The interactions between apoflavoproteins and their
coenzymes as studied by nuclear magnetic
resonance techniques

LELA.NBO

VA llIHI!HINIIﬂIMiWII

0000 0145



Promotor: dr. F. Miller

hoogleraar in de biochemie




FJ ﬂ)(J %i“Z{D A { lC)ii‘Lf

Jacques Vervoort

The interactions between apoflavoproteins and their
coenzymes as studied by nuclear magnetic
resonance techniques

Proefschrift

ter verkrijging van de graad van
doctor in de landbouwwetenschappen,
op gezag van de rector magnificus,
dr. C.C. Oosterlee,

in het openbaar te verdedigen

op woensdag 26 maart 1986

des namiddags te vier uur in de aula

van de landbouwhogeschool te Wageningen.

isn 144899 .



"Niet het leren is het voornaamste maar het doen”

Spreuken der Vaderen

Aan mijn ouders

Aan Flory

Bl v ¥
[
LANDR2D w0
WAGh o LING = s

L




D os o) ‘!0'??"

LANL e
W S vl

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.
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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
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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




21

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

N1 Ni3)

NU10) NIS}

B
[ h
I A 1 1
200 160 120 80
PPM (5}

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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M. M. Bouwmans for preparing the figures, to Dr C. T. W. Moocnen
for stimulating discussions and to Dr C. A. H. Rasmussen for carcfully
reading the manuscript. This study was carried out under the auspices
of the Netherlands Foundation for Chemical Research (SON) with
financial aid from the Netherlands Organization for the Advancement
of Pure Research (ZWQ) (to F. M.) and was supported in part by a
grant from the Deutsche Forschungsgemeinschaft and the Fonds der
Chemischen Industrie (to A. B.).
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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



27

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.
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Figure 1. 15y NMR spectra op C.MP apoflavodoxin reconstituted with [1,3,5 -
1SN, ]FMN in the oxidized state {A) (55800 acquisitions) and in
the reduced state (B,C) in 100 mM potassium pyrophosphate, pH =
8.0. Spectrum B (119800 acgquisitions was taken under proton-
coupled conditions and spectrum C (54300 acquisitions)} was
abtained applying the DEPT puls sequence.

The 15N chemical shift of N{1) of protein-bound FMN appears at higher
field than that of free FMN {Table 2, Figure 2). FProm this it is concluded
that all four apoflavodoxins form strong hydrogen bonds with the N(1) atom
of FMN. These hydrogen bonds are stronger in C.MP and M.elsdenii flavodoxin

than in A.vinelandii and D.vulgaris flavodoxins.

The pyrrole-type nitrogens N(3) and N(10) of apoflavodoxin-bound FMN
show smaller differences than the pyridine-type nitrogen N(1) and N(5). The
15§ chemical shifts indicate that the N(3)H group of FMN forms a strong
hydrogen bond with the C . MP and M.elsdenii apoflavadoxins. This hydrogen

bond interaction is weaker in A.vinelandii and D.vulgaris flavedoxins
{Table 2, Figure 2).
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Figure 2. Correlation diagram of 13C and 15N chemical shifts of free FMN
and bound to C.MP, M.elsdenii, D.vulgaris and A.vinelandii
apoflavodoxin in the oxidized and in the reduced state.

As previously described (Moonen et al., 1984b) the N(10) atom in free
oxidized flavin shows an unexpected large downfield shift on going from
apolar to polar solvents. Since this pyrrole-like nitrogen atom cannot form
a hydrogen bond the downfield shift of its resonance had to be explained as
an increase in sp? hybridization. This increase in hybridization only
occurs when the polarization of the isoalloxazine ring is stabilized by
hydrogen bond formation with C(2a) and C{4a). In keeping with this
interpretation, which is also supported by 13C data (see below), M.elsdenii
and D.vulgaris flavodoxin show an increased degree of sp2 hybridization as
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Table 2 13C and 15N chemical shifts {(in ppm) of various selectively-
enriched free and protein-bound FMN derivatives in 100 =M
potassium pyrophosphate, pH 8.0. 13¢ chemical shifts are relative
to MeySi. 15N chemical shifts are relative to liquid NHy. Values
for 01d Yellow enzyme are taken from Beinert et al. (1985). Values
for TARF and TARFHp were determined in CHClj.

Atom 13¢ and 1°N chemical shifts in

Oxidized A.v. p.v.al Me. C.MP. oveb) FMNR) TARFC)
c(2) 159.6 159.7 159.8 159.8 160.6 159.8 155,32
c(4) 161.7 162.4 162.4 162.3 164.2 163.7 159.8
C(4a) 135.7 134.3 135.6 135.5 137.1 136.2 135.6
C(5a) 136.% 137.4 138.4 138.5 135.2 136.4 134.6
c(e) 132.6 132.5 133.0 133.1 - 131.8 132.8
c(7) 141.2 142.0 141.4 141.4 141.2" 140.4 136.6
c(7a) 20.4 20.5 20.6 20.5 19.3 19.9 19.4
c(8) 152.2 154.0 153.0 153.0 151.8 151.7 147.5
c(sa) 21.9 23.3 22.1 22.0 21.9 22.2 21.4
c(9) 117.9 117.2 117.5 117.4 117.7 118.3 115.5
c{9a) 181.5 131.9 132.9 132.9 131.7 133.5 131.2
C(10a) 153.5 152.3 151.5 151.4 152.9 152.1 149.1
N(1) 186.4 188.0 185.0 184.5 194.3 190.8 199.9
N(3) 160.2 159.9 160.9 161.1 164.1 160.5 159.8
N(5) 341 .4 341.1 349.3 351.5 319.4 334.7 344 .3
N(10)d 161.5 165.6 165.6 164.8 161.5 164.6 150.2

Reduced A.v. D.v.2) M.e. C.MP. OYEP) FMNH3} FMNH,C) TARPH,C)

c(2) 158.3 157.5 156.9 158.6 159.4 138.2 151.1 150.8
c{4) 155.2 154.0 154.8 154.8 163.0 157.7 157.2 157.0
C{Qa) 102.6 102.7 103.5 103.7 95.3 10l1.4 103.1 105.2
C(5a) 135.5 134.6 136.3 136.5 133.9 134.2 134.4 136.0
c(6}) 113.8 114.5 112.4 112.4 - 117.3 117.1 116.1
C(T} 130.4 130.7 131.1 131.3 131.8 133.0 184.3 133.6
Cc(7a) 19.8 19.4 19.6 19.6 18.3 19.0 18.1 19.1
c(s} 125.5 126.7 125.9 125.6 128.5 130.3 130.4 129.0
C(8a) 19.3 20.3 19.2 19.1 19.5 19.4 19.4 19.3
c(9) 115.2 114.7 115.3 114.8 117.0 118.8 117.4 118.0
C(9a) 131.2 1295.1 131.8 132.1 131.8 130.9 130.4 128.2
C(10a} 155.2 155.0 154.5 154.1 157.7 15%5.5 144.3 137.1
N{1) 182.0 186.6 183.4 182.8 187.4 182.6 128.0 116.7
N(3) 150.¢ 148.3 149.7 150.1 153.2 149.3 149.7 145.8
N(5) 61.7 6€2.1 1.3 61.9 48.6 57.7 58.0 60.4
N(10)d) 96.7 98.4 98.3 97.7 97.6 97.2 87.3 72.2

a) From Vervoort et al., 1985

b) From Beinert et al., 1985a,b

c¢) From Moonen et al., 1984b

d4) [1,3,5,10-1804]7-Methyl-10-ribityl-iscalloxazine-5'-phosphate
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compared with that of free FMN and C.MP flavodoxin, whereas that of
A.vinelandii flavodoxin is considerably decreased with respect to that of
free PMN. Therefore the isoalloxazine ring of protein-bound FMN is somewhat
less planar in A.vinelandii flavodoxin with respect to the N(10) atom than
in the other three flavodoxins studied.

The 1J {15N(3)-1H) coupling constants of the protein-bound FMN have
been determined using the DEPT pulse sequence of Doddrell et al. {1982},
optimized for a coupling constant of 90 Hz (Franken et al., 1984}. This
technique yields theoretically s ten-fold increase in the signal to noise
ratio in the 15§ spectra (see also below) (Fig. 1 C). This allowed us to
determine the coupling constants rather easily. The data are given in Table
3 and compared with published values for D.vulgaris and M.elsdenii flavo-
doxin, and TARF. The 1J(15N(8)-1H) coupling constant is a few Hz smaller in
the flavodoxins than in TARF. The fact that the coupling constant can be

observed in these proteins indicates that the exchange of the N(3)-H pro-
tons is slow on the NMR time scale. Apparently the solvent has no access to
this position in the proteins i.e. the lifetime of the N{3)-H group in the
proteins >> 10 ms.

The 1J-coupling constants between 15N and 1H nuclei are almost comple-
tely influenced by the Fermi-contact term {Bourn & Randall, 1964). Based an
this fact a semi-empirical relationship between the experimental 1J{15N-1H)
coupling constants and the hybridization of the nucleus under investigatian
was deduced (Bourn & Randall, 1964; Binsch et al., 1964). This relationship
yields values of about 72 Hz for sp3 hybridized and of about 93 Hz for sp2
hybridized nitrogen atoms. From this it can be concluded that the N(3) atom
of FMN is highly sp? hybridized in the flavodoxins. However, it should be
kept in mind that the magnitude of the 1J(15N-1H) canstant is also depen-
dent on the distance, i1.e. hydrogen bonding to N{3}H will increase the bond

distance and thereby apparently decrease the value of the coupling
constant. This fact is probably reflected in the somewhat decreased
coupling constants determined for the flavodoxins, except that for
M.elsdenii flavodoxin. The value for M.elsdenii flavodoxin was determined
in the absence of the DEPT pulse sequence leading to a decreased signal-to-
noise ratio and therefore to a less accurate determination of the coupling
constant. This could explain the apparent discrepancy.

The nuclear Overhauser effect (NOE} of e.g. N(H) or C(H) groups
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Table 3 15N-1H coupling constants (in Hz) of free and protein-bound flavins
in the oxidized and reduced state. The accuracy of the coupling
constants is * 1.2 Hz. Tetraacetylriboflavin (TARF) was measured in
CHCly. The flavodoxins were measured in 100 mM potassium
pyrophosphate, pH 8.0.

Flavadoxin Coupling constant

IJ[15N(3),1H] IJ[ISN(5)_1H1

0Oxidized state

C.MP flavodoxin 90.3 -
M.e. flavedoxin gs.2a}) -
D.v. flavodoxin 90.6b) -
A.v. flavodoxin 90.6 -
TARF 92.72) -

Reduced state

C.MP flavodoxin 91.6 94.0
M.e. flavodoxin 93.1a) 92.1a)
D.v. flavodoxin sg.sb) 86, zb)
A.v. fiavodoxin 89.7 90.3
TARFHp 93.1a) 87.53)

a) From Franken et al. (1984)

b) From Vervoort et al. (1985)
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registers the increase of intepnsity of the resonance line of the nucleus
under investigation while the proton is decoupled. The NOE is, among other
factors, dependent on the rotational correlation time of the molecule under
study. Such measurements can therefore yield some insight into the mobility
of protein-bound flavin. We have determined the NOE of the N(3)H group of

FMN bound to M.elsdenii and D.vulgaris apoflavodoxin under proton

decoupling canditions. The values determined for both proteins are -0.4.
Free FMN has a NOE value of -4.6 (Franken et al., 1984) which is very close
to the theoretical maximum. The results on the two flavedoxins suggest that
FMN is tightly bound and possesses probably little internpal motion. This
conclusion is in agreement with an earlier investigation in which the
guaternary carbon atoms of FMN bound to M.elsdenii apoflavodoxin were
studied (Moonen & Miiller, 1983).

The 13c chemical shifts of a molecule are related to the m electron
density of the corresponding atoms (Stothers, 1972). It has been shown that
such a correlation also exists in oxidized and reduced free flavin (Van
Schagen & Miiller, 1980). Therefore the 13¢ chemical shifts observed in
protein-bound flavin can reliably be interpreted in terms of m electron
changes with respect to free flavin.

The 13C chemical shifts of the flavodoxin from M.elsdenii, C.MP and
A.vinelandii are given in Table 2. For comparison the 13C chemical shifts

of FMN (in H30), TARF (in CHClg) and of 0ld Yellow enzyme (Belnert et al.,
1985b) are also given. 0ld Yellow enzyme is a FMN-containing protein. In
contrast to the flavodoxins this enzyme is probably involved in the cataly-
sis of oxidation or reduction of an organic molecule, although its precise
biological function is not yet known. This makes a comparison with the
electron-transfer flavoproteins interesting.

Some typical 13C NMR spectra of C.Mp and M.elsdenii flavodoxin are
shown in Fig. 3A and Figure 4A and 4B. The 13C chemical shifts are

collected in Table 2 and schematically presented in Fig. 2. As is already
obvious from the 15N chemical shifts the flavodoxins from C.MP and
M.elsdenii show very similar 13¢ chemical shifts. This could be expected

from the fact that they exhibit very similar chemical and physical proper-
ties (Mayhew and Ludwig, 1975). The %3C chemical shifts of these two flavo-

doxins differ from those of A.vinelandii and D.vulgaris flavodoxins, and

also differ from each other.
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Figure 3. 13¢c NMR spectra of M.elsdenii apoflavedoxin reconstituted with a
mixture of 13C enriched FMN containing 80% {8,5a-13C5]FMN and 20%
[7.9a-13C,]JPMN in the oxidized state (A} (105000 acquisitions}
and in the reduced state (B} (109000 acquisitions} in 100 mM
potassium pyrophosphate, pH = 8.0.

The 13C chemical shifts due to C{2) of FMN in all four flavodoxins
(Table 2, Figure 2) are very similar and resemble that of FMN in aqueous
solution, but differ from that of TARF in CHCls. This indicates that a
rather strong hydrogen bond exist between C(2¢) and the apoflavodoxins.
These hydrogen bondings seem to be aof similar strepgth in all four flave-
doxins as deduced from the 13C chemical shifts, It must be noticed however,
that the strength of the hydrogen bond formed between the N(1) atom of FMN
and the apoprotein counteracts the 13C chemical shifts of the neighboring
carbon atoms, i.e. leading to an upfield shift of the resonance due to C(2)
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Figure 4. 13c RMR spectra of C.MP apoflavodoxin reconstituted with various
mixtures of 13C enriched FMN in the oxidized state (A, B) and in
the reduced state (C, D) in 100 mM potassium pyrophosphate, pH =
8.0.

A: 80% (6,8a¢ - 13C;] and 20% {7a,9 - 13C,]FMN
(11200 acquisitions}

B: 80% [7x,9 - 13Cy] and 20% [8,8a - 13CyIPMN
(5800 acquisitions)

80% (6,8a - 13C;] and 20% [7a,9 - 13C,)PMN
(5200 acquisitions)

D: 80% [7a,9 - 13C5] and 20% [6,8a - 13C,]FMN
{17000 acquisitions)
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and C(10a}. Therefore it must be concluded that the hydrogen bond with
C(2a) is stronger in C.MP and M.elsdenii flavodoxins than in A.vinelandii
and D.vulgaris flavodoxin but that in all four flavodoxins the hydrogen
bonds are stronger than that of C(2¢) of PMN with the solvent water. These
results also demonstrate that the electronic structure of the flavin mole-
cule is very complex and that an environmental influence at one particular
atom also affects other atoms in the molecule as was already demonstrated
for free flavin by the coherent anti-Stokes Raman spectroscopy technique
(Miiller et al., 1983).

The 13¢ chemical shifts of C(4) in flavodoxin are upfield shifted as
compared with that in FMN but are downfield from that of TARF in CHClj.
This indicates that the m electron density at C{4) in the flavodoxins is
increased with respect to that of FMN and decreased with regard to that of
TARF, indicating weak hydrogen bonding with C(4a) in C.MP, M.elsdenii and
D.vulgaris flavodoxins, and an even weaker hydrogen bond in A.vinelandii.

According to results previcusly described for free flavins (Moonen et
al., 1984b) a strong hydrogen bond with C(2a) will influence the m electron
density on C(8), C{(8), N{(8)}, C(9a}, C(10a) through conjugative effects
leading to a highly polarized flavin molecule. To stabilize the resulting
mesomeric structure (for structures, see Moonen et al., 1984b) a solvent
possessing a high permittivity is needed. Therefore the strong hydrogen
bond formed between C{2a) of FMN and the apoprotein in the flavodoxin
should lead to a downfield shift of the resonances due te the atoms men-
tioned above. This is indeed observed for C(8), C{8a) and C{(8), but not for
the C(9a) and C(10a} which show a shift in the opposite direction. The
unexpected trend of the 13C chemical shift due to C(10a) can probably be
ascribed to the fact that it is under the influence of the neighboring
nitrogen atoms N(1) and N(10), i.e. a hydrogen bond to N(1) will shift the
resonance due to C{10a) as discussed above for C(2). This interpretation
seems to be in agreement with the further upfield shift observed for Nf1)
in flavodoxins as compared with free FMN (Figure 2). From these results it
can be concluded that FMN in D.vulpgaris flavedoxin is most polarized in the
direction from C(8), C(6), C(9a), N(5), C{10a) to C(2a), that in M.elsdenii
and C.MP flavodoxins somewhat less and the least in A.vinelandii flavo-
doxin. The stabilization of the mesomeric structure is a combined effect of

hydrogen bonding with C(2¢) and a high permittivity at the dimethylbenzene
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edge of protein-bound flavin which is known to be accessible to solvent
from crystallographic work {Smith et al., 1977, 1983; Watenpaugh et al.,
19%92). As a consequence it could also be concluded from cur NMR results
that of the four flavodoxins studied the FMN in A.vinelandii flavodoxin is
the least accessible to bulk solvent and that in D.vulgaris flavodoxin is
the most accessible.

The 13 ¢ chemical shifts due to C{9a) and €(10a) of FMN in D.vulgaris
and A.vinelandii flavodoxins deserve some further comments since they do
not show the shifts expected on the basis of the results for free flavin
{Mocnen et al., 1984b). For D.vulgaris flavedoxin we have recently
suggested (Vervaort et al., 1985) that the slight upfield shift fer C(9a)
instead of the expected downfield shift, is a result of ring current
effects of Trp-60 (Watenpaugh et al., 1972; 1973; 1975). Yet, there is no
equivalent aromatic amino acid residue in A.vinelandli flavodoxin
(Dubourdieu and Fox, 1977), except maybe Tyr-102, unless the folding of the
active site is completely different from the other flavodoxins which does
not seem likely (Smith et al., 197%7; 1983). Even if the N(10) atom, on the
other hand, would be under the influence of ring current effects of an aro-
matic amino acid residue, the chemical shifts of the two atoms in question
could not be explained satisfactorily. Therefore we propose that both atoms
are shifted upfield by the partial positive charge (a-effect) developed by
the increased sp2 hybridization of N{10}. This interpretation would explain
fully the C{10a} shifts in both proteins, i.e. in D.vulgaris flavodaxin the

hydrogen bond to N(1) is weaker than in the other flavodoxin, leading to a
downfield shift, and in A.vinelandii flavodoxin the sp2 hybridization of
N(10) is relatively strongly decreased in comparison to the other flavo-
doxins yielding a larger downfield shift. Since the C(9a} atom is under the
influence of the mentioned effect of N(10) and involved when the molecule
is polarized the shift of C(9a) is more difficult to interpret in detail
but seems consistent with the above given interpretation.

An increase in sp2 hybridization of N(10) in free flavin leads to a
downfield shift of the resonance due to C(9), C{7), C(7a) and C(5a) due to
the delccalization of the partial positive charge on N(10) (Moonen et al.,
1984b). This is also observed with the flavodoxins and the downfield shift
indeed parallels that of N{(10) (Figure 2, Table 2}, except for C(9). The
relative upfield shift of C(5a) in D.vulgaris and in A.vinelandii flavo-
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doxin compared to M.elsdenii and C.Mp flavedoxin reflects probably the
hydrogen bonding to N(5) in the former two which strength is less than in
FMN (Figure 2),

When the degree of hybridization of the N(10) atom of FMN is increased,
n electrons are delocalized onto the C(4a) and C{4a), if the C(4a)} is
capable of forming a hydrogen bond. As discussed above only a weak, if any,
hydrogen bond with C(4a) 1s present in the Flavodoxins. Therefore the n
electron density is transferred mainly to C{4a) in the flavodoxins leading
to an upfield shift of the resonance due to C(4a) as compared with that in
free FMN (Figure 2). It can be seen {Pigure 2} that as expected the chemi-
cal shift of C(4a) parallels that of N(10), but {n the opposite direction.
These effects are very obvious in A.vinelandii flavodoxin where the N{10)
atom exhibits a lower sp2 hybridization than in the other flavodoxins. As a
consequence, the resonance due to C(4a) is shifted downfield owing to the
release of m electron density at this atom. At the same time the resonances
due to C(7) and C{5a) shift upfield because of the decrease of positive
charge delocalized to these atoms upon an increase of spe hybridization of
N(10). The relative upfield shift for C(4a) in A.vinelandii and D.vulgaris
flavodoxins compared to M.elsdenii and C.MP flavodoxin also probably

reflects the weak hydrogen bond to N(5) in the former two.

The one-bond coupling constants 1J[13¢(4a)-13C(4)] and
15713¢(4a)-13c(10a)] are given in Table 4 (Fig. 5). It is generally
accepted that the direct 13¢-13¢ coupling constants reflect the s character
of the orbitals meking up the bond {Stothers, 1972). The coupling constant
for 13[13¢(4)-13¢(4a)] is larger than that for 1J[13c(4a)-13c(10a)]
suggesting that the former bond possesses a consderably higher s character
than the latter one, but the difference between free and protein-bound fla-
vins is small. The coupling constant of 1J[13C(4a)-13¢(10a)] shows a larger
variation and seems to reflect the degree of polarization of the flavin
molecule since it increases in the order TARF, FMN and protein-bound flavin

(see also above).
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Figure 5. 13¢ NMR spectra of C.MP apoflavodoxin reconstituted with
[4.4a.10a - 13C3]PMN in the oxidized (A) (35400 acquisitions) and
in the reduced state (B) (54100 acguisitions) in 100 mM potassium
pyrophosphate, pH = 8.0,

The NOE of the hydrogen-bearing carbon atoms C{6} and C(9) of FMN In
M.elsdenii and D.vulgaris flavodoxin have been estimated by broad-band
decoupling. The values found are 1.2%0.2, indicating that little, if any,

enhancement is observed. These results are in agreement with those obtained
on the N{3)H group (see above) and support the observation that flavin is
rather tightly bound to these apoflavodoxins.
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Table 4 Direct 13¢-13¢ coupling constants of free and protein-bound
(4,4a,10a - 13Ccg]flavin in the oxidized and reduced state. The
accuracy of the coupling constants is # 0.5 Hz.

| Redox state Compound Coupling and coupling constants (in Hz}

15113¢(4)-13¢(aa)] 1[{13¢(4a)-13¢(10a)]

Oxidized TARFa) 75.5 53.3
FMN&) 75.4 55.9
C.MP flavodoxin 76.3 56.2
M.e. flavodoxin 76.5 56.5
D.v. flavodoxin®) 78.9 57.3
A.v. flavodoxin 76.3 56.5
Reduced TARPH,?) 79.1 84.5
FMNHg?) 82.0 81.6
PMNE-2) 84.0 74.4
C.MP flavodoxin 85.5 73.2
M.e. flavodoxin 85.2 73.2
D.v. flavodoxin®) 86.7 72.8
A.v. flavedoxinb) 87.9 72.0

a) From Vervoort et al., 1985

b) The accuracy of the coupling constants is 1.0 Hz




13¢ and 15N NMR studies in the reduced state

A detailed interpretation of the chemical shifts observed for the
reduced compounds will not be given here because the fundamental concept is

the same as described above for the oxidized compounds. The discussion will

be confined to the most useful findings.

It is most convenient to discuss again first the 15§ chemical shifts.
All nitrogen atoms in the reduced state of flavin are of the pyrrole-type.
The chemical shifts of N(1) of FMN bound to all of the apoflavodoxzins are
very similar to that of FMNH™ (Figure 2, Table 2). This already indicates
that the prosthetic group in reduced flavedoxins is ionized, information
that cannot be obtained by other physical techniques.The ilonlzation of
FMNHp in the flavodoxins is also supported by the fact that no N(1)}-H
coupling is observed. The ionization of N{(1} is also reflected by the large
downfield shift of the resonance due to the neighboring carbon atoms C(2)
end C{10a) (Figure 2, Table 2). These downfield shifts are caused by the
negative charge (field effect) on N(1) (Van Schagen and Miiller, 1981). The
chemical shifts of N(1) of FMNH™ in the flavodoxins is independent of pH in
the range from 6.0 to 8.5. This implies that the pK value of the N(1) atom
of flavin in flavodoxins is decreased compared with that of FMNH3.

The N(3) chemical shifts of apoflavodoxin-bound FMNH- appear either
downfield (C.MP, M.elsdenii and A.vinelandii) or upfield (D.vulgaris) as
compared with that of FMNH- (Figure 1, Figure 2, Table 2}. This suggests
that a hydrogen bond is present in the first group of flavodoxins and alseo
in D.vulgaris flavedoxin (Vervoort et al.,, 1985), although in this case the
bond is weak.

The resonance of N(5) of FMNH™ in all flavodoxins is shifted downfield
with respect to that of free FMNH-, suggesting that a strong hydrogen hond
is formed with N(5).

The N{10) chemical shifts in the flavodoxins appear at lower field than
in FMNH~, except that in A.vinelandii flavodoxin. This indicates that the
sp2 character of the N(10} atom is somewhat increased in M.elsdenii, C.Mp
and D.vulgaris flavodoxin and decreased in A.vinelandii flavodoxin.

Flavin in the reduced state is an electron-rich molecule. On two-
electron reduction the 13C chemical shifts of apoflavodoxin-bound flavin
are different from those of FMNH™. An upfield shift is observed for the

resonances of all sp2 carbon atoms, except those of C(4a), C(5a) and C(9a).
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The downfield shift of these carbon atoms indicates that both N(10) and
N(5) nitrogen atoms possess an increased sp2 hybridization that delocali-
ses the partial positive charge onto these carbon atoms and increasing the
n electron density at C(8) and C(6) on the one side, and C(7) and C(3) on
the other. The fact that C(4) is also strongly upfield shifted even by com-
parision with that in TARFHs; in an apolar solvent strongly suggests that
some n electron density from N(5) is delocalized onto this atom. These
facts make it difficult to derive from the 13C chemical shifts of C(2) and
C(4) whether or not these two atoms are involved in hydrogen bonding,
because counteracting effects mask the influence of hydrogen bonding. In
D.vulgaris flavodoxin the further upfield shift of the resonance of C(4),
which is accompanied by a downfield shift of resonance due to €{6) and
c{8), and an upfield shift of those of C(5a) and C(9a), suggests that =
electron density is redistributed from C{8} and C(6) onto C(4) and C(%a)
(from N{5)) and from N{10) onto C(5a) and C(4a) due to a further increase
of the sp? hybridization of N(10) (Figure 2).

The 15N-1H coupling constants of N(3)H and N(5)H {Figure 1) indicate
that both atoms have a high degree of sp? character (Table 3) (Levy and
Lichter, 1979; Binsch et al., 1964) exceeding that of N(5)H in TARFHp. The
somewhat lower value for the N{(5)H coupling has recently been explained by
the formation of a stromg hydrogen bond with this group decreasing the
bonding distance between N{5) &nd its proton. The fact that these coupling
constants can be observed indicates that the two N-H groups are not
accessible to bulk solvent in the flavodoxins; i.e. the proton exchange
reaction must be slow, » << 100 Hz.

The 13¢-13c coupling constants for the 13C(4a)-13C(4) and
13c(4a}-13c({10a}) bonds are given in Table 4 {Figure 5). From these results
it follows that the s character (Stothers, 1972) of the C(4)-C{4a) bond
increases on going from free to protein-bound flavin and that the s
character of the C{4a)-C(10a) bond is decreasing. These coupling constants
were also used to assign unambigucusly the resonance of the C(4) and C{10a)
atoms.

The magnitude of the NOE for N{3)H and N(5)H in D.vulgaris and
M.elsdenii flavodoxins were determined to be -0.40 and -0.57, respectively.
Moreover the NOE for C(6)H and C{9)H were the same as those found for the
oxidized proteins. These results strongly suggest that FMNH™ bound to
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apoflavodoxins is rigidly bound, as found for the oxidized proteins. It
should be noted however, that we had to use rather high concentration of
proteins to obtain these results and that the results should not be extra-
polated to very dilute solutions. On the other hand, the flavodoxin con-
centrations found in the corresponding bacteria is rather high, approaching
the concentrations used in the NMR measurements. Therefore the above state-
ment should be of biological relevance.

The above results demonstrate that the electronic structure of flavin
is altered on binding to apoflavoproteins. The electronic structures of the
flavin in M.elsdenii and C.MP flavodoxin are very similar, but they differ
from those in A.vinelandii and D,vulgaris flavodoxin. Even the latter two
flavedoxins show distinct differences. On the other hand it is also cbvious
that there is a greater similarity among the flavodoxins than between the
flavodoxins and O0ld Yellow enzyme (Table 2). This shows the power of the
NMR technigue especially in the combination of different nuclei and using
labeled prosthetic groups allowing the detection of all atoms. Although it
is obvious that the specific interactions between the prosthetic group and
the apoprotein contributes considerably, if it is not the major part to the
alteration of the electronic structure of protein-bound flavin, which ulti-
mately prepares it for the catalysis of a certain biological reaction, more
data on other flavoproteins are needed to unravel the complex electronic
structure of protein-bound flavin. Such a program is now under active
investigation. The higher complexity of the electronic structure of
protein—-bound flavin by comparison with free flavin alsc makes it very dif-
ficult to deduce the endocyclic angles of N{(10) and N(5) from the NMR data,
as has been done with free flavins {Moonen et al., 1984b}). However, in the
protein-bound state this information can be obtained from the 15N-1H
coupling constant; this coupling cannot be observed in free flavin in
agqueous solution. It has been suggested, based mainly on circular dichroism
and UV spectra, that flavodoxins can be divided into a pasteurianum type
{(M.elsdenii, C.Mp) and a rubrum type (A.vinelandii, D.vulgaris) flavodoxin
{(D'Anna and Tollin, 1972). Our results indicate caution should be used in
classifying the flavodoxin from A.vinelandii and D.vulgaris together
{D'Anna and Tollin, 1972) because their NMR properties show considerable
variation. Their circular dichroism spectra are similar, but such spectra

cannot reveal directly the electronic structure of flavin in great detail.
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The three-dimensienal structures of C.MP (Burnett et al., 1974; Ludwig
et al., 1976; Smith et al., 1977; 1983) and D.vulgaris flavodoxins have
been determined. The flavin in D.vulgaris flavodoxin is flanked by Tyr-98
on one side and by Trp-60 on the other side. Tyr-98 is nearly coplanar with
the flavin ring and located above the pyrazine moiety {(central ring) of
flavin. Trp-60 overlaps primarly with the benzene subnucleus of FMN,
cavering the C(8a), C(8), C(9) and C(9a) atoms of flavin but it is not
coplanar with the flavin. There is an angle of 45° between the normals of
the two planes. C.MP flavodoxin has a methionine in place of tryptophan on
the one side of the flavin and tryptophan in place of tyrosine on the oppo-
site site. The tryptophan residues overlaps with the benzene subnucleus of
flavin. The role of these amino acid residues in the particular function of
the flavodoxins is not yet known. Considering the differences in the
electronic structure of the two flavodoxins (Figure 2), which are rather
large in the reduced state, it is suggested that these residues play a role
in the particular x electron density distribution in the two flavodoxins
and in the stabilization of the resulting mesomeric structures.

The hydrogen bonding between FMN and apoflavedoxin from D.vulgaris as
revealed by NMR results are in agreement with the "first model” proposed
from X-ray data (Watenpaugh et al., 1971). The hydrogen bonding pattern of
the four flavodoxins studied, as deduced from our NMR data, are presented
schematically in Pigure 6. It is interesting to note that C.MP and
M.elsdenii flavodoxins do not form a hydrogen bond with the N(S)} atom in
the oxidized state. In the reduced state a strong hydrogen bond is formed.
These results are in agreement with crystallographic studies on C.MP flavo-
doxin (Smith et al., 1977) showing that the peptide backbone at Glu-17
undergoes a conformational change on reduction that facilitates the
interaction of the carbonyl group of Glu-17 with the proton at N{(5)} of fla-
vin. A similar situation exists in M.elsdenii flavodoxin as deduced from
the NMR results. Another common feature seems to be the absence of hydrogen
bonding with C(4a) of flavin in all four flavodoxins. However, it should be
kept in mind that the complexity of the electronic structure of flavin in
reduced flavodoxins did not allow us to deduce with certainty the absolute

absence of any hydrogen bonding interactions. Nevertheless it has been
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Figure 6.

found in C.MP flavedoxin (Smith et al., 1977) that 0{17) from Glu (17) is
very close to the C(4a) atom of FMN. It has been sugpgested that this con-
figuration must be associated with an unfavorable Coulombic interaction,
i.e. repulsive. This may have some chemical consequences for the electron
redistribution in reduced flavodoxins leading to the destabilization of
certain mesomeric structures observed with free reduced flavin (Moonen et
al., 1984b). Therefore, we believe that the unusual chemical shifts due to
C{4) in the flavodoxins are also reflecting this effect.
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SUMMARY

Megasphaera elsdenii apoflavodoxin has been reconstituted with ribofla-
vin 3',5'-bisphosphate. Several biochemical and biophysical properties of
the complex have been investigated and the results are compared with the
properties of the native protein. The dissociation constant of the modified
complex is increased by a factor of about 23 by comparison with that of the
native protein. The rate constant for the fermation of the complex is about
70 times lower than that for the native protein. The stability of the
complex is governed by the dissociation rate constant, The redox potential
of the transition between the oxidized and semiquinone state is similar to
that of the native protein. On the other hand the redox potential of the
semiguinone-hydroquinone transition 1s about 20 mV more negative than that
of the native protein. Absorbance and circular dichroism studies reveal no
substantial differences between the protein-bound artificial prosthetic
group and the protein-bound natural prosthetic group in all three redox
states. Both prosthetic groups were specifically enriched in the isocallopxa-
zine ring with 13c and 15N isotopes. In both the oxidized and in the fully
reduced state only minor differences in interaction between the isoalloxa-
zine ring and the apoprotein for the two flavin derivatives are found. 31p
NMR studies show that the 5'-phosphate group of the two flavin derivatives
is bound in the same way and that it is dianionic in the complex. In
contrast, the 3'-phosphate group in riboflavin 3',5'-bisphosphate is
monoanionic or even neutral when bound to the protein. The 3'-phosphate
group is also close to or on the surface of the protein. The results are
discussed in the light of the recently proposed theory that various kinds
of charge-charge interactions are mainly responsible for the regulation of
the redox potential in flavoproteins.
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INTRODUCTION

Flavodoxins are small flavoproteins (15,000 - 21,000 Da) which contain
one molecule of FMN as prosthetic group and which function as electron
carriers of low redox potential in many biological reactions [1]. They fall
into two classes according to certain blophysical properties and the
flavin-binding specificity of their apoproteins [1-3]. The proteins in one
class (e.g. Megasphaera elsdenii, Clostridium MP) bind only riboflavin

derivatives which contain a free phosphate group at the 5'-position; those

in the second class (e.g. Desulfovibrio vulgaris, Azotobacter vinelandii)

are much less specific. In contrast, both kinds of apoflavodoxin bind fla-
vins which contain modifications in the isoalloxazine part of the molecule.
M.elsdenii apoflavedoxin has been used to assay for FMN, to analyze FMN
for its riboflavin §'-monophosphate content by fluorimetric techniques [5],
and to prepare pure riboflavin 5'-monophosphate from crude FMN by affinity
chromatography [8). However, it has been shown recently that the specifi-
city of this apoflavodoxin is not quite as high as was originally thought.
It also binds riboflavin 3',5'-bisphosphate {Fig. 1), a flavin discovered
in small amounts in commercial preparations of FMN [4], and FMN prepara-
tions synthesised in the labeoratory, and occurring together with two other
riboflavin bisphosphate and two riboflavin monophosphate contaminantis
[4-7]. The stability of the complex was somewhat less than that of native
flavodoxin, but the complex was fully active as an electron carrier in an
assay involving the oxidation of molecular hydrogen and the reduction of
metronidazole [4]. These observations implied that the additional phosphate
group on the flavin has a minimal effect on the properties of the complex.
A further investigation of the complex has therefore been carried out,
the results of which are reported in this paper. It seemed possible that
this flavodoxin derivstive might help to assess a theory proposed recently
that charge-charge interactions are a major factor in the regulation of the

redox potential of flavoproteins [9].
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Fig. 1. Structure of riboflavin 3',5'-bisphosphate.

MATERIALS AND METHODS

Riboflavin 3',5'-bisphosphate was purified from FMN as described pre-
viously [4]. The synthesis of 15N enriched flavins has been described
elsewhere [10]. The selectively 13c and 15N enriched phosphorylated
riboflavin derivatives were purified on a preparative scale by stepwise
elution on a conventional DEAE-cellulose column as described previously
[11].

Freeze dried samples (40-80 mg based on flavin absorbance at 450 nm) of
the 100 mM ammonium carbonate fraction, containing the bisphospherylated
flavin analogues [11], were rechromatographed on a DEAE Sepharose 6B Fast
Flow (Pharmacia) column (10x2,5 cm) by gradient elution at room temperature

in the dark.
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The anion exchanger was pre-equilibrated with 20 mM ammonium acetate,
pH 5.9, the sample loaded on top of the column and the column washed with
one column-volume of the acetate buffer. Riboflavin 3',5'-bisphosphate was
eluted from the columm with a 0-1 M ammonium acetate linear gradient (pH
5.9). The flow rate was kept constant at 40 ml/h with an LKB microperpex S
peristaltic pump and 6.0 ml fractions were collected with an LKB Redirac
fraction collector. Yellow fractions were tested for purlty by analytical
ion exchange chromatography on a MONO Q HR 5/5 column using the FPLC system
of Pharmacia and by fluorescence titrations with apoflavodoxin from
Megasphaera elsdenii [5]. Before recording the 31p-NMR spectra the flavin

analogues were eluted over Chelex-100 (Biorad)} to remove traces of metal
ions.

The flavodoxin from Megasphaera elsdenii was isolated as described pre-

viously [12]. The apoprotein was prepared by the trichloroacetic acid pre-
cipitation method [5]. The reconstitution of the apoflavodoxin with the FMN
derivatives was conducted in neutral buffered solutions at 4°C. Excess of
FMN or ribeflavin 3',5'-bisphosphate was removed on a Biogel P6DG column.
The samples were concentrated by means of ultrafiltration (AMICON).

The redox potentials of the flavodoxin complexes were determined as
described previously [13,14]. Light absorption spectra were taken aon a
Varian Cary 16 and Perkin-Elmer 550B spectrophotometers, fluorescence
experiments were done on Aminco SPF-500 spectrofluorometer and circular
dichroism spectra on a Jobin Yvon auto-dichrograph Mark V. All spectrome-
ters were eguipped with thermostatted cell holders. The experiments were
done at 220C.

Wilmad 10 me precision NMR tubes were used for 13¢ and 31P NMR. Wilmad
15 mm precision NMR tubes were used for 15N NMR. The samples contained 1-%
eM flavodoxin in 100 mM potassium pyrophosphate buffer, pH 8.0, for 13¢ and
155 NMR and 100 mM Tris-HC1l, pR 8.¢, for 31p NMR, all in the presence of
10% 2H50. The sample volume was 1.6 ml for 13C and 31P NMR and 4 ml for 15N
NMR. All measurements were performed on a Bruker CXP 300 spectrometer
operating at 120.5 MHz for 3lp NMR, 75.6 MHz for 13C NMR and 30.4 MHz for
15N NMR measurements. Proton decoupling was achieved with the Waltz-16
pulse sequence [15} at -16 dB fram 20 W. All spectra were recorded using
30° pulses and a repetition time of 1.0 s. The temperature was kept at

179C, unless indicated otherwise.
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Reduction of the samples was achieved by the addition of the desired
amount of a dithionite solution to the anaercbic sclution of flavodoxin.
Anaerobiosis was achieved by carefully flushing the solution of the NMR
tube with argon for about 10 min.

RESULTS AND DISCUSSION

Analytical anion exchange chromatography

Chemical phosphorylation of riboflavin yields three different types of
monophosphorylated as well as three bisphosphorylated forms of riboflavin.
These compounds can be separated con a semi-preparative scale by reversed
phase HPLC [4]. For our purpose it was sufficient to purify the riboflavin
derivatives at the mono- and bisphosphoryvlated level because apoflavodoxin
is very specific for monophosphorylated riboflavin with the phosphate at
the 5' position [4,5] and for bisphosphorylated riboflavin with the
phosphates at the 3' and 5' position [4]. Therefore the enriched riboflavin
3',5'-bisphosphorylated compounds were purified on a preparative scale
using conventional ion-exchange chromatography as described under Materials
and Methods. Fig. 2 shows the elution pattern of the preparative purifica-
tion of [4-10a 13Cz]riboflavin 3',5'-bisphosphate. In Fig. 3 the analytical
FPLC pattern of the pooled preparative fraction of [4-10a 1302]ribof1avin
3',5'-bisphosphate (Fig. 3A) is compared with those of commercial FMN (Fig.
3B) and riboflavin 3',5'-bisphosphate, purified by reversed phase HPLC
(Fig. 3C). The purity of the various riboflavian 3',5'-bisphosphate pools
after preparative anion exchange chromatography obtained from separate
syntheses was further checked by fluarescence titrations with apoflavo-
doxin. When a two-fold excess of apoflavodoxin was added to the sample
shown in Fig. 3A the residual fluarescence was 17%, indicating that the
compound has a purity of about 80%, a value in good agreement with the FPLC
pattern. Similar tests on other samples, showed that their purity varied
from 60-80% but that they did not contain more than 1% of FMN as judged by
analytical anion exchange chromatography on the FPLC system. The procedure
described above is gives high yields and it is sufficient to separate from
2 mixture the monophosphorylated from the bisphosphorylated compounds

that bind to apoflavodoxin.
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Preparative Anion Exchange Chromatography of 4-10a 13C Enriched
Riboflavin 3',5'-bisphosphate on DEAE-Sepharose 6B Fast Flow.

100 umol of partially purified [4-10a 13Cg]ribof1avin
3',5'-bisphosphate [11] were bound on top of the column in 20 mM
ammonium acetate, pH 5.9 (start buffer}. After washing the coluan
with one volume start buffer the flavin analogues were eluted
using a linear gradient of 0-1 M ammonium acetate, pH 5.9, in the
start buffer. The flow rate was 40 ml/h. 6 ml fractions were
collected and poocled as indicated (shadowed area). Absorbance at
445 nm was measured by dilution of a 100 nl aliquot of the dif-
ferent fractiomns.
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Fig. 3. Analytical Anion Exchange Chramatography of various riboflavin
derivatives.

A:

Pooled fraction of [4-10a 13Cg]ribof1avin 3',5'-bisphosphate

after preparative anion exchange chromatography.

For the purification of riboflavin 3',5'-bisphosphate a 50 ul

aliquot of the pooled fractions in Fig. 1, containing about

100 nmol flavin, was analyzed.

Gradient composition: Buffer A: 20 mM ammonium acetate pH 6.0.
Buffer B: 1 M ammonium acetate pH 6.0.

Flow rate 1,5 ml/min.

The gradient was made as indicated by the dashed line. After

each run the column was washed with 2 m1 1 M ammonium acetate

and pre-equilibrated again with 5 ml 20 mM ammonium acetate.

Commercial FMN.

Reversed phase HPLC purified riboflavin 3',5'-bisphosphate [4}.
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Kinetic and thermodynamic results

The dissociation constant of the M.elsdenii apoflavodoxin riboflavin
3',5'-bisphosphate complex has been determined by fluorometric titration
experiments {5] at pH 7 and 229C, using the highly purified flavin derivative
[4] (see Fig. 2C). The dissociation constant was found to be 10 nM. This
value is the same as that determined independently in a previous study [4].
Although riboflavin 3',5'-bisphosphate binds tightly to the apoprotein, its
dissociation constant is about a factor of 23 larger than that of the
native protein [16]. The value for the native protein was however obtained
in 25 mM sodium acetate, pH 6.55, and at 209C. In a similar but kinetic
experiment at pH 7, using a two-fold excess of apoflavodoxin over the
riboflavin 3',5'-bisphosphate, the second-order association rate constant
for the formation of the complex was determined to be 1.8 x 103 M1g-1,
This value is about 70 times smaller than the value determined for the
native protein at pH 4.4 and 0.59C [16] (Table 1). Although the results of
the two kinetic measurements cannot be compared directly, the previously
determined ionic strength-independent and pH-independent association rate
constant for the native protein was found to be 3.5 x 105 M-1s~! [17], a
value close to that given in Table 1 and therefore making the comparison
reasonable. From the appropriate dissociation constants and the association
rate constants the dissociation rate constants have been calculated (Table
1). Since the reciprocal value of the dissociation rate constant represents
the lifetime of the complex it is obvious that the stability of the
riboflavin 3',5'-bisphosphate complex is governed by the disscciation rate
constant. The kinetic constants shown in Table 1 deserve some further com-—
ments. The association rate constant for the native enzyme might have been
expected to be diffusion controlled. The fact that the association rate
constant for riboflavin 3',5'-bisphosphate is decreased by two orders of
magnitude strongly suggests that formation of the complexes is accompanied
by dehydration of the highly solvated phosphate group(s) of flavin.

The complex of apoflavodoxin and riboflavin 3/,5'-bisphosphate has been
shown to be slightly more active than native flavodoxin in catalysing
electron transfer from hydrogenase to metronidazole [4]. It was therefore
of interest to determine the redox potentials of the complex for comparison

with those of the native protein. The potential of the oxidized-semiquinone
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Comparison of Some Physico-Chemical Properties of Native Flavodoxin from

M.elsdenii and the Complex between its Apoprotein and Riboflavin

3',5'-bisphosphate.

The proteins were dissolved in 50 mM potassium phosphate, pH 7.0, unless

otherwise stated. The temperature was 22°C.

Prosthetic group

Parameter pH
FMN FB-3',5'
Sy-1-12) |
Kon 7.0 2.59x10°M 1s 1.82x10%M" s
Kops?) 7.0 1.1 x10™4s"1 1.8 x 1075571
Xp 7.0 0.43 nu?) 9.7 nMC), 10 nM
Em(ox./semiquinone)el 7.0 -115 mv?d) -111 mv, -118 mV
Ep(semigquinone/two- 6.1 - -376 mV
electron reduced)®) 6.56 -375 mv -390 mV
7.05 -390 mv, -373 mvd) -410 mv
7.51 -393 mV 419 mV

¢(molar absorptien
coefficient)
oxidized state at 445 nm

semiquinone state at 5890

nm

d
10200 M lem 1 )

d
4500 M 1cm~1 )

10200 M lem1
4000 M lem~1

a) Taken from ref. 16.

b) Calculated from the corresponding values of k,, and Kp.

c) Taken from ref. 4.
d) Taken from ref. 13.

e} Measured at 25°C.
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couple was measured with indigodisulphonate as indicator and using pho-
tochemical reduction with EDTA and deazaflavin to introduce reducing
equivalents into the system [14,23}. Two eguilibrium points were obtained,
and these gave values of -111 mV and -118 mV for the midpoint redox poten-
tial of the complex. The values are very similar to the value reported for
the native protein [13,14,24] (Table 1). The redox potential for the semi-
quinone-hydroquinone couple was measured by equilibration with Hz using
hydrogenase as catalyst [13,14]. The experimental points at four pH values
(Table 1) fit a straight line rather than the curve observed with the
native protein [13,14 24}, and the value at pH 7.05 (-410 mV) is 20 mV more
negative than the value determined for the native protein in a parallel
experiment {Table 1). The values determined for the native protein are more
negative than several published values determined by a variety of methods
[13,14,24] but similar to a value obtained recently by pulse polarography
[18]. The reason for these different values for the native protein is not
known. The strain of M.elsdenii used as the source of flavodoxin was the
same for all of the measurements, but we cannot yet exclude the possibility
of a recent mutation in the strain.

It is surprising that the phosphate group at the 3'-position in
riboflavin 3',5'-bisphosphate has such minor effects on the redox poten-
tials of the complex of flavin and apoflavodoxin. The observatian that the
potentials of the complex are so similar to those of native flavodoxin
indicate that the dissociation constants for the bound flavin change with
the redox state of the flavin in a way similar to that deduced for the
native protein [1]. The two redox potentials for protein-free riboflavin
3',5'-bisphosphate have not been measured. However, it is assumed that they
are the same as those of riboflavin 5'-monophosphate (-124 mV and -314 mV
for the semiguinone/hydroquinone and oxidized/semiquinone couples respec-
tively {25]), values for the dissociation constants for the complexes of
apoflavodoxin and the semiquinone and hydroquinone can be calculated from
the equation [1,13,26]:

KD.ox

E {bound flavin) = E (free flavin)+ 0.059 log
m m
D, red

{1)

where, Kp, ox refers to the oxidized and semiquinone forms of flavodoxin for
the couples oxidized/semiquinone and semigquinone/hydroquinone respectively;

Kp,red referes to the semiguinone and hydroquinone forms of flavodoxin for
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the couples oxidized/semiguinone and semiquinone/hydroquinone respectively.

The values calculated fo the dissociation constants are 4.2 pM and 0.3
HM for the semiquinone and hydroguinone respectively. Nevertheless, they
show that the ratios of the dissociation constants for the oxidized and
semiquinone complexes on the one hand, and for the semiquione and hydro-
quinone complexes on the other are very similar for the modified and native
proteins [1]. The much weaker binding of the hydroquinone indicated by this
calculation is supported by NMR measurements (see below).

The weaker binding of the hydroquinone has heen ascribed to a dif-
ference in the conformation of the free and bound flavin; the crystal
structure of fully reduced Clostridium MP flavodoxin was found to be
coplanar, while the free flavin was thought to have a bent conformation,
thus making the interaction with the apoprotein thermodynamically less
favourable [1]. Recent 13C and 15N NMR measurements have indicated that
the isocalloxazine structure of fully reduced flavins is also coplanar in
the protein-free state [1%2]. It is unlikely therefore that a conformational
change in the flavin of the kind originally proposed can explain the
decreased stability of the reduced complex.

An alternative explanation for the negative shift of the redox poten-
tial for the semiguinone/hydroquinone couple of FMN in flavodoxin has been
proposed recently [9]. In this theory, the charge-charge interaction be-
tween the negative charges of the phosphate group of FMN and the negative
charge on N(1) of the isoalloxazine moiety of FMN hydroquinone [10,11, 20}
and the monopole-menopole interaction between the latter and the negative
charges on the protein account for the shift in redox potential and could
alsp account for the decreased stability of the hydroquinone complex. The
more negative potential of the complex with riboflavin 3',5'-bisphosphate is
consistent with this theory. The fact that the potential is not shifted
even more might indicate that the 3'-phosphate group in the complex carries
less than two negative charges; support for this charge composition is
given below. The theory is not adequate to account for the positive shift
in potential for the oxidized/zemiquinone couple because the isoalloxazine
systems for both redox species is neutral. However, the theory does predict
that the additional phosphate group should not affect the potential of the

oxidized semiquinone couple, as was observed.
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Absorbance and circular dichroism studies

The shape of the absorption spectra of the native and modified flavo-
doxin complexes are identical or almost identical in all three redox states
in the 320-700 nm region. Although the molar absorption coefficients seem
to be identical in the oxidized state they differ by about 10% in the semi-
quinone state (Table 1).
The circular dichroise spectrum of the modified flavodoxin exhibits only
very small differences in the 320-700 nm region in the three redox states
as compared with native flavedoxin. The spectra are virtually identical with
published spectra [3]. The intensity in the visible region of the circular
dichroism bands of the modified protein is slightly decreased as compared
with those of the native protein [3].

Nuclear magnetic resonance studies

The 31P NMR spectrum of free riboflavin 3',5'-bisphosphate, purified by
HPLC [4], is shown in Fig. 4A. Two resonances are observed under proton-
decoupling conditions. The low-field signal is assigned to the 5'-phosphate
group resconating at the same position as the phaosphate group of FMN. The
3'phosphate group resonates at higher field (Table 2). These two lines are
further split inte a triplet and a doublet, respectively, when the spectrum
is taken in the ahbsence of praoton-decoupling conditions (Fig. 4B). The two
33(31p-1H) couplings arise by interaction with the 5'-CHp group yielding a
triplet and the 3'-CH group giving a doublet. The coupling constants are:
5.1 Hz for the former case and 9.3 Hz for the latter case. Fig. 4C shows
the 31P NMR spectrum of [4a, 10a-13Cy]riboflavin 3',5'-bisphosphate which
was obtained as a byproduct by the phosphorylation of the riboflavin
derivative. It was purified according to the procedure described in
Materials and Methoeds. The spectrum demonstrates that the compound is at
least 80% pure, as also deduced by HPLC techniques. The spectrum is
slightly upfield shifted due to the lower pH value of the solution as com-
pared to those of the spectra shown in Fig. 4A and B.
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Table 2

31P, 13¢ and 158 chemical shifts {in ppm) of selectively enriched protein-
bound riboflavin 3',5'-bisphosphate and FMN bound to apoflaveodoxin from
M.elsdenii.

31p chemical shifts were determined in 100 mM Tris, pH = 8.0. 13¢ and 15x
chemical shifts were determined in 10C mM potassium pyrephosphate, pH =
3.0.

13¢ chemical shifts are relative to Me,5i, the 15N chemical shifts relative
to liquid NHa and the 3!P chemical shifts relative to H4PO,.

Prosthetic Group

Atom
3',5'-FB FMN 3',5'-FB FMN
OXIDIZED REDUCED

c(2) 159.7 159.8 156.7 156.9
c(4) 162.4 162.4 154.9 154.8
C(4a) 135.6 135.6 103.2 103.5
C(10a) 151.6 151.5 154.5 154.5
N({1) 185.0 185.0 183.6 183.4
N{3) 160.6 160.9 149.5 149.7
N(5) 349.3 349.3 61.6 61.3
N(10) 164.8 165.3 97.5 98 2
5'-phosphate 5.15; 5.10%) 5.25

3'-phosphate 2.00; 4.903) 1.65

a) 31p chemical shifts of the free prosthetic group.
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Fig. 4. 31p NMR spectra of free riboflavin 3',5'-bisphosphate.
A: Proton—-decoupled, pH = 9.2 (717 {ransients}.
B: Proton-coupled, pH = 9.2 (4750 transients).
C: [4.10&—1302] derivative, proton coupled, pH = 8.2 (18000
transients).

On binding of riboflavin 3',5'-bisphosphate to the apoprotein from
M.elsdenii the 31p NMR spectrum changes drastically (Fig. 5A). The high-
field line appears now about 3 ppm at higher field than in the free state,
whereas the low-field line shifts only slightly downfield. The latter line
resonates at the same position as the 5'-phosphate group of FMN in the
native protein [7]. The proton-coupled spectrum of the modified protein
shows a doublet for the high-field peak. 35(31p-1y) = 8.4 Hz (data not

shown). The low-field line exhibits no splitting under these conditions,
but the linewidth is slightly increased as compared with that shown in Fig.
5A (for an explanation see [7]). The spectrum shown in Fig. 5A contains

also some additional, much less intense lines at about 4.6 ppm. In contrast
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5 3

Fig. 5. 31p NMR Spectra of apoflavodoxin (3 mM} recombined with riboflavin
3',5'-bisphosphate in 100 mM Tris/HCi, pH = 8.0.

A: 0xidized state (line broadening 3 Hz. 1200 fransients)

B: Reduced state {line broadening 3 Hz, 1200 transients)

C: Reduced state, 0.3 mM in the presence of Mn2+ (line broadening
3 Hz, 43190 transients)

D: [4,10&—1302]fenriched, flavin in the oxidized state {line
broadening 3Hz, 1400 transients).

to the two main peaks, the position of the minor peaks is pH-dependent and
these lines are completely broadened on addition of Mn2* as a paramagnetic
probe [21], one tenth the concentration of the protein. These results show
that the minor peaks are due to a small amount of free riboflavin
3',5'-bisphosphate.
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Upon two-electron reduction of the modified protein the high-field line
shifts further upfield by 0.3 ppm, the low-field line undergoes a slight
downfield shift (Fig. 3B}, as was alsc observed for the native protein [7].

Addition of a substoichiometric amount of Mn2* (see above) to the
modified protein leads to a substantial broadening of the high-field peak,
both in the oxidized and reduced state (Fig. 5C). Increasing the con-
centration of Mn2' to 40% that of flavodoxin causes the high-field line to
broaden beyond detection .The low-field line is not affected by Mn2+ (Fig.
5C).

In Fig. 5D the 31p NMR spectrum of the complex between apoflavodoxin
and [4.10a—1302}ribof1avin 3',5'-bisphasphate is shown in the oxidized
state. The spectrum differs only slightly from that shown in Fig. BA.

The 31p NMR spectra indicate that the 5'-phosphate group in modified
flavodoxin is in the dianionic form, irrespective of the redox state of the
protein, as was also found for native protein [7]. The 5'-phosphate group
is buried in the protein and therefore not accessible for Mn2+, The large
upfield shift of the resonance line due to the 3'-phosphate group upon
binding to the apoflavodoxin suggests that this group is in the mono-
anionic or even in the neutral state. This interpretation is in agreement
with the observation that monoprotonation of dianionic phosphate always
leads to a large upfield shift and that further protonation causes only an
additional small upfield shift [22]. It should however be noted that these
upfield shifts depend on the nature of the phosphorus compounds, i.e.
dependent on the degree of esterification. Furthermore, the accessibility of
the 3'-phosphate group to Mn2* in the modified flavedoxin strongly suggests
that this group is located cleose to the surface of the protein. The fact
that the 3'-phosphate group in flavedoxin is at most in the monocanionic
state in the oxidized state and prebably even in the neutral state in the
two-electron reduced state, as indicated by the further upfield shift,
suggests that the protein is preventing further anionization of the
phosphate group either by providing a lipophilic environment or by strong
electrostatic interactions affecting the angle of the O-P-0 bonds in such a
way that the resonance occurs at high field [22]. Apparently the confor-
mation of the 3'-phosphate binding site is somewhat altered upon two-
electron reduction of the protein as suggested by the further upfield shift

of the corresponding resonance line.
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The temperature-dependences of the 31p NMR spectra of the modified
flavodoxin have been measured in both the oxidized and reduced state
(results not shown). The protein was studied at 39C, 17°C and 319C. In the
oxidized state the amount of free flavin increased slightly going from 30C
te 319C. In addition, the resonance line due to the 5'-phosphate group
underwent a small downfield shift of 0.15 ppm, whereas the peak due to the
3'-phosphate group is shifted upfield by 0.23 ppm upon increasing the tem-
perature from 39C to 31°C. In the reduced state the corresponding shifts
amount tao 0.14 ppm and .16 ppm, respectively. No increase of free flavin
could be observed on raising the temperature indicating that the complex in

the reduced state is rather thermostable.

The 13c NMR spectra of protein-bound [2,4a~13Cy]lriboflavin
3',5'-bisphosphate in the oxidized and reduced state are shown in Fig. 6.

(2 Clsa)

ct2) Cisal

L | 1 i
160 140 120 100 80
PPM (d)

Fig. 6. 13C NMR spectra of apoflavodoxin (3 mM) recombined wiFh
[2,4a-13Cy] riboflavin 3',5'-bisphosphate in the oxidized state
(1000 transients) (A) and in the reduced state (1000 transients)
(B} in 100 mM potassium pyrophosphate, pH = 8.0.
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The 13C chemical shifts are presented in Table 2 and compared with those of
the native protein. The 13C chemical shifts for both proteins are the same
indicating that there is no perturbation of the interactions between the
isoalloxazine moiefy of the prosthetic group and the apoprotein. In the
oxidized state both peaks (Fig. 6) are accompanied by a small shoulder
indicating the presence of a small amount of free flavin. Upon reduction
two signals are observed for both resonance lines. The increase in free
flavin in the reduced state as compared with the oxidized state shows that
the complex is less stable in the reduced state. This explains also our
observation that, although unbound flavin was removed by means of a Biogel
P-6DG column prior to the NMR experiments, we sometimes observed in the

course of the measurements the appearance of free flavin.

The 15N NMR spectra of apoflavodoxin reconstituted with
[1.3,5.10-15N4]r1buf1avin 3',5'-bisphosphate are shown in Fig. 7 for the
oxidized and the reduced state. The 1SN chemical shifts are collected in
Table 2. Except for the chemical shift of the N{10) atam, which is shifted
slightly upfield in both redox states as compared with that for native pro-
tein, the chemical shifts are identical. The small upfield shift suggests a
slightly higher sp3 hybridization of N(10) in modified than in native pro-
tein {see [19]}. The splitting of the N(3)}H resonance line is not so evi-
dent in the oxidized state {Fig. 7A), although proton-decoupling gives a
sharp singlet (data not shown}. In the reduced state the two doublets of
the N(3)H and N(5}H groups are well resolved (Fig. 7B}. The coupling
constants for the two groups are: 1J(15N(3)-1H) = 91 # 1.5 Hz and
15(15N(5)-1H) = 93 + 1.5 Hz. These coupling constants are identical with
those of native protein and indicate that both nitrogen atoms are highly
sp? hybridized and that the protons on these atoms are not freely
accessible for bulk solvent.
31p NMR spectra of the apoflavadoxin recombined with [1,3,5,10-15N4]
riboflavin 3',5'-bisphosphate are virtually fdentical to those of Fig. 4A
and Fig. 4B.




Fig. 7.
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15y NMR spectra of apoflavedoxin (5 mM) recombined with
[1.3.5,10—15N4]riboflavin 3',5'-bisphosphate in the oxidized state
(A} (17022 transients) and in the reduced state (B) (35965 tran-
sients} in 100 mM potassium pyrophosphate, pH = 8.0. No proton-

decoupling was applied.
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ABSTRACT

The 13¢ and 15N NMR spectra of specifically 13¢ and
15§ enriched FMN were measured in the presence of bacterial
luciferase from Vibrioc harveyi. 1In the oxidized state hydrogen
bonds to both carbonyl groups are found, albeit weaker than those
of FMN in water. In contrast, the N(1) and N{(5) atoms both have
stronger hydrogen bonds than FMN in water. The C(8) and C(7)
resonances indicate that the iscoalloxazine moiety of
luciferase-bound FMN is not as strongly polarized as free FMN in
agueous medium, and much less than flavodoxin-bound FMN.

On reduction of the bound FMN, all 13C resonances, except
that due to the C(10a) atom, shift upfield, indicating
increased m electron density at these carbon centers. The
iscalloxazine ring carries a negative charge at the N(i) atom and
its negative charge possibly interacts with a positively charged
group on the protein. The results further indicate that the
N{3)H group probably forms a hydrogen bond with the protein,
whereas the N(5)H group does not. The N{(5) atom of
luciferase-bound FMNH™ is highly sp2 hybridized indicating an
almost planar structure of the reduced prosthetic group, except
that the N{10) atom is somewhat placed out of the molecular
plane. Using highly active luciferase only one oxidized flavin
malecule per dimeric luciferase is bound stromgly. We have
however observed that excess reduced flavin is bound to
apoluciferase, probably in an aspecific manner, indicating that
luciferase has two different binding sites for reduced flavin,
the filling of the stronger specific site depending on the

specific activity of the luciferase preparation.
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INTRODUCTION

Bacterial luciferase is a flavoprotein containing riboflavin
5'-phosphate (FMN)1 as prosthetic group. It catalyzes the
oxidation of long chain aliphatic aldehydes with the emission of
light with a spectral maximum around 490 nm,. Hastings and Gibson
(1963} showed that bacterial luciferase can form a long lived
intermediate after the attack of molecular oxygen on the
protein-bound reduced flavin molecule. In the absence of the
aldehyde, the intermediate breaks down, forming Hp05 and
oxidized FMN. QNumerous studies have been performed on the nature
of this intermediate and on the reaction scheme in general
(Ziegler and Baldwin, 1981, Lee, 1985). Unfortunately,
relatively few studies have been performed on the physical and
chemical properties of the protein. The binding between FMN and
apoluciferase has been studied by conventional methods in both
the oxidized and reduced state {Ziegler and Baldwin, 1981}, It
was shown that a negative charge on the isgalloxazine side chain
at about 0.9 nm away from the N(10) atom is required for good

reactivity (Meighen and MacKenzie, 1973). Nielsen et al. (19283)

showed that of all phosphorylated riboflavin analogs only the
5'~-phosphate analog (FMN)} gives a high bioluminescence activity.
A remarkable aspect of the equilibrium binding studies is that
FMN hardly binds in the oxidized state, Kg = 0.1i2mM, 39C, for
Vibrio harveyi luciferase (Baldwin et al., 1975), while FMNH,

binds about 100 times more tightly, Kgaq 1uM, 6°C (Becvar and

Hastings,
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1973). These dissociation constants are much higher than those
of most other flavoproteins.

Various FMNH, analogs have been used to investigate the
flavin reaction site. Meighen and MacKenzie (1973) showed that
the N{3)H group of flavin is essential for reaction, alkylation
of this group aholishes the bioluminescence activity. Watanabe
et al. (1980), and Chen and Baldwin {(1984) showed that 8 o
substituted FMNH; derivatives produce bioluminescence with
Photobacterium phosphoreum luciferase. They suggested that the
N{5)H group of FMNHM, is invelved in the binding to the
luciferase molecule. Chen and Baldwin (1984} recently showed
that 8o substituted FMNH, derivatives also produce
bioluminescence with V. harveyi luciferase and suggested that the
methyl group at the 8 position of flavin is exposed to solvent in
the complex.

There is some uncertainty about the number of flavins bound
to the luciferase molecule and/or involved in the catalytic
mechanism. Ziegler and Baldwin (1981) concluded that only one
flavin reacts (binds) per luciferase dimer from the first-order
behavior of the bicluminescence kinetics and the
Iuciferase:flavin quantum yield ratios. Matheson and Lee {1983)
however, showed that the kinetics are more complex and that the
major bioiuminescence pathway is via a bimolecular reaction.

NMR spectroscopy is being used extensively in the study of
enzyme ligand interactions, yielding insight into specific
interactions of the ligand with the binding site. In aur case

information ahout the electronic perturbation of flavin upon
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binding to an apoflavoprotein and the conformation of
protein-bound reduced flavin can also be obtained (Vervoort et
al., 1983). Although bacterial luciferase is a relatively large
biomolecule possessing a molecular mass of “80,000Da it lends
itself to NMR study as it is a highly soluble protein produced in
guantity by the bioluminescent bacteria. It is also relatively
easy to purify (0'Kane et al., 1986). For these reasons we
decided to study luciferase by NMR technigues. In this paper we
report on the interaction of FMN with apoluciferase using 13¢
and 1°N enriched FMN derivatives. Since all

atoms of the isoalloxazine moiety of FMN have been labeled a
rather detailed insight into the interactions of FMN with

apoluciferase is obtained.
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MATERIALS AND METHODS

FMN selectively enriched with 13¢ and 15N isotopes was
prepared as described previously (Van Schagen and Miuller, 1981;
Miller et al., 1983; Franken et al., 1984). The synthesis of FMN
derivatives enriched with 13¢ in the benzene subnucleus will be
published elsewhere.

[1,3,5,10-35§,] riboflavin was synthesized in the
following way. A mixture of 16g conc. Hp504 and 11.2g 14M
[15N]HN03 were slowly added under vigorous stirring to 12g
1,2-dimethylbenzene at 0-59C. 11.2g 14M [15N]HNO4; was
prepared from 14.4ml 9M [I5N]HNO5 (Amersham, UK} by
distillation to a constant boiling peint of 121.7°C. The
reaction mixture was kept for 3 h at 0-59C and then for 1 h at
5-100C, Then ice was added and the reaction mixture
neutralized with solid NasCO0z. The mixture was extracted
three times each with 50 ml CH5Cl;,, the organic phase dried
over NapSOs apd evaporated to dryness. The yield of nitration
products was 13.0g. The product was taken up in petroleum ether
(fp. 40-60°C) and applied to a silia gel 60 (70-230 mesh,
product of Merck AG., FRG) calumn (2.5 x 30 cm). Washing the
column with petroleum ether eluted a pale yellow product which
was identified as 2,3-dimethylnitrobenzene by i3¢ NMR {vield
5.0g). An intense yellow band was eluted using petroleum ether
containing 1% ether. The product was shawn to be
3,4-dimethylnitrobenzene by 13¢ NMR {vield 6.2g). Using
petroleum ether containing a much higher percentage af ether {up

to 30%) relatively small amounts of dinitroxylene and other
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nitration products were eluted. The purity of the two mononitro
compounds can be monitored by thin layer chromatography using
plastic sheets impregnated with a fluorescent indicator (Merck,
FRG) and a mixture of isopropylether and petroleum ether {1:1.5,
by volume} as mobile phase. The desired product, 3,4-dimethyl-
nitrobenzene was then dissolved in methanol and reduced
catalytically with Hs and Pd/C as catalyst at atmospheric
pressure. The aniline derivative thus obtained was crystallized
from n-hexane after removing the catalyst from the solution by
filtration and evaporating the solvent. All other steps were
identical with those described for the synthesis ¢f
7-methyl-10-ribityl-iscallexazine 5'-phosphate (Mlller et al.,
1983; Franken et al., 1984).

Bacterial luciferase was from an aldehyde reguiring dark
mutant of V. harveyi strain 392 (MAV) and was purified to
homogeneity (0'Kane et al., 1986). Luciferase was assayed for
bioluminescence specific activity (phetons sflhzgofl} at
room temperature as described (Lee, 1982}, using decanal.
Photometer calibration was made by reference to the NBS standard
lamp and NBS absolute photodiode photometer via the luminol
chemiluminescence reactions (Lee & Seliger, 1965; Matheson et
al., 1984).

The NMR samples contained luciferase, which was at least 80%
of the maximum obtainable specific activity unless indicated
otherwise. For reconstitution experiments 13¢ apd 1%%

enriched FMN was added on a molar ratio with respect to
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luciferase protein, unless indicated otherwise. The protein
concentration was determined by absorbance {ggzgp = 85,000 M1
¢m~1; 0'Kane et al., 1986). All 13¢ and 15N NMR

measurements were done in 50 mM potassium phosphate buffer, 0.5
mM EDTA, 10 mM g-mercaptoethancl, pH=7.0, unless ilndicated
atherwise. 13p NMR measurements were done in 200 mM Tris, 0.5
nM EDTA, 10 mM f-mercaptoethanol, pH = 7.5. The temperature was
kept at 59C during the measurements.

Wilmad 10-mm precision NMR tubes were used for 13C and
3lp NMR experiments and Wilmad 15-mm precision NMR tubes were
used for 13N NMR experiments. The sample volume was 1.6 ml for
13¢ and 3lp NMR, and 4.0 ml for 15% NMR measurements. The
samples contained 10% 2H20 to lock the magnetic field.

Broadband decoupling of 0.5 W was used for 13C NMR experiments
except for the C{6}) and C(9) atoms where 2.0 W was used. All
spectra were recorded using 300 pulses and a repetition time of
1.0 s. The measurements were done on a Bruker CXP 300 NMR
spectrometer operating at 30.4 MHz for 15y NMR, at 75.6 MHz for
13¢ NMR, and at 120.5 MHz for 31p NMR spectra.

Dioxane (3ul) served as an internal standard for 13¢C NMR
measurements. Chemical shift values are reported relative to TMS
(s dioxane - § TMS = 67.84 ppm). Neat [15N]CH3N02 was used
as an external reference for !°N NMR measurements using a
coaxial cylindrical capillary as recommended by Witanowski et al.
{1981). chemical shift values are reported relative to liguid
NHg at 253°C (5CHgNO; - s§NHz = 381.9 ppm for the

magnetic field parallel to the sample tube). For 31P NMR
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measurements 85% HaPO,y was used as an external reference.
Broadband decoupling of 0.5 W was used for 31p NMR

experiments. Values are reported as true shieldings, i.e.
corrected for bulk volume susceptibilities. The accuracy of the
reported values is about 0.2 ppm for 13¢c NMR, 0.4 ppm for 15y
NMR and 0.1 ppm for 31p NMR chemical shift values.

Reduction of the sample was made by the addition of the
desired amount of a dithionite solution to the anaerobic salution
of luciferase and flavin. Anaerobiosis was achieved by carefully
flushing the solution in the NMR tube with argon for about 10

min. The NMR tube was sealed with a serum cap.
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RESULTS AND DISCUSSION

In previous papers {Franken et al., 1984); Vervoort et al.,
1985; Beinert et al., 1985a) we have used [1,3,5,10-15N,77-
methyl-10-ribityl-iscalloxazine-5'-phosphate as a prosthetic
group to study the 15N NMR characteristics of FMN containing
flavoproteins. This labeled prosthetic group was used instead of
the corresponding FMN derivative because of the easy availability
of the staRting material {15N]p—nitrotoluene. In the case of
ald yelliow enzyme {Beinert et al., 1985a) it was noticed that the
activity of the reconstituted enzyme containing the labeled
prosthetic group was only ome third of that when the apoenzyme
was recombined with FMN. These results indicate that a small
modification of the prosthetic group can drastically influence
the enzymatic properties of a flavoprotein while the affinity of
the apoprotein for the modified flavin is not affected as
compared teo that for FMN. To avoid possible ambiguities in our
studies we decided to synthesize [1,3,5,10715N4]FMN, as
described in Materials and Methods. Under our experimental
conditions a relatively high amount of mononitroxylene (65%
yield} is obtained on nitration of xylene., The two isomeric
nitro compounds, 1~nitr072,deimethylbenzene and 1-nitro-3,4-
dimethylbenzene, can be quantitatively separated using column
chromatography, vielding 45% of the former and 55% of the
latter compound relative to the total amount of the moncnitro
compounds . It should be noted that the nitration mixture must be

added slowly and the temperature maintained at 0-5°C at the
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initial stage of the synthesis, otherwise a higher amount of
dinitro xylene is formed at the expense of the desired product.
The purified mononitro isomers have been unambigueously
identified by 13¢ NMR (Table I). The carbon atoms carryving the
nitro function are doublets in the 13C NMR spectra due to
coupling with the i5% mucleus. It is obvious that only
1-nitro-3,4-dimethyibenzene is the appropriate product to be used
to synthesize flavin, which was achieved by catalytic reduction
of the nitro compound to the corresponding aNiline derivative
and condensation of the product with D-ribose. This and the
subsequent steps of the synthesis are identical to those
desgribed previously for {1,3,5,10*15N4]7—methy1—10—ribityl—
isoalloxazine-5'-phosphate {Muller et al., 1983; Franken et al.,

1984).

and 5.6 ppm in the reduced state. Both resonances are downfield
shifted as compared to that of free FMN in the dianionic state
(6= 5.1 ppm, pH = 9.0). The 31p chemical shifts for luciferase
therefore indicate that the phosphate group of FMN in luciferase
is bound in the dianionic state. The small downfield shift
observed in luciferase as compared to free FMN can he interpreted
as a small distortion of the 0-P-0 angle in luciferase bound FMN
(Gorenstein, 1975). The small downfield shift of 0.4 ppm in

reduced luciferase as compared to oxidized luciferase probably

reflects the higher binding of FMN in reduced luciferase {Becgvar
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Carbon-13 chemical shifts (in ppm) of [1PN]1l-nitro-

2,3-dimethylbenzene (1) and [19N]1-nitro-3,4-dimethylbenzene

{2) is chl

oroform. The chemical shifts are relative to TMS.

Compound  __
C(1) _cf2) _cf(3) cCcf4) cf{5) cCfB) _Cf2a/3 o) C(3o/40)

1 151.17h39.4 130.2 125.9 121.3 133.5 20.0 15.3

2 146.1130.0 138.0 144.7 120.7 123.9 19.4 19.7

a) doublet
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and Hastings, 1975). No covalently bound phosphate groups were
observed in the 31p NMR spectrum of luciferase, as observed in
some flavoproteins {Edmondson and James, 1979).

Figure 1A shows the 155 NMR spectrum of 154 enriched FMN
bound to luciferase from V. harveyi. Several natural abundance
lines due to the protein are observed, but the resonances of the
15N atoms of protein-hound FMN appear at fields where no
natural abundance peaks are present enabling us to assign the
resonances o0f the prosthetic group unambiguousiy. The natural
abundance resonances at about 120 ppm and 140 ppm represent
probably amide groups of the protein (Witanowski et al., 1981)
and the low intensity resonances at about 75 ppm could be due to
arginine residues (Lapidot and Irving, 1978). Another bulk of
natural abundance reschances appear at about 310 ppm which remain
unassigned.

The nitrogen shieldings of protein-bound FMN are summarized
in Table II. According to common practice the nitrogen atoms in
heterocycles are categorized as pyridine or B-type nitrogen and
pyrrole or o-type nitrogen (Witanowski et al., 1981). Generally,
the B-type nitrogens resonate at lower field than the o -type
nitrogens. As can be seen from Figure 1A and Table II the
nitrogen atoms of flavin fit well into this categorization.
However, a more important characteristic of the two types of
nitrogen atoms for our study is the fact that the chemical shifts
of pyridine type nitrogen atoms are much more sensitive to
hydrogen bond formation, leading to an increased shielding of the

nitrogen atoms, than those of the pyrrole type nitrogen atoms
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Table II. Carbon-132 and nitrogen-15 N chemical shiftz {(in ppm) of
free FMN and bound to luciferase in the oxidized and in the
reduced state. Luciferase and oxidized FNN were measured in 50mM
potossium phosphate, pH = 7.0, TARF Iin the oxidized and reduced
state was dissolved in CHClg. Reduced PMN in the neutral state
was measured in 100 mM potassium phosphate, pH 5.9, and in the
anlonic state in 50 mM potassium pyrophosphate, pH 8.5. All
measurements were done at 5°C.  33C chemical shifts are

relative to TM5. 15W ghewmical shifts are relative to liguid

NH3.

Chemicai shifts in_the ————
Atom_______oxidized_state _____ reduced state

LUG FNN2) TARER) LUC PHNH -] nmn?_b? TARFHZM
c(2) 158.5 159.8 158.2 157 .9 188.2 151.1 150.6
ci{a} 162.6 163.7 159.8 187.2  157.7 158.9 157.0
c{4a) 137.4 136.2 135.8 103.5 1031.4 102.8 105.2
C{5a) 135,7% 136, 4 134.6 135.0% 134.2 134.4 136.0
ci{6) 180.8 131.8 132.8 116.8  117.3 117.1 116.1
c{7) 139.0 140.4 136.8 132.7% 133.0 134.2 133.8
c{7 ) 20.2 19.9 19.4 19.4 19.0 19.0 18.9
c(8) 148.8 151.7 147.5 126.2 130.3 130.4 129.0
ci{s } 21.9 22.2 21.4 19.7 19.4 19.2 18.9
c(9} 119.5 118.3 115.5 115.6 116.8 117.4 118,90
c(oa) 134.6*% 133.5 131.2 130.7% 130.9 130.4  128.2
c{10a) 151.3 152.1 149.1 156.26) 156.5 144.0 187.1
N{1} 187.1 190, 8d) 200.19 176.8°) 181.39) 128. 04 12119
N{3) 162.3* 160. 5d) 15¢ .63 150,06 150,04} 149.74) 180.3)
N{5) 325.8 334 .79 348.0d) 59.99) 68.49} s58.049)  s9.8)
N{10} 180.8* 163.59 151,99 94.6 9e.5% 8r.29  78.00

Chemlical ahifts marked with an asterisk are tentative assignments.
a) Taken from Vervoort et al. (1983).

b} Taken from Moonen et al. {1984a)

c) Independent of pH in the range 6.5 - 8.5,

d) This paper.
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(Witanowski et al., 1981). 1In order to demonstrate these effects
more clearly the nitrogen shieldings of free flavin in a polar
(FMN in H,0) and an apolar (TARF in CHClg) solvent are also

given in Table IT. For convenience the chemical shifts are
presented schematically in Figure 2. The resonance signal due to
the N(5) atom of luciferase-bound FMN {(Figure 1A) appears at much
higher field than that of both of FMN and TARF, This result
indicates that this atom forms a rather strong hydrogen bond with
the protein. A similar but weaker effect is observed with the
N(1) atom of protein-bound FMN. In both cases the hydrogen bond
is stronger than that formed with FMN in aqueous solution {Table
I1I, Figure 2}. The resonances of the N(3) and N(10) atom are
observed at about 160 ppm {(Table II). OCwing to the lower
resolution as compared to the spectra of flavodoxins (Franken et
al., 1984; Vervoort et al., 1985) the assignment af the
resonances is somewhat jeopardized. However, since the spectra
have not been recorded under proton decoupling conditions the
line due to N(10) should be more intense than that due to N(3},
the last should be split into a doublet because it contains a
covalently bound hydrogen. An expansion of the resonance lines
at about 160 ppm {(Figure 1A) suggests the presence of a doublet,
partially overlapping with the peak at higher field (N(10}

atom). Although the doublet nature of the low field lines cannot
be unambiguously proven for reasons stated above we assign the
low field part tentatively to the N(3) atom. Fopllowing this
reasoning we estimated roughly the 1J(15N(3)71H) coupling
constant to be about 90+10Hz. The fact that the chemical shift

value of N{(3) of luciferase-bound FMN is further downfield
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shifted than that of FMN¥ indicates that the N{3)H group of flavin
probably forms a hydrogen bond with the protein and that this
group is not accessible to bulk water in the protein. In fact
this implies that the exchange rate for the proton of N{3) must
be very siow, i.e. y< 100Hz. On the other hand, if the exchange
rate was very fast, one should observe a single sharp and a more
intense line for N(3} than is the case, suggesting also coupling
between 15N(3} and its proton. These interpretations are
supported and consistent with the finding that replacement of the
proten at N(3) by a methyl group abolishes completely the
bioluminescence activity of flavin and luciferase {Meighen and
MacKenzie, 1873).

The resconance line of the N{10) atom is upfield from that of
free FMN but considerably downfield from that of TARF (Table II,
Figure 2}. This indicates that the N{10) atom in
luciferase-bound FMN possesses a high degree of sp2
hybridization, somewhat less than that in free FMN (Moonen et
al., 1984a). This means that the N{10) atom of protein-bound
flavin is slightly out of the molecular plane.

A typlcal 13¢ WMR spectrum of luciferase, recombined with
[4.10a~1302]FMN. is shown in Figure 3. Besides the two
resonances due to the flavin, the usual spectral features
expected for the natural abundance 13¢ in a protein of this
size are observed. The peptide carbonyl and carboxyl resonances
appear between 170 ppm and 185 ppm. The arginine C& atoms are
observed at 158.2 ppm. Aromatic carbon atoms of histidine,

tyrosine, phenylalanine and tryptophan residues resonate between
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t i ! J
180 150 120 90 60 30

(2mM) recombined with (4,10a-13C,]FMN in 50 aM
potassium phosphate, 0.5 mM EDTA, 10 mM
f~mercaptoethanol, pH = 7.0 (36000 acquisitions). The

temperature was 59C.
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110 ppm and 14¢ ppm. No resonances appear in the spectral region
from 70 ppm to 110 ppm. The Ca atoms resonate at about 60 ppm
and all other aliphatic carbon atoms appear at higher field. It
is obvious that the natural abundance resonance lines can
interfer with the localization of the resonance lines due to
certain atoms in protein-bound flavin, even when using highly
enriched flavin derivatives. 1In order to arrive at a safe
assignment, difference spectra have been recorded where
necessary. Figure 4A shows for example the difficulty of
cbserving directly the resonances of the protein-bound [6,80
-13CE]FMN. Usually we have recorded first the spectrum of

the FMN-luciferase complex and then reduced it by an excess of
dithionite in the same sample tube, followed by recording the
spectrum under identical instrumental settings to avoid as much
as possible spectral deviations. Figure 4B demonstrates

the good guality of such difference spectra. Figure 4B shows
also interesting features. In both redox states, the linewidth
of the C(6) resonance is much larger than that of the C(8dl)
resonance. An identical observation (not shown) is made using

[7a,9—1302]FMN as a prosthetic group with respect to the C(9)

resonance. This strongly indicates that the larger linewidths
are not artifacts due to data handling. Tentatively, our
interpretation of these observations is as follows. In general,

the important reliaxation mechanisms for 13¢ resonances of
proteins are the 13¢-1g dipolar interactions and the chemical
shift anisotropy (Wilbur et al., 1976)}. These relaxation sources
determine not only the spin-lattice relaxation times {(Tqy) but

also the linewidths {Ty) of the 13¢ resonances. The
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Figure 4. 13C NMR spectra of Vibrio harveyi luciferase (2mM)

recombined with [6.8&—1302]FMN in the reduced state

(A) (44100 acquisitions) in 50 mM potassium phosphate,
0.5 mM EDTA, 10 mM pg-mercaptoethanol, pH = 7.0. B is a
difference spectrum between the spectrum In the oxidized
(26500 acgquisitions) minus that in the reduced state of

luciferase.
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dipole-dipole relaxation is by far the dominant relaxation source
at 7 Tesla (Norton et al., 1977) for aromatic and aliphatic
carbon atoms bearing a covalently bound hydrogen atom, as C(6),
C{9), C{(Tca) and C{8w) in FMN. The linewidth of the resonance
lines of these atoms depends also on the rotational correlation
time of the molecule under study {Norton et al., 1977). The
calculated rotational cerrelation time for luciferase
{M,=80,000) is about 50 ns at 50¢. Therefore, the two methyl
groups of pratein-bound flavin undergo fast internal rotations
with a rotational correlation time much smaller than the
isotropic overall tumbling of the protein, yielding sharp lines.
On the other hand the larger linewidths of the rescnances from
C{6) and C(9) suggest that the isoalloxazine ring of FMN is
rigidly associated with the protein with little independent
motion in either redox state.

The 13¢ chemical shifts of protein-bound FMN are collected
in Table 2 and compared with those of free flavin in solvents of
different polarity (see also Figure 2)}). The chemical shifts of
the two carbonyl groups of protein-bound FMN appear at higher
field than those of free FMN in agueous solution indicating an
apparent increase in 5 electron density on these C atoms
suggesting that the two functional groups form weaker hydrogen
bonds with the protein than FMN does with water, and much weaker
than those of the prosthetic group in flavodoxins (Van Schagen
and Muller, 1981; Mconen et al., 1884a; Vervoort et al., 1985).
Since the N{(1) atom forms a rather strong hydrogen bond with the
protein, the chemical shift of the C(2) atom indicates an

apparently very weak hydrogen bond, because a strong hydrogen
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bond to N(1}) masks a hydrogen bond to C(2)=0 by counteracting its
chemical shift. (The partial positive charge on N(1) leads to an
upfield shift of the C atoms in g pesitioen.}) The fact that Cc(8}),
C(8a), C(6) and C(10a) resonate at higher field than the
corresponding atoms of free FMN in aqueous solution, but at lower
field than those of TARF, indicates that the hydrogen bond to
€C(2)=0 does not much affect these indirectly polarizable carbon
atoms, i.e. there is only a little 7T electron delocalization from
the benzene ring onto the C(2)=-0 group (Moonen et al., 198da}.
As shown by model studies (Moonen et al., 1984a) polarization of
the iscalloxazine ring of flavin requires the presence of a polar
salvent possessing a high permittivity. It is interesting to
note that FMN bound teo apoflavodoxin is, by the interaction of
C(2)=0 with the pretein highly polarized, in contrast to FMN
bound to luciferase. Crystallographic studies on Clostridium MP
flavodoxin showed {(Burnett et al., 1974} that part of the benzene
subnucleus of flavin is accessible to bulk solvent. In our
opinion this contributes to the stabilization of the highly
polarized prosthetic group (for tautomeric structure, see Moonen
et al., 1984a). Therefore, it is suggested that the benzene ring
in luciferase- bound FMN is in a hydrophobic microenvironment.
This conclusion is in agreement with published circular dichroism
and absorbance spectra {Baldwin et al., 1975).

The decreased sp2 character of N(10) of protein-bound FMN
as compared with that of N{10) of free FMN should lead to a
downfield shift of C(9), C(7), C(7 ¢ and C(4a) (Mconen et al.,

1984a). This is found and is in accerdance with the
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interpretation of the N(10} chemical shift. HBowever, the
downfield shift for C(7) is less than expected, although
C{7a) follows the expected trend. This is attributed to a lower
accuracy in the determination of the chemical shift of C{7) which
leads to an apparent inconsistency of our interpretation.

In Pigure 5A a schematic representation of the structure and
hydrogen bond interaction of FMN with apoluciferase is given.

13¢ and !®X% ¥MR of two-electron reduced luciferase

The 15N NMR spectrum of protein-bound luciferase is shown
in Figure 1B. The resonances due to N{1} and N{(10) appear as
sharp lines whereas those due to N(3) and N{(5) are broader and
less intense considering the fact that both nitrogen atoms carry
a covalently bound proton. Again, as already outlined above,
these last twe resonances should show up as doublets if no fast
proton exchange reaction is occurring. Owing to the lack of
resolution of the resonance of N(3), which is obscured partially
by natural abundance resonances, no definite statement can be
made with respect to the presence or absence of a coupling,
although the composite resonances at about 150 ppm do suggest
it. At any rate the 15N chemical shift of the N(3)} atom
suggests that the N(3)H group is involved in hydrogen bonding
similar to that of FMNH™ in aqueous sclution (Table II, Figure
2). ©On the other hand the resonance line of N(3) is possibly
split into a doublet with an estimated 1J(153(s} - 1H) of
about 85+10 Hz, suggesting that noe fast proton exchange reaction
aCCurs. If a fast proton reaction would occur the resonance line
of N{5) would be expected ta he much sharper and more intense

than observed. The N(5) chemical shift (Table II) strongly
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Figure S5, Structure and flavin-apoenzyme interactions of FMN bound
to apoluciferase in the oxidized (A) and reduced (B8)
state as revealed by 13¢c and 15N NMR data. A =

hydrogen bond acceptor; D = hydrogen bond donor.



100

indicates that the N(5)H group is not forming a hydrogen bond
with the protein and that the N(5) atom possesses a high degree
of sp2 hybridization (Moonen et al., 1984a) (see alsa below).
These results also indicate that the N(3)H group of
luciferase-bound FMN experiences a rather hydrophobic
microenvironment. The N{1) atom resonates at 176.8 ppm, a value
very close to that of the corresponding atom in FMNE™ (Table

I1, Figure 2). This proves that the N(1) atom in
luciferase-bound reduced FMN is ionized. The chemical shift of
N{1) is pH-independent in the range of 7.0 to 8.5. This
indicates that the pK,; value of the iomization of the K(1)H
group of FMNH3; in luciferase is lower than that in free FMNH,
{Van Schagen and Muller, 1981; Franken et al., 1984). This has
also been observed for all flavedoxins studied {(Van Schagen and
Muller, 1981; Franken et al., 1984, Vervoort et al., 1985), for
old yellow enzyme {Beinert et al., 1985 a,b), and for lipoamide
dehydrogenase and glutathione reductase {(Van den Berg et al.,
1984). The only exception found up to now, in what seems to be a
ruele in flavoproteins, is riboflavin-binding protein {Moonen et
al., 1984 b}.

The resonance of the N(1) atoem in luciferase appears ahbout 5
ppm upfield from that of free FMNH~- (Table II, Figure 2}. This
suggests that the negative charge on N{1)} is either somewhat
delocalized or it is counteracted by a nearby positively charged
group, which could also be due to the positively charged pole of

an o -helix. It has been found that two ionizable groups (pK,
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values of 6.2 and 6.8) are involved in the biocluminescence of
FMNH, with V. harveyi luciferase (Nicoli et al., 1974). It was
suggested that these pK, values conld be due either to FMNH,
(phosphate and iscalloxazine moieties) or to cysteine (Nicoli et
al,, 1974) or histidine residues (Cousineau and Meighen, 1976}.
Our results indicate that the pKy of 6.8 is probably due to
FMNH, which must be ionized to bind.

Also the resonance due to the N(10) atom of luciferase-bound
FMNH™ is cobserved at higher field than that of free FMNH™
(Table II, Figure 2}). From this we conclude that the N{10) atom
of protein-bound FMNH™ possesses a slightly lower degree of
sp2 hybridization than that of free FMNH . Consequently,
this atom is placed slightly out of the molecular plane of
protein-bound FMNH~- as compared with free FMNH™ {(Moonen et
al., 1984a).

The 13¢ chemical shifts of reduced flavin bound to
luciferase are collected in Table 2 and diagramatically presented
in Pigure 2 (see also Figure 4). These chemical shifts support
the interpretation of the 1% chemical shifts and follow the
reasconing discussed above for the oxidized luciferase-FMN
complex., Therefore, only a few points will be considered here.
The slight upfield shift aof the resonance due to €(2), cempared
to FMNH™, reflects the decreased charge on N(1), because the
resconance of C{2) and C{10a) are very sensitive to the field from
this negative charge. Therefore, despite the upfield shift of
the C{(2) resonance the result indicates that C(2) is still
hydrogen bonding. The field effect does not apply to the C(4)

atom and therefore the C{4)-0 hydrogen bond is much weaker than
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that on C(2)=0. The downfield shifts of the resonances due to
C{d4a) and C{(5a) reflect the somewhat decreased sp2 character of
the N{10}) atom as compared with that of free FMNH~ (Moonen et
al., 1984a). The strong upfield shift of C{8) and the lesser
extent of an upfield shift of C{6) reflect the high sp2
hybridization of N(5) and the r electron reallocation from the
last atom onto the first two. In this context it should be noted
that the sp2 hybridization of N{5) as deduced from the 15y

and 13C NMR results is in agreement with the fact that reduced
luciferase exhibits an increased molar absorption coefficient at
450 nm as compared with free reduced flavin (Dudley et al.,
1964). As discussed previously (Vervoort et al., 1985} both
parameters reflect the high coplanarity of the flavin molecule
around the N{3) atom, while the N{10) atom is somewhat out of the
molecular plane (Figure 5B}.

Luciferase reconstituted with [2,4a—1382}FMN in the
reduced state was also studied in the presence of tetradecanal
and dodecanal in order to investigate poessible influences of
these compounds on the electronic system of the flavin. Neo
influence of these compounds on the 13¢ chemical shifts were
found.

Luciferases are known as proteins binding the prosthetic
group relatively weakly in the oxidized state (Ziegler and
Baldwin, 1981) in contrast to most flavoproteins. Iin the reduced
state the prosthetic group in luciferase is more tightly bound
than in the oxidized state. For instance the dissociation
constant for the V. harveyi luciferase-FMN complex in the

oxidized state has been determined to be 0.12 mM at 39C in 0.05
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M Bis-Tris (2,2-bis (hvdroxymethyl)-2',2',2'-nitriloethanol), pH
7.0, containing 0.2M NaCl (Baldwin et al., 1975), while the Kyg
for the reduced complex was found to be about 1M at 6°C and in
0.1M Bis-Tris, pH 7.0, in the presence of G.1 M NaCl and 0.2 mM
dithiothreithaol (Becvar and Hastings, 1975). Considering these
facts and the fact that we used about 2 mM sclutions of
luciferase we should observe roughly 25% free flavin in the
oxidized state and about 3% in the reduced state. The latter
value is small enough not to be observed in the 13¢ and 15y
NMR spectra. However, in the oxidized state we should observe a
considerable contribution of free FMN in the 13¢ spectra of
luciferase, which is not observed. There are twe arguments to
explain this apparent discrepancy. Firstly, the luciferase
preparations used possessed a high specific activity, in fact an
activity exceeding those published before {G'Kane et al., 18%86).
Secondiy, it has been found that maximal reconstitution and a
tighter binding of FMN is obtained in 50mM phosphate buffer than
in other buffer systems such as Tris and Bis-Tris {J. Lee,
unpublished results). Therefore, it must be concluded that the
affinity of luciferase for FMN is larger than published and it is
tentatively proposed that the K4q should be about one order of
magnitude smaller which would be consistent with our NMR
results. Further support for these proposals will be presented
below. In fact, the NMR results by Ghisla et al. (1978} also
indicated a higher affinity of luciferase for FMN than expected
on the ground of the published K4q4 (Baldwin et al., 1975).

It has been proposed that two flavin molecules are involved

in the catalytic mechanism of luciferase (see e.g., Lee, 1985}.
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These findings are in contradiction to published work by others
{see #.g., Ziegler and Baldwin, 1981). Therefore, this issue is
worth considering in the light of the present results. 1In the
course of this study we observed that 13C resonances were split
into doublets representing two flavin molecules in different
environments. These doublets were observed in the reduced rather
than the oxidized state of the protein. Figure & shows 13C NMR
difference spectra between the spectrum of opxidized minus that of
reduced luciferase. The spectrum of Figure 8A was obtained by
using a luciferase preparation which was only about 30% active
(specific activity = 50 x 1012 photons s tAsgp~ 1), while

the preparations used to obtain the results presented in Table 2
and Figures 1-4 had a specific activity of 160 x 1o0l2 photons

s laggp™l. HNevertheless the sample used in Figure 6A was
reconstituted with [2,4a—13C2]FMN in a malar ratio of 1:1,
flavin:protein. The spectrum of oxidized luciferase was then
recorded and thereafter the protein reduced in the sample tube
and the spectrum reregistered. The difference spectrum between
the two redox states shows each one line for C{(2) and C(4a) in
the oxidized and two lines for C{4a) and one line for C€C(2) in the
reduced state. The major peak appears at 101.5 ppm and the minor
peak at 103.5 ppm. The 13¢ chemical shifts correspond well

with those of free and protein-bound FMNH~ (Table II). The

C{2) of the FMNH -luciferase complex appears as a singlet at
about 158 ppm and is not split because of the very small
difference in the chemical shift between free and protein-bound

FMNH~™ at the pH value studied (Table 11). On the other hand,
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Figure 6. 13¢ NMR spectra of Vibrio harveyi luciferase (3 mM)

reconstituted with [2,4a-13C,)FMN in 200 aM

potassium phosphate, 0.5 mM EDTA, 10 K
f-mercaptoethancl, pH = 8.5.

A: Specific activity of the enzyme was 50x1012 photons
s 142801, Difference spectrum between the

gspectrum of oxidized (38500 acquisitions) minus that of
reduced luciferase (42300 acguisitions).

B: Specific activity of the enzyme was 120x1012

photons s~ lazggl. Difference spectrum between the
spectrum of oxidized (39400 acqguisitions) minus that of

reduced luciferase (45100 acquisitions}.
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the difference In the chemical shifts between free and
protein-bound flavin in the oxidized state is sufficlent to be
observed, if present {(Table II).
Using an enzyme preparation showing a specific activity of
120 x 1012 photans s~lazg9~1 and following the same
procedure as outlined above gave the difference spectrum shown in
Figure 6B. The major peak appears now at 103,5 ppm and the minor
one at 101.4 ppm. Furthermore, it was found that the line at
101.4 ppm is pH-dependent, whereas the lime at 103.5 ppm is
pH-independent (Table II). The pH-dependent line at 101.4 ppm
follows exactly the pH titration curve of free FMNHy; (Van
Schagen and Muller, 1981). These results show that the 13¢
spectra of reduced luciferase can be used to estimate the
relative content of active luciferase molecules in preparations.
To check the possiblity that highly active luciferase can
bind more than one molecule of FMNH™, we added excess flavin
stepwise to the solution of Figure 6B up to a molar ratio of 2 to
1 (results not shown). Upon addition of reduced flavin the
intensity of the resonance line at 101.4 ppm (Figure 6B)
increases in a concentration dependent fashion while remaining of
the same broad width, and the intensity of the line at 103.5 ppa
stays unchanged. The addition of a higher excess of FMNH™
leads to the appearance of sharp resonance lines superimposed on
those assigned to the aspecifically bound FMNH™. These sharp
lines are due to free FMNH™. These results strongly suggest
that luciferase can bind more than one reduced flavin. However,
the binding interaction with the second molecule is much less

specific than with the first molecule as can be deduced from the
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chemical shifts. Since the linewidth of the resonances due to

the weakly bound flavin is about 40Hz as compared with that of

free flavin (Av 1/ 10HZ) there is no doubt that the second

molecule interacts with luciferase, very much the same way as

flavin binds to inactive luciferase. In fact, we have found that

the interaction of excess flavin with luciferase resembles that

of bovine serum albumin with flavin, although the latter

possesses no specific flavin binding site. This result suggests

that flavin interacts in both proteins, either with some

hydrophobic sites or with charged groups via the phosphate moiety

of FMNH™. In both cases the flavin is accessible to bulk

water, this in contrast with the flavin bound specifically by

luciferase.

It can easily be demonstrated that the aspecifically bound

FMNH~- binds more weakly to luciferase than the other one.

Figure TA shows the 13¢ NMR spectrum of luciferase
reconstituted with [2,4a-13C,)FMNH™. The specific
of the sample was the same as that shown in Figure
pH value of the solution was 7.0. This sample was

Biogel P6-DG column in the presence of dithionite,

activity
6B, except the
poured over a

the enzyme

collected and measured again. The spectrum of Figure 7B shows

that the aspecifically bound flavin has been removed completely.

As evident from this spectrum only a very small amount of

specifically bound flavin is possibly lost during the

chromatographic procedure as revealed by the difference spectrum

between the two spectra (Figure 7C). It should also be noted

that in Figure TAalso the resonance of C(2) of the

aspecifically
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140

PPM(8)

activity 120x1012 photons s 1az507 1) (3mM)
reconstituted with {2,4&—13C2]FMN in the reduced

state in 50 mM potassium phosphate, 0.5 mM EDTA, 10 mM
f-mercaptoethanol, pH = 7.0.

A, The flavin/apoluciferase ratio was 2:1 (44100

acquisitions).

B. The sample of A was chromatogrephed under anaerobic
conditions {see text} and the solution was measured
again., (33400 acquisitions}).

C. Difference spectrum between spectrum A minus that of
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bound flavin can be seen due to the larger chemical shift
difference between the two species at pH 7.0 {(Table II).

The observation that the 13c NMR spectra of luciferase
recombined with oxidized flavin do not show different
microenvironments for the strongly and more weakly bound flavin,
in contrast to the spectra in the reduced state, indicates that a
conformatlonal change of the protein occurs on changing the redox
state. Recently it was shown that such a conformational change
indeed occurs (Aboukhair et al., 1985). This conformational
change affects specifically the microenvironment of the flavin
involved in the catalysis. Since the aspecifically bound flavin
seems to experience the same microenvironment in both inactive
and highly active luciferase its possible role in the catalysis
needs further investigation.

We have also measured the 13C NMR gpectra of luciferase

from V. fischerl and from Photobacterium phosphoreum in the

presence of [2, 4a~13ca]FMNH'. The 13c chemical shifts

When comparing our results with those of Ghisla et al.
(1978), who used [2,4a-13C,]FMN only, we notice some
discrepancies in the interpretation of the 13¢ NMR spectra.

The 13c NMR spectra of Ghisla et al. (1978) had a signal to
noise ratio much lower than our spectra. Therefore, the minor
differences can be attributed to this fact (see also Vervoort et

al., 1986, accompanving paper).
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ABSTRACT

Intermediate I1 in bacterial luciferase, formed in a reaction
of luciferase with FMNH™ and Op, has been reinvestigated by
13¢ wnMR spectroscopy using 13¢c enriched FMN derivatives. it
is shown that the previously published spectrum of the
intermediate by Ghisla et al. (Proc. Natl. Acad. Sci. UsSA 75,
5860-5863 (1978)) does not represent the intermediate, but is due
to a contamination contained in commercially available ethylene
glycol-dg. Relaxation studies show that the resonance line due
to the by-product of ethylene glycol-dg is easier to observe at
low temperature than at room temperature explaining fully the
spectral properties of the published artifact. The true
C(4a)-resonance is found at 82.5 ppm and this is interpreted as
due to considerable sp2 hybridization at this position,
indicating an almost planar configuration by comparison with a

model compound.
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INTRODUCTION

Bacterial luciferase is a flavoprotein utilizing riboflavin
5'-phosphate (FMN)1 as a prasthetic group and catalyzing the
axidation of long chain aliphatic aldehydes, The reaction is
accompanied by emission of light. In the course of the
bioluminescence reaction several intermedi;tes are formed and
their involvement in the reaction is still under dispute (e.g.
Lee, 1985; Ziegler and Baldwin, 1981). However, one of these is
4 species detected an reaction of 0O, and FMNH™ with
luciferase in the absence of aldehyde. This species is commonly
termed intermediate II. From a comparison of the uv spectral
properties of the intermediate with those of model compounds
{Ghisla et al., 1973} it has been suggested that the compound is
4a,53-dihydro-4a-hydroperoxyflavin {(Hastings et al., 1973},
However, the light absorption technigque is far from unambiguous
in providing the chemical structure of a new compound, especially
in the case of the flavin molecule possessing a complex
electronic structure. The fact that intermediate II is rather
stable in the protein-bound state makes it feasible to elucidate
the structure of intermediate IT by 13¢ NMR, despite the low
sensitivity of the technique (Allerhand, 1979), which can he
overcome using 13C enriched compounds. Ghisla et al. (1978}
have pioneetred such a study using [4a—13C]FMN as a prosthetic
graoup far luciferase and claimed to show proef for the
substitution at C(4a) of flavin in the intermediate. Since the
signal/noise ratio in the experimental spectra was rather low we
suspected that the assignment of the resonance lines could be

incorrect. When we repeated the experiments of Ghisla et al.




(1978) in the absence of ethylene glycol we could not observe the
line at 74 ppm which they assigned to the intermediate. Since
the data of Ghisla et al. {(1978) are frequently cited as absolute
proof for the existence of a C{4a) substituted flavin derivative
in flavin-dependent hydroxylation reactions we considered it very
important to reinvestigate the structure of the luciferase-bound
intermediate {Lee, 1985). It is shown in this paper that the
published spectrum for the intermediate is an artifact due to an
impurity contained in deuterated ethylene glycol and that the
intermediate is indeed a C{4a) substituted flavin which resonance

" appears at 82.5 ppm in the 13¢c NMR spectrum.
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MATERIALS AND METHODS

FMN selectively enriched with 13¢c was prepared as described
previously (Van Schagen and Muller, 1981). The isotepic
enrichment was at least 92 atom %. Ethylene glycol-dg was
purchased from Merck AG, Darmstadt, Germany. Bacterial
luciferase was from an aldehyde requiring dark mutant of Vibrio

harveyi strain 392 {MAV) and was purified to homogeneity (0'Kane
et al., 1986}). Luciferase was assayed for bioluminescence
specific activity (photons s~ ! Azgp 1) at room temperature

as described (Lee, 1982), using decanal. Photometer calibration
was made by reference to the NBS standard lamp and NBS absolute
photodiode photometer via the luminel chemiluminescence reactieons
{Lee and Seliger, 1965; Matheson et al., 1984}).

The NMR samples contained luciferase, which was at least 80%
of the maximum obtainable specific activity, i.e. 120x10l2
photons s~1 A280_1- For reconstitution experiments 13¢
enriched FMN was added in a slight excess over apoluciferase.

All measurements were done in 50 mM potassium phosphate buffer,
pH=7, containing 10 mM B -mercaptoethanol. The intermediate I1
was prepared from reconstituted luciferase using the same buffer
system mentioned above but saturated with dodecanol (Tu, 1979).
The sample was then reduced and poured over a short Biogel P6DG
column (2.7x7.5¢cm), previously equilibrated with the same
buffer. After elution of the luciferase-bound intermediate the
sample was concentrated to about 1.5 ml by ultrafiliration

{Amicon). All procedures were done at about 09C.
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The decay of the luciferase-bound intermediate was followed
spectrophotometrically with time using an Aminco DW2A
spectrophotometer, and by assays of the bioluminescence
reaction. The temberature.was kept at § %C.

Wilmad 10 mm precision NMR tubes were used for !3C NMR
measurements. The sample volume was 1.6 ml, containing 10%
2H20 to lock the magnetic field. Broadband decoupling of 0.5
W was used. All spectra were recorded using 309 pulses and a
repetition time of 1.0s. The temperature was 09+29C. Dioxan
{3.1) served as an internal standard. The 13C chemical shift
values are reported relative to tetramethylsilane ( Sdioxane - &
TMS = 67.84ppm). The accuracy of the reported values is about
0.2 ppm. Al]l measurements were done on a Bruker CXP300 NMR
spectrometer operating at 75.6 MHzZ.

When luciferase recomhined with FMN was studied in the
reduced state reduction was done by addition of a dithionite
solution to the anaerobic sclution in the NMR tube. Anaerobiosis
was achieved by carefully flushing the splution in the NMR tube
with argen for about 10 min. The NMR tube was sealed with a

serum cap.
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RESULTS AND DISCUSSiON

In contrast to Ghisla et al. {1978) we used doubly labeled
13¢ enriched FMN derivatives throughout this study. This
approach has a great advantage in the identification and
assignments of the resonances in a complex 13¢ NMR spectrum of
a relatively large protein as luciferase, Since the 13¢
chemical shifts in oxidized and reduced free flavin have been
shown to be directly related to the electron density on the
corresponding carbon atoms in the molecule (Van Schagen and
Miller, 1980). the chemical shifts change in a predictable mananer
on reduction or modification of flavin. Therefore, a second
label in the molecule is a reliable reference point for the other
one in a 13¢ NMR spectrum.

Figure 1A shows the 13¢ NMR spectrum of luciferase-bound
f2,4a—1302] FMN in the two-electron reduced state. The
spectrum shows one resonance line at 103.5 ppm for the C{4a)
atom. The resonance line is shifted downfield by 2.1 ppm as
compared with free FMNH (Moonen et al., 1984). This is in
contradiction with the value reported by Ghisla et al. {1978) faor
the free flavin,li.e. 104 ppm. The resonance line due to C(2)
(Table I) is hidden under the natural abundance lines of the C
atom of arginine residues (Vervoort et al., 1986), the latter
resonating at 158.2 ppm {(Allerhand, 1979). However, a difference
spectrum between the spectra of reduced and oxidized
luciferase-bound FMN reveals that the C(2) atom resonates at
157.9 ppm in the reduced and at 158.5 ppm in the oxidized state
{Vervoort et al., 1986) (Table I). These results indicate that

luciferase-bound reduced FMN is ionized, i.e. carrying a negative
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Figure 1. Carbon-13 NMR spectra of 3 mM luciferase in the presence of 2.4
mM [2,42-13C,]1FMN 1in 50 mM potassium phosphate, pH 7.0, con-
taining 10 mM S-mercaptoethanol and a saturating concentration of
dodecanol. The sample also contained 10% 2H20 to lock the magne-
tic fleld.

A. The anaerobic sample was reduced with a slight excess of
dithionite and kept under argon. The NMR tube was sealed with
a serum cap. 10,000 transients were accumulated.

B. Spectrum of intermediate Il prepared by column chromatography
and subseguent concentration by ultrafiltration (see Materials
and Methods). Then the spectrum was recorded immediately.
7,200 transients were collected taking 120 min.

C. to E. Subsequent spectra of intermediate II collecting each
7,2000 transients.

F. Difference spectrue between that of A and that of B,

G. The sample of E was allowed to stand for 2 h at room tem-
perature to achieve full reoxidation. After recooling the
sample to 0°C, the spectrum was recorded (16,700 transients).

H. Difference spectrum between that of intermediate II (B to D)
and that of the reoxidized sample (F).

All spectra were obtained at 0°C,



charge at N(1) (Van Schagen and Muller, 1981). This has also

been proven by 19N NMR data (Vervoort et al., 1986). The broad
lines between about 120 ppm and 140 ppm are due to the natural
abundance arcomatic carbonm atoms of tyrosine, tryptophan,
phenylalanine and histidine residues {Allerhand, 1979).

Before continuing te the 13C NMR spectra of the
intermediate a few points deserve a brief discussion. In an
accompanying paper (Vervoort et al., 1986) we will show that
inactive luciferase also binds reduced FMN. In this case the

C(4a) atom of FMNH  resonates at 101.4 ppm. Figure 1A shows

that this rescnance line is absent from the spectrum inm agreement
with the fact that only a slight excess of flavin over
apoluciferase (see Materials and Methods) has been added in the
reconstitution reaction in order to avoid further spectral
complexity and side reactions during the preparation of the
intermediate (see below). This means that the concentration of
active reconstituted luciferase in the sample used to obtain
Figure 1A is about 2.4 mM. Furthermore, we used a different
buffer system and a different procedure to prepare the
intermediate than Ghisla et al. (1978). We used 50 mM phosphate
buffer (pH=7) in the presence of 10 mM g-mercaptoethanol and a
saturating concentration of dodecanol instead of éOO mnM phosphate
buffer (pH=7.0) in the presence of 20% ethylene glycol-

dgs(Ghisla et al., 1978}, @-Mercaptoethanol is needed to

preserve the activity of luciferase, especially in long lasting
experiments (0'Kane et al., 1986). Dodecanol has been shown to
stabilize intermediate II in luciferase {(Tu, 1979). On the other

hand high concentrations of phosphate buffer inhibit the
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bicluminescence reaction, and possibly the interaction between
luciferase and FMNH™, competitively, Ky = 220 mM (Meighen and
MacKenzie, 1973), leading possibly also to a decrease in the
concentration of the intermediate. Furthermore, rather than
preparing the intermediate directly in the NMR tube as done by
hisla et al. (1978) we isolated the intermediate by column
chromatography {(Hastings et al., 1973; Becvar et al., 1978) at
0°%C and concentrated the sample subsequently by

ultrafiltration. Although these steps take about 90 min, the
loss of intermediate is small considering the very long lifetime
of the intermediate at even 0°C (see below). An advantage of

the chromatographic step Is that excess flavin, which was present
in the sample used by Ghisla et al. (1978), is removed which if
present, leads to the formation of a considerable amount of
luciferase-bound flavosemiguinone {Kﬁrfurst et al., 1982), also
resulting in an additional decrease of the concentraticn of the
intermediate. In order to be sure that we were measuring and
following the decay of the intermediate we withdrew an aliguot of
the prepared intermediate prior to the start of the NMR
measurements and followed its decay spectrophotometrically and by
its bioluminescence activity with time, parallel to the
registration of the 13C NMR spectra.

The first spectrum of the intermediate accumunlated after the
preparation is shown in Figure 1B. The initial concentration of
the intermediate in the sample was about 2.2 mM as judged by uv
spectrophotometry {Becvar et al., 1978). The accumulation of

this spectrum took 2 h. Additional spectra of the same sample
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were collected under identical instrumental settings (Figure
1,C-E)}. Each spectrum represents a 2 h accumulation time. The
spectra of the intermediate exhibit lines at 82.5 ppm for the
C{4a) atom and at 156.5 ppm for the C(2) atom, the latter
overlapping slightly with the high field edge of the line due to
Cf atom of arginine residues. The intensities of both lines
decrease slowly with time. Concamitantly the resonance lines at
137 .4 ppm and 158.5 ppm due to oxidized flavin increase in
intensity. The changes observed in the 13¢ NMR spectra

paraliel those of activity measurements and the uv spectra. The
slow formation of oxidized luciferase-bound FMN is not
accompanied by the formation of possible other species, at least
not in cancentrations high enough or lifetimes long enough to be
observed in the 13¢ NMR spectrum. The spectrophotometric
experiments and the assay measurements indicate that the half
life of the intermediate under our experimental conditions is 13
h at 0°9C, a time long enough not to lead to a great loss of

the intermediate during the chromatographic procedure and
subsequent concentration of the sample (90 min). This is
demonstrated in Figure 1 F showing the difference spectrum
between that in Figure 1A and that in Figure 1 B. The low
intensity of the C{4a) rescnance of oxidized flavin indicates
again the slow decomposition of the intermediate.

After registration of the spectrum shown in Figure 1E the
sample was brought to room temperature and allowed tov stand for 2
h at this temperature. Then the sample was cooled again to 0°C
and its spectrum registered {(Figure 1G). The high field peak at

82.5 ppm has disappeared complietely from the spectrum indicating




the full decomposition of the intermediate (Hastings et al.,
1973; Becvar et al., 1878). This was also ascertained by
spectrophotometry and assay measurements. Figure 1G clearly
shows now the increased intensity of the lines due to oxidized
flavin at 137.4 ppm and 158.5 ppm, and the decrease of intensity
at about 156.5 ppm and at 82.5 ppm. Figure 1H shows the
difference spectrum between that of the intermediate {(¥Figure 18)
and that of the oxidized sample (Figure 16). This difference
spectrum shows the resconance lines of the intermediate very
clearly and allows an unambiguous assignment of all resonance
lines. The experiments described above have been repeated
several times using freshly prepared luciferase. The results
were identical.

The same type of experiments were done with luciferase
reconstituted with [4,10a-13C,1FMN under identical conditions
as described above. The results are collected in Table Y. The
resonance line of C(4) of the intermediate can be directly
observed since at this resonance position no protein background
is present. The C(10a) resonance of the intermediate on the
other hand is strongly overlapping with the natural abundance
lines of the C ¢ atom of arginine residues at about 158 ppm and
can only be identified by difference spectreoescopy, which has been
done.

The strong upfield shift by 21 ppm of the C(4a) atom in the
intermediate as compared with that in the luciferase-FMNH™
complex indicates that the C{(4a) in the latter changes from a
sp2 hybridized to a more sp3 hybridized one in the

intermediate. In fact the 13C chemical shift of C{4a) in the
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Table 1. 13C chemical shifts (in ppm) of FMN bound to
luciferase from V. harveyi in the oxidized, reduced and the
intermediate II state. All experiments were done in 50 mM
potassium phosphate buffer, pH=7.0, in the presence of 10 mMB
-mercaptoethanol. The temperature in all cases was 0°C. For
comparison the relevant 18¢ chemical shifts of 3-methyl-
4a-propenyl-4a,5-dihydrolumiflavin (I) and 3-methyl-4a,

S-epoxyethano-4a,5-dihydrolumifjavin (1I) are alse given. The

13¢ chemical shifts are reported relative to TMS.

Carbon _atom _Redox State of Luciferase ______

_____ __oxidized _reduced _intermediate II__13)___11)__
c(2) 158.5 157.9 156.5 162.1 134.7
c(4) 162.6 157.2 166.9 167 .7 1584 .9
C(4a) 137.4 103.5 82.5 63.0 83.5
C(10a} 151.3 156.2 157.7 160.0 156.4

a) From Lheoste et al. (1980).
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intermediate is within 1 ppm of that of 3-methyl-4a,
S-epoxyethano-4a,5-dihydrolumiflavin (Lhoste et al., 1980} (Table
T). The crystal structure of this compound is known (Bolognesi
et al., 1978). and shows that the molecule is almost planar,
forming an angle of 5.59 between the tweo planes intersecting
along the N(5)-N(10) axis of the molecule. The largest
displacement was found for the C(4a) atom, indicating its
increased sp3 character. It is interesting to note that the
C{d4a) atom in C{4a) alkviated flavins resonate at about 60 ppm
{Ghisla et al., 1978; Van Schagen and Miiller, 1980) [Table
I)indicating its fully spS hybridized character. Substituting
the €(4a) atom in flavin by a hydroxyl group as in
4a-hydroxy-5-alkyl-4a,5~dihydroflavins (pseudo base) shifts the
resonance downfield by about 10 ppm (Ghisla et al., 1978) due to
the electronegative character of the oxygen atom. The fact that
the C(4a) atom in the intermediate resonates about & further 10
ppm downfield from that in the pseudo base ( §= 74.5ppm) is in
agreement with the C(4a) hydroperoxide structure. The close
resemblance of the chemical shifts of intermediate I] with those

of 3-methyl-4a,5-epoxyethanco-4a,5-dihydrolumiflavin strongly

suggests that the intermediate possesses a rather planar
structure and that therefore C{(4a) in the intermediate is more
sp2 hybridized than that in the pseudo base, as can be deduced
from the fact that the chemical shifts of intermediate II are
intermediate between those of compound I and compound II (Table
I). The rather planar structure of the intermediate and
consegquently the decreased Sps hybridization of its C{4a) atom

allows a certain conjugation between the residualrsystem of the
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isoalloxazine ring and the C(4a) atom. This interpretation is in
agreement with the fact that 5-ethyl-4a-hydroperoxy-4a,5-
dihydrolumiflavin shows a pK,; of 9.2 for the hydroperoxy

function and that the pK, in 1,10-ethano-5-ethyl-4a-
hydroperoxy-4a,5-dihydrolumifiavinium is )Jowered to about 7
{Eberlein and Bruice, 1983). Therefore it is postulated that the
degree of planarily of the C(4a) hydroperoxy intermediate in the
various flavoprotein hydroxylases determines its stability and
consequently its hydroxylation power. This interpretation could
offer an explanation for the observation that intermediate II is
more stable in some flavoproteins and less stable in others.

The chemical shifts due to C(2) and C{10a) {(Table I) indicate
that the m electron density does not change much on formation of
the intermediate, which also proves that oxygen is not attached
to the €{10a) atom, which has also been proposed {(Massey and
Hemmerich, 1975).

The chemical shift of GC{4) also indicates that oxygen is
attached to C{(4a) in the intermediate. On formation of the
intermediate C{4) undergoes a relatively large downfield shift
which can be explained as a change towards an electrenically
isolated sp2 hybridized carbon atom with a vicinal nitrogen
atom, resembling a peptide bond.

The linewidth of the resonance at 82.5 ppm (Au1/2= S50Hz) in
the intermediate (Figure 1B} 1is slightly larger than that of the
line at 103.5 ppm {Figure 1A) or that of the line at 137.4 ppnm
{(Figure 1H)} (Avq,/p2 = 40Hz). Furthermore, it is obvious that
the intensity of the line of C{4a}) in the intermediate is

slightly less that of the lines of C{4a) in the oxidized and
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reduced state, a result observed in all experiments. This
reflects the slow conversion of the intermediate to the oxidized
state during the experiment, But differences in Ty of the C(4a)
atom in the different states probably also contribute to these
effects. It is not unlikely that the spin-lattice relaxation
time {(Ty) of the C(4a) atom in the intermediate is larger than

in the oxidized and reduced state. This would mean that the
chemical shift anisotropy (CSA) contributes only slightly, if at
all, to the spin lattice relaxation of C(4a) in the intermediate
as compared with that in the oxidized and reduced state, i.e. the
shielding tensors of the C(4a) atom in the intermediate become
less anisotropic and will therefore decrease the contribution of
the CSA to the spin lattice relaxation time. This interpretation
is in agreement with the fact that the (SA is a major relaxation
source for the spin lattice relaxation of quaternary aromatic
carbon atoms {Allerhand, 1979; Moonen and Muller, 1983).

It is obvious that our results are in contradiction with
those of Ghisla et al. (i978). We have shown in this paper that
the C(4a) atom in the intermediate II resonates at 82.5 ppm and
not at 74 ppm. Although we have used different conditions, it is
difficult to imagine such a large chemical shift difference for
the same protein-bound intermediate. Moreover, a direct
comparison between our !3C NMR spectra of the intermediate and
that published by Ghisla et al. (1978) reveals a very striking
difference, i.e. in our spectra several natural abundance
resonances of the protein can be observed in addition to the

resonances of the 13C enriched flavin carbons, whereas no
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intensity at all was observed for the protein resonances in the
published spectrum of Ghisla et al. {1978). This can only be
explained by a drastic difference in T; and/or T, values for
the C(4a) of the intermediate in the different experiments.
Therefore, we will discuss these aspects in detail in the
following.

For a tight protein-~flavin complex we are dealing with the
situation where wr >4 for the field strength and viscosities used
(Allerhand, 1999). Therefore, a linear relationship can be
expected for T, (and thus linewith) and the rotational
correlation time. Indeed, this is found in our study on
increasing the viscosity by lowering the temperature. This has
been demonstrated also by Ghisla et al. (1978). However, at
-15°C the viscosity is about 15 c¢p for a mixture of 20%
ethylene glycol and 80% water (Douzou, 1977). At 20°C a
viscosity lower than 2 c¢p is found for this mixture. Therefore
an increase in linewith by a factor of about 7 can be expected at
-159C for this mixture, thus lowering the signal/noise ratie
for a single resenance by the same factor.

The viscosity change from 2 cp to 15 c¢p alsec has drastic
effects on the T; values. T; values increase in a linear way
upon an increase in the viscosity in the relevant region of
the 7, values. As Ty values of about 2 s can be expected for
the quarternary carbon atoms of the luciferase flavin complex at
1 cp, where we estimate the rotational correlation time to bhe 50
ns (Vervoort et al., 1986; Allerhand, 1979}, we can expect much
higher Ty values {possibly up to 25 s) at -15°9C in an

ethylene glycol/water mixture. Using 90° pulses and repetition
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times of 0.8s severe saturation can be expected for these
quaternary carbon atoms. However, the majority of natural
abundance carbon rescnances are due to carbon atoms with a
directly bound hydrogen atom, rendering the T4 and T,

relaxation much more effective for the latter carbon atoms than
for the guaternary flavin carbon atoms. Therefore, at high
viscosity compared with low viscosity and using acquisitian
parameters of Ghisla et al. (1978) one would expect that the
natural abundance resonances of the protein appear with a
relatively high intensity compared with the guatermnary flavin
carbon atoms. This is indeed ohserved in our spectra {(data not
shown} . In the spectrum of the intermediate at -15°C reported
by Ghisla et al. {(1978) no protein resonances can be observed at
all. With the above given analyses, one would expect that the
é(éa) atom of the flavin in the intermediate cannot be observed
due to the increased linewith and increased saturation. However,
the resonance at 74 ppm can be cbserved in their spectrum with a
relatively good signal/neise ratio. This fact suggest strongly
that the resonance at 74 ppm in their spectrum cannet originate
from the C€C(4a) carbon atem of the intermediate. It should be
noted, that the above given analysis is based mainly on dipole-
dipole relaxation. Although this is correct for all protonated
carbon atoms, it has been shown that the chemical shift
anisotropy contributes to the relaxation values of the quaternary
fiavin atoms up to 50% [Moonen and Miller, 1983). If we take
also the effect of the CSA into account, then we would expect an
even larger intensity decrease for the C(4a) resonance of the

intermediate, as the CSA for the sp3 hybridized C(4a) atom of




the intermediate is undoubtedly decreased compared with the CSA
of the C(4a) atom of the reduced complex.

It remains to be proven that the resonance line at 74 ppm,
assigned to the C(4a) atom of flavin in the intermediate (Ghisla
et al., 1978), originates from a compound other than flavin.
Since we expected that this resonance is an artifact we repeated
the experiment of Ghisla et al. (1978) in the absence of the
protein, i.e. 0.3 M phosphate buffer containing 20% ethylene
glycol-dg and 1 mM [4a-13C1FMN at -159C. The spectrum is
shown in Figure 2. This spectrum is ideﬁtical with that
published by Ghisla et al. (1978) claimed to represent the
spectrum of the intermediate. The high field peak resonates at
73 ppm, 1 ppm upfield of that reported by Ghisla et al. {1978).
This can be ascribed to the use of a different reference compound
{Lhoste et al., 1980). The resonance of the {{4a) atam of
oxidized flavin is found at 136 ppm in our spectrum (Figure 2),
also 1 ppm upfield from that of C(4a) in the spectrum of Ghisla
et al. (14%8). During the deuteration process of ethyiene
glycol, diethylene glycol can be formed. In our case we found by
gas chraomatographic and mass spectral analysis that commercialily
available ethylene glilycol-dg is contaminated with 2% of
diethylene glycol-dyg. Due to the one-bond coupling between
the deuterium and the C(2) atoms of diethylene glycol-djp the
resonance line at 73 ppm is, under the conditions used in Figure
2, a non-resolved quintet with 1J(130—2H)= 22Hz (Kalinowski
et al., 1984). This yields a resonance line with an apparent
linewidth of about 530Hz, as also observed by Ghisla et al.

(1978). The coupling constant is independent of the magnetic
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Figure 2 Carbon-13 NMR spectrum of 1 mM [4a-13C]FMN in a
mixture of 0.3 M potassium phosphate and ethylene
glycol-dg (20%), pH = 7.0. The temperature was

-159¢C.
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field strength. The linewidth of C{(d4a) of free flavin is 10Hz
under these conditions, Ghisla et al. (1978) reported that the
rescnance at about 74 ppm disappeared from the spectrum on
heating the sample to room temperature, In order to explain this
result it is necessary to discuss the various relaxation effects
in more detail.

From the size of diethylene glycol it can be calculated that
the rotational correlation time (t,) is much smaller than 0.1 ns,
so we are dealing with the "extreme narrowing limit®, i.e. wrps<
1{(Allerhand, 1979%; Kalinowski et al., 1984). Under these
conditions the spin-lattice relaxation time (Ty) is dependent
on TrOf the meolecule. We determined the Ty of ethylene
glycol-dg at 25°C and -1%°C in a sample containing
apoluciferase and 20% of ethylene glycol-dg in 0.3 M phesphate,
pH=7.0. The T, was found to be about 25s at 25°C and about
7.5s at -15%C. It can be expected that the Ty of the C(2)
atoms of diethylene glycol-djg is slightly different from that
of ethylene glycol-dg owing to the small differences in the T,
(Kalinowski et al., 1984). In both molecules however the 13¢C
nuclei relax primarily through dipole-dipole (protonated and
deuterated carbon atoms) interactions and the Ty is therefore
independent of the magnetic fiéld strength. As a result, under
the conditions used by Ghisla et al. (1978), i.e. 90° pulses
and 0.8s repetition time, it is almost impossible to observe the
resonance of diethylene glycol-djg at 25°C, especially with
the inferior signal/noise ratio reported by Ghisla et al.
(1978). in fact a very close inspection of the published

spectrum of Ghisla et al. (1978) at 25°C suggests the presence




135

of the resonance at about 74 ppm as a very broad line. On the
other hand the resonance at 73 ppm is much easier to observe at
-159C due to the shorter Ty. The spin-lattice relaxation
times of the protein, on the other hand, show an opposite
behavior. These facts are illustrated by registering the spectra
at various temperatures and comparing roughly the ratio of the
intensity of the line at about 128 ppm due to the protein and
that of the line at 73 ppm. Under our instrumental settings
{30° pulses and 1.0s repetition time) the following ratios were
determined: 2.2 at 25°C, 1.0 at 0°C and 0.4 at -15°C,
Using the conditions of Ghisla et al. (1978) a ratio of 5.6 was
found at 25°9C. These results definitely prove that the
spectrum of the intermediate published by Ghisla et al. (1878} is
an artifact due to a contamination in deuterated ethylene glycol,
i.e. diethylene glycol-djg. |

This study also demonstrates that great caution must be

excercised in the identification and assignments of NMR lines in

complex spectra of biological material.

We are indebted to Mrs. 5. Hutcheson for typing the
manuscript, to Mr. W.H.B. Van Berkel in the assistance of some
esxperiments, te Dr. M.A. Posthumus for the gas chromatoegraphic

and mass spectral analysis and to Mr. M.M. Boumans for preparing

the figures.
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Chapter 7. A 13¢, 15N and 31p NMR investigation of para-hydroxybenzoate
hydroxylase

SUMMARY

Para-hydroxybenzoate hydroxylase from Pseudomonas fluorescens has been

reconstituted with 13C and 15N enriched FAD. The protein preparations were
investigated in the oxidized and in the two-electron reduced state by 13c,
15N and 31p MR techniques. The chemical shift values are compared with
those of free flavin in water or chloroform. The substrate para-
hydroxybenzoate has a marked effect on the 13C and 15N chemical shifts in
both redox states. No effect of substrate on the 3lp NMR resonances was
found. The results indicate that the isoalloxazine ring is fairly solvent
accessible in the substrate free enzyme in the oxidized state. The results
show that upon binding of substrate the iscalloxazine is shielded from
solvent. It is alsc suggested that upon substrate binding a conformational
change occurs as a result of which the positive pole of an a-helix dipole
influences the 13c and 15N chemical shifts. In the reduced state the flavin
is bound in the anionic form i.e. carrying a negative charge at N(1)}. The
exchange of the N(3) and N(5) amide protons with bulk solvent is very slow
{v<<100 Hz} in the reduced state either in the presence or in the absence
of substrate. The flavin is bound in a more planar configuration than free
in solution. Upon binding of substrate the resonances of N{(1), C{10a) and
N(10) shift sharply upfield. It is suggested that these upfield shifts are
either a result of a shift of the pK of the N{(1) atom to higher pH values

or a result of a similar conformational change as found in the oxidized
state.
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SUMMARY

Para-hydroxybenzoate hydroxylase from Pseudomonas fluorescens has been

reconstituted with 13¢ and 15N enriched FAD. The protein preparations were
investigated in the oxidized and in the two-electraon reduced state by 13¢,
15y and 31p NMR techniques. The chemical shift values are compared with
those of free flavier in water or chlorofarm. The substrate para-
hydroxybenzoate has a marked effect on the 13C and 15N chemical shifts in
both redox states. No effect of substrate on the 31p NMR resonances was
found. The results indicate that the isoalloxazine ring is fairly solvent
accessible in the substrate free enzyme in the oxidized state. The results
show that upon binding of substrate the iscalloxazine is shielded from
solvent. It is also suggested that upon substrate binding a conformational
change occurs as a result of which the positive pole of an a-helix dipole
influences the 13C and 15§ chemical shifts. In the reduced state the flavin
is bound in the anionic form i.e. carryving a negative charge at N(1). The
exchange of the N{3) and N(5) amide protons with bulk solvent is very slow
{v<<100 Hz) in the reduced state either in the presence or in the absence
of substrate. The flavin is bound in a more planar configuration than free
in splution. Upon binding of substrate the resonances of N{(i), C(10a) and
N(10) shift sharply upfield. It is suggested that these upfield shifts are
either a result of a shift of the pK of the N(1) atom to higher pH values
or a result of a similar conformaticnal change as found in the oxidized

state.
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INTRODUCTION

The enzyme p-hydroxybenzoate hydroxylase (pHBH) from Pseudomonas
fluoresgens is an external FAD containing monooxygenase catalyzing the
hydroxylation of p-hydroxybenzoate (pHB) to 3,4-dihydroxybenzoate in the
presence of molecular oxygen.

The reaction reguires NADPH as an electron donor (Husain and Massey,
1979). It has been observed that the binding of substrate {(pHB} to the oxi-
dized enzyme causes large, characteristic spectral perturbations and
fluorescence quenching (Visser et al., 1983). The reduction of the protein
bound FAD by NADPH is accelerated enormously upon substrate binding
(Hosokawa & Stainier, 1966). The crystal structure of the pHBH-pHB complex
is known at 2.5 A resolution (Wierenga et al., 1979). The primary sequence
has also heen determined (Weijer et al., 1982). Miiller et al. (1979) showed
that in solution the enzyme is present mainly as a dimer, and also as
higher order structures.

The exact sequence of intermediates faormed after the attack of molecular
oxygen on the reduced pHBH-pHB complex is still unclear. It is generally
accepted that the first intermediate observed is a C(4a)-hydroperoxide.
However, hecause only absorbance data are available, its formation is not
fully established yet. The possible structures of the other intermediates
involved in the reaction are much more speculative (Wessiak et al., 1984;
Schopfer et al., 1984, Visser, 1984).

The occurence of a C(4a)-hydroperoxide intermediate has been shown
recently in the bacterial luciferase reaction (Vervoort et al., 1986b). In
the latter enzyme also a C{4a) hydroxyflavin has been postulated as the
emitter (Rurfiirst et al. 1984). Interestingly both intermediates are also
postulated to be present in the reaction catalyzed by pHBH and vet no light
emission is ever observed under any circumstance. Certainly, some struc-
tural differetces in the interaction between the flavin molecule and the
apoprotein must be responsible for these different reaction mechanisms. It
has been shown that nuclear magnetic resonance can yield information on the
subtle differences in interaction between prosthetic group and apoenzyme
(Moonen et al., 1984). Here we repert on a 13, 155 and 31p NMR investiga-
tion of the interaction between FAD and the apoprotein of p-hydroxybenzoate

hydroxylase.
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MATERIALS AND METHODS

p-Hydroxybenzoate hydroxylase from Pseudomonas fluorescens was isclated

and purified as described previously (Miller et al., 1979). Preparation of
apoprotein and reconstitution was performeéd as described by Miiller and Van
Berkel (1982). The synthesis of flavin enriched in the iscalloxazine ring
with the 13C isotope was performed as described by Van Schagen and Miiller
(1980). The synthesis of flavin enriched in the isoalloxazine ring with the
15y isotope was performed as described by Vervoort et al. (1986a). FAD was
synthesized as described by Cramer and Neunhoeffer (1962), and purified by
gradient elution on DEAE-Sepharose 6B.

Samples consisted of 0.6 mM pHBH in 50 mM potassium phasphate buffer (pH
= 7.0) for 13C NMR measurements and 0.6 mM pHBH in 50 mM Tris/Maleate (pH =
7.0) and 0.3 mM EDTA for 31p NMR measurements. For 15N NMR measurements 1
mM pHBH in 100 mM HEPES buffer containing 20% MepSC, 0.3 mM EDTA and 1 mM
DTT, pH = 7.0 was used. Concentrations are expressed on FAD content. Wilmad
10 mm precision NMR tubes were used for 13¢C NMR and 31P NMR measurements
and Wilmad 15 mm precision NMR tubes were used for 15N NMR measurements.

The sample volume was 1.6 ml for 13C NMR and 31P NMR and 4.0 ml for 19y
NMR measurements. The samples contained 10% 2H20. Broadband 1H decoupling
of 0.5 W was used for 13C NMR and 31P NMR measurements. No proton
decoupling was applied for the 15N NMR measurements. All spectra were
recorded using 30° pulses and a repetition time of 1.0 s, except for 31p
NMR measurements where a repetition time of 1.1 s was used. The measure-
ments were performed on a Bruker CXP 300 spectrometer operating at 30.4 MHz
for 15§ NMR, at 75.6 MHz for 13C NMR and at 120.5 MHz for 31P NMR measure-
ments. Dioxane (3 pl) served as an internal standard for 13C NMR measure-
ments. Chemical shift values are reported relative to MegSi. Neat [15N]
CH3NOy was used as an external reference for 158 NMR measurements. Chemical

shift values are reported relative to liquid NH3 at 25°C (5CH3N02 - 5NH3 =
381.9 ppm for the magnetic field parallel to the sample tube). Values are
reported as true shieldings, i.e. corrected for bulk velume suscep-
tibilities. For 31p NMR measurements 85% HqPO,; was used as an external
reference. The accuracy of the reported values is about 0.2 ppm for 13¢
NMR, 0.4 ppm for 19N NMR and 0.1 ppm for 31P NMR memsurements. The tem-
perature of the samples was 20° for 13¢ NMR measurements and 17°C for 13N

and 31p NMR measurements.
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Reduction of the sample was conducted by the addition of the desired
amount of a dithionite solution to the anaerobic sclution of para-
hydroxybenzoate hydroxylase. Anaerobiosis was achieved by carefully
flughing the NMR tube with argon for about 10 min. The NMR tube was sealed

with a rubber cap (subaseal).
RESULTS AND DISCUSSION

31p NMR

Figure 1 shows the 31p NMR spectrum of pHBH. The pyrophosphate resonan-
ces of the protein-bound FAD mclecule can be seen as broad lines at -9.0

ppm and at -9.6 ppm. Both rescnances are upfield shifted compared to the

A
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Figure 1: 31p NMR spectra of para-hydroxybenzoate hydroxyiase in the oxi-
dized state in the presence (A) and absence of substrate (B).

ones found in free FAD in water i.e, at -9.9 ppm and at -10.55 ppm in free
FAD. The resonance at the low field side of the pyrophosphate resonances of
free FAD was assigned to that of the AMP moiety and the resonance at the

high field side to that of the FMN moiety (Kainosho and Kyogoku, 1972). It
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is unfortunately not possible to specifically assign the twe resonances of
the FAD bound Lo pHEH. Nevertheless, on comparison of the 31p NMR spectrum
of pHBH with those of e.pg. glucose oxidase (James et al., 1981) or xanthine
oxidase (Davis et al., 1984) one clearly notices large differences in the
31p resonances of the pyrophosphate group of FAD. These differences in 31p
chemical shift must find their origins in differences in interaction bet-
ween the apoprotein and the pyrophosphate group. It is known that 31p NMR
chemical shifts are very sensitive towards differences in the 0-P-0 bhend
angle (Gorenstein, 1975) and therefore it can be expected that small dif-
ferences in interaction between the pyrophosphate group of FAD and the
apoprotein lead to rather large differences in the 31p NMR spectrum.

Upon binding of substrate (Fig. 1B} the 31p NMR spectrum is virtually the
same. Therefore, although binding of substrate causes remarkable changes in
the circular dichroism spectrum around 280 nm {Van Berkel, personal com-
munication) and in the rate of reduction by NADPH, this conformational

change is probably not extended to the pyrophosphate binding domain.
13c and 158 NMR. The oxidized state.

Figure 2 shows in a series of 13¢ NMR spectra of pHBH, the dependence on
the redox state, and on the absence or presence of substrate pHB. The reso-
nances of the 3¢ enriched carben atoms C(2) and C(da) are easily deter-
mined, either directly from the spectra for well resolved lines, or by
using difference spectra spectra for overlapping lines. Similar experiments
were performed with FAD enriched at the positions C(4) and C(10a) {data not
shown). The data are collected in Table 1.

Figure 3 shaws 15N NMR spectra of pHBH in the oxidized state in the
presence or absence of substrate. In the presence of the substrate, pHB,
the N(1) and N(10) resonances are well resolved singlets (Fig. 3A). The
N{3) and N(5) resonances, however, are not well resolved, and appear as
broad lines with a linewidth of 110 Hz and 200 Hz respectively. This limits
the accuracy of the determination of the chemical shifts (Table 1}. In the
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Figure 2: Low field part of the 13¢ NMR spectra of parahydroxybenzoate
hydroxylase recombined with [2,4a]1l3C; FAD. A. Oxidized state. B.
Oxidized state in the presence of 5 mM substrate. C. Reduced
state. D. Reduced state in the presence of 5 mM substrate.
Resonances marked with A represent natural abundance intensity of
substrate. Rescnances marked with O andsrepresent the C(2) and
C{4a) atom, respectively.

absence of substrate the signal to noise ratio of the spectrum (Fig. 3B) is
less than when substrate is present (Fig. 3A), although the number of tran-
sients is doubled. The N(5}) resonance is not resolved anymore, which may
result from both a T; {spin-lattice relaxation) and Ty (spin-spin relaxa-
tion) effect. The N{1) resonance has increased slightly in linewidth com-
pared to Fig. 3A. The N{(3) resonance is again very broad, linewidth 110 Hz.
The resonances around 125 ppm arise from the natural abundance amide reso-

nances of the protein. All 15N chemical shifts are collected in Table 1.




145

Table 1. 13¢, 15§ and 31P chemical shifts of parahydroxybenzoate hydroxy-
lase in the oxidized or reduced state and in the absence (-) or presence
(+) of substrate. The accuracy of the 13C NMR data is +0.2 ppm, of the 19§
NMR data *0.3 ppm unless indicated otherwise and of the 31p NMR data 0.1
ppe.

13¢ wmr gspectra were measured in 50 mM potassium phosphate, pH = 7.0,

15y NMR spectra were measured in 100 mM HEPES, Me,S0 (20% v/v), 0.3 mM
EDTA, 1 mM DTIT, pH = 7.

31p MR spectra were measured in 50 mM Tris-maleate + 3 mM EDTA, pH = 7.0

Oxidized state

Carbon atom -substrate +substrate FMN TARF
c(2) 159.5 156.6 159.8 155.2
c(4) 163.2 162.8 163.7 159.8
C(4a} 136.4 135.7 136.2 135.6
C(10a) 151.8 151.1 152.1 149.1
N(1) 191.68) 189.2d) 190.9 199.9"
N(3) 159 .8b) 159.8b) 160.4 159.8*
N(5) 2 348.08) 334.5 344.3%
N(10) 185.6¢) 165.6C) 163.5 150.2%

Reduced state

-substrate +substrate FMNH™  FMNHjp TARFH»
c(2) 156.9 156.9 158.2  151.1 150.6
c{4) 157.6 158.1 157.7 158.3 157.0
C(4a) 99.9 99.3 101.4 102.8 105.2
c(10a) 155.8 153.3 155.5 144.0 137.0
N(1) 183.9 179.8 181.3  128.0 118.7*
N(3) tas 2f) 149, 0f) 150.0  149.7 145.8%
N(5) 60.9f) 61.5f) 58.4 58.0 60.4"%
N(10) 98.4 94.3 96.5 87.2 72.2*

31p chemical shifts
-substrate +substrate
-9.0, -9.6 -9.0, -9.6

*7-Methyl-10-tetraacetylribityl-isoallexazine derivitive,

a) Linewidth ~ 50 Hz, precision of the chemical shift 0.5 ppm.
b) Linewidth ~110 Hz, precision of the chemical shift 1.0 ppm.
c) Linewidth ~ 25 Hz, precision of the chemical shift 0.3 ppm.
d) Linewidth ~ 30 Hz, precision of the chemical shift 0.4 ppm.
e} Linewidth ~200 Hz, precision of the chemical shift 2.0 ppm.

0

f) Linewidth ~120 Hz, precision of the chemical shift 6.5 ppm.
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Figure 3: 15N NMR spectra of para-hydroxybenzoate hydroxylase recomhined
with [1,3.5.10]15N4 FAD in the oxidized state. A, in the presence
of 1.5 mM substrate; B, in the absence of substrate.

The 13¢ and 15N chemical shifts of the pHBH-bound FAD molecule are com-
pared with those of free flavin in Table 1. The chemical shifts of free FMN
are used because only the chemical shifts of the iscalloxazine ring are of
interest. The results indicate that in the absence of substrate the
isoalloxazine ring is pelarized to about the same extent as in free flavin
{(FMN) in water. This suggests that the isoalloxazine ring, at least the
pyrimidine part, is fairly exposed to solvent. The exposure to solvent
would also be in agreement with the study of Claiborne et al. (1982). It is
evident that in the absence of substrate the quality of the 15N spectrum is
rather low. This can partly be explained by the fact that the solubility of
the protein is limited to about 700 pM. Miller et al. (1979) showed that

the protein rather easily forms higher aggregates due to aspecific
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hydrophobic association phenomena.

The N(10)} resonance is downfield shifted by 2.1 ppm on binding of FAD to
the protein. This downfield shift Indicates that the N(10) atom has an
increased sp2 character, m electron donation to mainly O(2a)} and 0O(4a)
leads to the creaticon of a partial positive charge at N(10) (Moonen et al.,
1984). The N(10) atom is fully sp2 hybridized in the protein-bound FAD
molecule.

Upon binding of the substrate pHB the solubility of the protein increases
strongly. It is possible to achieve a concentration of 2 mM. The higher
concentration used in the presence of substrate results in a better signal
to noise ratio for the 15N spectrum (Fig. 3A) compared to the spectrum
where the substrate is absent (Fig. 3B).

The 13¢ and 15N chemical shifts show that several resonances shift upfield.
The strongest upfield shifts are observed for the C{(2) and the N(1) reso-
nances. The C(2) resonates at 156.6 ppm which is 2.9 ppe upfield from the
substrate free enzyme. This value of 156.6 ppm is very close to the value
of TARF dissolved in chloroform (Table 1). This indicates that the n
electron density at the C(2) carbonyl group is increased in the presence of
substrate. The C(4) carbonyl group has a fairly strong hydrogen bond in the
enzyme-substrate (ES) complex as indicated by the chemical shift. The C(4a)
resonance is upfield shifted in the ES5 complex compared to the substrate
free enzyme. In the substrate free enzyme it was already suggested that the
isoalloxazine ring is fairly solvent accessible. As a result the N(5) would
have a hydrogen bond, although its resomance is not resolved in the 15y
spectrum of the free enzyme. Upon binding of substrate the chemical shift
of the N{(5) resonance indicates that it forms no hydrogen bond with either
water or the apoprotein {(vide infra). This absence of a hydrogen bond would
then lead to a small upfield shift of the C(4a) resonance, as abserved in
the 13C NMR spectra.

The 19N(5) chemical shift is downfield shifted from the one found in
free flavin in chloroform (TARF). From this it can be concluded that the
N(5) atom has no hydrogen bond and even that the polarity of the micro-
environment is very low. It is evident from the spectrum in Fig. 3A that
the N(5) resonance is very broad {(linewidth 200 Hz). This broad line is
probably caused by some dvnamic process, e.g. a limited mobility of the

substrate. The N{3} resonance is also very broad. A possible explanation
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would be that it is split up into a non-resolved doublet due to the
15[15N(3)-1H] coupling. This splitting could exist if the proton exchange
is very slow with bulk solvent (v<<100 Hz). The chemical shift of N{3) and
also of the N(10) do not change when substrate is bound and hence no change
in m electron density occurs. In contrast, the N(1i)} is shifted by 2.4 ppm
upfield which could be the result of a stronger hydrogen bond in the
enzyme-substrate complex.

Hitherto cyrstallographic data are only available of the enzyme-
substrate complex (Wierenga et al., 1978). It has been suggested from these
data that hydrogen bonds exist to the N(1}, 0(2a), N{3) and O(4a) atoms of
the isoalloxazine ring. From the 13C and 15N NMR data we indeed observe
hydrogen bonds to these atoms. One might conclude that the C(2) carbonyl
group has no or a very weak hydrogen bond in the ES complex as concluded
from 13C NMR data. However, fraom the crystallographic data it was shown
that an ag-helix points with its positive pole directly to N(1) in the
enzyme-structure complex (Wierenga et al., 1979). This could explain the
upfield shifts observed for the N{(1) and for the C{2) and C(10a) atoms
because these atoms can accommodate then a higher m electron density. The
relative position of the a-helix must then be different in the latter case
from the substrate free enzyme as suggested previously on the basis of 13C
data only (Moonen, 1983). Overall, it can be concluded that upon binding of
the substrate the interaction between the preosthetic group and the apopro-
tein is affected. This is in agreement with changes observed in absorption
and fluorescence spectra {Husain and Massey, 1979; Visser, 1983).

Upon binding of an effector, parafluorobenzoate (Kp = 150 uM, pH = 7),
nearly the same chemical shifts are found within the accuracy of the
measurements as when parahydroxybenzoate is hound {Table 2). This indicates
that in the parafluorobenzoate complexed enzyme comparable conformational

changes must occur.
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Table 2: 13¢ chemical shift of parahydroxybenzoate hydroxylase in the oxi-
dized and in the reduced state in the presence of an effector, parafluoro-

benzoate [2.4 mM]. The buffer used was 50 mM potassium phosphate 0.3 mM

EDTA, 1 mM DTT, pH = 7.0.
Oxidized state
c(2) 156.8
c(4) 163.0
C(4a) 136.0
C{10a) 151.2
Reduced state
c(2) 157.0
c(4) 158.3
C(4a) 99.6
c{10a) 153.6

The reduced state

Figure 4 shows 15N NMR spectra of pHBH in the presence (Figure 4A) and
in the absence (Figure 4B) of substrate. The N{1) and N(10) resonances can
be seen as sharp singlets in both spectra. In contrast the N(3) and N(5)
resonances can be seen as broad lines, perhaps even doublets, both in pre-
sence and absence of substrate. The 15N chemical shifts are collected in
Table 2. The 13C and 15N NMR chemical shifts clearly demonstrate that the
reduced FAD is present in the anionic form (FADH"). In the absence of
substrate the C(10a) and the C{4} resonances are the same as the ones found
in FMNH™, whereas the C(2) and C{4a) resonances are shifted upfield by 1.3
and 1.5 ppm respectively. The upfield shift of the C(2) indicates that the
hydrogen bond towards the carbonyl group is weaker than found in FMNH™ in
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Figure 4: 15N NMR spectra of para-hydroxybenzoate hydroxylase recombined
with (1,3,5,101158,-FAD in the reduced state. A, in the presence
of 1.5 mM substrate; B, in the absence of substrate.

water. The hydrogen bond towards the C(4) carbonyl group is a strong one as
judged from the 13¢ chemical shift. The rather weak hydrogen bond towards
the O(2a) and the strong one towards the 0{4a) indicate that the m-electron
donation from the N(10) atom occurs mainly towards the C(4) carbonyl group
{(Moonen et al., 1984). The N{10) is a strong m electron donor in the
prdteinubound FAD because its chemical shift indicates an increased sp2
character compared to free flavin (Moonen et al., 1984). The upfield shift
observed for the C(4a) is also due to n electron donation from the N(10).
The 15N chemical shifts clearly show that the protein-bound flavin has
negative charge at the N{1) atom. This negative charge is very likely
related to the coxygen reactivity of the reduced flavin. The anionic reduced
flavin reacts much more rapidly with meolecular oxygen than the neutral
reduced flavin (Bruice et al., 1982). The flavin is more planar when bound
to the protein than free in solution as judged from the N{(10) and N(5) che-
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mical shifts. Both nitrogens shift downfield on binding to the protein
which can be related to the increased sp2 character of both nitrogens
{Moonen et al., 1984). The very broad resonances of the N(3) and perhaps
even splitting of N(5) due to the 1J{15N(5) - 1H] coupling indicate that
the amide protons at these groups do not exchange with water on the NMR
timescale i.e. v<<100 Hz. This indicates that the reduced anionic flavin in
suhstrate-free pHBH is not accessible to bulk water, mare or less in
contrast to the oxidized state.

Upon binding of the substrate (pHB) to the reduced enzyme resonances
shift to a different extent, showing the specific influence of the
substrate binding to reduced flavin. The C(10a) resonances shifts 2.3 ppm
upfield. Alsc the N(1) and N(10}) 15y resonances shift upfield, both by 4.1
ppm. There are two possible explanations for these upfield shifts. Pirst,
binding of the substrate might cause a pK shift of the N(1) atom of the
isvalioxazine ring system. All measurements were performed at pH = 7.0. The
N(1} in free reduced flavin deprotonates with a pK of 6.6 {Dudley et al.,
1964; FranKen et al., 1983). A possible other explanation is that the
binding of substrate causes a conformational change of the position of the
a-helix dipole, as was postulated to exist in the oxidized state. The posi-
tion of the a-helix is probably slightly different in the ES complex in the
reduced state compared to the ES complex in the oxidized state. In the oxi-
dized state the main effects are observed for the C(2} and N(1) atoms,
while in the reduced state the N{(1), C{10a) and N{10) are mainly affected.
The small upfield shift observed for the C(4a) can also be explained by the
presence of a positive pole of the a-helix. Further experiments will have
to show which explanatiaon is the most likely ane.

The slight downfield shift observed for the C(4) atom indicates that the
hydrogen bond towards the €{4) carbonyl group increases even in strength in
the ES complex compared to the free enzyme. The N(5) chemical shift is
slightly downfield in the ES complex compared to the substrate free enzyme.
This peints towards an increased sp2 character of the N{5) (Moonen et al.,
1984). The addition of an effector, para-fluorcbenzoate, leads to the same
shifts in the ES complex as compared with substrate, pHB. Therefore we can
conclude that this effector is bound in the same way as the substrate is
and that it has the same electronic effects on the flavin ring. It also can

be expected that pHB is bound in the mono-anionic form as is para-

fluorobenzoate.
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Chapter 8. MERCURIC REDUCTASE. A 13c AND 31p NMR INVESTIGATION
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Abstract

The interaction between FAD and the apoprotein of mercuric reductase

from Pseudomonas aeruginosa was investigated using selectively 13¢ enriched

FAD. The reconstituted enzyme was studied in the oxidized (E), in the two-
electron reduced (EHz) and in the four-electron reduced (EH4) state. The
results are interpreted in terms of specific interactions between the
apoprotein and the prosthetic group and the chemical structure of protein-
bound FAD.

In the oxidized state the interactions hetween FAD and apoprotein are
not much different from those found in free flavin in water. A downfield
shift of the C(4a) resonance compared to free flavin indicates the absence
of a hydrogen bond to N(5) in the protein.

The protein consists of an oxidized flavin and a reduced disulfide in
the two-electron reduced state. The thiolate anion is located in the imme-
diate neighbourhood of the C{4a) atom.

Binding of NADPH to the two-electron reduced enzyme leads to an increase of
7 electron density of the measured 13C resonances, perhaps indicating
charge transfer from the bound NADPH to the flavin molecule.

On four electron reduction the protein-bound flavin becomes anionic.
The 13¢ shifts indicate a bent flavin at the N{5) position. The results are
discussed in relation to the published data of two related proteins,

lipoamide dehydrogenase and glutathione reductase.
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Introduction

Mercuric reductase (reduced NADP: mercuric ion oxidoreductase) is an
indispensable enzyme in many bacteria in the reduction of toxic mercury
ions to the much less toxic elemental mercury [1]. Mercuric reductase is a
dimeric enzyme (M, = 116000) and contains two active site electron accep-

tors (per subunit) in the oxidized state, i.e. FAD and a redox active

disulfide [2]. In this respect it strongly resembles other FAD containing
disulfide reductases. As pointed out by Fox and Walsh [2], especially glu-
tathione reductase and lipoamide dehydrogenase show a strong resemblance to
mercuric reductase.

A comparative NMR study was performed on the latter two enzymes using
13¢ enriched FAD [3]. NMR is an excellent tool to study the interaction
between FAD and apoprotein. Small differences in the microenvironment of
the bound FAD reveal itself by different chemical shifts, The NMR study
performed on glutathione reductase and lipoamide dehydrogenase showed that
there are structural differences in the active site organization. These
subtle differences are very likely responsible for the different catalytic
mechanism of both enzyses. In this paper we will discuss the results
obtained on mercuric reductase in relation to the two other enzymes men-

tioned above.

Materials and Methods

Mercuric reductase from Pseudomconas aeruginosa PAOS5 ¢1 (pVS1) was
purified as previously described [4]. Preparation of the apoprotein was
performed as follows. Purified enzyme (160 mg) was loaded on a phe-
nyl-Sepharose column (Pharmacia) using a 50 mM potassium phosphate buffer
which contained 30% ammonium sulphate, 1 M KBr and 1 mM EDTA (pH 6.5), Sub-
sequently, FAD was removed from the protein by washing the column with 20
ml of 50 mM potassium phosphate buffer, containing 30% ammonium sulphate,

1 M KBr and 1 mM EDTA (pH 3.25). Then the column was washed with 15 ml of
the same mixture omitting KBr. Recombination with 13¢ labelled FAD was per-
formed on the column immediately after the preparation of apoprotein using
2 ml of a solution containing 5 mM FAD, 50 mM potassium phosphate, 30%
ammonium sulphate, 1 mM EDTA (pH 6.5). The column was then washed with the

same mixture, from which FAD was omitted.
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The reconstituted protein was eluted from the column with a mixture of
10 mM potassium phosphate containing 1 mM EDTA and 50% ethylene-glycol (pH
6.5). The specific activity of the reconstituted protein was identical with
that of the starting material. The reconstituted protein was concentrated
by ultrafiltration and put onto a Biogel P6DG column to obtain the protein
in the desired buffer. 13¢ and 31P NMR measurements were performed on a
Bruker CXP300 spectrometer operating at 75.6 MHz for 13C NMR and at 121.0
MHz for 31p NMR measurements. Wilmad 10 mm precision NMR tubes were used.
The samples of 1.6 ml selution contained 0.75 mM protein. 10% 2Hao was
added to lock the spectrometer. Dioxane (3 ul) served as an internal stan-
dard for 13C measurements. Phosphoric acid (85%) served as an external
standard for 31P measurements. 35° pulses were used with a repetition time
of 1s. The temperature of the samples was 25°9:20C. Anaerobiosis was
achieved by carefully flushing the sample with argon. Reduction of the
samples was conducted by the addition of the desired amount of dithionite

solution or of a borohydride splution to the anaercbic sample.

RESULTS AND DISCUSSION

It has been pointed out already by Fox and Walsh [2,5] that mercuric
reductase belongs to the class of flavoproteins in which both flavin and
oxido-reductive active disulfide groups are constituents aof the active
site. These flavoproteins show a long-wavelength absorbance band centered
around 530 nm on two-electron reduction. The protein turns from yellow to
red. This long wavelength absorbance band was interpreted as resulting from
a charge transfer interaction between oxidized flavin and a reduced
disulfide [6].

31p NMR

Fig. 1 shows 31p KMR spectra of mercuric reductase. Interestingly,
three 31p NMR resonances are seen in the region around -12 ppm i.e. at
-10.5 ppm, -12.1 ppm and at -12.9 ppm. The peak at -10.5 ppm is the least
intense. The spectra of the native and the reconstituted enzyme are iden-
tical. This indicates and it is also supported by CD spectra (unpublished

results) and activity measurements, that the structure of both protelns is
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Figure 1. 31p NMR of mercuric reductase in 20 M HEPES pH = 7.5 + 100 mM

potassium chloride.

A. Native unrecombined mercuric recuctase (0.5 mM), 407000 tran-
sients

B. Mercuric reductase recombined with C(4) and C(10a) 13C
enriched FAD (0.8 mM}, 17700 transients.

C. Mn2* (final conc. 200 pM) added to spectrum B, 44368 tran-

sients.

the same (Fig. 1A and 1B). It alsc is clear from these data that mercuric
reductase contains another covalent attached phosphorus residue besides the
two phosphate groups of the pyrophosphate moiety of FAD. This resonance
line cannot be attributed to NADP* because of the absence of the 31P NMMR
resonance of the 2' phosphate group of NADP*., This phosphorus residue must
be covalently bound to the protein because it does not disappear on pre-
paration of the apoprotein and it does not disappear after repeated

geifiitration. So far no covalently bound phosphorus residue with a reso-
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nance around -11 ppm has been observed in flavoproteins. The question
whether it is important for catalysis remains open.

Adding Mn2* to the protein spolution causes the resonance at -10.5 ppm
to broaden beyond detection (Fig. 1C). Mn2* with a rather long electron
spin relaxation time {1 ns) causes phosphorus resonances which are
accessible for solvent to broaden due to dipelar coupling to the 31p cen-
ters. Consequently the phosphorus residue at -10.5 ppm is exposed to
solivent.

We conclude from these results that the residue at -10.5 ppm is the
covalently bound phosphorus residue and that the two other resonances arise
from the pyrophosphate group of bound FAD. These resonances are both
shifted upfield by about 2 ppm compared to free FAD. Small changes in the
P-0 bond angles could give rise to these differences in chemical shift.
Unfortunately it is not possible yet to assign the two resonances to the
phosphate group of the FMN moiety and to that of the AMP moiety of FAD.

13¢ NMR

Figure 2 shows a series of 13C NMR spectra of different redox states of
mercuric reductase, with C{2} and C(4a} 13C enriched FAD. It is evident
that on two-electron reduction (EHp) the C(4a) resonance shifts downfield
and that the C(2) resonance does not change much. On four electron reduc-
tioen (EH4) the C{4a) resonance shifts upfield by more than 40 ppe to 98.9
ppm. Figure 3 shows a series of 13C NMR spectra of mercuric reductase with
C{4) and C(10a} 13C enriched FAD and the dependence on the redox states. No
large changes can be seen, only in the four electron reduced state {(EHy)
slight shifts are observed compared to the two other states. The C(4) reso-
nance shifts upfield and that of the C{10a) shifts downfield. These shifts
are more evident in the difference spectrum in Fig. 3D.

Table 1 shows the chemical shift in independence of the four carbon
atoms on the redox state. For comparison also the 13C chemical shifts of
lipoamide dehydrogenase, glutathione reductase and free flavin (FMN} in
water are given. The chemical shifts of FMN are used because the redox-
active group, the isoalloxazine ring, is identical in FAD and FMN. In the
oxidized state the chemical shifts of both £(2) and C(4) are not much dif-
ferent from FMN, which indicate that these carbonyl groups are pelarized to
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Table 1. 13C chemical shift of the carbon atoms C{2}, C{4), C{4a) and
C(10a) of FAD bound to mercuric reductase, lipoamide dehydrogenase and glu-
tathione reductase in the oxidized (E), two-electron reduced (EH,) and
four—electron reduced state (EH4). For comparison the chemical shifts of
FMN in water are added. The accuracy of the reported chemical shifts is

0.1 ppm.
Atom Oxidized (E)
Mer. red. Glut. red. Lip dH FMN
c(z) 159.6 160.4 158.3 159.8
c(4) 163.6 163.3 163.2 163.7
C(4a) 137.5 135.7 137.6 136.2
Cc{10a} 152.5 152.3 152.2 152.1
Two-electron reduced (EH,)
c(z) 160.1 161.6 158.6 159.8
c(4) 164.5 163.9 163.8 163.7
C(4a) 140.9 139.9 140.3 136.2
C{10a) 153.8 153.8 153.0 152.1
Four-electron reduced (EH,)
Mer. red. Glut, red. Lip dH FMNH™
c(z2) 160.1 161.9 159.4 158.2
c(4} 161.8 162.0 159.7 157.7
C{4da) 98.9 99.7 98.7 101.4
c(10a) 158.6 159.1 15%.2 155.5
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Figure 2. 13¢ spectra of mercuric reductase with C(2) and C(4a) 13¢
enriched FAD in 100 mM potassium phosphate pH = 7.0 + 0.3 mM EDTA
in the three oxidation states (0.8 mM). A, 19000 transients: B,
8640 transients; C, 7000 transients.

the the same extent as FMN water (7). Studies of hetero-aromatic compounds
show that deprotonation of a pyrrole-type nitrogen shifts the resonance of
the atom in the a-position downfield and protonation of a pyridine-type
nitrogen shifts the resonance upfield [8,9]. Thus, a downfield shifted
C(4a) Indicates that either N(10} is a weak electron donor because it is
out of the molecular plane or that there is no hydrogen bond to N{5) giving
rise to a small downfield shift for C{4a) (7). The C(10a) is shifted
slightly downfield compared to free flavin probably as a result of a weak
hydrogen bond to N(1). Overall, it can be concluded from the 13¢ NMR

results that the isoallaxazine is strongly peolarized.
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Figure 3. 13¢ NMR spectra of mercuric reductase with C{4) and C(10a}).
13¢ enriched FAd in 100 mM potassium phosphate pH = 7.0. + .3 mM
EDTA in the three oxidation states (0.8 mM).

oxidized state, 16300 transients.

two-electron reduced state, 17850 transients.

four-electron reduced state, 11290 transients.

: difference spectrum hetween two-electron reduced {upper) and

four-electron reduced (bottom) enzyme.

|- N3

In the two electron reduced state all four resonances shift downfield.
The resonance of C(4a) shifts most, followed by the C(10a) and C{(4}. The
C(2) shifts only by 0.5 ppm. These results demonstrate that in the two-
electren reduced state the flavin is still oxidized. The downfield shifts
are surprising because we would have expected upfield shifts as the result
of a charge transfer complex existing between oxidized flavin and a
thiolate anion. An increase in charge density in the prosthetic group

should lead to an upfield shift of the resonances. This is clearly not
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observed. The explanation for this phenomenon is that the negative charge
of the thiolate group induces these downfield shifts. The electric field
effect dominates the charge transfer interaction by far. The thiol anion
must be very close to the C{4a) because this atom shifts most. The negative
charge is also closer to the £(10a) than to the C{4), all in agreement with
the crystal data of the related protein glutathione reducase (10}.

In the EH4 the (C4a) resonances shifts by more than 40 ppm upfield. The
other three resonances shift less, the €(10a) 4.8 ppm downfield and the
C(4) 2.7 ppm upfield. The €{2} does not change. The shifts resemble those
of FMNH- (7), so apparently the flavin is reduced and carries a negative
charge at N{(1). The negative charge on the N(1} atom has been found in all
flavoproteins sofar investigated, but 15N measurements will have to be made
for final confirmation. Whether the thiol group still exists in its anionic
form is not certain. The chemical shifts do not really support this idea.
The downfield shift of the C(10a) atom relative to free reduced anionic
flavin is the result of the incremsed sp3 hybridization of the N(5) atom,
decreasing its m electron donating character (7).

The upfield shift of the C(4a) resonance indicates a high 7 electorn den-
sity at this atom. This high m electron density may be explained by a com-
bination of effects: (a) the very strong deshielding of the C(4} and C(2)
at the ortho and para pesition to C(4a); (b) the more sp3-hybridized
character of N(5) and (c) the probably increased sp2 hybridization of the
N(10} atom.

If we compare the results obtained on mercuric reductase with those of
lipoamide dehydrogenase and glutathione reductase (3), we see that the
overall picture looks the same. But, there remain marked differences among
these three enzymes. Overall, mercuric reductase and glutathione reductase
resemble each other more in the three redox states than lipoamide dehydro-
genase. A small exception is the C(4a) resonance in the oxidized state. The
polarization of the isoelloxazine ring system in lipoamide dehydrogenase
seems to be less in the three redox states than in the other two enzymes.
This pight be due to a higher hydrophobicity of the active site in
iipoamide dehydrogenase.

Interesting results are obtained by adding NADP* to the two electron
reduced state at 259C. Fig. 4A shows the spectrum of EHp in the absence of
NADP*. Fig. 4B is obtained on adding NADP* in a 1:1 ratio to the sample of
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Figure 4. 13c NMR spectra of mercuric reductase with C{2) and C(4a)

13¢ enriched FAD.

A; two-electron reduced enzyme (0.8 mM), 8640 transients.

B: two-electron reduced enzyme (0.8 mM) + NADP* (1.8 =M}, 80000
transients.

C: difference spectrum between B {(upper) and A (bottom).

D: oxidized enzyme (0.8 mM) + NADP'T (1.6 mM), 7300 transients.

E: two-electron reduced enzyme (0.8 mM) + NADP* {1.6 mM) + DTT
{7 mM), 33800 transients.
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Fig. 4A. The colour of the sclution changes from red to brown. It is known
from absorbance spectra that the long-wavelength band is shifted by about
40 nm to the red (11). In the difference spectrum {Fig. 4C) between the two
spectra it can be seen that the C(4a) resonance of the EHa—NADP+ complex is
broadened beyond detection.

The broadening process for this C(4a) resonance could be an exchange of
the protein-bound NADP* {or of only the nicotinamide part of the NADP'Y
molecule). It depends on the differences hetween the two resonance posi-
tions (with and without NADP*) and on the exchange rate if one intermediate
resonance, a very broad resconance or two separate resonances are observed.
If the broadening process results from the exchange reaction then the rate
has to be between 100-1000 Hz.

Another possibility is that the electrons are going back and forth bet-
ween the disulfide and either flavin and/or NADP*. The same rules can be
applied for the broadening process. If the electrons are only going back
and forth between the disulfide and flavin then the exchange rate needs to
be greater than 1000 Hz. If the electrons are going back and forth between
the disulfide and NADP* then the rate will be between 100 and 1000 Hz. It
is impossible to tell from these data which mechanism is responsible for
the broadening process.

The interaction hetween the two-electron reduced enzyme and NADP* was
alse studied at 4°C. It can be expected that exchange processes are much
slower at 4°C compared to 25°C {(11). The C(2)} resonance is not clearly
visible in Fig. 4B, and is probably split up into a doublet, indicating
that the electron exchange is below 100 Hz. The (4a)} resonance perhaps also
is split up into a doublet with resonances at 140 ppm and at 136 ppm, but
the guality of the data is not enough to make a strong statement about this.
Taking the results of the latter experiment into account, the explanation
we favour is an electron shuttle between the reduced disulfide and the
NADP* molecule. This would also be in agreement with kinetic data (12).

In contrast to glutathicne reductase and lipoamide dehydrogenase, NADP*
remains bound in the oxidized state. As is shown in Fig. 4D and Table 2 the
resonances are slightly different from the oxidized state without NADP*.
These differences could reflect changes in the hydrophobicity of the active
site when NADP* is bound.
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Table 2. 13¢ chemical shifts of C(2), C(4), €(4a) and C(10a) of FAD bound

to mercuric reductase in the oxidized (E) and two electron reduced state

(EH2) with and without bound pyridine nuclecotide.

Oxidized (E)

c(2} c{4a)
Mercuric reductase 159.6 137.5
Mercuric reductase + NADP® 159.0 137.0

Two-electron reduced (EH,)

c(2) ci{4) C(4da) Cc(190a)
Mercuric reductase 160.1 1684.5 140.7 153.8
Mercuric reductase + NADPH 159.9 163.9 138.3 153.7

The addition of NADPH to the two electron reduced state gives upfield
shifts for all resonances (Table 2) compared to the EHy state. Fig. 4E
shows the spectrum otained by adding DTT to the oxidized enzyme with NADP*
bound. The chemical shifts are the same as when NADPH is added to the EHjp
atate. Therefore we conclude that NADP* is being reduced by the enzyme. The
redox couple of oxidized DTT-reduced DTT is more negative tham that of the
NADP*-NADPH couple. In the in vivo and also in the in vitro reactions
electrons are being translocated from NADPH to the oxidized substrate. Here
we observe the reverse pathway.

Comparing the chemical shift of the EHz;-NADPH complex with EH2 it can
be seen that C(4a) shifts 2.4 ppm upfield and that the other resonances
shift less than 1 ppm. These effects resemble very much the results
obtained on the charge transfer complex of old yellow enzyme (1). Charge
transfer complexes between pyridine nucleotides and oxidized flavin have
been suggested (1). Perhaps we are dealing also in mercuric reductase with
a charge transfer complex between oxidized flavin and reduced NADPH. An

alternative explanation could be that on addition of NADPH to the two-
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electron reduced enzyme the charge transfer interaction between the
thiolate anion and the oxidized isoalloxazine ring is stronger and con-
sequently leads to an upfield shift of the C{(4a). In old yellow enzyme the
charge is specifically allocated to the N(5)-C{4a) bond in the charge
transfer complex. Because 15N results are not yet known, it is not possible

to tell if similar effects occur in mercuric reductase.
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Chapter 9. 170 NMR on free flavin

Introduction

Oxygen is undoubtedly one of the most important atoms in biological
systems and is often involved in hydrogen bond formation. In the iscalloxa-
zipe ring of flavin coenzymes two oxygen atoms are found. Moonen et al.
(1984) showed that these two oxygen atoms are very important in the for-
mation and stabilization of mesomeric structures, found in both the oxi-
dized and reduced state. On polarization of the isoalloxazine ring electron
density is reallocated from e.g. the N(10) atom towards the C(2) and C(4)
carbonyl groups.

One of the most powerful methods to study the molecular and sub-
molecular structure of a compound is Nuclear Magnetic Resonance (NMR). Four
out of the five different nuclei present in the flavin molecule can easily
be studied by NMR, i.e. 1H, 13¢, 15y and 31p (Grande et al., 1977; Moonen
and Miller, 1982; Moonen et al., 1984). All four isotopes have a nuclear
spin of %. The fifth atom, oxygen, j.e. 179, can also be measured by
NMR, although there are several disadvantages. The major two are: a low NMR
sensitivity, natural abundance is only 0.037% and 170 possesses a nuclear
quadrupole moment with a nuclear spin I=5/2. The problem of the low natural
abundance content can be overcome by isotopic enrichment. The problem of
the quadrupole mement remains. As in all nuclei, except 1§, the screening
constant is the sum of a paramagnetic term ¢{p) and a diamagnetic term o{d)
i.e. o =o(p) + o(d). The relative contribution of Lamb's term o(d}, is
relatively small for the total screening constant and is usually neglected
for 170 (Kidd, 1967).

It was shown by Delseth et al. (1980) that in unsaturated carbonyl com-
pounds an increase of the charge density at the oxygen atom implies an
expansion of the 2p orbitals which leads to a reduction of o{p) and there-
fore to an 170 shielding. In contrast electron enrichment in the oxygen
atom in aliphatic ethers is accompanied by a downfield shift of the 170
resonance {Beraldin et al., 1982). Another important factor besides
electron density is hydrogen bond formation. Schwartz et al. (1980) showed
that hydrogen bond formation towards a carbonyl group leads to an upfield
shift of 30-50 ppm. Here we report on some preliminary data obtained on
flavins enriched with 170 (50%} at both carbenyl groups in the isoalloxa-

zine ring.
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Materials and Methods

synthesis 170 enriched flavins
f2e-170]Riboflavin: 2-Thioriboflavin ( a generous gift from Dr. S.

Ghisla, Konstanz, FRG) was transformed to 2-thiomethylriboflavin according
to the procedure of Miiller and Hemmerich (1966). 250 mg of
2-thiomethylriboflavin was suspended in 1.5 =l H2170 (50 atom %, Amersham,
U.K.}, brought to 2 N HCl by gaseous HC1, and Kept at 70°C until the
hydrolysis to riboflavin was completed (several days, followed by thin
layer chromatography)}. Then the mixture was evaporated to dryness under
vacuum at 40°C yielding 190 mg crude product. It was partially purified by
dissolving it in hot pyridine and filtering the mixture. The residue
weighted 90 mg which was transformed into the tetraacetylriboflavin deriva-
tive (Miiller, 1971) and purified by gel chromatography (Grande et al..
1977). To the pyridine solution ether was added allowed to stand at 4°C
overnight and the precipitate collected by filtration and washed by ether,
vielding 110 mg of quite pure riboflavin. This was phosphorylated by the
method of Flexser and Farkas (1953).

[2z,4a-170,]Riboflavin: N(5)-Acetyl-1,5-dihydro-tetraacetylriboflavin was
prepared from 2,5 g tetraacetyliriboflavin virtually according to the proce-
dure of Dudley and Hemmerich (1967) for the preparation of the lumiflavin
analogue using a mixture of conc.acetic acid, acetic acid anhydride and Zn
powder. After completion of the reaction the solvent was evaporated under
reduced pressure at 40°C. To the residue 20 ml Hp0 was added and let stand
overnight at 4°C to hydrolyze residual acetic acid anhydride. Then the
aqueous solution was extracted two times with 50 ml CHClji, the organic
phase dried over NapS504 and evaporated to dryness yielding 2.5 g
N(5)-acetyl-1,5-dihydrotetraacetylriboflavin. This was alkylated in DMF,
using diethylsulphate and KzCO3 (Dudley and Hemmerich,1967) at 70°C. After
3% h the reaction was completed as judged by thin laver chromatography
{preccated thin layer plates, Merck, Darmstadt, FRG) using acetonitrile as
a mobile phase. Two isomers are formed, i.e. O(2a), O{da)-diethyl and
O(2et), N(3}-diethyl-N{(5)-acetyl-1,5-dihydrotetraacetylriboflavin. The reac-
tion mixture was then filtered and the solvent evaporated under vacuum at
40°C. To the residue 50 ml Hp0 was added and the suspension allowed to
stand overnight at 4°C. The precipitate was collected by filtration, washed

with water and air-dried, yielding 3.0 g of crude product. The two isomers
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were separated by gel chromatogaphy (Grande et al., 1977). The isomer mix-
ture was dissolved in 5 ml CHCls and applied to the column. Then the column
was washed with CHpCLp eluting most of the 0(2a),0(4a}-diethyl iscmer.
Further washing of the column with the solvent mixture CHzCla/CHClg= 1:1
eluted the residual amount of the isomer. Evaporation of the solvent
vielded 1.6 g of the pure 0(2a),0(4a)-diethyl isomer as a viscous oil,
which we were not able to crystallize. The other isomer was eluted using
CHCl3 containing 2% methanol. After evaporation of the solvent 1.2 g of
pure compound was obtained as a viscous oil. Attempts to crystallize the
compounds alse failed.

Both compounds were transformed to the corresponding flavinium salts:
0.8 g of the 0(2a}, N(3)-diethylisomer was dissolved in 25 ml methanal and
25 ml 2 N HCl,y added. Solid NaNQ, was added in portion under vigorous
stirring until the red intermediate colour {flavosemiquinone) had disap-
peared. When the reaction was completed the reaction mixture diluted with
Ha0 to 100 ml, extracted two times with CHCly, the organic phase dried over
Naz504, and the solvent evaporated. Dissolving the residue in ethylacetate
and evaporating the solvent, and repeating this procedure several times
led to crystals in the round bottom flask. The yield was 0.8 g of light
brown crystals.

In the same way 1.2 g of the 0(2¢), O(4a)-diethyl isomer was dissolved
in 10 ml methanel to which 20 ml 2 N HC104 was added. The other steps were
identical with those just described above. The yield was 1.2 g of dark
brown crystals.

400 mg of the 0{(2a), 0(4a} flavinium sait was suspended in 1.5 ml
[17]H20 containing 2N HCl. The suspension was kept at 60°C for 2 days
and occasionally shaken. The solution was then ten-fold diluted with Hz0,
neutralized with solid NaHCO3 and let stand overnight at 4°C. The crystals
formed were collected hy filtration and air dried. This yielded 160 mg of
[2a,4a-1702]r1b0f1avin‘ Part of this was phosphorylated (see above) to give
[2a,4a—1702]FMN. The mother liquor was taken to dryness and the residue
acetylated. This gave 60 mg of [2a,4a—1702]TARF.

The 170 NMR measurements were performed on a Bruker CXP 300 spectro-
meter operating at a frequency of 40.7 MHz. The spectra were recorded
employing a spectral width of 41 KMz, 90 degree pulse, 8K data points and a

pulse repetition rate of 7/second. Wilmad 10 mm NMR tubes were used. The
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sample volume was 1.6 ml. The concentration of flavin was about 50 mM.
Broadband decoupling of 1 W was applied. The temperature of the measure-
ments was 309C. The 170 chemical shifts are reported relative to HpO. All
175 NMR spectra were recorded without locking the magnet.

Reduction of oxidized flavin solutions in CHClz to the 1,5 dihydro
state was affected directly in the NMR tube by vigorous shaking of a two-
phase solution censisting of the flavin solution in CHClz and an aqueous
solution of 1 M potassium phosphate (pH=7.5) saturated with sodium chloride
containing about a ten-fold excess of sodium dithionite with respect to

flavin.

Results and Discussion

A nucleus with a spin greater than % possesses an electric quadrupole
moment eQ. The electric quadrupole moment e} arises from the deviation of
the globular charge distribution of the nucleus. The dominant relaxation
mechanism for quadrupole nuclei comes from the interaction of the electric
gquadrupole moment eQ with an electric field gradient eq at the nucleus and
the modulation of these interactions by rotational motion {(James, 1975). In
the extreme narrowing limit, i.e. wr.<<1 where w is the angular precession
frequency of the 170 nucleus and T, is the rotational correlation time the
contribution of the nuclear quadrupole to the relaxation rate can be

expressed as (Abragam, 1961):

1 _ 1 _1 _ iz 21+3 n°, e a0
T T T a0, D LT
a 1 T 1°(21-1)

where eqQ/h is the nuclear quadrupole coupling constant (QCC), n is a
measure of how much the electric field gradient deviates from axial sym-
metry and 7, is the rotational correlation time. The effect of the term (1
+ n2/3) 1is rather small and generally ignored. Fig. 1A shows the 170 NMR
spectrum of TARF enriched with 170 at the 0(2a) position (50%}. Two reso-
nances can be seen, a very broad ohe at 350 ppm {linewidth 2500 Hz) and a
relatively sharp one at 0 ppm (linewidth 50 Hz). The latter resonance is

from water present in a coaxial capillary. The correlation time of TARF in
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Figure 1. 170 ¥MR spectra of tetraacetvlriboflavin (TARF} in chloroform and

FMN in water (pH=7). The 170 chemical shifts are reported relative to Hp0.
The temperature of the measurements was 309,

a) (2a-170)TARF in the oxidized state. 700D transients.

b) (2a,4¢-170,)TARF in the oxidized state. 82000 transients.
c) (2a,40-170,)FMN in the oxidized state. 450000 transients.
d} (2&—170]TARFH2 in the reduced state. 228000 transients.

The concentration of the flavins is about 50 mM.

chloroform can be estimated to be about 0.1 ns. It can therefore be
concluded that this is in the limit of extreme narrowing i.e. very fast
molecular motion with respect to the resonance frequency and eguation 1
can be used to calculate the nuclear quadrupole coupling constant. It can

be calculated with equation 1, ignoring the contribution of 1 + 1n2/3, which
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is a safe assumption for carbonyl groups (Cheng and Brown, 1979), that the
nuclear quadrupole coupling constant is about 9.1 MHz. It has been
suggested that the formal net charge on the oxygen atom can be caiculated
by using the QCC {Cheng and Brown, 1879), but Delseth et al. (1980) pointed
out that the model used was too simplified.

The 170 chemical shift for the oxygen atom of the 0(2a} carbonyl group
is in the range found in esters and amides (Delseth et al., 1580). These
179 resonances are upfield shifted by about 200 ppm from the ones found in
carbonyl groups in aldehyde and ketones. Delseth et al. (1980) explained
the upfield shift for the carbonyl groups found in esters and amides to a
reduced m bond order and hence to a change in polarity of the carbonyl-
oxygen bond.

Fig. 1B shows the spectrum of TARF enriched with 170 (50%) at both car-
bonyl oxygens. Virtually the sawme spectrum as Fig. 1A is cbtained. The
linewidth of the 170 resonance (3000 Hz) is however slightly larger than
that in Fig. 1A. The virtually identical chemical shifts for the two car-
bonlyl groups indicate that the hybridization order is about the same. When
the methyl group on the 3 position is exchanged against a hydrogen an
upfield shift is observed to 336 ppm. Very likely this upfield shift comes from
intramolecular hydrogen bonding or from a small contribution of the iminol
tautomer. It has been shown that carbonyl groups can shift upfield by 30-50 ppm
on hydrogen bonding (Schwartz et al. 1980). Upon changing the solvent from
chloroform to methanol an upfield shift of conly 10 ppm is observed {data not
shown). In contrast, in water the rescnances shift strongly upfield and are
found at 291 ppm (Fig. 1C). The two resonances of the carbonyl groups are not
resolved. The strong upfield shift in water compared to methanol indicates that
not only the protic character of the solvent is important but also, and even
more important, is the dielectric constant of the medium.

Moonen et al. (1984) concluded from 13¢ and 15N NMR data that a pretic
solvent with a high dielectric constant is needed to fully polarize the
isoalloxazine ring. They concluded that in water the N{10) possesses a
higher sp?2 character than in an apolar solvent and as a result of this
change in hybridization the N{10) becomes a m electron donor. The two car-
bonyl groups are the main n electron acceptors. The 170 XMR data fully sup-
port this view. The linewidth of the resonances of FMN in Fig. 1C (4700 Hz}
is much larger than those found in TARF in chleroform (Fig. 1B). This
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increase in linewidth can be fully ascribed to the increase of the visco-
gity of the solvent used (water compared to chloroform) and hence to the
slower rotational correlation time (see equation 1}.

On reduction of the oxidized flavin to the 1,5-dihydroflavin the 170
NMR spectrum changes drastically. The resonance of the 170 (2a) is split up
into a doublet. The same result was obtained with the twofold labeled fla-
vin. Both resonances are upfield shifted from the one found in the oxidized
state, indicating an increase in n electron density (Delseth et al. 1980).
A possible explanation for the appearance of a doublet in the reduced state
might be that the peak at 229 ppm is from the iminol tautomer of the
dihydroflavin and the one at 288 ppm from the normal 1,5 dihydroflavin
(Fig. 2). The fact that a splitting is observed also implies that the con-

version from one isomer to another is slow on the NMR timescale i.e., the

N~ 20
LK

OH

lifetime of each isomer must be much larger than 20 ms.
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Figure 2. The possible mesomeric structures of N(3)-methyl-1,5-dihydro-
tetraacetylriboflavin in chloroform.
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Suamary

High resolution 13¢, 15y, 179 and 31p NMR techniques have been
applied to study the structure of free and protein-bound flavins.
These techniques yield information on the molecular and sub-molecular
level and hence on the mechanism by which the flavin coenzyme 1s tuned
to its specific function. A large part of the thesis deals with the
interaction between FMN and apeflavodoxins from several sources i.e.
Megasphaera elsdenii, Clostridium MP, Azotobacter vinelandii and
Desulfovibrio vulgaris. It is shown in these studies that subtle dif-

ferences in the interaction between apoflavodoxin and FMN reveal them-
selves by different 13¢, 15§ or 31p chemical shifts.

It is shown in chapter 2 that on binding of FMN to the apoflavo-
doxin from Desulfovibrio vulgaris the isoalloxazine ring of FMN beco-

mes strongly polarized in the oxjidized state. Electron density is

reallocated from the benzene ring through mesomeric structures towards
the C(2) carbonyl group. The pyrimidine part of the molecule is buried
in the protein and is not accessible for bulk solvent. On two-electron
reduction the iscalloxazine ring maintains its coplanar structure., The

isoalloxazine ring is ionized, i.e. carrying a negative charge at

N(1}), in the pH region between 6.0 and 8.5. Two-electron reduction of
the protein leads to a large m electron density increase in the ben-
zene subnucleus of bound FMN compared to free FMN. This increase in nm
electron density is most likely due to the electron-donating effect of
the N{5) and N(10) atoms.

In chapter 3 the interaction between FMR and the apoprotein of

three other flavedoxins is studied, i.e. from Azotobacter vinelandii,

Mepgasphaera elsdenii and Clostridium MP. The results show the vir-
tually identical interaction between the prosthetic group and the
apoflavodoxins from M.elsdenii and C.MP. Subtle but significant dif-
ferences are found between these two flavodoxins and the flavodoxins
from A.vinelandii and D.vulgaris, e.g. in A.vinelandii flavodoxin the
13N chemical shift indicates that the N(10) atom is out of plane in

both redox states. This in contrast to the other three flavodoxins. In
all four flavodoxins the pteridine part of the molecule is shielded
from solvent in both redox states. The N{(5) atom, forms a weak hydro-
gen bond in the oxidized state in A.vinelandii and D.vulgaris flavo-
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doxin, a rather surprising result. No hydrogen bond towards N(5) is
found in C.MP and in M.elsdenii flavodoxin. The 13¢ and 15§ results
sugpest that in A.vinelandii flavodoxin the prosthetic group 1s bound
in a more hydrophobic environment than in the other flavodoxins.

In the two-electron reduced state all four flavodoxins are ionized. A
strong hydrogen bond towards N(5) is observed in all four flavodoxins.
The iscalloxazine ring is coplanar, except in A.vinelandii flavodoxin
where the N(1D) atom is slightly out of plane. The C(4) carbonyl group
does not form & hydrogen bond with the apoprotein and as a result the
0(4c) cannot allocate electron density te such an extent as free fla-
vin. Possibly Coulomb repulsive forces from a carbenyl group of a pep-
tide group of the apoprotein, which forms a strong hvdrogen bond with
the N(S5) atom of the isocalloxazine ring, play also an important role.
No clear correlation between redox potential and either 13¢ or 15N
chemical shifts in the reduced state was found with the four flavo-
doxins although they differ by about 120 mV in redox potential for the
semiquinone-hydrequinone transition.

Nuclear Overhauser Effect measurements reveal that the 1socalloxa-
zine ring is rigidly bound in bath the oxidized and in the two-
electron reduced state.

The interaction between a modified flavocoenzyme, i.e. riboflavin

3',5'-bisphosphate, and Mepasphaera elsdenii apoflavodoxin was studied

in the three redox states (chapter 4). This flavin analog binds rather
well to the apoprotein. It was expected that the introduction of an
extra phosphate group might influence the redox potentials and this
was Indeed observed albeit less than expected. This is explained by
the observation that the 3'-phosphate is protonated on binding to the
apoprotein. The interactions between the iscalloxazine ring and the
apoprotein are hardly influenced by the introduction of the extra
phosphate group.

In chapter 5 it is shown that when FMN is bound to bacterial luci-
ferase the benzene part of the isoalloxazine ring is in a hydrophobic
environment. The polarization of the ring system is much weaker than
in the flavadoxins. The N(5) atom is strongly hydrogen bonded in the
oxidized state. On two-electron reduction the flavin becomes anionic

in the physiological pH region. The negative charge at N(1} is



178

possibly counteracted by a positively charged group on the protein.
The N{5} atom in luciferase-bound FMHN~ is highly sp® hybridized ren-
dering an almost planar structure of the prosthetic group. There is
one specific strong binding site for FMNH- per dimeric luciferase
molecule. Excess reduced flavin can, however, bind to luciferase in a
nonspecific manner.

In chapter 6 the true 13¢ spectrum of intermediate II of luci-
ferase is identified. In contrast to published results the C(4a) atom
of the intermediate resonates at 82.5 ppm, and not at 74 ppm. The
intermediate possesses an almost planar structure as deduced by com-
parison with model studies with only the C{4a) displaced out of plane.
The resonance at 74 ppm, previously assigned to the intermediate, is
due to a centamination contained in ethylene glycol-dg.

As an example of the class of hydroxylases, para-hydroxybenzoate

hydroxylase from Pseudomonas fluorescens was studied by 13c, 15N and

31p NMR (chapter 7). In the substrate-free enzyme the isoalloxazine
ring is probably solvent accessible. Upon binding of substrate the
isoalloxazine ring becomes shielded from water. The N{(1) and C(2)
shift strongly upfield, probably as a consequence of the altered posi-
tion of a helix dipole in the enzyme-substrate complex. In the reduced
state the isoalloxazine ring is not solvent accessible in the
substrate-free enzyme. The flavin-molecule carries a negative charge
at N(1). The isoalloxazine ring is coplanar when bound to the protein.
The binding of substrate causes the resonances of the N{(1), C(10a) and
N(10) to shift strongly upfield due to the interaction with a helix
dipole.

As an example of the class of dehydrogenases, mercuric reductase
from Pseudomonas aeruginosa was investigated by 13C NMR and 31P NMR
{chapter 8). In the oxidized state the 13C chemical shifts are not
much different from theose found in free flavin in water. The N(S) atom
in mercuric reductase probably lacks a hydrogen bond in the oxidized
state.

The protein consists of an oxidized flavin and a reduced disulfide
in the two-electron reduced state. The thiolate anion is located in
the immediate neighbourhood of the C(4a) atom. The binding of NADPH to
the two-electron reduced enzyme leads to an upfield shift of the 13¢c
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resonances, which may indicate charge transfer from the bound NADPH to
the isoalloxazine molecule. The binding of RADP' to the two-electron
reduced enzyme leads to a fast intramolecular electron transfer bet-
ween (probably) the reduced disulfide and the NADP* molecule. In the
four-electron reduced state the iscalloxazine ring is ionized and bent
at the N(5) position.

31p NMR studies revealed that mercuric reductase has an extra
covalently bound, solvent accessible, phosphate group besides the
pyrophosphate group of the protein-bound FAD.

170 NMR studies on free flavins show that besides hydrogen bonding
also a high dielectric constant is needed to polarize both carbonyl
groups (chapter 9), The spectrum of the two-electron reduced [2a—170]
TARFH; shows a doublet, which indicates the existence of isomers in

reduced flavin in an apolar solvent.
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SAMENVATTING

Hoge resclutie 13¢, 15§, 170 en 31p kern-spin-resonantie tech-
nieken zijn toegepast om de structuur van flavinen, vrij in oplossing
en eiwlt gebonden, te bestuderen. Deze technieken geven informatie op
moleculair en sub-moleculair niveau en kunnen dus inzicht verschaffen
over het mechanisme waarmee de flavine coenzymen afgestemd worden op
de uiteindelijke functie in het flavine-eiwit. Een groot gedeelte van
dit proefschrift behandelt de interactie van FMN met apoflavodoxinen

uit diverse bronnen:; te weten Megasphaera elsdenii, Clostridium MP,

Azotobacter vinelandii en Desulfavibrio vualgaris.

In hoofdstuk 2 wordt aangetoond dat, wanneer FMN gebonden wordt

aan het apoflavodoxine van Desulfovibrio vulgaris, de isoalloxazine

ring sterk gepolariseerd werdt in de geoxideerde toestand. Electron
dichtheid wordt vanuit de benzeenring door middel van mesomere struc-
turen op de C(2) carbonyl groep gebracht. Het pyrimidine gedeelte van
het molecuul is diep opgeborgen in het eiwit en niet bereikbaar voor
het oplosmiddel. In de twee-electronen gereduceerde toestand blijft de
isoalloxazine ring bijna vlak. De isocalloxazine ring heeft dan een
negatieve lading op de N(1) positie in het pH gebied van 6.0 tot 8.5.
Twee—elektronen reductie van het eiwit geeft aanleiding tot een sterke
toename in electronen dichtheid in de benzeenring van het gebonden FMN
vergeleken met vrij FMN. Deze toename in m electronen dichtheid is het
gevolg van het electronen afgevend effect van de N(5) en de N(10) ato-
men.

In hoofdstuk 3 is de interactie tussen FMN en de apoflavodoxinen

van drie andere bronnen, Azotobacter vinelandii, Megasphaera elsdenii

en Clostridium MP, bestudeerd. De flavodoxinen van M.elsdenii en C.MP

zijn nagenoeg identiek wat betreft hun interactie tussen het flavin-
molecuul en het apoflavodoxine. Kleine maar significante verschillen
worden gevonden tussen deze twee flavodoxinen en de flavodoxinen van
A.vinelandii en D.vulgaris. In A.vinelandii flavodoxine is bijvoor-
beeld het N(10) atoom iets uit het vlak wvan het melecuul in de twee
gemeten redox-toestanden. In de andere drie flavodoxinen is het N{10}
atoom in het vlak van het molecuul, In alle fiavodoxinen is het pteri-
dine gedeelte van het molecuul afgeschermd van oplosmiddel in de beide

redox-toestanden. Het N{(5) atoom heeft een zwakke waterstofbrug in de
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geoxideerde toestand in A.vinelandii en in D.wvulgaris flavodoxXine, een
verrassend resultaat. De 13¢ en 15N NMR resultaten geven aan dat het
flavine molecuul in A.vinelandii flavodoxine gebonden wordt in een
meer hydrofobe omgeving dan in de andere flavodoxinen.

In de twee-electronen gereduceerde vorm zijn de vier flavodoxinen
geloniseerd. Een sterke waterstofbrug nhaar de N(5) amide groep wordt
gevonden in deze eiwitten. De isoalloxazine ring is bijna vlak. De
C{4) carbonyl groep heeft geen waterstofbrug met het apoflavodoxine en
dientengevolge kan de 0{4a) niet zo sterk electronendichtheid opnemen
als in vrij flavine. Mogelljkerwijze speelt een Coulombse dipool-
dipool interactie tussen een carbonylgroep van een peptide binding van
het eiwit, die een sterke H-brug met de N(5) amide groep vormt, ook
een belangrijke rol. Er is geen duidelijke correlatie van de redox-
potentiaal met de 13¢ en 15N chemische verschuivingen in de geredu-
ceerde toestand in de vier flavodoxinen, hoewel deze eiwitten 120 mV
in redoxpotentiaal verschillen in de semiquinon-hydroquinon overgang.

Nuclear Overhauser Effect metingen geven aan dat de isoalloxazine
ring stevig gebonden is in zowel de geoxideerde als de gereduceerde
toestand.

De interactie tussen een gemodificeerd flavinemolecuul, ribofla-
vine 3'-5'-bisfosfaat, en M.elsdenii apoflavodoxine is bestudeerd in
de drie redox-toestanden (Hoofdstuk 4}. Dit flavine analcog bindt
redelijk goed aan het apoflavedoxine.

De verwachting was dat de intreductie van een extra fosfaat groep
de redox potentiaal zou kunnen beinvloeden en dit werd inderdaad
waargenomen, echter minder sterk dan verwacht. Dit wordt verklaard
door de waarneming dat de 3'-fosfaat groep geprotoneerd is bij binding
aan het apoflavodoxine. De interacties tussen de isoalloxazine ring en
het apoflavodoxine worden nauwelijks beinvioed door de introductie van
de extra fosfaat groep.

In hoofdstuk 5 wordt aangetoond dat wanneer FMN gebonden wordt aan
Iuciferase, de benzeenring van de iscalloxazine ring zich in een
hydrofobe omgeving bevindt. De polarisatie van het ringsysteem is veel
zwakker dan in de flavodoxinen. Het N{5) atoom heeft een sterke
waterstofbrug in de geoxideerde toestand. In de twee-electronen gere-

duceerde toestand is het flavine anionisch in het fysiologische pH
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gehied en heeft dus een negatieve lading op het N{1) atoom.

Deze negatieve lading wordt mogelijkerwijze gecompenseerd door een
positief geladen groep in het eiwit. Het N{5) atoom in het luciferase
gebonden FMNH™ is in hoge mate sp2 gehybridizeerd wat tot gevolg heeft
dat de ispalloxazine ring bijna vlak is. Er is &én specifieke sterke
bindingsplaats voor FMNH- per luciferase dimeer. Overmaat gereduceerd
flavine kan echter op een aspecifieke manier aan luciferase bhinden.

In hoofdstuk 6 wordt het enige ware 13¢C NMR spectrum van inter—
mediair II van de luciferase reactie getoond. In tegenstelling tot
gepubliceerde resultaten resoneert het C(4a) atoom van het inter-
mediair op 82.5 ppm en niet op 74 ppm. Het intermediair heeft een
bijna vlakke structuur, wat afgeleid wordt wit de 13C chemische
overschuivingen., De resonantie op 74 ppm, welke voorheen werd toege-
kend aan het intermediair II, is van een verontreiniging in ethy-
leenglycol.

Als een voorbeeld van de klasse van hydroxylases is para-
hydroxybenzoaat hydroxylase uit Pseudomonas Fluorescens bestudeerd met
behulp van 13¢, 15N en 31p NMR (hoofdstuk 7). In het substraatvrije

enzym is de isoalloxazine ring waarschijnlijk water toegankelijk. De
binding van substraat leidt tot de afscherming van de isoalloxazine
ring van het oplosmiddel. De N(1) en C{2) verschuiven sterk naar hoog-
veld, waarschijnlijk ten gevolge van de veranderde positie van een
helix dipoel in het enzym-substraat complex. De isoalloxazine ring is
niet toegankelijk voor water in de gereduceerde toestand in het
substraatvrije enzym. Het flavine molecuul heeft een negatieve lading
op de N(1) positie. De iscalloxazine rinpg is vlak wannneer het gebon-
den zit aan het eiwit. De binding van substraat leidt tot een sterke
hoogveld verschuiving van de resonanties van de N{1), C{(10a) en N(10).
Twee mogelijke verklaringen worden aangedragen, ofwel er is een pK
shift van het N(1) atoom, ofwel er is een interactie met een helix
dipool.

Als een voorbeeld van de klasse van dehydrogenases is kwik reduc-
tie uit Pseudomonase aeruginosa bestudeerd met behulp van 13C en 31p
NMR (hoofdstuk 8). In de geoxideerde toestand zijn de 13¢ chemische

verschuivingen niet veel verschillend van die van vrij flavine in

water. Het N(5) atoom in kwik reductase heeft peen waterstofbrug in de
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geoxideerde toestand.

Het eiwit heeft een geoxideerd flavine en een gereduceerd
disulfide in de twee-electronen gereduceerde toestand. Het thiclaat
anion bevindt zich in de directe omgeving van het C(4a) atoom. De
binding van NADPH leidt tot een hoogveld verschuiving van de 13¢ reso-
nanties, wat mogelijkerwijze wijst op ladingsoverdracht van het gebon-
den NADPH naar het isoalloxazine molecuul. De bhinding van NADP* aan
het twee-electronen gereduceerde enzym leidt tot een snelle intramole-
culaire electron transfer tussen (waarschijnlijk) de gereduceerde
disulfide en het NADP* molecuul. In de vier electronen gereduceerde
toestand is de isoalloxazine ring geioniseerd en gebagen op de N(5)
positie.

31lp NMR studies geven aan dat kwik reductase een extra covalent
gebonden, water toegankelijke, fosfaat groep heeft naast de pyrofos-
faat groep van het eiwit gebonden FAD.

170 NMR studies aan vrije flavinen tonen aan dat behalve
waterstofbrugvorming ook een hoge dielectrische constante nodig is om
de twee carbonylgroepen van de isoalloxazine ring te polariseren
{hoofdstuk 9). Het spectrum van de twee-electronen gereduceerde
vorm in chloroform geeft een doublet te zien voor het [22-170]
verrijkt monster. Dit kan verklaard worden door de aanwezigheid van

twee isomeren in oplossing.
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