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Stellingen

1. De door Ghisla et al. toegekende piek in het 3¢ xmr spectrum van het
luciferase-gebonden C{4a)-peroxyflavine is niet die van dit intermediair
maar van een verontreiniging in het oplosmiddel.

Chisla, S., Hastings, J.W., Favaudon, V. en Lhoste, J.-M. (1978}
Proc.Natl.Acad.Sci. USA 75, 5860-5863.
Hoofdstuk 6, dit proefschrift.

2. Arbeidstijdverkorting leidt tot verlies aan werkgelegenheid.

3. Genetic engineering is tegenwoordig een “must™.
Een van de belangrijkste motivaties voor het hedrijfsleven is dat de

concurrent actief is op dit onderzoeksgebied.

4. Het is zeer onwaarschijnlijk dat intermediair II in de door para-
hydroxybenzoaat hydroxylase gekatalyseerde reactie een 6-amino-5-oxo-3%,
S5H-uracil molekuul is zoals Schopfer et al. postuleren.

Schopfer, L.M., Wessiak, A. en Massey, V. in Flavins and Flavoproteins
(Bray, R.C., Engel, P.C. en Mayhew, $.G., eds.) Walter de Gruyter,
Berlijn, 1984, pp. 781-784.

5. Het veelvuldig voorkomen van charge-transfer banden in absorptiespectra
in eiwit-gebonden flavine-NAD(P)H complexen is niet in overeenstemming
met de in die eiwitten gepustuleerde hvdride transfer.

Massey, V. {1985) 13th International Congress of Biochemistry,
Amsterdam, pp. 427.

6. De schaalvergroting in de biotechnologie vindt meer plaats cp het gebied

van de toegekende subsidie dan op het gebied van werkelijke innovatie.

7. De conclusie dat molecuunlgewichten van de natieve vorm van biologisch
actieve eiwitten met behulp van CTAB-PAGE bepaald kunnen worden is voor-
barig. Para-hydroxybenzoaat hydroxylase is als monomeer zichtbaar in
plaats van als dimeer,

Aking, D.T., Schapira, R. en Kinkade, J.M. 81985). Anal.Biochem. 145,
170-176.



8.

9.

10,

11,

De conclusie van Juhl et al. dat lage concentraties pentachlocrfencl
schadelijker zijn voor de gezondheid dan hoge concentraties is onjuist.
Uit hun proeven blijkt eerder het omgekeerde.

Juhl, U., White, 1. en Butte, W. {1985). Bull.Environ.Contam.Toxicol.
35, 596-601.

Voor een objectievere berordeling van een ingezonden wetenschappelijk
artikel zou het wenselijk zijn dat de referee niet op de hoogte
gebracht woerdt van de namen van de auteurs.

Een biochemicus die niet kan zuiveren is geen zuivere biochemicus.

Een academische titel is geen garantie voor wetenschappelijke kwali-
teit.

Jacques Vervoort

The interactions between apoflavoproteins and their coenzymes as

studied by nuclear magnetic resonance technigues.

Wageningen, 26 maart 1986
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Chapter 1. Introduction

The term "flavin" relates to yellow pigments (latin: flavus = yellow)
which were First isolated from various biological sources (e.g. eggs,
milk}. About 50 vears ago the yellow colour of these pigments was proven to
be of a tricyclic system, iscalloxazine and the structure was established
as a ribose derivative of isoalloxazine rendering the name riboflavin
(1,2). Riboflavin is being synthesized by all plants and many microorga-
nisms but not by higher animals.

It was also found about 50 years ago that riboflavin is an essential
nutrient of the foed supply for higher animals and hence it was called
Vitamin Bp. A deficiency of the vitamin causes numerous types of diseases
e.g. dermatitis, eye disorders, lesions of mouth and tongue. The riboflavin
molecule functions in metabolism as part of the coenzymes FMN and FAD. In
scheme 1 the most common flavin coenzymes are shown including the inter-
nationally accepted numbering systenm.

The flavin nucleotides function as prosthetic groups of oxidation-
reduction enzymes known as flavoproteins. In most flavoproteins the flavin
coenzymes are tightly but non-covalently bound to the protein. However,
during the last decade more and more flavoproteins were found which contain
a covalently bound flavin molecule (3). The most prominent feature of the
biochemical properties of flavin is its redox properties. Flavins can exist
in three redox states: the oxidized state (flavoguinone), the one-electron
reduced state (flavosemiquinone) and the two-electron reduced state
{flavohydroquinone). The flavoquinone and fiavohydroguinone state are
diamagnetic, the flavosemiquinone state is paramagnetic. The possible
cationic, neutral and anionic farms of each redox state are outlined in
scheme 2. Only five of these possible structures are found in flavoproteins

because the proteins are not stable at pH < 2 or pH > 9.
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Scheme 1

The uniqueness of flavins is that they can undergo both one- and two-
electron redox transitions, a feature not shared by any other redox coen-
zyme, For instance, in electron-transferring flavoproteins the protelin
shuttles between the flavosemiquinone and the flavohydrogquinone state
during catalysis, whereas flavoprotein oxidases shuttle between the flavo-
quinone and flavohydroguinone state avoiding (= destabilizing) the flavose-
miquinone state. The important property in the regulation of the redox
potential of a flaveprotein and also in determining either the one- or two-
electron redox transition, is the specific interaction between the flavin
coenzyme and the apoprotein in the different redox states. If the flavo-
coenzyme is bound more tightly to the reduced than to the oxidized state

then the redox potential of this transition will be more positive than that
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for the free flavin-dihvdroflavin couple. On thé other hand if the flavin
molecule is bound more tightly in the oxidized than in the reduced (or
semiquinone) state then the redox potential will be more negative than that
for the free coenzyme. In the latter case the flavoprotein will be a less
powerful oxidizing agent and a better reducing agent than free flavin. The
differences in redox potential of flavoproteins can amount up to meore than
650 mV.

In general each flavoproteln accepts electrons from a substrate which
is being oxidized and passes these electrons onto ancther substrate, which
ig being reduced. The enhormous diversity which exists among flavoproteins
(up to now more than 100 different flavoproteins have been found) is not

only related to differences in redox potential but also to differences in
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substrate. Nevertheless, many flavopréteins share common features. The most
prominent feature is that flavoproteins are highly reactive towards reduc-
tive oxygen metabolism. This property is used in many different reactions
catalyzed by flaveoproteins. When melecular oxygen is the electron acceptor,
it can be converted to Hy0p (oxidases), or to Hz0 and one oxygen atom
incorporated in the product (hydroxylases, oxidases-decarboxvylases) or both
oxvgen atoms end up in the product {dioxvgenases). When oxygen is not being
used as electron acceptor the flavoproteins are either classified as
dehydrogenases or electron transferring proteins e.g. flavodoxins. It
is also possible to classify the flavoproteins according to the struc-
tural type of organic substrate oxidized. However, the first categori-
zation scheme is favoured by most flavin biochemists. The reader is
referred to Walsh and references therein (4) for more detailed infor-
mation.

Flavoproteins catalyze a large variety of biological reactions.
The guestion how one and the same chemical entity, the lsocalloxazine
ring system, can be involved in so many different reactions is still
not answered sufficiently. It was proposed by Miiller (5) that the
coenzyme is "tuned" by means of a specific hydrogen bonding network to
its actual function in a particular flavoprotein.

Hemmerich and Massey (6) by using this idea talked about a N(1)
and a N(5) block, depending on the mode of action of a given
flavoprotein. However, such a proposal is a very rough one.

Several questions are not answered so far, although attempts have
been made. The most important guestion is how the redox potential is
regulated in flavoproteins. Until recently it was proposed that the
conformation (degree of planarity} of the reduced, protein-bound
prosthetic group is the main factor in the determination of the redox
potential. It has been known for quite a time that free flavins in the
1,5-dihydro state are nonplanar (7). This finding was confirmed by
crystallography. However, the crystal structure of the reduced state
of Clostridium MP flavodoxin revealed an almost planar iscalloxazine
ring system (8). Therefore it was proposed that the low redox poten-
tial in flavodoxins are caused by steric constraints put on to the
reduced isoalloxazine ring system. Recent NMR results showed this

hypothesis to be too simple (9). So the guestion how redox potential
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regulation is brought about was recpened again. Moonen et al. (10)
proposed that charge-charge interactions are probably much more impor-
tant in the regulation of redox potentials in flavoproteins.

The aim of this study was to arrive at a more detailed explanation
with respect to the tuning mechanism of protein-bound flavin. A very
suitable technigue to get a detailed view inte the molecular and sub-
molecular structure of the flavin molecule is nuclear magnetic reso-
nance (NMR) spectroscopy. 13C and 15N NMR chemical shifts can reveal
both m electron density and the presence of specific hydrogen bonds at
the carbon and nitrogen atoms investigated. Unfortunately, natural
abundance 13¢ and 15N NMR spectroscopy is hampered by the fact that
the 13¢ and 15N isotopes have a natural abundance of 1.1% and 0.4%,
respectively. Therefore we used iscalloxazine selectively enriched
with 13¢ and 15N at all carbon and nitrogen atoms of the isoalloxazine
ring. The electronic and conformational structure of the protein-bound
flavin was studied by using these 13C and 15N enriched flavins. After
removal of the natural coenzyme, the apoprotein was reconstituted with
the 13¢ or 15N enriched coenzyme. In this way one obtains a flavopro-
tein, which does not differ in any chemical praperty from the original

_flavoprotein. This approach gives a detailed view of a single atom (of
the isoalloxazine ringsystem) of the flavincoenzyme in the various
redox states. In fact it is even possible to monitor the changes
during catalysis of a particular atem i.e. to measure intermediates
formed (chapter 6).

The 13¢ and 15 N NMR results obtained can be interpreted in terms
of hydrogen bonds, structure, m electron density and mobility.

31p NMR is not hampered by the fact that isotopic enrichment would
be necessary because 31P has an abundance of 100% in nature. 31P NMR
is 4 times more sensitive than 13¢ NMR and even 66 times mare sen-

sitive than 13N NMR for an equal number of nuclei. It is evident that

31p NMR spectra are much easier to obtain than 13¢ or 15N NMR spectra.
3lp NMR studies applied to flavoproteins revealed not only information
on the specific interaction bhetween the apoprotein and the phosphate
group{s) of the flavocoenzyme but alsc, sometimes, the presence of a
covalently bound phosphate residue {(11). A remarkable result of the 31

P NMR studies on Azotobacter vinelandii and Megasphaera elsdenii fla-
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vaodoxin was that the phosphate group of FMN is bound in the dianionic
form with no positively charged amino acids present in the phosphate
binding region (12,13).

A part of this thesis deals with the specific types of interaction
between apoflavodoxins and FMN. Flavodoxins are small .flavoproteins
(15000 D < Mp < 22000 D) which contain one molecule of FMN as prosthe-
tic group. The flavodoxins function as electron carriers Iin low poten-
tial oxidation-reduction reactions {14). The physico-chemical
properties of flavodoxins have been studied extensively (15) and the
crystal structures of the flavodoxins from Clostridium MP (8),

Desulfovibrio vulgaris (16) and Anacystis nidulans (17) are known. The

small size of these proteins and the ease of preparation of stable
apoenzymes make them very suitable for NMR studies.

The interaction between the flavin coenzyme and relatively large
proteins (compared to flavodoxins) has been studied also in this
thesis: One FMN binding protein, luciferase, and two FAD containing
proteins, para-hydroxybenzoate hydroxylase and mercuric reductase. All
three proteins are of bacterial origin.

Luciferase is a protein in light emitting bacteria e.g. from the
Vibrio or Photobacterium species. The in vitro reaction ias a luci-
ferase-catalyzed, oxidation of FMNH- and an aliphatic aldehyde by
molecular oxygen with the concomitant emission of light. No other fla-
voprotein, known nowadays, produces light during a reaction. During
the course of the reaction several intermediates can be observed (18).
The intermediate which received the most attention was claimed to be a
luciferase-bound d4a-hydroperoxide-flavin (19). Ne real proof was
obtained so far, in spite of 13C NMR "evidence" {19). The real 13¢ NMR
evidence will be shown in chapter 6. The literature on bacterial luci-
ferase has received great attention and the field is still growing
also due to applications in immuno-assay techniques. The reader is
referred to a recent review article for more detailed information
(21).

The FAD containing proteins para-hydroxybenzoate hydroxylase and
mercuric reductase are classified as a hydroxylase and a dehvdrogenase,
respectively. Both enzymes are NADPH dependent. Para-hydroxybenzoate

hydroxylase is a well studied protein of which the crystal structure
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in the enzyme-substrate complex in the oxidized state is known at (.25
nm resolution. It catalyzes the hydroxylation of an aromatic compound,
para-hydroxybenzoate, to 3,4-dihydroxybenzoate. Oxygen is also needed
as a substrate. This in contrast to mercuric reductase, which cataly-
zes the reduction of toxic mercuric compounds to the volatile Hg®. No
oxygen is needed for this reaction. The reader is referred to the
literature (22, 23) for more details.

This thesis is just a snap-shot of a rapidly moving object. From
the very fast advencing methods and instrumentation it can be expected
that nuclear magnetic resonance techniques will vield a hetter

understanding of the molecular basis of flavoprotein catalysis.



14

References

. Kuhn, R., Reinemund, K. and Weygand, F. (1934) Ber.Deutsche

Chem.Ges. 67, 1460-1462.

. Rarrer, P., Schopp, K. and Benz, F. (1935} Helv.Chimi.Acta 18,

426-429.

. Miiller, F. (1982) in “Topics in Current Chemistry", (Boschke,

F.L., Ed) Vol. 108, Springer, Berlin, pp T1-107.

4. Walsh, C. (1980) Acc.Chem.Res. 13, 148-155.
5. Miiller, F. (1972) Z.Naturforsch 27b, 1023-1026.

10.

11.

12.

13.

14.

15.

16.

17.

18.
19,

. Hemmerich, P. & Massey, V. (1982) in "Oxidases and Related Redox

systems” (King, Mason and Morrison, eds) Pergamon Press, Oxford,

pp 379-403.

. Dudley, K.H., Ehrenberg, A., Hemmerich, P. and Miiller, F. (1964)

Helv.Chim.Acta 47, 1354-1383.

. Ludwig, M.L., Burnett, R.M., Darling, G.D., Jordan, $.R., Kendall,

D.S. and Smith, W.W. (1976) in: "Flavins and Flavoproteins"
{Singer, T.P., ed) Elsevier, Amsterdam, 393-4204.

. Moonen, C.T.W., Vervoort, J. & Miller, F. (1384) Biochemistry 23,

4868-4872.

Moonen, C.T.W., Vervoort, J. & Miller, F. (1984) in Flavins and
Flavoproteins (Bray, Engel, Mavhew, eds)} Springer Verlag, Berlin
pp 493-496,

Vogel, H.J. (1984} in "Phosphorus- 31 NMR" (Gorenstein, ed)
Academic Press, Inc., Orlando, pp 103-154.

Edmondsen, D.E. & James, T.L. (1979) Proc.Natl.Acad.Sci., USA, 76,
3786-3789.

Moonen, C.T.W. & Miiller, F, (1982} Biochemistry 21, 408-414.
Mayhew, 5.G6. & Ludwig, M.L. (1985) Enzymes, 3rd Ed. 12, 57-118.
Simondson, R.P. and Tollin, G. (1980} Mol.Cell.Biochem. 33, 13-24.
Watenpaugh, K.D., Sieker, 1L.C. and Jensen, L.H. (1973)
Proc.Natl.Acad.Sci. USA, 70, 3857-3860.

Smith, W.W., Pattridge, K.A., Ludwig, M.L., Petschko, G.A.,
Tsernoglou, D., Tanakar, M. & Yasanobu, K.T. (1983) J.Mol.Biol.
185, 737-755.

Ziegler, M.M. & Baldwin, T.0. (1981) Curr.Top.Biocenerg. 12, 65-113.
Becvar, J.E. & Hastings, J.W. (1975) Proc.Natl.Acad.Sci. USA, 72,




20.

21.

2z2.

23.

15

3374-3376.

Ghisla, S., Hastings, J.W., Favoudon, V. and Lhoste, J-M. (1978}
Proc.Natl.Acad.Sci. USA, 75, 5860-5863.

Lee, J. {1985) in: Chemiluminescence and Bioluminescence (Burr,
J.G,, ed) Marcel Dekker, New York, pp 401-437,

Van Berkel, W.J.H., Weyer, W.J., Miiller, F., Jekel, P.A. &
Beintema, J.J. (1984) Eur.J.Biochem. 145, 245-256.

Sahlman, L. (1985) Thesis University of Umea, Sweden.



Eur. J. Biochem. 151, 49— 57 (1985)
© FEBS 1985

Chapter 2.
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Carbon-13 and nitrogen-15 nuclear-magnetic-resonance investigation

on Desulfovibrio vulgaris flavedoxin

Jacques VERVOORT !, Franz MULLER ', Jean LeGALL?2, Adelbert BACHER * and Helmut SEDLMAIER?

! Department of Biochemistry, Agricultural University, Wageningen
2 Department of Biochemistry, University of Georgia, Athens

3 Department of Organic Chemistry and Biochemistry, University of Munich, Garching

(Received February 20, 1985) — EJB 85 0168

Desulfovibrio vulgaris apoflavodoxin has been reconstituted with **N and *>C-enriched riboflavin 5'-phos-

phate. For the first time all carbon atoms of the ispalloxazine ring of the protein-bound prosthetic group have
been investigated. The reconstituted protein was studied in the oxidized and in the two-electron-reduced state.
The results are interpreted in terms of specific interactions between the apoprotein and the prosthetic group, and
the chemical structure of protein-bound FMN.

In the oxidized state weak hydrogen bonds exist between the apoprotein and the N(5), N(3) and O(4z) atoms
of FMN, The N(1) and O(2¢) atoms of FMN form strong hydrogen bonds. The isoalloxazine ring of FMN is
strongly polarized and the N(10} atom shows an increased sp® hybridisation compared to that of free FMN in
aqueous solution. The N(3)-H group is not accessible to bulk solvent, as deduced from the coupling constant of
the N(3)-H group.

In the reduced state the hydrogen bond pattern is similar to that in the oxidized state and in addition a strong
hydrogen bond is observed between the N(5)-H group of FMN and the apoprotein. The reduced prosthetic group
possesses a coplanar structure and is ionized. The N(3)-H and N(5)-H groups are not accessible to solvent
water. Two-clectron reduction of the protein leads to a large electron density increase in the benzene subnucleus

of bound FMN compared to that in free FMN,

The results are discussed in relation to the published crystallographic data on the protein,

Flavoproteins catalyze a large variety of biological reac-
tions. Although many of these enzymes have been studied in
great detail by kinetic and physical techniques, it is still not
understood how, for instance, the redox poteatial of a particu-
lar flavoprotein is regulated by the apoprotein. It has been
suggested that specific hydrogen bonds between the apoflavo-
protein and its prosthetic group [1] and the conformation
(degree of planarity) of the reduced, protein-bound prosthetic
group [2, 3] are the main factors determining the redox poten-
tial of a particular flavoprotein. To unravel the possible
contributions of the two factors mentioned in the regulation
of the redox potential in flavoproteins we have set vp an
NMR study on these proteins using 'H, '3C 5N and 3P
NMR techniques [4—8]. These results combined with recent
NMR studies on free flavins {9, 10] revealed that in general
the protein-bound flavin exhibits a high degree of planarity
in the reduced state. This factor can therefore no longer be
considered a major factor for the regulation of the redox
potential. Instead it was proposed that charge-charge interac-

Correspondence fo F. Miiller, Laboratorium voor Biochemie,
Landbouwhogeschool, De Dreijen 11, NL-6703-BC Wageningen, The
Netherlands

Abbreviations. NMR, ouclear magnetic resonance; FMN, oxi-
dized dhoflavin 5 -phosphate; FMNH™, two-electron-reduced
ionized riboflavin 5-phosphate; AcytF, oxidized tetraacetylribo-
favin; AcstFH,, two-clectron-reduced tetraacetylriboflavin; DEPT,
disioriionless enhancement by polarization transfer; Me,Si,
tetramethylsilane; MeAc,rF, N(3)-methyltetraacetylriboflavin in the
oxidized state; MeAc,sFH,, N(3)-methyltetraacetylriboflavin in the
two-eleciron-reduced state.

tions are probably much more important in the regulation of
redox potentials in flavoproteins [11].

As a continvation of the research outlined above we
decided to study some flavodoxins by NMR techniques in
more detail in order to test the hypothesis in depth.
Flavedoxins are particularly useful proteins for such an
approach because they possess a low molecular mass (15—
20 kDa), exhibit different redox potentials, and are easily
available in large quantities [12]. In this paper we report on
the electronic structure of oxidized and reduced FMN bound
to the apoflavodoxin from Desulfovibrio vulgaris as revealed
by !3C and !*N NMR techniques. In contrast to previous
studies [4, 7, 8], we also used FMN derivatives selectively
enriched with '*C in the benzene subnucleus. In this way it
was possible to investigate all carbon atoms of the iso-
alloxazine ring of FMN in dependence of the redox state. In
addition, the study also allowed us to investigate in more
detail the electronic perturbation of the isoalloxazine moiety
of FMN, as compared to free FMN, upon binding to the
apoflavodoxin. Preliminary results have been published else-
where [13].

MATERIALS AND METHODS

FMN and other flavin derivatives selectively enriched with
13C at positions 2, 4, 4a and 102 were prepared as described
previously [4]. The synthesis of N-enriched flavins has been
described elsewhere (8, 14]. The preparation of flavins
enriched in the benzene subnucleus of flavin will be reported




H3C s. tswl w

|
o
T HBCKIN Y
H
G, H4C N
0

Fig. 1. The structures of oxidized and two-electron-reduced flavin, R is ribityl 5'-phosphate

elsewhere (Bacher and Sedlmaicr, unpublished results). The
enrichment of the isotope was 90 —95 atom%.

Flavodoxin from Desulfovibrio vulgaris, strain Hilden-
borough, was isolated as previously described [15]). The
apoprotein was prepared by the trichloroacetic aeid precipita-
tion method [16]. The reconstitution of the apoflavodoxin
with the '3C or *N-labeled prosthetic group was carried out
in neutral, buffered sclutions at 4°C. Excess of FMN was
removed on a Bio-Gel P6DG column. The protein-FMN com-
plex was then concentrated by means of lyophilization,

Wilmad 10-mm precision NMR tubes were used. The
samples contained 1—35 mM flavodoxin in 100 mM potas-
sium phosphate buffer, pH 6.0—7.5 and 100 mM potassium
pyrophosphate huffer, pH 7.5 —8.5, both in the presence of
10% 2H ;0. The sample volume was 1.6 ml. All measurements
were performed on a Bruker CXP 300 spectrometer operating
at 30.4 MHz for 1N NMR and at 75.6 MHz for 13C NMR
measurements. Broadband decoupling, when applied, of
1.0 W was used for 13C and !*N measurements on the protein
samples. In case of free FMN 2-W broadband decoupling
was used. All spectra were recorded using 30° pulses and a
repetition time of 0.8 —1.3 s,

Distortionless enhancement by polarization transfer
{DEPT) spectra were recorded using the method of DBoddrell
et al. [17), optimized for the A(**N-'H} coupling constants as
reported by Franken et al. [8]. Dioxane (3 pl) served as an
internal standard for '3C NMR measurements. Chemical
shift values are reported relative to MeySi {Sgioxane — Fmeasi
= 67.84 ppm). Neat [!*N]JCH,;NO, was used as an external
reference for "N NMR using a coaxial cylindrical capillary
as recommended by Witanowski et al. [18]. Chemical shift
values are reported relative to liquid NH; at 25°C (dcu,no, —
dns, = 3819 ppm for the magnetic ficld parallel to the
sample tube [18]). Values are reported as true shieldings, i.e.
corrected for bulk volume susceptibilities [18]. The accuracy
of the reported values is about 0.1 ppm for *C NMR and
about 0.3 ppm for '*N NMR chemical shift values. The
temperature of the samples was 26 + 2°C. Reduction of the
samples was conducted by the addition of the desired amount
of a dithionite solution to the anaerobic solution of either
flavodoxin or FMN. Anaerobiosis was achieved by carefully
flushing the solution in the NMR tube with argon for about
15 min, The NMR tube was sealed with a serum cap.

. RESULTS AND DISCUSSION

: Flavodoxins function in nature as electron-transferring

proteins in jow-potential redox reactions. In these reactions
Navodoxins shuttle between the semiquinone and hydrogui-
none state. For obvious reasons we cannot investigate the
" protein in the semiquinone state, confining our study to the
oxidized and the two-electron-reduced states (Fig. 1). In addi-
tion, since the three-dimensional structure of only the oxidized
form of Desulfovibrio vulgaris flavodoxin has been published

[19], comparison of the NMR results with X-rav data is
limited.

For convenience and a better understanding of the inter-
pretation of the results the 12C and 5N chemicals shifts of
free FMN and AcysF in the two redox states are given in
order to demonstrate the difference between the chemical
shifts of free and protein-bound flavin. In this context it
should be kept in mind that the results of oxidized and reduced
AcyrF in CHCl, represent the flavin molecule in the absence
(or almost absence) of hydrogen bonds. The interpretation of
the '3C chemical shifts is based on the fact that a iinear
relationship exists between the '*C chemical shift of the
carbon atom in question and its r electron density [20]. This
fact led recently to a more detailed interpretation of the
structure of oxidized and reduced free flavin [9).

Studies on the oxidized state

The previously published 13C chemical shifts for oxidized
FMN in agueous sclutions were determined at concentrations
larger than 10 mM, except for the 13C chemical shifts of the
C(2), C(4), C(4a) and C(10a) atoms for which 13C-enriched
derivatives were available [9]. The *C chemical shift of the
latter four atoms were found to be dependent on concentra-
tion. Since then FMN derivatives selectively '*C-enriched at
the other atoms of the isoalloxazine ring of FMN have become
available (see Materials and Methods). The *C chemical
shifts of these atoms were therefore redetermined at concen-
trations of about (.1 mM where stacking of FMN meolecules
is slight or negligible [21]. The chemical shifts of C(5a) and
C(9a) undergo a downfield shift of 1.0 ppm and 2.0 ppm,
respectively, as compared with those of FMN in concentrated
solutions, similar to that found for C(2), C{4), C{4a) and
C(10a). Only the C(6) atom shifts upfield by 1.0 ppm upon
dilution. The C(7), C(8) and C(9) atoms are very insensitive
to concentration effects, i.e. the variation of the chemical shift
of these atoms is within the accuracy of the measurements.
The results are collected in Table 1.

Some selected spectra of apoflavodoxin reconstituted with
13C.enriched FMN derivatives are shown in Fig. 2. The good
signal-to-noise ratio and the rather weak intensities of the
natural abundance signals due to the apoprotein in the spectra
allows us to assign all resonances to the carbon atoms of the
isoalloxazine ring of FMN without further treatment of the
data, i.e. difference spectroscopy. The natural abundance res-
onance lines originate from peptide carbonyl groups and
carboxylic side chains (170—180 ppm), Arg C({) atoms
(158 ppm) and Trp, Tyr, Phe and His (110— 140 ppm) [22,

Bmdmg of FMN to D. wdgaris apoflavodoxin causes a
downfield shift of most resonances as compared to those of
free FMN (Table 1). The largest downfield shift (2.3 ppm) is
observed for C(8). The C(7) atom undergoes a downfield shift
of 1.6 ppm. The downfield shifts of the other atoms amount
to about 1 ppm or less. The C(4), C{4a), C(9) and C(%a) atoms
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Table 1, 3C and '* N chemical shifts of various selectively enriched free and protein-bound FMN derivatives in 100 mM potassiut pyrophosphate,

pH 89

13¢* chemical shifts are relative to Me,Si. !*N chemical shifts are relative to liquid NH,. Values for FMN and FMNH™ are taken in part

from [9]. Values for Ac,rF and AcatFH; were determined in CHCI,

Atom Shift in

oxidized state reduced state

D. vulgaris FMN AcyrF D. vulgaris FMNH™ AcyFH,

flavodoxin flavodoxin

ppm
[a(pd] 15%.7 159.3 1552 157.5* 158.2 150.6
) 162.4 163.7 159.8 154.0 157.7 157.0
Ci4a} 1343 136.2 135.6 1027 1014 105.2
C{5a) 1374 136.4 134.6 134.6 1342 134.0
C(6) 1325 131.8 1328 114.5 173 i16.1
C(7) 142.0 1404 136.6 130.7 133.0 1316
C(7a} 20.5 19.9 19.4 19.4 19.0 189
(% 154.0 151.7 147.5 126.7 130.3 129.0
C{8a) 233 222 214 203 134 18.9
C(% 117.2 118.3 1155 114.7 116.8 118.0
C(9a} 1319 133.5 131.2 129.1 130.9 128.2
C{10a) 152.3 1521 149.1 155.0® t55.5 1371
N{1) 188.0 190.8 199.9 186.6* 182.6 116.7¢
N{(3) 159.9 160.5 159.8 148.3* 1493 14580
N(5) 3411 334.7 3443 62.1* 57.7 60.4b
N{10)*® 165.6 164.6 150.2 98.4 9.2 722

* Independent of pH in the range 6.0—8.5.
b[1,3,5,10-1 5N, ]7-Methyl-10-ribityl-isoalloxazine-5 -phosphate,
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Fig. 2, '*C NMR spectra of D. vulgaris apeflavodoxin reconstituted with {4,10a-'2C, ) FMN (50690 acquisitions), [2,4a-'3C3] FMN (54060
acquisitions) and | 5a.8-V*Cy JFMN (51000 acquisitions) in the oxidized state in 100 mM potassium pyrophosphate, pH = 8.0

exhibit an upfield shift as compared to those of free FMN.
C(4a) and C{9a) exhibit the largest upfield shifts of 1.9 ppm
and 1.6 ppm, respectively. When the chemical shifts of
apoflavodoxin-bound FMN are compared with those of
AcyrF, all carbon atoms except for C(da) and C(6) are seen
to appear at lower ficlds. This means that FMN in D. vulgaris
flavodoxin is strongly polarized. The polarization even ex-
ceeds that of FMN in aqueous solution [9], as manifested, for

instance, by the large downfield shift of C(8). For convenience
the **C chemical shifts of free and protein-bound FMN are
presented in a correlation diagram in Fig. 3.

The formation of a hydrogen bond between the apoflave-
doxin and the O(2«) atom of FMN leads to a rather strong
polarization of the isoalloxazine ring of FMN. This effect is
reflected by a downfield shift of the C(8}, C{6) and C(10a)
atoms. A comparison of the chemical shifts of C(2) in free
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Fig. 3. Correlation diagram of “*C NMR chemical shifts of FMN and D. vulgaris flavodexin in the oxidized and the reduced state
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Fig. 4. "N NMR spectra of D. vulgaris apoflavedoxin reconstituted with {1.3.5,10-'>N,J7-methyl-10-ribitvl-isoalloxazine 5'-phosphate (A)
(54360 acquisitions) and [1,3,5-'*N3JFMN (B,C) in the oxidized siate in 100 mM potassium pyrophosphate, pH 8.0. Specirum B (70310
acquisitions) was taken under broad-band proton decoupling and spectrum C (51410 acquisitions) was obtained applying the DEPT pulse

sequence

and protein-bound FMN suggests that the strength of the
hydrogen bond to the C(2) carbonyl group is about the same.
But the strong downfield shift of C(8) as compared to that of
the same atom in free FMN, leaves no doubt that FMN
bound to D. vulgaris apoflavodoxin must be more strongly
polarized. This seems in contradiction with the chemical shifts
of C(2) and C(10a), which would be expected to resonate at
a lower field than observed. This apparent discrepancy can
be explained assuming that a strong hydrogen bond is also
formed with the N(1) atom of protein-bound FMN. Such a
hydrogen bond would counteract the downfield shift of the
13C resonances of the atoms in question to some degree.
Support for this idea comes from '*N NMR experiments (see
below).

The O(4«) atom of FMN in D. vulgaris flavodoxin only
forms a weak hydrogen bond with the apoflavodoxin. As
outlined in a previous paper [9], this leads to a = electron
density increase at C(4a) as the sp® hybridization of N(10)
increases, The large upfield shift of the resonance line due to
C{(4a), compared both to free FMN and AcyrF, suggests that
N{10} in protein-bound FMN is more sp?-hybridized than in
free FMN in aqueous solution [9]. That this is the case follows
from the '*N chemical shift of the N(10) atom (see below).
This explanation is also in line with the observed downfieid
shifts of C(7) and C(5a) (Table 1, Fig. 3}). These atoms

accommodate some of the partial positive charge created on
the N(10} atom [9]. In this context a downfield shift for C(9)
was expected as well. This is not observed. Similarly C(9a)
shows a stronger upfield shift than expected [9]. As mentioned
above for the concentration dependence of the *C chemical
shifts of free FMN, C(9a) is rather sensitive to the stacking
of FMN, i.c. with increasing concentration an upfield shift
occurs. In D. vulgaris flavodoxin Trp-60 is located in such a
way that the C(9) and C{9a} atoms of FMN are under the
influence of Trp-60 [19, 24, 25]. We tentatively propose as an
explanation the upfield shifts of C(9) and C(%a) are a result
of ring current effects of Trp-60.

1SN NMR spectra of apoflavodoxin reconstituted with
t5N-enriched flavin derivatives are shown in Fig. 4. The !N
chemical shifts are given in Table 1 and compared with those
of free FMN in aqueous solution and AcyrF in CHCl;. With
respect to the 5N chemical shifts of Ac,rF, upfield shifts are
observed for the N(1)} and N(5} atoms in free and protein-
bound FMN, whereas the N{10} atom shows a large and
the N(3) atom a small downfield shift. As pointed out by
Witanowski et al. [18], the nitrogen atoms in heteroaromatic
compounds can be classified as pyridine-type and pvrrole-
type nitrogen atoms as an aid in the interpretation of the **N
chemical shifts. N(1) and N(5} of flavin belong to the former
class whereas N(3) and N(10) belong to the latter. Deprotona-
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Table 2. Y*C-*H and *SN-AH coupling constanss of free and protein-bound flavins in the oxidized and reduced state

The accuracy of the coupling constantsis + 1 Hz for 1*C measurementsand + 1.2 Hz for 1N measurements.

tetraacetylriboflavin

(MeAcytF) was measured in CHCl, ; FMN and D. valgaris flavodoxin were measured in 100 mM potassium pyrophosphate, pH 8.0

Coupling Coupling constant in

oxidized state reduced staie

D. vulgaris FMN MeAg,rF D, vulgaris FMNH™ MeAc,rFH,

ftavodoxin flavodoxin

Hz
LIP3C(6)»-"H] 164.6 164.5 164.5 152.0 1554 153.5
I3 C{Ta)-H) 131.0 128.5 128.0 125.8 127.6 126.0
LI C(Ba)-1H] 125.8 127.5 128.0 123.0 127.6 126.0
H[PC(9)-"H] 161.0 162.8 161.8 153.5 157.0 165.2
LIFNGE)-H] 9.6 - 92.7 89.8 - 93.1
LINGE)-'H] — — — 86.2 ~ 87.5

tion of a pyrrole-type nitrogen gives rise to a downfield shift,
while protonation of a pyridine-type nitrogen causes an
upfield shift. The 5N chemical shifts of FMN in D. wlgaris
flavodoxin indicate that a rather strong hydrogen bond exists
with the N(1) atom. This hydrogen bond is stronger than that
in FMN in aqueous solution. As judged from the difference
in the chemical shifts of the N(5) atom in FMN and Ac,rF,
in D. vulgaris flavodoxin only a weak hydrogen bond exists
with the N(5) atom. The strong hydrogen bond to N(1)
supports the interpretation of the *C chemical shifts of C(2)
and C(10a) as proposed above,

The 3N chemical shift of the N(3) atom in apoflavodoxin-
bound FMN is almost identical with that observed in Ac,rF,
but it is at higher field than that in FMN. [t must be concluded
from this that the N(3)H group of FMN forms at best a weak
hydrogen bond with the apoflavodoxin. The fact that the
LI[1*N(3)-"H] coupling can be observed (Fig. 4) indicates that
the proton does not exchange with protons of the bulk sol-
vent; i.e. the exchange rate is slow with respect to the NMR
time scale {see also below). Broad-band prolon-decoupling
(Fig. 4B) proves that the observed doublet is due to the one-
boad N-H coupling. However, the decoupled signal is not
much different in intensity from the coupled signal, which
shows that almost no nuclear Overhauser enhancement is
cbserved. This can only be the case when the isoalloxazine
ring is bound tightly to the apoprotein. The long rotational
correlation time of the protein (about 5.5 ns) causes the nu-
clear Overhauser effect to be very small.

As previously discussed in detail [9] the downfield shift of
the resonance position of the N(10) atom in free FMN as
compared to that in Ac,rF indicates that the N(10) in FMN
is more sp*-hybridized than in AcsrF. This means that the
N(10} atoms lies more in the molecular plane in FMN than
that in Ac,rF. In D. vulgaris flavodoxin the chemical shift of
N(10) appears at even lower field than in FMN indicating a
further increase in sp® hybridization.

It is worthwhile discussing briefly the difference between
the **N chemical shifts of the nitrogen atoms of FMN bound
to D. vulgaris apoflavodoxin and Megasphaera elsdenii apo-
flavodoxin. The chemical shifts of the latter protein have been
published previcusly [8]. Based on these results it can be stated
that the hydrogen bonds to N(1) and N(3)i{ of FMN in
M. elsdenii flavodoxin are stronger than those in D. vuigaris
ftavodoxin. On the other hand the N{5) atom of FMN in

M. elsdenii flavodoxin is not invelved in the formation of a
hydrogen bond at all, whereas in D. vulgaris ftavodoxin jt
forms a weak hydrogen bond. In addition it seems that the
microenvironment of N{5) in M. elsdenii flavodoxin is more
hydrophobic than in D. velgaris flavodoxin. The N{10) atoms
show about the same degree of sp? hybridization in both
proteins. These results demonstrate that the >N NMR tech-
nique is able to reveal small but significant differences between
the ¢lectronic structure of FMN bound to different apo-
flavoproteins and the specific interaction between the pros-
thetic group and the apoflavoprotein. The investigation of
other flavoproteins by these NMR techniques is in progress
and we hope that these results wili allow us to deepen the
insight into the factors ‘tailoring’ the flavin for a certain
biocatalysis.

The one-bond coupling constants LJ(!3C-'H), 1K!3C-
13C) and *J('*N-'H) are collected in Tables 2 and 3. There
are two structural features which control the magnitude of
these coupling constants. These are (a) the percentage of s
character of the hybrid orbital of the carbon or nitrogen atoms
involved in the C-H, C-C or N-H bond and (b) electron-
withdrawing or donating substituents either directly located
at the atom involved in this coupling or, in the case of an
aromatic compound, indirectly through the n system. The
coupling constants generally increase with an increase of the
s character of the hybrid orbitals involved or when electron
withdrawing substituents are present.

The methyl '*C-'H coupling constants in MeAc,rF are
only slightly larger than those in o-xylene (126 Hz) [26], in-
dicating a somewhat lower n electron density in the benzene
subnucleus of MeAc,rF compared to o-xylene. It is interesting
to note that the coupling constants in free and protein-bound
FMN become non-equivalent and steadity increase for the
CH 4(7) and decrease for the CH;(8) group on going from free
to protein-bound FMN. The increase in the coupling constant
for CH;3(7) most probably reflects the increase of the partial
positive charge on C(7) due to the increase of the sp? hybridi-
zation of the N(10) atom. This interpretation is in agreement
with the observed downfteld shifts of the carbon atoms in
question (Table 1). The trend of the '*C-'H coupling con:
stants of the CH(8) is reversed on increasing the polarization
of the flavin molecule in the direction of the C(8), C(6), N(5),
C(10a) and C(2} atoms. The coupling constants of free and
protein-bound flavin suggest that the CH;(8) group of the
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Table 3. Direct *3C-13C coupling constants in free and protein-bound {4 ,4a,10e¢-'3C; ] flavins in the oxidized and reduced state
The accuracy of the coupling constants is + 0.5 Hz. N(3)}-Methyl-tetraacetylriboflavin was measured in C*HCly; FMN and D. vudgaris
flavodoxin were measured in 10¢ mM potassium pyrophosphate, pH 8.0

Redox siate Compound Coupling constants
LT'C(4)-12Cda)) LA 3C(da)-">C(10a)]
Hz
Oxidized MeAc,F 5.5 333
FMN 75.4 55.9
D vielgaris flavedoxin 76.9 57.3
Reduced MeAc,rFH; 791 84.5
FMNH,(pH = 4.8} 82.0 81.6
FMNH™ (pH = 8.0) 840 744
D. vuigaris flavodoxin 86.7 72.8

flavin molecule is involved in hyperconjugation, the degree of
hyperconjugation paralleling the degree of polarization of the
molecule.

The *C-'H coupling constants of the C(6)-H and C(9)-H
bonds in MeAc,rF, free and protein-bound FMN are
somewhat larger than those in benzene {159 Hz) [26]. The
larger coupling constant for C(6)-H as compared to that for
C(9)-H is in accordance with the corresponding '*C chemical
shifts which indicate a decreased = electron density at C(6).

It is penerally accepted that the magnitude of the one-
bond “*C-13C coupling constants reflects approximately the
s character of the orbitals making up the bond [26]. The
coupling constant of the C(4)-C(4a} bond shows little varia-
tion among MeAc,F, FMN and D. vulgaris flavedoxin
(Table 3). The corresponding coupling constant in M. elsdenii
flavodoxin is almost identical with that in D. vulgaris
flavodoxin. A detailed interpretation of this coupling constant
has been given previously [4]. The 'J[*3*C{4a)-3C(102)] in-
creases slightly in going from MeAc,rF, FMN to D. vulgaris
flavodoxin, As previously explained [4] the results indicate
that the s character of C{10a} increases in going from
MeAc,tF to D. vulgaris flavodoxin. This interpretation is in
agreement with the '3C chemical shifts of this atom.

The 'J['*N(3)'-H] coupling constant in D. wulgaris
flavodoxin (Fig. 4) is somewhat smaller than that in AcyrF
which indicates as decreased sp? hybridization of the N(3)
atom in the protein as compared to that of free flavin. The
corresponding coupling constant of FMN in aqueous solution
could not be determined because of the fast proton exchange
reaction.

The hydrogen bond pattern derived from the NMR results
is remarkably similar to that derived from the crystallographic
data on D. vulearis flavodoxin. There are, however, some
differences between the two sets of data. The presence of a
weak hydrogen bond towards the N(5) atom of protein-bound
FMN was not obvious in the crystal structure [19, 25]. The
rather strong hydrogen bond to the N(1} atom, as revealed
by 1*N NMR, was aiso not observed in the X-ray structure.
This could be due to crystal packing forces leading to a crystal
structure differing slightly from that in solution,

Studies on the reduced state

13¢C and N NMR spectra of two-clectron-reduced D.
vuigaris flavodoxin are shown in Figs 5 and 6. Reduction of
the protein by two elecirons leads to an upfield shift of the

13C and '*N resonances, except for C{10a), which is shifted
downfield as compared to the oxidized molecule (Table 1,
Fig. 3). The largest upfield shifts are exhibited, in decreasing
order, by the resonances due to C(4a), C(8), C(6), C(7) and
C(4). The order for the >N chemical shifts is N(5), N(10),
N(3) and N(1). Comparing the '3C chemical shifts of the two-
electron-reduced free and protein-bound FMN it is interesting
to note that those due to the benzene subnucleus of the pros-
thetic group of flavodoxin are shifted further upfield than
the corresponding cnes in free flavin.

The chemical shifts due to C(7) and C(9a) are very similar.
In order to ensure a correct assignment the spectra were run
under proton decoupling and in the absence of decoupling
conditions. Under the latter condition the signal at 130.7 ppm
showed significantly more broadening, both in free and bound
FMNH ", due to the coupling of the C(7) with the protons of
the CH,{7«) group.

The results strongly indicate that, on two-electron reduc-
tion, the # ¢lectron density in the benzene subnucleus of FMN
increases more in the protein-bound state than in the free
state. A comparison of the chemical shifts due to C{10a) and
C(2) in AcyFH,, FMNH ™ and flavodoxin shows unam-
biguously that the protein-bound FMN is ionized. This is
further supported by the N chemical shift of the N(1) atom
(Table 1) and the absence of a one-bond coupling between
N(1) and a proton. In protein-bound FMN the relevant 1*C
and '*N chemical shifts are pH-independent in the range 6.0 —
8.5. This means that the pK, value of the N(1) atom in protein-
bound flavin is decreased compared to that of free flavin,
This cobservation has already been made with M. elsdenii
flavodoxin [4, 8] and has been suggested from data obtained
by the light absorption technique [12]. In this context we
would like to stress the following point. Model studies [2}
indicated that the molar absorption coefficient at 450 nm
reflects the planarity of the flavin molecule in the reduced
state. At that time a consensus existed among the flavin
chemists that ionized reduced flavin possessed a bent structure
and flavin enzymologists usually extrapolated this idea to
flavoproteins. This often led to the conclusion that the pros-
thetic group in two-clectron-reduced flavodoxins is coplanar
and in the neutral state. While the planar structure of reduced
flavodoxin has been proven by X-ray data [12], the ionization
state of the protein-bound flavin could not be revealed by
this technique. In a previous paper {4] we have discussed the
relationship between the molar absorption coefficient and
the planarity of the flavin ring. The main point is that this
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Fig. 5. '3C NMR specira of D. vulgaris apoflavedoxin reconstituted with [4,16a-1C,] FMN, (5840 acquisitions}, [2.4a-*C,JFMN (13020
acquisitions) and [5a.8-"3C; JFMN (155000 acquisitions) in the reduced state in 100 mM potassium pyrophosphate, pH = 8.0. The small peak
at high field of the C(4a) signal is due to the C{da} atom ol free FMNH ™. The corresponding C(2) signal at low field is not observed owing

to overlap with natural-abundance '3C signals due io protein groups
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Fig. 6. "N NMR spectra of D. vulgaris apeflavedoxin reconstituted with [1,3,5,10-* N, }7-methyl-10-ribityi-isoalloxazine 5'-phosphate (A )
(70310 acquisitions) and {1,3,5-1*N,JFMN (B,C) in the reduced state in 100 mMf potassium pyrophosphate, pH = 8.0. Spectrum B (89110
acquisitions) was taken under broad-band proton decoupling and spectrum C (123960 acquisitions) was obtained applying the DEPT pulse

sequence

relationship is still valid, although in a refined manner [9], but
it is not useful as a diagnostic tool for the ionization state of
reduced protein-bound flavin. On the other hand, the NMR
technique reveals both the degree of planarity (see below)
and ionization state of protein-bound flavin. The results also
indicate that the N{1) atom in reduced flavodoxin-bound
FMN is not at all accessible to protons from solvent water.
This feature seems to hold for other flavoproteins as well [27,
28].

The **C and '*N chemical shifts due to C(2}, C{4), N(3}
and N(5) indicate hydrogen bonds te O(2«) and N(3)H, whose
strength is somewhat less than those in free flavin in aqueous
solution. N{5)H forms a stronger hydrogen bond with the
apoprotein than the corresponding atom in free FMN in
water. The chemical shift of C(4) indicates that no hydrogen

bond is formed with O{4a), i.e. the microenvironment is prob-
ably hydrophobic.

The order of the 'J(**C-*H) coupling constants of C{6)H
and C(9)H follows the corresponding **C chemical shifts and
therefore reflects the z electron density at these centers, as
expected from theory [26]. The same trend is also observed
between the *C chemical shifts of C(7) and C(8) and the
methyl coupling constants of the corresponding groups. In
contrast to the corresponding methyl coupling constants in
the oxidized molecules, the coupling constants remain equiva-
lent for reduced Ac,rF and FMN,

The fact that the "J[**N(5)-'H] and 'J['*N(3)-'H] can be
observed in reduced D. vulgaris flavodoxin shows that these
centers are not accessible to bulk solvent. If these protons still
exchange with the protons of the solvent water the exchange
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rate has to be very slow i.e. t 3 J™1, v 3 10 ms. The almost
complete absence of a nuclear Overhauser effect on the ! *N(3)
and 3N(5) resonances on decoupling of the protons indicates
that the isoalloxazine is tightly bound to the apoprotein. As
shown in Fig. 6, these coupling constants can be determined
rather easily by enhancement of the *N signals by polariza-
tion transfer using the DEPT pulse-sequence [17]. The cou-
pling constants given in Table 2 show that the N(3) atom of
flavin bound to the apoflavedoxin and that in Ac.tFH; are
both highly sp?-hybridized, the sp® hybridization is in fact
increased as compared to those of the oxidized molecules. The
LI[*5N(5)-"H] of flavodoxin shows about the same value as
that of Ac,rFH; (Table 2) but it is considerably smaller than
that found in M. elsdenii flavodoxin {8]. The larger value
observed in the latter protein demonstrates that the N(5) atom
it M. elsdenii flavodaxin is almost completely sp®-hybridized
whereas that in 2. vulgaris flavodoxin is apparently consider-
ably sp3-hybridized. However, the strong interaction between
the N(5)H group with the apoprotein leads to an increase of
the N-H bond distance, influencing the value of the coupling
constant, i.c. a decrease. Therefore only the combination of
the coupling constant and the N chemical shift of the N(5)H
group leads to the conclusion that the N(5) atom of the flavin
in D). vulgaris flavodoxin possesses a high degree of sp? hybrid-
Lzation, i.e. is in the molecular plain. This interpretation is in
accordance with the published molar absorption coefficient
at 450 nm for reduced D. vulgaris flavodoxin [29].

Qur interpretation supports the ‘first model” proposed for
the hydrogen bond interaction between the apoflavodoxin
and FMN as deduced from X-ray data on the semiquinone
formof D. vuigaris flavodoxin [25]. In the comparison of these
data with our NMR results it is, however, assumed that the
structure of the two-electron-reduced state is very similar with
that of the one-electron-reduced state. This is a reasonable
assumption considering the corystallographic data on
Clostridiuen M P flavodoxin [12]. It is suggested that this deli-
cate structural difference between the flavedoxins from M.
elsdenii and D. vulgaris is related to the fact that the electron
exchange reaction between the semiquinone and hydroqui-
none forms is much faster in M. elsdenii flavodoxin [30] than
in D. vufgaris flavodoxin (J. Vervoort, unpublished results).

The direct 1*C-13C coupling constants of the C(da)-C(10a)
and the C(4)-C(4a) bonds indicate that the s character of the
former bond decreases and that of the latter bond increases
on going from AcyrFH,, FMNH,;, FMNH™ to D. vuigaris
flavodoxin {Table 3). There seems to be a contradiction be-
tween this decrease in the *C-*>C coupling constant of the
C{4a)-C(10a) bond and the increased chemical shift observed
for the C(10a) atom on going from FMNH, to FMNH™.
One should however, remember that the electrical field of the
negative charge at N{1) in FMNH " influences considerabiy
the *3C chemical shift of the C(10a). This makes it difficult to
evaluate precisely the influence of the chemical shift of the
C(10a) atom on the coupling constant. But from the
comparison of 1J[*3C(10a)-'3C(4a)} and the chemical shift of
the C(4a) atom it can be concluded that the = electron density
increases at the C(4a)-C(10a) bond and decreases at the C(4)-
C(4a) bond in FMNH™ as compared to FMNH,, In D,
vulgaris flavodoxin one observes a small decrease of the cou-
pling constant of the C(4a)-C(10a) bend and a small increase
for the C{4a)-C(4) bond as compared to free FMNH".
Accordingly the C(d4a}-C(10a) bond has a slightly higher and
the Ci{4)-C(4a} bond has a slightly lower n electron density.
The coupling constants in the flavodoxin were, in fact, used to
ensure the assignment of the C{4) and the C(10a) resonances.

On consideration of the chemical shifts of the isoalloxazine
ring system, one notices clearly the strong upfield shift of
several carbon atoms of the isoalloxazine ring in D. vulgaris
flavedoexin as compared to free FMNH ™. This increase in =
electron density at the carbon atoms is most likely due to the
electron-donating effect of the N(5) and N(10) atoms. The
downfield shift observed for these two nitrogen atoms in D,
vuigaris Mlavodoxin indicates an increase in sp? character and
hence = electron density is reallocated at other centers [9], i.e.
preferentially in the benzene subnucleus. The N(1) atom in D.
vuigaris flavodoxin is shifted even more downfield than in
FMNH . This indicates that, although it carries a negative
charge, this charge is not compensated by a positive charge
of the protein. It Is interesting to see that in M. elsdenii
flavodoxin the negative charge at N(1) is compensated to a
small extent,

Qur theory that charge-charge interactions are the main
factor which determine the redox potential of the flavodoxins
[11], is supported by these differences observed for the *5N
chemical shifts due to N{1) in D. vufgaris flavodoxin and in
M. elsdenii flavodoxin. We hope to present in the near future
further experimental data in support of this new theory.
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of the Netherlands Foundation for Chemical Research (SON) with
financial aid from the Netherlands Organization for the Advancement
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grant from the Deutsche Forschungsgemeinschaft and the Fonds der
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ABSTRACT

The flavodoxins from Megasphaera elsdenii, Clostridium MP and
Azotobacter vinelandii were studied by 13¢, 15¥ and 31p NMR techniques

using various selectively enriched FMN derivatives. It is shown that the wx
electron distribution in protein-bound flavin differs from that of free
flavin and depends also on the apoflavoprotein used. In the oxidized state
C.MP and M.eisdenii flavodoxin are very similar with respect to specific
hydrogen bond interaction between FMN and the apoprotein and the electronic
structure of flavin. A.vinelandii flavodoxin differs from these flavoedoxins
in both respects, but it also differs from Desulfovibrio vulgaris flavo-
doxin. The similarities between A.vinelandii and D.vulgaris flavodoxins are

greater than the similarities with the other two flavodoxins. The results
are discussed in the light nf the proposed hypothesis that specific hydro-
gen bonding to the protein-bound flavin determines the specific bilological
activity of a particular flavoprotein. The differences in the nm electron
distribution in the FMN of reduced flavodoxins from A.vinelandii and
D.vulgaris are even greater, but the hydrogen bond patterns between the
reduced flavins and the apoflavodoxins are very similar. In the reduced
state all flavodoxins studied contain an ionized prosthetic group and the
isoaslloxazine ring is in a coplanar conformation. The results are compared
with existing three-dimensional data and discussed with respect to the

various possible mesomeric structures in protein-bound FMN.
INTRODUCTION

Flavodoxins are a group of relatively small flaveproteins
{14000-23000 D) consisting of one polypeptide chain and containing a single
molecule of non-covalently-bound riboflavin 5'-phosphate (FMN) (Mayhew &
Ludwig, 1975).

The flavin coenzyme can exist in three redox states, i.e. oxidized,
one-electron reduced or semigquinone and two-electron reduced or hydro-
quinone. During in vivo redox reactions the flavodoxins probably function
only as one-electron carriers, shuttling between the hydroquinone and the
semigquinone states. In vitro the flavin molecule shuttles between the oxi-
dized, semigquinone and hydroguinone states. The redox potential of the d4if-

ferent redox states is strongly altered as compared with free FMN. The
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redox potential for the semiquinone-reduced couple is profoundly modified
l1.e. from -124 mV in free FMN to about -400 mV or even -500 mV in the fla-
vodoxins (Mayhew & Ludwig, 1975: Anderson, 1983},

Knowledge of the interaction between FMN and apoflavodoxin should help
to unravel the different contributions to these alterations in redox
potential. It has been suggested (Massey and Hemmerich, 1980) that the

energy barrier for the transition from the bent, i.e. bent along the

N{5)-N(10) axis of the flavin molecule, to the planar conformation in the
two-electron reduced state, provides a means of regulating the redox poten-
tial of protein-bound flavin. Crystallographic studies on Clostridium MP
flavodoxin seemed to support this idea (Burnett et al., 1974; Smith et al.,
1977). An almost coplanar reduced isoalloxazine ring of the prosthetic
group was found in the crystal structure. Recently Moonen et al. (1984a)
showed by 13¢ NMR techniques that the activation barrier for the transition
from the bent to the planar conformation is very much lower than originally
proposed (Tauscher et al., 1973). Furthermore Moonen et al. {1984b) also
showed that free reduced flavin has an almost fully sp? hybridized N{10)
atom and a N{5) atom with an endocyclic angle of 115°-11%°, indicating its
predominant sp2 character. This implies that free reduced flavin in water
is intrinsically almost planar. Therefore the observed change in redox
potential in the semiquinone-hydroguinone transition in flavodoxins can no
longer be explained by a constrained planar configuration. Instead it was
proposed that charge-charge interactions are probably more important in the
regulation of redox potentials of not only flavodoxins but of flavoproteins
in general (Moonen et al., 1984c). Another important factor might be the
specific hydrogen bonding between the apoflavoprotein and its prosthetic
group, as suggested by Milller (1972).

One of the most powerful and versatile tools to study molecular and
submolecular interactions in a protein is the nuclear magnetic resonance
{NMR) technique. It is possible to monitor conformational and electronic
aspects of the bound flavin in a detailed way using specifically 13C and
15y enriched flavins, as has been shown in recent 13C and 15N NMR studies

on Desulfovibrio vulgaris flavodoxin (Vervoort et al., 1985) and

Megasphaera elsdenii flavodoxin (Van Schagen & Miller, 1981;: Franken et.

al., 1984). These studies revealed not only the specific hydrogen-bonding

network between the prosthetic group and the apoprotein but also showed
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that there exist marked differences in electronic structure between free
and bound flavin.

31 p NMR studies have been done on the flavodoxins from
Megasphaera elsdenii (Moonen & Miller, 1982), Azotobacter vinelandij

(Edmondson & James, 1979) and Desulfovibrio vulgaris (Favaudon et. al.,
1930). These studies revealed informatfon not only on the phosphate binding
gsite of FMN (Moonen and Miller, 1982) but also on the rate of electron
transfer between the semiquinone and reduced state in M.elsdenii flavodoxin
(Moonen and Miiller, 1984d) and on a covalently bound disubstituted
monophosphate in A.vinelandii flavodoxin (Edmondson & James, 1979). In
order to complement these studies and to unravel the protein active site a
two-dimensional lH NMR project has been started and it has been shown that
in spite of the relatively large molecular mass of M.elsdenii flavodoxin
the desired information can be obtained (Moonen & Miiller, 1984e; Moonen et.
al., 1984f). '

This paper shows that subtle differences in interaction between the
apoflavedoxins from Megasphaera elsdenii, Clostridium MPF and

Azotobacter vinelandii and FMN reveal themselves by different 13¢, 15N and
31p NMR chemical shifts. All carbon and nitrogen atoms of the iscalloxazine
molety of protein-bound FMN have been investigated and assigned. The
results obtained with these three flavodoxins are compared with the results
obtained on Desulfovibrio vulgaris flavodoxin (Vervoort et al., 1885) and a
further FMN-containing protein, 0ld Yellow Enzyme from yeast (Beimert et
al., 1985a, 1985b).

MATERIALS AND METHODS

FMN and other flavin derivatives selectively enriched with 13c at posi-
tions 2,4,4a and 10a were prepared as described previously (Van Schagen &
Miiller, 1981). The synthesis of 15N enriched flavins was described
elsewhere (Franken et al., 1984; Miiller et al., 1983). The preparation of
flavins enriched in the xylene ring of FPMN will be reported elsewhere
{bacher & Sedlmaler, unpublished results). The enrichment of the isotopes
was 90-95 atom %.

The flavodoxins were isolated and purified according te published pro-
cedures by Mavhew & Massey (1969) (Clostridium MP and Megasphaera elsdenii
flavodoxin} and Hinkson & Bulen, {1967, Azotobacter vinelandii OP
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flavodoxin). The apoproteins were prepared by the trichloroacetic acid pre-
cipitation method (Wassink & Mayhew, 1975). The reconstitution of the
apoflavaodoxins with 13C or 15N labeled prosthetic groups was carried out in
neutral buffered solutions at 4°C. Excess of flavin was removed on a Biogel
P-6DG column. The protein-FMN complex was then concentrated by either
ultrafiltration {Amicon) or by means of lyophilization.

The NMR neaéurements were performed on a Bruker CXP 300 spectrometer
operating at 30.4 MHz for 15N NMR, 75.6 MHz for 13C NMR and at 121.0 MHz
for 31P NMR measurements. Some 13C and 31p NMR measurements were done on a
Bruker WH 200 spectrometer operating at 50.3 MHz for 13c NMR and at 81.0
MHz ‘or 31p NMR measurements. Wilmad 10 mm precision NMR tubes were used
for 13c and 21p NMR measurements and some 15N NMR measurements. Wilmad 15
mm precision NMR tubes were usually used for 15§ NMR measurements. The
sample volume was 1.6 ml in 10 mm tubes and 3.5 ml in 15 mm tubes, both
containing 10% 2H20 for locking the magnetic field. The samples contained
1-5 mM flavodoxin in 100 mM potassium pyrophasphate, pH 8. Broadband
decoupling of 0.5 W -1.0 W was used for 13¢, 15§ and 31p measurements,
unless otherwise stated.

Distortionless enhancement by polarization transfer (DEPT)} spectra were
recorded using the method of Doddrell et al. (1932), optimized for the 13
(15§-11) coupling constants as reported by Franken et al. (1984). Dioxane
(3u1) served as an internal standard for 13¢ NMR measurements. Chemical
shifts are reported relative to TMS (6 dioxane-6TMS = 67.84 ppm).

Pure [15N]CH3NO, was used as an external reference for 15N NMR using a
coaxial cylindrical capillary as recommended by Witanowski et al. (1981).
Chemical shifts are reported relative to liquid NHg at 25°C (6CH3NOg-6NH3 =
381.9 ppm for the magnetic field parallel to the sample tube (Witanowski et
al., 1981)). values are reported as true shieldings i.e. corrected for bulk
volume susceptibilities. 31p chemical shifts were determined relative to an
external standard of 85% phosphoric acid. The accuracy of the reported
values is about @.1 ppm for 13¢ and 31P NMR and about 0.3 ppm for 15N NMR
chemical shift values.

Quadrature phase detection was used. The instrumental settings were:
30° pulse, repetition time 1 s, 8 K data points. For determination of the
nuclear Overhauser effects (NOE) a repetition time of 10 s was used. The

temperature of the samples was 2612°C for M.elsdenii and Clostridium MP
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flavodoxin, and 20°#2°C for Azotobacter vinelandii flavedoxin. Reduction of

the samples was conducted by the addition of the desired amount of a
dithionite solution to the anaerobic solution. Anaeroblosis was achieved by
carefully flushing the solution in the NMR tube with argon for about 10
min. The NMR tube was sealed with a rubber cap {suba seal).

RESULTS AND DISCUSSION

31p NMR studies in the oxidized and reduced state.

Table 1 shows the effect of redox state on the 3P chemical shifts of
flavodoxins. The chemical shifts reported in this study appear to be dif-
ferent from those reported previously (Moonen & Miiller, 1982; Favaudon gt
al., 1980; Edmondson & James, 1979).

Table 1 31p chemical shifts (in ppm) of the various flavodexins in the
oxidized and reduced state in 100 mM Tris-HCl, pH 8.0.8)

Redox state

Flavodoexin Oxidized Reduced
5 5
free FMN 5.1 5.1
C.MP 5.7 5.8
M.elsdenii 5.3; 4.8b) 5.4; 4.9b)
D.vulgaris 5.4; 5.0C) 5.5; 5.0C)
A.vinelandii 6.3, 0.9; 5.6d), o.8d) 6.4, 1.0; 5.44), 0.44d)

a) Chemical shifts are relative to 85% H3P04. Positive chemical
shifts are downfield from 85% H3PO4.

b) From Moonen and Miiller (1982)

c) Froe Favaudon et al. {1980)

d) From Edmondson and James (1979}




However, the spectra measured previously were recorded on a NMR instrument,
equipped with a conventional electromagnet where the magnetic field is per-
pendicular to the sample tube. We performed our measurements on an NMR
apparatus equipped with a superconducting magnet where the'external magne-—
tic field is parallel to the sample tube. When the correction for the dif-
ferences in magnetic susceptibility is applied (Gadian, 1982), some
differences remain for the chemical shift of the phosphate resonances
reported previously and those given in Table 1, but the differences are
very small. Yet, the chemical shift of the covalently bound phosphorus
residue in A.vinelandii flavodoxin still differs by about 0.6 ppm from that
reported previously (Edmondson & James, 1979), after correction for dif-
ferences in magnetic susceptibility. The chemical shifts reported here
indicate that in all flavodoxina the phosphate group of FMN is bound in the
dianonic form. This is deduced from the fact that the 3P resonance of free
FMN is found at 5.1 ppm in the dianionic form (pH= 9.0). All 31p resonances
in the flavodoxins are downfield shifted from that of free FMN. These down-
field shifts can be interpreted as (small) distortions of the 0-P-0 band
angles (Gorensteln, 1975). The largest distortion is observed in
A.vinelandii flavodoxin.

On reduction of the proteins the 31P chemical shifts undergo a slight
downfield shift. This indicates that no large change cccurs in the
phosphate-apoprotein interaction on two-electron reduction of the protein.

It has recently been shown theoretically, using the crystallo-graphic
data on C.MP flavodoxin, that the ribityl 5'-phosphate moiety of PFMN

acquires a certain conformation for optimal binding (Vinayaka and Rao,
1984). In this context our results indicate that this conformation
obviously differs somewhat from flavodexin to flavodoxin and that therefore
the theoretical calculations (Vinayaka and Rao, 1984} obtained for one fla-

vodoxin should not be generalized.
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13c and 158 NMR studies in the oxidized state

The 15§ chemical shifts of flavin form the central basis for a detailed
interpretation of the 13C chemical shifts (Moonen et al., 1984b). Therefore
the 15§ chemical shifts will be discussed first. For a thorough
understanding of the discussion it is helpful to notice the following. The
nitrogen atoms in heterocyclic aromatic compounds are generally categorized
as pyridine-like or S-type and pyrrole-like or a-type atoms (Witaznowski et
al., 1981). The 15§ chemical shifts of the former are very sensitive to
hydrogen bonding interactions (upfield shift) whereas those of the latter
are less sensitive and show a small downfield shift on hydrogen bonding. In
oxidized flavin the N{(1) and N(5) atoms represent g-type nitrogen atoms.
The N{3)} and N{10) atoms in the oxidized state and all four nitrogen atoms
in the reduced state of flavin are of the a-type. The chemical shifts of
free flavin in a polar (FMN) and in an apolar (TARF) solvent are used as a
reference set in the interpretation of all chemical shifts of protein-bound
flavin,

A typical 15N NMR spectrum of flavodoxins in the oxidized state is
shown in Figure 1A for clestridial flavodoxin. The 1SN chemical shifts of
the flavodoxins are collected in Table 2 and for convenience presented
diagrammatically in Figure 2. From these results it can be concluded that
M.elsdenii and C.MP apoflavodoxin do nat form a hydrogen bond with the N(5)
atom of FMN. This conclusion follows from the fact that the 15N chemical
ghifts due to the N(5) atoms of FMN in these two flavodoxins appear even at
lower field than that of TARF in an apolar solvent (CHClg) (Table 2, Figure
2). The shifts for the N(5) atom of FMN in D.vulgaris (Vervoort et al.,
1985) and A.vinelandii flavodoxin appear at an intermediate field between
that of TARF and FMN, indicating the formation of a weak hydrogen bond bet-
ween the apoflavodoxins and the N(5) atom of protein-bound FMN. The fact
that the 15N chemical shifts of N(5) in the former flavodoxins are down-
field from that of free FMN alsoc suggests that the » electron density at
the N(5) atom of protein-bound FMN is lower than that in free oxidized fla-

vin.







