii

=Azotobacter vinelandii

CIDNP

=Chemically Induced Dynamic Nuclear Polarization

C.pasteurianum

=Clostridium Pasteurianum

DSS

=4,4-dimethyl-4-silapentane-l-l-sulfonate

EDTA

=Ethylene diamine tetraacetic acid

FAD

=Flavin adenine dinucleotide

FMN

=Flavin mononucleotide

FMNHL

=1,5-dihydroflavin mononucleotide

FMNH"

=1,5dihydro flavin mononucleotideintheanionic form

LF

=Lumiflavin

MeAc4RF

=N(3)-Methyl-2',3',4',5'-tetraacetylriboflavin

MeAc 4 RFH 2

=N(3)-Methyl-2',3',4*,5'-tetracetyl-l,5-dihydroriboflavin

MeAc4RFH"

=N(3)-Methyl-2',3',4',5'-tetraacetyl-l,5-dihydroriboflavin
intheanionic state

NMR

=NuclearMagnetic Resonance

NOE

=Nuclear Overhauser Effect

S.Lividus

=Synechoccus Lividus

TARF

=2',3',4',5'-Tetraacetylriboflavin

Trp

= Tryptophan

Tyr

=Tyrosine

GENERALINTRODUCTION
Aboutacenturyagoayellow,fluorescent pigmentwasisolated fromwhey[1].
Intheperiod till 1930yellow pigmentswere extracted from various biological
sources.These pigmentswere called e.g. 'lactochrome', 'ovoflavin', 'lactoflavin', 'hepatoflavin'or'verdoflavin'.These namesarerelated eithertothe
sourceofisolationorthephysical appearanceofthenatural product.Inthe
1930'sitbecame evident thatalltheabove-mentioned compoundsareriboflavin
(vitamin B ? ) . Thestructureofriboflavinwaselucidatedandprovenbytotal synthesisin1934and1935[2,3].
The flavoproteins oxynitriläseandxanthine oxidasewere already isolatedin
1908and1926,respectively,buthavenotbeen recognizedasflavoproteinsatthat
time [4,5].Thefirst protein recognizedasflavoproteinwas'oldyellow enzyme'
[6].Theprosthetic groupof'oldyellow enzyme'waslater identifiedasriboflavin^'-monophosphate (FMN) [7].Theprosthetic groupofD-amino acid oxidase
was identifiedasflavin adenine dinucleotide [8].Thusintheyears beforethe
second worldwaritwas already established thatFMNandFADarederivativesof
riboflavinandthat they serveasprosthetic groupsforcertain proteins.Inadditionitwas demonstrated thattheprosthetic groupinflavoproteinscanreversibly
bedissociated fromtheprotein.Thestructureofthecommon naturally occurring
flavinsandtheir photolytic productsareshowninFig.1.
Afterthesecond worldwarmany flavoproteinswere isolated,purifiedand
theirmolecular propertiesandbiological function characterized. Todaymore than
one hundred flavoproteinsareknown.Manyoftheflavoproteinsaresimplebiological moleculesinthesense thatthey contain only flavinasaprosthetic group.
Other flavoproteinsaremuch more complex containing also iron (e.g.succinate
dehydrogenase [9,10]), ironandmolybdenumasinxanthine oxidase [11]orprotoheme (cytochrome b ? [12]). Inadditionmore recentlyitbecame evident thatthe
prosthetic groupinsomeflavoproteinsiscovalently linkedtotheapoprotein
[13-15]. Inthese proteinstheflavincanonlybereleasedbyproteolytic treatmentoftheflavoprotein.Thethusobtained flavins contain aminoacid residues.
Themost prominent featureofthechemistryofflavinisitsredoxproperties.
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Thesepropertiesmakeflavinespeciallysuitableforitsbroad involvementin
biological reactions.Thethreeredoxstatesare:flavoquinone,flavosemiquinone
andflavohydroquinone.Inall threeredoxstates,flavinisanamphotericmolecule
(Fig.2).Thereductionoffreeflavinbyoneortwoelectrons isthermodynamically
quantitativelyreversible.Inflavoproteinsonlyfiveoftheninestructuresgiven
inFig.2arepossible,becauseflavoproteinsdenatureatpHvalues>9or<2.In
additionflavoproteinsmakeselectiveuseofcertainredoxstatesdependingon
theirbiological function.Forinstanceelectron-transferring flavoproteinsusually
onlyshuttlebetweentheflavosemiquinoneandtheflavohydroquinonestate,whereas
flavoproteinoxidasesavoidalwaystheflavosemiquinonestateduringcatalysisand
shuttlethereforebetweentheflavoquinoneandtheflavohydroquinonestate.
Inthelasttwodecadesawealthofdatahasbeenpublishedonthecatalytic
mechanismandthemolecularpropertiesofflavoproteins.Questions likeifacertainflavoprotein reactsaccording toagrouptransfer,wherea-complexesshould
beformedasintermediates,orapureredoxmechanismcouldnotbeanswered,althoughithasbeenestablished inafewcasesthattheonemechanism isoperative
inacertainclassofflavoproteinsandtheotherinanotherclassofflavoproteins.Nevertheless itisobviousthattheapoproteinplaysanimportantrolein
thedeterminationofthespecificityandthereactionmechanismofacertainflavoprotein.Sinceallflavoproteinscontainoneandthesamechemical entityithas
beenproposedthatspecificinteractionsbetweenaminoacid residuesandcertain
atomsoftheisoalloxazinemoietyofflavindeterminetoagreatextentthechemical reactivityofprotein-bound flavin[16].
Theaimofthisstudywastwo-fold.Firstly,totesttheproposalwithrespecttopossiblespecificinteractionsbetweenFMNandtheapoproteinsoftwo
selected flavodoxinsandtoassignthelinesinthe

13
CNMRspectraofaseriesof

reducedflavinderivatives.Theresultsonthefreeflavinsformed thebasisfora
moredetailed interpretationoftheresultsobtainedonflavoproteins.Tobeable
tomeausrethe

13
Cchemical shiftsofprotein-bound flavinsseveral selectively

13
C-enriched FMNderivativesweresynthesized.Secondly,anattemptwasundertaken
toelucidatetheaminoacidresidueintheneighbourhood oftheprotein-boundflavin,
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of the flavodoxin fromMegasphaera elsdenii by HNMR techniques.This protein
was selected because of itseasy accessibility in largequantities.
Flavodoxins are small flavoproteinswhich contain onemolecule of FMN as
prosthetic group and function as electron carriers of low redox potential reactions ctalyzed by crude extracts ofavariety ofmicro-organisms [17-23].The
physico-chemical properties of several flavodoxins have been studied extensively
[24-26]and thecrystal structureofflavodoxins from Clostridium MP [27],Desulfovibrio vulgaris [28]and Anacystis nidulans [29]have been determined athigh
resolution.The primary structures ofseveral flavodoxins are also known [30-35].
The small size of these proteins and theeasewith which stable apoenzymes canbe
prepared from them,make the flavodoxins yery suitable for NMR studies. Inaddition theseflavoproteins yield stable flavosemiquinones upon one-electron reduction. This allows to prepare solutions of flavoproteins containing an intrinsic
paramagnetic probe.
Inthe field offlavins and flavoproteins the NMR technique has been employed
toelucidate the structure ofFAD and FMN,and toverify or tosupport thestructureof lowmolecularweight flavins.Bullock and Jardetzky [36]assigned unequivocally theproton resonance lines due to CH~(8), H(6)and H(9)of the flavinmolecule bydeuterium exchangeexperiments.These assignments facilitated theelucidation of the solution structures ofFMN and FAD.The structures proposed by Sarma
et aj_. [37]have been refined by Kotowyczet aj_. [38]and by Kainosha and Kyogoku
1
31
[39]employing high resolution H-and P-NMR spectroscopy. Thesestudies showed
thatboth FMN and FAD associate themselves byway of vertical stacking of the
isoalloxazine ringsand that theassociation isdependent on concentration,temperature and solvent. Inaquous solution FAD forms an intramolecular complex where
theadenine and isoalloxazine rings are stacked 0.3-0.4nmapartwith their long
axes perpendicular toeach other [39].With respect tothestructure of FAD there
exists some contradiction between thework of Kotowycz eta K [38]and thatof
Kainosho and Kyogoku [39].This discrepancy can easily beexplained considering
the HNMR results ofGrande et al_. [40]which show that the position of theresonance lines due toH(6)and H(9)inthe HNMR spectrum of FAD depend notonly

12

on theconcentration butalso on thecomposition of the aqueous buffer.
Ithas been known for quiteatime thatflavins inthe 1,5-dihydrostateare
non planar [41].This finding was later confirmed bycrystallography [42].The
conformation and nitrogen inversion of 1,5-dihydroflavin in solution was investigated byTauscher etaJL [43]by HNMR.The inversion barrier was found to be
between 42and 63 KJ/mole. This study has been performed using 1,5-dihydroflavins
carrying bulky substituents.Therefore,theconclusion of these results cannot be
related directly to simple 1,5-dihydroflavins,where the inversion barrier could
not bedetermined.
Breitmaierand Voelter [44]investigated FMN and FAD by

13
C-NMRand assigned

almost all of the signals.A reinvestigation byGrande etcfL [45]showed that
fiveoutof the twelveassignments of theresonance lines due tothe isoalloxazine
moiety of FMNwere incorrect.This ismainly due to the fact thatthe quaternary
carbon atoms exhibitweak to ^jery weak signal intensities and are therefore easily
overlooked. Furthermore commercial FMN contains aconsiderable amount of impurities
making a real assignment \/ery difficult.Thedata ofGrande et à]_. [45]wereob13
tained using slectively C-enriched
flavin derivativeswhich allowed theinvestigators ananambiguous interpretation of the

C-NMR13spectra.

NMR spectroscopy has been applied only inafew cases to flavoproteins. In
contextwith the presentation ofageneral method for computing NMR spectra obtained from random-coil proteins McDonald and Phillips [46]were thefirst toapply the
NMR technique toflavoproteins. Themain finding inthis studywas,investigating
the flavodoxin from Clostridium pasteurianum,that theconformation of the native
protein differs drastically from that of theapoprotein.An interesting study was
conducted by Crespi e_ta K [47]who prepared uniformly deuterium labelled flavodoxin from Synchococcus lividus by biological synthesis.Replacement ofthedeuterated FMN by natural FMN allowed them to study the prosthetic group of the protein by H-NMR techniquewithout the interference of the otherwise overwhelming
absorptions ofthe protons of the protein. Itwas found that themethyl groupsat
position 7and 8of the protein-bound FMN are shifted downfield by0.2-0.3ppm,
while the protons at position 6and 9are shifted upfield byabout 0.5 ppm relative

13

tofree FMN.The former effect probably results from the interaction of amino
acid residues oftheproteinwith positions 2,3 and/or 4oftheprosthetic group,
while the latter effectmay be caused by interaction (stacking)of the flavin
with aromatic amino acid residues.James et al_. [48]examined the H-NMR (220MHz)
spectra offlavodoxins fromM.elsdenii and Clostridium MP foreach of the three
redox states. Inboth cases itwas found thatbeside the broadening of someresonances, located attheextremes ofthe spectra,beyond detection in the semiquinone state noevident differences were observed among the spectra of theflavodoxins in theoxidized,reduced and semiquinone state.A few resonance lines in
thespectra of these proteinswere assigned tentatively. The flavodoxins from
D.vulgarisand D.gigaswere investigated at 100MHz by Favaudon et al_. [49].One
main difference between these flavodoxins and thosementioned above ismanifested
in thespectra obtained from the holo- and apoproteins;i.e. these spectra are
similar inthe Desulfovibrio series and quite different in theother series.This
indicates that the structure of the native and apoprotein forms are very similar
in the former series of flavodoxins.Furthermore,the resonance lines athigh field
are not influenced upon reductionwhereas those at low field behave similarly as
those inthe spectra ofM.elsdenii and Clostridium MP.A few resonance lines in
thespectra of the flavodoxins from Desulfovibrio specieswere assigned tentatively.
13
Finally itshould bementioned thatselectively C-enriched riboflavin was bound
to theapoprotein ofeggwhite riboflavin binding protein and studied by NMRspectroscopy[50].
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HELVETICA CHIMICA ACTA
Vol. 63, Fasc. 8, p. 2187-2201 (1980)

Chapter 1
231. A Comparative 13 C-NMR. Study on Various Reduced Flavins 1 )
by Cees G. vanSchagen and Franz Müller2)
Department of Biochemistry, Agricultural University, De Dreijen 11, 6703 BC Wageningen,
The Netherlands
(17.VII.80)

Summary
Various two-electron reduced flavin derivatives have been investigated by
natural abundance ,3 C-NMR.spectroscopy. Some selectively 13C-enriched compounds were synthesized to ensure the assignment of some of the quaternary
C-atoms of the flavin molecule. Addition of two electrons to oxidized flavin leads to
upfield shifts of all resonances except for those due to C(5a), C(9) and C( 10'u). The
largest upfield shift is observed for C(4a). Also some direct and two-bond coupling
constants are reported. Theoretical calculations by INDO show that a rather good
correlation exists between the calculated ^-electron densities and the observed
chemical shifts of the two-electron reduced molecule. For the oxidized molecule, the
correlation is less satisfactory. Most substitution effects are additive, but some
deviations in some compounds are observed indicating structural differences
between the compounds in question.
The chemical shifts are also discussed in terms of the chemical reactivity of the
oxidized and reduced flavin molecule.
1. Introduction. - Flavins3), i.e. isoalloxazines, are involved as coenzymes in
many biological reactions ( see [1]). Although many of these reactions have been
studied by kinetic methods the diversity of biological reactions catalyzed by flavoproteins is not well understood. It has been suggested that the particular reaction
catalyzed by a given flavoprotein is mainly determined by the specific interaction of
the apoflavoprotein with its coenzyme [2] [3].If this attractive hypothesis is correct
then the electron distribution within the flavin molecule should be altered by the
interaction with the apoflavoprotein. A method suitable to detect subtle differences
of the electron distribution in a molecule is the NMR. technique. Therefore, we
have start to investigate free and protein-bound flavins by the NMR. method with
')
2
3

)
)
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the aim to contribute to a better understanding of the underlying physical principles
responsible for the diversity of reactions catalyzed by flavoproteins.
In the past oxidized and reduced flavins have mainly been characterized by light
absorption [4] and fluorescence techniques [5] [6] yielding only a limited contribution on the desired information. More recently we have reported a detailed account
on the ! H- and 13C-NMR.properties of oxidized flavin derivatives [7] [8]. Recently
the latter results have been fully confirmed by Kawano etal [9].
In contrast to the oxidized molecule the 1,5-dihydrostate of flavin has not
received te same detailed attention although the two-electron reduced state of flavin
isbiologically of great importance. The main reason for the lack of detailed physical
data on the reduced molecule isdue toits easy oxidation by molecular oxygen.
In the present paper we describe results on the 13C-NMR. properties of reduced
flavin. The main aim of this investigation was to complete the previous study [8]by
the assignments of the resonance lines in the spectra of various 1,5-dihydroflavin
derivatives. It is expected that these results will provide a basis for a more profound
understanding of the chemical properties of reduced flavins. In addition these
studies are needed asa comparative basis for an investigation of flavoproteins.
Tentative [10] and preliminary [11] results on this objective have been
published. While this paper was in preparation the assignment of the chemical
shifts of the spectrum of one particular 1,5-dihydroflavin derivative has been
reported by Kawano etal.[9]and by Ghislaetal. [12].
2. Experimental Part. - 13 C-NMR. spectra were recorded on a Varian XL-100 spectrometer
operating at 25.2 MHz and equipped with a 16 K Varian 620-L computer. All spectra were acquired in
the Fourier transform mode using 12mm taperlock tubes purchased from Wilmad. For the accumulation
of the spectra 8 K.data points were used in the time domain and converted to 4 K data points in the
frequency domain. The spectral width was 5120 Hz for recording full spectra and 2560 Hz for determining the coupling constants. Frequency and proton noise decoupled spectra [13]were recorded mixing
the single frequency from a Schomandl NO-60 M synthesizer with the gated, noise modulated frequency
from the spectrometer. The power ratio was 200:1. The total signal could be amplified by an ENI-3010
amplifier up to a maximum of 15W. Although the synthesizer was not coupled to the Master oscillator of
the spectrometer the largest measured variation in the frequency between the two sources was less than
4 Hz. The other instrumental conditions used were: pulse width 10us (30° pulse), repetition rate 2 s. The
peak positions were determined from the computer generated printout, using TMS as internal standard.
The accuracy of the chemical shifts given is better than 4 Hz. The sample temperature was 26°. Internal
deuterium (CDCI3) served as a lock signal. To obtain good natural abundance spectra about 25,000
transients per spectrum were accumulated. The compounds were dissolved in CDC13 (99.8 atom %,
Merck, Germany). Saturated solutions were prepared resulting in concentrations varying from 10 to
50 mM. Reduction of solutions of the oxidized flavin to the 1,5-dihydro state was effected directly in the
NMR. tube by vigorous shaking of a two-phase solution consisting of CDCI3 and an aqueous solution of
0.5M sodium phosphate (pH 8, saturated with KCl) containing a 10-20 fold excess of sodium dithionite
with respect to flavin. The clear 1,5-dihydroflavin solutions thus optained exhibit a reddish orange
colour in contrast to usually lighter colour of the oxidized solutions. Also the reduced flavin derivatives
which can be isolated in crystalline state (e.g. 9, cf. Scheme 2) were kept under the reducing solution to
prevent oxidation (radical formation).
The synthesis of the selectively l3 C-enriched flavin derivatives was described earlier [8].The following compounds (cf. Scheme 2) were prepared according to published procedures: l,3-dimethyl-1.5dihydrolumiflavin (9) and its Ar(5)-acetyl derivative (8) [14]; 3-methyl-7V(5)-benzyl-l,5-dihydrolumiflavin (12) and 3-methyl-4a-benzyl-4a,5-dihydrolumiflavin (13) [15]; tetraacetylriboflavin (1) was
prepared from riboflavin [16]; Af(5)-methyl-(10) and iV(5)-ethyl-l,5-dihydrolumiflavin (11) [17]; 2a.3dimethyl-1.5-dihydrolumiflavin (14) and its 7V(5)-acetyl derivative (17), 3,7-dimethyl-(15) and 3,7.819
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trimethyl-Af(l,10)-ethano-Ar(5)-acetyl-l,5-dihydroisoalloxazine (16), 2a,4a-dimethyl-yV(5)-acetyl-l,5dihydrolumiflavin (18) [7]; 3,7,8-trimethyl-./V(10) (e-acetopentyl)-Ar(5)-acetyl-l,5-dihydroisoalloxazine
(7) [18]; 3,7,8-trimethyl-Af(10)-undecyl-Af(5)acetyl-l,5-dihydroisoalloxazine (6) [19], 4 and 5 were prepared from their oxidized molecules by known procedures [14].Theoretical data were obtained using the
INDO program described by Pople &Beveridge [20]. We used the original program [21] and modified it
for use on the DEC-10 Agricultural University Computer.

3. Results. - 3.1.Assignments. To facilitate the assignments of the quaternary
C-atoms in the flavin molecule a few selectively 13C-enriched derivatives were
synthesized. Also derivatives containing more than one 13C-label in one molecule
were prepared in order to obtain from the coupling constants some further information on the submolecular structure of reduced flavin. Spectra of such derivatives in
the oxidized and reduced state are given in Figure 1 (see also Scheme 1). The
chemical shift most affected upon reduction of oxidized flavin is that due to C(4a)
followed by that due to C(10a) (Fig.1A, B, C).The chemical shifts due to C(2) and
C(4) are affected much lessupon reduction.
The through-bond coupling constant between C(4) and C(10a), the direct
coupling constant between C(4) and C(4a), and that between C(4a) and C(10a) 4 )
are considerably influenced upon addition of two electrons to oxidized flavin
{Table I).
The assignments of the residual C-atoms in the spectrum of reduced flavin are
based on experiments as illustrated in Figure 2 for 1,3,7,8,10-pentamethyl-1,5dihydro-isoalloxazine (9). The assignments were aided by selective hetero-decoupling techniques and especially by the frequency- and noise-decoupling
method [13].The latter method has the advantage that the NOE 5 ) for all resonances
is preserved in the spectrum in contrast to the usual, selective single frequency
hetero decoupling technique. The assignments are further based on the known fact
[22] that two-bond CH-coupling constants are usually small as compared to oneand threebond CH coupling constants. In addition the assignment of some resonances issupported further by the use ofvarious derivatives,e.g. 3 (Table2).
The chemical shifts of all compounds investigated are collected in Table 2, and
the chemical structures of the compounds are presented in Scheme 2.
Some of the resonances due to the N(10) side chain of various models (1 to 7)
could not be assigned to individual C-atoms due to lack of resolution. Nevertheless
Scheme 1
eCH2OCOCH3

CH2OCOCH3

I
/3,7,5(CHOCOCH3)3
«CH2

(CHOCOCH3)3
CH-,

H

H 3 C ^ ^ ^ , ^ V N _C,H3
1
4
5

)
)
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The coupling constants were verified by homonuclear decoupling experiments.
NOE= Nuclear Overhauser Effect.

N-CHr
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Fig. 1. Proton noise decoupled 13C-NMR. spectra of various selectively 13C-enriched tetraacetylriboflavin
(TARF) derivatives in the oxidized and reduced state in CDCI3 solutions
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Table 1.Experimental3) and Calculated Coupling Constants (in Hz) in [4,4a,10a-13C3J- and [4,10a-13C2J3-methyltetraacetylriboßavin in the Oxidized (1) and Reduced State (2)
Redox State

Oxidized
Reduced
a

)

Coupling Constant
i/(C(4),C(4a))
Exp.
Calc.

1

76.5
79.2

53.3
84.5

100.4
98.3

7(C(4a),C(10a))
Exp.
Calc.
80.1
103.1

2

/(C(4),C(10a))
Exp.
Calc.
10.4
5.5

-9.3
-10.1

The accuracy of the experimental coupling constants is ± 0.2 Hz.

it should be noted that the resonances due to the methyl groups of the acetyl groups
become magnetically more equivalent upon reduction of the isoalloxazine ring
system. This suggests a small (conformational) perturbation of the side chain upon
reduction of the molecule.
3.2. Comparison of the chemical shifts of variousderivatives.In order to separate
possible effects ofthe side chain acetyl groups on the chemical shifts in the spectrum
of4 compound 5has been investigated6) (cf. Scheme 2). Compound 5 possesses only
the terminal acetyl group. In the spectrum of 5 the resonance lines due to C(9a),
C(5a) and C(10a) are shifted downfield by 5.0, 1.0 and 0.6 ppm, respectively, and
that due to C(4a) is shifted upfield by 1.5 ppm, as compared to those of 4. It should
be noted that the chemical shifts of5and 6 are identical asfar as the C-atoms of the
isoalloxazine skeleton are concerned. Therefore, the difference in shifts between 4
and 5 are most probably caused by the dipole of the acetyl group at C(10'/?)
(Fig-3).
Substitution of H—N(5) in 2 by an acetyl group, giving 4, leads to large upfield
shifts of the resonances due to C(5a) (7.8 ppm), C(4a) (5.3 ppm) and C(9)
(2.2 ppm) and to large downfield shifts of the resonances due to C(6) (11.7 ppm),
C(10a) (10.0 ppm), C(8) (6.1 ppm) and C(9a), C(2), C(4) (about 2 ppm). Similar
shifts, but different in magnitude, are observed by comparing the spectra of9 and 8,
and those of 14 and 17 except that the resonance due to C(9) in 9 is shifted upfield
as compared to the corresponding atom in 8 (Table 2 and Fig.3). In addition C(9a)
in8and 17undergoes a larger downfield shift than that in4.
Methylation at N(3) (7 vs.4) does not influence the chemical shifts except that
the chemical shift of C(10a) in the spectrum of4isshifted upfield by 2.5 ppm.
Replacing the methyl groups at N ( l , 10) by an ethano group (8 vs. 16) leads to
upfield shifts of the resonances due to C(4a), C(5a), C(8), C(9), C(9a), C(10a) and
C(2) (Table2).
Methylation of C(2a) instead of N ( l ) (14 vs. 9, Scheme 2), causes an upfield
shift of the resonance lines of C(4), C(4a), C(5a), C(6), C(8), C(9) and
C(9a) whereas downfield shifts are observed for C(10a) (8.5 ppm) and C(10')
(24.1 ppm). On the other hand, placing the methyl group of N ( l ) onto N(5)
(9 vs.10) drastically influences the resonance positions of the peaks of C(4a), C(9a)
and C(10a) and, to a lesser degree, those of C(5a), C(6), C(7), C(8) and C(9).
6

)

It was not possible to compare 2 with the corresponding compound of 5 or 6 because of the low
solubility of the later compounds in CDCI3.
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Replacement of the N(5) methyl by an ethyl (11) or benzyl group (12) has some
influence on the resonance lines of C(4a), C(6), C(9a) and C(10a) (Table2).
The effect of substitution of a particular atom of the flavin molecule on the
chemical shift by various substituents is summarized in Figure 3 for a few
compounds. From Figure 3 it can be concluded that only the chemical shifts of
C(2), C(4) and C(7) are relatively insensitive with respect to both the kind of
substituent introduced and the place of substitution. The chemical shifts most
affected by substitution are those due to C(4a), C(5a), C(9a) and C(10a).
Substitution of C(4a) (13)results in a chemically completely different compound
which thus cannot be directly compared with 12 or the other flavin derivatives.
However, 13 serves as a model compound for postulated, biologically important
intermediates [23]7).For this reason this compound has been included in this study.
Compared to the spectrum of 12,that of 13 exhibits large downfield shifts for C(2),
C(4), and C(10a), and a small downfield shift for C(9). The resonances of all other
C-atom are shifted upfield. The largest upfield shift is observed for C(4a) in accord
with a change of hybridization (sp2->sp3) of this atom. It is interesting to note that
in the spectrum of 13 the following pairs of atoms become magnetically equivalent:
C(7) and C(8), C(7') and C(8'), and C(6) and C(9). Moreover, the absolute
difference between the chemical shifts of these pairs is much smaller than that of
the corresponding pairs in the spectrum of 12,indicating a more symmetrical charge
distribution in the benzene subnucleus of 13than in that of 12.
4. Discussion. - It is well documented [25] that 13C-chemical shifts are mainly
dependent on the charge and the ^-electron density at the C-atom under consideration. This fact should, therefore, be helpful in explaining the chemical reactivity of
reduced flavin towards various reactants and to predict which atom most likely
could be expected to be the reactive center for a nucleophile or an electrophile. To
correlate these properties of the molecule with the chemical shifts observed some
theoretical calculations were performed. Using published, theoretical data [26-28]
and the established relationship [29]:
ôc=-159.5/7 + 288.5
where p is the n-electron density, only a rough correlation was found between
experimental and calculated chemical shifts. The disagreement is probably caused
by the fact that the geometry of the molecules, especially that of reduced flavin, had
to be assumed in the calculations due to lack of crystallographic data. In the meantime such data have become available for both the oxidized and reduced flavin
molecule, e.g. [30]. In our calculations by INDO [20] we used the crystallographic
data of Wang & Fritchie [31] for the oxidized (coplanar structure) and those of
Norrestam &Glehn[32]8) for the reduced (folded structure) molecule. For economic
7

)

8

)
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Studies on model compounds support the idea that interaction of 1,5-dihydroflavin with molecular
oxygen leads to the formation of a flavinhydroperoxide intermediate [24].It was shown recently that
this interaction occurs at C(4a) of reduced flavin [12].
The authors mentioned in the text that the proton at N(5) is in axial position which is in contradiction with their actual data. The theoretical data obtained with the structure where the proton is in
equatorial position gave also better agreement with the experimental data than using the other
stereoisomer {cf. also [33]).

(1)
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reasons in our calculations the methyl groups in the structures mentioned were
replaced by protons. The calculated electron densities and chemical shifts are given
in Table3.The results show that for the oxidized molecule a fair and for the reduced
molecule a rather good correlation exists between experiment and theory. Plotting
the calculated chemical shifts against the experimental ones gives a correlation
coefficient (r2) of ^ 0.96 for the reduced and of ^ 0.85 for the oxidized molecule.
The slope of a plot of calculated rc-electron densities against the experimental
chemical shifts gives a value of 147 ppm/rc-electron, in fair agreement with the
theory [29].For the reduced molecule only the chemical shift for C(2) and C(9) are
predicted less accurately. The downfield shift of the resonances of C(5a), C(9) and
C(IO') (Table 2 and Fig. 3) and the upfield shift of the resonances of all other
C-atoms in the flavin molecule observed upon reduction can thus be explained by a
decrease and an increase, repectively, of n-electron density at the atom under consideration. The only exception to this statement is observed for C(7) where the
theory predicts a downfield shift but an upfield shift is found experimentally. The
fact the experimental chemical shifts of C(2) and C(4) of the oxidized and reduced
molecule are inversed as compared to the theoretical calculations might indicate
that neighbouring bond anisotropy influences the chemical shifts considerably. This
suggestion is supported by findings on uracil derivatives where the corresponding
C-atoms show an identical behaviour as those in the flavin molecule[34].
From the relationship 160 ppm/7r-electron [29] it is estimated that only about
20% of an electron is added to the benzene ring of flavin upon reduction of the
molecule. Furthermore, the theoretical data also show a remarkable change in the
density matrix of the pz-orbitals of C(4a) and C(10a). In spite of an increase of the
7r-electron density at C(4a) and C(10a), the cross terms between the pz-orbitals of
C(4a) and C(10a) are increased as compared to those of C(5a), C(9a), C(6), C(7),
C(8)and C(9).Thisindicates that afairly localized double bond existsbetween C(4a)
and C(10a), which is in agreement with crystallographic studies [30].This fact and
the 7T-electron density increase at C(4a) and C(10a) as well as the rather drastic
increase of7r-electron density at N(5) and N ( l ) explain reasonably the observed upfieldshift ofthe resonances due to C(4a) and C(10a).
It should be noted that the theory (Table 3) predicts a n-electron density
decrease at N(10) upon reduction of the flavin molecule. Preliminary 15 N-NMR.
experiments [35] showed that N(10) indeed undergoes a downfield shift upon
reduction whereas the other three N-atoms of flavin shift upfield as expected. This
decrease in 7r-electron density at N(10) can thus explain the downfield shift of
C(10'a) andC(9).
The higher magnetic equivalence of the pairs of C(6) and C(9), and C(7) and
C(8) in 2 as compared to those in 1indicates that the conjugation viaC(8)—C(6)—
N(5)—C(10a)—C(2)isdecreased in 2ascompared to that in 1 [8].
The finite Pertubation theory [36]makes it possible to estimate 13C,13C-coupling
constants. The computed constants are in reasonable agreement with the experimental values (Table 1).The latter values are in the range expected for sp 2 ,sp 2 interactions [37]. Available data suggest that direct 13C-coupling constants are
approximately correlated to the s character of the orbitals making up the bond [38].
Neglecting possible influences of the neighbouring heteroatoms on the direct
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Table 3. Calculated Total and n-Electron Densities of Oxidized and Reduced Flavin and their Comparison
with Calculated and Observed Chemical Shifts
Atom

C(2)
C(4)
C(4a)
C(5a)
C(6)
C(7)
C(8)
C(9)
C(9a)
C(10a)
N(l)
N(3)
N(5)
N(10)
a
b

)
)

Oxidized
Electron density
Total
n
3.49
3.60
3.98
3.94
3.98
3.99
3.96
4.03
3.89
3.72
5.41
5.24
5.09
5.06

0.80
0.82
1.03
1.05
0.97
1.02
0.96
1.05
0.96
0.85
1.35
1.70
0.94
1.59

*~calc

160.5
157.3
123.7
120.5
133.3
125.3
134.9
120.5
134.9
152.5

'C obs »)
155.9
161.4
136.0
134.9
133.1
136.8
147.7
115.6
131.9
149.2

Reduced
Electron density
Total
n
3.48
3.59
4.09
4.10
4.04
4.03
4.00
4.00
3.92
3.75
5.24
5.24
5.17
5.19

0.82
0.82
1.16
0.96
1.05
0.99
1.02
1.01
1.02
0.95
1.70
1.67
1.73
1.35

^calc

157.3
157.3
102.9
134.9
120.5
130.1
125.3
126.9
125.3
136.5

'"obs )

150.6
157.0
105.2
136.0
116.1
133.6
129.0
118.0
128.2
137.1

Chemical shifts of compound 1.
Chemical shifts of compound 2

coupling constants the results in Table 1 indicate that in the oxidized molecule the
C(4)—C(4a) bond possesses a higher s character than the C(4a)—C(10a) bond. In
the reduced molecule the s character of both bonds is more similar. Keeping
in mind the above mentioned restrictions it can be expected that the experimentally
determined coupling constants show a correlation to the bond lengths determined
crystallographically [30]. The following bond lengths were published [30]. For the
oxidized and reduced molecule, respectively: 0.148 and 0.142 nm for the
C(4),C(4a)-bond, and 0.145 and 0.136 nm for the C(4a),C(10a)-bond. Comparing
the corresponding values (coupling constant vs. bond lengths) of the oxidized with
those of the reduced molecule a fair relationship is observed but the values within
the oxidized molecule correlate less. This suggests that the effect of the neighbouring polar atoms on the direct coupling constants isprobably appreciable.
The experimental two-bond coupling constant is larger in the oxidized molecule
(Table I). Since two-bond coupling constants are also dependent on the bond angles
[22] the results are in agreement with crystallographic data, i.e. coplanar vs. folded
structure ofoxidized and reduced flavin, respectively.
The assignment presented in this paper for 1 and 2 are in full agreement with
the results of Kawano et al.[9]who used riboflavintetrabutyrate in their study. The
more recent published data of Ghislaet al. [12] agree also with our data except for
C(4a) and C(7) in 1, where the order must be reversed. In addition these authors
could not assign unequivocally the resonance lines due to C(6),C(7), C(8) and C(9)
in2and 13.
In this work and the published work of others [9] [12] tetraacetylriboflavin (1)
was used as a model compound because of the high solubility of its oxidized and
reduced form in CHC13. It has not been realized, however, that the carbonyl groups
of the ester functions of the ribityl side chain might influence some of the chemical
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shifts of the isoalloxazine ring. The influence of these ester functions is negligible in
1, because the chemical shifts of 1are identical with those of lumiflavin [8] and the
oxidized form of 6 (this work, not shown) as far as the C-atoms of the isoalloxazine
ring are concerned. The situation is different for 2 ( = the reduced form of 1).
A comparison of the chemical shifts of 4 to 6 reveals that the shifts for 5 and 6 are
very similar, if not identical, and that the most significant difference between 4 and
the compounds 5 and 6 is observed for C(9a) which isshifted upfield by 5.0 ppm in
4 as compared to that in 5 and 6. These results indicate that the upfield shift of
C(9a) in 2 to4 isinduced by the electric field effect of one of the carbonyl groups of
the side chain ester functions. The small comformational change of the side chain
observed upon reduction of 1must, therefore, be related to the upfield shift of C(9a)
in 2 to 4 as compared to that in 5 and 6. Hence, one must be careful in relating the
chemical shifts of the esterified compounds with those of e.g. reduced riboflavin
monophosphate.
The effects of substitution at different atoms in reduced flavin are partly rather
complex. But this fact isnot surprising considering the complex structural behaviour
of reduced flavin. From crystallographic data, describing only static structures, it is
known that the conformation of reduced flavin isinfluenced by substitution at N ( l )
and/or N(5) [39-41], i.e. the angle between the normals of the benzene and the
pyrimidine subnucleus of the flavin molecule is increased upon substitution. In
addition the relative orientation of the N(5)-substituent with respect to the pyrazine
subnucleus is also altered [40] [41]. Preliminary studies on the temperature
dependence of the 13C-chemical shifts of e.g. 4 show that already at — 18° at
least two different molecular forms are present in solution. These findings are in
contradiction with published work of others [42] who showed that the 'H-NMR.
spectrum of a similar compound was not influenced at all by a decrease of the temperature down to -107°. Since the 13C-chemical shifts are obviously more sensitive
to structural changes than the 'H-chemical shifts we have decided to devote a
separate study to the observed temperature dependence of the 13C-chemical shifts
in order to elucidate the structural features of reduced flavin in more detail. These
results will be published in a forthcoming paper. Nevertheless, at this moment we
wish to discuss shortly some of the substitution effects. Methylation of C(2ct) of the
flavin molecule does not affect the chemical shifts of the C-atoms of the benzene
subnucleus whereas the chemical shifts of the C-atoms of the pyrimidine subnucleus
are additive (17, 18). Acetylation of N(5)H (cf. e.g. 4 vs. 2) leads to large upfield
shifts of C(4a) (5.3 ppm) and C(5a) (7.8 ppm) and large downfield shifts of C(6)
(11.7 ppm),C(8) (6.1 ppm) and C(10a) (10.0 ppm). Similar shifts are observed
when 17and 14 are compared with each other. On the other hand comparing 8 and
9 it is learned that the upfield shift of the C-atoms in question and the downfield
shift of C(8) and C(10a) is still about the same as mentioned above but the downfield shift of C(6) is decreased by about 9 ppm. Since in 4, 8 and 17 the N(5) substituent is the same and N ( l ) methylation the chemical shift of C(6) not affects
(cf. 8vs.6) the observed effect must be related to the relative stereochemical position
of the acetyl group with respect to the C(6)-atom9). From a comparison of 11 vs. 2 it
9

)
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It is a reasonable assumption that the acetyl group excerts the same electronic influence via the
bonds on the shielding of the aromatic C-atoms in all three compounds.

HELVETICA CHIMICA ACTA - Vol. 63,Fase. 8(1980) - Nr. 231

can be concluded that the methyl group of the N(5)ethyl substituent causes a downfield shift of C(6) (^-effect). Hence the acetyl group in4 and 17must be closer to the
C(6)-atom than in 8. This interpretation is in agreement with crystallographic data
[41] [42] and results obtained with stereoisomers of a partially related system, i.e.
A^acetyl-tetrahydrochinolin[43].
Finally the relationship observed between the calculated 7r-electron densités and
the experimental 13C-chemical shifts suggests that a similar correlation can be expected with the chemically active atoms of the flavin molecule. Oxidized flavin in
the ground state adds nucleophiles preferentially at the centers N(5) (SO37
P(C 6 H 5 ) 3 ) [44] [3] and C(10a) (CH 3 Cr) [45]. Ttfb centers C(2) and C(8) are
chemically less reactive but undergo nucleophilic substitution reactions [46]. An
electrophilic substitution reaction isknown to occur at C(9) [47].The reduced flavin
molecule, on the other hand, reacts with electrophiles preferentially at the centers
N(5) and C(4a) [17, 12] and probably also at C(10a) [24, 48]. These observations
demonstrate that indeed a good correlation also exists between the calculated
^-electron densités and the observed chemical shifts, and the experimentally
observed centers of chemical reactivity of the flavin molecule. This relationship
should, therefore, be very helpful for the chemical characterization of new flavin
derivatives and flavoenzymes.
We are grateful to Mr. B.J. Sachteleben for the preparation of the drawings and to Mrs. J.C.
Toppenberg-Fang for preparing the Tables and typing the manuscript and to Dr. H.J. Grande for
valuable discussions.
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CHAPTER 2

A 13C Nuclear-Magnetic-Resonance Study on Free Flavins and Megasphaera elsdenii
andAzotobacter vinelandii Flavodoxin
13

C-Enriched Flavins as Probes for the Study of Flavoprotein Active Sites

Cees G. VAN SCHAGEN and Franz MÜLLER
Department of Biochemistry, Agricultural University, Wageningen
(Received June 24, 1981)

Selectively 13C-enriched free and protein-bound flavins in the oxidized and two-electron reduced state were
investigated by the 13C nuclear magnetic resonance technique. FMN in aqueous solution and Af(3)-methyl2',3',4',5'-tetraacetylriboflavin in an apolar solvent were used as reference compounds for the protein-bound
FMN.
A comparison of the chemical shifts of FMN in aqueous solution with those of 7V(3)-methyltetraacetylriboflavin in CHCI3 reveals that FMN is strongly polarized yielding a pseudo-ionic molecule stabilized by
hydrogen bonding of H 2 0 with C-2a of the isoalloxazine molecule. The interpretation is fully supported by
the one-bond ('ƒ) 13C coupling constants. The chemical shifts combined with the coupling constants indicate
the change of charge distribution within the molecule when going from apolar to polar solutions.
Binding of FMN to Megasphaera elsdenii and to Azotobacter vinelandii apoflavodoxins affects the resonances
due to C-2 and C-lOa as compared to free FMN. These shifts together with the coupling constants indicate
the formation of a hydrogen bond between C-2a of FMN and an amino acid residue of the apoprotein. In
M. elsdeniiflavodoxinsuchahydrogen bond alsoexistswithC-4ocwhichisnot observed inA. vinelandii flavodoxin.
The chemical shifts to the two-electron reduced derivatives of FMN and jV(3)-methyl-2',3',4',5'-tetraacetylriboflavin clearly indicate that theFMN derivativepossessesamoreplanar conformation than itsanalog;it shows
pH-dependent chemical shifts of the atoms C-lOa, C-2 and C-4a. The chemical shift of C-4 is pH-independent.
From the pH-dependence of the chemical shifts an ionization constant of 6.7 is calculated.
The chemical shifts of protein-bound FMN in the reduced state are very similar to those of the anionic,
reduced FMN. The data show that in both flavodoxins studied the prosthetic group when reduced is bound
in the anionic form an possesses approximately a coplanar conformation.
The results are discussed with respect to the possible biological implications. It is suggested that specific
interaction of the prosthetic group with the apoprotein, the ionization state and the degree of planarity of the
reduced prosthetic group are factors determining the biological functions of flavodoxins and possibly the funcr
tions of flavoproteins in general.
Flavoproteins are involved in the catalysis of a broad
spectrum of biological reactions, see e.g. [1]. The question
why one and the same chemical entity, i.e. isoalloxazine,
embedded in different apoflavoproteins is able to catalyze
specifically a particular biological reaction could not be
explained by the wealth of kinetic results available on flavoproteins. In fact the approach bychemical kinetics will probably never lead to the information needed to explain this
'mystery'. However, the interaction between the prosthetic
group and the apoenzyme (strength of binding, specific interaction between certain atoms of isoalloxazine and amino acid
residues) must be an important factor in determining the
specificity ofaparticular flavoprotein. In thiscontext wehave
put forward a hypothesis deduced from model studies [2],
In order to obtain a better insight into the interactions mentionedand totesttheproposedmodelwehavesetupaprogram
Abbreviations. FMNH 2 and F M N F P , neutral and anionic 1,5-dihydro derivatives of FMN (see II and III in Scheme); MeAc 4 rF,
MeAc4rFH.2 and MeAc 4 rFH~, A'(3)-methyl-2',3',4',5'-tetraacetylriboflavin in the oxidised, the neutral and the anionic reduced state, respectively.

devoted to this problem. One of the most powerful tools to
achieve this goal is the nuclear magnetic resonance (NMR)
technique. This method yields information on the molecular
and submolecular structure of the molecule investigated and
is, therefore, particularly suited to yield information which
can be correlated to the chemical properties of the molecules
studied.
The overwhelming numbers of protons in a biomolecule
makes it very difficult to observe the resonances of flavin in
flavoproteins by the 'H-NMR technique. In addition, the
very few proton resonances observable from flavins [3]would
contribute little to the desired information. For this reason
we made use of selectively 13C-enriched prosthetic groups.
Furthermore, 13C-chemical shifts represent, in general, the
charge distribution in a molecule much better than other
nuclei. This fact should, therefore, allow a correlation of the
chemical shift differences between free and protein-bound
flavin with thesiteofinteraction offlavinwith the apoprotein.
Moreover, the use of isotopically rather than chemically substituted prosthetic groups has the advantage that subtle, but
important, interactions with the apoprotein are not
affected.
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In the present paper we report on the NMR properties
of free flavin and the flavodoxins from Megasphaera elsdenii
and from Azowbacier vinclandiiin the oxidized and twoelectron reduced state. The prosthetic group was selectively
labelled at positions C-2, C-4, C-4a and C-lOa. Some preliminary results were reported elsewhere [4,5]. A similar but
less detailed study was conducted by Yagi et al. [6] on the
oxidized form of the riboflavin-binding protein from egg
white.

MATERIALS AND METHODS
The selectively 13C-enriched riboflavin derivatives were
synthesized from '3C-labelled barbituric acids by condensation with 2-(phenylazo)-4,5-dimethyl-Ar-ribitylaniline (gift of
Hoffmann-La Roche, Basel, Switzerland) in a mixture of
glacial aceticacid and butanol [7].The barbituric acid derivatives were prepared from [13C]urea and [2-13C]-, [1,3-13C2]and [l,2,3-13C3]diethylmalonate (90-92.5atom-%, Prochem,
UK) as described earlier [8]. The yields of riboflavin were
6 6 - 7 1 % (cf. 65.8%[7]).
Riboflavin was phosphorylated by the method of ScolaNagelschneider and Hemmerich [9]. The crude FMN thus
obtained was purified on a column (3.2x 12cm) of DEAEcellulose (DE-52) equilibrated with distilled water (20°C).
280 mg of FMN was dissolved in distilled water (40ml) and
the pH of the solution adjusted to 7.0 with a 5mM NaOH
solution. This solution was poured onto the column and the
column exhaustively washed with distilled water (several
liters) eluting three bands. Thefirstband consisted of a small
amount of lumichrome, the second band contained riboflavin
(15mg) and the third band contained an unidentified, nonfluorescent compound. Elution with a 25mM solution of
ammonium carbonate released first riboflavin 4'-monophosphate (33mg). The second band contained FMN (160mg).
Further elution of the column with a 100mM ammonium
carbonate solution gave another yellow-green fluorescent
compound which isprobably ariboflavin diphosphate derivative (67 mg). All handling was carried out in the dark. The
collected fractions were freeze-dried yielding salt-free compounds. The purity of the compounds was judged by thinlayer chromatography in the solvent mixture butanol/glacial
acetic acid/water (7:2:2, by vol.). Tetraacetylriboflavin was
prepared from riboflavin as described earlier [10].
The following fiavoproteins were isolated and purified
according to published procedures: flavodoxin from Megasphaera elsdeniiLCI [11], flavodoxin from Azowbacier vinelandiiOP[\2]. The corresponding apoflavoproteins were
prepared by known methods: M. elsdeniiapoflavodoxin according to Mayhew [13] and A. vinelandiiapoflavodoxin as
reported by Edmondson and Tollin [14]. The reconstitution
of the apoflavoproteins with the prosthetic group was conducted in neutral, buffered solutions at 4°C. Before use the
proteins weredialyzed exhaustively against the desired buffer
solution.
13
C-NMR spectra of free flavins were obtained on a
Varian XL-100-15 NMR spectrometer equipped with a 16K
620-L computer and operating at 25.2 MHz. The spectra
were acquired in the Fourier transform mode at 26°C using
12-mm taperlock tubes (purchased from Wilmad). For the
accumulation of the spectra 8K data points were used in the
timedomainandconverted to4 Kdatapointsinthe frequency
domain. The spectral width was2560 Hz resulting in0.68 Hz/
point. Tetramethylsilane or 2,2-dimethyl-2-silapentane-5-sul-
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fonate served as internal standards. Internal deuterium
(C 2 HC1 3 , 2 H 2 0)servedasalocksignal.Theother instrumental
conditionswere: pulsewidth 10us(30°pulse),acquisition time
1.6 s,repetition rate 2s.Theconcentration ofthe sampleswas
about 10mM. Oxidized tetraacetylriboflavin was dissolved
in C2HC13 and reduced to the 1,5-dihydro state in the NMR
tube by a two-phase system [15]. FMN was dissolved in a
mixture of2 H 2 0/H 2 0 (1:9, byvol.)and buffered with sodium
pyrophosphate (50 mM). For pH-dependent studies the pH
of the solution was adjusted directly in the NMR tube by
addition of small amounts of 0.1 M HCl or 0.1 M NaOH
solutions. The pH was measured by means of a specially
constructed microelectrode (Wilmad).Reduction was affected
by addition of buffered solution of dithionite ( Ä 1M).
Usually a5—10-fold excessofdithionite wasusedwithrespect
toflavin.
Spectra of proteins were recorded on a Bruker HX-360
NMR spectromer (S.O.N, facility at the University of
Groningen) operating at a frequency of 90.5 MHz and
equipped with a BNC12 data and a NIC-294 disk system.
The spectra were accumulated with 16K in the time domain
and 8K in the frequency domain. The spectral width was
12000 Hz resulting in 1.5 Hz/point. Dioxan served as an
internal standard. Thedata wereconverted tothe tetramethylsilane scale using (<5CC4H802 = 67.8ppm). The instrumental
settings were: pulse width 15p,s(90° pulse) and a repetition
rate of 2s.The proteins were dissolved in a mixture of 2 H20/
H 2 0 (1:9, by vol.) and buffered with sodium phosphate or
sodium pyrophosphate solutions (50mM). Reduction of the
proteins and adjustment of the pH were done as described
above for FMN. Theconcentration ofthe samplesof proteins
was 1—2 mM. The temperature was 20°C and 10-mm NMR
tubes (Wilmad) were used.
RESULTS AND DISCUSSION
Studies onOxidizedFlavins
In order tofacilitate theinterpretation ofthe 13C-chemical
shifts of protein-bound flavins the free prosthetic group was
also studied. Since FMN is only soluble in highly polar
solventstherelevantpublished results [15,16]oniV(3)-methyl2',3',4',5'-tetraacetylriboflavin (MeAc4rF) in chloroform are
also given for comparison. These latter results are important
for a reasonable interpretation of the results obtained on
fiavoproteins, i.e.toevaluate theinfluence ofthe environment
and of possible interaction(s) of the prosthetic group with
the apoflavoprotein on the chemical shifts.
The 13C chemical shifts of FMN and MeAdrF in the
oxidized state are summarized in Table 1. The results show
that, except for C-4a, the resonances of FMN in aqueous
solution appear at lower field than the corresponding resonances of MeAc4rF in chloroform. The largest downfield
shift is observed for C-2 in FMN amounting to 2.9ppm as
compared tothecorrespondingCatomofMeAc4rFinchloroform. The difference in chemical shifts in the two molecules
is caused mainly by the larger polarization of the carbonyl
functions of the flavin molecule in aqueous than in apolar
solvents (cf. Scheme, structure Ivsla). This is in particular
valid for C-2 which is strongly conjugated via C-8—C-6—
N-5—C-lOa in polar solvents [3,8]. This conclusion is supported independently by recent coherent anti-Stokes Raman
scattering spectra [17],and by recent NMR data [16] where
wehaveshown that thechemical shifts inflavinare correlated
to the calculated rc-electron density distribution in the mole-

Table 1. 13 C chemical shifts of variousselectively enrichedfree andprotein-bound flavins
Chemical shifts were measured relative to tetramethylsilane. AS = difference in chemical shifts between the oxidized and the (neutral) reduced
state; negative values indicate a downfield shift
Compound

Solvent

Oxidation
state

Chemical shift of carbon atoms
C-2
6

C-4a

C-4
AS

S

AS

S

C-lOa
AS

S

AS

ppm
C 2 HC1 3

MeAc4rF

oxidized

155.9

161.4

MeAc 4 rFH 2

C 2 HC1 3

reduced

150.6

FMN

pH 7.5

oxidized

158.8

pH 5.0"

reduced

151.1

FMNFT

pH 9.0 b

reduced

157.6

M. elsdenii flavodoxin

pH7.0

oxidized

159.4

A. vinelandii flavodoxin

pH7.8d

reduced

156.5

pH8.0

oxidized

159.3

pH 8.0

reduced

144.0
34.I e

5.3C

-3.8e

101.1

157.3

155.0

135.4

162.6
7.7

153.1
32.3

-1.1

103.1

154.9

154.2

135.3

161.7
6.8

158.1

7.2

102.4

157.3

1.2

151.2
32.8

5.3

2.9

12.1
137.1

135.2

162.6
1.2C

149.2
30.8

105.2

157.0

7.7
FMNH 2

136.0
4.4

5.3

154.8
33.1

-0.1

102.2

154.9

154.9

a

Neutral form.
Anionic form.
c
Difference in chemical shifts between the oxidized and the anionic, reduced species.
a
Independent of pH in the range of 7.0—8.5.

b

Table 2. Direct iiC-^iC coupling constants in free and protein-hound
[4,4a,10a-nCiJflavins in the oxidized and reduced state
The accuracy of coupling constants is + 0.2 Hz for the free flavins and
+ 0.4 Hz for the protein-bound flavin. N(3)-Methyl-2',3',4',5'-tetraacetylriboflavin was measured in C 2 HCl3, FMN and M. elsdenii flavodoxin in phosphate buffer, pH 7.5

H 2 C.
NH

H3C
la

Ö

Redox state

Compound

Coupling constants
•Az4-C4a

HoC
NH

HoC

Hz

-H©

0

Scheme
Scheme. Formulae of FMN flj, FMNH2 III) and FMNH~ (UI). R = ribityl 5'-phosphate. In jV(3)-methyl-2',3',4',5'-tetraacetylriboflavin (MeAc 4 rF), R = ribityl 2',3',4',5'-tetraacetate and the H on N-3 is replaced
byCH3

cule. Hence, the downfield shift of the resonances of C-2
and C-4 in FMN, as compared to those in MeAc4rF, can
be explained by a decreased shielding of these atoms. As a
consequence of the partial positive charge on C-2 and C-4
the carbon atom in meta position should shift downfield
due to mesomeric effects. This is indeed observed for the
resonanceofC-lOainFMN. Theupfield shift oftheresonance
of C-4a in FMN iscaused mainly by the electric field induced
by the partial positive charge on C-4 located in orthoposition
to C-4a. A similar, but smaller effect originating from C-2
contributes also to the upfield shift of C-4a para to C-2.
The explanations offered above are supported by the 13C-13C
coupling constants (Table 2).Published data strongly suggest
that one-band 13C coupling constants are approximately

^C4a-CI0a

Oxidized

MeAc4rF
FMN
M. elsdenii flavodoxin

76.5
75.4
76.5

53.3
55.9
58.8

Reduced

MeAc 4 rFH 2
FMNH 2 (pH 5.0)a
F M N H " (pH 8.0)b
M. elsdenii flavodoxinb

79.2
88.0
74.2
70.6

84.5
93.0
74.2
79.4

" Neutral species, the given coupling constants were calculated from
the pH dependence between 5.5—8.5.
b
Anionic species.

correlated to the .î-character of the orbitals making up the
bond [18]. It should, however, be noted that these coupling
constants could be influenced considerably by neighbouring
polar atoms. Nevertheless, it seems a reasonable approximation [18] to estimate the hybridisation state of the binding
orbitals by the following equation [19]:
J = 7.3

100

17Hz

(1)
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A.vinelandii
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FMN
MeAc4rF

l
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i
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Fig.1. Correlation diagram of "C NMR chemical shifts of UI'3J-methyl2',3' ,4\5'-tetraacetyiriboflavin, FMN, M. elsdeniiandA. vinelandii flavoproteins in the oxidized and reduced slate

where J is the experimentally determined 13C-13C coupling
constant and s the percentage .s-character of the orbitals in
question. Since the equation can only be solved when we
assume that si equals .v2, the calculated values always contain the contributions from two atoms, e.g. C-4a and C-lOa,
which should be kept in mind. Therefore, no calculated
values are presented to avoid the impression that values calculated from Eqn(l) possess a quantitative rather than a
qualitative meaning. Nevertheless, the qualitative content of
such valuesisvery useful todisclosethegeneral trends needed
to support or reject a certain interpretation of the chemical
shifts. A comparison of the coupling constants of MeAc4rF
and FMN (Table 2) shows that the values of the coupling
of the C-4—C-4a bond vary much less than those of the
C-4a—C-lOa bond. The small decrease in the coupling constant of the C-4-C-4a bond in FMN, as compared to that
in MeAc4rF, indicates that the chemical shifts of the carbon
atoms making up the bond and especially that of C-4a is
probably more influenced by inductive effects rather than by
the re-electron density, supporting the interpretation given
above. On the other hand, the increased coupling constant
of the C-4a-C-10a bond in FMN, as compared to that in
MeAc4rF, strongly indicates that the net positive charge of
theC-lOa atom isenhanced bytheinductive effect. This again
supports the interpretation given above. For conveniance the
chemical shifts are presented asacorrelation diagram (Fig.1).
The difference in chemical shifts and coupling constants
between FMN and MeAc4rF indicates that hydrogen bridge
formation between FMN and water clearly influences the
charge distribution in the molecule.
Binding FMN to the apoprotein from Megasphaera elsdenii leads to a further downfield shift of the resonances of
C-2 and C-lOa as compared to those of free FMN (Table 1).
The relatively large downfield shift of the resonance of C-lOa
indicates a further decrease of the re-electron density at this
position as compared to that in free FMN. The increase of
the coupling constant of the C-4a-C-10a bond in proteinbound FMN argues that the inductive effect is larger than
that in free FMN (Table 2). There-electrondensity decrease
on C-lOa is most probably due to hydrogen bond formation
between an amino acid residue of the apoprotein and C-2a
of FMN. This interpretation is in agreement with the ob-
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served downfield shift of C-2 of the protein-bound FMN and
is supported further by model studies. Since the formation
of a hydrogen bond to N-l or C-2a can be considered as an
intermediate stage in a proton-transfer reaction, flavins
alkylated ('protonated') at N-l or C-2a should reveal at least
the qualitative trends of the chemical shifts expected upon
hydrogen-bond formation to the atoms under consideration
in protein-bound FMN. Published data show that alkylation
at thetwositesinquestion influences thechemical shifts ofthe
carbon atoms of the pyrimidine subnucleus of theflavinvery
differently [20]. As compared to neutral flavin, alkylation
of C-2a leads to a downfield shift of the resonance signal
due to C-2 and a (small) upfield shift of the resonances due
to C-4a and C-lOa. Both alkylation [20] and protonation
[21] at N-l, on the other hand, shift all four 13C resonance
signals of the pyrimidine subnucleus upfield, the chemical
shift differences with the neutral flavin being much more
pronounced than in thecase ofC-2a alkylation. These results
strongly suggest that hydrogen-bond formation inM.elsdenii
flavodoxin occurs at C-2a and not at N-l. Hydrogen bond
formation to N-l should lead to an upfield shift of C-2,
C-lOa and C-4a as compared to MeAc4rF or FMN, which
is not observed. The results (Table 1) indicate further that
thehydrogen-bond formation ismorefavoured inthe proteinbound than in free FMN in aqueous solution. The chemical
shifts of C-4 and C-4a of protein-bound FMN are almost
identical with the corresponding chemical shifts of free FMN
indicating that both molecules possess very similar re-electron
densities around the centers C-4 and C-4a and that in both
molecules weak hydrogen bonding exists with C-4a.
In flavodoxin from Azotobacler vinelandiithe chemical
shift of C-lOa of the prosthetic group is shifted downfield
by 3.6 ppm ascompared to that of free FMN (Table 1).With
respect to flavodoxin from M. elsdeniian additional downfieldshift by 1.7 ppm isobserved. Besides the relative insensitivityofthechemicalshift ofC-4a towardssolvent and binding
interactions of the molecule, the chemical shifts of C-2 and
C-4 in A. vinelandii flavodoxin appear now at higher field
as compared to those in M. elsdenii flavodoxin. Moreover
the chemical shift of C-4 is more similar to that of MeAc4rF
than to that of free FMN. The increased line width of the
resonance lines in the spectrum of A. vinelandiiflavodoxin
and the decreased sensitivity prevented the determination of
thecouplingconstants.Thisdoesnot,however,jeopardizethe
interpretation of the results since no drastic change of the
charge distribution is expected upon binding of FMN to A.
vinelandiiapoflavodoxin as compared to that in M.elsdenii
flavodoxin.Nevertheless,thesimilarity ofthechemicalshift of
C-4 in MeAc4rF and protein-bound FMN indicates that the
environment of both compounds at C-4 isvery similar, i.e. a
rather hydrophobic environment around C-4 in A. vinelandii
flavodoxin in contrast to M.elsdeniiflavodoxin(Fig.1). The
similarity of thechemical shift ofC-2 inboth proteins suggest
very similar interactions with the apoprotein at this center.
One observation needs further attention. The resonance
due to C-lOa shifts gradually downfield in going from
MeAc4rF to A. vinelandiiflavodoxin(Fig.1). This downfield
shift is only paralleled by a small upfield shift of the corresponding chemical shift of C-4a (Fig.1). The large downfield shift of C-lOa can probably not be explained solely by
hydrogen-bond formation to C-2a. On the other hand, the
downfield shift argues against a hydrogen bond to N-l which
would showanoppositeeffect onthechemical shifts ofC-lOa.
Therefore the downfield shift may contain some contribution caused by the N-10 atom and its side chain. Binding of

160

Fig.2. The pH-dependence of the U C chemical shifts of reduced [2-liCJFMN and [4,10a-uC2]FMN in a mixture of H2OI2HO (9:1, by vol.).
The triangles and circles represent the experimental points, the curve
was calculated using pK„6.72, Aöc-2 = 6.5 ppm and zlc5c-ioa = 11.0
ppm. Shifts were measured relative to tetramethylsilane

FMN to apoflavodoxin influences the conformation of the
N-10 side chain which is 'locked'. The fixed conformation
of the side chain could then influence the configuation of
the N-10 atom which in turn could cause a further electron
density decrease at C-lOa.
Studies onReducedFlavins
Two-electron reduction of MeAc4rFor FMN (cf. Scheme,
structures IIand III) leads to an upfield shift ofall resonances
when the neutral forms of the two compounds are compared
(Table 1). In both compounds the largest upfield shift is observed for C-4a. The pH dependence of the chemical shifts of
FMNH2 is shown in Fig.2. The experimental points could
be fitted by a standard procedure [22] using the following
parameters: pA^a = 6.72, Aôc-2 = 6.5 ppm (difference in
chemical shift between neutral and anionic form), Aôc-ioa
= 11.0ppm and z1tJc-4a=1.3 ppm. The chemical shift of C-4
is independent of pH. It should be noted that the values for
the neutral form of FMNH 2 in Table 1and 2 are computed
valuesbecause itwasnot possibletodetermine experimentally
thechemical shifts at pH values lower than 5.5 because of the
formation of a very small amount of flavosemiquinone broadening the resonance lines. The pKavalue of 6.72 is in good
agreement with that determined by visible absorption spectroscopy [23].Thefact that thechemicalshifts ofC-2andC-lOa
are affected most when going from FMNH 2 to FMNH" indicates that the negative charge in the anionic form is rather
strongly localized on N-l (cf. Scheme, II ^ III). This issupported by the fact that the chemical shift of C-4a is rather
insensitive to pH changes.The negative charge on N-l results
in a downfield shift of the resonance of the neighbouring
carbon atoms. The negative charge should also lead to an
upfield shift of the resonance of C-4a (mesomeric affect)
which is probably somewhat counteracted by the electric
field of the negative charge resulting in an apparent small
upfield shift. Another counteracting effect (i.e. an electron
density increase) could also originate from the conformation
of the reduced flavin (coplanar vs bent structure).
Comparing the AS values between MeAc4rFH2 and
FMNH2, some pronounced differences between the two
compounds become obvious (Table 1). The chemical shifts
of C-lOa and C-2 are at lower field in FMNH 2 than in

MeAc4rFH2. The C-lOa resonance of FMNH 2 is much more
downfield shifted than that of C-2. The chemical shift of
C-4a in FMNH 2 is shifted upfield whereas that of C-4 is
almost unaffected in going from an apolar aprotic solvent
to an aqueous solution. These differences indicate a conformational difference between the two molecules which, at
a first glance, could be related to the difference in solvation
of the two molecules. Although the downfield shift of the
resonance of C-2 could indicate a hydrogen bond with the
oxygen atom of thecarbonyl function, the coupling constants
(Table 2) should be helpful in revealing the structural differences. The coupling constants of MeAc4.rFH2 and FMNH2
increase upon reduction (Table 2). In both cases the coupling
constant between C-4a—C-lOa increase much more than that
between C-4—C-4a. In addition the increase in coupling
constants is much larger in FMNH 2 than in MeAc4.rFH2.
The large increase of the coupling constant of the C-4a—
C-lOa bond is in accord with the chemical structure of reduced flavin, i.e. double-bond formation between the two
centers in the reduced state. The additional increase of about
9Hzinboth coupling constants in FMNH 2 ascompared with
those in MeAc4.rFH2 indicates an increase of the .v-character
of the orbitals making up the bonds between C-4—C-4a—
C-lOa in FMNH 2 . This decrease in n-electron density in
FMNH 2 as compared to MeAc4rFH2 manifests itself most
clearly in the chemical shift of C-lOa which resonates about
7ppm at lower field than that in MeAc4rFH2. This suggests
that FMNH 2 possesses a much more planar structure than
MeAc4rFH2, i.e. the probability of 71-electron délocalisation
over the whole molecule is higher in FMNH 2 than in
MeAc4rFH2. Independent support for this suggestion comes
from visible absorption spectra [24]. It has been shown that
the molar absorption coefficient at a wavelength of 450nm
is correlated with the planarity of the reduced flavin molecule.Thepublished resultsclearly demonstrate that the molar
absorption coefficient of MeAc4rFH2 is much smaller (0.89
mrVT1 cm - 1 ) than that of FMNH 2 (1.39 mM~' cm" 1 ) [24],
in accord with our interpretation. Since the molar absorption
coefficients of MeAc4rFH2 in aqueous [24] and in an apolar
aprotic solvent [25] are identical it must be concluded that
the structural difference between MeAc4rFH2 and FMNH2
is caused by the difference in solvation of the two molecules.
Ionization of FMNH 2 drastically influences the carboncarbon coupling constants (Table 2).Both coupling constants
are now identical but smaller than those in FMNH 2 . The
decrease must be ascribed to two effects. First, the negative
charge on N-l leads to a decrease of the coupling constant
where C-lOa is involved. A similar effect has been observed
with,forexample,aminoacidsupon ionization ofthecarboxyl
group [26,27]. Second, it is known [24] that FMNFP is less
planar than FMNH 2 owing to the negative charge in the
pyrimidine subnucleus of isoalloxazine leading to a decreased
derealization of the electrons.
It was not possible to determine the chemical shifts of
MeAc4rFH~ in CHCI3 but from published light absorption
spectra [24]itcan beconcluded that the structural differences
observed between FMNH 2 and MeAc4rFH2 no longer exist
for the two anionic species.
Comparing the chemical shift differences between FMN
and FMNH~ with those of the corresponding values of the
flavoproteins (Table 1), it is observed that these differences
are of about the same magnitude. On the other hand, the
chemical shift differences between FMN and FMNH 2 are
much larger as far as the C-2 and C-lOa atoms are concerned (Fig.1). From this it must be concluded that the
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prosthetic groups in the two flavoproteins are in the anionic
form in the reduced state. This conclusion is in agreement
with Potentiometrie studies where it was shown that both
flavodoxins exhibitapH-independent redoxpotential between
the semiquinone and the dihydro state whereas the redox
potential between the oxidized and the semiquinone state is
pH-dependent [28,29].
There are some remarkable differences between a few of
the chemical shifts of FMNH" and protein-bound FMNH~.
These differences are manifested especially in the chemical
shifts of C-2 and C-lOu (I-ig. 1). The chemical shift of C-2
gradually increases in going from M. elsdenii flavodoxin to
FMNH" and A. vinelandii flavodoxin. These shifts to lower
fieldare almost paralleled by a similar trend of the chemical
shifts of C-lOa. The corresponding chemical shifts of C-4a
showan opposite trend. Thissuggeststhat thenegativecharge
of FMNH" in M. elsdenii flavodoxin is somewhat more
counteracted by specific interaction(s) of an amino acid
residue(s) of the apoprotein with the N-l—C-2a region of
the prosthetic group than that in A. vinelandiiflavodoxin.
Apositivelychargedgrouporaneutralgroupcapableof forming a hydrogen bond could explain these observations. It is
possible that the chemical shift differences between M.elsdeniiand A. vinelandiiflavodoxincould also reflect a difference of the planarity of the two molecules, i.e. A. vinelandii
is more planar than M. elsdenii flavodoxin. A combination
of both effects is most probable. The direct 13C-13C coupling
constants in M. elsdenii flavodoxin (Table 2) support this
suggestion, i.e. the coupling constant at the C-lOa center
increases as compared to that of FMNH . The decrease of
the coupling constant at the C-4a center indicates an increase
in7t-electrondensityat thiscenterwhich alsobecomes obvious
bythechemical shift of C-4 of the protein-boundflavinwhich
is shifted upfield as compared to that of FMNH".
Flavodoxin from M. elsdenii is structurally very closely
related to Clostridiumflavodoxin[30].The three-dimensional
structure of the latter protein is known [30]. These studies
revealed that the reduced prosthetic group in Clostridium
flavodoxinpossessesan almost coplanar structure.Our results
strongly indicate that M. elsdeniiflavodoxinpossesses in the
reduced state also a prosthetic group with a high coplanarity.
This conclusion has already been drawn from fluorescence
studies [25] and is supported by the molar absorption coefficientofthereduced moleculeat450 nm.Themolar absorption
coefficient (1.7 mM" 1 cm" 1 ) [25] is larger than that of
FMNH 2 (1.39 mM ' cm"') [24]. For the reduced form of
A. vinelandii flavodoxin no molar absorption coefficient has
been published because it is very difficult to reduce the protein quantitatively. However, from published spectra (Fig.3
of [31]) we have estimated the molar absorption coefficient
of this protein. A value of 1.6 mM" 1 cm" 1 was calculated
as a lower limit. This value indicates that the two-electron
reduced prosthetic group in A. vinelandii flavodoxin also has
an almost coplanar structure. This statement is an accord
with our nuclear magnetic resonance data.
The flavodoxins are electron-transferring protein shuttling between the semiquinone and reduced state during the
biological reaction [30]. They are characterized by their low
redox potentials ascompared tootherclassesof flavoproteins.
The NMR data presented in this paper lead to the conclusion
that the high reducing power of the flavodoxins is primarily
due to the coplanar conformation of the reduced, ionized
prosthetic group. In free FMNH" thecoplanar conformation
is energetically not favoured and stabilization of FMNH" is
achieved by folding the molecule. In flavodoxins the inter-

action between theprosthetic group and amino acid residue(s)
of the apoprotein forces the prosthetic group to acquire a
coplanar conformation leading to an energy-rich complex.
The degree of coplanarity of the protein-bound prosthetic
group, enforced on it by specific interactions with the apoprotein, thus determines the reducing power of a particular
flavodoxin. The differences in the chemical shifts observed
in the reduced form of M. elsdenii and A. vinelandiireflect
most probably subtle differences in the Conformation and
interaction of the prosthetic group with the apoproteins. The
differences should also reflect the reactivity of the reduced
flavodoxins by molecular oxygen. It has indeed been found
[30]that the reduced M. elsdeniiflavodoxinexhibits a higher
reactivity towards molecular oxygen than reduced freeflavin.
In concluding it follows from our study that the use of
13
C-enriched prosthetic groups in flavoproteins allows valuable information on the factors determining the specific biological function of a certain flavoprotein to be obtained.
With other projects currently under investigation we hope
to communicate in the near future more information with
respect to the factors determining the specific biological
function of flavoprotein.
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Received 29October 1981

1. Introduction
Nuclear magnetic resonance (NMR) spectroscopy
hasbeen applied to flavoproteins in only afew cases.
The technique wasmainly used asa supporting analytical tool in the elucidation of the structure of low
Mrflavins (review [1]).NMRwasapplied to the apoflavodoxin from Clostridium pasteurianum [2] ina
presentation of ageneral method for the computation of *H NMRspectra. Aninteresting study was
conducted in [3,4] preparinguniformly deuteriumlabelled flavodoxin from the thermophilic blue-green
algaSynechococcus lividusbybiological synthesis.
Replacement of the deuterated FMNby the natural
prostheticgroupallowedaneasystudyoftheproteinbound FMNwithout interference from the overwhelming proton resonances due to the protein.In
[5] the flavodoxin fromM. elsdenii and that from
ClostridiumMPwasinvestigated at 220 MHz.Afew
resonances were assigned tentatively.Desulfovibrio
vulgaris andD.gigas flavodoxins were investigated at
100and 250MHzin [6,7].Data on the interaction
between riboflavin and eggyolk apoprotein appeared
in [8].
The flavodoxins serveaselectron carriers inbiologicalreactions.ThelowMrand the formation of the
relatively stable flavosemiquinone make the flavodoxins suitable for NMRstudies.Wehave undertaken
such studiesto contribute to abetter understanding
of the factors governing the interaction between apoflavoproteins and their prosthetic groups and to
elucidate the active sitesof the proteins.Here, 'H
NMR data are reported onM. elsdenii flavodoxin.
The protein hasbeen studied in the oxidized, the
one-electron (semiquinone) and the two-electron
(hydroquinone)reducedstate.Theseresultscombined

40

with those obtained from the apoprotein madeit
possible to assign some resonance linesto amino acid
residueswhich are part of or inthe vicinity of the
active site of the flavodoxin. It isalso shown that
some of the assignments in [5] are incorrect.
2. Materialsandmethods
Deuterium oxide (99.9 atom%)waspurchased
from Merck AG(Darmstadt).Solutions of flavodoxin
were prepared by dissolving the dry powder in phosphate buffer prepared from deuterium oxide.The
solution wasthen lyophilized and the residueredissolved in deuterium oxide.Thisprocedure was
repeated at least 3timesto ensure complete exchange
of the exchangeable protonsin the protein. Protein
was2 - 4 mM.The concentration of the proteinwas
determined usingthe published molar extinction
coefficient [9].
Megasphaera elsdeniiflavodoxin wasisolated and
purified asin [9].The apoprotein was prepared
according to [10]. Two-electron reduction of the
flavodoxinwasachievedbya2-fold excessof buffered
sodium dithionite.Whenthe semiquinone form of
the protein wasrequired the 2-electron reduced solution wasreoxidized by careful admission ofmolecular oxygen.The final solutions werekept under
argon to prevent oxidation to the flavoquinone state.
Prosthetic groups selectively deuterated at positions C(9)or C(8a)were prepared asin [11],
The NMRspectra were obtained on aBruker HX
360 spectrometer operating at 360MHz,equipped
with Fourier transform and aNIC-12 data system.
The spectra were accumulated under the following
instrumental conditions: spectral width 4800 Hz,
accumulations 1000,pulse width 5/is(90°C);4000

PublishedbyElsevier/North-HollandBiomedicalPress
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data points were collected in the time domain and
transferred to 8000 data points inthe frequency
domain. Before Fourier transformation the spectral
data were treated by the so-called sin-bell routine
[12] or the convolution difference technique [13].
The chemical shifts are reported relative to the internalstandard 2,2-dimethyl-2-silapentane-sulfonate
(DSS).Thetemperature ofthe sampleswas30°C.
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3. Resultsanddiscussion
The *H NMRspectra ofM. elsdeniiflavodoxin are
shownin fig.l. Spectrum Aisidentical with that in
[5] except for the better resolution of the spectrum
and additional resonances not observed in [5].The
resolution of the conventional spectrum (spectrum A)
wasimprovedbytheconvolutiondifference technique

PPM(«)

Fig.l. 360MHz'H FTNMRspectra of a2mMsolution ofM elsdeniiflavodoxin in0.1M phosphate,p2H 6.8: (A)conventional
spectrum;(B)obtained bytreatment of the original data (A)by the convolution difference technique [14]. Theoriginal spectrum
wasobtained under thefollowing instrumental settings: 1000scans,0.8 sacquisition time,7juspulsewidth,4800Hz spectral
width, 1.17Hz/point.Thehigher resolution ofthehighfieldpeaks(C)wasachieved by the application of the sin-bell technique
[12];(D)double resonancespectrum,irradiation at 1.1 ppm.For thepeak numbers seetable 1.
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(spectrum B) [13]. Remarkably well-resolved are the
peaksoccurring in the region upfield from the internalstandard DSS.The resolution of these peakscan
be further enhanced by the sin-bell technique [12] as
shownin the inset of the figure (spectrum C).The
peaksupfield from DSSarise from methyl groupsof
amino acid residues of the protein. Such upfield
shifts generally occur when protons arein the diamagnetic,secondaryfield regionsproducedbyringcurrent
effects of aromatic compounds.Appreciable upfield
shifts can also be caused by electric fields of ionized
groupsor by permanent dipoles,e.g., anisotropic
shieldingby peptide bonds [2,14].
The high field peaksnumbered 1—4 represent
7 methyl groups(table 1).Except for the high field
peak of cluster 2,which isatriplet, allpeaks are
doublets (spectrum C).Irradiation at 1.1 ppmtransforms the peaks 1and 3into singlets (spectrum D).
In these double resonance experiments both peaks
exhibited the same dependence onboth the irradiation frequency and power used.Thisstrongly indicates that both methyl groupsbelong to one and the
sameamino acid residue.Thisleavesvaline and
leucine asthe only possible candidates. Considering
the fact that the proton which coupleswith the 2
methyl groups resonates at 1.1ppm weprefer to
assign the 2methyl groups to leucine.For avaline
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residue the upfield shift of the CHgroup in question
would amount to ~1.1 ppm with respect to the corresponding chemical shift of free valine [2].For
leucine the corresponding upfield shift is~0.6 ppm.
The peaks 1,3and 4a are absent in the spectrum of
the apoprotein (not shown).Thisstrongly indicates
thatthecorresponding aminoacidresiduesarelocated
withinadistanceof~1nmfrom theprostheticgroup.
According to the model in [5] Met-57,Ala-56and
Leu-62 arewithin this distance (0.6 nm) from the
flavin.Since no singlet wasobserved at high field,
peak4aisassigned to Ala-56and peak 1and 3 to
Leu-62.Themagneticnon-equivalence ofthe2methyl
groups of Leu-62 suggests that the methyl groupsare
not free to rotate.It issuggested that the methyl
group of Leu-62 which resonates at higherfieldis
under the influence of the ring current of the flavin
whereas that at lower field isunder the influence of
Trp-7.Thisinterpretation issupported by spectra
obtained from the semiquinone flavodoxin. In these
spectra peak 4aiscompletely absent, peak 1 loses
most of itsintensity,whereas peak 3still shows
considerable intensity. In going from the oxidized to
the semiquinone state aloss of intensity rather than
a broadening of the resonance Unesisobserved,which
indicates that the rate of electron exchange between
the 2 states isslow.Thisisin full agreement with

Table 1
Assignments and patterns of some resonances in the 'H NMR spectrum of
M. elsdinii flavodoxin
Peak
no. a

Resonance
position" (ppm)

Assignment

Pattern 0

1
3
4a
5
6
7
8
9
10
11
12
13
14
15
16
17

-0.72
-0.28
-0.07
2.32
2.36
3.14
3.32
5.47
6.32
6.67
6.68
6.72
7.00
7.07
7.52
7.77

Leu-62,6-CH3
Leu-62,Ô-CH3
Ala-56,0-CH3
FMN,CH 3 -C(7)
FMN,CH 3 -C(8)
Trp-(96,100),/3-CH2
Trp-91,0-CH 2
Trp-91,H-C(5,6)
Trp-91,H-C(4,7)
Tyr-6,HC(3,5)
FMN, H-C(9)
Trp-91,H-C(2)
Tyr-6,H-C(2,6)
Trp-(96,100),H-C(5,6)
Trp-(96,100),H-C(4,7)
Trp-(96,100),H-C(2)

d,/=6Hz
d,y=6Hz
d,7=6Hz
s
s
d
d
(m)
(d)
(d)
s
(s)
(d)
(m)
(d)
(s)

a
c
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See fig.l ; b relative to internal DSS
s, singlet;d, doublet; m, multiplet; (apparent patterns)
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results obtained from the sameprotein by 31PNMR
[15].These data also suggest that the methyl group
of Ala-56(peak 4a) islocated closer to the prosthetic
group than that of Leu-62 (peak 1).This interpretation isinexcellent agreement with the model in [5]
but our assignments arein complete contrast with
those [5] where peak 3wasassigned to Ala-56 and
peak 1to Met-57.Clearly,the doublet character of
peak 1and peak 3disprove these assignments.The
other high field methyl resonances,which are shifted
upfield by the ring currents of aromatic amino acid
residues of the protein,have not yet been identified,
but are currently under investigation.
In the spectrum of the reduced protein the resonances 1,3and 4a are again present assharp peaksin
contrasttothat fortheflavosemiquinone.Inaddition,
peaks 1and 4a undergo asmall downfield shift upon
two-electron reduction of the flavodoxin. The small
downfield shifts indicate that the ring current effect
of the isoalloxazine ringsystem on the 2 methyl
resonances issomewhat attentuated, probably caused
by aslight bending of the reduced FMN.This interpretation issupported by three-dimensional data on
the related Clostridial flavodoxin [16] and 13CNMR
data onM elsdenii [17].In addition,the small downfield shift of peak 1 in the spectrum of the reduced
protein supports our interpretation with respect to
one of the methyl groups of Leu-62,although it cannot be excluded that the downfield shift isdue to a
small conformational change in the binding region of
the prosthetic group.
The peaks 5and 6(table 1) each represent 3protons in adifference spectrum between the oxidized
minusthesemiquinonestateofM.elsdeniiflavodoxin,
i.e.,these resonances are absent in the spectrum of
the semiquinone form. In the reduced state the 2
methyl groupsbecome magnetically equivalent and
appear at higher fields (table 1).The fact that these
two resonances are not present in the spectrum of the
semiquinoneandthatpeak6isabsentinthe spectrum
oftheoxidized protein,whereFMNhadbeenreplaced
by C2H3C(8)-FMN,leadsto the conclusion that the
peaks 5and 6are due to the two methyl groupsof
the prosthetic group.The assignment isfurther supported by the observation that the intensity of the
resonance line at 2.08 ppm (table 1)in the difference
spectrum (semiquinone minus reduced) was decreased
byafactor of2whenFMNwasreplacedbyC2H3C(8)FMN.Ascompared to free FMNthe methyl groups
of protein-bound FMNresonate at lower fields
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(—0.4ppm)in the oxidized flavodoxin whereasin the
reduced state the methyl resonances appear at almost
the same field. With respect to oxidized flavodoxin a
similar downfield shift wasobserved for the methyl
groups of FMNin oxidized S. lividusflavodoxin [4].
Peak 12can be assigned to H-C(9) of proteinbound FMNbased on the fact that this peak isabsent
in the spectrum of flavodoxin reconstituted with
2
H-C(9)-FMN.Comparedtofree FMNthe correspondingresonance Unein flavodoxin isshifted upfield by
0.7 ppm.In the spectrum of the reduced protein the
resonance line of H-C(9) could not be identified with
certainty due to overlap with other resonances.The
chemical shift of peak 12(6.68 ppm) agreeswell
with that of 6.7 ppm in the spectrum ofS.lividus [4]
whichwasalso assigned to H-C(9) of bound FMN.
The proposed interaction between protein-bound
FMNand atyrosine and/or tryptophane residue(s)
inS. lividus [4] to explain the upfield shift may also
be valid forM. elsdeniiflavodoxin, but further experiments areneeded to support this proposal.
The peaks 9,10 and 13and 15-17 are due to 2
tryptophan residues ashasbeen shown independently
by the photo-CIDNP(chemically-induced dynamic
nuclear polarization) NMRtechnique [18].The peaks
9,10 and 13are not observable in the spectrum of the
semiquinone,whereas the peaks 15—17are still
present in this spectrum. From this observation and
the fact that the peaks 9,10 and 13are shifted upfield
by~1.5ppmascomparedtothoseoffree tryptophan
it can be concluded that thistryptophan residue isin
the vicinity of the prosthetic group.The pattern of
the peaks wasdetermined by the pulsemethod developed in [19] (table 1).According to in [5] Trp-91is
located within afew tenths of 1nm from the prosthetic group.From the X-ray data of the related
flavodoxin from ClostridiumMPit isknown that the
distance between the prosthetic group and Trp-90
is0.34 nm [16]. Therefore it isreasonable to propose
that the peaks9,10 and 13are due to Trp-91. The
upfield shift of ~1.5 ppm observed for Trp-91 cannot be explained solely by the interaction with the
isoalloxazine ring system because acrude calculation
by the method in [20] yields anupfield shift of 0.5
ppm.Itmusttherefore beconcludedthatother effects
play amore important role,e.g., effects of other
aromatic amino acid residues or charged groupsin
the vicinity.Peak 8represents thej3-CH2group of
Trp-91. The polypeptide chain ofM. elsdeniiflavodoxin contains tryptophan residues at positions 7,91,
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96 and 100 [21].Accordingto [5] Trp-7islocated
within adistance from the prosthetic group for which
line broadening in the spectrum of the semiquinone
isexpected,however thiswasnot observed.Therefore, the peaks 15—17must be assigned to either Trp96 or Trp-100. The corresponding(3-CH2 group
resonates at 3.14 ppm (peak 7).The assignment of
peak 10to Trp-91 isin agreement with [5] but disagreeswith respect to the assignment of peak 15
(Trp-96 or Trp-100 in place of Trp-91).
Megasphaeraelsdeniiflavodoxin contains2tyrosine
residues (Tyr-6,Tyr-89) [21].Tyr-89islocated in the
FMNbinding region of the protein.The resonance
linesat 6.67 ppm (peak 11)and at 7.00 ppm (peak
14)are assigned to Tyr-6 (on the surface of the protein)based on the fact that its chemical shifts correspond with those of free tyrosine.The assignment of
the peaks 11and 14wasascertained independently
by the photo-CIDNPtechnique [18].
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CHAPTER 4
Photochemically Induced Dynamic Nuclear Polarization Study on Flavin
Adenine Dinucleotide and Flavoproteins^
Cees G. van Schagen, Franz Müller,* and Robert Kaptein

ABSTRACT:

Flavin adeninedinucleotide and some flavoproteins
ranging inrelativemolecular massfrom 15000to 100000were
investigated bythe photochemically induced dynamic nuclear
polarization (photo-CIDNP) technique. At neutral pHvalues,
where FAD forms a strong intramolecular complex, nophoto-CIDNP signal isobserved. Lowering the pH values of an
aqueous solution of FAD leads to the gradual appearance of
photo-CIDNP signals. The pH dependence of the intensity
of the signal follows that of the fluorescence quantum yield
of FAD,indicating that inboth typesof experiments the same
mechanism is operating. This is an example of where a
photochemically active constituent of a complex is used to
induce polarization in its partner. The flavoproteins investigated did not exhibit a photo-CIDNP signal in the absence
of external free flavin sothat information on aromatic amino
acid residues located in the neighborhood of the bound
prosthetic group could not be obtained. If intermediate bi-

radical complexes are formed in thesecases,they are not able
todissociatewhich ismandatory for theobservation of CIDNP
signals. Addition of free aromatic amino acids to solutions
of flavoproteins yields the corresponding CIDNP signals of
the amino acids upon excitation of protein-bound flavins.
Addition of free flavins to solutions of flavoproteins leads to
the observation of CIDNP signals of aromatic amino acid
residues. Various flavodoxins and other flavoproteins were
investigated by using as an external dye free flavins carrying
different charges. In generalpositivelyand negatively charged
free flavins giverise to CIDNP signals originating from different aromatic amino acid residues. It is shown that the
technique allowsassignments of proton resonances of aromatic
amino acid residues where the sequence and preferably the
three-dimensional structure of flavoproteins are known. This
isdemonstrated with a few flavodoxins from various sources.

At has been shown that free flavins are valuable as dyes in
photo-CIDNP1 experiments (Kaptein et al., 1978;Müller et
al., 1980). The interaction of excited flavin with aromatic
amino acidsand the resulting photo-CIDNP spectra obtained
at 360 MHz were described recently (Kaptein, 1978;Müller
et al., 1980). The nuclear spin polarization recorded inphoto-CIDNP spectra isinduced inthe following reactions given
here for flavin (F) and tyrosine (TH):

thesmall molecular weight flavin isnot destroyed bylight and
is probably recycled as indicated by eq 4 and 5.
The photo-CIDNP technique has been used to identify
amino acid residues in proteins (Kaptein, 1978), facilitating
the assignment of resonance lines in 'H NMR spectra. Since
the isoalloxazine ring system is part of the prosthetic group
in flavoproteins, it was interesting to test the possibility that
CIDNP spectra could be detected for amino acid residues
located in the neighborhood of protein-bound, photoexcited
flavin. In this study we report on the observation of photoCIDNP spectra of flavoproteins varying inrelative molecular
massfrom 15000to 100000. Forgeneration of photo-CIDNP
spectra, various external small molecular weight flavin derivatives were used in order tostudy the possible influence of
charged groupson the interaction with the polypeptidechains.
In addition FAD was also studied as a function of pH and
solvent polarity. Some preliminary results were published
elsewhere (Müller et al., 1980).

F ^ > 'F — 3 F

(1)

3

F+ TH — FH- +T-

(2)

FH-+T- —F+ TH*

(3)

2FH- — FH 2 + F

(4)

FH 2 + 0 2 — F + H 2 0 2

(5)

After lightexcitation oftheflavin, rapid intersystem crossing
occurs to the reactive triplet state. 3 F abstracts the phenolic
hydrogen atom of TH, yielding a short lived radical pair (eq
2). Upon electron back transfer within the geminate radical
pair, the tyrosine isnuclear spin polarized (TH*). This latter
species leadstotheobservation of emission or absorption lines
in the photo-CIDNP spectra. For more detailed information
with respect to the reaction mechanism and an explanation
for theobservation of a particular photo-CIDNP spectrum for
biologically relevant compounds, the reader is referred to
published data (Kaptein, 1971,1977). Duringthe experiments
*From theDepartment of Biochemistry, Agricultural University,De
Dreijen 11,6703BCWageningen,TheNetherlands (C.G.v.S.andF.M.),
and theDepartment ofPhysical Chemistry,State UniversityofGroningen, Nijenborgh 16, 9747 AG Groningen, The Netherlands (R.K.).
ReceivedJuly 1,1981. This work wassupported in part by the Netherlands Foundation for Chemical Research (SON) with financial aid
from the Netherlands Organization for the Advancement of Pure Research (ZWO). Thisworkwaspresented inpart atthe6th International
Symposium on Flavins and Flavoproteins, Kobe, Japan, March 1978.

Materials and Methods
The following flavin derivatives were used as external dyes
and were synthesized according to published procedures:
A^-methyllumiflavin and A^-carboxymethyllumiflavin (Hemmerich, 1964) and 7V3-(ethylamino)lumiflavin (Vass, 1966).
FAD wasa product of Boehringer, Mannheim, Germany, and
was used without further purification.
The flavoproteins were isolated and purified as described
in the literature: old yellow enzyme from brewer's bottom
yeast (Abramowitz & Massey, 1976), riboflavin-binding
protein from egg yolks (Murthy et al., 1979), and D-amino
acid oxidase from pig kidneys (Massey et al., 1961). The
1
Abbreviations: photo-CIDNP, photochemically induced dynamic
nuclearpolarization;DSS,4,4-dimethyl-4-silapentane-l-sulfonate; NMR,
nuclear magnetic resonance;FAD,flavin adeninedinucleotide;Me2SO
(DMSO in figures), dimethyl sulfoxide; Lfl, lumiflavin; EDTA, ethylenediaminetetraacetic acid.

Reprinted from Biochemistry, 1982,21,402.
Copyright © 1982by the American Chemical Society and reprinted bypermission ofthe copyright owner.
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Table I: Relative Photo-CIDNP Signal Intensity of C(6) H and
C(8) CH 3 of the Isoalloxazine and C(8) H of the Adenine Moiety
of FAD as a Function of the pH°

DMSO

HD0

rel photo-CIDNP signal intensity of

pH

C(6)H

C(8)CH3

C(8)H

1.3
1.6
2.1
3.3
5.7

0.4
0.6
1.6
0.9
0

0.4
1.3
1.8
1.2
0

1.9
2.7
5.0
3.2
0

° The intensities are given as ratios of the intensities of the signals obtained with and without illumination of the FAD solutions.

\8 A2 Fe F9

-„ j A n V a - ^ W ^ ^

B **0^y^"*'''V»flHW'H«mw<«N^^

8

flavodoxin from Megasphaera elsdenii wasisolated according
to the procedure of Mayhew & Massey (1969). The flavodoxins from Azotobacter vinelandii, Desulfovibrio vulgaris,
and Clostridium MP were a gift from Dr. S. G. Mayhew.
Oxynitrilase and glucoseoxidasewereproducts of Boehringer,
Mannheim, Germany.
CIDNP spectra were recorded on a Bruker HX 360 NMR
instrument operating at 360 MHz. The instrumental setup
wasdescribed earlier (Kaptein etal., 1978). The experimental
conditions wereasfollows: 0.4-s light pulsesand ±10-W laser
light intensity; a delay of 7 s was used between the various
90° pulses. Ascompared tothepublished conditions (Kaptein
etal., 1978),nopresaturation pulsebut a higher light intensity
was used. Alternating "light" and "dark" free induction decays were collected and stored in the NIC-294 disk. After
Fourier transformation, they weresubtracted toyield the pure
CIDNP difference spectrum. This procedure minimizes the
effect of slowdrift or temperature variations while permitting
time averaging for improvement of the signal-to-noise ratio.
To obtain the CIDNP spectra, 40-80 accumulations were
necessary. The total volumeina flat-bottom 5-mm NMR tube
was0.2 mL. Theproteinconcentration wasabout 1 mM. The
final concentration of externally added flavin wasusually also
1 mM. When external amino acids were added in place of
small molecular weight flavins, the protein concentration was
about 0.5 mM. The samples of flavoproteins with a small
relative molecular mass were lyophilized several times in the
presenceof 2 H 2 0; all other flavoproteins weredialyzed several
times against a buffer solution prepared in 2 H 2 0 (99.95 atom
%, Merck, Darmstadt, Germany). The chemical shifts are
reported in parts per million relative to internal DSS.
Results and Discussion
Flavin Adenine Dinucleotide. We have shown previously
(Kaptein et al., 1979) that CIDNP can be observed in the
photoreaction of flavin with adenosine 5'-phosphate. In contrast, FAD in which the isoalloxazine and adenine moieties
are covalently attached does not show a CIDNP signal in
aqueous solution at neutral pH. However, a decrease of the
pH leads to the gradual appearance of a CIDNP signal. At
about pH 2.1,the signal is maximal and decreases again at
lower pH values (Table I). The CIDNP spectrum exhibits
absorption peaksduetotheC(6) H and C(8) H ofthe adenine
moiety and an emission lineduetoC(6) H of the isoalloxazine
moiety of FAD. In addition a strong positivepolarization due
toCH3(8) of the isoalloxazine moiety of FAD isalsoobserved.
Furthermore,aweak positiveenhancement isobserved at about
4.8 ppm. This latter line is probably due to the N(10) CH 2
group of FAD. Addition of about an equalvolumeof Me2SO
to a neutral aqueous solution of FAD yields an identical
spectrum (Figure 1) as obtained in aqueous solution at pH
values ä; 2.1. The emission line observed at about 2.1 ppm
of the CIDNP spectrum of FAD (Figure 1) is probably due
46

*V_

6

*/>if'

IV«*vA»w4*''^

M ^/^»HiwtWvvy^sW

4

2

0

PPMIS)

FIGURE1: 360-MHz'H FTNMRspectra(25pulses)of3 mMFAD
inamixtureof2 H 2 0andMe2SO(3:2v/v). (A)Darkspectrum; (B)
difference spectrumbetweenlightanddarkspectra. Resonancelines
labeled Aand Frefer to the adenine and flavin moieties of FAD,
respectively.
to a photochemical product of FAD and has not been investigated further.
From fluorescence studies it is known that FAD forms a
strong intramolecular complex in neutral aqueous solution
(Wahl et al., 1974). Thiscomplex can bedisrupted by either
lowering the pH or adding an organic solvent to an aqueous
solution of FAD (Tsibris et al., 1965). To observe a CIDNP
signal, it is mandatory that the intermediate radical pair
formed upon excitation can separate to distances where the
exchange interaction between the electron spinsisdiminished.
Thusour resultsprovideindependent evidencefor theexistence
of a strong intramolecular complex in FAD and are in accordance with the fluorometric studies. In the presence of
organicsolventsorat acid pH values,the complex isdisrupted
so that the conditions for the observation of CIDNP signals
is fulfilled. This indicates that the stability of the complex
formed is many orders of magnitude smaller than that in
neutral aqueous solution. The fact that below pH 2.1 the
intensity of the CIDNP signal decreases drastically indicates
that an additional mechanism isoperating. One possible explanation may be the formation of a small amount of flavin
radical cation which is rather stable against oxidation by
molecular oxygen (Müller et al., 1981). The protonation
reaction of the neutral flavin radical yielding thecation shows
a pATa of 2.3 (Land & Swallow, 1969). The drastic decrease
of signal intensity below pH valuesof about 2is,however, not
caused by the generation of stable radicals since the width of
the NMR lines is unaffected. The pH dependence of the
fluorescence of all flavin compounds shows a drastic decrease
of the quantum yield below pH values of about 2.0 (Tsibris
et al., 1965). The explanation for this observation is that
increasing concentrations of protons in solution lead toa very
efficient radiationless deactivation of the excited singlet state
of flavin. This very efficient process affects the intersystem
crossing reaction sothat the yield of flavin in the triplet state
(precursor of the spin polarization reaction) decreases very
rapidlywith increasinghydrogen ionconcentration. Thecurves
of the pH dependence of the photo-CIDNP signal and
fluorescence quantum yieldsof FAD coincide,indicating that
in both types of experiments the same initial mechanism is
operating. The generation of CIDNP signals upon light excitation of FAD isan example of where flavin as a part of a
molecule is used to induce polarization within the molecule
via the excited isoalloxazine moiety.
Flavoproteins. A similar, if not identical, situation can be
envisaged in a flavoprotein with respect to bound flavin as
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described above for FAD. In principle, the excited isoalloxazine moiety of the prosthetic group could induce polarizationonneighboring amino acids. However, no flavoproteins
studied so far have shown any CIDNP signals. This observationcan beexplained from the fact that the prosthetic group
and neighboring amino acid residues in flavoproteins are not
free to associate or dissociate in the same manner as the
corresponding free constituents in an aqueous solution. One
oftherequirements toobserveCIDNP signalsisthe formation
and dissociation of the intermediate radical pair (cf. above).
This latter reaction has to occur within the time scale of the
polarization process, i.e., ~ 108s-1,which for obvious reasons
is not possible in flavoproteins because the constituents are
limited in their rotations and translations. It is known that
flavoproteins can be reduced photochemically by electron
donors,e.g., EDTA (Palmer & Massey, 1966). This reaction
occurs via the triplet state of flavin (Visser et al., 1977),
showing that the CIDNP active state can still be reached in
flavoproteins. So that the proposal could be tested, further
experiments wereconducted inwhich the free aminoacidsTyr
and Trp were added to solutions of flavoproteins. Upon excitation of the protein-bound flavin, CIDNP signals of the
corresponding free amino acids were easily detected. The
results further indicate that the active centers, i.e., the
prostheticgroup,of theflavoproteins investigated inthis paper
are accessible to small molecular weight organic compounds.
The conditions used to excite the prosthetic group of flavoproteins did not lead to measurable destruction of the proteins, except for old yellow enzyme. This enzyme underwent
an irreversible photoreaction, yielding a faint purple product.
It issuggested that a cysteinyl residue is placed close to the
prosthetic group which reacts with the excited flavin in an
irreversible reaction.
Addition of external flavin tosolutions of flavoproteins led
to the generation of CIDNP signals of amino acid residues
upon excitation of the flavin. Even with flavoproteins possessinga relatively high molecular mass,CIDNP signalscould
be observed despite the apparent large line width. For compensation for the light absorbed by the flavoprotein itself, the
external flavin was added in about equimolar amounts with
respect to bound flavin. The results are summarized in Table
II and discussed below.
Flavodoxins. Flavodoxins are electron-transferring proteins
possessing a relatively small molecular mass. This property
makes them suitable for a NMR study. Such a study is
currently under investigation (C. G. van Schagen and F.
Müller, unpublished results). The flavodoxins contain a
relatively small number ofaromatic aminoacids. Despite the
fact that the flavodoxin from M. elsdenii contains only two
tyrosines, four tryptophans, and four phenylalanines, the
conventional NMR spectrum is still rather complex in the
aromatic region, making assignment tedious (van Schagen &
Müller, 1977). The photo-CIDNP technique should bevery
helpful in unraveling the 'H NMR spectrum of M. elsdenii
flavodoxin (Figure 2A). When the negatively charged lumiflavin derivative was used as an external dye, absorptions
were observed in the aromatic region of the photo-CIDNP
spectrum (Figure 2B). Sincethe protein contains no histidine
residues, the absorptions must originate from tryptophan
residues. An interesting observation isthe fact that depending
on the concentration of externally added flavin, one or two
tryptophan residues wereobservable in the CIDNP spectrum.
Thus when a concentration of external dye which was lower
than that of the flavodoxin was used, only one tryptophan
residue could be observed (result not shown). The CIDNP
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Table II: 'H Chemical Shifts of Amino Acid Residues Observed
in Various Flavoproteins by the Photo-CIDNP Technique
chemical
shift
flavoprotein
M. elsdenii
flavodoxin
( M r 1 5 000)

M. elsdenii
apoflavodoxin

Clostridium MP
flavodoxin
(Af r 15 800)
Desulfovibrio
vulgaris
flavodoxin
(M r 16 300)
Azotobacter
vinelandii
flavodoxin
(Mt 19900)
glucose oxidase
(Mt 186000)
old yellow enzyme
(Mz 98000)
D-amino acid
oxidase
(Mr 80000)

oxynitrilase
(MT 75 000)
ribo flavin-binding
protein
(M"r36 000)

(ppm)°

amino acid
residue

7.77
7.52
7.07
3.32
7.77
7.32
7.07
6.72
6.32
5.47
3.32
7.32
7.07
6.67
6.32
5.47
3.14
3.32
7.65
7.33
6.90
3.30
7.59
7.22
3.51
3.37
7.59
7.21
6.81
3.13
6.8
7.16
6.94
6.72
3.14
7.56
7.42
7.00
3.20
8.0
7.2
6.9
6.9

Trp-100
Trp-100
Trp-100
Trp-(J3-CH2)
Trp-100
Trp-100
Trp-100
Trp-91
Trp-91
Trp-91
Trp-(/3-CH2)
Trp-96
Trp-96
Tyr-6
Trp-91
Trp-91
Trp-96 ((3-CH2)
Trp-91 (0-CH2)
Trp
Trp
Tyr
Trp-(/3-CH2)
Trp
Trp
Trp (0-CH,)
Trp (0-CH2)
Trp-6 or -95
Trp-6 or -95
Tyr-88(-106?)
Trp-0>CH 2 )
Tyr-5 (-106?)
Trp-60
Trp-60
Tyr-98
Trp-60 (/3-CH2)
Trp
Trp
Tyr
Trp-(0-CH2)
His
His (Trp?)
Tyr
Tyr

7.93
7.82
7.03
6.79
8.0
7.9
7.04
6.79
3.08
6.8

His
His
Tyr
Tyr
His
His
Tyr
Tyr
Tyr-((3-CH2)
Tyr

7.90
7.80
7.15
6.90

His
His
Trp d
Tyr

dye
Lfl-CH 2 COCr b

Lfl-CH 2 COCr c

Lfl-CH2CH2NH3+

Lfl-CH3 or
Lfl-CH2COO"
Lfl-CH2CH2NH3+

Lfl-CH2CH2NH3+

Lfl-CH2CH2COCr
Lfl-CH2CH2COO"

Lfl-CH3

Lfl-CH3
Lfl-CH3
Lfl-CH2CH2NH3+

Lfl-CH2COCr

Lfl-CH3
Lfl-CH3 or
Lfl-CH2COCT

a
Relative to internal DSS. b Concentration of dye was lower
than that of the protein. c Concentration of dye was equal or
higher than that of the protein. d The /3-CH2 group could not be
observed.

spectrum consisted of three absorption and oneemission lines
(Figure 2B,peaks numbered 1). Increasing the concentration
of external dye produced another set of three lines (set 2 in
Figure 2B) absorbing at higherfieldsthan thoseof set 1. The
absorption lines of set 1exhibit chemical shift values closely
related to those of free tryptophan whereas the lines of set 2
appear about 1.5 ppm toward higher field compared to those
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FIGURE2: 360-MHz'H FTNMR spectraof 1 mMflavodoxin from

M.elsdeniiin0.1Msodiumphosphate,p2H 7.1. (A) Conventional
spectrum. Photo-CIDNP spectra obtained in the presence of the
negatively (B) and thepositively (C) charged flavin asanexternal
dye.
of free tryptophan. Moreover the width of the resonance lines
of set 1is smaller than that of the resonance lines of set 2.
Thissuggeststhat themobilitiesof thetwotryptophan residues
in question are different. It is tempting to suggest that set
1 isdue to a tryptophan residue located on the surface of the
protein and that theother setisduetoa somewhat moreburied
tryptophan residue. This suggestion would explain the different widths of the resonance lines of the two tryptophan
residues and the concentration dependence of the spectrum.
This suggestion is supported by conventional 'H NMR experiments where it could be shown that the resonances of set
2 belong toa tryptophan residue located in the neighborhood
of the prosthetic group (paramagnetic broadening in the
spectrum of the semiquinone form) (C.G. van Schagen & F.
Müller, unpublished results). James et al. (1973) assigned
in a similar way the proton chemical shifts at 6.32 and 7.07
ppm in the NMR spectrum of M. elsdenii to Trp-91. As far
as the chemical shift at 6.32 ppm isconcerned, the results of
James et al. (1973) are in agreement with our data and interpretation. With regard to the value of 7.07 ppm, it must
be concluded from our data that this resonance is due to a
tryptophan residueother than Trp-91. Thepolypeptide chain
of M. elsdenii contains tryptophan residues at positions 7,91,
96, and 100 (Tanaka et al., 1973). As already mentioned
above,theresonancelinesat lowerfield(set 1,Figure 2B) are
not broadened in the spectrum of flavodoxin flavosemiquinone
(C. G. van Schagen and F. Müller, unpublished results).
According to the structure proposed by James et al. (1973)
for M. elsdenii flavodoxin, Trp-7 is located within a distance
of 10 Â from the isoalloxazine ring of FMN, which should
lead tobroadening of the corresponding resonance lines in the
spectrum of the semiquinone. Therefore, the low-field tryptophan resonances must beassigned toeither Trp-96 or Trp48
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100 in M. elsdenii flavodoxin (see also below). The strong
emission line at about 3.5 ppm in the spectrum of Figure 2B
is due to the /3-CH2 group of the tryptophan residues. In
addition to the resonance linesof tryptophan residues also an
absorption line at about 4.5 ppm is observed in Figure 2B,
which could be due to the N(10) CH 2 group of FMN, since
no CIDNP signals are expected in this spectral region from
aromatic amino acid residues (Müller et al., 1980). However,
thislatter linewasnot alwaysobserved intheCIDNP spectra,
and its origin is therefore unclear.
Using a positively charged dye instead of the negatively
charged onegavethe CIDNP spectrum shown in Figure 2C.
Besidestheabsorption linesduetotryptophan residues (Figure
2B), the spectrum contains additional lines at 6.67 ppm and
at about 3.2 ppm. It should benoted that the intensity of the
peaks is less than those in Figure 2B leading to the apparent
loss of some peaks of the two tryptophan residues. The additional emission lineat 6.67 ppm in Figure 2Coriginates from
one of the twotyrosine residues (numbers 6 and 89) present
inM. elsdeniiflavodoxin (Tanaka et al., 1973). The resonance
positionsof thetyrosine residuearealmost identical with those
of free tyrosine (Table II). This indicates that this tyrosine
residue is positioned at the surface of the protein and is,
therefore, assigned toTyr-6. The fact that thetyrosine residue
is not observed in the photo-CIDNP spectrum when the
negatively charged dye is used suggests the presence of negatively charged amino acid residue(s) in the neighborhood of
the tyrosine residue. The sequence ofM.elsdenii flavodoxin
(Tanaka et al., 1973)showsa glutamic acid residueinposition
3. The residues between the glutamic acid and tyrosine residues are isoleucine and valine. It is most likely that the
tyrosineand glutamicacid residuesareexposedtobulk solvent
whereas the other tworesidues are lessexposed tothe solvent.
Thiscould offer an explanation for the fact that the negatively
chargeddyecannot interact withthetyrosineresidue(repulsion
due tothe negative charge carried by glutamic acid residue).
Tyr-89 is located close to the prosthetic group and can be
expected that its chemical shifts would differ from those of
free tyrosine. Therefore it ismost likelythat theCIDNP signal
belongs toTyr-6. The emission lineat about 2ppm in Figure
2C is,by analogy with the corresponding peak in Figure IB,
due to a photochemical product of the dye.
Although the chemical shifts of the low-field peaks of
tryptophan shown in parts Band Cof Figure 2are apparently
identical, it is possible that these are due to different tryptophan residues,i.e.,numbers 96and 100. The sequence shows
(Tanaka et al., 1973) that Trp-96 has twonegatively charged
neighbors, namely,Glu-95 and Asp-98,whereasTrp-100 has
positively charged neighbors, i.e., Lys-101 and Arg-103.
Therefore it is reasonable to propose that the low-field resonancesobserved inthepresenceofthenegatively charged dye
are due toTrp-100 and those observed in the presence of the
positively charged dye are due to Trp-96.
It would be interesting to obtain CIDNP spectra of M.
elsdenii flavodoxin in the presence of a neutral dyeto support
the interpretation given above;i.e., Tyr-6 should be observed
in such a spectrum. An attempt toobtain such spectra in the
presence of A^-methyllumiflavin failed, owing tothe limited
solubility of this dyein aqueous solution. The poorer quality
of the spectrum of Figure 2C as compared to that of Figure
2Bisa consequence of the limited solubility of the particular
dye used.
The three-dimensional structure of Clostridium MP flavodoxin isavailable at 1.9-Â resolution (Burnett et al., 1974).
In contrast to the related flavodoxin from M. elsdenii, the
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CIDNP spectrum of Clostridium MP flavodoxin consistsof
onlyoneemission lineinthepresenceofthenegatively charged
dye(Table II). Thisemission lineappears toward higher fields
compared to that of free tyrosine, which can be taken as an
indication that this residue is under the influence of ringcurrent effects from an aromaticcompound, e.g., the prosthetic
groupoftheprotein. Inspection ofthesequenceof Clostridium
MP flavodoxin revealsthat tyrosine residuesoccur at positions
5,88,and 106(Tanaka et al., 1974). According to the X-ray
structure (Burnettetal., 1974),Tyr-5islocated within a radius
of 10Â from theprostheticgroup,explaining thesmall upfield
shift of the observed resonances as compared to those of free
tyrosine. Furthermore,a positivelycharged aminoacid residue
(Lys-2) islocated closeto Tyr-5. This fact could explain the
observation that notyrosine signal isobserved in the CIDNP
spectrum when the positively charged dye isused (Table II).
According to the X-ray structure, Tyr-88 is within 10Â of
the prosthetic group of Clostridium MP flavodoxin and isin
contact with bulk water. Because of its easy accessibility,
Tyr-88isagoodcandidatefor theobserved signal,butTyr-106
cannot be excluded with certainty as the source of the signal.
The positively charged dyeleads tothe generation of CIDNP signals due to tryptophan and tyrosine residues of Clostridium flavodoxin (Table II). If the suggested correlation
between the observation of a CIDNP signal of a particular
amino acid residue and the charges of the neighboring amino
acid residues is correct, then the tyrosine residues observed
in the two sets of experiments might be due to two different
tyrosine residues in the sequence. The two resonance lines
observed inthe CIDNP spectrum (Table II) must be assigned
toeither Trp-6 or Trp-95 sinceTrp-90 resonates at 6.39 and
5.95 ppm (James et al., 1973). The final assignment must
await further NMR experiments included in our future program.
The CIDNP spectrum of D. vulgaris flavodoxin exhibits
resonances of one tryptophan and one tyrosine residue. The
sequence of the protein (Dubourdieu & Fox, 1977) contains
twotryptophan residues,i.e.,Trp-60and Trp-140. Trp-60 and
Tyr-98 are located in the isoalloxazine binding pocket of the
protein (Watenpaugh et al., 1973). Favaudon et al. (1980)
assigned theresonance at 6.82 ppm in the 'H NMR spectrum
of D. vulgaris to Tyr-98 and a resonance line at 7.12 ppm,
observed in the two-electron reduced protein, to Trp-60. The
chemical shifts observed in the CIDNP spectrum (Table II)
are in good agreement with the values reported by Favaudon
et al. (1980), and the upfield shift of the resonance as compared tothe corresponding free amino acids suggests that the
corresponding amino acid residues are located in the vicinity
of the prosthetic group.
The CIDNP spectrum of A. vinelandii shows resonances
due to tryptophan and tyrosine residues (Table II). The sequence of the protein contains five tyrosine and three tryptophan residues (Tanaka et al., 1977). No other structural
data to aid assignment are available. Nevertheless, the resonancesobserved are identical with thoseof the corresponding
free amino acids,indicating that they probably do not belong
toamino residues constituting the activecenter of the protein.
The conventional 'H NMR spectrum of M. elsdenii apoflavodoxin differs from that of the holoprotein at high and low
fields(Figure 3Avs.Figure 2A). It is,therefore, interesting
to apply the photo-CIDNP technique to the apoflavodoxin.
The CIDNP spectrum obtained inthepresenceof the neutral
dyeispresented in Figure 3Band showstwoabsorption peaks
due to tryptophan residues and two emission lines at about 7
and 3.5 ppm. The resonance line at about 7 ppm belongs to
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FIGURE 3: 360-MHz 'H FT NMR spectra of 1mM M. elsdenii
apoflavodoxin in0.1 Msodiumphosphate,p2H7.1. (A)Conventional
spectrum. Photo-CIDNP spectra obtained in the presence of the
neutral (B) and inthe presence of the positively charged dye(C).
a tyrosine residue. In the presence of the negatively charged
dye,an identical CIDNP spectrum was obtained, whereas in
the presence of the positively charged dye, a spectrum was
observed exclusively due to tryptophan residues (Figure 3C
and Table II). The absence of the high-field peaks of tryptophan (cf. Figure 2B, set 2) in the spectrum of the apoflavodoxin gives independent support to the assignment of the
high-field peaks in the spectrum of the holoprotein to Trp-91.
It is very difficult to assign the lines in the CIDNP spectra
oftheapoflavodoxin sincethepositively and negatively charged
dyes discriminate differently between the tyrosine residues in
the holo- and apoproteins. This isprobably a consequenceof
conformational changes occurring in the flavin binding site
upon preparation of the apoprotein. Nevertheless, the differences observed between the spectrum of Figure 3Band that
of Figure 3C suggest that the dyes interact with different
tryptophan residues. Theobserved chemical shifts support this
suggestion (Table II). Moreover, the low-field peak (7.65
ppm) in Figure 3Bisrather broad, whereas the peakat higher
field(7.33 ppm) israther sharp in comparison. This situation
is reversed in Figure 3C. The fact that two tryptophan
emission peaksareobserved in Figure 3C,incontrast to Figure
3B, is strong evidence for this proposal.
OtherFlavoproteins. With increasing molecular weight the
linewidth ina conventional 'H NMR spectrum alsoincreases,
leading to unresolved spectra. The "envelope"thus obtained
does, however, contain sharp lines from amino acid residues
possessing large internal freedom. It seemed of interest to
explorethepossibility for observing such sharp linesin proteins
of molecular weights between 50000 and 100000. It was
expected that the photo-CIDNP difference technique should
make it possible to observe such lines. As demonstrated in
Figure 4for D-amino acid oxidase, this is indeed the case. It
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FIGURE 4: 360-MHz 'H FTNMR spectra of 1 mMD-aminoacid
oxidasein0.1Msodiumphosphate,p2H7.2. Difference spectra(light
and dark) obtained in the presence of the negatively (A) and the
positively (B) charged flavin asan external dye.

should be noted that the signal-to-noise ratio isless favorable
than that for the smaller flavoproteins.
The signals observed in the CIDNP spectra of the various
flavoproteins are collected in Table II. It isseen that various
amino acid residues can indeed be observed in large flavoproteins. Although the resonance linescannot beassigned yet,
this information may be helpful in further studies of flavoproteins. Especially the easeofobtaining CIDNP spectra and
the relatively low protein concentrations needed make this
technique a valuable tool for chemical protein modification
studies. Theobservation that differently charged dyes (cf. also
Figure4)can lead toCIDNP signalsoriginating from different
amino acid residues should make it possible to study the topography of proteins. Furthermore, it should be possible to
investigateany influence ofchemical modification of particular
amino acids on the structure of the protein and to identify
possibleessential and nonessential amino acid residues. Such
studies performed in the presence and absence of substrates
or inhibitors maycontribute totheunraveling of protein active
centers.
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SUMMARY
ThesubjectofthisthesisistheapplicationofhighresolutionNMRtechniquestostudythestructureoffreeandprotein-bound flavins.Themainpart
ofthethesisdealswithlowmolecularweightflavoproteins,especiallywith
theflavodoxinsfromM.elsdenii andA.vinelandii.Themodel studiesservedas
abasisfortheinterpretationofthecorrespondingresultsobtainedwithflavoproteins.
Chapter2describesthe

13
CNMRpropertiesofthetwo-electronreduced

freeflavinsinapolarsolvents.Itwasfoundthatacorrelationexistsbetween
thecalculated andobserved

13
Cchemical shifts.Thiscorrelationrelatesthe

13
Cchemical shiftstothe-rr-electrondensity inagivenmolecule.Thisempirical
observationallowstodrawacautiousconclusionwithrespecttotheperturbationofthe-rr-electrondensity uponbindingofflavintoaparticularapoflavoprotein (seeChapter 3). Reductionoftheoxidized flavinbytwoelectronsleads
toanupfield shiftoftheresonancesduetoC(8),C(6),C(4a)andC(10a).The
resonancemostaffected byreduction isthatduetoC(4a)(upfieldshiftof
^35ppm).Fromthetwoelectronsaddedtooxidized flavin80%isaccomodatedin
thepteridinesubringwhereas theresidual 20%isdistributedoverthebenzene
moietyoftheflavinmolecule.Theresultsfurthersupporttheviewthatflavin
isabentmoleculeinthereducedstate.
Selectively enriched

13
Cflavinsandprostheticgroups,freeandboundto

apoflavoproteins,werealsostudied (Chapter 2). Itisshownthatthechemical
shiftsduetoC(2),C(6),C(8)andC(10a)intheoxidized freemoleculeare
strongly influenced bythepolarity ofthesolvent.Thisobservation isascribed
topolarizationofthemolecule inaqueoussolutions.Thisinterpretationis
13
supported bytheobserved direct (one-bond) Ccoupling constantsmeasuredin
polarandapolarsolvents.Similarly itcouldbeshownthattheconformationof
reduced flavindependsalsoonthepolarityofthesolvent,i.e.themoleculeis
lessbentinpolarthaninanapolarsolvent.Comparisonofthe

Cchemical

13

shiftsoffree withthoseofflavinbound toM.elsdenii andA.vinelandiiapoflavodoxinsrevealed thatintheoxidized formofthetwoflavoproteinsthefla-
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vin forms ahydrogen bond with anamino acid residue of theapoprotein.Theinteractionwith the apoprotein occurs via the 0(2a)atom of flavin.This interpretation is in accord with theobserved chemical shift due to C(10a). Incontrasttothe 0(2a)atom,the 0(4a)atom inM.elsdenii flavodoxin shows aweak
interactionwith the apoprotein whereas the same atom inA.vinelandii flavodoxin
seems tobe placed inarather hydrophobic environment. Inthe reduced state both
flavodoxins possess amore planar structure than free flavin inaqueous solution.
Inaddition these flavodoxins are in theanionic state in the pH range 5.5 to8.5.
Free flavin,on the other hand,shows an ionization constant of6.7. The facts
thatthe protein-bound flavin is negatively charged,possesses an almost planar
structure stabilized by specific interactions with the apoprotein and therelativelyapolarenvironment of the active center indicate that these elements form
the basis for the strong reductive power offlavodoxins.
Inchapter 4a HNMR study onM.elsdenii flavodoxin isdescribed.The HNMR
spectrum shows somewell resolved resonances at high field (upfield from theinternal standard). These resonances are due tomethyl groups being under theinfluence of ring current effects.Someof these resonance lines could be assigned.
Itfollows from oxidation-reduction experiments that the resonances at -0.72,
-0.28and -0.07 ppm are due tomethyl groups located in the neighbourhood of the
prosthetic group.The resonance lineat-0.07 ppm is assigned toalanine-57and
the lines at-0.72and -0.28ppm to theS-methyl groups of leucine-62.
Since the latter twomethyl groups aremagnetically non-equivalent itmustbe
concluded thatthe isopropyl moiety of leucine-62 is notfree to rotate around
theCH-CHp bond ofleucine.
The resonance lines of the threemethyl groups are broadened in the radical state
supporting the idea that they are located in the active center of theprotein.
Inthe two-electron reduced state the resonances due to themethyl groups are
slightly downfield shifted indicating attenuation of the ring currenteffect,
probably caused by aslight bending of the isoalloxazinemoiety of the prosthetic
group. Inaddition theresonances due to the C(7)and C(8)methyl groups ofthe
prosthetic group could be assigned in thespectrum. These resonances differ only
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by about0.5 ppm from the position of those of free flavin.Tryptophan-91,a
constituent of the active site of the protein,could be identified in the HNMR
spectrum by acombination of various techniques. From the HNMR study itfollows
that the protein does not undergo agross conformational change upon reduction.
To aid in the assignment of the resonances due to aromatic amino acid residues in the HNMR spectrum of theprotein the photochemically induced dynamic
nuclear polarization (CIDNP)technique was applied to small size flavoproteins
(chapter 5 ) .Itwas found that the protein-bound flavin did notyield any CIDNP
signals. To generate CIDNP signals external free flavins had to be added tosolutions of flavoproteins. An interesting observation is that protein-bound flavin
could act as a sensitizer in the CIDNP reaction when external,free aromatic
amino acids were added to solutions of flavoproteins.This strongly indicated
that the active centers of the flavoproteins tested must be accessible to the
free amino acids. Several amino acid residues in various flavoproteins could be
identified, although the assignment of the aromatic amino acid residues in the
sequence of some flavoproteins could not bemade.
A CIDNP study on free FAD revealed that thismolecule exists as an internal complex at neutral pH.This complex isgradually destroyed in solutions ofdecreasing pH.This result is inagreement with published fluorescence studies.
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SAMENVATTING
Dit proefschrift behandeltdetoepassing vanhoge resolutieNMRbijdestudie
van vrijeneiwit-gebonden flavine.Debestudeerde flavoproteïnenwaren voornamelijkdeflavodoxinen vanM.elsdenii enA.vinelandii.Destudieaandemodelverbindingen dienden terinterpretatie vanderesultaten verkregenmetdeze
twee flavodoxinen.
Hoofdstuk 2beschrijftderesultaten zoalsdiemetdemodelverbindingen
inapolairmilieu verkregen werden.Hetwasmogelijk omuitgaandevandeberekende
TTelektronen dichthedeneengoede correlatie teleggen tussendeberekendeen
degemeten koolstof-13chemische verschuiving.Opgrondvandeze emiprischerelatie tussendewaargenomen chemische verschuiving endeTTelektronen dichtheid
konden conclusies getrokken worden overde -nelektronen dichtheidsverdelingbij
de verschillende modelverbindingen enhetgereduceerde flavine.Nadereductie
tothetvolledig gereduceerd flavine blekendekoolstof atomenopde8,6,4aen
10a plaatsengrotere TTelektronen dichtheid teverkrijgen.Dieopde4apositie
namhetsterkst toe.OpgrondvanhetfeitdatvandeTTelektronendichtheiddie
aandegeoxideerde structuur wordt toegevoegd 80%inde pteridine ringvan
flavine terechtkomt,maggeconcludeerd worden dathetvolledig gereduceerde flavineeengebogen struktuur heeft.
Hoofdstuk 3behandeltderesultatenmetselectief verrijkt flavine.Bovendien wordtheteiwit-gebonden flavine besproken.Depolariteitvanhetoplosmiddel bleekdechemische verschuiving opdecentra2,6,8en10ahet
sterksttebeïnvloeden. Deze chemische verschuiving werd verklaard doorde
polarisatie vanhetmolecuul onder invloed vanhetoplosmiddel.Detoenamevan
13 13
de C- Ckoppelingsconstantenwijzen indezelfde richting.Opgrondvandeze
waarnemingenmaggeconcludeerd wordendatdeconformatievandeflavineafhankelijk isvandepolariteitvanzijn omgeving.
Het protein-gebonden flavineisviawaterstofbruggen gebondenaanhetapoflavodoxinevanzowel hetM.elsdenii alshetA.vinelandii.Debelangrijkste
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isdie tussen de0(2a)van het flavine en een aminozuur van hetapoflavodoxine. Dechemische verschuiving van hetkoolstofatoom op de2positieen
datopde 10a positie tonen ditaan.
Deomgeving van de twee gebonden flavines blijkt sterk teverschillen.
BijhetA.vinelandii flavodoxine bevindt depteridine ring van het flavine
zichgeheel ineen hydrofobe omgeving terwijl in hetM.elsdenii flavodoxine
de0(4a)veel meermetwater incontact staat.Het verschil inchemischeverschuiving tussen de C(4)kernen van de tweeeiwittenwijst indie richting.
Indegereduceerde vorm zijnde flavodoxines indeanionische vorm bijeen
pH van 5,5 -8,5. De ionisatie constante van het vrije flavine is6,7.Bovendien blijkt uitdevergelijkingen van de chemische verschuiving tussen het
vrijegereduceerde anion en hetgebonden anion datde laatste vlakker isdan
hetvrije anion.Dit isook deverklaring voor hetgrote reducerende vermogen
vandeflavodoxines.
Hoofdstuk 4omvat een HNMR studie aan hetM.elsdenii flavodoxine.Opvallend inditspectrum zijn de lijnen die boven de interne standaard liggen.
Deze resonanties behoren toe aan een aantal methylgroepen die door de invloed
van hun omgeving naar hoger veld verschoven zijn.Uitdeoxidatie reductie
experimentenmag geconcludeerd worden datde resonanties op -.72,-.28en
-.07 ppm in debuurt van de flavine liggen.Deeerste twee blijken aande
2methylgroepen van Leu-62 te behoren,dederde resonantie lijn is toegekend aan
Ala-57. Uithetnietequivalent zijn van deze twee resonanties blijktdatde
leucine gehinderd is in zijn rotatiemogelijkheden.
Indevolledig gereduceerde vorm verschuiven de resonanties van demethylgroepen naar laag veld. Ditwordt veroorzaakt door de afname van de ringstroom
indegereduceerde vorm.Deze isookmeer gebogen dan degeoxideerde vorm,
bovendien geladen.Deze effecten dragen ook bijaandegrote verschillen tussen
de resonanties van vrijen hetgebonden flavine,maar kunnen dit nietgeheel
verklaren.De resonanties van Trp-91,een onderdeel van het actieve
centrum, kondenworden toegekend.Uithetspectrummag verder geconcludeerd
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worden datde tertiaire structuur sterk afhankelijk is van de redox
toestand.
Inhoofdstuk 5wordt een techniek behandeld waarbij fluorescentie en
H NMR gecombineerd worden. HetCIDNP ishetgevolg van een reactie tussen
flavine eneen aminozuur nadatdeflavinedooreen lichtpuls aangeslagen is.
Hetwas een interessantewaarneming datheteiwit-gebonden flavinemeteen
vrijaminozuur een CIDNP-signaal geeft.Ditondanks het feitdat hetgebonden
flavine nietfluoresceert.
Via extern flavinewas hetmogelijk om enkele aminozuren in verschillende
flavoproteinen aan te tonen.Deze techniek bleek toepasbaar toteenmolekuulgewicht
van 100.000Dalton.
Een CIDNP studie van hetFAD toontaan datbij neutrale pH hetFAD een
intramoleculaircomplex vormt.Bij lagere pH bestaat ditcomplex nieten zijn
de flavine en de adenine ring vanelkaar verwijderd. Dit isde bevestiging
van desuggestie gebaseerd op defluorescentiestudies.
Vanwege een intramoleculair complex geven deflavoproteinen zonder
externe toevoeging van vrijflavine geenCIDNP-signaal.
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NAWOORD
Nu het gebed tot een end gekomen is,past een dankwoord. Allereerst
aan al diegenen op de afdeling Biochemie die daar zowel de eerste vier jaar
als later een positieve bijdrage aan leverden.Maar natuurlijk ook zij van
deafdeling Moleculaire Fysica die deVarian XL-100 aan de gang hielden,en
aan bijzondere wensen altijd voldeden.
Hetmeten inGroningen was steeds weer een avontuur. Knalde niet een
kwiklamp uit elkaar,dan ging de koeling van de probewel los of viel er
'snachts gewoon een buisje om. Demensen van Fysische Chemie bijwie ik
zoveel 'geleend' heb en die altijd wel een oplossing wisten voor de technische
problemen wil ik hier met ere noemen.
Endanwil ik tenslotte nog een dankwoord richten aanmijn promotor
Franz,zonder jouw inzet enmotivatiewas al ditwerk inde vergetelheid
geraakt.
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