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STELLINGEN

1.

De ‘'omvattende reconstructie', het streven naar 'numeriek rendement'

en 'modulegewijze opbouw' voor het geplande wetenschappelijk onderwijs
{concept beleidsnota Beiaard) ontkent het wetenschappelijk onderwijs als
een culturele waarde, die onlosmakelijk verbonden is met de identiteit

van onze cultuur.

De individuele vrijheid, die als een normatieve kracht in het denken te
voorschijn treedt, is een fundamentele verworvenheid in onze cultuur. In
dit licht moeten we het afstemmen van het wetenschappelijk onderwijs op

de arbeidsmarkt als een inbreuk cop de individuele vrijheid zien.

Nu de invloed van de religie in Nederland als leverancier van normen en
waarden steeds minder wordt, is het van des te groter belang om aandacht

te schenken aan de zin en de ontwikkeling van normen en waarden.

In discussies over de legitimatie van wetenschappelijk onderzoek spelen
de kwalificaties 'toegepast'! of 'fundamenteel' onderzoek een belangrijke
rol (zie bijv. de nota 'Biochemie Over ILeven'). Deze kwalificaties dienen
achterwege gelaten te worden, zolang deze terminologie gebrekkig gedefi-
nieerd en daardoor subjectief is.

'Biochemie Over Leven', Staatsuitgeverij, 's—Gravenhage, 1982.

In het zoeken naar een verklaring voor het 'afstemmechanisme' van de func-
tie van flavine co-enzymen door apoflavoproteinen is de rol van de modulatie

van de aktiveringsenergie in de verschillende redoxovergangen onderschat.

dangezien réntgenkristallografische gegevens van gereduceerde flavoéiwitten
wat betreft het iscalloxazine passend worden gemaakt met slechts &&n vari-
abele, i.e. de 'vlinderhoek', zijn de conclusies omtrent de werkelijke con-

formatie van de isocalloxazinering twijfelachtig.

De algemene aanvaarding van het C{4a) peroxyflavine als een essentieel in-

termediair in de activatie van zuurstof door flavines is voor een belangriijk

deel te danken aan het feit, dat deze verbinding door Ghisla et al. d.m.v.

13C NMR is waargenomen in het enzym luciferase. De door de auteurs aan het

C(4a) peroxyflavine toegekende piek representeert dit intermediair echter niet.
Ghisla, C., Hastings, J.W., Favaudon, V. and Lhoste, J.-M.

Proc.Natl.Acad.Sci. USA 75, 5860-5863, 1978.



8.

10.

Hoewel reeds lang bekend is, dat C{4a) peroxyflavine een geschikt hydroxy-
leringsreagens is voor electronenrijke verbindingen, concludeert Visser
uit enkel de structuur van het geoxydeerde enzym-substraat complex van
p~hydroxybenzoaathydroxylase, dat het enzymatische reactiemechanisme geen
analogon in de organische chemie kan hebben. De omgekeerde conclusie i.e.
de reactie heeft een analogon en daarom is het model onjuist, moet waar—
schijnlijker worden geacht,

Visser, C.M., Eur.J.Biochem. 135, 543-548, 1983

De resultaten van Tauscher et al., overigens grotendeels onjuist, hebben
voor het onderzoek naar de modulatie van redoxpotentialen van eiwitgebon-
den flavines een werking gehad, die in biochemische termen omschreven kan
worden als een 'dead-end' of 'suicide' inhibitie.
Tauscher, L., Ghisla, S. and Hemmerich, P., Helv.Chim.Acta 56,
630-649, 1973.

Schakende promovendi moeten zich realiseren dat hun stelling voor een

opponent wel eens mat zou kunnen zijn.

Chrit Moonen

The regulation of the structure and
function of flavin (vitamin BZ) on
binding to apoflavoproteins and its
biolegical implicaticns
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"With the role of flavins in bacterial bioluminescence as precedent, we can

anticipate that flavins may continue to provide their own spotlight on their

reles in redox biochemistry"

Christopher Walsh

The work described in this thesis has in part been 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).
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Chapter 1: General Intraduction

At the crossroad of one- and two-electron redox biochemistry: the flavin

coenzymes.

The term ,flavin" refers to the yellow chromophore of a class of respi-
ratory enzymes, occurring widely in animals and plants, i.e. the flavoproteins.
The yellow chromophore is the tricyclic isoalloxazine molecule. Although va-
rious flavin coenzymes exist (for example, riboflavin (vitamin Bz), FMN, FAD}
the isoalloxazine ring system is the functional part of the prosthetic group.
In Scheme 1 the most comman flavin coenzymes are shown including the interna-

tionally accepted numbering system.
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The most prominent features of the biochemical properties of flavin are
the redox properties. As indicated in the title of this chapter, flavins can

underge both facile two- and one-electron redox transitions, which makes fla-
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vins unique among all known redox coenzymes. The basis of this lies in the
chemical properties of flavin as outlined in Scheme 2. The possible kationic
and anionic forms of each state are added in Scheme 2, but it should be noted

that only the neutral and anionic species are of biological relevance.
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Another prominent feature of flavin coenzymes is the high reactivity for
reductive oxygen metabolism. This property is used in many different reactions
catalyzed by flavoproteins, Especially mentioned is the Jight generating reac-
tion catalyzed by luciferase, to which the remarkable statement of Cristopher
Walsh refers on the first page of this dissertation.

Another feature distinguishes flavin coenzymes from, for example, nico-
tinamide coenzymes. This is the fact, that flavin coenzymes are always complexed

with apoproteins. Thus flavin forms very strong, but generally non-covalent,
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complexes with apoflavoproteins. Since the flavin possesses a different elec-

tronic structure and possibly also a different conformation in the three redox

states, the affinity of the apoprotein for flavin generally differs for the

three redox states. This implies that the redox potential of the protein-bound

flavin is modified by the binding mode of a particular flavoprotein.

It is not surprising that flavin is often used in nature in a wide variety

of biochemical reactions, since the required chemical properties are combined

in one molecule. In Table 1 a classification of the varicus flavoproteins is

given on the basis of the nature of the electron donor and acceptor. Other

ciassifications have been proposed which are not presented because of their

complexity and of doubtful use in biochemistry.

Table 1. A possible classification of flavoproteins.

Cateqory

Comments

Example

1) Dehydrogenases

2) Oxidases

3) Oxidases-
decarboxylases

4} Monooxygenases
(hydroxylases)

5) Dioxygenases

6) Metalloflavo-
proteins

7) Flavodoxins

Acceptors are often 1 e
acceptors such as cytochromes
or nonheme-iron-sulfur clusters

Acceptor is 0,, which is reduced
by 2e to Hzo2

Acceptor is 02, which is reduced
by 4e to H20

Acceptor is 0,: one oxygen ends
up in H,0 and"the other in the
the hydgoxy1ated product

Acceptor is 0,; both oxygen atoms
end up in the“product

Acceptor may be 0,..Bound. transi-
tign-metal ions {Ee1¥ Feﬁ:Y or
Mo’} are reguired. May be dehy-
drogenases or oxidases

le” transfer proteins. Acceptor
may be nitrogenase

1ipoamide dehy-
drogenase

D-amino acid
oxidase

L-Tactate oxi-
dase

p-hydroxybenzoate
hydroxylase
2 nitropropane

dioxygenase

xanthine oxidase

flavodoxin

For more detailed information the reader is referred to some recent review

articles (Walsh, 1980; Miiler, 1982; Bruice, 1980; Massey and Hemmerich, 1980),
to the introduction of the following chapters and to the references given there-

in.
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The striking versatility of flavin bound to different apoflavoproteins has
Ted to the hypothesis that upon binding to apoflavoproteins the chemical and
physical properties are modified in such a way that the coenzyme is ,tuned" to
its actual function in a particular flavoprotein (Miller, 1972). Although this
hypothesis appears to be generally accepted at the moment, relatively little
is known about the actual mechanism. The present knowledge stems mainly from
kinetic data on flavoproteins (see Massey and Hemmerich, 1980 and references
therein}, model studies (Bruice, 1980) and crystallographic data on a few
flavoproteins (Wierenga et al., 1979 and references therein). How impressive
these studies may be, they do not offer yet adequate insight to explain the
observed properties of flavoproteins, as can be deduced from the following.
i} Fram the chemistry of model compounds it is learned that the reactivity of
flavins changes with a change in electron density at a particular atom in the
flavin., However, nothing is known about how these changes in electron density
are induced in flavoproteins.
ii) Crystallographic studies revealed the detailed structure of, for example,
flavodoxin from Clostridium MP (Ludwig et al., 1976) and p-hydroxybenzoate

hydroxylase from Pseudomonas fluorescens (Wierenga et al., 1979). However,

ambiquities still exist in the action mechanisms of both proteins (Chapters

7 and 9).

111) Althougk it is known that redox potential modulation is a very impertant
feature of apoflavoproteins (Walsh, 1980}, the mechanism is still badly under-
stood. Simondsen and Tollin (1980) argued that conformational effects exerted
by the apoflavaprotein on the flavin are the main factors governing the redox
potential modulation. This model is, however, too simplified as shown in Chap-
ter 9.

Therefore, to arrive at a more detailed explanation of the tuning mechanism
of protein-bound flavin, a method is required allowing a detailed insight into
the molecular and submolecular structure of flavin, i.e. to obtain information
on changes in hydrogen bond formation and electron densities. Two suitable

techniques are available at the moment, i.e., Raman spectroscopy and Nuclear



-5 -
Magnetic Resonance (NMR) spectroscopy. Although promising, Raman data appear

at the moment to be difficult to interpret (Miiller et al., 1983). The NMR tech-
nique is the most versatile technique and allows the cbservation of =« electron
density at specific carbon and nitrogen atoms of the flavin ring.

In addition, phosphorus and proton NMR can be used to monitor the structure

of the flavin side chain and of the protein, respectively. Moreover, dynamic
information can be obtained from NMR measurements. NMR studies on biomolecules
are, however, hampered by the fact, that the method is in principle an in-
sensitive method. Tremendous advances in NMR methodology and instrumentation

in the last decade have brought the method closer to a meaningful application
to biochemical problems. Unfortunately, natural abundance carbon and nitrogen
contain only 1.1% and 0.4% of the NMR sensitive 13C and 15N isotope, respec-
tively. This problem can be circumvented by isotopic enrichment, which is often
used in such studies. For an introduction into the NMR technique the reader is
referred to textbooks of Wiithrich (1976), Jardetzky and Roberts (1981) and

Dwek (1973).

The aim of this research project was to investigate the particular mecha-
nism of tuning the properties of the flavin coenzyme by apoflavoproteins. Two
different approaches were used in this thesis.

1) A study of the electronic and conformational structure of the protein-bound
flavin.
2) A study of the protein to investigate the interaction between the flavin
coenzyme and a particular apoflavoprotein.
ad 1. The basis of this approach lies in the chemical synthesis of coenzymes in
which certain carbon or nitrogen atoms are replaced (,enriched") by the
13C or 15N isotopes, respectively. After removing the natural coenzyme,
the protein can be reconstituted with the ,enriched" coenzyme. In this
way one obtains a flavoprotein, which does not differ in any chemical
properties from the original flavoprotein, but which contains a built-in

13 15

monitor in the form of the particular ~°C or "~N atom. This approach al-

lows to obtain a detailed view of one single atom of the flavin coenzyme
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in the various redox states. In some favorable cases even the changes
of the atom during the catalytic cycle can be followed.

The specific information obtained in this way must be ,translated" into
hydrogen bonds, structure, electron density and mobility. The data ob-
tained on free flavin resulted in a semi-empirical theory which seems
to be a valuable tool to interpret data obtained on flavoproteins.

3

ad 2. lP NMR is a relatively simple method, which gives direct information

on the interaction of apoflavoprotein and the phosphate group(s) of the

31P NMR , 1H NMR is a extremely powerful

flavin coenzyme. Apart from
methad for the elucidation of the structure of flavoproteins and for a
description of the interaction between flavin and apoflavoprotein. How-
ever, lH NMR suffers from the lack of resolution as the flavoproteins
contain an overwhelming number of hydrogen atoms. However, the recent,
fast developing techniques in the field of 1H NMR of biomolecules are
very promising for an application to the smallest flavoproteins, the
flavodoxins. In this thesis especially time-resolved photochemically
induced dynamic nuclear polarization {CIDNP} and two-dimensional 1H NMR
spectroscopy were applied. The problem of the resolution was partially
circumvented by making use of the paramagnetic semiquinone state. The

information, collected by these methods is very specific and approaches

information obtained by x-ray crystallography.

This thesis respresents by no means an exhaustion of the potentialities
of the method in the field of flavoprotein biochemistry. Cn the contrary, from
the still advancing methods and instruments it can be expected that the Nuclear
Magnetic Resonance technigue will continue to offer new insights into this

field.
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Chapter 2

Structural and Dynamic Information on the Complex of Megasphaera
elsdenii Apoflavodoxin and Riboflavin 5/-Phosphate. A Phosphorus-31

Nuclear Magnetic Resonance Study'

Chrit T. W. Moonen and Franz Miiller*

ABSTRACT: It is shown that commercial FMN contains a
considerable amount of the 4, 3, and 2/ isomers and other
phosphorus-containing compounds. These impurities can easily
be analyzed and quantified by the 3P NMR technique. The
phosphate groap of FMN bound to Megasphaera elsdenii
apoflavodoxin is probably in the dianionic form. Its chemical
shift is almaost independent of pH in the range 5.5-9.2 and of
the redox state of the protein. The phosphate group of bound
FMN is buried in the protein. Protons of the apoprotein and
of bound water located in the vicinity of the phosphate group
in native flavodoxin are not exchangeable with deuteron of the
bulk solvent. These protons are, however, easily exchangeable
in apoflavodoxin, as shown by reconstitution experiments. The
distance between the phosphorus atom of bound FMN and

Eavodoxins are proteins of small relative molecular mass
functioning as electron carriers in low potential oxidation—
reduction reactions (Mayhew & Ludwig, 1975). In these
redox reactions the flavodoxins are often interchangeable with
the iron—sulfur proteins ferredoxins. The flavodoxins contain
riboflavin 5-phosphate (FMN)! as prosthetic group. Flavo-
doxins can be reduced in two distinct one-electron steps with
the formation of the relatively oxygen-stable flavosemiquinone
as an intermediate (Mayhew & Massey, 1973). During
electron transfer reactions, flavodoxins shutile between the
semiquinone and hydroquinone state (Mayhew & Ludwig,
1975, and references therein). The chemical and physical
properties of the flavodoxins have been investigated in great
detail {Mavhew & Ludwig, 1975).

Flavodoxin from Megasphaera elsdenii is easily available
in large quantities. Its physical chemical properties are very
similar to those of Clostridium MP flavodoxin for which
three-dimensional structural data at high resolution are pub-
lished (Smith et al,, 1977). Because the latter flavodoxin is
much more difficult to isolate in the large quantities required
for certain physical techniques {¢.g., nuclear magnetic reso-
nance), M. elsdenii flavodoxin is often used as a substitute in
such studies. In the past the binding of FMN to apoflavodoxin
of M. elsdenii has been investigated by fluorescence and visible
light absorption techniques (Mayhew & Massey, 1969) and
by conventional kinetic (Gast et al., 1976) and temperature-
jump techniques (Gast & Miiller, 1978). In order to com-
plement these studies and to gain, if possible, insight into the
interactions between the apoenzyme and its prosthetic group
on an atomic kevel, we set up a NMR program on M. e/sdenii
flavodoxin and related biomolecules. The aim of such studies
is to elucidate the subtle, specific interactions between the
constituents of a flavoprotein which are probably, as proposed

t From the Department of Biochemistry, Agricultural University, De
Dreijen 11, 6703 BC Wageningen, The Netherlands. Received July I,
1981, This work was supported by the Netherlands Foundation for
Chemical Research (SON) with financial aid from the Netherlands
Qrganization for the Advancement of Pure Research {ZWO).

the N(10) atom of the isoalloxazine moiety of FMN is cal-
culated to be about 7.8 A, This result is in good agreement
with X-ray data published for the related flavodoxin from
Clostridium MP. The electron exchange between the oxidized
and semiquinone state of M. elsdenii flavodoxin is rather slow

{r »»0.5 s) whereas that between the semiquinone and
nyaroquinone form is much more favored ({7 <<0.01 s5)
This indicates that the activation energy tor the transition
between the semiquinone and hydroquinone states must be
smaller than that for the transition between the oxidized and
semiquinone states. These results offer a reasonable expla-
nation for the one-¢lectron transfer reaction of flavodoxins in
biological reactions.

earlier (Mailler, 1972}, responsible for the specific biological
action of a certain flavoprotein.

Here we repart on a *'P NMR study on the binding of FMN
by M. elsdenii apoflavodoxin. The results yielded information
on the interaction of the phosphate group of the prosthetic
group with the apoprotein, the distance between the phos-
phorus atom and the isoalloxazine moiety, and the rate of
electron exchange between the molecules in the different redox
states. In addition, it is shown that commercial FMN contains
several isomeric compounds which can be identified by their
chemical shifts and quantitated by the integrals of the cor-
responding resonance lines.

Materials and Methods

Flavodoxin from Megasphaera elsdenii was isolated and
purified according to published procedures {Mayhew &
Massey, 1969). FMN was obtained from Sigma {lot 44B-
0820). 7.8-Dimethyl-N'%-(2-hydroxyethyl)isoalloxazine 2’
phosphate was synthesized as described earlier {Miller et al.,
1973). Sodium dithionite was purchased from Merck,
Darmstadt, West Germany.

Yor removal of the exchangeable protons in the “interior”
of the flavodoxin, the apoflavodoxin was prepared according
to the method of Wassink & Mayhew (1975). The apofla-
vodoxin was then dissolved in a minimal volume of a solution
of 50 mM Tris-HCI in deuterium oxide (pH 8.0). This so-
lution was dialyzed against the same buffer for 1 day at room
temperature and then for 2 days at 4 °*C. The buffer solution
was exchanged 2 times against freshly prepared deuterated
buffer solutions. After the last change, a 3-fold excess of FMIN
was added to the fresh buffer and equilibrated for 1 day at
4 °C. Excess of FMN was removed from reconstituted fla-
vodoxin by dialysis against a solution of 50 mM Tris-HCl in
H,0 (pH 8.0). The flavodoxin thus obtained was then con-
centrated by lyophilization.

! Abbreviations: FMN, riboflavin 5'-phosphate; 4'-FMN, riboflavin
4’-phosphate; 3*-FMN, riboflavin 3’-phosphate; 2-FMN, riboflavin 2"~
phosphate; NMR, nuclear magnetic resonance; EDTA, ethylenedi-
aminetetraacetic acid; Tris, tris(hydroxymethyl)aminomethane.

Reprinted from Biochemistry, 1982, 27, 408,
Copyright © 1982 by the American Chemical Society and reprinted by permission of the copyright owner.
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Reduction and reoxidation experiments were conducted by
the addition of the desired amount of a dithionite sclution to
the anaerobic solution of flavodoxins or free FMN. Anae-
robiosis was achieved by carefully flushing the solutions in the
NMR tube with argon for about 20 min. The desired degree
of reoxidation was obtained by injecting small volumes of air
into the NMR tube containing the anaerobic flavohydro-
quinone solution followed by gentle mixing.

For relaxation measurements on solutions of free FMN,
traces of paramagnetic metal ions were removed from the
solutions by passing them through a small Chelex-100 (product
of Bio-Rad) column. In all other cases a small amount of
EDTA was added to the solution to be investigated.

3P NMR measurements were recorded on a Varian XL
100-15 spectrometer operating at 40,5 MHz and equipped with
a 16K Varian 620-L computer. A spectral width of 1000 Hz
(4K data points) and an acquisition time of 2 s was used. All
spectra were acquired under proton noise decoupling conditions
unless otherwise stated. All chemical shift values were de-
termined relative to the external standard 85% H,PO,. The
spectrometer was locked on the deuterium resonance line of
deuterium oxide contained in the buffer solution. All spectra
were recorded at 26 £ 2 °C.

Wilmad 12-mm precision NMR tubes were used. The
samples contained 1.5-3 mM flavodoxin in 150 mM Tris-HC1
salutions of pH 8.0. Samples of free FMN contained 56 mM
FMN in the same buffer (pH 8.2) unless otherwise stated.
Depending on the kind of experiment, the buffer solutions were
made up of 10-100% deuterium oxide. In pH titration ex-
periments the desired pH value was adjusted in the NMR tube
by addition of 0.1 M HCI or solid Tris. The pH meter
readings were used without correction for isotope effects.

Spin-lattice (7)) relaxation measurements were performed
by using the inversion—recovery method (Vold et al., 1968)
as described by Levy & Peat (1975). At least 10 spectra were
recorded for the determination of one T value. The exper-
imental values were fitted to one exponential function by
computer analysis (Sass & Ziessow, 1977).

Spin-spin (7,) relaxation values were estimated from the
line width of the experimental spectra.

Equilibrium ultracentrifugation was performed in a MSE
analytical ultracentrifuge. Samples contained 0.5-3 mM
flavodoxin in 150 mM Tris buffer of pH 8.0. Measurements
were done at 26 °C. These conditions are the same as used
in the NMR experiments,

Results and Discussion

Hp NMR of Free FMN. It has been shown that apofla-
vodoxin from M. elsdenii binds only those flavin derivatives
which carry at the N(10) position a side chain of five carbon
atoms and a terminal phosphate group (Mayhew, 1971; Gast
& Miiller, 1978) (Figure 1). Mayhew (1971) and Wassink
& Maybew (1975) demonstrated from binding studies of
apoflavodoxin from M. elsdenii that commercial FMN con-
tains impurities (20-30%) not binding to the apoflavodoxin.
Pure FMN, however, can be obtained by affinity column
chromatography using apoflavodoxin from M. elsdenii as an
affinity label (Mayhew & Strating, 1975). More recently
Scola-Nagelschneider & Hemmerich (1976) demonstrated
from 'H NMR data that riboflavin 4‘-phosphate (4’-FMN)
is the major byproduct of FMN purified by ion-exchange
chromatography. It is known that the chemical shift of
phosphate esters directly reflects the bond angles in the O-P-0O
grouping (Gorenstein, 1975). These bond angles are also
dependent on the ionization state of the phosphate group in
phosphate esters such as FMN. In addition hydrogen bonds
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FIGURE 1: Structure of riboflavin 5'-phosphate (FMN).
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FIGURE 2: ¥'P NMR spectrum of commercial FMN (56 mM) in 150
mM Tris-HCL, pH 7.0

and stereachemical effects also affect the *'P chemical shifts,
but to a lesser degree than the bond angle (Evans & Kaplan,
1979). The polarity of the environment of the phosphate ester
does not, or at most only to a minor degree, influence the *'P
chemical shifts (Gorenstein et al., 1976). These facts make
it possible to interpret 'P NMR spectra accurately. Therefore,
commercial FMN was also investigated with the aim to
identify, if possible, the byproducts.

In Figure 2 the 3P NMR spectrum of commercial FMN
is shown. The pH value used here (pH 7.0) gives the best
resolution of the resonance lines. From this spectrum it is
obvious that besides FMN and 4-FMN, which are the major
compaonents of the sample, other phosphorus-containing com-
pounds are present (Table I).  For characterization and fa-
cilitation of the assignment of the resonance lines of the major
components in Figure 2, a pH titration study was performed.
The minor components in Figure 2 {peaks 5-7) were not an-
alyzed further, It was found that the phosphate groups exhibit
a pK value of about 6 and that all four resonances in Figure
2 (peaks 1-4) show a downfield shift of 3.5-5 ppm on going
from pH 4.0 to 9.0. This strongly indicates that all major
resonances are due to phosphate esters. The small differences
in their pK, values reflect probably some stereochemical
differences among these esters as is also obvious from the
corresponding chemical shift values (Table I). For instance,
the pK, value of the phosphate ester corresponding to peak
4 of Figure 2 is higher than that of FMN (peak 2). This may
be due to a weak interaction of the OH group of the phasphate
ester with the isoalloxazine ring, i.¢., N(1). To check this
possibility the model compound 7,8-dimethyl-N'%-(2-
hydroxyethyl)iscalloxazine 2’-phosphate was studied. This
compound indeed shows a pK, value identical with the
phosphate ester at —3.17 ppm (Table I). Under identical
conditions the chemical shift of the model compound is about
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Table I:  Analysis of Commercial TMN by *'P NMR

peak in ::::; chemical shifts © a1 pH

Figure 2 pK,® ()b 4.0 7.0 9.0 assignment
1 5.7 ~5 —015 -448 -492 3'FMN
2 6.1 78 -090 -4.01 -470 FMN
3 6.1 ~9 -0.07 -365 -433 4-FMN
4 ~6.3¢ ~4 0.20 -3.17 -390 2-FMN
Hibe 6.3 010 -2.85 -383

8 The accuracy of the values is :0.05 pH unit. The pX, values
were calculated by fitting pH vs. chemical shift curves. ? Quanti-
tatively determined by integration of P NMR spectra where the
delay between two accumulations was greater than 57,. No
exponential multiplication was applied in such experiments.

“ Chemical shifts (ppm) are reported relative to external H,PO,
(85%). ¢ This value could not be determined with the same
accuracy as the other reported values owing to the overlap with
other peaks. ¢ 7,8-Dimethyl-V'*-(2-hydroxyethyl)iscalloxazine
2-phosphate.

0.3 ppm toward higher field. The downfield shift of the
correspending phosphate group in 2-FMN is explained by the
difference in substitutien of the 2 position in the 1wo molecules.
On the basis of these results, peak 4 (Figure 2) can be assigned
with great confidence to a 2’-phosphate ester of riboflavin.

The assignments of the resonance lines of the P NMR
spectrum of commercial FMN (Figure 2) as presented in
Table I were confirmed by investigating a solution of half-
reduced FMN. It is known that such solutions contain about
4% flavosemiquinone at pH 7 (Muller et al.,, 1971). This
intramolecular paramagnetic label should yield information
with respect to the distance between the various phosphate
esters and the isoalloxazine ring system by the mechanism of
dipolar broadening of the resonance lines. We observed that
in spectra of such solutions peak 1 and peak 4 were no longer
detectable because of broadening, and peak 2 was hardly
broadened, whereas peak 3 showed a greater degree of
broadening than peak 2. This indicates that the distance
between the phosphate ester group and the isoalloxazine ring
system increases in the series: peaks 4 and 1, peak 3, and peak
2. These results support the assignments given in Table 1.

The 3'P chemical shift of FMN reported in this paper is in
agreement with values published by Favaudon et al, (1980)
and Edmondson & James (1979). In addition it was found
that NaCl and urea in concentrations up to 1 M did not
influence the 3'P chemical shift of FMN (pH 8.2). This is
in accordance with the conclusion of Gorenstein et al. (1976}
from results on other phosphate esters that *'P chemical shifts
are only little influenced by the environment.

1t is known that FMN in aqueous solution aggregates; i.c.,
stacking of the ispalloxazine ring system occurs. Sarma et al.
(1968) investigated this phenomenon by '"H NMR. We ex-
tended this study with '"H NMR to lower concentrations than
previously used. Our results are fully consistent with those
of Sarma et al. (1968). It was, however, found that stacking
of FMN already occurs at concentrations as low as 0.3 mM
{100 mM KP;, pH 6.5). In fact it was demonstrated by light
absorption difference spectroscopy that monomeric FMN is
only found at concentrations lower than 50 uM (Miiller et al.,
1973). Morcover 'P T, measurements indicate that the
mobility of the ribityl phosphate side chain of FMN decreases
with increasing concentrations of FMN, ie., increasing
stacking. For concentrations of 3.5, 14.2, and 59.3 mM FMN
in 50 mM Tris, pH 8.2, we found the following T values: 4.7,
4.3 and 3.9 s, respectively. These T, values are in the same
range as those of adenosine 5’-phosphate measured at 40.5
MHz (Nanda et al., 1980).
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FIGURE 3: 'P NMR spectra of M. elsdenii flavodoxin (3 mM) in
the oxidized, the semiquinone, and the hydroquinone states in 150
mM Tris-HCL, pH 8.2, (A) Oxidized state {line broadering 1 Hz).
(B) Mixture of about 30% oxidized and about 70% semiquinone form
(line broadening 1 Hz). (C) Semiguinone form (line broadening 3
Hz). (D) Mixture of about 2¢% semiquinone and about 8% hydra-
quinone form (line broadening 3 Hz). (E) Hydroquinone form {line
broadening 1 Hz).

Np NMR on M. elsdenii Flavodoxin. The 3'P NMR
spectrum of M. elsdenii flavodoxin is shown in Figure 3A.
The spectrum exhibits only one phosphorus resonance at —4.80
ppm due to bound FMN in contrast to other flavodoxins
containing more.than one phosphate group (Edmondson &
James, 1979). Free FMN in the dianionic form shows a
chemical shift of —4.70 ppm. The chemical shift of protein-
bound FMN suggests therefore that the phosphate group of
FMN is bound to the protein in the dianionic form. The small
downfield shift of protein-bound FMN as compared to that
of free FMN is probably due to steric effects or strain. Such
a downfield shift due to strain has been observed in alkaline
phosphatase {Bock & Sheard, 1975).

The P chemical shift of M. elsdenii flavodoxin is inde-
pendent of the pH in the range 6.0-9.2. Below pH 6.0 a small
upfield shift is observed which amounts to ¢.3 ppm at pH 5.5.
At pH values below 5.5, the solubility of the flavedoxin de-
creases [pf is about 4 (Gast et al.,, 1976)] preventing studies
at lower pH values. The results indicate that the phosphate
group of protein-bound FMN is deeply buried in the apo-
enzyme and unaccessible to bulk solvent.



-1

3lp NMR OF M. ELSDENII FLAVODOXIN

The praton-coupled *'P NMR spectrum of free FMN shows
a triplet due to coupling of the 5-CH, group with the -
phosphorus atom (data not shown). The vicinal coupling
constant is about 7.2 Hz. The proton-coupled spectrum of M.
elsdenii flavodoxin does not show a spitting of the phosphorus
resonance line, but the width of the resonance line is about
5.5 Hz. The proton-decoupled spectrum, on the other hand,
exhibits a line width of 2.3 £ 0.2 Hz. These observations can
be analyzed by a Karplus-like relation (Cozzone & Jardetzky,
1976) in terms of the structure of the ribityl phosphate bonding
and indicate a gauche—gauche conformation, Similar results
were reported by Favaudan et al. (1980) for flavodoxin from
D, vulgaris and D. gigas. The latter results and those pres-
ented here are in agreement with three-dimensional data on
Clostridium MP flavodoxin (Burnett et al., 1974).

The influence of reduction of an anaerobic solution of M.
elsdenii flavodoxin on the *'P NMR spectrum is shown in
Figure 3. During the addition of the first electron 1o oxidized
flavodoxin, yielding quantitatively the flavosemiquinone
{Mayhew, 1978), the resonance line due to oxidized flavodoxin
is decreased and broadened. In the semiquinone form only
a broad peak (3 ~ —4.9 ppm) is observed. Further reduction
of the flavesemiquinone yielding finally the flavohydroquinone
does not alter the NMR spectrum until almost full reduction
is achieved. The P NMR spectrum of the flavohydroquinone
exhibits a sharp resonance ling at ~4.9 ppm. The observed
spectral changes are futly reversible upon stepwise reoxidation
of the solution of reduced flavodoxin. The broadening of the
resonance line of the phosphate group of bound FMN must
be due to the flavin radical since other effects, such as drastic
conformational changes of the protein, can be excluded by
three-dimensional data obtained for the related flavodoxin from
Clostridium MP (Andersen et al., 1972). The small difference
between the *'P chemical shifts of the three redox states of
flavodoxin indicates that the binding interaction between the
phosphate group of FMN and the apoprotein is not perturbed
by redox reactions of the isoalloxazine moiety. This conclusion
is in agreement with X-ray data on Clostridium MP flavodoxin
(Andersen et al., 1972). *'P NMR data similar to that de-
scribed above were found for D. vulgaris and D. gigas flavo-
doxin by Favaudon et al. (1980).

Analysis of the line width observed during oxidation—re-
duction experiments yields information with respect o the rate
of electron transfer between flavodoxin molecules of different
redox state. By analogy to chemical exchange reactions
(Dwek, 1973; McLaughlin & Leigh, 1973), the perturbation
of T, and T, of the phosphorus resonance can be correlated
with the rate of transfer of one electron between two molecules
of flavodoxins, Reduction of the oxidized flavodoxin to the
semiquinone state does not affect the resonance line of the
oxidized flavodoxin, but it is superimposed on the broad line
of the semiquinone form (Figure 3A-C). Such a situation is
characterized by a slow exchange reaction. The electron
transfer reaction can be described by the equilibrium reaction

Flyony + Fly = Flpr + Flyoy (1)

where Fly,,) and Fl,- are two flavodoxin molecules in the
oxidized and semiquinone (Fl-) state, respectively. The
electron-transfer reaction is a second-order process. The
experimental data were analyzed according to McLaughlin
& Leigh (1973). Since no broadening of the resonance line
of the oxidized flavodoxin, is observed, i.e., T; is not affected,
by reduction to the semigquinone form, the limit of the

lifetime ¢ 15 calculated to be »>0.5 5. James et al.
(1973) calculated from 'H NMR data a value for © »>0.02
s . This latter value is muchsmallerthan our value, but the
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experimental data of James et al. (1973) did not allow a more
accurate calculation of ke,

In going from the semiquinone to the hydroquinone form
of favodoxin, no superimposed lines are observed in the *'P
NMR spectrum. Even in the presence of only a very small
concentration of flavosemiquinone in the solution studied only
a broad resonance line is observed. In fact the spectrum shown
in Figure 3D was obtained by admission of a small volume
of air to the solution of the flavodoxin hydroquinone, vielding
a small concentration of flavosemiquinone (about 20 %). The
fact that no sharp line could be observed indicates that we are
dealing here with a fast-exchange reaction. Analysis of these
data according to McELaughlin & Leigh (1973) vields a lower
limit of the lifetime t of <<0.0l s . The small
difference between the I'P chemical shifts of the oxidized and
semiquinone form of flavodoxin, on the one hand, and that
between the semiquinone and hydroquinone form, on the other
hand, does not allow a more accurate analysis of the rates of
electron transfer. Nevertheless, the experimental results show
clearly that under our experimental conditions a large dif-
ference exists in the rate of ¢lectron transfer between molecules
of oxidized and semiguinone flavodoxin and that between
molecules of semiquinone and hydroquinone flavodoxin, This
is the first direct proof that fast electron transfer occurs under
equilibrium conditions between semiquinone and hydroquinone
flavedoxin molecules. James et al. (1973) also reported that
the 1ifetime forthe transfer betweensemiquinone and hy-
droquinone molecules is the same as that between the oxidized
and semiquinone forms, i.e. »>0.02 s ,This is in contradiction
with our results and is caused by the severe limitations of the
analysis of the '"H NMR data.

The kinetics of the two step one-electron reduction of M.
elsdenii flavodoxin by dithionite was investigated by Mayhew
& Massey (1973). These authors found that the rate of re-
duction of the semiguinone to the hydroquinone form is at least
2 orders of magnitude larger than that of the reduction of the
oxidized to the semiquinone state. On the other hand, the
potential of the semiguinone-hydroquinone redox couple is
more negative than that of the quinone-semiquinone redox
couple, suggesting that the latter redox reaction should be more
favored energetically than the former one. The kinetic data
of Mayhew & Massey (1973) and our own data strongly
indicate that the activation energy for the reduction of the
semiquinone and the electron exchange beiween semiquinone
and hydroquinone is much smaller than that for the qui-
none-semiquinone couple. These observations may be ex-
plained by a protein conformational change occurring during
the quinone-semiquinone transition and not during the
semiquinone-hydroquinone transition, resulting in a higher
transition energy for the first transition. The X-ray results
of Andersen et al. (1972) support this suggestion. The for-
mation or breakage of specific interactions between the
prosthetic group and the apoprotein may also cause small Jocal
conformational (configurational?) changes of some group(s).
The problem is therefore of kinetical rather than thermody-
nami¢ origin. Our electron-exchange studies now also offer
an explanation for the fact that the comproportionation re-
action, i.c., Fl, + Fl,,q = 2FL, in flavodoxin is not favored
(Mayhew & Massey, 1973). From a kinetic point of view,
taking into account our results, the electron-exchange reaction
between quinone and hydroquinone must be orders of mag-
nitude smaller than that caiculated for the quinone—semi-
quinone transition.

The biological function of flavodoxins is to transfer one
electron at a time 1o other redox proteins (e.g., hydrogenase)
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shuttling thereby between the semiguinone and hydroquinone
state (Mayhew & Ludwig, 1975, and references therein). As
can be calculated from recently published results of Van Dijk
& Veeger (1981}, the turnover number of M. elsdenii flavo-
doxin in a reaction with hydrogenase can be as high as 10°
51, The data of Mayhew & Massey (1973) and cur own data
allow some rationalization of these biologically important
reactions.

The strong broadening of the phosphorus resonance in the
NMR spectrum of flavodoxin in the semiquinone form (Figure
3C) allows us to calculate the distance between the isoall-
oxazine ring and the phosphorus atom of bound FMN. Since
the electron-nuclear hyperfine coupling on the phosphorus
atom can be neglected (no spin density of the radical on this
nucleus), we have to consider only the dipolar part of the
original Solornon—Bloembergen (Solomon, 1955; Bloembergen,
1957) equation.

The rotational correlation time of flavodoxin M. eisdenii
was calculated according to the Stokes-Einstein equation,
taking into account the solvation of the molecule (Tanford,
1961). The rotational correlation time was calculated to be
5 X 10% s at 26 °C (temperature of NMR experiments).
Analytical ultracentrifugation experiments were carried out
in order to check if the concentrations (3 mM) used in the
NMR experiments lead to association of flavodoxin molecules.
No aggregation could be detected, so the calculated 7, value
is a good approximation. The T, (paramagnetic spin-spin
relaxation) value was calculated from the line width of spectra
of the flavodoxin. From Figure 3B a line width of 43 Hz is
calculated. The line width in the spectrum of oxidized fla-
vodoxzin yields the diamagnetic contribution 1o the line width,
ie., field inhomogeneity, 'H—>'P dipole—dipole interaction, and
chemical shift anisotropy. In the semiquinone form these
contributions are approximately the same. This procedure
yields a line width of about 37 Hz (taking into account the
exponential line broadening) for the paramagnetic contribution,
from which a T, [=(7Ar; ;)] of 8.6 X 10 5 is calculated.
With the aid of these values the distance between the isoall-
oxazine radical and the phosphorus nucleus of FMN was
calculated to be 8.8 A (0.88 nm). The highest spin density
in flavin radicals is located in the pyrazine subnucleus of the
isoalloxazine molecule {Miiller et al., 1971), If we assume
for convenience that the average effective location of the free
electron is at about 1-A distanced from the N(10) atom of
flavin, i.e., centered in the pyrazine subnucleus, then the
calculated distance between the N(10) atom and the phos-
phorus nucleus of FMN is about 7.8 A, This is in good
agreement with the distance between the two atoms (8.5 A)
as obtained by X-ray studies for the Clostridium MP flavo-
doxin (Burnett et al,, 1974). The rather good agreement
between the two independent methods indicates that the side
chain of FMN is strongly bound, with little or no internal
freedom. If the side chain had possessed some internal mo-
bility, we would have been forced to take into account an
additional r_ value for the internal mobility which would in-
fluence the calculated value for the distance considerably.

According to the three-dimensional structure of Clostridium
MP flavodoxin (Burnett et al., 1974), no charged groups are
located in the immediate neighborhood of the phosphate group
of FMN, There are, however, various polar amino acid res-
idues in the vicinity of the phosphate group, i.c., four hy-
droxyamino acid residues and five backbone NH protons. In
addition, one molecule of water is possibly also in the vicinity
of the phosphate group. For investigation of the environment
of the phosphate group, a comparative relaxation study be-
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FIGURE 4: Partially relaxed *'P NMR spectra at 40.5 MHz of M.
elsdenii flavodoxin (3 mM) in 150 mM Tris-HC], pH 8.2, obtained
by the 180°-7—90° pulse sequence and Fourier transformation. The
labile protons were exchanged priar to the experiments (cf. Materials
and Methods).

Table II: Caiculated T, and 7, Relaxation Times
of Oxidized M. elsdenii Flavodoxin

protein preparation T,%(s) T.b(s)
native protein 0.57 = 0.06 (.14 + .02
protein recoustituted 1.17 £ 0.12 0.21+ 0.03

in deuterium oxide ©

@ Determined by the inversion-recovery technique (accuracy
estimated). ¥ Determined from the line width (accuracy esti-
mated). ¢ Cf. Matetials and Methods,

tween native flavodoxin and flavodoxin reconstituted in deu-
terium oxide (cf. Materials and Methods) was performed. 7,
and T, measurements should make it possible to elucidate the
influence of labile protons in the vicinity of the phosphate
group on the relaxation times. Figure 4 shows spin—lattice
relaxation experiments performed with flavedoxin reconstituted
in deuterium oxide. Fitting of the data by one exponential
curve yields a T value of 1.17 5. In Table II the calculated
T, and T, values are presented. From the T, values of Table
11 it is obvious that the line width of the phosphorus resonance
is different in the two preparations studied. The chemical and
the physical properties of the two preparations are identical,
so it must be concluded that the difference in line width must
originate from the influence of labile protons on the T, re-
laxation.

For studies on a possible back exchange of deuterons in
reconstituted protein, a sample was dissolved in a mixture of
H,0/?H,0 (9:1 v/v) in 150 mM Tris, pH 8.0, and the line
width followed with time. It was found that up to 20 h the
line width remained constant, i.e., no back exchange occurred.
A similar experiment (10 h) with the hydroquinone form of
flavodoxin yielded the same result. This means that the ex-
change reaction, if it occurs at all, must be very slow. Also
these results indicate that the phosphate group of FMN in-
teracts very strongly with the apoprotein and that the exchange
of FMN molecules in flavodoxin is a very slow process.
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For oxidized, native flavodoxin the spin-lattice relaxation
can be described by

1 _ 1 1 1
Tl(l.o(al) T ("H,exch)

(2)

TI ('H.nonexch) Tl(rcsl]

where Ty ., is the relaxation by labile protons in native
Ravodoxin, Tyou nonexcny is the relaxation by nonexchangeable
protons in flavodoxin reconstituted in deuterium oxide, and
T (resty is the relaxation by all other mechanisms. For the
reconstituted flavodoxin the relaxation by labile protons is
eliminated whereas the relaxation by deuterons can be ne-
glected because of the low gyromagnetic ratio. The relaxation
by labile protens can therefore be expressed as
1 1 _ 1
Tieneany  Digtivefavod) T recamst favor)

Using the values given in Table II and eq 3 yields a value of
1.1} £ 0.3 s for the relaxation by labile protons (T exen)-
With the aid of eq 4 (Abragam, 1961} the calculated value

LI il W
T\ (Byexcty 10rp°

T 31, b7,
+ +
1+ (wy - wp)r 2 1+ wpz‘rcz 1+ (wy + wp¥r?
Y]
can be correlated with the number of labile protons and their
distance from the phosphorus atom of FMN. # is the number
of protons separated by a distance rpy from the phosphorus
nucleus, yy and vyp are the gyromagnetic ratios of the proton
and phosphorus nucleus, respectively, wy and wp are the
corresponding Larmor precession frequencies, 7, is the rota-
tional correlation time, and % is Plank’s constant. It should
be mentioned that eq 4 does not allow us to determine the
number of protons accurately, but only an estimate can be
made. Moreover the distance of the protons from the phos-
phorus atom is assumed to be the same for all labile protons,
but in reality this distance may be different for different labile
protons. This is important to notice since because of the sixth
power dependence, the distance between protons and the
phosphorus atom is of great influence on T,. For the distance
rpy & value of 2.75 A was assumed. With these values the
number of labile protons was calculated to be five {eq 4).
Considering the approximate value of 7py the calculated value
of five protons is in fair agrecment with crystallographic data
(Burnett et al., 1974) on the flavodoxin from Clostridium MP.
This result confirms the conclusion drawn above with respect
1o the strong interaction of the phosphate group of FMN with
the apoflavodoxin from M. elsdenii.

With the results described above we can finally test if the
decrease of the ling width observed in reconstituted flavodoxin
as compared to that in native flavodoxin is in agreement with
the T, data (Table II). For the analysis of the T, experiment,
equations analogous to eq 2 and 3 can be written. In this way
we obtain a value of 0.42 £ 0,15 s for the spin—spin relaxation
by labile protons. For analysis of this value, the following
equation is applied {Abragam, 1961}:

nh! 2., 2 T
‘_L = YH™TP 4Tc + © +
T 20rpyt 1+ {wy - wp)?r?

37, 67, 67,

+
1+ wgir? 1+ (wy + wp)ird

3

5
1 + wplr? &

The symbols in this equation are the same as in eq 4. When
n=75and rpy = 2.75 A, a theoretical value of 0.6 s for the
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spin—spin relaxation by labile protons is caleulated. This value
is in fair agreement with the experimental value of 0.42 s This
means, therefore, that the results of the analysis of T, support
the data of the analysis of 7). From this it can be concluded
that labile protons interact via hydrogen bonding with the
phosphate group of protein-bound FMN, but the results do
not allow a precise determination of the number of protons
involved in the hydrogen bonding and their distance (o the
phosphorus nucleus. The agreement between our results and
X-ray data also indicates that the ribityl phosphate group of
FMN is strongly bound 1o the M. elsdenii apoflavodoxin and
possesses no measurable internal mobility.

Finally it is hoped that the 'P NMR technique, in com-
bination with other physical methods, will provide a deeper
insight into the structure—function relationship of flavoproteins.
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A photo-CIDNP study of the active sites of Megasphaera
elsdenii and Clostridium MP flavodoxins
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Megasphaera elsdenii and Clostridium MP flavodoxins have been investigated by photo-CIDNP tech-

niques. Using time-resolved spectroscopy and external dyes carrying different charges it was possible to

assign unambignously the resonance lines in the NMR-spectra to tyrosine, tryptophan and methionine

residues in the (wo proteins, The resulls show that Trp-91 in M. elsdenii and Trp-90 in CLMP flavodoxin

are strongly immobilized and placed directly above the benzene subnucleus of the prosthetic group. The
data further indicate thar the active sites of the two flavodoxins are extremely similar.

Flavodoxin Megasphaera elsdenii

1. INTRODUCTION

The flavodoxins are a class of small proteins (M,
15000—-23000) which contain the prosthetic group
riboflavin §'-phosphate (FMN) and function as
electron carriers in biological reactions {1]. Chemi-
cal modification [2,3], X-ray crystaliography [4]
and fluorescence quenching [3] studies have shown
that a number of aromatic amino acid residues are
located in the neighbourhood of the flavin binding
site arid that these play an important role in the
interaction between prosthetic group and apo-
enzyme. Here, we report a photo-CIDNP investi-
gation of these aromatic residues in two closely
related flavodoxins from the bacteria Megasphaera
elsdenii and Clostridium MP.

* Present address: Physical Chemistry Laboratory,
Sourh Parks Road, Oxford, England

Abbreviations: photo-CIDNP, photochemically induced
dynamic nuclear polarization; NMR, nuclear magnetic
resonance; flavin 1, 3-N-carboxymethyllumifiavin;
flavin II, 3-N-ethylaminolumiflavin; FID, free induction
decay

Publisited by Elsevier Biomedical Press

Clostridium MP

Photo-CIDNP NMR

The photo-CIDNP method [5,6] is based on the
generation of nuclear spin polarization in a reversi-
ble reaction between the protein and a photo-
excited dye. When accessible to the dye, the side
chains of histidine, tryptophan and tyrosine resi-
dues can be polarized resulting in selective en-
hancements in the 'H NMR spectrum of the pro-
tein. A light-minus-dark difference technique leads
to a photo-CIDNP specirum containing only
resonances from polarized nuclei [7].

An earlier investigation of the M.elsdenii and
Clostridium MP flavodoxins showed that several
tyrosine and tryptophan residues are polarizable
[8]. Here, we extend this work to compare the
active sites of the two flavodoxins, exploiting the
dependence of CIDNP intensities on the timing of
the experiment and on the nature of the dye to
arrive at unambiguous NMR assignments as well as
indications of the mobilities and exposure of the
polarizable residues. Qur results demonstrate that
the active sites of the two proteins are extremely
similar. As the spectra presented here are quali-
tatively much better than published for M. elsdenii
flavodoxin in [8] chemical shifts could be deter-
mined much more accurately. This is the reason for

001457593/82/0000—0000/52.75 © Federation of European Biochemical Societies 141
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the minor differences between chemical shifts
reported in [8] and those presented here.

2. MATERIALS AND METHODS

Megasphaera elsdenii and Clostridium MP flavo-
doxins were isolsted and purified as in [9]. NMR
samples consisted of 1 mM protein with 100 mM
potassium phosphate buffer in D,0 at pH 8.0,
3-N-Carboxymethyllumiflavin (flavin I} and 3-N-
ethylaminolumiflavin (flavin II) were the dyes used
for CIDNP generation. All spectra were recorded
at 360 MHz on a Bruker HX-360 NMR spectro-
meter [5,7]. Ten free induction decays were ac-
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cumulated for each spectrum. Chemical shifts are
quoted with respect to trimethyisilylproprionate
(TSP).

3. RESULTS AND DISCUSSION

Several photo-CIDNP spectra of M.elsdenii
flavodoxin, obtained with the positively charged
dye (flavin II), are presented in fig. 1. Two tyro-
sines and two tryptophans are polarized, the as-
signments coming directly from the characteristic
CIDNP phases [5] and the fact that the molecule
contains no histidine [10]. The distinction between
resonances from the two Trp residues was achieved

LIGHT DELAY
soa PERIOD

01 s 005 s

02 s 02 s

06 s 0.4 s

1.0 s 10 s

1.0 s 15 s

R L L 1 L 1 1 1 I L
8 7 6 5 4 3 2
PPM (s)

Fig. 1. Photo-CIDNP spectra of M. eisdenii flavodoxin with 0.5 mM flavin I as a function of the light period and delay
time, as indicated: Trp [ (C); Trp IL (a); Tyr I (B); Tyr I (4), The HDO resonance at 4.8 ppm {arrow} has been
omitted,

142




Volume 149, number 1

by comparison of spectra (not shown) generated
with the negatively charged dye (flavin I). With this
dye, the lines of Trp [ {(0,e) decreased by ~50%
relative to those of Trp II {a). These assignments
are supported and completed by considering cross
relaxation effects, as follows,

Of the Trp sidechain protons it is known that only
H-2, H-4, H-6 and H-# are appreciably polarized
in photoreactions with flavins. Any substantial
CIDNP effects observed for H-5, H-7 and H-a
arise by dipolar cross relaxation with directly
pelarized protons and are thus said to be cross- (or
indirectly)-polarized [11]. The two types of polar-
ization are easily distinguished by their time depen-
dence [11]. With a short light flash and short delay
before FID acquisition (upper spectrum in fig. 1)
the indirect signals are very weak while with longer
light and delay times they become stronger relative
to their directly enhanced counterparts. For exam-
ple, the resonances at 4.88, 6.41 and 6.80 ppm (fig.
1) are strongly cross-polarized whereas those at
5.57, 7.09 and 7.61 ppm are directly polarized.
Such arguments combined with the line multiplici-
ties enable us to assign all but the very weakest
resonances visible in fig. 1 as summarized in
table 1.

Further information can be extracted from fig.
1. First we note that cross relaxation is much less
extensive in Trp II than in Trp I; indeed the H-o,
H-5 and H-7 resonances of the former were too
weak to be identified with certainty. This, together
with the relative narrowness of its resonances, sug-
gests that of the two, Trp 1l is considerably more
mobile. Similarly, the two Tyr residues which ex-
hibit relatively long relaxation times must also
enjoy a fair degree of mobility.

The cross relaxation effects in Trp I are rather
pronounced especially for H-« and H-2 both of
which receive polarization from the emissively en-
hanced & protons. Indeed the effect 15 sufficiently
great for H-2 to cause it to change phase to emis-
sion with increasing light and delay periods. This
observation, although not unexpected theoretically
[11], has not been seen before and implies that
Trp 1 is strongly immobilized in M. elsdenii flavo-
doxin. To obtain some estimate of the dihedral
angles [12], x; and x;, which also influence cross
polarization between the & protons and H-a and
H-2, respectively, we simulated the evolution of
the CIDNP intensities expected for a tumbling
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Table 1

Assignments of resonances observed in the photo-
CIDNP spectra of Clostridium MP and M.elsdenii

flavodoxins
M. elsdenii Clostridium MP
Trp-91 Trp-90

Trp I
H-8a 3.38 3.34
H-8g 3.38 3.34
H-« 4,88 4,98
H-2 7.09 7.07
H-4 7.61 7.55
H-35 6.80 6.80
H-6 5.57 5.62
H-7 6.41 6.35
Trp 11 Trp-7 Trp-6
H-44 1.45 352
H-% 1.31 ERD
H-2 7.3 7.18
H-4 7.72 7.55
H-5 ? 6.94
H-6 7.27 7.12
H-7 ? 7.43
Tyr 1 Tyr-6 or Tyr-89 Tyr-5 or Tyr-88
H-3, H-5 6.90 6.65
Tyr 11 Tyr-6 or Tyr-89 Tye-5 or Tyr-88
H-3, H-5 6.88 6.58

tryptophan residue with a rotational correlation
time of 5 ns [13]. Of the various pairs of x;, x; for
which the calculation was performed, our experi-
mental results agree most closely with y; = 60°
and y; = 290°. The value for x, is consistent with
the failure to detect coupling for the H-a resonance
{i.e., J< 6 Hz)indicating that H-« is approximately
ganche with tespect to both # protons.

Fig. 2 shows photo-CIDNP spectra of
Clostridium MP flavodoxin recorded with flavin II
(2A) and flavin [ (2B,2C) as external dyes. Most of
the resomantces were assigned (table 1) by the above
methods with resolution enhancement [14] to
determing the multiplet patterns. The unusual
chemical shifts and the cross-polarization effects
for Trp I here are very similar to M.elsdenii; how-
ever, it is clear that the charge of the dye plays a
more impertant role in the Clostridium MP pro-
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LIGHT
PERIOD

06 s

FPM (5]

=~
w bk

Fig. 2. Photo-CIDNP spectra of Clostridium MP flavodoxin with 0.5 mM flavin II (A} and 0.5mM flavin I (B,C).
A delay of 0.05s was used with light periods as indicated. Notation as in fig. 1.

tein. With the negative flavin the enhancements of
Tep I are much weaker while Trp II is completely
absent.

We now consider the assignment of the observed
resonances to particular amino acid residues in the
primary sequences of the two proteins. M.elsdenii
flavodoxin [10} contains four tryptophans at posi-
tions 7, 21, 96 and 100 whereas Clostriditim MP
[15] has three at 6, 90 and 95, The last three are in-
variant in the two proteins.

The solution to this problem comes from the
dramatic upfield shifts (1.6 ppm for H-6 and 1.1
ppm for H-7) from the random ceil positions ex-
perienced by some of the Trp I protons. Almost
certainly due to ring current effects, such shifts
require the affected protons to be 0.3-0.4 nm
directly above the plane of a neighbouring aroma-

144

tic ring [16). Inspection of the crystal structure of
Clostridium MP flavodoxin [4) shows Trp-90 to be
the most obvious candidate. This residue is com-
pletely exposed to the solvent on one side and very
close to the ring system of the protein-bound flavin
on the other. The observed chemical shift of the in-
dividual protons of Trp I are in excellent qualita-
tive agreement with this conclusion. Moreover
reduction of the flavodoxin to its paramagnetic
semiquinene form broadens the resonance of Trp 1
[17] providing independent support for the correct-
ness of this assignment.

The similarity in behaviour and chemical shifts
exhibited by Trp II in the two flavodoxins points to
an invariant residue. The X-ray data for Clostri-
dium MP flavodoxin indicate that Trp-6 is par-
tially exposed but that Trp-95 is buried in the



Volume 149, number 1

interior of the protein and therefore probably in-
accessible to either flavin dye. We therefore tenta-
tively assign Trp Il to Trp-6 in Clostridium MP
and Trp-7 in M.efsdenii flavodoxin, This conclu-
sion is supported by the observed accessibility of
Trp II to the oppositely charged flavin dves. In
Clostridium MP flavodoxin, the carboxylate group
of Glu-65 is close to Trp-6 and would facilitate the
approach of flavin I but hinder that of flavin 1. In
M. elsdenii flavodoxin, where we do not observe
such a strong dependence on the charge of the dye,
this Glu is replaced by a valine.

A further interesting feature of fig, 1 is the
sharp, indirectly polarized line at 2.15 ppm. A cor-
responding (although somewhat broader) reson-
ance from Clostridium MP flavodoxin was found
at 2.02 ppm. Showing a dependence on the charge
of the dye similar to Trp 11, it appears to receive its
poiarization from that residue, while its linewidth
and position strongly suggest a methionine
e-methyl group. We assign this resonance tenta-
tively to Met-56 in Clostridium MP flavodoxin
(Met-57 in M. elsdenil) which has e-protons
<0.3nm from Trp-6(7) in the crystal structure.

Turning to the tyrosine residues {positions 6 and
89 in M.eisdenii flavodoxin and 5 and 88 for Clos-
tridium MP), the two directly polarized emissive
doublets in the spectra of fig. 1 must arise from the
H-3,5 protons of the two tyrosines, although one
cannot say which is which, Interestingly these
tyrosines in Clostridium MP flavodoxins are only
weakly polarized by flavin II (at 6.65 and 6.58
ppim) and hardly at all by flavin 1. This observation
could be interpreted as evidence either for a lower
accessibility of these residues or for some hydrogen
bonding interaction of their hydroxyl groups in the
Clostridium MP protein.

Finally, a number of as yet unidentified lines can
be seen in the photo-CIDNP spectra of the two
proteins. In fig. 1 weak absorptive resonances are
visible at 7.56, 7.63, 7.46, 7.21, 7.18 ppm and in
fig. 2 at 7.87 and 5.54 ppm. Some of these may
arise from a third, weakly enhanced tryptophan,
from the H-5 or H-7 protons of Trp 11 in the case
of M.elsdenii flavodoxin or from other residues
crass polarized from Trp I or Trp LI,

The most important conclusions to come out of
this study involve the active site residue Trp 89
{90). It shows almost identical behaviour in the two
flavodoxins and enjoys [ittle internal mobility. In
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M. elsdenii flavodozxin the isoalloxazine ring is also
immobilized [18]. The question now arises as to
what role this rigid isoalloxazine—tryptopohan
complex plays in the electron transfer function of
these flavoproteins,

ACKNOWLEDGEMENTS

We thank Miss C.M. Verstege for typing the
manuscript, Mr M_.M. Bouwmans for the prepara-
tion of the figures, Mr W.A.M. van den Berg
for the isolation of M.elsdenii flavodoxin and
Mr K, Dijkstra for excellent technical assistance.
This work was supported in part by the Netherlands
Foundation for Chemical Research (SON) with
financial aid from the Netherlands Organization
for the Advancement of Pure Research (ZWO).
P.J.H. is grateful to the Roval Society of London
for the award of a research fellowship.

REFERENCES

[1] Mayhew, 8.G. and Ludwig, M.L. (1975} in: The
Enzymes, 3rd edn, vol. 12 (Boyer, P.D. ed) pp. 57—
118, Academic Press, New York.

[2] McCormick, D.B, (1970) Experimentia 26, 243—
244,

[3]1 Mayhew, 8.G. (1971) Biochim. Biophys. Acta 233,
289-301.

[4} Burnett, R.M., Darling, G.D., Kendall, D.5,,
LeQuesne, M.E., Mayhew, 5.G., Smith, W.W. and
Ludwig, M.L. {1974) J. Biol. Chem. 249, 4383
4392,

[5] Kaptein, R. (1978) in: NMR Spectroscopy in Mole-
cular Biology (Williams, G.D. ed) vol. 5, pp.
211--229, D. Reidel, Dordrecht.

[6] Kaprein, R. (1982) in: Biological Magnetic
Resonance {Berliner, L..J. and Reuben, I. eds) vol.
4, pp. 145-191, Plenum, New York.

[71 Kaptein, R., Dijkstra, K., Miiller, F., Van Schagen,
C.G, and Visser, A.J.W.G. (1978) J, Magn. Res.
31, 171-176.

8] van Schagen, C.G., Miiller, F. and Kaptein, R.
(1982) Biochemistry 21, 402—407.

[9] Mayhew, S5.G. and Massey, V. (19693 J. Biol.
Chem. 244, 794-802. ,

[10] Tanaka, M., Haniu, M., Yasunobi, K.T., Mayhew,
S5.G. and Massey, V., J. Biol. Chem. {1973) 248,
4354-4366; (1974) 249, 4397,

[11] Hore, P.j., Egmond, M.R., Edzes, H.T. and
Kaptein, R. (1982} J. Magn. Res. in press.

[12] IUPAC-IUB Commission on Biochemical Nomen-
clature, Biochemistry (1970) 9, 3471-3479.

145




_20_

Volume 149, number 1 FEBS LETTERS November 1982

[13] Moonen, C.T.W. and Miiller, F, (1982) Biochemis- [16] Perkins, S.J. and Wiithrich, K. (1979) Biochim.
try 21, 408-414, Biophys. Acta 576, 409—423.

[14] Ferrige, A.G. and Lindon, J.C. (1978) J. Magn. [17] van Schagen, C.G. and Miiller, F. (1981) FEBS
Res. 31, 337-340, Lett. 136, 75--79,

[15] Tanaka, M., Haniu, M., Yasunobu, K.T. and [18] Moonen, C.T.W, and Miiller, F. (1983) submitted.
Mayhew, S.G. (1974) I. Biol. Chem. 249, 4393~
4396.

146




Eur. ). Biochem. 133, 463—470 (1983)
© FEBS 1983

Chapter 4

On the Mobility of Riboflavin 5’-Phosphate in Megasphaera elsdenii Flavodoxin
as Studied by “C-Nuclear-Magnetic-Resonance Relaxation

Chrit T. W. MOONEN and Franz MULLER

Department of Biochemistry, Agricultural University, Wageningen

(Received December 20, 1982/ March 22, 1983) — EJB 6352

The mobility of the isoalloxazine ring of the prosthetic group of Megasphaera elsdenii flavodoxin was in-
vestigated by a '>C relaxation study of the non-protonated ring atoms 2, 4, 4a and 10a. In this study a selectively
enriched (> 90%; '3C) prosthetic group was bound to the apoprotein. 7; and T» values were determined at two
magnetic field strengths, i.e. 846 T (90.5 MHz) and 5.88 T (62.8 MHz). Values of nuclear Overhauser effects
(NOE) were determined at 5.88 T. It is shown that both the dipole-dipole interaction and the chemical shift
anisotropy are important relaxation sources for all the carbon atoms investigated. The results are in agreement
with a spectral density function of the isoalloxazine ring in which only the overall reorientational motion of the
protein is accounted for. From this it is concluded that the isoalloxazine ring is tightly associated with the
apoprotein. The protein-bound isoulloxazine ring does not ¢xhibit large fluctuations on the nanosecond time
scale, although small amplitude fluctuations cannot be excluded. This information was obtained by a combination
of field-dependent 77 and NOE measurements. 7, values are in agresment with these results. On the basis
of the dipolar part of the overall 77 values, the distance between the carbon investigated and the nearest proton
was calculated and found to be in fair agreement with the crystallographic resulis of the related flavodoxin

from Clostridium MP.

In addition, it is shown that, based on the chemical shift anisotropy as a relaxation source, information
on the internal mobility is difficult to obtain. The main reason for this is the low precision in the determination

of the chemical shift anisotropy tensor,

Internal motions in proteins have recently attracted con-
siderable inferest since the realisation that such motions play
an important role in cooperative and allosteric effects. More-
over, the internal maobility in enzymes prebably coatributes
to the catalytic effects of biomolecules [1]). Theeretical cal-
culations by Karplus and McCammon [2,3] indicate that
such motions can occur on the nanosecond — picosecond time
scale despite the close-packed structure of native proteins.
Such an igternal mobility in the nanosecond time range has
recently been demonstrated in the flavoprotein lipoamide
dehvdrogenase [4].

Flavoproteins occur widely in nature and catalyze a variety
of biological reactions. The physical and chemical properties
of the flavin prosthetic group are perturbed upon binding
te a particular apeflavoproetein. These observations and model
studies led to the postulation [5] that the molecular basis
for the specificity of a particular flavoprotein could be a
specific interaction between the apoprotein and the prosthetic
group; i.e. hydrogen bond formation between some amino
acid residues and certain atoms of the prosthetic group. That
such hydrogen bonds do influence the orbital structure of
the flavin molecule has recently been demonstrated by Eweg
et al. [6), both by photoelectron spectroscopy and from theo-
retical calculations. Furthermore, it cannot be excluded that
the prosthetic group in flavoproteins possesses an internal
mobility which might be related to the particular function
of a lavoprotein.

Abhrevigiions, FMN, riboflavin 3'-phosphate. AcyrF. tetraceryl-
ribollavin: NMR. nuglear magnetic rescnance ; NOE, nuclear Overhauser
effect: CSA, chemical shift anisotropy.

Flavodoxins are proteins of small relative molecular mass
(M, 15000 —23000) and function as electron carriers in bio-
logical reactions. The prosthetic group of flavedoxins is ribo-
flavin §'-monophosphate (FMN). The one-electron redox
potential of FMN is altered by complex formation with apo-
flavodoxins [7]. Hydrogen bound formation between partic-
ular atoms of FMN and the apoprotein of Megasphaera
elsdenii and Azetobacter vinelandii flavodoxins has recently
been demonstrated by **C nuclear magnetic resonance (NMR)
[8]. The question now arises whether the prosthetic group in
flavodoxin is completely immobilized or still possesses some
motional freedom. This uncertainty js related to the fact
that the detailed mechanism of electron transfer is stil! poorly
understeod. It is possible that the degree of mobility of the
ptosthetic group in flavodoxins plays a role in the kinetics
of electron transfer reactions.

Moonen and Miiller [9], using the *'P NMR technique
have recently demonstrated that the phosphate group of the
protein-bound prosthetic group in M. efsdenii flavodoxin is
tightly bound without any detectable internal mobility on the
nanosecond time scale. Owing to the fact that the fluorescence
emission of the prosthetic group in M. efsdenii flavodoxin is
completely quenched, the mobility of the iscalloxazine moiety
cannot be probed by nanosecond laser fluorescence tech-
niques, 1.¢. time dependence of anisotropy. *C relaxation
measurements can also provide the desired information,
however. and have been used to study the internal mobility
of parts of proteins [10—12], In these studies only hydrogen-
carrying carbon atoms have been investigated. This has the
advantage that one deals with a simple and well-defined






