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Stellingen 

1. Deprotonering van de fenolische hydroxylgroep leidt tot verhoogde omzetting van het 
substraat door fenol hydroxylase. 

Hoofdstuk 4 van dit proefschrift. 

2. De residuen asparagine-11, serine-68 en asparagine-72 van het Azotobacter chroococcum 
flavodoxine zijn betrokken bij de interactie met het Fe-eiwit van het nitrogenase complex. 

Hoofdstuk 3 van dit proefschrift. 

3. De regioselectieve hydroxylering van 3-fluorofenol door fenol hydroxylase is pH 
afhankelijk. 

Hoofdstuk 4 van dit proefschrift. 

4. Het feit dat de eiwitmatrix van sulfiet reductase uit D. vulgaris niet bijdraagt tot een 
efficiente katalyse, rechtvaardigt niet de conclusie van Soriano en Cowan dat hetzelfde 
geldt voor andere enzymen met een anorganische cofactor. 

A. Soriano & J.A. Cowan (1995) J. Am. Chem. Soc. 117, 4724-4725. 

5. Prionen (PrPSc) kunnen "pathogene chaperones" genoemd worden omdat ze het normale 
eiwit PrPC kunnen omzetten in prionen. 

F.E. Cohen, K.-M. Pan, Z. Huang, M. Baldwin, R.J. Fletterick & S.B. Prusiner (1996) 
Science 264, 530-531. 

6. Het mag geen verrassing genoemd worden dat na verwijdering van het FMN molecuul uit 
flavodoxine, de vrijgekomen plaats opgevuld wordt door "active-site" aminozuren. 

C.G. Genzor, A. Perales-Alcon, J. Sancho & A. Romero (1996) Nature Structural 
Biology 3, 329-332. 



7. Eiwitten waarbij de N-terminus van a-helices voornamelijk waterstofbruggen vormt met 
positief geladen aminozuren zullen niet stabiel zijn. 

D. Gandini, L. Gogioso, M. Bolognesi & D. Bordo (1996) Proteins: Structure, Function 
and Genetics 24, 439-449. 

8. Het gebrek aan communicatie tussen wetenschappers en beleidsmakers, en niet de kwaliteit 
van het onderzoek, is de reden dat onderzoeksresultaten geen weerklank vinden in beleid. 

9. De toename van de capaciteit van het Internet zal uiteindelijk niet leiden tot een snellere 
overdracht van gegevens. 

10. De minst belangrijke stellingen genieten vaak de meeste belangstelling. 

Stellingen behorende bij het proefschrift "Flavoproteins: Studies on flavodoxins and 
phenol hydroxylase" van J.C.J. Peelen, Landbouwuniversiteit Wageningen, 12 juni 1996. 
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Abbreviations 

ID, 2D, 3D one-, two-, three-dimensional 
ADP adenosine diphosphate 
ATP adenosine triphosphate 
P resonance integral 
BQ external magnetic field 
B l magnetic field from radio frequency pulse 
q coefficient of orbital i 
CBCA(CO)NH 3D triple-resonance 13CP13Ca(13CO)-15N-'HN correlation 

spectroscopy 
CBCANH 3D triple-resonance ^CP^C^-^N-'HN correlation spectroscopy 
ct constant time 
DNA deoxiribose nucleic-acid 
DQ-COSY double quantum filtered correlated spectroscopy 
DSS 2,2-dimethyl-2-silapentane-5-sulfonate 
Ea activation energy 
EDTA ethylene-diamine-tetra-acetate 
E(HOMO) energy of the highest occupied molecular orbital 
E(LUMO) energy of the lowest unoccupied molecular orbital 
FAD flavin adenosine diphosphate 
FID free induction decay 
FMN riboflavin 5'-monophosphate 
GTP guanosine triphosphate 
HBHA(CO)NH 3D triple-resonance 1HP1Ha(13CP13Cal3CO)-15N-1HN correlation 

spectroscopy 
HOMO highest occupied molecular orbital 
HMQC heteronuclear multiple quantum coherence spectroscopy 
HNCA 3D triple-resonance 1HN-15N-13C0C correlation spectroscopy 
HNCO 3D triple-resonance 'HN-15N-l3CO correlation spectroscopy 
HNHA 3D triple resonance 'HN-^N-'H01 correlation spectroscopy 
HSQC heteronuclear single quantum correlation spectroscopy 
LUMO lowest unoccupied molecular orbital 
H magnetic dipole moment 
MO-QSAR molecular-orbital-based quantitative structure-activity relationship 
Mx, My, Mz magnetization along the x-, y-, z-axis 
NADPH nicotinamide adenine dinucleotide phosphate (reduced) 
NADP+ nicotinamide adenine dinucleotide phosphate (oxidized) 
nif nitrogen-fixation 



NMR 
NOE 
NOESY 
P 
SDS/PAGE 
SQ 
ppm 
i f 

TOCSY 
TPPI 
TSP 
0 ) 0 

Z 

Amino acids 

Ala 
Arg 
Asn 
Asp 
Cys 
Gin 
Glu 
Gly 
His 
He 
Leu 
Lys 
Met 
Phe 
Pro 
Ser 
Thr 
Trp 
Tyr 
Val 

A 
R 
N 
D 
C 

Q 
E 
G 
H 
I 
L 
K 
M 
F 
P 
S 
T 
W 
Y 
V 

nuclear magnetic resonance 
nuclear Overhauser effect 
nuclear Overhauser spectroscopy 
probability or steric factor 
sodium dodecyl sulfate polyacrylamide gel electrophoresis 
semiquinone 
parts per million 
radio frequency 
total correlation spectroscopy 
time proportional phase incrementation 
3-(trimethylsilyl)-propionate 
Larmor precession frequency 
collision number 

alanine 
arginine 
asparagine 
aspartic acid 
cysteine 
glutamine 
glutamic acid 
glycine 
histidine 
isoleucine 
leucine 
lysine 
methionine 
phenylalanine 
proline 
serine 
threonine 
tryptophan 
tyrosine 
valine 
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1 General introduction 

1.1 Flavin and flavoproteins 

Flavin, which was first observed in whey more than a hundred years ago (Blyth, 
1879), is abundantly found in nature. The name of this yellow pigment originates 
from the Latin word 'flavus'. This means yellow and is nicely demonstrated by egg 
yolk whose colour mainly is determined by flavins. The most well-known flavin is 
riboflavin, which is better known as vitamin B2 (Fig. 1.1). Flavins are produced by 
lower organisms, whereas mammals can not produce it and, therefore, have to take up 
flavins via their food. Free flavins are versatile compounds and are capable of 
performing a whole range of chemical reactions (see Miiller, 1991). In order to be 
specific for a particular reaction, the flavin-cofactor is bound to an apoflavoprotein. 

Due to the versatility of the flavin and the many different surrounding 
apoproteins, flavoproteins provide an important tool to nature to catalyse a variety of 
reactions. These range from redox catalysis and 'DNA dammage repair' to light 
emission (Ghisla and Massey, 1989). A common feature of flavoproteins is that they 
catalyse electron transfer reactions in which the flavin is reduced as it accepts one or 
two electrons from the reducing substrate (reductive half-reaction) and is reoxidized 
as it transfers one or two electrons to an acceptor (oxidative half-reaction). 
Considering the reaction that they catalyse, 'simple' flavoproteins, i.e. flavoproteins 
containing no other prosthetic group than the flavin, can be classified in three major 
groups (Singer and Edmondson, 1978): (1) oxidases, which accept electrons from 
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Fig. 1.1. Flavin 

substrates and use 0 2 as the terminal electron acceptor, forming H 20 2 and oxidized 
substrate; (2) monooxygenases, which split the 0 2 molecule, inserting one oxygen 
into the substrate while reducing the other oxygen atom to water; (3) 
dehydrogenases, which do not reduce molecular oxygen, but transfer electrons to 
other substrates or to other proteins (Stankovich, 1991). Using this classification the 
pure electron-transferases are classified in group 3. According to Massey and 
Hemmerich (1980) these flavoproteins should be classified in a separate group: (4) the 
pure electron-transferases. 

Two flavoproteins, flavodoxin and phenol hydroxylase, were studied in this 
thesis. These flavoproteins belong to different classes. Flavodoxin belongs to the 
electron transferring proteins of group 4 and phenol hydroxylase, which uses phenol 
as a substrate, is a monooxygenase and belongs to group 2. These two flavoproteins 
are discussed in the next two paragraphs. 

1.1.1 Flavodoxins 

Flavodoxins are small flavoproteins which contain a single molecule of 
riboflavin-5'-monophosphate (FMN) (Fig. 1.1). They function as electron-transferring 
proteins in low potential oxidation-reduction reactions (Mayhew and Tollin, 1992). 
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Flavodoxins have been isolated from various prokaryotes (see e.g. Cusanovich and 
Edmondson, 1971; Deistung and Thomeley, 1986; Dubourdieu, et al., 1975; Mayhew, 
1971; Mayhew and Massey, 1969) as well as from eukaryotic algae and seaweed 
(Fizgerald, et al., 1978; Zumft and Spiller, 1971). Flavodoxins have yet not been 
found in higher plants and animals. The molecular weights of the monomeric 
flavodoxins range from 14-23 kDa. According to their weight they are roughly 
divided into two groups, one in the 14-17 kDa range and the other in the 20-23 kDa 
range. 

Flavodoxins function as electron carriers between other redox proteins in e.g. 
pyruvate catabolising, sulfate reducing, C02- and N2-fixing systems (Simondson and 
Tollin, 1980). The non-covalently bound FMN molecule is the redox-active group in 
flavodoxins and can exist in three redox-states, i.e. oxidized (quinone), one-electron 
reduced (semiquinone) and two-electron reduced (hydroquinone) (see Fig. 2.1 
Chapter 2). At physiological conditions flavodoxins cycle between the one- and the 
two-electron reduced redox-states. However, it is observed for the activation of 
methionine synthetase that also the one-electron reduced state can act as the electron 
donor (Fujii and Huennekens, 1977). The redox potentials of the FMN change 
strongly upon binding to the apoflavodoxin (Ludwig and Luschinsky, 1992). Due to 
the different protein environments in the various flavodoxins the FMN redox 
potentials for the semiquinone/hydroquinone redox couple range from -370 to -520 
mV (Mayhew and Tollin, 1992). Due to the variability in this redox-potentials, 
flavodoxins are uniquely tailored to the potentials of its specific electron acceptor or 
donor. 

Crystal structures have been determined for oxidized flavodoxins from 
Clostridium Beijerinckii MP (Burnett, et al., 1974), Desulfovibrio vulgaris 

(Watenpaugh, et al., 1973), Anacystis nidulans (Smith, et al., 1983), Chondrus crispus 

(Fukuyama, et al., 1990) and Anabaena 7120 (Rao, et al., 1992). Crystal structures 
also have been determined for the reduced states of Clostridium Beijerinckii MP 
(Ludwig, et al., 1976; Smith, et al., 1977) and Desulfovibrio vulgaris (Watt, et al., 
1991) flavodoxins. Solution structures using multi-dimensional NMR have been 
determined only for Megaspaera elsdenii flavodoxin (Mierlo van, et al., 1990a; 
Mierlo van, et al., 1990b). Secondary solution structure information for the 
flavodoxins from Desulfovibrio vulgaris (Knauf, et al., 1993; Stockman, et al., 1993; 
Stockman, et al., 1994), Anacystis nidulans (Clubb, et al., 1991) and Anabaena 7120 
(Stockman, et al., 1990) also has been obtained by multi-dimensional NMR 
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spectroscopy. All the known flavodoxin structures share a common polypeptide fold 
of a five-stranded parallel central P-sheet surrounded by four or five ct-helices. The 
long-chain flavodoxins, having a molecular weight in the 20-23 kDa range, differ 
from the short-chain flavodoxins mainly by an insertion of a loop of about 20 
residues in the fifth strand of the P-sheet (Mayhew and Tollin, 1992). 

Because flavodoxins are small, highly stable proteins and easy to isolate they are 
very well suited for structure determination by multidimensional NMR. 

1.1.2 Phenol hydroxylase 

One of the most abundant biopolymer, which is responsible for the firmness of 
plants and trees, is lignin. Lignin is composed of substituted benzene rings, which are 
linked together. These substituted benzene rings are released after partial degradation 
of lignin. The degradation of such aromatic compounds into metabolites of the Krebs 
cycle is essential for the steady state of the natural carbon cycle. The catabolism of 
aromatic compounds is carried out mainly by micro-organisms (Dagley, 1982). Many 
of the enzymes capable of converting aromatic compounds are flavoproteins. These 
aromatic compounds share a common feature in that their rings contain either a 
hydroxyl or an aminofunction (Berkel van and Miiller, 1991). One of these enzymes 
is phenol hydroxylase, which converts phenol into 1,2-dihydroxybenzene (catechol) 
(for a review see Neujahr, 1991). 

Phenol hydroxylase belongs to group 2 as it is a monooxygenase; in the 
presence of NADPH the enzyme splits molecular oxygen, inserting one oxygen atom 
into the substrate, i.e. phenol, while the other oxygen atom is reduced to water. The 
prosthetic group in phenol hydroxylase responsible for this reaction is flavin adenine 
dinucleotide (FAD) (Fig. 1.1), which is non-covalently bound to the apoprotein. 

OH OH 

phenol hydroxylase 
+ 0 2 + NADPH + H+ 

V %^ 
+ NADP+ + H20 

Scheme 1.1. Overall reaction for the conversion of phenol to catechol by phenol 
hydroxylase. 
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, N ,NL , 0 r ^ 

Q ^ O H 
H 0 

OH o-
H * 0 

Scheme 1.2. Proposed reaction mechanism for phenol hydroxylase according to 
Maeda-Yorita and Massey (1993). 

The overall reaction for this hydroxylation of phenol to 1,2-dihydroxybenzene is 
depicted in Scheme 1.1. The reaction cycle consists of various steps starting with the 
binding of the substrate, followed by NADPH binding, reduction of the flavin, release 
of NADP+, formation of the C(4a)-hydroperoxyflavin enzyme intermediate 
(intermediate I), transfer of one oxygen molecule to the substrate, formation of 
intermediate II, formation of the C(4a)-hydroxyflavin enzyme intermediate 
(intermediate III), product release and release of a molecule of water with 
simultaneous reoxidation of the flavin (Scheme 1.2) (Detmer and Massey, 1984; 
Maeda-Yorita and Massey, 1993). In the absence or at low concentrations of 
substrate the enzyme acts as a NADPH oxidase, reducing molecular oxygen to H202 

(Neujahr and Kjellen, 1978). 

The phenol hydroxylase studied in this thesis is from an eukaryote, the strictly 
aerobic soil yeast Trichosporon cutaneum. The enzyme is a homodimer, containing 
one FAD molecule per monomer (Neujahr, 1991). The structure of phenol 
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hydroxylase is still unknown. Recently however, Neujahr and co-workers were able 

to crystallize phenol hydroxylase (Enroth, et al., 1994). It is therefore expected that 

the structure will be known within the near future. 

1.2 NMR and structure determination 

1.2.1 Introduction to NMR 

The phenomenon! of Nuclear Magnetic Resonance (NMR) first was predicted by 
Goiter in 1936 (Gorter, 1936). However, it lasted until 1945 before the first NMR 
signal was detected (Bloch, et al., 1946). Ever since, NMR has developed to a very 
important tool in biomolecular chemistry, especially since the introduction of Fourier 
transform NMR (Ernst and Anderson, 1966). 

Magnetic Resonance originates from the fact that some nuclei (and electrons) 
behave like 'little magnets' (i.e. magnetic dipoles (u. Fig. 1.2a)). This is because a 
nucleus is a charged spinning particle. This spinning produces a small circular current. 
Analogous to an electromagnet this current induces a magnetic field. A NMR sample 
does not contain just one nucleus but a whole ensemble, typically 1017, of identical 
nuclei. Because the magnetic moments of all these nuclei are randomly orientated, no 
net magnetic field is induced. However, if the NMR sample is placed in a strong 

M, 

Fig. 1.2. (a) One spinning nucleus in an external magnetic field Bo, causing the 
magnetic dipole n of this nucleus to precess. (b) A whole ensemble of nuclei, with 
their ft's precessing either in a parallel or anti-parallel fashion about BQ. (C) The 
net magnetization Mz resulting from b. 
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Fig. 1.3. (a) The on-resonance magnetic field Bj causes a precession of the 
magnetic moments of the nuclei about this field, (b) After a 90x° pulse the 
magnetization vector is along the y-axis and (c-e) starts to precess about Bo- The 
projection of the magnetization vector on the y-axis is detected by the detector. 

external magnetic field (B0) the magnetic moments of the nuclei, discussed here, 
orientate in such a way that they precess about the external magnetic field, either in a 
'parallel' or 'anti-parallel' fashion (Fig. 1.2b). The parallel orientation is energetically 
most favourable. So most nuclei will have their magnetic moments parallel to B0. 
However at room temperature and at 11.7 T the population difference between these 
two states is very small; for 1017 nuclei (~0.5 mM) this difference is about 1012 (~2 
nM). It is only this difference which can be observed by NMR spectroscopy. Due to 
this small difference NMR is an intrinsically insensitive technique. Nevertheless, it is a 
very powerful tool for e.g. determining molecular structure and dynamics. A vector 
summation of all the precessing magnetic moments in an external magnetic field along 
the z-axis (it is customary to define the axis along B0 as the z-axis) gives a net 
magnetization vector Mz along the +z-axis (Fig. 1.2c). If a second magnetic field (B^ 
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Fourier transform 
> • 

frequency 

Fig. 1.4. Fourier transformation of the Free Induction Decay (FID) gives a 
Lorentzian peak. 

is applied perpendicular to B0 then one can imagine that, analogous to the precession 
of the magnetic moments about B0, Mz starts to precess about B, (Fig. 1.3a), thus 
tilting Mz away from the z-axis, inducing now also My magnetization (Fig. 13b). This 
however will only happen if this B[ field, which is induced by generating an electric 
current in a coil which is wound around the sample, rotates with (almost) the same 
frequency (Fig. 1.3, coo) as the individual magnetic moments. If so, this Bj is on-
resonance with the individual magnetic moments, and hence the name Nuclear 
Magnetic Resonance. B, can be switched on for such a short time that the total 
magnetization will be along the y-axis (i.e. My) and then switched off. In other words 
a 90x° pulse is given, because Mz is rotated 90° around the x-axis. Because of B0, My 

will start to precess around B0 (Fig. 1.3b-e). Just like a rotating magnet in the dynamo 
of a bicycle will cause a current, this precession of My will cause an oscillating current 
in the coil mentioned above. This current is the signal that is detected in NMR 
spectroscopy. This signal, called Free Induction Decay (FID) (Fig. 1.4), is a damped 
sine (and is actually the projection of the rotating Mxy vector on the y-axis, along 
which, in our case, the detector is positioned (Fig. 1.3b-e)). This damping of the signal 
is caused by relaxation processes, which eventually cause My to return to its 



General introduction 

equilibrium state Mz, and is comparable to the fading of the sound after a gong 
stroke. Fourier transformation of this FID gives a NMR peak (Fig. 1.4). 

A protein of course, contains different nuclei, which are located at different 
positions in the protein, and thus in different environments. They will, therefore, 
experience slightly different external magnetic fields. This will cause the 
magnetization vectors of these nuclei to precess at different velocities. Fourier 

transformation of these differently rotating magnetization vectors will result in 
different peak positions, i.e. chemical shifts, for the different nuclei in a NMR 
spectrum. For a whole protein this means that peaks of all the different nuclei, e.g. 
protons, will be observed in a NMR spectrum (Fig. 1.5). 

The above paragraph only gives a brief and somewhat simplified introduction to 
NMR. For a more detailed treatment of NMR theory, the reader is referred to the 
many text books, which are available on this subject (e.g. Bovey, 1969; Derome, 
1987; Jardetzky and Roberts, 1981). 

1.2.2 Sequential assignments 

A proton NMR spectrum of a protein contains information of all the individual 
protons of the protein. This information, for example, can be used to obtain the 
protein structure. However, before the structure can be obtained all these peaks of a 
NMR spectrum have to be assigned to their corresponding protons. Due to overlap 
of many of the large number of NMR peaks in such a one-dimensional (ID) NMR 
spectrum this is not possible for proteins. The solution is to resort to multi-dimensional 
NMR spectra. In such spectra the chemical shift of a nucleus which has an interaction 
(see below) with another nucleus, can be correlated to the chemical shift of the latter 
in a multi-dimensional way (see e.g. Fig. 2.2 and Figs. 3.3 and 3.4). In this way 
overlapping chemical shifts can be resolved in a two-, three- or even higher 
dimensional spectrum. The chemical shift resolution of protons in a protein is not very 
high (Fig. 1.5), so that even resorting to multiple dimensions can not prevent overlap 
in a multi-dimensional proton NMR spectrum of a protein (> 10 kDa). Their good 
chemical shift resolution, makes 13C and 15N very suited for overcoming overlap 
problems in NMR spectra. The natural abundant nuclei 12C and 14N, however, are not 
suited for structure determination by NMR. If all carbon and nitrogen atoms in the 
protein are respectively, 13C and 15N, then these nuclei, just like protons, are very well 
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frequency 

Fig. 1.5. 1D-NMR 'H spectrum of the oxidized flavodoxin from A. chroococcum. All 
the NMR peaks observed arise from the different protons of the flavodoxin. 

suited for structure determination by high resolution NMR. The protein then is called 
to be uniformly 13C/15N labelled. Two cases can be distinguished now: the 
homonuclear NMR experiments and the heteronuclear NMR experiments. In the 
former experiments only interactions between protons are involved and in the latter 
experiments interactions between protons ('H) and 15N and/or 13C are involved. 

To assign all the NMR peaks (resonances) in principle two sorts of interactions 
are used. The through bond interaction and the through space interaction (theoretical 
description see Ernst, et al., 1967). The former is determined by measuring the so-
called J-coupling, which is an interaction between two NMR sensitive nuclei which 
are not further than three chemical bonds apart. The latter is determined by measuring 
the so-called nuclear Overhauser effect (NOE). The smaller the through space 
distance between two NMR sensitive nuclei is, the larger is their NOE. However no 
NOE is observed when two nuclei are further than approximately 0.5 nm apart. 

First, assignments based on homonuclear experiments will be discussed. Fig. 1.6 
shows part of a polypeptide chain. From this figure it is clear that within one amino 
acid (boxed region Fig. 1.6) protons can be 'linked together' via the three-bond 
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Fig. 1.6. A tripeptide segment of a protein backbone. The boxed region contains a 
single amino acid (spin system i). The dashed arrows indicate the homonuclear 
three-bond 3J-couplings observed within a spin system. Correlations to 
neighbouring amino acids (i-1 and i+1) can be made via the NOE (through space) 
or via heteronuclear one-bond 'J-couplings (through bond). Heteronuclear J-
coupling constants are indicated in amino acid residue i-1. The open atoms 
indicate the correlations observed in a HNCO experiment. 

3J-coupling (Fig. 1.6, dashed arrows), thus forming a so-called spin system. This is not 
possible for two protons from different amino acids, because they are at least four 
chemical bonds apart. The different proton resonances can now be assigned as part 
of a (J-coupled) spin system, i.e. amino acid. This is done mainly by two very 
important 2D-NMR experiments: DQF-COSY (Piantini, et al., 1982; Ranee, et al., 
1983; Shaka and Freeman, 1983) and TOCSY (Braunschweiler and Ernst, 1983). 
Without going into any detail, the spectra of these experiments correlate protons to 
protons to which they are J-coupled, and thus show if protons belong to the same 
spin system (amino acid). Now we need to assign these spin systems to the 
corresponding amino acids in the polypeptide chain. Via the NOE interaction the 
different spin systems can be correlated. For example, when a H a proton has a strong 
NOE interaction with a backbone amide proton of another spin system this means 
that they are close in space, which in this case often means that their spin systems are 
sequential neighbours (NOE arrow Fig. 1.6). This procedure can be repeated for many 
protons, and in this way it is possible to sequentially walk from one spin system to the 
next, thus assigning the spin systems to a specific amino acid in the polypeptide chain 
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(Wuthrich, 1986). The 2D-NMR experiment used for these assignments is called 
NOESY (Jeener, et al., 1979). 

Due to the three-dimensional fold of the polypeptide chain forming a protein, and 
due to the through space nature of the NOE interaction, it is very well possible that 
two protons which are coupled by a strong NOE are no sequential neighbours. Thus, 
the assignment of sequential neigbours via NOE's is not unambiguous. On the other 
hand neighbours can unambiguously be assigned if they are correlated via the J-
coupling. For protons this is not possible, because inter-residual protons are separated 
by more than three chemical bonds. However, if the protein is l3C/15N labelled, two 
neighbouring amino acids can be correlated via the heteronuclear J-coupling, 
because now the NMR sensitive nuclei are only one bond apart. A whole set of 
heteronuclear NMR experiments is available to correlate NMR peaks of an amino 
acid to peaks of a neighbouring amino acid and thus unambiguously assign the NMR 
peaks to the corresponding atom (Bax and Grzesiek, 1993; Clore and Gronenborn, 
1991). The correlations detected by these so-called triple resonance experiments can 
easily be derived from their names. For example, the so-called HNCO (Grzesiek and 
Bax, 1992c; Ikura, et al., 1990) correlates the amide proton (H) and nitrogen (N) of an 
amino acid to the carbonyl carbon (CO) of the preceding amino acid (Fig. 1.6; open 
atoms), whereas the CBCA(CO)NH (Grzesiek and Bax, 1992a) gives the correlation 
between the beta (CB) and alfa (CA) carbon atoms of an amino acid with the amide 
nitrogen (N) and proton (H) of the following amino acid, via the carbonyl carbon 
((CO)) of the former amino acid. Analogous to the homonuclear case it is possible to 
sequentially walk from one spin system to the next, thus assigning the spin systems to 
a specific amino acid in the polypeptide chain. Especially the combination of the 
CBCA(CO)NH and the CBCANH (Grzesiek and Bax, 1992b) experiments is very 
powerful for this sequential assignments (see Fig. 3.4a). Due to the through bond 
correlation used in these experiments, the neighbouring spin systems can 
unambiguously be assigned. 

1.2.3 Sensitivity and pulse field gradients 

The sensitivity of a triple resonance experiment depends strongly on the size of 

the heteronuclear coupling constants used to correlate the nuclei in that particular 

experiment (Fig. 1.6). Large J-couplings improve the sensitivity of the triple 
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Fig. 1.7. Theoretical magnetization transfer from N to CO in a HNCO experiment 
without T2 relaxation (dashed line) and with a T2 relaxation time of 65 ms (solid 
line) and 50 ms (dotted line). 

resonance experiment, because the transfer of the magnetization from one nucleus to 
another will be faster than for a small coupling. The faster this transfer the less 
magnetization will be lost due to relaxation (in fact T2 relaxation). The theoretical 
optimum for the magnetization transfer time from N to CO in the HNCO experiment 
(TN Fig. 3.2c) is (4xlJNCo)"1> i-e. 16.7 ms (4x15 Hz)1 if no relaxation is taken into 
account. When relaxation is taken into account the optimum for a 20 kDa protein will 
be about 13.7 ms. This is nicely illustrated in Fig. 1.7. All the magnetization transfer 
delays in the triple resonance experiments used in this thesis are optimized to have a 
maximum magnetization transfer and thus sensitivity. It is clear from Fig. 1.7 that a 
shorter T2 relaxation time also will decrease the sensitivity. This T2 relaxation time will 
decrease with increasing molecular weight. This means that structure determination 
by high resolution NMR will be impossible for large proteins (> 40 kDa). 

To select the desired magnetization transfer pathway two methods are available, 
phase cycling (Bodenhausen, et al., 1984) and pulse field gradients (Hurd, 1990). The 
latter is more advantageous in that unwanted signals are better suppressed. 
Furthermore, no presaturation of the water is needed, which means that protons of 



14 Chapter 1 

the protein which exchange with water protons will be observed better in a NMR 
spectrum. The disadvantage of the use of pulse field gradients in combination with 
multi-dimensional NMR is a decrease in sensitivity of V2. This can be prevented by 
using sensitivity enhancement (Cavanagh, et al., 1991; Cavanagh and Ranee, 1990; 
Palmer III, et al., 1991) in combination with pulse field gradients (Kay, et al., 1992). In 
this thesis the original triple resonance NMR experiments are adjusted to incorporate 
pulse field gradients. To prevent loss in sensitivity, the pulse field gradients are 
incorporated in a sensitivity enhanced way (chapter 3; Fig. 3.2). 

1.2.4 Structure determination 

When all (or most) NMR sensitive nuclei are assigned to their corresponding 
atoms in the protein, we still do not have the three-dimensional protein structure. In 
order to determine this structure we resort to our through space interaction: the NOE. 
By using (variants of) the NOESY experiment (see Clore and Gronenborn, 1991), it is 
determined which protons are close to a certain other proton. Furthermore, from the 
NOE intensity the approximate distance between two protons can be determined. 
This distance information of many proton pairs in the protein is used in Distance 
Geometry calculations and Restrained Molecular Dynamics calculations to determine 
the three-dimensional solution structure of the protein. 

1.3 Transition state and Frontier orbital theory 

For any chemical reaction holds that the step in which the intermediate with the 
highest relative free-energy occurs determines the overall rate of the reaction. This 
high-energy intermediate is known as the transition state (Fig. 1.8). The theory 
which accounts for chemical catalysis is called the transition state theory (Evans and 
Polanyi, 1935; Eyring, 1935; Fersht, 1985; Pelzer, 1932). The only physical entities 
considered in this theory are the reagents, or ground state, and the most unstable 
species on the reaction pathway, the above mentioned transition state. In the 
transition state chemical bonds are in the process of being made and broken. The rate 
by which the transition state is formed is given by the following (first-order) rate 
constant: 
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kj = PZexp HTP (1.1) 

P Probability or steric factor 

Z Collision number 

R Gas constant 
T Absolute temperature 
Ea Activation energy 

It is clear from Eqn. 1.1 that a decrease of the activation energy of the transition state 
(Ea) will result in an increase of reaction rate (k,). A catalyst can increase the reaction 
rate by stabilizing the transition state. Enzymes are proteins which act as catalysts of 
the chemical reactions undergone by their substrates, without self being altered. 

•-
U c 
i 

p. 

Reaction coordinate 

Fig. 1.8. Free-energy profile of an enzymatic reaction. The relative free-energy of 
the enzyme E + substrate S (free), ES (bound), the transition state ES* and the 
enzyme + product P are given in the energy profile. The height of the activation 
energy barrier Ea determines the reaction rate kcat (Eqn. 1.1). 
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They thus can increase the rate of a reaction by stabilizing the transition state, i.e. by 
lowering its activation energy (Ea). For an enzyme forming a so-called 'Michaelis-
Menten' complex (Michaelis and Menten, 1913) with its substrate, kcal is the first-
order rate constant for the chemical conversion of the substrate by its enzyme. When 
the enzyme is saturated with substrate molecules, this kcat readily follows from Eqn. 
1.1 by replacing k, by kcat. Analogously, a lower energy for the transition state in an 
enzyme-substrate complex (ES*) will result in a higher rate of conversion (kcat) of the 
corresponding substrate by the enzyme. 

When the substrate is in the active-site, the orbitals of the substrate and the 
catalytic residue(s) of the enzyme will interact and form new orbitals (Fig. 1.9). The 
new orbitals will then be an approximation of the orbitals of the transition state. For 
the description of differential chemical reactivity mainly the so-called frontier 

orbitals (Fukui, et al., 1952), i.e. HOMO (highest occupied molecular orbital) and 
LUMO (lowest unoccupied molecular orbital) of the reactants, are of importance 
(Fleming, 1976). When the HOMO of one molecule (in this thesis the substrate) 
interacts with the LUMO of another molecule (in this thesis the catalytic residue of 
the enzyme) new orbitals are formed (Fig. 1.9). The energy of the HOMO of these 
new orbitals will be lower than the energy of the old HOMO. Thus, as these new 
orbitals are an approximation of the orbitals of the transition state, the energy of the 
transition state will be lowered (-AEf). Klopman and Salem have used perturbation 
theory to derive an expression for this AEf (Klopman, 1968; Salem, 1968a; Salem, 
1968b). A simplified version of their expression, valid for two non-charged reactants, 
is given by Eqn. 1.2 (Fleming, 1976). 

AC 2(cnuc.cel.ft) n ~ 
A t f - E(HOMO)(nuc.rE(LUMO)(eL)

 (LZ) 

cnuc Coefficient of the HOMO for the nucleofile 
cel Coefficient of the LUMO for the electrofile 

P Resonance integral 
E(HOMO)(nuc) Energy of the HOMO of the nucleofile 
E(LUMO)(e,, Energy of the LUMO of the electrofile 

From Eqn. 1.2 in combination with Eqn. 1.1 it follows that a (negative) increase in AEf 

must result in a decrease of Ea and thus in an increase of the reaction rate kcal. 
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Fig. 1.9. Energy diagram of the interaction of the HOMO of one molecule (S) (in 
this thesis the substrate) with the LUMO of another (E) (in this thesis the flavin of 
the enzyme). This interaction results in the formation of a new orbital. The 
formation of this new orbital results in an energy gain of AEf. 

Hence it can be expected that frontier orbital characteristics are of importance for the 
rate of an enzymatic reaction. 

The enzymatic reaction considered in this thesis is the nucleophilic attack of the 
HOMO electrons of a phenolic substrate on the LUMO of the C(4a)-hydroperoxy-
flavin of phenol hydroxylase (Scheme 1.2). A series of closely related fluorinated 
phenols is expected not to bind differently to the active site of phenol hydroxylase. 
These comparable substrates probably will not have a different effect on the energy 
of the LUMO of the C(4a)-hydroperoxyflavin. Different energies of the HOMO 
electrons of the phenolic substrates however, must result in differences in AEf, and 
thus in differences in Ea. Due to the relationship between Ea and kcat (Eqn. 1.1) a 
correlation is expected between the energy of the HOMO electrons of the substrates 
and kcat of the enzyme reaction, assuming the nucleophilic attack of the HOMO 
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electrons of the substrate on the LUMO of the C(4a)-hydroperoxyflavin is rate-
limitting in the enzyme reaction. For another flavin monooxygenase, p-

hydroxybenzoate hydroxylase, indeed a linear correlation between the E(HOMO) of 
a series of substrates and the natural logarithm of their rate of conversion (Husain, et 
al., 1980) has been observed (Vervoort, et al., 1992). 

1.4 Outline of this thesis 

In this thesis flavoproteins from two different classes have been studied, i.e. 
flavodoxins and phenol hydroxylase. Flavodoxins are small and stable proteins, and 
are therefore very well suited for structure determination by multi-dimensional NMR. 
Although the overall fold of all flavodoxins is the same, their redox-potentials are not. 
This must be caused by the different apoproteins. To understand the effect of the 
apoprotein on the redox-potential of FMN in flavodoxin it is necessary to have 
insight in the interactions between the apoflavodoxin and the FMN. For the 
flavodoxin from Desulfovibrio vulgaris (Hildenborough) differences in these 
interactions between the three redox-states have been studied by 2D-NMR (chapter 
2). The results are discussed in relation with the existing X-ray structures. The 
flavodoxin from Azotobacter chroococcum has completely different redox-potentials 
as compared to the one from D. vulgaris. In order to gain insight in this difference, 
the solution structure of the A. chroococcum flavodoxin is needed. In order to 
determine this structure by NMR, the resonances have to be assigned first. For the 
structure determination by NMR, latter flavodoxin had to be uniformly labelled with 
13C and 15N. The assignments of the 'H, 13C and 15N resonances of the backbone 
atoms of the A. chroococcum flavodoxin are given in chapter 3. For the assignment 
the original triple resonance NMR experiments are adjusted to incorporate pulse field 
gradients in a sensitivity enhanced way. In this chapter also the topology of the 
secondary structure elements of this flavodoxin, as determined by heteronuclear 
multi-dimensional NMR spectroscopy, are given. Furthermore residues which interact 
with the nitrogenase enzyme complex from A. chroococcum are determined. 

Phenol hydroxylase from the yeast Trichosporon cutaneum catalyses the 
hydroxylation of various substituted phenols. The regioselectivity and rate of the 
orr/io-hydroxylation of 3-fluorophenol by phenol hydroxylase is investigated by 
19F-NMR (chapter 4). Based on the 19F-NMR results in combination with molecular 
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orbital calculations, a hypothesis is put forward explaining the pH effect on 
hydroxylation observed. In chapter 5 the regioselectivity of the orfto-hydroxylation 
of a series of substituted phenols is studied using 19F-NMR. Also, the conversion 
rates for all the different substituted phenols are determined. These reaction rates are 
correlated to the calculated energy of the reactive electrons in the highest occupied 
molecular orbitals of the substrates. 
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Two-dimensional NMR studies of the 
flavin binding site of Desulfovibrio 
vulgaris flavodoxin in its three redox-
states 

Sjaak Peelen and Jacques Vervoort 

Published in Archives of Biochemistry and Biophysics 314 (1994), 291-300. 

The FMN binding site of Desulfovibrio vulgaris flavodoxin in the diamagnetic 

oxidized and two-electron reduced form was investigated using two-dimensional 

proton NMR. The NMR results are compared to existing X-ray crystallographic 

data. In the paramagnetic one-electron reduced redox-state resonances of protons 

which are close to the FMN ring are strongly broadened due to the paramagnetic 

properties of the flavin-ring. From comparison of the NMR spectra of the three 

redox-states it could be concluded that outside the FMN binding site no structural 

changes occur upon reduction. Strong hydrogen bonds are observed between the 

N(l) and C(2) carbonyl of the isoalloxazine ring and the amide protons of Asp95 

and Cys102 respectively. The amide resonances of Asp95 and Cys102 are strongly 

downfield shifted upon two-electron reduction, caused by the negative charge in 

the N(l)-C(2) carbonyl region in the two-electron reduced FMN. It is suggested 

that the ring current of the central pyrazine ring of the FMN molecule in the two-

electron reduced flavodoxin is decreased as compared to the oxidized flavodoxin. 

The decrease in ring current is apparently caused by the loss of aromaticity of this 

pyrazine moiety due to protonation of N(5). Strong hydrogen bonds between the 
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flavin phosphate group and amide and hydroxyl protons of the apoprotein are 

observed. Resonances of protons involved in this hydrogen bonding network are 

up to 3.5 ppm downfield shifted. It is suggested that the negative charges of the 

dianionic FMN phosphate group are stabilized by local peptide dipoles. On 

reduction of the protein from the oxidized to the one-electron reduced form, a 

conformational change occurs in the FMN binding region. No conformational 

change can be observed between the one-electron and the two-electron reduced 

state. 

2.1 Introduction 

Flavodoxins are small redox-proteins which are found in several micro

organisms. They function as electron-transfer proteins and contain a non-covalently 

bound FMN molecule (Fig. 2.1), which acts as a prosthetic group. This prosthetic 

group can exist in three redox-states, oxidized, one-electron reduced (or 

semiquinone) and two-electron reduced (or hydroquinone). The redox-potentials of 

the FMN molecule change strongly upon binding to the protein, especially the 

semiquinone-hydroquinone couple which changes from -124 mV (free FMN) to -440 

mV for Desulfovibrio vulgaris flavodoxin (Curley, et al., 1991). The low redox-

potential of this couple enables D. vulgaris flavodoxin to deliver electrons to the 

sulfite reducing system. It has long been recognized that the regulation of redox-

potentials is due to specific interactions between the apoprotein and the prosthetic 

group (Vervoort, 1991). It is therefore essential to obtain detailed information about 

the interaction between the amino acid residues of the apoprotein and the FMN 

moiety. Recent advances in NMR technology make it feasible to study these 

interactions in such detail. 

The flavodoxin studied here is from the sulphate reducing bacteria Desulfovibrio 

vulgaris (strain Hildenborough). This flavodoxin contains 148 amino acid residues 

and has a molecular weight of 15.7 kDa (Curley, et al., 1991). The X-ray structures of 

Desulfovibrio vulgaris flavodoxin in its three redox-states have been determined by 

the group of Watenpaugh (Watt, et al., 1991). From these studies it could be 

concluded that a conformational change occurs on reduction at the peptide bond of 

Gly61-Asp62 (Watt, et al., 1991). The carbonyl oxygen of Gly61 points away from the 

N(5) group of the isoalloxazine ring of the FMN in the oxidized state whereas it 
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Fig. 2.1 The FMN molecule in its three redox-states: A) oxidized, B) one-electron 
reduced (semiquinone) and C) two-electron reduced (hydroquinone). 

points towards the N(5)H in the two-electron reduced state forming a hydrogen 

bond with the N(5) proton. 

The flavodoxin in its three redox-states has been studied by 2D proton NMR. 

The proton resonances of the amino acid residues in the immediate neighbourhood of 

the isoalloxazine ring of the FMN become broadened in the one-electron reduced 

protein as a result of the paramagnetic character of the isoalloxazine ring in this 

redox-state (Vervoort, et al., 1991). Comparison of the NMR spectrum of the one-

electron reduced flavodoxin to the spectrum of the two-electron reduced flavodoxin 

was of great help in assigning proton resonances of amino acids in the immediate 

neighbourhood of the isoalloxazine ring. Proton chemical shifts of these amino acids 

in the oxidized and the two-electron reduced flavodoxin are compared and related to 

the X-ray structures of oxidized and two-electron reduced flavodoxin (Watt, et al., 

1991). 

2.2 Materials and methods 

Flavodoxin from Desulfovibrio vulgaris (strain Hildenborough) was purified as 

described elsewhere (Dubourdieu and LeGall, 1970). Protein concentrations of the 
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oxidized flavodoxin were determined by measuring the absorption at 457 nm, using 
an extinction coefficient of 10,700 M'.cm1 (Curley, et al., 1991). 

All NMR samples contained 2.5-5.5 mM flavodoxin in a 180 mM KC1, 18 mM 
potassium pyrophosphate and 140 mM potassium phosphate buffer, pH 7.5-8.3. All 
samples contained 10% (v/v)

 2H20 for locking the magnetic field. Wilmad 5 mm 
precision NMR tubes were used, containing a sample volume of 450 u.1. Reduction 
was done by the addition of a desired amount of an anaerobic sodium dithionite 
solution to the anaerobic flavodoxin. The flavodoxin was made anaerobic by 
flushing the sample several times with argon. 

The 2D-NMR spectra were recorded at 303 K on a Bruker AM 600 or a Bruker 
AMX 500 NMR spectrometer. Phase sensitive spectra were obtained by using the 
time-proportional phase incrementation method (Marion and Wuthrich, 1983). 
NOESY (Jeener, et al., 1979), DQF-COSY (Piantini, et al., 1982; Ranee, et al., 1983; 
Shaka and Freeman, 1983) and TOCSY (Braunschweiler and Ernst, 1983) spectra 
using a DIPSI-2 spin-lock sequence (Shaka, 1988) were recorded with 512 t] 
increments each with 2 K data points. The SCUBA technique (Brown, et al., 1988) 
was used in the NOESY and DQF-COSY experiments, recorded on the AMX 500, to 
recover saturated proton resonances under the water line. Presaturation during the 
relaxation delay was employed to suppress the water signal. This relaxation delay 
was set to 1.5 s. The NOESY spectra were recorded using a mixing-time of 150 ms. 
The TOCSY spectra were recorded using mixing-times of 54 ms and 65 ms. The 
experimental data were zero filled to give a 4 K x 1 K data matrix. The data were 
processed with appropiately matched sine bell functions prior to Fourier 
transformation. 

The X-ray structures of Desulfovibrio vulgaris flavodoxin in its three redox-
states, as submitted by Watt et al. (1991) in the Brookhaven protein databank, were 
analysed on Silicon Graphics workstations using Quanta/Charmm software 
(Molecular Simulations, UK) and Insight/Discover (Biosym, USA). 

2.3 Results and discussion 

Assignments of proton resonances of a protein the size of D. vulgaris flavodoxin 
(148 amino acids) is a formidable problem. Using 2D DQF-COSY (Piantini, et al., 
1982; Ranee, et al., 1983; Shaka and Freeman, 1983) and TOCSY (Braunschweiler 
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and Ernst, 1983) experiments about 60% of the non-proline spin-systems were 
identified. They were assigned to four groups: 1) cysteine, serine, aspartate, 
asparagine and histidine; 2) phenylalanine, tyrosine and tryptophan; 3) isoleucine, 
leucine, threonine and valine; 4) glutamate, glutamine, lysine and arginine. Alanine 
and glycine spin-systems could uniquely be identified. In combination with 2D 
NOESY (Jeener, et al., 1979) spectra about 80% of the spin-systems were 
sequentially assigned (Wuthrich, 1986), both for the oxidized and reduced forms of 
the enzyme. The assignment process was facilitated by several properties of the 
protein. Firstly, the paramagnetic properties of the isoalloxazine ring in the one-
electron reduced flavodoxin give rise to extensive line broadening of all resonances 
in the immediate neighbourhood of the ring system, yielding spectra with a decreased 
number of resonances (Vervoort, et al., 1991). Secondly, the fast electron shuttle 
between the one-electron reduced and two-electron reduced flavodoxin makes it 
feasible, by changing the ratio of hydroquinone to semiquinone species, to create a 
varying sphere of amino acid residues which are under the influence of the 
paramagnetic center (Vervoort, et al., 1991). Thus resonances of protons immediately 
surrounding the flavin-cofactor could be assigned almost completely. 

Comparison of a NOESY spectrum of Desulfovibrio vulgaris flavodoxin in its 
hydroquinone (Fig. 2.2A) and in its semiquinone form (Fig. 2.2B) clearly shows the 
large amount of resonances that have identical chemical shift values and that do not 
disappear in the semiquinone spectrum (Fig. 2.2B). These protons are therefore not in 
the direct neighbourhood of the isoalloxazine ring. The identical chemical shift 
values of these protons in both redox-states (one-electron and two-electron reduced) 
indicate that there is virtual no structural difference, outside the FMN binding region, 
between the two redox-states. 

Fig. 2.2C shows part of a NOESY spectrum of oxidized flavodoxin. The 
differences in chemical shifts between the proton resonances of the oxidized 
flavodoxin (Fig. 2.2C) and the resonances of the two-electron reduced flavodoxin 
(Fig. 2.2A) are smaller than 0.04 ppm for almost all resonances observed except for 
some resonances at the N-terminus and some resonances in the direct environment of 
the FMN group. No difference in intensities of NOE crosspeaks of comparable 
resonances of the oxidized and two-electron reduced flavodoxin are observed 
outside the FMN binding region (Fig. 2.2A, C). This indicates that the tertiary 
structure outside the FMN binding region of the flavodoxin is identical in all three 
redox-states. 
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Fig. 2.2 A) Part of a 500 MHz NOESY spectrum of two-electron reduced 
Desulfovibrio vulgaris flavodoxin (3.3 mM) at pH 8.3. B) Same part as A of a 600 
MHz NOESY spectrum of one-electron reduced Desulfovibrio vulgaris flavodoxin 
(5.3 mM). The boxes indicate the cross-peaks broadened due to the paramagnetic 
FMN ring. C) Same part as A of a 500 MHz NOESY spectrum of oxidized 
Desulfovibrio vulgaris flavodoxin (3.5 mM) at pH 7.9. All at 303 K. 

2.3.1 Phosphate binding region 

A remarkable feature of the 'H NMR spectrum of Desulfovibrio vulgaris 

flavodoxin is that some amide resonances are shifted to low field as compared to the 

rest of the amide resonances (Fig. 2.3). Especially the amide resonances of Thr1 i and 

Thr15 show a large downfield shift (Fig. 2.3A) and resonate at respectively 11.61 and 

11.95 ppm for the oxidized protein (Table 2.1). The amide protons of Ser10, Thr12 and 

Asn14, which are involved in the phosphate hydrogen bonding network as well, 

resonate at 9.21, 9.56 and 9.75 ppm respectively. Besides amide protons, some 

hydroxyl protons are involved in hydrogen bonding interactions with the dianionic 

phosphate. These hydroxyl protons belong to Ser10, Thr12, Thr15 and Ser58, and 
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Fz'g. 2.JA Low field region of a 500 MHz NOESY spectrum of oxidized 
Desulfovibrio vulgaris flavodoxin (3.5 mM) pH 7.9 at 303 K. 

resonate respectively at 7.71, 8.32, 6.27 and 8.51 ppm, for the oxidized protein (Table 
2.1). Resonances of hydroxyl protons are usually not observed in NMR spectra, 
especially not at pH 8.3. However, for the flavodoxin of Megasphaera elsdenii also 
resonances of hydroxyl protons close to the phosphate group were observed in the 
NMR spectra (Mierlo van, et al., 1990). Moreover, these hydroxyl protons are close 
to or on the surface of the protein as can be observed in the X-ray structure. The 
hydroxyl protons must therefore form strong hydrogen bonds with the 
phosphategroup of the FMN in order for these protons to be not in fast exchange 


