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STELLINGEN

De enzym-nomenclatuur van FAD-bevattende monooxygenases
dient nodig herzien en up to date gebracht te worden,

— Enzyme Nomenclature (1984) IUB, Academic Press (USA).
- Dit proefschrift.

Raju et al. gebruiken ten onrechte de resultaten, verkregen
in hoofdstuk 5 van dit proefschrift, als argument om aan te
geven dat cysteine residuen een essentifle rol spelen in de
katalyse van 4-hydroxyphenylacetaat-3-hydroxylase uit
Pseudomonas putida.

- Raju, 5.G., Kamath, A.V. and Vaidyanathan, C.S. (1988)
Bioch. Biophys. Res. Commun. 154, 537-543.

Het is jammer te moeten constateren dat “de fabrikant wvan
de beste biochemicalién” anno 1989 de ratioc lipoamide:
diaphorase activiteit wvan lipoamide dehydrogenase slechts
omschrijft als een maat voor de denaturatie van het enzym.

— Magsey., V. and Veeger, C. (1961) Biochim. Biophys. Acta
48, 33-47.
— Sigma catalogus (1989).

Zolang een reactie—intermediair in de natuurlijke reactie
gekatalyseerd door p-hydroxybenzoaat hydroxylase niet wordt
gekarakteriseerd, laat staan waargenomen, blijft =ziin
voorkomen speculatief,

- Anderson R.F., Patel, K.B. and Stratford, M.R.L. (1987)
J. Biol. Chem. 262, 17475-17479.

Meer biochemische kennis omtrent de dehalogenering wvan
halogeenhoudende aromatische verbindingen is dringend
gewenst.

— Castro, C.E.. Yokovyama, W.H. and Belser, N.QO. (1988)
J. Agric. Food Chem. 36, 915-919.
— Van den Tweel, W.J.J. (1988) Thesis, Wageningen.
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Waterstofbruggen tussen enzym en substraat/produkt, zoals
bepaald wvia de kristalstructuur van p-hydroxybenzoaat
hydroxylase, moeten met een "korreltie” zout genomen worden.

- Schreuder, H.A. (1988) Thesis, University of Groningen.

Helaas werkt het "verkopen" van DNA-sequenties, coderend
voor enzymen, ook het verkopen van onzin in de hand.

— Matsubara, Y., Kraus, J.P., Ozasa, H.. Glassberg,
Finocchiaro, G., Ikeda, Y., Mcle., J.. Rosenberqg.
Tanaka, K. (1987} J. Biol. Chem. 262, 10104-10108.
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Het in de voedingswereld al meer dan tien jaar consequent
vermelden van de eenheid kilocalorie naast kiloJoule wekt de
schijn dat de eerstgencemde eenheid beter verteerbaar is,
— Duinker—Joustra, N. (1983) Kijk op joules en calorieén.

De ivoren toren der wetenschap begint aardig op een
vuurtoren te 1ijken: de overheid steekt er de brand in !

Met deze stelling wordt het meest de draak gestoken:

Stellingen behorend bij het proefgschrift van
Willem van Berkel, Wageningen, 9 mei 1989.
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Chapter 1 General Introduction

1.1. Flavoproteins

Flavoproteins are proteins containing a tightly bound flavin (yellow)
molecule usually assceciated in a non-covalent wmode. Flavoproteins are
involved in a wide variety of enzymatic reactions spread widely in nature.

The most occurring flavin prosthetic groups are flavin mononucleotide
{FMN) and flavin adenine dinucleotide (FAD) which both c¢an be synthesized
from riboflavin. Riboflavin (Vitamin B2) is the most abundant flavin com-
pound found in nature being synthesized by all plants and many microorga-
nisma. The structures of riboflavin, FMN and FAD are shown in Figure 1:
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Figure 1. Structure of riboflavin (1}, FMN (2} and FAD (3)

The isoalloxazine ring system which is the functional part of the fla-
vin prosthetic group can undergo one- or two-electron transitions which are
modulated by the surrounding protein structure. The biological important
redox properties of the flavin molecule are outlined in Figure 2:
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Figure 2. Redox states of flavin

One of the most fascinating aspects about flavins and flavoproteins is
the visible spectral behaviour of the different redox states. As can be
seen from Fig. 2 yellow oxidized flavin can be reduced by one electron
either to the blue neutral or red anionic semiquinone or reduction can take
place by a two-electron process yielding the pale yellow hydroguinone
state. Moreover in flavoproteins all kind of typical ccloured species can
be observed due to the specific interaction of flavin and bound substrates
Or coenzymes. )

Up to now more than 100 different flavoproteins, isolated from various
organisms, have been characterized. From these about 25 different enzymes
have been found to contain flavin covalently bound to a specific amino acid
residue { histidine, tyrosine or cysteine), mostly through the 8a-methyl
group of the flavim ring [1]. The functional significance of this covalent
bond is as yet not clear [2]. For more details about action, mechanisms and
classification of flavoproteins recent reviews [3-8] can be useful for
reference.

Intensive research on the action and function of flavoproteins has
started around 1960. At that time most information was obtained from kine-
tic data on hoth flavin enzymes and model flavin compounds [9,310]. After
1970 important progress was made with the elucidation of the primary and
three-dimensional structures of some flavoproteins [11-14] and with the
discovery and purification of more flavoproteins by using also newly deve-
loped techniques like for instance affinity chromatography [15]. The last
decade the tremeandous lmprovement of analytical techniques and instruments
has opened new ways of studying flavoproteins in even more detail. At the
moment most information about the structure-function relationship of fla-
voproteins is obtained by multidisciplinary research combining wmany dif-
ferent techniques. Some topics presented on the Ninth International
Symposium on Flavins and Flavoproteins, Atlanta 1987 [16] are summarized in
Table 1:
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Table 1.

Some Topics in Flavoprotein Research.

Technique

Information

HPLC, FPLC

Chemical modification

Cloning techniques

Site directed

mutagenesis

Stopped flow

Enzyme purification
Amino acid sequence

Role of specific amino
acid residues

Amino acid sequence
Productien-clones

Role of specific amino
acid residues

Kinetic data

techniques Reaction intermediates
'3, T3N-NMR Interactions between flavin and
spectroscopy apoprotein
n-electron density
of flavin ring atoms
2D-NMR Three-dimensional
spectroscopy structure in solution

X-ray crystallography
Computer graphics

Three-dimensional
crystal structure

1.2.

Aim of the Thesis

This thesis deals with different affinity studies on flavoproteins.
The aim of the studies presented was two-fold:

1) within the scope to study different flavoproteins by *2C and '°N
NMR technique it was desirable to explore the possible use of affinity
chromatography methods in order to allow the large scale preparation and
reconstitution of stable apo flavoproteins. For more information about the
(enzymatic) synthesis of enriched flavins and '*C or '®N NMR studies on
different flavoproteins the reader is referred to some recent papers
(17-22].

2) within the scope of the Dutch multidisciplinary research project on
p-hydroxybenzoate hydroxvlase from Pseudomonas fluorescens it was desirable
ta explore the passibilities of affinity labeling in order to get more
insight in the involvement of different aminc acid residues in the binding
of the substrate (p-hydroxybenzoate) and coenzyme (NADPH). For more infor-
mation about other aspects of this multidisciplinary approach the reader
is referred to amino acid sequence [23,24], chemical modification [25] and
X-ray crystallography [26-28] studies on this enzyme.

In the next part of the introduction, both subjects are reviewed.
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1.3. Apo Flavoproteins

The reversible dissociation of flavoproteins into apoprotein and fla-
vin prosthetic group has received much attention in the past [29,30]. In
order to be able to study the properties of flavoproteins containing either
artificial [6] or isotopically enriched [22] flavins it is important to
remove the natural prosthetic group under conditions allowing a fully
reversible association process between flavin and apoprotein yvielding the
same native structure again. Complete reversible removal of the non-
covalently bound flavin prosthetic group is difficult to achieve because
for most flaveproteins the dissociation constant of the equilibrium:

E-flavin [ E + flavin

is below 1078 M under physiclogical conditions. Therefore conditions have
to he found changing the equilibrium quite drastically without irreversibly
altering the protein structure. For some flavoproteins this problem can
easily be solved but in most cases very special treatments are required.
Current methods to remove the flavin prosthetic group are classified into
3 categories:
- acid precipitation
- dialysis or gel filtration in the presence of high
concentrations of monovalent anions
- dialysis or gel filtration in the presence of high
concentrations of unfolding agents

Already in 1938 Christian and Warburg [31] reported on the removal of
FAD from D-amino acid oxidase by acid treatment in the presence of high
concentrations of ammonium sulfate. Although giving variable yields of
reconstitutable apoprotein this method was adopted for a number of fla-
voproteins for a long period of time.

In 1961 Strittmatter [32] reported on an improvement of the acid ammo-
nium sulfate precipitation procedure by extra adding high concentrations of
KBr for a more efficient removal of the flavin prosthetic group by weakening
electrostatic interactions between apoprotein and flavin prosthetic group.
The concept of this method has been applied to a number of flavoproteins
[33-35]. Only minor changes of the conditions of flavin resolution were
introduced for maximal recovery of reconstitutable apoprotein. With same
enzymnes charcoal was added during apoprotein preparation in order to remove
the prosthetic group more efficiently [36,37].

The main disadvantage of the different acid treatment procedures is
the instability of most flaveproteins at pH values below 3. Flavodoxins
which are a class of small electron carrying flavoproteins are a good
exception of this rule. The prosthetic group FMN which is very tightly
bound to the apoprotein [38] can easily be removed by precipitation in the
presence of 5% TCA without damaging the protein structure [39]). After
neutralization of the apoprotein solution the holoprotein can be reconsti-
tuted in a very fast association process [40].

A milder way of apoprotein preparation was first reported in 1966
by Massey and Curti [41] for D-amino acid oxidase. With this enzyme it is
possible to remove FAD completely by simple dialysis against high con-
centrations of KBr at physiological pH. The same procedure can be applied
to FMN-containing 0ld Yellow Enzyme at pH 5.3 [42] and to flavodoxins at pH
3.9 [43]. Unfortunately for most other flavoproteins this dialysis method
is very time consuming leading to an irreversible denaturation of apopro-
tein. Though it was reported that this method can be applied to liver
microsomal NADPH cytochrome P-450 reductase [44] and p-hydroxybenzoate
hydroxylase from P.fluorescens {45] for these enzymes only small amounts of
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apoprotein can be prepared in this way, still vielding considerable resi-
dual activity [46,47]). FMN could be more efficiently removed froa
NABPH-cytochrome P-450 reductase by an exchange procedure in the presence
of apoflavodoxin, in combination with 2',5' ADP Sepharose affinity chroma-
tography [486].

In principle the affinity of flavin and apoprotein can also be
decreased by the additien of unfolding reagents like urea or guanidinium
hydrochloride. Conditions have to be found allowing the prosthetic group to
dissoc{ate from the (partly) unfolded protein without losing the capability
of the apoprotein to refold again, either in the absence or presence of fla-
vin. The addition of GuHCl was first introduced in 1969 by Brady and
Beychok [48] for the preparation of pig heart apo lipoamide dehydrogenase.
With this enzyme the yleld of reconstitutable protein is low [49]. With
thicredoxine reductase from E. coli however, the low residual activity
obtained has allowed stereochemical studies on 8-hydroxy-5-deaza-FAD
reconstituted enzyme [51]. The extra addition of urea has proven to be use-
ful in the preparation of apo p-hydroxybenzoate hydroxylase from
P.fluorescens [45,47] and apo salicylate hydroxylase from P.cepacia [50].

It should be mentioned here that for all procedures described above
optimal conditions can be found by changing the conditions systematically.
For more experimental details and some specific procedures the reader is
referred to the review of Husain and Massey [30]. An overview of general
apoprotein preparation procedures is given in Table 2:
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Table 2.

Conventional Apo Flavoprotein Preparation Procedures.

Enzyme Method2 Residual Yield Reconsti- ScaleP Ref.
specific tutable
activity specific
activity
% % %
glucose oxidase 1b 4 n.r. 75-90 M 35
from Aspergillus niger 1b <0. 40-50 100 L 36
[EC 1.1.3.4]
acyl-CoA dehydrogenase 1b 0.7 T0-80 90-100 M 37
from pig kidney
[EC 1.3.99.3]
D-amino acid oxidase 2a <1 93-100 100 M 41
from pig kidney
[EC 1.4.3.3]
D~aspartate oxidase ib <1 24 +3 79-99 S 59
from beef kidney
[EC 1.4.3.1]
microsomal 1b 1-2 75-90 100 L 32
cytochrome-b$ 32a
reductase
(Ec 1.6.2.2]
NADPH-cyt P-450 reductase 2b 10 70 85-95 L 44
from liver microsomes 2a 2 75 85-95 M 46
[EC 1.6.2.4]
glutathione reductase ib ] n.r 40 8 34
from human erythrocytes 1a n.r n.r n.r. n.r. 51
[Ec 1.6.4.2]
old yellow enzyme 2a <5 90-100 90-100 L 42
from brewers yeast 53
[EC 1.6.99.1]
lipoamide dehydrogenase 1b 4-8 90 80-90 M 33
from pig heart 3b <1 30-40 90-100 n.r. 49
[Ec 1.8.1.4]
salicylate hydroxylase la <1 n.r n.r S 52
from P.putida
from P,cepacia 3a n. 30-50 100 S 50

[EC 1.14.13.1]




Table 2, continued

Method® Residual Yield Reconsti- Ref.
specific tutable
activity specific
activity
% % %
p-hydroxybenzoate 3a 1-3 80-70 60-70 45
hydroxylase 1b <0.2 50-60 n.r. 54
from P. fluorescens
[EC 1.14.13.2]
melilotate hydroxylase 2a 0.5 80-100 80-90 53
from Pseudomonas sp.
[EC 1.14.13.4]
orcincel hydroxylase 1b 15 n.r 82 60
from P.putida
(EC 1.14.13.86)
phenel hydroxylase 2a 0.3 50-100 n.r 53
from Trichosporon
[EC 1.14.13.7]
cyclohexanone 1b 2 n.r 71 58
monooxygenase from
Acinetobacter sp,
[EC 1.14.13.22]
flavodoxin from la <1 90-100 90-100 39
Mepasphaera elsdenii 2a 90-100 43
riboflavin-binding
from egg white la <1 80-90 95-100 56
from egg yolk la <1 80-90 95-100 L 57

a) (la) acid treatment;
{(2a) dialysis + KBr {* charcoal);
(3a) dialysis + KBr+ urea (* charcoal};

b) (S) small scale, < 0.2 umol protein;

{L) large scale, > 2 umol protein; n.r., not reported.
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{(3b) gel filtration + GuHCI1.
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1.4. Large Scale Preparation of Apo Flavoproteins
{ Affinity Chromatography )

Until about 1980 the aim of apoprotein preparation has mainly been to
reconstitute the apoprotein with artificial flavins in order to study the
chemistry of these modified flavins within the restricted region of a pro-
tein active site [6]. For these studies it is extremely important to have
apoprotein preparations available showing low residuwal activity. However
only relatively small amounts of apoprotein (200-400 nmel) are sufficient
in order to allow mechanistic studies by stopped flow technique.

Around 1980 developments in NMR spectroscopy made it possible starting
to study biological systems by '3C and '*N enrichment of ligands, nucleoti-
des or cofactors. In the case of flavoproteins this technique allows the
observation of m-electron density at atoms in the enriched flavin ring
thereby yielding information about conformational structure, mobility,
hydrogen bonding and charge of protein-bound flavin in different redox sta-
tes either in the absence or presence of ligands [22].

Because for this type of studies large amcunts (5-10 umol) of well
defined preparations are required it was desirable to reconsider the
current methods of apoprotein preparation. In Chapters 2 and 3 of this the-
sis alternative ways of apoprotein preparation are presented based on affi-
nity chromatography principles. The main advantapes of affinity
chromatography over conventional methods would be 1) production of large
amounts of apoprotein by efficient elution of flavin 2) solvents may be
changed very quickly under controlled conditions and 3} possible stabi-
lization of the apoprotein structure by immobilization. Both covalent affi-
nity chromatography and hydrophobic chromatography meet the reguirements
for resolution of flavin in the presence of high concentrations of salts.
In the (exceptional) case of riboflavin-binding protein from both egg white
[56} and egg yolk [57] it was possible to remove the neutral flavin
prosthetic group by ion-exchange chromatography at pH 4 on SE-Sephadex A-50
at relatively low ionic strength. The stable apoprotein could be recovered
by NaCl gradient elution.

The principle of the covalent affinity chromatography procedure is
outlined in Scheme 1:
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Scheme 1. Covalent affinity chromatography of (ape)flavoproteins.
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The flavoprotein is bound to the activated thiclated matrix by thiol-
disulfide exchange, with the formation of a mixed disulfide. After elution
of flavin, the apoprotein is eluted by reduction of the disulfide bond. As
an alternative the apoprotein may be reconstituted on the column with
either artifical or isotopically enriched flavin. This kind of chroma-
tography is limited to proteins posessing accessible sulfhydryl groups.
Covalent chromatography has been successively applied to FAl-containing
p-hydroxybenzoate hvdroxylase from P.fluorescens {(Chapter 2).

A more general application might be expected from hydrophobic interac-
tion chromatography. In principle flavoproteins which are tightly bound on
hydrophobi¢ matrices at neutral pH can be tested for flavin dissociation
behaviour by stepwise changing the composition of the elution buffer. This
concept has been succesively applied to both FAD-containing disulfide oxi-
doreductases and FAD-containing fatty acid acyl-CoA dehydrogenases
(Chapter 3).

Only for some apo flavoproteins the reconstitution process has been
studied in detail [50]. For small monomeric stable apoproteins like flavo-
doxin [40] and riboflavin-binding protein [56] the association process of
apoprotein and flavin prosthetic group can be described by unigue well-
defined second-order rate constants. For {multimeric) FAD-containing fla-
voproteins the reconstitution process may be quite complex. In the case of
the monomeric apoproteins of glucose oxidase from A.niger [35], lipoamide
dehydrogenase from pig heart {33,82] and D-amino acid oxidase from pig kid-
ney [41,62-64] rapid reversible binding of flavin yielding {partially)
inactive enzyme was followed by secondary slow conformational refinement
with concomitant appearance of (full} catalytic activity and regaining of
the dimeric structures. In the case of the dimeric apoprotein of salicylate
hydroxylase from P.cepacia it was shown that rapid reappearance of cataly-
tic activity was followed by slow conformational changes in the binding
pocket of the adenosine part of FAD [50). The question arises if these
complex kinetics of holoprotein reconstitution are of physiological rele-
vance or can be (partly) ascribed to the method of apoprotein preparation
leading to different states of partially (ir)reversible unfolded protein
structures.

With the exception of butyryl-CoA dehydrogenase from M.elsdenii the
amino acid sequences of all apo flavoproteins prepared in Chapters 2 and 3
are known. Moreover for p-hydroxybenzoate hydroxylase from P.fluorescens,
glutathione reductase from human erythrocytes and lipoamide dehydrogenase
from A.vinelandii crystal structures at high resolution are now available
[65-67]. These studies nicely demonstrate that in all three enzyme
structures FAD is bound in an extended conformation and held by many speci-
fic polar and hydrophobic interactions. The role of a-helixes in FAD
binding and the presence of a Buf nucleotide binding fold in bath p-
hydroxybenzoate hydroxylase and glutathione reductase has been pointed out
by Wierenga et. al (68,69]. In contrast to all other parts of FAD the ade-
nine group in p-hydroxybenzoate hydroxylase is not involved in specific
hydrogen bonding. but bhound in a hydrophobic pocket [63]. In both p-
hydroxybenzoate hydroxylase and glutathione reductase bound water molecules
are involved in binding of the pyrophosphate moiety [65,66]. The flavin
ring in glutathione reductase is in contact with the other subunit via
hydrogen bonding of the N3 atom [66].

From these data it will be clear that apoproteins have to be prepared
under well defined controlled conditions in order to achieve optimal cata-
lysis of reconstituted enzymes. Therefore in Chapters 2 and 3 the reconsti-
tutlon process and biophysical properties of apo and reconstituted enzymes
are described in some detail.
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1.5. FAD-Containing Disulfide Oxidoreductases

The widespread pyridine nucleotide dependent FAD-containing disulfide
oxidoreductases are one of the most extensively studied classes of fla-
voproteins [11].

All these enzymes are dimers built up by ildentical subunits with an Mp
of about S0 kDa each containing both FAD and a redox-active disulfide
bridge essential for catalysis.

In Chapter 3 of this thesis the large scale preparation of the apopro-
teins of glutathione reductase from human erythrocytes, lipoamide dehydro-
genase from Azotobacter vinelandii and mercuric reductase from Pseudomonas
aeruginosa by hydrophobic interaction chromatography is described. Therefore
a short outline of the properties of these enzymes will be given below.

Glutathione reductase [EC 1.6.2.4] catalyzes the NADPH-dependent
reduction of glutathione disulfide [11]:

GSSG + NADPH + H* 2 2 GSH + NADP+

Glutathione is the most abundant low-molecular mass intracellular thiol
compound found in aerobic biological species. Its reduced form is essential
in keeping other thiol groups reduced [70].

{Dihydro)lipoamide dehydrogenase [EC 1.8.1.4] catalyzes the NAD+*
dependent oxidation of dihydrolipoyl groups which in vivo are covalently
attached to the lipoate acyltransferase component of both the pyruvate and
2-oxoglutarate dehydrogenase multienzyme complexes [T71]:

E-11p(SH)2 + NAD* 3 E-1ip(S)2 + NADH + H*

In vitro free lipoamide or lipoic acid can act as substrates with different
efficiency in catalytic turnover [11].

NADPH-dependent mercuric reductase [EC 1.16.1.1] plays an important
role in the mainly plasmid encoded detoxification systems (mer genes) of
mercury resistant bacteria by reducing highly toxic Hg2+ ions to metallic
mercury which is volatile and can be excreted from the organism [72-74]:

Hg2+ + NADPH # HgO + NADP* + H*

In vitro Hg2+ must be liganded by a thiol compound in order to vield effi-
cient catalytic turnover [72).

The three enzymes as isolated from different organisms show strong
homology in amino acid sequences around the redox-active disulfide bridge,
the NAD(P)* binding site and near the end of the N-terminal region where
the binding fold of the ADP part of FAD is situated [75-79]. In mercuric
reductase an extra addition of about 85 residues at the K-terminal part can
be removed by chymotrypsin treatment without loss of catalytic activity
[79].

The genes encoding the bacterial enzymes have been cloned and their
nucleotide sequences determined [80-86]. Recently also the amino acid
sequences of human and yeast lipoamide dehydrogenase have been elucidated
by cDNA methods [87-89]. These data now allow studies on mutant enzymes by
protein engineering [90,91].

The high amino acid sequence homology between the enzymes suggest
that the overall three-dimensional structures of glutathione reductase,
lipoamide dehydrogenase and mercuric reductase have much features in common
[92]. This has been confirmed by crystal structural analyses of glutathione
reductase from human erythrocytes [66,93,94] and lipoamide dehydrogenase
from both A.vinelandii (67] and yeast [951.

Until now most information comes from the crystal structure of glu-
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tathione reductase. For the oxidized enzyme an 0.154 nm resolution wmap is
available [66]. Each subunit can be divided into four structural domains:
the FAD and NADPH binding sites, a central and an interface domain. The
active site is constituted from both subunits and the substrate binds in a
cleft betwesen the twoe subunits. The twe subunits are alsc held together by
an intermolecular disulfide bridge, this in contrast to the non-covalently
bound subunits of A.vinelandii lipoamide dehydrogenase [85]). In both enzy-
mes FAD is rigidly bound in an extended conformation [66,67].

The reaction mechanisms of the different enzymes have been extensively
studied by both conventional and (rapid scan) stopped flow absorption
spectroscopy technigues [96-112]. During catalysis NAD{P)H binds to the
enzyme thereby transferring electrons to FAD which in turn passes reducing
equivalents onto the redox-active disulfide bridge, or the reaction can
proceed in the other direction.

The spectral behaviour of protein-bound FAD upon reduction with either
substrate, coenzyme or artificial reducing agents has been investigated in
detail [11,105,111]. Anaerobic reduction of both lipoamide dehydrogenase
and glutathione reductase with substrate yields red coloured two-electron
disulfide reduced enzyme due to ‘'charge-transfer' between a protein-thiol
anion as a donor and oxidized flavin as acceptor [11]. As contrasted with
oxidized and fully reduced enzyme the visible absorption spectrum of two-
electron reduced enzyme is strongly pH dependent and differs for the enzy-
mes isolated from different sources [11,111]. Chemical modification studies
strongly have contributed to the assignment of the different essential
amino acid residues involved in "charge-transfer” complex formation
[79,101,105]. It has been proposed that the pH-dependent stabllity of the
'charge-transfer' complex is influenced by a combination of different
effects: (1) stabilization of the thiolate by a pKa shift of an active site
histidine upon reduction, (2) stabilization of the thiolate by the positive
dipole of am a-helix pointing towards both cysteine residues and (3)
possible cooperative effects between the two subunits involved in substrate
binding [111]. In this context it is important to note that in mercuric
reductase the active site histidine is absent and replaced by a tyrosine
residue [79]. An additional cysteine-pair at the C-terminal part of this
enzyme [81] has been shown to be involved in Hg2* ligandation in order to
prevent too tight binding of the substrate initially and/or during cataly-
tic reduction [90].

The pH-dependent visible absorption spectrum of NAD(P)H reduced enzy-
mes is complex due to the different stability of possible ‘charge transfer'
intermediates between either thiolate and flavin or flavin and NAD{P)}*
[11,110-112]. A simplified reaction sequence for lipoamide dehydrogenase is
depicted in Scheme 2.

Although the active site residues in lipoamide dehydrogenase from
A.vinelandii are strongly conserved with respect to the enzymes from E.coli
and pig heart the overall amino acid sequence homology is relatively low
[85]. It has already been shown by Veeger et al. [98] that the visible
absorption spectrum of NADH reduced enzyme from A.vinelandii is different
as compared to related enzymes. The availability of large amounts of cloned
lipoamide dehydrogenase from A.vinelandii [85] and the highly reproducible
method of apoprotein preparation as described in Chapter 3 should now allow
characterization of the redox state of protein-bound FAD in the different
enzyme NAD(H) complexes by 12C and '*N NMR technique [22].

It should be noted here that the apopraotein procedure desecribed in
Chapter 3 can also be applied to lipoamide dehydrogenase from
P.fluorescens (unpublished results). This enzyme, as recently purified from
a8 production clone in E,coli, shows strong homalogy in amino acid sequence
with the A.vinelandii enzyme [86].
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Scheme 2. Reaction cycle of lipocamide dehydrogenase

1.6. Butyryl-CoA Dehydrogenase

During f-oxidation in mammalian mitochondrial systems different
soluble FAR-containing acyl-CoA dehydrogenases are invelved in oxidizing
saturated fatty acid acyl-CoA substrates of different chain-length to their
corresponding trans-enoyl-CoA analogues [113]. The resulting
2,3-unsaturated products remain very tightly bound to the reduced enzymes
preventing reoxidation by molecular oxygen [114}. The reduced enzyme-
product complexes are specifically reoxidized in two cne-electron steps by
ETF (electron transferrving flavoprotein) in an ordered mechanism in which
enoyl-CoA product dissociates from the oxidized enzyme [115-117]}. B~
oxidation then proceeds by the successive action of enoyl-CoA hydratase,
L-3-hydroxy-acyl -CoA dehydrogenase and 3-ketoacyl-CoA thiolase to yield
acetyl-CoA and a shortened acvl-CoA, ready for the next cycle. ETF in turn,
transfers its electrons to the membrane-bound iron-sulfur flavoprotein, ETF
ubiquinone oxidoreductase which then reduces Coenzyme @, thus delivering
electrons to the respiratory chain {114,118].

In the obligate anaerobic bacterium Megasphaera elsdenii butyryl-Coa
dehydrogenase (EC 1.3.99.2) is the only occurring acyl-CoA dehydrogenase
catalyzing the reverse reaction in vivo {119-121). Here the enzyme func-
tions in funneling excess of reducing equivalents into the productian of
saturated short-chain fatty acids which are excreted from the organism.
Again the enzyme is specific for ETF which in this system acts as electron
donor receiving reducing equivalents from NADH [114,122] (Scheme 3):

All acyl-CoA dehvdrogenases purified to homogeneity
[61,113,121,123-130c] are tetrameric enzymes built up by identical subunits
of about 40 kDa, each containing one equivalent of FAD., Although the mam-
malian short-, medium- and long-chain enzymes have remarkably similar
isoelectric points and amino acid compositians, they are immunclogically
distinct [130c].
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Scheme 3. Punction of FAD-containing acyl-CoA dehydrogenase.

Recently the gene sequences of both the human and rat liver medium-
chain acyl-CoA dehydrogenases have been reported [130d, 130e]. Comparison
of the amino acid sequence predicted from the human medium-chain enzyme
cDNA with the partial amino acid sequence, as derived from tryptic peptide
characterization ¢f the porcine liver medium-chain enzyme, revealed 88% of
interspecies sequence identity [130d}. From a comparable procedure for the
rat liver medium-chain enzyme it was revealed that the obtained cDNA clone
encodes a precursor protein of 421 amino acids including a 25-amino acid
leader peptide [130e}. The human and rat liver mature proteins show 86%
amino acid seguence homology. Comparison of the medium-chain acyl-CoA
dehydrogenase sequence to other flavaoprateins and enzymes which act on
coenzyme A ester substrates did not lead to unambiguous identification of a
possible FAD-binding site nor a coenzyme A binding domain [130e].

The reaction mechanisms of both mammalian and bacterial enzymes have
been studied in considerable detail by using substrate analogues
[124,130-134], chemical modification reagents [130f, 135-139] as well as by
isotopic and kinetic methods [117,130g, 140-143]. The importance of tightly
bound substrates/products in the regulation of the redvction potential of
the different enzymes has been shown by electrochemical studies
[129,144,145]. .

Both medium-chain acyl-CoA dehydrogenase from pig kidney [128] and
butyryl-CoA dehydrogenase from M.elsdenii [146] show intrinsic crotonyl-CoA
hydratase activity. For the mammalian enzyme FAD was found to be essential
for the hydratation reaction which probably takes place at the substrate
dehydrogenation site {128]. The very slow hydratation turnover however
suggests that the reaction is of neo physiological significance.

In contrast to most mammalian enzymes butyryl-CoA dehydrogenase from
M.elsdenii shows considerable oxidase activity [t21]. It has been argued
that the different oxygen reactivity might reflect a penetic adaptation of
the mammalian enzymes to prevent acces of oxygen to the flavin prosthetic
group [142].
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The isolation of an active-site peptide from pig kidney medium-chain
acyl-CoA dehydrogenase labeled with 2-octynoyl-CoA has been described very
recently [139a]. As already suggested for the inactivation of butyryl-CoA
dehydrogenase from M.elsdenii by 3-pentynoyl-pantetheine [136] a glutamate
residue was found to be the target amino acid residue., The modified Glu-401
may be the base involved in abstraction of the pro-R a-proton during the
dehydrogenation of normal substrates [139a].

The recent advances in protein purification- and (DNA) sequencing
techniques should now give an impuls to study the structural features of
these metabolic important enzymes. In this context it is interesting to
note that a preliminary account on the crystal structure of general
acyl-CoA dehydrogenase at 0.55 nm resolution was given recently [147].

The most striking property of short-chain acyl-CoA dehydrogenases
purified from various sources is their green colour related to an extra
absorption band around 700 nm [119-121i,127]. It has been shown by
Williamson et al. [148] that the green colour of butyryl-CoA dehydrogenase
from M.elsdenii is due to tight binding of a CoA persulfide ligand at the
substrate binding site with the persulfide moiety situated in the vicinity
of the flavion nucleus. It has been speculated by the sawe authors that the
tightly bound CoA persulfide in vivo could serve as a regulatory ligand
blocking the dehydrogenase activity unless a sufficient amount of substrate
is availahle.

Upon anaerobic reduction by dithicnite the absorption band arcund 700
nm dissappears yielding yellow liganded enzyme after reoxidation [120,121].
At physiological pH values the reduced CoA ligand can only be removed by
covalent affinity chromatography using Thiopropyl-Sepharose 6B [129,149].
This now allows reliable binding studies with different substrate analo-
gues. For instance regreening of yellow unliganded enzyme could be achieved
by incubation with a mixture of CoASH and NagS [148]. The preparation of
the different un(liganded) forms of butyryl-CoA dehydrogenase from M.els-
denii is sumwarized in Scheme 4:
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Scheme 4. Identification of different (un)liganded forms of butyryl-CoA
dehydrogenase from M.elsdenii.
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As noted above in Chapter 1.2 one of the goals of this thesis was to
explore the possibilities of preparing large amounts of stable apoproteins
in order to perform NMR studies on, with isctopically enriched flavin,
reconstituted enzymes. As stable highly pure butyryl-CoA dehydrogenase from
M.elsdenii can be obtained in very good yield [61], among the acyl-CoA
dehydrogenases this enzyme meets the requirements for this technique the
best. However, until now for this enzyme no apoprotein preparation has been
reported yet. Unfortunately, the acid ammonium sulfate procedure as
described for general acyl-CoA dehydrogenase from pig kidney [37] (Table 2}
irreversibly damages the protein-structure of the bacterial enzyme. This is
in line with results obtained for the different purified acyl-CoA dehydro-
genases from rat liver. With these enzymes FAD is very tightly bound by the
short-chain acyl-CoA dehydrogenase but relatively weakly associated with
the medium- and long-chain acyl-CoA enzymes [130, 130¢, 130f]. As described
in Chapter 2 we have tried to prepare the apoprotein of butyryl-CoA
dehydrogenase from M.elsdenii by performing hydrophobic interaction chroma-
tography. Preliminary NMR results on both yvellow unliganded and green
liganded 2,4A-13C FAD-enriched enzyme have been reported elsewhere [22].
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1.7. External Flavoprotein Monooxygenases

The external flavoprotein monooxygenases are members of a class of
inducable enzymes catalyzing the insertion of ane atom of molecular oxygen
into the substrate, using pyridine nucleotide as external electron donor
[150]. The overall reaction is shown below:

RH + NAD(P)H + H* + 05 = ROH + NAD(P)* + Hp0

Until now about 25 external flavin-dependent monooxygenases have been
isolated and (partially) characterized (Table 3). The enzymes listed in
Table 3 show considerable differences in both molecular mass and subunit
composition. Except for the @282 tetrameric 2,4-dichlorophenol hydroxylase
from Alcaligenes eutrophus [175] all multimeric external flavin-dependent
monooxygenases are built up by identical subunits, each containing non-
covalently bound FAD as a prosthetic group. With some enzymes FAD is partly
lost during purification. Only in the case of cyclohexanone 1,2-monooxygen-—
ase from a cyclohexane degrading Xanthobacter species [201] it was reported
that protein-bound FMN replaces FAD as electron acceptor.

Most FAD-dependent monooxygenases have been isolated from aerobic pro-
karyotes able to degrade aromatic or cyclic ketone compounds [206-209].
These bacteria (especially soil pseudaomonads) can grow on the different
substrates as sole carbon source thereby inducing the corresponding fla-
vaprotein monooxygenases. Through the initial action of these enzymes the
resulting products are readily subject to further catabolism allowing
microbes ta grow. In this way breakdown products of lignin as well as many
pollutants and toxicants {(e.g. herbicides} can be metabolized. It should be
noted here that non-activated aromatic compounds like far instance benzene
or benzoate cannot be hydreoxylated by the FAD-dependent monooxygenases.
Metabolism of this type of compounds reguires the initial action of both
flavin and non-heme iron containing enzyme systems showing a meore potent
oxygenating capacity [209].

As can be seen from Table 3 most FAD-dependent monooxygenases prefer
either NADH or NADPH as reductant, though some enzymes can utilize both
pyridine nucleotides with different efficiency in catalytic turnover. All
FAD-dependent monooxygenases studied sofar show preference for abstraction
of the pro-R hydrogen aof the C-4 prochiral center of the dihydronicotin-
amide ring [210,211].

Two other (no iron containing) flavin-dependent monooxygenases have
been reported receiving their reducing equivalents in a different way.
Firstly, luciferase from biocluminiscent marine bacteria binds external
reduced FMN, most probably generated by a PMN-reductase {212,213].
Luciferase is a heterodimer with a single active center that resides pri-
marily on the a-subunit [214]. The enzyme catalyzes the oxygenation of
long-chain aldehydes to the corresponding acifls and yields a photon of
blue-green light as one of the products. Secondly, in the degradation of
camphor by Pseudomonas putida three distinct monooxygenase systems are pre-
sent. Besides Cytochrome P-450 dependent camphor hydroxylase and the
recently purified FAD-dependent 2-0x0-A3-4,5,5-trimethylcyclopentenyl-
acetyl-CoA monooxygenase (no. 26 in Table 3), another monooxygenase system
is present catalyzing the lactonization of 2,5-diketccamphane.

This monooxygenase has recently reported to be a homodimer of 78 kDa,
binding one FMN molecule per dimer, and receiving reducing equivalents from
a (weakly) associated 36 kDa monomeric NADH oxidase [215].
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Table 3. Origin, Electron Donor Selectivity and Molecular Mass of
FAD-dependent External Monooxygenases.

Reaction Catalyzed Enzyme Code

Origin Electron Doner Molecular Mass Refs.

(1) 4-Hydroxybenzoate-3-hydroxylase [EC 1.14.13.2]

coo~ coo”
—_——
OH
OH OH

Pseudomonas putida NADPH: >NADH 88 kDa (dimer)} 151,152
Pseudomonas desmelytica NADPH>>NADH 88 kDa (dimer) 153,154
Pseudomonas filuorescens NADPH>>NADH 88 kba |dimer) 155-158
Corynebacterium NADH, NADPH 47 kDa (monamer) 159

cyclohexanicum

{2) 3-Hydroxybenzoate-4-hydroxylase [EC 1.14.13.23]
Too‘ coo™
OH. [:t:l\aﬂ
OH
Agpergillus niger NADPH>>NADH 145 kba ( ? ) 160
Pseudomonas testosteroni NADPH>>NADH 145 kha ( ? ) 161
{3) 3-Hydrogybenzoate-6-hydroxylase fEC 1.14.13.24]
Pseudomponas aeruginosa NADH>NADPH 65 kDa ( ? ) 162
Pseudomonas cepacia NADH>NADPH 45 kDa (monomer) 163,164
(4) 4-Hydroxyphenylacetate-3-hydroxylase [EC 1.14,13.4]
CH,L007 CRLC00™
0H
OH CH
Pseudomonas ovalis NADH 260 kDa (tetramer) 165
Pseudomonas putida NADH 166
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Table 3 (continued)

Reaction Catalyzed

Enzyme Code

Origin Electron Donor Molecular Mass Refs.
(5} 4-Hydroxyphenylacetate~1l-hydroxylase [EC 1.14.13.18]}
CHaC00™ OH
@ CHZC0G™
oM GH.
Psgudomonas acidovorans NADH>NADPH ? 167
{6) 3-Hydroxyphenylacetate-6-hydroxylase [EC 1.14.13.x]8a)
CHAC00™ CHAL00™
OH OH
Flavobacterium sp. NADPH, NADH 250 kDa {tetramer) 168,189
(M) Phenol hydroxylase [BC 1.14.13.7]
oH OH
OH
Trichesporon cutaneum NADPH 152 kDa (dimer) 170
Candida Lropicalis NADPH ? 171
(8) Orcinol hydroxylase [FC 1.14.13.86]
CHa CH3
HO OH HO OH
Pseudomonas put.ida NADH>NANPH 68 kDha (monomer} 60,172
{9) Resorcinol hydroxylase [EC 1.14.13.x]
GH H
OH oH
Pseudomonas putida NADH 64 kla (monomer} 172
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Table 3 (continued}

Reaction Catalyzed

Enzyme Code

origin Electron Donor Molecular Mass Refs.
{(10) 2,4-Dichlorophenol-6-hydroxylase [EC 1.14.13.20]
OH OH
@/CA HO Cl
ct ct
Acinetobacter sp. NADPH>NADH 250 kha (tetramer} 173,174
Alcaligenes eutrophus NADPH>NADH 45 kDa, 67 kDa 175
{tetramer)
{11) Melilotate hydroxylase [EC 1.14.13.4]}
HaCH000™ CHyCHLO0™
OH
Athrobacter sp. NADH>NADPH ? 176
Pgseudomonas sp. NADH 260 kDa {tetramer) 177,178
{12) 1-Kynurenine-3-hydroxyjase [EC 1.14.13.9]
0 NHy 9 NHy
C-—CH,CHEO0 ™ € —CHyCHEOO™
NH2 NHy
OH
liver mitochondria NADPH, NADH 150 kDa {monomer) 179,180
{13) Salicylate hydroxylase [EC 1.14.13.1]
(decarboxylating)
coo”~
OH OH
—~ @«
€0y oH
Pseudomonas putida NADH>>NADPH 57 kDa (monomer) 181,182
Pseudomonas sp. NADH>NADPH 90 kDa (dimer) 183,184
Psendomonas cepacia NADH>NADPH 90 kDa {dimer) 185
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Table 3 (continued)

Reaction Catalyzed

Enzyme Code

Origin Electron Donor Molecular Mass Refs.
(14) 4-Hydroxyisophtalate hydraxylase [EC 1.14.13.x}
(decarboxylating)}
ool coc™
—T“—-—
00~ Co2 WO
CH OH
Pseudomonas putida NADPH, NADH 115 kba (dimer) 186
(15) 4-Aminobenzoate hydroxylase [EC 1.14.13.x]
(decarboxylating}
coo— CH
i: co,
NH2 NH2
Agaricus bisporus NADH>NADPH 49 kDa {monomer) 187
{18) Anthranilate hydroxylase {EC 1.14.12.2]
(deaminating)
coo™ [l coo-
NHy NHz oH- OH
- - H __-E»‘__...
OH NH3 OH
Trichosporon cutaneum NADPH 100 kDa (dimer} 188
(17) 2,6-Dihydroxypyridine-3-hydroxylase [EC 1.14.13.10]
QL SO
HE N oH Ko N“~gH
Athrobacter oxidans NADH>NADPH 80 kDa (?) 189
(18} Imidazolacetate hydroxylase [EC 1.14.13.5)
£HaC00™ HO CHoCO0™ H
— —_— Ha0 ~00C —C—=CHL00™
=N I P S, N
HN—C =NH
H
Pseudomonas sp. NADH>>NADPH 90 kDa ( ? ) 190

29



Table 3 (continued)

Reaction Catalyzed

Enzyme Code

Origin Electron Donor Molecular Mass Refs.
{19) 2-Methyl-3~hydroxypyridine- [EC 1.14.12.4]
5-carboxylic acid oxygenase
0
_ - Q0™
HOI@/CQO HS{TCGD Ho—g/j/c
_——— ———
Oy HL—C~
He” N H™ gy g H
Pseudomonas sp. NADH 168 kDa (tetramer) 191,192
(20) Microsomal flavin containing [EC 1.14.13.8]
monooxygenase
0-
Halo T ‘aN//CHS
liver, lung and kidney NADPH 56--59 kDa 193--197
microsomes from (monamer)
mouse, rat, rabbit and pig
Trypanosomi cruzi 52 kDa 195
{21) 2-Hydroxycyclohexancne— {EC 1.14.12.6]
monooxygenase
0 0
OH Q—H
0 -
— O Cr
Acinetobacter sp. NADPH 57 kDa {moncmer) 168
(22) Cyclohexanone monooxygenase [EC 1.14.13.22]
(1,2-lactonizing)
Q 0
!
Acinetobacter sp. NADPH 59 kDa (monomer) 58,199
Nocardia globerula NADPH 53 kDa (monomer) 199,200
Xanthobacter sp. (FMN) NADPH 50 kDa {monomer) 2
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Table 3 (contipnued}

Reaction Catalyzed

Enzyme Code
Origin Electron Donor Molecular Mass Refs.
(23} Cyclopentanone monooxygenase [EC 1.14.13.x]
o} o
& ]
Pseudomonas sp. NADPH 200 kDa (tetramer} 202
(24) 2-Tridecanone monooxygenase [EC 1.14.13.x]
l il
CH3{CHylgCH; -C-CHy  ———  CHy(CHyleCHp-0-C-CHy
Pseudomonas cepacia NADPH 110 kDha (dimer) 203
(25) 2-0x0-A?-4,5,5-trimethylcyclo~ [EC 1.14.13.x}
pentenyl-acetyl-CoA monocoxygenase
=3
0 e e
Scon 5CeA SCoA
Pseudomonas putida NADPH 112 kDa (dimer) 204
(26) Progesterone monooxygenase [EC 1.14.99.4]
o
il
C—CHy

Cylindrocarpon radicicola

NADPH

112 kDa (dimer) 205

a) X indicates that this enzyme has not yet been numbered according to
the International Enzyme Nomenclature
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The enzymatic monooxygenation reaction of an organic compound under
physiological conditions requires activation of oxygen. For the external
FAD-dependent moncoxygenases It has now generally been accepted that this
activation is achieved by production of a reduced flavin-(C4A) hydro-
peroxide intermediate, capable to attack the various substrates
[178,194,216,217). Depending on the type of substrate oxygenated the enzy-
mes listed in Table 3 can be divided into two subclasses catalyzing the
following reactions:

1) Hydroxyvlations of substituted aromatic compounds {no. 1-1%)

2) Peroxide oxygenations of either nucleophilic or
electrophilic substrates (no. 20-26)

In 1) substituted aromatic substrates are hydroxylated at positions
ortho or para to the already present hydroxyl or amimo group. The only
exception to this rule is p-hydroxyphenylacetate-1-hydroxylase from Pseu-
domonas acidovorans [167] where the oxygen atom is inserted at C-1 of the
substrate with simultaneous displacement of the side chain to C-2. Mareover
this is the only FAD-containing aromatic hydroxylase reported requiring
Mg2+ ions to get maximal turnover. The eukaryotic phenol hydroxylase is
unusual among this group of enzymes by showing a quite broad substrate spe-
cificity [170].

In 2) the microsomal enzymes show a very broad substrate specificity
in catalyzing the oxidation of aromatic as well as alipbatic nucleophilic
sulfur and nitrogen-containing compounds [195,197]. All cyclo-alkanone
monocoxygenases also show a broad substrate specificity vielding either
esters or lactones in so-called biological Bayer-Villiger reactions [199].
Besides the natural substrates cyclohexanone monooxygenase from Acineto-
bacter NCIB 9871 has been shown to catalyze the oxidation of hetero-atom
substrates like for instance thia-cyclohexane as well as the conversion of
boronic acid derivatives to the carresponding alcohols. These reactions
demgnstrate the ambivalent character of the flavinhvdroperoxide capable of
catalyzing the conversion of both electronrich and electrondeficient
substrates [199].

Although 2-Methyl-3-hydroxypyridine-5-carboxylic acid oxygenase (no.19
in Table 3) belongs formally to the class of dioxygenating enzymes, the
mechanism of oxygenation seems to be comparable to the external
FAD-dependent monocoxygenases [192,218].

The two subclasses mentioned above show remarkable differences in
their reaction sequences (Scheme 5):

A 5 NAG{PH
-
NADIPY 0, SOH, H,0

ESNADIPIH — o £l SNADIPY®  EHpS EHS —e X —e EHSOH

JOH OH
NADIPIH §
B NADPH 0, T SoH HT NAT"
E E-NADPH E-NADP® ’/,T-NADP' E-NAOP®  E-NADP® E
ooh M7 Sou OH

Scheme 5. Reaction sequences of external flavoprotein moncoxygenases.
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With the phenolic hydroxylases (Scheme 6A) reduction of protein-bound
FAD by the pyridine nucleotide is strongly stimulated by bound substrate.
Except for melilotate hydroxylase [219] the enzymes studied sofar
(157,220,221) show random order mechanisms in their reductive half-
reactions. The binding of molecular oxygen is preceded by the release of
NAD(P)*. In the absence of substrate mclecular oxygen is only slowly
reduced by the NAD{P)H oxidase activity of the enzvme, vielding Ho0p. After
NAD(P}* release reduced flavin reacts with melecular oxygen forming the
labile flavin-(C 4A) hydroperoxide intermediate. Then attack of the
substrate takes place in a complicated process, finally yielding product
and Hz0 (see Chapter 1.8).

For the aromatic hydroxylases the lifetime of the flavinhydroperoxide
can be increased in the presence of effectors and monovalent anions [150].
However, until now, the instability of this intermediate has not allowed a
detailed structural analysis. In the related bacterial luciferase the
structure of the stabilized flavin-(C 4A) hydroperoxide has been confirmed
by 13C-NMR experiments [222].

With the microsomal FAD-containing monooxygenase [194,223) and cyclo-
hexanone monooxypgenase [217) the flavin-{C4A)hydroperoxide intermediate
is more stable when generated in the absence of the substrate (Scheme §B).
Moreover with these enzymes NADP* remains bound during the oxygenation
reaction. In the microsomal pig liver enzyme the stability of the flavin-
hydroperoxide could be considerably increased by the addition of phospha-
tidyiserine [224]. In contrast to the aromatic hydroxylases the reactivity
of these enzymes, though in a less efficlient way, can be mimicked by a
variety of peroxides including d4a-hydroperoxide-N(5)-ethyl-3-methyl-lumi-
flavin as a model flavin compound {225,226].

The lability of the flavinhydroperoxide in the aromatic hydroxylases
as compared to the enzymes of the other subclass might be indicative for
‘the fact that in the aromatic hydroxylases the flavinhydroperoxide is not
the actual oxygenating species. For p-hydroxybenzoate hydroxylase from
Pseudomonas fluorescens an additional intermediate has been detected by
stopped flow technique [216] which will be discussed in Chapter 1.8.

It is now generally accepted that with all FAD-dependent monooxXygena-
ses studied product formation results in the appearance of a flayin-{C4A)-
hydroxide intermediate. This flavin-adduct finally is dehydrated yielding
oxidized enzyme and HpO (Scheme 35}.

Until now little is known about the amino acid sequence homology bet-
ween the different FAD-dependent monooxygenases. For the FAD-dependent aro-
matic hydreoxylases only the amino acid sequence of p-hydroxybenzoate
hydroxylase from P.fluorescens has been elucidated by chemical methods
[12.228)]. Moreover this enzyme is the only FAD-dependent monooxygenase for
which a high resolution three-dimensional model is available [14,28]. More
recently the gene encoding for cyclohexanone monooxygenase from
Acinetobacter NCIB 9871 has been cloned and its sequence determined [229].
From the derived amino acid sequence no strong homology between these two
enzymes can be observed. It is obvious that at least more amino acid
sequences are needed in order to relate general secondary structural
features to properties like binding of FAD, substrates, effectors and coen-
zymes. In this context it would be also interesting to know more about
aspects like gene regulation and molecular mechanisms of gene repression
aliowing the differential induction of FAD-dependent monooxygenases by one
micre-organism species [163].
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1.8 p-Hydroxybenzoate Hydroxylase
1.8.1 Introduction

p-Hydroxybenzoate hydroxylase from Pseudomonas fluorescens (no. 1 in
Tabhle 3, Chapter 1.7) is one of the most extensively studied flavoproteins.
The reaction mechanism of the enzyme has been studied in considerable
detail by Massey and coworkers {Ann Arbor, USA), using rapid kinetics tech-
nigues. Dutch multidisciplinar research has revealed the complete amino
acid sequence, using chemical methods {(group Beintema, Groningen), a three-
dimensional model at high resolution, using X-ray diffraction technigues
(group Drenth/Hol, Groningen) and much information ahout the dynamic struc-
ture of both the enzyme and its prosthetic group by different biochemical
and biophysical techniques (group Miiller, Wageningen).

1.8.2 Enzyme purification

In 1966 p-hydroxybenzpate hydroxylase was first isolated and crystal-
lized from Pseudomonas putida [151]. In 1969 the crystallization of the
enzyme from Pseudomonas desmolytica was reported {153]. The enzyme from
Pseudomonas fluorescens was first isclated in 1972 by conventional chroma-
tographic techniques [155]. The enzymes from P.putida, P.desmolytica and
P.fluorescens are almest strictly dependent on NADPH as external electron
donor,

More recently it was reported that the purified enzyme from Corynebacterium
cyclohexanicum can both use NADH and NADPH in a relative efficient way
[159]. Although the enzymes from the various pseudomonas species show simi-
lar characteristics, the enzyme from P.flucrescens has been reported to he
the most stable one [155]. Therefore this enzyme was chosen to study in
more detail by a Dutch multidisciplinar approach [230}.

Upon purification the yield of enzyme was considerably improved by
introducing Cibacronblue-Sephadex 6-100 affinity chromatography [156]). From
SDS-PAGE experiments a mininum molecular mass of 44 kDa was estimated
{156}, The enzyme mainly exists as a dimer in solution, each subunit con-
taining one equivalent of FAD [156]. Under certain conditions the enzyme
tends to aggregate, yielding different higher—order quaternary structures
[155,156]. In the crystalline state the enzyme is also present as a dimer
[14].

From preperative iso-electric focusing experiments the iso-electric
point of the main fraction (about 85%) of enzyme molecules was found to be
5.8 [156]. The minor fraction of enzyme molecules {about 15%) eluted at
lower pH values (i.e. 5.7 and 5.4). Performing DTNB-Sepharose covalent
affinity chromatography {(Chapter 2) the microheterogeneity in charge could
be related to the rather easily air-oxidation of the conly accessible
sulfhydryl group [47]. The reduced state of this sulfhydryl group is essen-
tial in order to obtain large amounts of apoenzyme showing negligible resi-
dual activity [47]. Even better rescolution of different states of oxidized
enzyme molecules could be achieved by performing anion-exchange chroma-
tography either in the absence [231] or presence of dithiothreitol
f232,233].

The addition of reducing agents was also found to prevent the for-
mation of higher order quaternary structures [231-234]. The presence of
these higher order quaternary structures inhibits enzyme crystallization
[27] and limits the enzyme solubility [235].

In Chapter 4 of this thesis the observed microheterogeneity of the
enzyme has been studied in detail using various (bio)chemical techniques. A
kinetic method has been developed to study the stability of dimeric enzyme




molecules by FPLC analysis. Also some recommendations are given in order to
obtain large amounts of well-defined enzyme preparations suitable for both
NMR [235] and crystallization experiments [27,28].

1.8.3 Substrate specificity

All bacterial FAD-dependent aromatic hydroxylases studied sofar show a
relatively narrow substrate specificity. However many substrate analogs can
act as non-hydroxylatable effectors, highly stimulating the rate of reduc-
tion of protein-bound FAD. As a consequence of the uncoupling of the
hydroxylating reaction stoichiometric amounts of Hy0p are produced after
oxygen attack [183]. In the case of p-hydroxvbenzoate hydroxvlase from
P.fluorescens only a few analogs can serve as substrates (Table 4). Except
for p-mercaptobenzoate all substrates are hydroxylated at positions ortho
to the hydroxyl function. p-Mercaptebenzoate undergoes oxygen attack at the
thiol substituent resulting in 4,4'-dithiobisbenzvate as an unusual product
{236). Besides p-hydroxybenzoate the monofluorinated derivatives of p-
hydroxybenzoate can be hydroxvlated quite efficiently [237]. In the case of
the di- and tetrafluorp derivatives two equivalents of NADPH are consumed,
most probably due to the non-enzymatic reduction of a guinoid intermediate
species [237]. For more details about the dissociation constants of the
different substrates/effectors and the rates of NADPH oxidation the
references in Table 4 can be helpful.

Table 4, Substrate and effector specificity of p-hydroxybenzoate
hydroxylase

Compound Product Ref .
4-hydroxyhenzoate 3,4-dihydroxybezoate 238
2,4-dihydroxybenzoate 2,3,4-trihydroxybenzoate 238
3,4-dihydroxybenzoate HoO2 238
benzoate Ho0p 238
4-aminobenzoate 3-hyvdroxy-4-aminobenzoate 216
4-fluorobenzoate Hp0p2 238
4-mercaptobenzoate 4,4'-dithiobisbenzoate 236
2-fluoro-4-hydroxybenzoate 2-fluoro-3,4-dihydraoxy- 237

benzoate
3-fluare-4-hydroxybenzoate 5-fluoro-3,4-dihydroxy- 237
benzoate
3,5-difluoro-4-hydroxy- 5~-fluoro-3,4-dihydroxy- 237
benzoate benzoate
2,3,5,6-tetrafluoro-4- 2,5,6-trifluoroc-3,4- 237
hydroxybenzoate dihydroxybenzoate
6-hydroxynicotinate Hp02 216
S-hydroxypicolinate Hp0p 216
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1.8.4 Electron Donor Specificity

Protein-bound FAD can be reduced in a two-electromn process by NADPH,
dithionite or EDTA in the presence of light [155). Stabilization of the
neutral blue flavin semiguinonic state has only been observed in the pre-
sence of tetrafluworo-p-hydroxybenzoate [237}. It has been proposed by
Miller [7] that in this case the exceptional stability of the neutral semi-
quinone might be due to hydrogen bond formation between the N{5)H group of
flavin and either one of the fluoro atoms at position 2 or 6 of the ligand.

The slow reduction of free enzyme by NADPH is enormously stimulated in
the presence of p-hydroxybenzoate, acting both as a substrate and effector
{(155]. At pH 8, 25 °C a 40.000 fold stimulation in rate of reduction was
observed {kpeg = 1.5 x 104 min~1) [155]. At pH 6.6, 4 °C the stimulation is
even much higher (150.000 fold) [157]. As the affinity of NADPH for the
oxidized enzyme is only slightly affected in the presence of effectors
[241,242] these effector molecules must induce substantial conformatiocnal
changes in the enzyme allowing an rapid positicning of the nicotinamide
moiety of NADPH for reduction of the flavin.

Upon addition of effectors, pertubations in absorption, fluorescence
and circular dichroism spectra of protein-bound FAD are indicative for
these differences in conformation [152,155,157,243].

Upon anaerobic reduction in the presence of p-hydroxybenzoate a tran-
sient long-wavelength species has been observed, most probably reflecting a
'charge-transfer' complex between reduced enzyme and bound NADP* [157]. In
the presence of p-hydroxybenzoate the enzyme can also be reduced by NADH,
though in a much less efficient way [234].

The binding of NADPH to oxidized enzyme is strongly dependent on both
pH and ionic strength [244]. Optimal binding is observed at pH 6.4 and low
ionic strength {Kg = 200 puM, I = 45 mM)}. At pH 8, the optimum pH for cata-
lytical turnover, the binding of NADPH is relatively weak. Camparable
results have been obtained for the binding of NADH {244] and for the
binding of both reduced pyridine nucleotides to the apoenzyme (Chapter 2)
[47]. Therefore, especially when performing studies on chemically modified
enzyme preparations (Chapter 6 and 7), well-defined conditions are required
in order to obtain reliable dissociation constants for NAD(P)H binding. The
very weak binding of NADPH at high lonic strenght might explain the dif-
ficulties encountered in crystallization of enzyme-NAD{P)}M complexes [27].

1.8.5 Enzyme inhibition

The enzyme shows mixed type inhibition in the presence of high con-
centrations of p-hydroxybenzoate or substrate analogs [157,216,238].
Competitive inhibition with respect to p-hydroxybenzoate is observed with
all compounds shown in Table 3 and to a lesser degree with some other
structurally related compounds {157,216,236-238].

The enzyme is inhibited competitively with respect to NADPH by a range
of negatively charged compounds. The binding of most of these compounds is
strongly stimulated in the presence of p-hydroxybenzoate or substrate
analogs.

The strongest competitive inhibition with respect to NADPH is observed
with Au{CN)p~ or Ag{CN}»~ [245,246). These compounds bind in the vicinity
of the flavin nucleus as deduced from both crystallization [14,28] and
fluorescence quenching studies [245}. The affinity of both free and p-
hydroxybenzoate complexed enzyme for the metal-cvanide complexes is
constant in the pH range 6-7 and decreases at higher pHl values (unpublished
results).

Halogen ions (C1~,17,F7) are also competitive inhibitors with respect
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to NADPH, binding in the vicinity of the flavin nucleus as well [245,247].
The binding of monovalent anions might explain the very weak binding of
NADP* to both oxidized and reduced enzyme. Repulsive forces in the binding
pocket of the nicotinamide moiety of NADP+ probably enhance catalytical
turnover. In this respect the role of helix H10, pointing with the positive
end of its dipcle moment towards the active site {28] should alsc be men-
tioned here.

Among the pyridine nucleotide analogs tested 2',5'-ADP and 2'-AMP show
the strongest inhibition, indicating that the 2' phosphate group of the
ribose moiety plays an important role in binding of NADPH [244-246].

1.8.6 The overall reaction sequence

The overall reaction mechanism of the enzyme has been studied in
detail at pH 6.8, 4 °C by both steady state kinetics and stopped flow
absorption spectrophotometry [157]. As can be seen from Scheme 5A
{Chapter 1.7) p-hydroxybenzoate and NADPH can bind at random to the free oxi-
dized enzyme yielding the first ternary complex {E-FAD-p-OHB-NADPH). After
release of NADP* the reduced enzyme-p-hydroxybenzoate complex reacts with
oxygen yielding the second ternary complex (E-FADHa-p-OHB-0p). The inter-
mediates involved in the subsequent oxygen reaction will be discussed
below, After product formation the resulting flavin-{C4A)hydroxide finally
is dehydrated yielding oxidized enzyme and H20. According to the nomencla-
ture of Cleland [248] the enzyme follows a Bi uni uni uni ping pong mecha-
nism [157]. The overall reacton cycle is given below:

PHAR.FAD

24 di0H \( pOHB

PHBH FAQ 3.4 ch 0HA PMBR.FAD. pOHA

Hy0® wanPn H?

PHBH.FADH; - 0, pOHD PHEH.FAD. pOHE.NADPY

DN

PHBH.FADH,. pOHB

Figure 3. Overall reaction cycle of p-hydroxybenzoate hydrexylase

1.8.7 The oxidative half-reaction

The reaction of reduced flavin and molecular oxygen proceeds via fast
one-electron transfer from reduced flavin to oxygen [7]. After radical
recombination, formation of the reduced flavin-{C4A)hydroperoxide can then
occur as shown with beth glucose oxidase and model flavin compounds [249].

The reaction of reduced flavin with oxygen is extremely enhanced in
the FAD-dependent moncoxygenases yielding stoichiometric amounts of the
reduced flavin-(C4Aa)hvdroperoxide intermediate (Chapter 1.7). For instance,
at pH 6.6, 4° C the second-order rate constant for the formation of this
intermediate in p-hydroxybenzoate hydroxylase is about 5x105 M-1s-1 [218].
This rate constant is about 4 orders of magnitude higher as compared to the
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less specific reaction of free reduced flavin with oxygen [250] and relati-
vely independent of the nature of substrate/effector present [216].

With 2,4-dihydroxybenzoate as a substrate three spectral distinct
intermediates can be observed during the oxygen reaction [216].
Intermediate I (Epax = 380 nm, € = 8.5 mM~lcml) and intermediate III
(Egax = 385 nm, ¢ = 9 aM lcm!) represent respectively the flavin-(C4A)-
hydroperoxide and flavin-(C4A)hydroxide already mentioned above. The struc-
ture of the strongly absorbing intermediate Il (Eg,yx = 400 nm,
€ = 13 aM1lcm 1) is as vet unclear (see below). With both p-hydroxybenzoate
and 2,4-dihydroxybenzoate as a substrate the decay of intermediate III is
rate limiting in overall catalysis. With p-hydroxybenzoate as a substrate,
most probably for kinetic reasons, only intermediates I and III are detec-
table. In the presence of p-aminobenzoate again three intermediates are
observed {216].

The decay of intermediate I is dependent on the reactivity of the dif-
ferent substrates. With tetrafluoro-p-hydroxybenzoate as a substrate the
decay of this intermediate is about 100 times slower as compared to the
reaction in the presence of p-hydrox,bengoate and becomes rate limiting in
overall catalysis [237]. However with p-mercaptobenzoate oxygen transfer is
strongly stimulated as a consequence of the highly reactive thiol substi-
tuent [236].

The reactivity of the reduced flavinhydroperoxide has alsc been probed
using N5-alkyl-4A-hydroperoxide as a model compound [225,226]. In N- or S-
oxidations (¢f. liver microsomal moncoxygenase, Chapter 1.7) the reaction
rate of this model compound could be correlated with the pKa value of the
corresponding reduced (C4A)-hydroxyflavin. Though the reactivity of the
different FAD-dependent monooxygenases (Chapter 1.7) cannot simply be
explained by these observations this model study shows the importance of
the electronic distribution in the flavin ring (see also below).

The pH-dependence of the oxidative half reaction has been studied in
detail using 2.4-dihydroxybenzoate as a substrate [251]. For a better
separation of the individual reaction steps the experiments were performed
at 4 °C in the presence of 100 mM NaN5. Both the decay of intermediate I
and III were found to be base catalvzed whereas the decay of intermediate
Il was found to be acid catalyzed. Upon raising the pH the spectrum of
intermediate II shifts to longer wavelengths. Except for the decay of
intermediate I1II a pKa of about 7.8 could be calculated for the
pH-dependent transitions. This pKa was tentatively assigned either to the
product or to a tyrosine residue present in the active site [251]. Chemical
modification studies of the oxidized free enzyme have indicated the pre-
sence of an active site tyrosine residue showing a drastically lowered pKa
value [242,252].

Since hydroxylation of the substrate most probably occurs after for-
mation of intermediate II [216] the elucidation of the structural features
of this intermediate has received much attention {251]. Until now however
no direct experimental evidence has been obtained for the various proposed
structures [226,251]).

The substrate specificity of both p-hydroxybenzoate hydroxylase [216]
and phenol hydroxylase [253]| are consistent with an electrophilic aromatic
substitution reaction of phenolic cempounds. Therefore it seems plausible
that the distal peroxide oxygen leaves intermediate I as an oxene species
{5.218] yielding a positively charged oxygenated substrate intermediate.
From modelling studies using the refined crystal structure at 0.19 nm reso-
Jution [28] it was argued that such an intermediate might be stabilized by
the carbonyl oxygen atoms of both Pro-293 and Thr-294,

Recently a spectrum closely resembling intermediate Il was constructed
by combining the spectrum of intermediate I {or T1I) with the spectrum of
the +0H radical adduct of the substrate as generated by pulse radiolysis
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[254]. It was suggested that polarization of the peroxide bond in com-
bination with deprotonation of the 4-hydroxylgroup of p-hydroxybenzoate or
2,4-dihydroxybenzoate might favour the formation of both a C{4a)-alkoxyl
radical and a substituted hydroxycyclohexadienyl radical (after attack of
the substrate by the leaving <OH radical). However, until now it has not
been possible to detect any radical formatfon with these phenolic hydroxy-
lases. The possible ionization of the 4-hydroxyl group of the substrate
will be discussed below.

The ahove kinetic data clearly show the complexity of the hydrexyla-
tion reaction. The complex reaction sequence is modulated by a close co-
operation of flavin, bound substrate and (active site) amino acid residues.
The electronic structure of the flavin in the different redox states and
the role of different amino acid residues in catalysis is described below.

1.8.8 Amino acid seqguence

The amino acid sequence of the enzyme from Pseudomonas fluorescens has
been determined by Beintema and co-workers using chemical methods
[12,228,255-257]. The availability of the amino acid sequence has been of
utmost importance in both the refinement of the three-dimemsional structure
[28.258] and the assignment of chemically modified amino acid residues
[246,252,257}. For reference the complete amino acid sequence is given
below (Scheme 6):

1 & 10 15 20
mnt*lya-thr-gln-vll'ala-ils-ila“glyval3-gly-pr0-sar-;ly-1au-leu-lsu*glyvgln-lﬂu-
21 25 30 as 40
lou-his-lya-ala-gly-ile-2sp-asn-val-ile-lau-glu-arg-gln-thr-pro-asp-tyr-val-leu~
41 45 50 65 80
gly-arg-ile-arg-ala-gly-val-lou-glu-gln-gly-met-val-asp-leu-lau-arg- glu-ala-gly-
61 &5 T0 76 80
val-asp-arg-arg-wet-ala-arg-asp-gly-lou-val-his-glu-gly-val-glu-ile-ala-pha-ala-
81 85 90 95 100
gly-gln-arg-arg-arg-ile~aup-1eu~1ys-arg-lau-ser-gly-51y-lyl-thr‘val-thr-val-tyr-
101 105 110 115 120
gly-gln-thr-glu-val-thr-arg-asp-leu-mot-glu-ala-arg-glu-ala-cya-gly-ala-thr-thr-
121 125 120 135 140
val-tyr-gln-ala-ala-glu-val-arg-leu-his-asp-leu-gln-gly-glu-arg-pro-tyr-val-thr-
141 145 150 158 160
pha-glu-arg- aap-gly glu-arg-leu-arg-leu-asp-cys-asp-tyr-ile-ala-gly-cys-asp-gly-
181 1€. 170 irs 180
phe-hie-gly-ila-asr-arg-gln-ser-ile-pro-ala-gln-srg-leu-lya-val-pha-glu-arg-val -
181 185 190 195 200
tyr-pro-pha-gly-trp-leu-gly-leu-lau-ala-agp-thi-pro-pro-val-ser-his-glu-leu-ile~-
201 208 210 216 220
tyr-ala-un-hin-pro-arg‘glyvpba‘alrlau-cyu-aar-gln-ug-ur-ala*tbr-urg-aor-arg-
pral 225 230 235 240
tyr-tyr-val-gln-val-pre-leu-thr-glu-lys-val-glu-aep-trp-sor-asp-glu-arg-pha-tip-
241 245 250 2585 260
thr-glu-Jau-lye-ala-arg-leu-pro-ala-glu-val-ela-gly-lye-leu-val-thr-gly-pro-sar-
261 285 270 275 L]
leu-glu-lya-ser-ile-ala-pro-leu-arg-ser-phe-val-val-glu-pro-met-gln-hls-gly-arg~
281 285 290 295 ° 300
leu-phu-lnu-aln-gly-aap»nla—a)a—hu—:.la-val-pro-prn-thr—gly-ua-lyl-gly-leu-aan-
301 305 o 316 320
leu-ala-ala-sar-up-val-sar-thr-lsu-tyrurg-leu-lau-lou-lya-ala-tyr~arg-glu-gly-
a 325 330 335 340
arg-gly-glu-leu-leu-glu-arg-tyr-eer-ala-ila-cys- lou-arg-arg-ile-trp-lys-ala-glu~
341 345 360 as5 360
arg-phe-ser-trp-trp-met-thr-asr-val-leu-his-arg-phe-pro-agp-thr- asp-ala-phe-ger~
361 266 o 375 380
gln-arg-ile-gln-gln-thr-glu-leu-glu-tyr-tyr-leu-gly-ser-glu-ala-gly-lau-ala-thr-
asi 385 90 94
1le-ala-giu-asn-tyr-val-gly-leu-phe-tyr-glu-glu-ile-giu

Scheme 6. Amino acid sequence of p-hydroxybenzoate hydroxvlase.
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1.8.9 Three-dimenszional structure

The three-dimensional crystal structure of the enzyme-p-hydroxy-
benzoate complex was first elucidated at 0.25 nm resolution by Wierenga et
al. using heavy atom derivatives [14]. This structure has recently been
improved to 0.19 nm resolution using synchroton radiation for data collec-
tion and computer graphics methods for model refinement [28). The
crystaliization of free enzvyme (0.29 nm resolution) and enzyme complexed
with NAD(P)H (analogs) is much more difficult to achieve as compared to the
crystallization of the p-hydroxybenzoate complexed enzyme [27]. A model of
the enzyme-3,4-dihydroxybenzoate complex at 0.23 nm resolution has been
obtained by allowing the catalytical cycle to proceed in crystals of the
enzyme-p-hydroxybenzoate complex [259]. In the same way anaerobic reduction
of crystals of the enzyme-p-hydroxybenzoate complex has revealed a model of
the reduced enzyme-p-hydroxybenzoate complex at 0.23 nm resclution [28].
This strugture, lacking the presence of NADP* or NADPH, is very similar to
the structure of the oxidized enzyme-p-hydroxybenzoate complex [28]).

A schematic drawing, made by Jane Richardson, of the overall folding
of the enzyme-p-hydroxybenzoate complex at 0.25 nm resolution is given
below:

Figure 4. Overall folding of p-hydroxybenzoate hydroxylase.

The enzyme structure can be divided into three domains {27]: 1) the
FAD binding domain (residues 1-175), 2) the p-hydroxybenzoate binding
domain (residues 176~290) and 3} the interface domain {residues 291-394).
The active site is built up by amino acid residues from all three domains
[14,28].

The position of p-hydroxybenzoate and FAD, both deeply buried in the
interior of the protein, are depicted in Chapter 6 of this thesis. For more
details about different aspects of overall FAD binding the reader is
referred to Chapter 2 and X-rav diffraction studies [28,68,258-260].

The refined crystal structure has revealed many interesting details
about the binding pocket of p-hydroxybenzoate [28,260]. The substrate is

40




bound tightly via its carboxylic moiety by formation of a salt bridge with
the guanidinium group of Arg-214 [14,258]. The carboxyl group is also in
(hydrogen bonding)} contact with Tyr-222 and Ser-212. The side chains of
Tyr-201, Pro-293 and Thr-294 are within hydrogen bonding distance of the
hydroxyl moiety of the substrate. Tyr-385 points its side chain towards the
hydraxyl group of Tyr-201. After product formation the side chain of
Tyr-201 still makes an excellent hydrogen bond with the 4'-hydroxyl group
of the product whereas the carbonyl moiety of Pro-293 now is in hvdrogen
bonding distance of the inserted 3'-hydroxyl group [259¢]. The 3'-hydroxyl
moiety of the product is located quite close to the C4A and N5 position of
the flavin ring supperting the role of this part of the flavin in the pro-
posed reaction sequence described above.

A difference of about one order of magnitude has been reported for the
binding constants of substrate and product respectively [238]. The crystal
stucture of the enzyme-3,4-dihydroxybenzoate complex at 0.23 nm resolution
still needs further refinement in order to give a satisfactory explanation
for the different binding constants observed.

1.8.10 The isoalloxazine ring

Besides the kinetic studies discussed above the raole of the isocalloxa-
zine ring of FAD in catalysis has been probed by using the following tech-
nigques:

1) X-ray diffraction studies {(computer graphics modelling}.

2) '3C and '3N NMR studies on apoprotein reconstituted with FAD, iso-
topically enriched in the isoalloxazine ring.

3) Kipetic studies on apoprotein reconstituted with FAD, chemically
modified in the isoalloxazine ring.

1} X-ray diffraction

The refined crystal structure at 0.19 nm resolution has yielded
detailed information about the static conformation of the isoalloxazine
ring, the possible interactions of the flavin-moiety with surrounding amino
acid residues and the position of fixed solvent molecules in the active
site of the oxidized enzyme-p-hydroxybenzoate complex {28].

Restrained refinement shows a small twisting of the nearly planar fla-
vin ring, consistent with the planarity found from NMR results {235]). The
nitrogens of the active site loop from residue 295-300 (comprising the
nitregens cof Gly-298 and Leu-299 at the beginning of helix H-10)} are within
hydrogen bonding distance of the flavin N1 atom. The N3-04 region of the
flavin ring is in close contact with the peptide groups of Gly-46 and
Val-47. No side chains of amino acid residues are involved in flavin
binding. Two fixed solvent molecules (Sol-579 and S0l-717) are supposed to
bind in the entrance of the proposed nicotinamide binding pocket (just
above Pro-293) at the reface of the flavin ring.

In the reduced state of the enzyme-p-hydroxybenzoate complex part of
the xylene ring (C6-C8) is solvent accessible [28]. From modelling studies
using 4a,5-epoxyethano-3-methyl-4a,5-dihydrolumiflavin as a model compound
it has been argued that both the stahility and reactivity of the reduced
flavin-(C4A)hydroperoxide intermediate might be enhanced by an increased
strength of the hydragen bonds between flavin 04 and the nitrogen groups of
Gly-46 and Val-47 [260}.

In a more recently study the most likely position of the distal oxygen
of the reduced flavin C4A-hydroperoxide intermediate was obtained by com-
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puter rotation of the distal peroxide oxygen around the C4A-proximal oxygen
bond [28]. The peroxide anion fits best in a position above the reface of
the flavin ring, close to Pro-293. It should be remembered here that the
nicotinamide moiety of NADPH is also believed to bind in this region near
the flavin ring.

In order to arrive at the hydroxylation site it is postulated that the
distal peroxide oxygen takes up a proton from a nearby situated solvent
molecule and moves towards the hydroxylation site by a rotation around the
C4A-proximal oxygen bond [28). In contrast to the praposal mentioned above
{260], polarization of the oxygen-oxvgen bond is now believed to be stimu-
lated by the partially negatively charged carbonyl oxygens of Pro-293 and
Thr-294.

2) Y3C and '®N NMR studies

The reactivity of flavin coenzywes within the restricted region of a
protein active site is strongly depcndent on the electronic distribution of
the isoalloxazine ring during catalysis. To date, '3C NMR is the most
powerful technique to study this electronic distribution in detail [22].
Moreover '*N NMR studies yield information about hydrogen bonding interac-
tions. It should be noted here that only flavin intermediates can be
studied which are stable during the time scale of the NMR experiments.

With p-hydroxvbenzoate hydroxylase from P.fluorescens the apoprotein
has been reconstituted with both C2,4A, C4,10A and N1,3,5,10 isotopically
enriched FAD. NMR studies have been performed on bath oxidized and reduced
enzyme either in the absence or presence of p-hydroxybenzoate [235]. The
results obtained have been interpreted by comparison the chemical shifts
observed with results obtained for FMN in water, tetraacetylriboflavin in
chloroform and results obtained with a set of other flavoproteins
[19,20,281,282].

From the resonances observed for free oxidized enzyme it cam be
concluded that in this state the isoalloxazine ring is fairly solvent
accessible. Upon binding of p-hydroxybenzoate the chemical shift observed
indicates that the N(5) atom becomes shielded from solvent. The upfield
shifts observed for all other enriched atoms are consistent with the con-
formational change observed on p-hydroxybenzoate binding [238) and are pro-
bably related to a repositioning of helix H-10 pointing with its positive
end towards the active site [258].

In the reduced state of free enzyme the N{1) atom becomes ionized.
This has also been observed with most other flavoproteins studied sofar
[19,20,262]. Reduced flavin is bound in a more planar configuration as com-
pared to free flavin in solution. Upon binding of p-hydroxybenzoate the
resonances of N{1), C(10A) and N(10) shift sharply upfield, most probably
as a consequence of a conformationial change comparable to oxidized enzyme.

From the NMR results it is concluded that in the reduced state the
N(5) atom is in a planar and the N(10) atom in a slightly bended con-
figuration. Comparable results have been obtained with the related bac-
terial luciferase [19]. In contrast, both é-hydroxy-L-nicotine oxidase
[262} and glucose oxidase [263] show the appearance of a bended N(5) and a
sp2 hybridized N(10) atom.

Delocalization of electron density from N(10) can be accomodated by
both carbonyl groups and by C(4A), C(5A), C(7) and C(8) respectively. On
the other hand, delocalization of electron density from N(5) can be accomo-
dated by C{6), C(8), C{9A) and C{10A) [261]. It is believed that the oppo-
site hybridization states of both the N(5} and N(10) atom in hydroxylases
and oxidases respectively are an important factor in regulating the reac-
tivity of the iscalloxazine ring during catalysis [235].
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The C{4A)hydroperoxide intermediate in bacterial Iluciferase, as
studied by '3C NMR, shows electronegative character as a caonsequence of its
almost planar structure [222]. The C(4A) atom can easily attain sp2
character due to electron delocalization via the planar N{5) atom (see also
above).

The chemical reactivity of reduced flavin C(4A)hydroperaxide has also
been probed using model flavin compounds [226]}. These studies indicate that
oxygen transfer from flavinhydroperoxides is dependent on the possible sta-
bilization of the anionic C(4A)hydroxyflavin. Morecver, the high reactivity
af reduced flavin C{4A)Yhydroperoxide is a consequence of the electronega-
tive character of the C{4A) atom [226].

In oxidases attack of substrate reduced flavin by oxygen is believed
to occur also via formation of a reduced flavin C(4A)hydroperoxide inter-
mediate [249]. The decay of the intermediate to form exidized enzyme and
Hp0o however is much faster as compared to the moncoxygenases. The instabi-
iity of the reduced flavin C(4A)hydroperoxide might be related to the less
electronegative character of C(4A) as a consequence of the bended con-
figuration of N(5) and increased electron density at C(4) due to electron
delocalization from N{10}.

In contrast to the oxidases in both p-hydroxybenzoate hydroxylase and
luciferase the N{3}H-C(4)=0 part of the flavin nucleus seems not to be
involved in electron deleocalization from C(4A). This part of the flavin is
believed only to be respensible for binding to the apoprotein moiety.

From the above-mentioned results it is concluded that in p-hydroxy-
benzoate hydroxylase polarization of the flavin C(4A)hydroperoxide by
charge delocalization from C(4) towards O{4a) [260] seems very unlikely.
Polarization of the reduced flavin C(4A) hydroperoxide by the nearby
situated partially negatively charged carbonyl oxygens from Pro-293 and
Thr-294 [28] might be a more attractive alternative and is alse in accor-
dance with an oxene mechanism.

3) Replacement by artificial FAD

The active site of p-hydroxybenzoate hydroxylase has alsoc been probed
with a variety of chemically modified FAD analogues. The most important
analogues as summarized in Table 5 can be divided in either chemically
reactive or mechanistic probes [6].

Chemically reactive probes have been used to study the scolvent
accessibility of different parts of the flavin nucleus in either the free
enzyre or the enzyme-p-hydroxybenzoate complex. Using 8-chloro- and
8-mercapto-FAD as reactive probes (Table 5) it has been shown that this
part of the xylene moiety of the flavin ring is in clese contact with bulk
solvent in both the free enzyme and the enzyme-p-hydroxybenzoate complex
[269]. These results are in good agreement with the X-ray data obtained
fram the corresponding crystal structures [27,28]. Accessibility of the
8-position of FAD to solvent has also been observed in both free and
substrate-complexed phenol hydroxylase from T.cutaneum [271].

In free enzyme reconstituted with 2-thio-FAD the 2-thieol anion reacts
readily with methyl methanethiosulfonate to yvield the corresponding flavin
disulfide. However the reaction with methyl methanethiosulfonate is con-
siderably inhibited in the presence of p-hydroxvhenzoate {264]. These
results indicate that the 2-position of the pyrimidine subnucleus of the
modified flavin ring s solvent accessible in the free enzyme but relati-
vely inaccessible in the enzyme-p-hydroxybenzoate complex [264]. The dif-
ference in reactivity is most probably related to the repositioning of
helix H-10 upon substrate binding. In contrast with these results
2-thio-FAD reconstituted phencol hydroxylase hardly reacts with methyl
methane thiosulfonate both in the absence or presence of phenol [271].
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Table 5. Chemically modified FAD analogues used to probe the active site
of p-hydroxybenzoate hydroxylase.

Compound Chemical agent Mechanism Ref.
1-deaza-FAD no oxidase 54
2-thio-FAD Methylmethane- oxidase 264
thiosulfonate 265
H0p
4-thio-FAD Sulfite oxidase 266
6-hydroxy-FAD no hydroxylase 267
oxidase
7-broma-FAD Photoreduction hydroxylase 263
8-chloro-FAD Photoreduction hydroxylase 268
NasS
Thiophenol
8-mercapto-FAD Todoacetamide n.d, 269

Iodvacetic acid

8-sulfonyl-FAD no hydroxylase 270
8-hydroxy- ne n.d. 51
5-deaza-FAD

(reduced)

The formation of N(S)sulfite adducts is one of the classical parame-
ters used to probe the reactivity of the flavin prosthetic group within
different flavoproteins [272]. With native p-hydroxybenzoate hydroxylase no
N(5}sulfite adduct is formed [272]. 4-Thio-FAD-reconstituted enzyme slowly
forms 4-hydroxy-4-sulfonyl-FAD with suifite like free 4-thioriboflavin
under aerobic conditions [266]. In contrast 4-thio-FAD D-amino acid oxi-
dase, like native enzyme, readily forms the N{5)sulfite adduct [266].
However, from these results no conclusions can be drawn for the accessibi-
lity of this part of the flavin moiety.

Both 7-bromo- and 8-chlero-FAD reconstituted enzymes can be dehaloge-
nated upon photoreduction yielding the corresponding 7- and 8-nor-FAD enzy-
mes [268]. All four enzymic forms show catalyical activity comparable to
native enzyme with p-hydroxybenzoate acting also as an effector. Upon pho-
toreduction of the 7- or 8-halogen-substituted enzymes in the absence of p-
hvdroxybenzoate, in contrast to native enzyme, the red anionic flavin semi-
gquinone is stabilized kinetically. Although this observation might be
solely a result of the intrinsic properties of the chemically modified FAD
analogues, it couwld also reflect different kinetic effects on stabilization
of the radical as compared to native free enzyme [268].

Recently 8-demethyl-8-hydroxy-5-deaza-5-carba analogues of FMN and FAD
have been used to probe the stereochemical reduction of the prosthetic
group within different flavoproteins [51,274]. Stereochemically reduced
flavin can be obtained by reduction of 8-hydroxy-5-deaza FAD reconstituted
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general acyl-CoA dehydrogenase with tritium labeled sodium borohydride
[51]. After binding to apo p-hydroxybenzoate hydroxylase the stereochemical
reduced flavin analogue could be reoxidized by AcPyADP* in the presence of
p-hyvdroxybenzoate. Analytical gel filtration of the reaction mixture
revealed that most of the radicactivity co-eluted with AcPyADP* [51].
Comparable results were obtained with glutathione reductase from humann
erythrocytes {51].

In glutathione reductase [#4] it is known that NADP* binds at the re
face of the flavin ring. Therefore it is concluded that in p-hydroxyben-
zoate hydroxylase NADPH alsc binds at the re face of the flavin ring [51].
As already discussed above these results are in good agreement with the
crystal structure data of the enzyme-p-hydroxybenzoate complex at 0.19 nm
resolution [28].

It should be noted here that all FAD-dependent disulfide oxidoreduc-
tases (Chapter 1.5), PAD-dependent fatty acid acyl-CoA dehydrogenases
(Chapter 1.6) and FAD-dependent monocoxygenases {Chapter 1.7) tested sofar
show re side stereospecificity [51]. Until now si side stereospecificity
has only been observed with L-lactate oxidase from Mycobacterium smegmatis
and D-lactate dehydrogenase from M.elsdenii {274].

Different chemically modified FAD analogues have been used to probe
the reaction mechanism of p-hydroxybenzoate hydroxylase from P.fluorescens.
Despite an overwhelming amount of kinetic data these studies have not
allowed a definitive assignment of the different intermediates found in the
reaction sequence of native enzyme [267].

With 1-deaza-FAD reconstituted enzyme the affinity of NADPH and p-
hydroxybenzoate for oxidized enzyme is comparable with native enzyme [54].
The rate of NADPH reduction, in the presence of p-hydroxybenzoate, is about
11% as compared to native enzyme.

In the oxidative half reaction the reduced flavin 1-deaza-C({4A)hydro-
peroxide can be produced but the ability to hydroxylate p-hydroxybenzoate
and other substrates is lost [54]. The inability to hydroxylate the
substrate might be a consequence of either (or both) a slightly misorien-
tation or a difference in the electronic distribution of the oxygenating
species. Similar results have been obtained with other FAD-dependent aroma-
tic hydroxylases [6]. In contrast both 1-deaza-FMN reconstituted bacterial
luciferase {275} and 1-deaza-FAD reconstituted cyclohexanone monooxygenase
[217] are fuily competent in oxygen transfer.

2-Thio-FAD reconstituted enzyme has also lost the ability to hydroxy-
late p-hydroxybenzoate [265]. However, the rate of reduction of the
modified enzyme, in the presence of p-hydroxybenzoate, is increased by a
factor 7 as compared with native enzyme. The very slow reaction of reduced
enzyme with oxygen can be explained by the very high Km (03) value found
from steady state kinetics. Again, as with 1-deaza-FAD modified enzyme,
most probably the reduced C{4A) peroxide intermediate can be formed but
readily decomposes to yield HpOp and oxidized flavin [265].

With 4-thio-FAD reconstituted enzyme, most probably reduced flavin
4-thio-C{4A)hydroperoxide is produced [273]}. In the presence of the effec-
tor 6-hydroxynicotinate the intermediate undergoes slowly desulfurization
upon single turnover yielding native oxidized enzyme again. However, in the
presence of 2,4-dihydroxybenzoate as the substrate, the intermediate breaks
down to yield Hp0p and 4-thio-FAD oxidized enzyme [273]. Again, with
4-thio-FAD reconstituted enzyme, no hydroxylation is observed.

The reaction mechanism of 6-hydroxy-FAD reconstituted p-
hydroxybenzoate hydroxylase has been studied in considerable detajl [267].
This flavin occurs naturally in glycollate oxidase and electron trans-
ferring flavoprotein [276] but its biclogical function is still unknown
[277]. In solution the transition of the yellow neutral to the greenish
anionic form of 6-hydroxy-FAD shows a pKa value of 7.1 [276]. Upon binding
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to apo p-hydroxybenzoate hydroxylase the pKa value shifts to 6.2 in the
free enzyme and to 6.8 in the enzyme-p-hydroxybenzoate complex respectively
[267].

The binding of NADPH to oxidized modified enzyme, the reduction path-
way of modified enzyme in the presence of substrate and the oxidative half
reaction of modified enzyme in the absence of substrate are all comparable
to native enzyme. However, the affinity of p-hydroxyvbenzoate for oxidized
modified enzyme (pH 7.0} is decreased by a factor of about ten [267].

With p-hydroxybenzoate, p-aminobenzoate and p-mercaptobenzoate as a
substrate the rate of catalytical turnover is about 15% as compared to
native enzyme {pH 6.6, 4 °C). With these substrates an increased rate of
nonproductive decomposition of the reduced flavin 6-hydroxy-C{4A)hydro-
peroxide intermediate, yielding different ratio of both the normal products
and Hp0z, was observed. Moreover with p-hydroxybenzoate as a substrate pro-—
duct release becomes rate limiting in catalytical turnover. No new spectral
evidence could be obtained for the process of oxygen transfer [267].

in the presence of 2,4-dihydroxybengoate as a substrate, the entire
reaction pathway is different from native enzyme. Although the affinity of
oxidized modified enzyme for 2,4-dihydroxybenzoate is comparable to native
enzyme, upon NADPH reduction, the effector role of 2,4-dihydroxybenzoate is
lost., These results indicate that the introduction of an additional
hydroxyl group at specific positicns in both flavin and substrate must pre-
vent the effector induced correct orientation between flavin and NADPH
[267].

Almost no hydroxylation occurs in the oxidative half-reaction of
reduced modified enzyme in the presence of a high concentration of 2,4-
dihydroxybenzoate. This is most probably a consequence of the very weak
interaction between 2,4-dihydroxybenzoate and reduced modified enzyme
[267]. From these results it has been argued that the conformation of the
active site in the substrate-complexed reduced enzyme must differ from the
substrate-complexed oxidized enzyme [267]. From NMR and X-ray data on beth
native enzyme complexes, however no indications for such differences are
found [28,235]. Steric interference of the 6-hydroxyl group of the reduced
modified flavin with the 2'-hydroxyl moiety of 2,4-dihydroxybenzoate
however cannot be excluded [267].

Finally the reaction mechanism of p-hydroxybenzoate hydroxylase has
also bheen probed using 8-sulfonyl-FAD reconstituted enzyme [270]. In the
presence of 2,4-dihydroxybenzoate the pH dependence and reaction rates of
the different steps in oxygen transfer are comparable to native enzyme. The
absorption spectrum of intermediate II in 8-sulfonyl-FAD reconstituted
enzyme [270] is blue shifted as compared to the corresponding spectrum of
native enzyme [216]}. Upon raising the pH the spectrum becomes red shifted,
showing a pKa value of 7.8. The spectrum has been discussed with respect to
the ring open structure as originally suggested by Entsch [216]. From the
absorption spectrum alone however no coanclusions can be drawn about the
electron distribution of the modified flavin ring in the different tran-
sition states {22].

1.8.11 Chemical modification studies

In addition to the various techniques described above chemical modifi-
cation studies can vield valuable information about:
1} the amino acid residues involved in binding of both p-hydroxyben-
zoate and NADPH
2) differences in the dynamic structure of free enzyme and enzyme-
ligand complexes.
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In general chemical modification studies can be performed by using
either group-specific or site-selective reagents. For more details about
the general applicability of the various reagents the reader is referred to
the thesis of Wijnands [25} and references therein.

The chemical modification of p-hydroxybenzoate hydroxylase has been
studied by applying both group-specific and affinity labeling reactions:

1} Group-specific modification

Group-specific modification studies have both been performed with the
enzymes from P.fluoregscens and P.desmolytica. The different reagents used
are summarized in Table 6.

A short review of the results obtained with both enzymes is given
below:

Enzyme activity of the enzyme from P.fluorescens is not affected by
sulfhydryl reagents like N-ethylmaleimide and DTNB [156]. In the native
enzyme only one cysteine residue is accessible for these reagents [156].
Unfolding in the presence of GuHCl yields five DTNB-titrable cysteine resi-
dues [156] which is in accordance with the amine acid sequence [12]. The
assignment in the sequence of the only accessible cysteine residue is
described in Chapter 5.

Enzyme activity of the enzyme from P.desmolytica can be blocked by
covalent modification using phenylglyoxal [278]. It was concluded that phe-
nylglyoxal reacts with an active site arginine residue interacting with the
carboxylic moiety of p-hydroxybenzoate. This is in agreement with the
three-dimensional structural data of the enzyme from P.fluorescens
[14,258].

Arginine modification of the enzyme from P.fluorescens is quite
complex [279]. Modification by phenylglyoxal leads to loss of the enzyme
capacity to bind both p-hydroxybenzoate and BADPH. From guantitation and
protection experiments it was concluded that two arginine residues are
essential for catalysis. One essential arginine residue is protected from
modification in the presence of p-hydreoxybenzoate whereas the other essen-
tial arginine residue is protected from modification in the presence of
NADPH.

Unfortunately the labile modified amino acid residues could not be
identified by sequencing of radioactive labeled peptides.

Arginine modification of the enzyme from P.fluorescens by 2,3-butane-
dione shows pseudo-first-order inactivation but does not influence the
binding of both p-hydroxybenzoate and NADPH [279]. Sequential modification
studies confirmed the findings that phenylglyoxal and 2,3-butanedione react
with different sets of arginine residues [279].

From photo-oxidation of the enzyme from P.desmolytica it was concluded
by Shoun et al. [281]} that a histidine residue with a pKa value of 7.0 is
involved in substrate binding by hydrogen bonding of the phenolic moiety of
p-hydroxybenzoate. This however is not in agreement with the three-
dimensional data of the enzyme from P.fluorescens [28]. Results obtained
from modification studies with the enzyme from P.fluorescens [242,252,257}
indicate that the reported loss of activity most probably is related to
modification of a tyrosine residue present in the p-hydroxybenzoate binding
site.

With both the enzymes from P.desmolytica {280] and P.fluorescens [242]
inactivation by diethyl pyrocarbonate at pH values below 7.0 can be related
to the modification eof histidine residues,

In the case of the enzyme from P.desmolytica the inactivation was
correlated with the modification of a single histidine residue showing a
pKa value of about 6.6 [280]. Enzyme activity could be restored by treat-
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Table 6. Group-specific modification of p-hydroxybenzoate hydroxylase.
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ment of modified enzyme with hydroxylamine. The inactivation reaction is
inhibited in the presence of NADPH. The modified enzyme, as compared to
native enzyme, showed the same affinity for p-hydroxybenzoate but a drasti-
cally decreased affinity for NADPH.

With the free enzyme from P.fluorescens four out of nine histidine
residues can be modified in a biphasic process [242]. During the first
phase of the inactivation, one histidine is modified yielding about 70 %
residual activity. During the second phase of the inactivation, the addi-
tional three histidine residues are modified with complete loss of acti-
vity. Two of the latter histidine residues, both showing & pKa value of
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6.2, were found to be essential for activity and are modified in a coopera-
tive process. Inactivation was completely reversible on addition of
hyvdroxylamine. Modified enzyme showed strongly decreased affinity for
NADPH. Though effectors protect two histidine residues from modification,
the affinity of p-hydroxybenzoate for modified enzyme is comparable to
native enzyme.

The instabjlity of ethoxyformylated histidine residues has not allowed
their assignment in the amino acid sequence. From the three-dimensional
model of the enzyme-p-hydroxybenzoate complex at 0.25 nm resolution [14]
His-162 and His-289 were tentatively assigned to be involved in the
cooperative inactivation process [242]. His-162 is believed to be the only
histidine residue directly involved in binding of the 2',5'-ADP moiety of
NADPH [27].

With both the free enzymes from P.desmolytica [280] and P.fluorescens
[242] it has been reported that inactivation by diethyl pyrocarbonate is
strongly enhanced at pH values above 7.0. From protection experiments it
was concluded for the enzyme from P.desmolytica that either arginine, tyro-
sine or histidine residues, situated in the binding site of p-hydroxyben-
zoate, were modified [280].

Diethyl pyrocarbonate inactivation of the enzyme from P.fluorescens at
pH values above 7.0 is inhibited by p-fluorcbenzoate [242]. From UV dif-
ference spectra the inactivation reaction was related to tyrosine modifica-
tion at the p-hydroxybenzoate binding site. This interpretation has been
confirmed by performing sequential modification studjes [257].

2) Affinity labeling

The application of affinity labeling for studying the structure-
function relation of enzymes has received much attention. A review about
the strategy of active site directed reagent 'design' and directives for
the interpretation of obtained results is given by Plapp [282}.

Affinity labels used for the chemical modification of p-hydroxvyben-
zoate hydroxylase from P.fluorescens are sumearized in Table 7.

It is well-known that protein sulfhydryl groups are very sensitive
towards mercurial reagents [283]. The inactivation by p-chioromercuriben-
zoate is a general applied method to indicate the presence of cysteine
residues in an enzyme active site [284]. In the case of p-hydroxybenzoate
hydroxylase this reagent is especially interesting as its structure closely
resembles the structure of p-hydroxybenzoate.

The enzyme from P.fluorescens is almost completely inactivated by a
small excess of p-chloromercuribenzoate [156]. Details about the chemical
modification of sulfhydryl groups by mercurial reagents, the assignment in
the sequence and the implications for enzyme activity are described in
Chapter 5.

Chemical modification of the enzyme from P.fluorescens by both diethyl
pyrocarbonate [242] and p-chloromercuribenzoate (Chapter 5) have indicated
the presence of catalytically important tyrosine residues in the p-hydroxy-
benzoate binding site. These results are in agreement with data obtained
from the X-ray diffraction pattern of the enzyme-p-hydroxybenzoate complex
[14]. Fitting of the amino acid sequence to the electron-density map at
0.25 nm resolution has revealed that both Tyr-201, Tyr-222 and Tyr-385 are
pointing their side chain towards bound substrate [258].

Interestingly, monitoring p-chloromercuribenzoate modification of free
enzyme by UV difference spectroscopy (Chapter 5) indicates that probably
one of these tyrosine residues shows a pKa value of about 7.6.
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Table 7. Affinity labeling of p-hydroxybenzoate hydroxylase.
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The reactivity of the different tyrosine residues has been probed by
using the affinity label p-diazoniumbenzoate [257]}. Modificatiom by p-
diazoniumbenzoate abolishes the affinity of the enzyme for p-hydroxyben-
zoate. The inactivation reaction is inhibited by the effector p-fluoroben-
zoate. From sequencing radicactive labheled peptides it was concluded that
loss of enzymic activity is caused most probably by modification of
Tyr~-222.

Chemical modification by diethyl pyrocarbenate at pH values above 7.0
is also inhibited by p-fluorobenzoate [242] and prevents the binding of p-
hydroxybenzoate [257]. Prior reaction with diethyl pyrocarbonate at pH 8.0
doesnot prevent the enzyme from azo coupling by p-diazoniumbenzoate.
Moreover sequential labeled enzyme 1s not reactivated by hydroxylamine
indicating that diethyl pyrocarbonate reacts most probably with either
Tyr-201 or Tyr-385.

Both these tyrosine residues are involved in the binding of the
hydroxyl moiety of the substrate [258)]. From p-chloromercuribenzoate
labeling it has been proposed that in the free enzyme one of the active
site tyrosine residues is easily ionized (Chapter 5). Diethyl pyrocarbonate
modification at pH 6.0 and diethyl pyrocarbonate modification at pH 8.0 in
the presence of p-fluorobenzoate do not prevent the production of the UV
difference spectrum generated by p-chloromercuribenzoate leaheling [257].
The UV difference spectrum however, is not produced anymore by prelabeling
with diethyl pyrocarbonate at pH 8.0. These results strongly indicate that
either Tyr-201 or Tyr-385 posesses the observed pKa value of about 7.6. It
should be noted here that in the refined three-dimensional models of hoth
the enzyme-substrate and enzyme-product complex [28] Tyr-201 is in hydrogen
bonding distance of the p-hydroxyl meiety of both ligands.

From kinetip studies on the pH dependence of the overall reaction it
has been proposed for both the enzymes from P.desmolytica [281)} and



P.fluorescens [157] that the hydroxyl group of p-hydroxybenzoate might
ionize upon enzyme-substrate complex formation. It should be remembered
here that pH 8.0 is the optimum pH for overall catalysis. From a chemical
point of view ionization of the substrate could facilitate the hydroxyla-
tion reaction by favouring electrophilic attack at the 3'-position of

the substrate [216].

As noted above {Chapter 1.8.7) the different steps of the oxidative
half reaction In the presence of 2,4-dihydroxybenzoate are strongly pH
dependent [251]. All pH-dependent transitions could be fitted by pKa values
between 7.5 and 7.9 and were attributed to either the product or a tyrosine
residue in the active site [251].

Ionization of the 4-hydroxyl group of the substrate is not expected to
be very favourable in case of ionization of Tyr-201.

Therefore, in order to possibly discriminate between the different propo-
sals mentioned above, in Chapter 7 the pH-dependent properties of both free
enzyme and enzyme-substrate{analogs) have been studied in more detail by
the use of different spectroscopic techniques.

Unfortunately, until now both group-specific modification studies
[242,279] and crystallization experiments ([27] have not allowed a detailed
description of the NADPH binding site. The possible involvement of His-162
and different arginine residues in NADPH binding have been discussed by van
der Laan [27].

In many nucleotide-dependent enzymes either NAD or FAD are bound in a
characteristic 8af (Rossmann) fold [68,69,287,288]}. For instance, in glu-
tathione reductase both FAD and NADPH are associated with such a fold
[66,94,289]. In p-hydroxybenzoate hydroxylase however, only a single
Rossmann fold, involved in FAD binding, is present [28,68].

As pointed out by van der Laan [27], the gquite different topology of
NADP-dependent enzymes with known X-ray structure considerabbly hampers the
prediction of the NADPH binding site in p-hydroxybenzoate hydroxylase.

(Photo)affinity labeling using chemically reactive pyridine nucleotide
analogs [290] can yield information about amino acid residues possibly
involved in NADPH binding. In Chapter 6 the covalent modification of the
enzyme by 5'-(p-fluorosulfonylbenzoyl)adenosine has been studied in more
detail.

From the above-mentioned results it will be clear that, for even better
understanding the complete catalytical event, conditions have to be found,
considerably decreasing the rates of the different reaction steps, without
altering the active site geometry too dramatically. In native enzyme, in
the presence of p-hydroxybenzoate {(pH 6.6, 4°C), the speculative inter-
mediate II is kinetically invisible. Under the same conditions in the pre-
sence of 2,4- dihydroxybenzoate or p-aminobenzoate the lifetime of inter-
mediate II is in the order of seconds [216]. Assignment of intermediate II
by 33C NMR by stabilization at subzero temperatures therefore will be dif-
ficult. -

It will be a tedious but challenging task to see if stabilizing con-
ditions can be created by preparing mutant enzymes [291]. As the use of
binding energy is the important factor in catalysis, nondisruptive muta-
tions might give more information about hydrogen-bonding site chains in the
active site important for binding and catalysis. In this respect it should
be remembered here that both X-ray and chemical modification experiments
show that all three domains are involved to achieve optimal active site
geometry.

The preparation of mutant enzymes might also give more information
about other structural features (i.e. the 'unusual' mode of NADPH binding}
as well.

Finally, better characterization of other FAD-dependent aromatic
hydroxylases is required as well, in order to get more insight in the fine
tuning of the active sites of the different enzymes.

51




REFERENCES

@ ®Ol N =

10.

11.

12.

13.

14.

15.

16.

17.
18,
19.
20.
21.
22.
23.
25.
26,
27.
28.
29.
30.

32.
32a.

34.

35.

Singer, T.P. and McIntire, W.S. (1984) Methods Enzymecl. 106, 369-378.
Hederstedt, L. (1986} Methods Enzymol. 126, 399-414.

Massey, V. and Hemmerich, P. (1980) Biochem. Rev. 8, 246-257.
Miiller, FP. (1983) Topics in Current Chemistry 108, 71-107.
Miiller, F. (1985) Bioch. Soc. Trans. 13, 443-447.

Massey, V. and Ghisla, $. (1986) Bicchem. J. 239, 1-12.
Miiller, F. (1987) Free Radical & Medicine 3, 215-230.

Miller, F., Ghisla, S. and Bacher, A. (1988) in: Vitamine II (Isler,
0., Brubacher, G., Ghisla, S. and Krdutler, B., eds.) pp. 50-159, Thieme
Verlag, Stuttgart, New York.

. Massey, V., Palmer, G. and Ballou, B.P. (1971} in Flavins and

Flavoproteins {Kamin, H., ed.) pp. 349-361, University Park Press,
Baltimore.

Massey, V. and Hemmerich, P. {1982) in Flavins and Flavoproteins
{Massey, V. and Williams, C.H., eds.) pp. 83-96, Elsevier/North
Holland, New York.

Williams, C.H., Jr. {1976) in: The Enzymes (Boyer, P.D., ed.) 13,
89-173, Academic Press, New York.

Weijer, W.J., Hofsteenge, J., Vereyken, J.M., Jekel, P.A. and Beintema,
J.J. (1982} Bioch. Biophys. Acta 704, 385-388.

Mayhew, S.6. and Ludwig, M.L. (1985} in: The Enzymes, 3rd edn. (Boyer,
P.D., ed.) 12, 57-118, Academic Press, New York.

Wierenga, R.K., De Jong, R.J,, Kalk, K.H., Hol, W.G.J. and Drenth, J.
{1979) J. Mol. Biol. 131, 55-73.

Wilchek, M., Miron, T. and Kohn, J. (1984} Methods Enzymol. 104,

3-55.

Flavins and Flavoproteins (1987) Proceedings of the Ninth International
Symposium Atlanta, Georgia, USA, June 7-12 (Edmonson, D.E. and
Mc.Cormick, D.B., eds.) Walter de Gruyter, Berlin.

Sedlmaler, H., Miller, F., Keller, P.J. and Bacher, A. (1887} Z.
Naturforsch. 42c, 425-429.

Beinert, W.D., Riterjans, ¥. and Maller, F. (1985) Eur. J. Biochen.,
152, 573-579.

Vervoort, J., Miiller, F,, 0'Kane, D.J., Lee, J. and Bacher, A. (1986}
Biochemistry 25, 8067-8075.

Vervoort, J,, Miller, F., Mayhew, S.G., Van den Berg, W.A.M., Moonen,
C.T.W. and Bacher, A. (1986) Biochemistry 25, 6789-6799.

Miura, R. and Miake, Y. {1987) J. Biochem. 101, 581-589.

Miiller, F., Vervoort, J., Van Mierlo, C.P.M., Mayhew, 5.G., vVan Berkel,
W.J.H. and Bacher, A. (1987) in Flavins and Flavoproteins {(Edmonson,
D.E. and Mc. Cormick, D.B., eds.) pp. 261-270, W. de Gruyter, Berlin.
Hofsteenge, J. (1981) Thesis, Univ. Groningen.

. Weijer, W.J. (1983) Thesis, Univ. Groningen.

Wijnands, R.A. (1984) Thesis, Univ. Wageningen.

Wierenga, R.K., (1978) Thesis, Univ. Groningen.

Van der Laan, J.M. (1988) Thesis, Univ. Groningen.

Schreuder, H.A. (1988) Thesis, Univ. Groningen.

Theorell, H. (1935) Biochem. Z. 278, 263-290.

Husainr, M. and Massey, V. (1979) Methods Enzymol. 53, 429-437.

. Warburg, 0. and Christian, W. (1938) Biochem. Z. 298, 150-168.

Strittmatter, P. (1961) J. Biol. Chem. 236, 2329-2335,
Strittmatter, P. {(1967) J. Biol. Chem. 242, 4630-4636,

. Kalse, J.F. and Veeger, C. (1968) Biochim. Biophys. Acta 159, 244-256.

Staal, G.E.J., Visser, J. and Veeger, C. {1969) Biochim. Biophys. Acta
185, 39-48.
Swoboda, E.P. (1969) Biochim. Biophys. Acta 175, 365-379.

52



36.
37.
38.

39.
. Gast, R., Valk, B.E., Miiller, F., Mayhew, 5.G. and Veeger, C. (1976)

41.
. Abramovitz, A.S. and Massey, V. (1976) J. Biol. Chem. 251, 5327-5336.
43.
44,
45.
46
47,
48.
. Moare, E.G., Cardemil, E. and Massey, V. (1978) J. Biol. Chem. 253,
50.
51.
52.
53.
54.
55.
56.
57.
58.
59.
60.
61.
. Veeger, ., Voetberg, H., Visser, J., Staal, G.E.J. and Koster, J.F.
63.

64,
. Schreuder, H.A., Van der Laan, J.M., Hol, W.G.J. and Drenth, J. (1988}

66.
. Schierbeek, A.J. {1988) Thesis, University of Groningen.
68.

B69.
70.

71.
T2,

Morris, D.L., Ellis, P.B., Carrico, R.J., Yeager, F.M., Schroeder,
H.R., Albarella, J.P., Boguslaski, R.C., Hornby, W.E. and Rawson, D.
(1981) Anal. Chem. 53, 658-665.

Mayer, E.J. and Thorpe, C. (1981) Anal. Biochem. 116, 227-229.
Vervoort, J., Van Berkel, W.J.H., Mavhew, $.G., Miller, F., Bacher, A.,
Nielsen, P. and Legall, J. (1986) Eur. J. Biochem. 1861, 749-738.
Wassink, J.H. and Mayhew, S.G. (1975) Anal. Biochem. &8, 609-616.

Biochim. Biophys. Acta 446, 463-471,
Massey, V. and Curti, B. (1966} J. Biol. Chem. 241, 3417-3423.

Mayhew, $.G. (1971) Biochim. Biophys. Acta 235, 289-302,

Vermilion, J.L. and Coon, M.J. (1978} J. Biol. Chem. 253, 8812-8819.
Ghisla, 5., Entsch, B., Massey, V. and Husain, M. (1997) Eur. J.
Biochem. 76, 139-148.

Vermilion, J.L., Ballou, D.P., Massey, V. and Coon, M.J. (1581}

J. Biol. Chem. 256, 266-277.

Miller, F. and Van Berkel, W.J.H. (1982) Eur. J. Bicchem. 128, 21-27.
Brady, A.H. and Beychok, S. (1969) J. Biol. Chem. 244, 4634-4637.

6413-6422,

Wang, L.H., Tu, S-C. and Lusk, R.C. (1984) J. Bicl. Chem. 259,
1136-1142.

Manstein, D.J., Pai, E.F., Schopfer, L.M. and Massey, V. {1988)
Biochemistry 25, 6807-6816.

Katagiri, M., Yamamoto, S. and Hayaishi, 0. (1962) J. Biol. Chem. 237,
2413-2414.

Detmer, K., Schopfer, L.M. and Massey, V. (1984) J. Biol. Chem. 259,
1532-1538.

Entsch, B., Husain, M., Ballou, D.P., Massey, V. and Walsh, C. {1980)
J. Biol. Chem. 255, 1420-1429.

Stewart, R.C. and Massey, V. (1985) J. Biol. Chem. 280, 13639-13647.
Becvar, J. and Palmer, G. (1982) J. Biol. Chem. 257, 5607-5617.
Matsui, K., Sugimoto, K.and Kasai, S. (1982) J. Biochem. 81, 1357-1362.
Donoghue, A., Norris, D.B. and Trudgill, P.W. (1976) Eur. J. Biocchem.
63, 175-192.

Negri, A., Massey, V. and Williams, €.H., Jr. (1987) J. Biol. Chem.
262, 10026-10034.

Ohta, Y., Higgins, I.J. and Ribbons, D.W. {19%5) J. Biol. Chem. 250,
3814-3825.

Engel, P.C. (1981) Methods Enzymol. 71, 359-366.

(1971) in Flavins and Flavoproteins (Kamin, H. ed.} pp. 261-2084,
University Park Press, Baltimore,

Massey, V., Curti, B. and Ganther, H. {1966) J. Biol. Chem. 241,
2347-2357.

Yanaka, F. and Yagi, K. (1979) Biochemistry, 18, 1531-1536.

J. Mol. Biol. 199, 637-648.
Karplius P.A. and Schulz G.E. (1987) J. Mol. Bial. 195, 701-729.

Wierenga, R.K., Drenth, J. and Schulz, G.E. (1983} J. Mol. Biol. 167
725-739.

Wierenga, R.K., Terpstra, P. and Hal, W.G.J. (1986} J.Mol. Biol.
101-107.

Holmgren, A. {1985) Annu. Rev. Biochem. 54, 237-271.

Reed, L.J. (1974) Acc. Chem. Res. 7, 40-46.

Fox, B. and Walsh, C.T. (1982) J. Biol. Chem. 257, 2498-2503.

187,

53



73.
74.
73.
76.

7.
78.

79.
80,

81.

82,

83.

- B4,

85.
86.

87,

88.

89.

90.

91.

92.

93.

94.
96.

96.

98.

99.
100

101

102.

103.

104.

105

106.

Summers, A.0. (1986) Annu. Rev. Microbiol. 40, 807-631.

O'Halloran, T. and Walsh, C.T. (1987) Science 235, 211-214.

Perham, R.N., Harrison, R.A. and Brown, J.P. (1978) Biochem. Soc.
Trans. 6, 47-50.

Williams, C.K. Jr., Arscott,, L.D. and Schulz, G.E. (1982) Proc. Natl.
Acad. Sci. 79, 2199-2201.

Packman, L.C. and Perham, R.N. (1982) FEBS Lett. 139, 155-158.
Krauth-Siegel, R.L., Blattenspiel, R., Saleh, M., Schilz, E., Schirmer,
R.H. and Untucht-Grau, R. (1982) Eur. J. Biochem. 121, 2659-267.

Fox, B. and Walsh, C.T. (1983) Biochemistry 22, 4082-4088.

Stephens, P.E., Lewis, H.M., Darlison, M.G. and Guest, J.R. (1984) Eur.
J. Biochem. 135, 519-527.

Brown, N.L., PFord, S.J., Pridmore, D. and Fritzinger, D.C. (1983)
Biochemistry 22, 4089-4095,

Misra, T.P., Brown, N.L., Haberstroh, L., Smidt, A., Godette, B. and
Silver, S. (1985) Gene 34, 253-262.

Greer, S. and Perham, R.N. (1986) Biochemistry 25, 2736-2742.

Laddega, R.A., Lin, C., Misra, r.K. and Silver, S. (1987) Proc. Natl.
Acad. Sci. USA 89, 5106-5110.

Westphal, A.H. and De Kok, A. {1988} Eur. J. Biochem. 172, 299-305.
Benen, J.A.E., Van Berkel, W.J.H., Van Dongen, W.M.A. M., Miiller, F. and
De Kok, A.,{1989) J.Gen. Microbiol., submitted.

Otulakowski, G. and Robinson, B.H. (1987} J. Biol. Chem. 262,
17313-17318.

Browning, K.S., Uhlinger, D.J. and Reed, L.J. {1988) Proc. Natl. Acad.
Sci., USA 85, 1831-1834.

Ross, J., Reid, G.A. and Dawes, J.W. (1988) J. Gen. Microbiol. 134,
1131-1139.

Walsh, C.T., Distefano, M. and Moore, M. (1988) Biochem. Soc. Trans.
16, 90-91.

Perham, R.N., Berry, A. and Scrutton, N.S. (1988) Biochem. Soc. Tranms.
16, 84-87.

Rice, D.W., Schulz, G.E. and Guest, J.R. (1984) J. Mol. Biol. 174,
483-496.

Thieme, R., Pai, E.F., Schirmer, R.H. and Schulz, G.E. {1981) J. Mol.
Biol. 153, 763-782.

Pai, E.F. and Schulz, G.E., (1983) J.Biol.Chem. 258, 1752-1757.
Takenaka, A., Kizawa, K., Hata, T., Sato, §., Misaka, E., Tamura, C.
and Sasada, Y. (1988) J. Biochem. 103, 463-469.

Massey, V. and Veeger, C. {1961) Biochim. Biophys. Acta 48, 33-47.

. Staal, G.E.J. and Veeger, C. (1969) 185, 49-62.

VYeeger, C., Krul, J., Bresters, T.W.. Haaker, H., Wassink, J.H.,
Santema, J.S. and De Kok, A. (1972} in Enzymes, Structure and Function
{Drenth, J., Oosterbaan, R.A. and Veeger, C., eds.) pp. 217-234,
North-Holland Elsevier, Amsterdam.

Mannervik, B. (1973) Biochem. Biophys. Res. Commun. 53, 1151-1158.

.Matthews, R.G. and Williams, C.H. Jr. (1976} J. Biol. Chem. 251,

3956-3964.

.Matthews, R.G., Ballou, D.P., Thorpe, C. and Williams, C.H. Jr. (1977)

J. Biol. Chem. 252, 3199-3207.

Matthews, R.G., Ballou, D.P. and Williams, C.H. Jr. (1979)
J.Biol.Chem. 254, 4974-4981.

Wilkinson, K.D. and Williams, C.H. Jr. (1979} J. Biol. Chem. 254,
852-862.

Huber, P.W.and Brandt, K.G. (1980) Biochemistry 18, 4568-4575.

.Arscott, L.D., Thorpe, C. and Williams, C.H. Jr. (1981) Biochemistry

20, 1513-1520.
Sahlmann, L. and Lindskeg, $. (1983) Biochem. Biophys. Res. Commun.

54



117, 231-237.

107.
108,
109.
1i0.
111.
112.
113.
114.

115,
116.

118.
119.
12¢.
121.
122.
123.
124.

125.

126.

127.

128.

129.

130.

130a

130c¢

130d.

130e

130f

130g.

131.
i32.

133.

Sahimann, L., Lambeir, A.-M., Lindskog, §. and Dunford, H. B. (1984)
J. Biocl. Chem. 259, 12403-12408.

Sahlmann, L., Lambeir, A.-M. and Lindskog, S. (1986} Eur. J. Biochem.
156, 479-488.

Miller, 5.M., Ballou, D.P., Massey, V., Williams, C.H. Jr. and Walsh,
C.T. (19868} J. Biol. Chem. 263, 8081-8084.

Sandstrom, A. and Lindskog, 5. (1987} Eur. J. Biochem. 164, 243-249.
Sahlman, L. and Williams, C.H. Jr. (1987) in Flavins and Flavoproteins
{Edmonson, D.E. and Mc. Cormick, D.B., eds) pp. 89-98, Walter de
Gruyter, Berlin.

Sandstrom, A. and Lindskog, S. (1988) Eur. J. Biochem. 173, 411-415.
Green, D.E., Mii, 8., Mahler, H.R. and Bock, R.M. (1954) J. Biol.
Chem. 206, 1-12.

Beinert, H. (1963} Enzymes, 2nd Ed. 7, 447-476.

Crane, F.L. and Beinert, H. {1956) J. Bicl. Chem. 218, 717-731.
McKean, M.C., Frerman, F.E. and Mielke, D.M. (1979} J. Biol. Chem.
254, 2730-2735.

. Gorelick, R.J., Schopfer, L.M., Ballou, D.P., Massey, V. and Thorpe,

C. (1985} Biochemistry 24, 6830-6839.

Ruzicka, F.J. and Beinert, H. (1977) J. Biol. Chem. 252, 8440-8445.
Mahler, H.R. (1954) J. Biol. Chem. 206, 13-26.

Steyn-Parve, E.P. and Beinert, H. (1958) J. Biol. Chem. 233, 843-861.
Engel, P.C. and Massey, V. (1971a,b) Biochem. J. 125, 879-887, 889-902.
Whitfield, C.D. and Mayhew, §.G. (1974} J. Biol. Chem. 249, 2801-2810.
Hall, C.L. and Kamin, H. (1975) J. Biol. Chem. 250, 3476-3486.

Thorpe, C., Matthews, R.G. and Williams, C.H. Jr. {(1979) Biochemistry
18, 331-337.

Thorpe, C. (1981) Methods Enzymol. 71, 366-374.

Mc Farland, J.T., Lee, M.-Y., Reinsach, J. and Raven, W. (1982} in
Flavins and Flavoproteins {(Massey, V. and Williams, C.H. Jr., eds.)
pp. 622-626, Elsevier/ North-Holland Amsterdam.

Shaw, L. and Engel, P.C. (1984) Biochem. J. 218, 511-520.

Lau, S.-M., Powell, P., Buettner, H., Ghisla, 5. and Thorpe, C. (1986}
Biochemistry 25, 4184-4189.

Fink, C.W., Stankovich, M.T. and Soltysik, 8. (1988) Biochemistry 25,
6637-6643.

Ikeda, Y., Dabrowski, €. and Tanaka, K. (1983) J. Biol. Chem. 238,
1066-1076.

.Ikeda, Y. and Tanaka, K. (1983) J. Biol. Chem. 258, 1077-1085.
130b.

ikeda, Y. and Tanaka, K. (1983} J. Bicl. Chem. 258, 9477-2487.

.Ikeda, Y., Okamura-lkeda, K. and Tanaka, K. {1985) J. Biol. Chem. 260,

1311-1325.
Kelly, D.P., Kim, J.J., Billadello, J.J,, Hainline, B.E., Chu, T.W.
and Strauss, A.W. (1987) Proc. Natl. Acad. Sci. B84, 4068-4072.

.Matsubara, Y., Kraus, J.P., Ozasa, H., Glassberg, R., Finocchario, G.,

Ikeda, Y., Mole, J., Rosenberg, L.E. and Tanaka, K. (1987} J. Biel.
Chem. 262, 10104-10108.

.Okamura-Jkeda, K., Ikeda, Y. and Tanaka, K. (1985) J. Biol. Chem. 2860,

1338-1345.

Ikeda, Y., Hine, D.G., Ckamura-Ikeda, K. and Tanaka, K. (1985} J.
Biol. Chem. 2B0, 1326-1337.

Williamson, G. and Engel, P.C. {1984) Biochem. J. 218, 521-529.
Ellison, P.A., Shaw, L., Williamson, G. and Engel, P.C. (1984) in
Flavins and Flavoproteins (Bray, R.C., Engel, P.C. and Mayhew, S.G.,
eds.) pp. 413-416, Walter de Gruyter, Berlin.

Eilison, P.A. and Engel, P.C. {1887) in Flavins and Flavoproteins
{Edmonson, B.E. and Mc Cormick, D.B, eds.) pp. 181-184, Walter de




Gruyter, Berlin.

134. Powell, P.J., Lau, 8.-M., Killian, D. and Thorpe, C. {1987)
Biochemistry 26, 3704-3710.

135. Engel, P.C. and Jones, J.B. {1978) Biochem. J. 171, 51-59.

136. Fendrich, G. and Abeles, R.H. (1982) 21, 6685-6695.

137. Jiang, Z. and Thorpe, C. (1982) Biochem. J. 207, 415-419.

138. Williamson, G. and Engel, P.C. (1983) Biochem. J. 211, 559-566.

189. Freund, K., Mizzer, J.P., Bick, W. and Thorpe, C. {1985) Biochemistry
24, 5996-6002.

i3%a.Powell, P.J. and Thorpe, C. (1988} Biochemistry 27, 8022-8028.

140. Bielmann, J.F. and Hirth, C.G. {1970a,b} FEBS Lett. 9, 55-56, 335-336.

141. Gomes, B., Fendrich, G. and Abeles, R.H. (1981) Biochemistry 20,
1481-1490.

142, Ghisla, S., Thorpe, . and Massey, V. (1984) Biochemistry 23,
3154-3181.

143. Rojas, C., Schmidt, J., Lee, M.-Y., Gustafson, W.G. and Mc. Farland
(1985) Bicochemistry 24, 2947-2954.

144. Gustafson, W.G., Feinberg, B.A. and Mc.Farland, J.T. (1986)
J.Biol.Chem. 261, 7733-7741.

145. Stankovich, M.T. and Soltysik, §. {1987) Biochemistry 26, 2627-2632.

146. Ellison, P.A. and Engel, P.C. (1986) Biochem. Soc. Trans. 14, 53-59.

147. Kim, J.J.P. and Wu, J. (198%7) in Flavins and Flavoproteins (Edmonson,
D.E. and McCormick, D.B., eds.) p. 159, Walter de Gruyter, Berlin.

148. Willjiamson, G., Engel, P.C., Mizzer, J.P., Thorpe, C. and Massey, V.
(1982) J. Biol. Chem. 257. 4314-4320.

149. Williamson, G. and Engel, P.C. (1982) Biochim. Biophys. Acta 706,
245-248.

150. Massey, V. and Hemmerich, P. (1975) in: The Enzymes (Boyer, P.D., ed.)
12, pp. 191-252, Academic Press, New York.

151. Hosokawa, K. and Stanier, R.Y. {1966) J. Biol. Chem. 241, 2453-2460.

152, Hesp, B., Calvin, M. and Hosokawa, K. (1969) J. Biol. Chem. 244,
5644-5655.

153. Yano, K., Higashi, N. and Arima, K. (1969) Biochem. Biophvs. Res.
Commun. 34, 1-7.

154, Nakamura, S., Ogura, Y., Yano, K., Higashi, N. and Arima, K. (1970}
Biochemistry 9, 3235-324.

155. Howell, L.G., Spector, T. and Massey, V. {1972) J. Biol. Chem. 247,
4340-4350.

156, Miiller, F., Voordouw, G., Van Berkel, W.J.H., Steennis, P.J., Visser,
S. and Van Rooyen, P.J. (1979) Eur. J. Biochem. 101, 235-244.

157. Husain, M. and Massey, V. (1979) J. Biol. Chem. 254, 8657-6666.

158, Van Berkel, W.J.H. and Miiller, F. (1987) Eur. J. Biochem. 167, 35-486.

159. Fujii, T. and Kaneda, T. (1985) Eur. J. Biochem. 147, 97-104.

160. Prema Kumar, R., Subba Rao, P.V., Sreeleela, N.$. and Vaidvanathan,
C.S5. (1969) Can J. Biochem. 47, 825-833.

161. Michalover, J.L., Ribbans, D.W. and Hughes, H. (1973} Biochem.
Biophys. Res. Commun. 55, 888-886.

162. Groseclose, E.E., Ribbons, D.W. and Hughes, H. {1973} Biachem Biophys.
Res. Commun. 55, 897-903.

163. Wang,hL.-H., Hamzah, R.¥., Yu, Y. and Tu, S.-C. (1987) Biochemistry
26, 1099-1104.

164. Yu, Y., Wang, L.-H. and Tu, $.-C. (1987) Biochemistry 26, 1105-1110.

165, Adachi, K., Takeda, Y., Senoh, S§. and Kita, H. {1964} Biochim.
Biophys. Acta 93, 483-493.

166. Raju, $.G., Kamath, A.V. and Vaidyanathan, C.S. (1988) Biochews.
Biophys. Res. Commun. 154, 537-543.

167. Hareland, W.A., Crawford, R.IL., Chapman, P.J. and Dagley, 5. {(1975)
J.Bacteriol. 121, 272-285.

36




168.
169.
170.
171,
172.
173.
174,
175.
1986.
177.
178.
178,
180.
181.
182.
183.
i84.
185.

186.
187.

188.

189.

190.

191.

192.

193.
194.
195.
196.

197.
198.
199.
200.
201.

202.
203.
204.

205.
206,

van den Tweel, W.J.J., Smits, J.P. and De Bont, J.A.M. (1988} Arch.
Microbiol. 149, 207-213.

Van Berkel, W.J.H. and Van den Tweel, W.J.J. (1988} unpublished
results.

Neujahr, H.Y. and Gaal, A. (1973} Eur. J. Biochem. 35, 386-400.

Krug, M, and Straube, G. (1986) J. Basic Microbiol. 26, 271-281.

Ohta, Y. and Ribbons, D.W. {1976) Eur. J. Biochem. 61, 258-269.
Beadle, C.A. and Smith, A.R.W. (1982) Eur. J. Biochem. 123, 323-332.
Beadle, C.A., Kyprianou, P,, Smith, A.R.W., Weight, M.L. and Yon, R.J.
{1984) Biochem. Int. 9, 587-593.

Liu, T. and Chapman, P.J. (1984) FEBS Lett. 173, 314-318.

Levy, C.C. (1967} J. Biol. Chem. 242, 747-753.

Strickland, S. and Massey, V. (1873) J. Biol. Chem. 248, 2944-2952,
Strickland, S. and Massey, V. (1973) J. Biol. Chem. 248, 2953-2962.
Okamoto, H., Yamamoto, S., Nozaki, M. and Hayaishi, 0. (1967) Biochem.
Biophys. Res. Commun. 26, 309-314.

Nishimoto, Y., Takeuchi, F. and Shibata, Y. (1979) J. Chromatogr. 169,
357-364.

Yamamoto, S., Katagiri, M., Maeno, H. and Havashi, 0. (1965) J. Biol.
Chem. 240G, 3408-3413, 3414-3417.

Takemori, S., Yasuda, H., Mihara, K., Suzuki, K. and Katagiri, M.
(1969) Biochim. Biophys. Acts 191, 58-85.

White-Stevens, R.H., Kamin, H. and Gibson, Q.H. (1972) J. Biol. Chem.
247, 2538-2370, 2371-2381,

Kamin, H., White-Stevens, R.H. and Presswood, R.P. (1978) Methods
Enzymol. 53, 527-543.

Tu. S.-C., Romero, F.A. and Wang, I,.-H. (1981) Arch. Biochem. Biophys.
209, 423-432.

Elmorsi, E.A. and Hopper, D.J. (1977) Eur.J. Biochem. 76, 197-208.
Tsuji, H., Ogawa, T., Bando, N. and Sasaoka, K. (1986) J. Biol. Chem.
261, 13203-13209.

Powlowski, J.B., Dagley, S., Massey, V. and Ballou, D.P. (1987) J.
Biol. Chem. 262, 69-74.

Holmes, P.E. and Rittenberg, $.C. (1972) J. Biol. Chem. 247,
T622-7627.

Maki, Y., Yamamoto, §., Nozaki, M. and Hayaishi, 0. (1969) J.Biol.
Chem. 244, 2942-2950.

Sparrow, L..G., Ho, P.P.K., Sundaram, T.K., Zach, D., Nvns, E.J. and
Snell, E.E. (1869) J. Biol. Chem. 244, 2590-2600.

Kishore, G.M. and Snell, E.E. (1981) J. Biol. Chem. 256, 4228-4233,
4234-4240.

Ziegler, D.M. and Poulsen, L.L. (1978) Methods Enzymol. 52, 142-151.
Poulsen, L. and Ziegler, D.M. (1979) J.Biol. Chem. 254, 6449-6455.
Ziegler, D.M. {1988) Drug Metabol. Rev. 18, 1-32.

Sabourin, P.J., Smyser, B.P. and Hodgson, E. (1984) Int. J. Biochem.
16, 713-720.

Tynes, R.E. and Hodgson, E. (1983) Arch. Biochem. Biophys. 240, 77-93.
Davey, J.F. and Trudgill, P.W. (1977) Eur. J. Biochem. 74, 115-127.
Walsh, C.T. and Chen, Y.-C., J. (1988) Angew. Chem. 100, 342-352.
Noerris, D.B. and Trudgill, P.W. {1976) Eur. J. Biochem. 63, 193-198.
Trower, M.K., Buckland, R.M. and Griffin, M. {1985) Biochem. Soc.
Trans. 13 , 463-464.

Griffin, M. and Trudgill, P.W. (1976} Eur. J. Biochem. §3, 199-209,
Britton, L.N. and Markovetz, A.J. (1977) J. Biol. Chem. 252, 8561-8566.
Ougham, H.J., Taylor, D.G. and Trudgill, P.W. (1983) J. Bacteriol.
153, 140-132.

Ttagaki, E. (1986) J. Biochem. 99, 815-832.

Dagley, S., Chapman, P.J., Gibson, D.T. and Wood, J.M. (1964) Nature

57



202, 775-778.

207. Stanier, R.Y. and Ornston L.N. (1973) Adv. Microb. Physiel. (Rose,
A.H., and Tempest, D.W., eds.) 9, 89-151, Academic Press, London.

208, Trudgill, P.W. (1984) in: Microbial Degradation of Organic Compounds
{Gibson, D.T., ed.) pp. 131-180, Marcel Dekker Inc., New York.

209. Gibson, BR.T. and Subramanian, V. (1984) in: Microhial Degradation of
Organic Compounds (Gibson, T.D., ed.) pp.181-252, Marcel Dekker Inc.,
New York.

210. You, K., Arnold, L.J., Jr. and Kaplan, N.0. (1977) Arch. Biochem.
Biophys. 180, 550-554,

211, You, K.-5. (1985) Crit. Rev. Biochem. 17, 313-451.

212. Hastings, J.W. and Presswood, R.P. {1978) Methods. Enzymol. 53,
558-570.

213. Baldwin, T.0., Chen, L.H., Chlumsky, L.J., Devine, J.H., Johnston,
T.C., Lin, J.-W., Sugihara, J., Waddle, J.J. and Ziegler, M.M. (1987)
in: Flavins and Flavoproteins (Edmonson, D.E. and Mc. Cormick, D.B.,
eds.) pp. 621-631, Walter de Gruyter, Berlin.

214, Ziegler, M.M. and Baldwin, T.7. {1981) Curr. Top. Bicenerg. 12,
65-113.

215, Tavlor, D.G. and Trudgill, P.W. {1986) J. Bacterigcl. 185, 489-497.

216. Entsch, B., Ballou, D.P. and Massey, V. (1976) J. Biol. Chem. 251,
2550-2563.

217. Ryerson, C.C., Ballou, D.P. and Walsh, C. {1982) Biochemistry 21,
2644-2655.

218. Brisette, P., Ballou, D.P. and Massey, V. (1987) in: Flavins and
Flavoproteins (Edmonson, D.E. and Mc. Cormick, D.B., eds.) pp.
573-576, Walter de Gruyter, Berlin.

219. Schopfer, L.M. and Massey, V. (1979) J. Biol. Chem. 254, 10634-10643.

220. Detmer, K. and Massey, V. (1984) J. Biol. Chem. 259, 11265-11272.

221. Tu, S$.-C., Wang, L.-H. and Yu, Y. (1987) in: Flavins and Flavoproteins
{Edmonson, D.E. and Mc. Cormick D.B., eds.) pp. 539-548, Walter de
Gruyter, Berlin.

222. Vervoart, J., Muller, F. Lee, J., van den Berg, W.A.M. and Moonen,
C.T.W. (1986) Biochemistry 25, 8062-8087.

223. Beaty, N.B. and Ballou, D.P. (1981) J. Biol. Chem. 256, 4611-4618,
4619-4625.

224. Poulsen, L.L., Nagata, T and Taylor, K.L. (1287) in: Flavins and
Flavoproteins (Edmonson, D.E. and Mc.Cormick, D.B., eds.) pp. 577-580,
Walter de Gruyter, Berlin.

225. Wessiak, A. and Bruice, T.C. (1983} J. Am. Chem. Soc. 105, 4809-4825.

226. Bruice, T. (1984) in: Flavins and Flavoproteins {Bray, R.C., Engel,
P.C. and Mayhew, S.G., eds.) pp. 45-35, Walter de Gruyter, Berlin.

227. Kurfuerst, M., Macheroux, P., Ghisla, S. and Hastings, J.W. (1987}
Biochim. Biophys. Acta 924, 104-110.

228. Hofsteenge, J., Weijer, W.J., Jekel, P.A. and Beintema, J.J. (1983)
Eur. J. Biochem. 133, 91-108.

229, Chen, Y.-C, J., Peoples, 0.P. and Walsh, C.T. (1988} J. Bacteriol.
174G, 781-789.

230. Miiller, F., Van Berkel, W.J.H., Drenth, J., Wierenga, R.K., Kalk,
K.H., Hofsteenge, J., Vereijken, J.M., Branno, M. and Beintema, J.J.
(1980) in: Flavins and Flavoproteins (Yagi, K. and Yamano, T., eds.)
pp. 413-422, Japan Scientific Societies Press, Tokyo.

231. Van der Laan, J. M., Swarte, M.B.A., Groendijk, H., Hol, W.G.J. and
Drenth, J. (1989) Eur. J. Biochem., in press.

232. Van Berkel, W. J. K., Frenken, L.G.J. and Miller, F. (19853} in:
Proceedings First FPLC Symposium Pharmacia Nederland B.V., pp. 49-57.

233. Van Berkel, W.J.H. and Miller, F. (1987) Eur. J. Biochem. 16%, 35-46.

234, Visser, A.J.W.G., Penners, G.N.H., Van Berkel, W.J.H. and Miller, F.

58



235.
236.
237.
238.
239.
240.
241.
242.
243,
244.
245.
246,
247.
248.

249.

250.

251.

252.

253.
254.

2565.

256.

257.

258,

259.

260,

261.

{1984) Eur. J. Biochem. 143, 189-197.

Vervoort, J., Van Berkel, W.J.H., Mualler, F. and Moonen, C.T.W. (1989)
Eur. J. Biochem., submitted.

Entsch, B., Ballou, D.P., Husain, M. and Massey, V. (1976b) J. Biol.
Chem. 251, 7367-7379.

Husain, M., Entsch, B., Ballou, D.P., Massey, V. and Chapman, P.
(1980} J. Biol. Chem. 255, 4189-4197.

Spector, T. and Massey, V. (1972a) J. Biol. Chem. 247, 4679-4687,
Spector, T. and Massey, V. (1972b) J. Biol. Chem. 247, 5632-5636.
Spector, T. and Massey, V. (1972c) J. Biol. Chem. 247, 7123-7127.
Shoun, H., Higashi, N., Beppu, T., Nakamura, S§., Hirami, K. and Arima,
K. (1979) J. Biol. Chem. 254, 10944-10951.

Wijnands, R.A. and Miller, F. (1982} Biochemistry 21, 6639-6646.

Van Berkel, W.J.H. and Muller, F. {1988b} Eur. J. Biachem., in press.
Wijnands, R.A., Van der Zee, J., Van Leeuwen, J.W., Van Berkel, W.J.H.
and Miller, F. (1984) Eur. J. Biochem. 139, 637-644.

Muller, F., Van Berkel, W.J.H. and Steennis, P.J. (1983) Biochem. Int.
7, 115-122.

Van Berkel, W.J.H., Mialler, F., Jekel, P.A., Weijer, W.J., Schreuder,
H. A. and Wierenga, R.K. (1988a) Eur. J. Biochem. 176, 449-459.
Steennis, P. J., Cordes, M. M., Hilkens, J.G.H. and Muller, F. {(1973)
FEBS Lett. 36, 177-179.

Cleland, W.W. (1970) in: The Enzymes (Boyer, P.D., ed.} 2, pp. 15-635,
Academic Press, New York.

Anderson,R.¥., Massey, V. and Schopfer, L.M. (1984} in: Flavins and
Flavoproteins (Bray, R.C., Engel, P.C. and Mayhew, S.G., eds.) pp.
573-576, Walter de Gruyter, Berlin.

Massey,V., Palmer, 6. and Ballou, D.P. {(1973) in: Oxidases and Related
Redox Systems {King, T.E., Mason, H.S. and Morrison, M., eds.) pp.
25-49, University Park Press, Baltimore.

Wessiak, A., Schopfer, L.M. and Massey, V. (1984} J. Biol. Chem. 259,
12547-12556.

Van Berkel, W.J.H., Weijer, W.J., Miller, F., Jekel, P. A. and
Beintema, J.J. (1984) Eur. J. Biochem. 145, 245-256.

Detmer, K. and Massey, V. (1985) J. Bicl. Chem. 260, 5998-6005,
Anderson, R.F., Patel K.B. and Stratford, M.R.L. (1987) J. Biol. Chem.
262, 17475-17479.

Hofsteenge, J., Vereijken, J.M., Weijer, W.J., Beintema, J.J.,
Wierenga, R.K. and Drenth, J. (1980) Eur. J. Biochem. 113, 141-150.
Vereijken, J.M., Hofsteenge, J., Bak, H.J. and Beintema, J.J. {1980)
Eur. J. Biochem. 113, 151-157.

Wijnands, R.A., Weijer, W.J., Miller, F., Jekel, P.A., Van Berkel,
W.J.H. and Beintema, J.J. (1986) Biochemistry 25, 4211-4218.

Weijer, W.J., Hofsteenge, J., Beintema, J.J., Wierenga, R.K. and
Drenth, J. (1983) Eur. J. Biochem. 133, 109-118,

Schreuder, H.A., Van der Laan, J.M., Hol, W.G.J. and Drenth, J.
(1988a) J. Mol, Biel. 199, 637-648.

Schreuder, H.A., Hol, W.G.J. and Drenth, J. (1988b) J. Bicl. Chenm.
263, 3131-3134.

Moonen, C.T.W., Vervoort, J. and Miller, F. {1984) Biochemistry 23,
4859-4867.

Pust, S., Vervoort, J., Decker, K., Bacher, A. and Miller, F. (1989)
Biochemistry 28, 516-521.

. Macheroux, P., Sanner, C, Riiterjans, H., Vervoort, J., Van Berkel,

W.J.H. and Mualler, F. (1589} Eur. J. Biochem., in preparation.
Claiborne, A., Massey, V., Fitzpatrick, P.F. and Schopfer, L.M. (1982}
J. Biol. Chem. 257, 174-182.

2-Thioflavins as Active Site Probes of Flavoproteins.




265. Clajborne, A. and Massey, V. (1983) J. Biol. Chem. 256, 4919-4925,

266. Claiborne, A., Massey, V., Biemann, M. and Schopfer, L.M. (1984a) in:
Flavins and Flavoproteins (Bray, R.C., Engel, P.C. and Mayhew, S.G.,
eds.) pp. 769-772, Walter de Gruyter, Berlin.

267. Entsch, B., Massey, V. and Claiborne, A. (1987} J. Biol. Chem. 262,
8060-6068 .

268. Massey, V., Husain, M. and Hemmerich, P. (1980) J. Biol. Chem. 256,
1393-1398.

269. Schopfer, L.M., Massey, V. and Claiborne, A. {1981) J. Biol. Chem.
256, 7329-7337.

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

271. Detmer, K. and Massey, V. (1984) in: Flavins and Flavoproteins (Bray,
R.C., Engel, P.C. and Mayhew, 5.G., eds.) pp. 765-768, Walter de
Gruyter, Berlin.

272. Massey, V., Miller, F., Feldberg, R., Schuman, M., Sullivan,P.,
Howell, L.G., Mayhew, S.G., Matthews, R.G. and Foust, G.P. {1969) J.
Biol. Chem. 244, 3999-4006.

273. Claiborne, A., Schopfer, L.M. and Massey, V. (1984h) in: Flavins and
Flavoproteins (Bray, R.C., Engel, P.C. and Mayhew, $.G., eds.) pp.
773-774, Walter de Gruyter, Berlin.

274. Manstein, D.J., Massey, V., Chisla, 8. and Pai, E.F. (1988)
Blochemistry 27, 2300-2305.

275. Kurfirst, M., Ghisla, S. and Hastings, J.W. (1982) in: Flavins and
Flavoproteins (Massey, V. and Williams, C.H., eds.) pp. 353-358,
Elsevier/North Holland, New York.

276. Mavhew, S.G., Whitfield, C.D., Ghisla, S. and Schuman-Jarns, M. (1974}
Eur. J. Biochem. 44, 579-591.

277. 0'Nuallain, E.M. and Mayhew, S.G. {(1987) in: Flavins and Flavoproteins
{Edmonson, D.E. and Mc.Cormick, D.B, eds.) pp. 361-364, Walter de
Gruyter, Berlin.

278. Shoun, H., Beppu, T. and arima, K. (1980) J. Biol. Chem. 255,
9319-9324.

279. Wijnands, R.A., Mualler, F. and Visser, A.J.W.G. (1987) Eur. J.
Biochem. 163, 535-544.

280. Shoun, H. and Beppu, T. (1982} J. Biol. Chem. 257, 3422-3428.

281. Shoun, H., Beppu, T. and Arima, K. {1979b) J. Bicl. Chem. 254,
899-904 .

282. Plapp, B.V. (1982) Methods Enzymol. 87, 469-499.

283. Boyer, P.D. (1954) J. Am. Chem. Soc. 76, 4331-4337.

284. Glazer, A. N., De Lange, R.J. and Sigman, D.S. (1975) in: Chemical
Modification of Proteins; Selected Methods and Analytical Procedures,
pp.3-205, Elsevier/North Holland, Amsterdam.

285. Hamilton, G.A. (1974) in: Molecular Mechanisms of Oxygen Activation
(Hayaishi, 0., ed.) pp. 405-451, Academic Press, New York.

286. Schopfer, L.M. and Massey, V., (1980) J. Biol. Chem. 255, 5355-5363.

287. Rossman, M.G., Moras, D. and Olsen, K.W. (1974} Nature 250, 194-199.

288. Rossman, M.G., Liljas, A., Branden, C.-I. and Banaszak, L.J. (1975)
in: The Enzymes (Boyer, P.D., ed.) pp. 61-102, Academic Press, New
York.

289. Pai, E.F., Karplus, P.A. and Schulz, G.E. {(1988) Biochemistry 27,
4465-4474.

290. Colman, R.F. (1983} Ann. Rev. Biochem. 52, 67-91.

291. Entsch, B., Nan, Y., Weaich, K. and Scott, K.F. (1988) Gene 7%,
27¢-291.

60




Eur. I. Bioche
& FEBS 1982

A Study

m. 128, 2127 (1982)

Chapter 2

on p-Hydroxybenzoate Hydroxylase from Pseudomonas fluorescens

A Convenient Method of Preparation and Some Properties of the Apoenzyme
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Conventional methods to prepare the apoenzyme of p-hydroxybenzoate hydroxylase from Pseudornonas

Sluorescens yield an inhomogeneous apoenzyme with respect to the reconstitutable activity. To overcome this

problem the holoenzyme was bound covalently to a Sepharose— §,5'-dithio-bis(2-nitrobenzoate) column via the
reactive sulfhydryl group of the enzyme. The prosthetic group FAD was removed at neutral pH by addition of
a high concentration of KBr und urea to the elution buffer. The holoenzyme can be reconstituted while the apo-
enzyme is still bound to the column or the apoenzyme can be isolated in the free state. The yield of apoenzyme
was between 90% and Y57, of the starting enzyme. The degree of reconstitution of holoenzyme is better than
95% of the original activity. The apoenzyme is stauble for a long period of time as an ammonium sulfate

precipitate.

The relative melecular mass of the apoenzyme is 43000 per polypeptide chain. The apoenzyme exists mainly

as a dimer in solution.

During the preparation of the apoenzyme the substrate p-hydroxybenzoate protects the apoenzyme from
inactivation, indicating complex formation. The dissociation constant for the apoenzyme-substrate complex was

determined to be about 30 pM.

The apoenzyme also forms a complex with NADPH. The dissociation constant {x= 12 pM}) of this complex
is about a factor of ten smaller than that of the holoenzyme (= 120 pM). The dissociation constant of the apo-
enzyme-NADPH complex is strongly dependent on pH and ionic strength of the solution.

The dissociation constant of the heloenzyme into its constituents is 45 nM. The association rate constant

calculated from kinetic experiments is 4.1x10* M™'s

1. The calculaied dissociation rate constant is

1.85x107* 577 indicating that the holoenzyme possesses a high stability which is governed by the low dissocia-

ticn rate constant.

The methed of preparation of apoenzyme can also be used to separate enzyme molecules where the reactive
SH group has been oxidized by air from enzyme molecules still containing the original SH group. This separation
technique is in particular useful when quantitative labelling of the SH group is required.

The flavoprotein p-hydroxybenzoate hydroxylase from
Pseudomonas fluorescens is an external menooxygenase cata-
lyzing the conversion of p-hydroxybenzoate into 3,4-dihydro-
xybenzoate. The enzyme is strictly dependent on NADPH.
The reaction mechanism of the enzyme has been studied in
detail (1.

The epzyme contains FAD as a prosthetic group which is
non-covalently but tightly bound to the apoenzyme. Several
methods have been used to prepare the apoenzyme. Acid
ammonium sulfate precipitation resuited in a 50— 709 recov-
ery of the holoenzyme [2]. Ghisla et al. [3] used a dialyzing
technique at high pH values in solutions containing 2 M KBr
and 1 M urea. This methoed takes, dependent on the concen-
tration of the enzyme used, from several days up to more
than one week to remove FAD compleiely from the enzyme.
It is not surprising ihat this lengthy method yields an apo-

Absbrevigtions. Mes, 4-morpholinesthanesulfonic acid;, Hepes, 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid ; Epps, 4-(2-hydroxyethyl)-
1-piperazinepropanesulfonic acid; Nbsy, 5,5-dithio-bis{2-nitrobenzoeic
acid).

En-ymes. p-Hydroxybenzoate hydroxylase (EC 1.14.13.2); aleohol
dehydrogenase (EC 1.1.1.1); Naju raja snake venom phosphodiesterase
(EC 3.1.4.1).
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enzyme preparation of variable reconstitutable activity [3].
In studies where the FAD of the enzyme is replaced by a
chemically modified analogue to investigate the mechanism
and the active center of the enzyme in more detail {2, 3], it is
of the utmost importance to have a reconstituted enzyme of
high quality available, aliowing a thorough physical charac-
terization of such preparations. This approach of studying the
enzyme containing modified prosthetic groups is now very
promising since the sequence of the enzyme is known [4, 5]
and also a low-resclution three-dimensional model of the
enzyme exists [6). In this context we wish (o investigate the
specific interactions between the apoenzyme and the pros-
thetic group by nuclear magnetic resonance using *C-labeled
FAD as previously described for Aavodoxins [7]. For such a
study a large amount of highly reconstitutable enzyme is
needed.

In a previous paper [8] we described the complex hydro-
dynamic and some other physical and chemical propertics
of the enzyme, In the present paper we wish to report on a
simple and fast method of preparation of the apoenzyme of
p-hydroxybenzoate hydroxylase. The method is highly repro-
ducible and the apoenzyme is almost quantitatively reconsti-
tutable. The enzyme contains one sulfhydryl group accessible



10 N-ethylmaleimide {8]. We made use of this sulfhydryl
group to bind the enzyme covalently to Sepharose chemi-
cally substituted with 5,5'-dithio-bis(2-nitrobenzoate). This
method allows us to prepare a larpe amount of apoenzyme
(100 — 150 mg) in high yields in a very short peried of time.
Some physical properties of the apoenzyme are also described.

MATERIJALS AND METHODS
General

NADPH, NADH, FAD, ovalbumin, #-chymotrypsino-
gen, bovine serum albumin, alcohol dehydregenase and myo-
globin were products of Boehringer A.G. (Mannbeim, FRG).
AH-Sepharose was a product of Pharmacia (Uppsala, Sweden)
and Bio-Gels (P-2 and P-6-DG) were from Bio-Rad (Cali-
fornia, USA). Nuja naja aira {snake venom) was purchased
from Sigma. All other chemicals were products of Merck
A.G. (Darmstadt, FRG) and were the purest grade available.

Large-scale production of P. fluorescens was performed
by Diosynth B. V. {Oss, The Netherlands). The isclation and
purification procedure of the enzyme has been described
earlier [8]. The assay conditions have been reported previously
[9]. The apoenzyme was assayed under standard conditions
{8,9] in the presence of 10 uM FAD. In order 1o obtain reli-
able reference activities the assay mixture for the holoenzyme
also contained 10 pM FAD.

Light absorption spectra were recorded with a Vurian
Cary model 16 spectrophotometer. Circular dichroic spectru
were obtamed with a Jouan Dichrograph model DC 185,
Fluorescence emission spectra were recorded on an Aminco
SPF-500 fluorimeter connected t¢ a Hewleit Packard calcu-
lator interface accessory. The degree of polarization of the
fluorescence was determined as described previously [10].
All spectrometers were equipped with thermostated cell
holders. All spectra were obtained at 20 "C.

The relative molecular mass of the apoenzyme was deter-
mined by sedimentation analysis as previously reported (8).
A MSE analytical ultracentrifuge was used. The temperature
was 20"C. Samples of apoenzyme (0.1—1.0 mg/ml} were
dialyzed against a solution of 0.1 M K;HPQO., pH 7.5, con-
taining 0.3 mM EDTA and ¢.1mM p-hydroxybenzoate.
Sodium dodecyl sulfate gel electrophoeresis was performed
using the phosphate buffer system as described by Weber et
al. [11]. Polyacrylamide gels of 7.5%, were used.

Sulfhydryl groups were determined according to the
method of Ellman [12]in 0.1 M K;HPO,, pH 8.0.

The proiein concentraticn was determined by a modifica-
tion of the biuret method as described by Brumby and
Massey [13].

Preparation of Sepharase Substituied with Nbs;

AH-Sepharose (CNBr-activated Sepharose ¢oupled with
1,6-diaminchexane) was coupled with Nbs; according to the
procedure described by Lin and Foster [14]. This procedure
yielded a degree of coupling of 3.8 pmol Nbs,/ml gel. To
improve the degree of coupling the procedure was repeated
twice yielding a preparation with 5.8 pmol Nbs,/ml gel. The
degree of coupling was determined by reacting 1 ml of
settled column material with 5ml of a SmM solution of
dithioerythritol in 0.1 M phosphate buffer. pH 8.0, and wush-
ing with the same buffer until the effluent was colorless, yield-
ing Sepharose — 2-nitro-5-thiobenzoate {orange-colored) ma-
terial. This material was treated with 5 ml of a 5 mM solution
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of Nbs; in 0.4 M K;HPO4, pH 8.0, for 10 min and then
washed with the same buffer. The eluate was collected and
the concentration of 2-nitro-5-thiobenzoate determined from
the absorbance at 412 nm (e = 13600 M~ ' cm™" [12]). The
celor of the regenerated column material is faint yellow.

Preparation of the Apoenzyme
of p-Hvdraxybenzoate Hydroxylase

A suspension of the enzyme in 702, ammonium sulfate
was centrifuged and the precipitate dissolved in 2 minimum
volume of a mixture coensisting of 0.1 M K;HPQ,4, 05 M
KBr, | mM p-hydroxybenzoale and 0.3 mM EDTA, pH 7.5
(in the following called the coupling buffer}. About 15 mg of
enzyme can be covalently bound per ml column material. The
enzyme solution was brought onto the celumn pre-equili-
brated with the coupling buffer at about 20"C. Then the
column was washed with (wo velumes of coupling buffer.
Dring this washing some activity is efuted from the celumn.
This eluate contains enzyme molecules in which the reactive
sulfhydryl group has been oxidized (cf. Table 1). The pros-
thetic group was removed from the column-bound enzyme
with a mixture consisting of 0.1 M K;HPOy, 2M KBr, 2 M
urea, 1 mM p-hydroxybenzeate and 0.3 mM EDTA, pH 7.5.
The release of FAD can be followed by fluorescence measure-
ments. After removal of FAD from the enzyme the column
was washed with 10 volumes of the coupling buffer to remove
urea and excess KBr from the column. The apoenzyme was
then eluted from the column with 10 volumes of coupling
bufler containing 5 mM dithioerythritol. The elution of the
apoenzyme was followed by activity measurements in an assay
mixture containing 10 pM FAD. The eluted apoenzyme was
dialyzed at 4'C against a large volume of a sclution con-
taining 0.1 M K;HPQO,, | mM p-hydroxybenzoate, 0.3 mM
EDTA, pH 7.0. During dialysis a small amount (about 2%,
of the total protein) of an orange-brown colored precipitate
was formed which was removed by centrifugation. For storage
the apoenzyme was precipitated with ammonium sulfate (709
saturation). As an ammonium sulfate suspension the apo-
enzyme can be kept at 4°C for several months without loss
of reconstitutable activity.

Regeneration of the Column Material

After use the column was washed with several bed volumes
of 0.1 M K;HPO, buffer, pH 8.0. Then the column was
washed with the same bufler containing 5 mM Nbsy {ol-
lowed by washing with the phosphate buffer alone. The
regenerated column material exhibits a yellowish color and
was stored at 4 C in H,O contaming 0.02%, sodium azide.

Deiermination of Kinetic and Thermodyramic Properties
of the Apoenzyme-FAD Complex

In all experiments commercial FAD purtfied on a Bio-Gel
P-2 column was used. A solution of 50 mM potassium acetale,
pH 4.9, was used as elution buffer. The purification was per-
formed at 4 C and in the dark. The collected fraciions were
checked for purity by measuring the increase of fluorescence
emission upen treatment of aliquots with snake venom, as
described by Wassink and Mayhew [15]. Only samples yield-
ing the expected increase of fluorescence emission were used
in this study. These samples are considered, according to
published analytical standards, te be of the highest purity
achievable.



The kinetic K, value for the interaction of the apoenzyme
with FAD was estimated by addition of various concentra-
tions of FAD to a solution of 0.1 M Tris/SOq, pH 8.0, con-
taining 7.5 nM or 15 nM apoenzyme, 0.2 mM p-hydroxyben-
zoate and 0.2 mM NADPH. The activity of the reconstituted
enzyme was determined for cach concentration of added
FAD and the K, value for FAD cstimated graphicaily by a
double-reciprocal plot.

The association rate constant for the interaction between
FAD and apoenzyme was determined by addition of an
excess of FAD over the apoenzyme in the above assay mix-
ture. The activity was then followed with time until the maxi-
mal velocity was reached. From the kinetic curve the pseudo-
first-order rate constant was obtained by plotting the natural
logarithm of the activity versus time. The second-order rale
constant was estimated from a secondary plot of the pseudo-
first-order rate constants versus the concentralion of FAD.

Estimation of the Molar Absarption Cocfficient
of the Apoenzyme

The absorbunce at 280 nm was deiermined for several
samples containing about 30 uM of the apoenzyme in 0.1 M
K:HPQ., pH 7.0. The samples were then titrated with FAD
untii an excess of FAD was present. 1.0 ml of the reconsti-
tuted enzyme samples was brought on a Bio-Gel P-6-DG
column (Bie-Rad cconomy column, ¥y = 2.0ml, ¥, = 7.0mlj,
precquilibrated with the phosphate buffer. The enzyme was
then eluted with 3.0 ml phosphate buffer. The eluate (3.0 ml)
contained all of the enzyme and no free FAD. The absorbance
at 450 nm (s450 = 11300M 'em™! [8]) of the enzyme solu-
tion was then determined and the molar absorption coeffi-
cient for the apoprotein, after appropriate corrections for
dilutions, estimated. The value of g50 given {or the apopro-
tein is an average of several determinations.

RESULTS AND DISCUSSION
Preparation of the Apoenzymie

The enzyme possesses five sulfhydryl groups of which one
is accessible to N-ethylmaleimide [8]. We made use of this
property of the enzyme to couple it covalently to the Sepha-
rose-Nbsz column. Although rather drastic conditions are
used ic remove the prosthetic group (2M urea, 2M KBr)
the structure of the enzyme is apparently not affected by this
procedure (cf. also below), owing to the protection by the gel
and probably also the substrate. The substrate was present in
all solutions at ali times because the free apoenzyme in solu-
tion is less stable than the complexed one duning the prepara-
tion. As described in Maierials and Methods, the preparation
of the apoenzyme of p-hydroxybenzoate hydroxylase is very
simple and gives almost quantitative yields. The preparation
can be done al rcom temperature since no difference was
noticed in activity of reconstituted apoenzyme prepared at
4 or 20°C. Dependent on the amount of enzyme used the
procedure takes only about 1-2h.

The binding capacity of the column material depends on
the degree of coupling of the Sepharcse gel. We have taken
care to obtain a degree of coupling as high as possible. With
our hest preparation it was possible to bind about 150 mg
of enzyme/10 ml of column material. Besides the large-scale
production of apoenzyme, there is another reason to achicve
a high degree of coupling. The commercial AH-Sepharose is
preduced by CNBr activation followad by substitution with

63

Table 1. Percentage activity and sulfiydryl content of various fractions
collected during the preparation of the apoenzyme

80 mg of enzyme (= 1009 activity) in 0.1 M K,HPQy, pH 7.5, was
loaded onto a Sepharose-Nbss column (8 ml) and then washed with
several bed volumes of the given solutions. n.d, = not determined

Solution Volume  Activity of eluate Sulfhydryl
- — s -——  groups
- FAD + FAD
ml %, original mal/mol
- -~  FAD
Phosphate buffer 50 0 0 -
Phosphate buffer
+ 0.5M KBr 50 510 5-10 <005
Phosphate buffer
+2MKBr+2Murea 200 0- 5 0— 35 n.d.
Phosphaie bufler
+0.5MKBr+5mM
dithioerythritol 100 <2 B5—98® 095—-1.0

* The yield of apoenzyme depends on the amount of enzyme maole-
cules containing Lhe oxidized sulfhydryl group in a particular prepara-
tion of native enzyme, i.e. the actual yield of apoenzyme is 95— 98 %,

1,6-diaminohexane. Depending on the degree of coupling,
the column material possesses some ion-exchange properties
due te the terminal free ammonium group of diaminohexane.
To suppress the residual ion-exchange property of the column
material, 0.5 M KBr was added to the coupling buffer.

The accessible sulfhydryl group of p-hydroxybenzoate
hydroxylase is rather easily oxidized by air at pH > 7, but
this reaction does not affect the activity of the enzyme [8].
The oxidation of the reactive sulfhiydryl group by air can be
prevented by storage of the enzyme as an ammonium sulfate
suspension at pH < 7 and 4°C. The molecules possessing an
oxidized sulfhydryl group do not bind to the column via
covalent linkage bul may be bound via electrostatic inter-
actions, Te prevent this we decided to remove these molecules
from the column during the coupling of the enzyme to the
column. This was achieved by the addition of 0.5 M KBr to
the coupling buffer. The properties of a typical preparation
of apoenzyme including activity and SH content of different
fractions are summarized in Table 1. The results show that
the molecules containing an oxidized SH group are bound to
the column but can be easily separated from the unmodified
molecules. This technique is therefore also valuable for label-
ing experiments of the SH group where quantification is
desired or necessary. Table 1 also shows that the recovery of
the enzyme Is high and that the original activity is almost
quantitatively restored. The original activity returns immedi-
ately after addition of FAD to the apoenzyme indicating easy
reconstitution of the holoenzyme. It should be noted that the
yield of apoenzyme (Table 1) is given with respect to the total
amount of native enzyme used in a particular preparation.
Correcting the vield for the percentage of enzyme molecules
possessing the oxidized SH group, the actual yield is 95—
100, depending on the residual activity of the preparation
and the small loss of apoenzyme. Furthermore an almost
quantitative removal of FAD (<€ 1% of residual activity) does
not influence the reconstitutability of the apoenzyme.

This methed of apoenzyme preparation could aliso be
applied to other flavoproteins containing accessible sulf-
hydryl groups. The method is a valuable teol especially in
cases where a large amount of apoenzyme is required.




Table 2. The stability of 1 pM apoenzyme in 0.1 M K:HPO. buffer
fpH 7.0) contaming 0.3 mp EDTA in the preserice dand absence of
p-hydroxyhenzoate at 4°C

The activity is given as a percentage of an identical solution of native
enzyme in the absence of substrate; 10 pM FAD was added to all assay
mixtures

Time Remaining activity of
native apoenzyme in the presence of
enzyme — -
none substrate
days %
0 100 100 100
5 97 52 73
19 95 35 62
15 92 23 34

Small amounts of apoenzyme can also be prepared from
dilute solutions of holoenzyme in the presence of phospho-
diesterase (Naja naje atra, snake venom). The reaction is
slow but goes to completion as judged from measurements
of activity with time. The reaction can conveniently be fol-
lowed by fluorimetry. The flucrescence increase parallels the
activily decrease during the entire reaction.

The hydrolysis of FAD in p-hydroxybenzoate hydrolase
was followed with time. The following times for the loss of
509 activity were found for 1 uM, 5 uM and 25 uM enzyme
solutions in 0.1 M Hepes buffer, pH 7.0, in the presence of
1 mM p-hydroxybenzoate and 0.1 mg/ml Naja naja snake
venem: 21 min, 33 min and 60 min, respectively. The results
indicate that the reaction is complex with respect to the
dependence on the concentration. The complexity of the reac-
tion is probably related to the complex hydrodynamic prop-
erties of the enzyme [8]. The reconstitutability of the apo-
enzyme obtained in this way is the sume as that described
above for the large-scale production. However, to purify the
apoenzyme the Nbs, column should be used to remove the
phosphodiesterase quantitatively.

Stability of the Apoenzyme

The apoenzyme can be stored as an ammorium sulfate
suspension, pH 6, at 4 °C for severa! months without appreci-
able loss of activity. In solution, however, the apoenzyme
loses activity with time as shown in Table 2. The loss of activ-
ity with time depends very much on the composition of the
solution. From Table 2 it follows that the substrate p-hydroxy-
benzoate stabilizes the apoenzyme considerably, whereas the
presence or absence of dithicerythritol has no influence on
the stability. The stability of the apoenzyme decreases with
increasing pH and decreasing apoenzyme concentrations.

Subunit Composition of the Apoenzyme

Polyacrylamide gel electrophoresis in the presence of
sodivm dodecyl sulfate yielded a single band of relative
molecular mass 43000, as found previously for the holopro-
tein [8]. Sedimentation equilibrium experiments and gel fil-
tration on Sephadex G-150, as described previousty for the
native enzyme |8], gave the following results. At room tem-
perature the apoenzyme is present almost gquantitatively as a
dimer (M, = 79000~ 80000). Under identical condilions the
heloenzyme is also present largely as a dimer (M. = 83000—

Fluorescente farh umifs)

[Fan] tpm)

Fig. 1. Fluorescence titration of apeenzyme of p-ivdroxybenzoate hydrox-
ylase ar pH 7.0 and 20°C. The flucrescence was measured in arbitrary
units upon the addition of 5—50 pl of 172 uM FAD to a cuvette con-
taming 13.0 pM apoenzyme ¢ x) and 10 a cuvetle containing 00 apo-
enzyme (Q}. The buffer sclution consisted in both cases of 100 mM
K:HPO,, 0.3 mM EDTA and 1.0 mM p-hydrexybenzoate. Fluorescence
emission was ohserved al 525 om upen excitation at 450 nm

90000) but tetramers and hexamers are also formed, in con-
trast to the behaviour of the apoenzyme. Similarly to the
nalive enzyme, the dimer of the apoenzyme is on the average
more dissociated at 4°C than at room temperature
(M, = 65000—67000); however, the higher-order quater-
nary structures are not present [8]. The apoenzyme e¢lutes
from the Sephadex G-150 column as a single, almost sym-
metrical peak. in contrast to the elution profile of the native
enzyme (cf. Fig.2 and 4B in [8)).

Cther Physical Properties

The molar absorption coefficient of the apoenzyme at
280nm is 7.4 £ 0.3x 10* M ! cm ™1, This is an average value
of three determinations.

The circular dichroic spectrum of the apoenzyme is, as
far as the far-ultraviolet region is concerned, very similar, if
not identical, to that of the holoenzyme indicating that no
gross conformational change occurs upon removal of FAD
from the holoenzyme.

Binding of FAD to the Apoprotein

Different fluorescence methods were used to determing
the dissociation constant for the apoenzyme-FAD complex.
The holoenzyme of p-hydroxybenzouate hydroxylase possesses
a fluorescence yield of 65" of that of free FAD [16]. In the
presence of substrate the residual fuorescence yield of the
enzyme-substrate complex is 13%, of that of free FAD [16].
Titration of a fixed concentration of FAD by the apoenzyme
in the presence of substrate showed a linear decrease of the
fluorescence of FAD, but the final fluorescence yield was
larger than expected, i.e. about 20%; instead of 13%. This
indicates that commercial FAD, even after purification over
a Bio-Gel P-2 column, still contains impurities other than
riboflavin and FMN, which have been removed by column
chromatography. Our results indicate that FAD purified on
Bio-Gel P-2 still contains an FAD analogue (see below) not
capable of binding to the apoenzyme. Therefore the relative
flucrescence yield of various concentrations of FAD in the
presence and absence of apoenzyme was determined [17].
The results show {Fig.1) that FAD is rather strongly bound
to the apoenzyme and that one mel of FAD is bound per mol
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monomer apoenzyme, as expected. These data do not how-
ever allow us to calculate a dissociation constant. In principle
the dissociation constant of the complex could alsc be deter-
mined by a fluorescence titration experiment which followed
the degree of polarization (p) [10]. The native enzyme-sub-
strate complex possesses a degree of polarization of 0.42— (.43
[9]. Titration of apoenzyme by FAD, or vice versa, always
yielded a value of p which was 20%, smaller than expected.
This value could not be improved by addition of Mega-
sphaera elsdenii apoflavedoxin or apoprotein from riboflavin-
binding protein from eggs. This strongly indicates that the
flavin impurity causing the depolarization is neither FMN
nor riboflavin. That these fluorescence effects are not due to
4 possible slow conformational change of the apoprotein
Lo acquire a conformation needed to bind FAD, as observed
with apoglucose oxidase for example [18], is deduced from
the following. The Aluorescence vield and the degree of polari-
zation of titrated samples remained constant over a very leng
period of time (1 day). The expected values were, however,
observed after dialysis or gel chromatographic purification
of the samples.

Since fluorescence techniques are often used in flavin and
flavoprotein rescarch we paid some additional attention to
the nature of the impurity in purified FAD. A fixed concen-
tration of FAD was incubated at 20 °C with a large excess of
apoenzyme for several hours. The mixture was then chromato-
graphed on a Bio-Gel P-6-DG column and the fractions of
enzyme and free flavin collected. The free flavin obtained in
this way showed no activity when added to apcenzyme, but
it must possess an FAD-like structure since the flucrescence
yield increases by a factor of two upon treatment with phos-
phodiesterase (Naja naje venom). Analysis of our fluorescence
results according to the method described by Wassink and
Mayhew [15] showed that FAD purified on Bio-Gel still
contains an impurity, which amounts to 2%, of the purified
FAD. The fact that the Auorescence vield of modified FAD
increases by a factor of only two on treatment with phospho-
diesterase instead of ten, as observed for FAD [15], indicates
that the quantum yield of the modified FAD is larger than
that of ‘natural’ FAD. The structure of this impurity has not
heen elucidated. Nevertheless from these results it 1s clear that
one has to be very cauticus in using purified, commercially
available FAD for analytical purpose employing fluores-
cence techniques.

To estimate the dissociation constant of the apoenzyme-
FAD complex various samples of a fixed concentration of
apoenzyme were incubated in the presence of different con-
centrations of FAD and the activity measured. The results
are shown in Fig. 2. The calculated kinetic K, value for FAD
1s 45 + 5 nM. This value should not be considered as an
absolute number since the dissociation constant is deter-
mined indirectly. The value of about 45 nM is in the range of
dissociation constants of many other flavoproteins.

The association rate constant for formation of the com-
plex was studied by using in various experiments a fixed con-
centration of apuenzyme in an assay mixture without FAD.
The reaction was initiated by the addition of an excess of
FAD (pseudo-first-order conditions) and the activity followed
with time as a decrease of absorbance at 340 nm. p-Hydroxy-
benzoate and NADPH were present in concentrations of
0.2mM to ensure maximal velocity conditions during the
full time of recombination. At 10-s intervals the slope of the
kinetic curve was drawn and the pseudo-first-order rate con-
stant calculated from a plot of In activity versus time. The
second-order rate constant was obtained froem a plot of the
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Fig.2. Relation of activity of apo-p-hydroxybenzoate hydroxylese to FAD
concéntration. Assays were performed in 0.1 M K;HPQ, buffer, pH 8.0,
as described in Materials and Methods. NADPH and p-hydroxyben-
zoale were both 0.2 mM; apeprotein concentrations were 7.5 (x) and
15 (O) nM, respectively. Velocity is expressed as NADPH oxidized
min~! ml™' and plotted as the change in absorbance at 340 nm

pseudo-first-order rate constant against the concentration
of FAD. From this slope the second-order rate constant was
calculated to be 4.1 + 0.4 10* M ™! s~L, This rate constant
seems small for a second-order rate constant but lies in the
range of values determined for other flavoproteins, e.g.
favodoxin from M. elsdenii [19).

From the dissociation constant for the apoenzyme-FAD
complex and the association rate constant the dissociation
rate constant was calculated to be 1.85x 1072 s7*, This value
indicates that the complex has a long lifetime and that the
stability of the complex is determined by the dissociation
rate constant, under the conditions of the experiments (pH,
ionic strength).

Binding of NADPH and NADH to the Apoenzyme

The fact that the structure of the helognzyme seemed to
be preserved in the apoenzyme, as deduced from circular
dichroic spectra, raised the question whether the affinity of
the apoenzyme for NADPH was also preserved. Titration
of a fixed concentration of NADPH by a solution of apo-
enzyme revealed that the fluorescence of NADPH was aug-
mented by the apoenzyme, indicating complex formation
between the two species. The effect of the apoenzyme on the
fluorescence emission of NADPH is illustrated in Fig.3A.
The spectra have been corrected for small but significant
fluorescence contributions of the buffer and the apoenzyme,
and for dilution. [t can be seen that the fluorescence emission
increases by more than a factor of two upon complex forma-
tion. In addition the fluorescence emission maximum is shifted
approximately 10 nm to shorter wavelengths as compared to
that of free NADPH (461 nm). This behavior of NADPH is
similar to that observed for, for example, malate dehydro-
genase [17] and muscle lactate dehydrogenase [20). The
average values of several titrations arc presented in a double-
reciprocal plot in Fig.3A. The dissociation constant calcu-
lated from this plotis 12.5 +- 3pM at pH 6.5, an ionic strength
of 0.025 M and 20°C. Similar results were obtained in titra-
tion experiments where NADPH was added to a fixed con-
centration of apoenzyme. At infinite concentration of apo-
enzyme the fluorescence vield of NADPH increases by a
facter of 3.2 at 445 nm and a factor of 3.8 at 430 nm as com-
pared to those of free NADPH at the correspanding wave-
lengths. The dissociation constant determined under the same
conditions of pH and icnic strength for the holoenzyme-
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Fig.3. Fluorescence emission spectra of NADPH in the absence { —)
and the presence (———-) of apo-p-hydroxybenzoate hydroxylase at pH 6.5
and 26°C. In 2l cases the concentration of NADPH was 5.0 uM and
that of the apoenzyme was 8.22 uM. The solutions were activated with
light at 350 nm and contained Mes buffer. (A) In 20 mM Mes buffer,
F=0.025 M; (B) in 80 mM Mes bufler, / = 0.1 M. The insets show the
results of utration experimenis in a double-reciprocal plot (fluorescence
difference versus apoenzyme concentration) from which the dissociation
constant of the NADPH-apoenzyme complex was calculated. All spectra,
and data used in the insets were corrected for dilution, and for buffer and
apoenzyme fluorescence

NADPH complex is 115 pM. This value is larger by a factor
of then than that determined for the apoenzyme. This obser-
vation suggests that removal of FAD from the holoenzyme
influences somewhat the structure of the NADPH binding
site. The circular dichroism spectra suggests, however, that
the structural change must be small (cf. below).

In principal the tryptophan fluorescence emission of the
apoenzyme (excitation at 295 nm, emission maximurn at
335 nm) courld alse be monitered to follow the formation of
the complex with NADPH. However, it was found that this
method gave less r¢liable results due to energy transfer to the
pyridine nucleotide.

The interaction between the apoenzyme and NADPH is
strongly dependent on the pH of the solution. The affinity of
the apoenzyme for NADPH decreases very rapidly below
pH 6.3 and above pH 6.7. Therefore the pH dependence of
the dissociation constant was not determined over a larger
pH range, but the affinity of the apoenzyme for NADPH is
optimal at pH 6.5, The pH-dependent interaction of NADPH
with the holeenzyme of p-hydroxybenzoate hydroxylase from
Pseudomonas putida has been investigated in detail [21]. The
dissociation constant was determined to be 71 pM at pH 6.0
and 670 pM at pH 8.0 [21). The apoenzyme studied in this
paper thus exhibits properties similar to those of the holo-
enzyme from P. putida with respect to the interaction with
NADPH. In addition it is interesting to note that the apo-
enzyme of the flavoprotein salicylate hydroxylase also shows
a strong interaction with the reduced form of pyridine nucleo-
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tide [22]. These observations suggest that the structure of the
holoenzymes of flavoprotein hydroxylases is better main-
tained in their apoenzyme compared to other flavoproteins,
¢.g. glucose oxidase [18].

We observed another interesting effect. The affinity of the
apoenzyme for NADPH is strongly dependent on the icnic
strength of the solution. As demonstrated in Fig.2B where
the same experimental conditions were used as in Fig. 3 A,
except for the ionic strength of the solution, the fluorescence
increase of NADPH upon binding to the apoenzyme is very
small and the dissociation constant is calculated to be
43 + 5 pM. The published dissociation constants of the
NADPH-holoenzyme complexes from P. fluorescens [1] and
P. putida [21] were delermined at different ionic strengths.
Preliminary experiments with the holoenzyme from P. fluo-
resceny indicate that the interaction with NADPH is also
strongly dependent on the ionic strength (unpublished results).
Therefore the published values cited above for the holo-
enzyme-NADPH complexes cannct be compared directly
with the dissociation constants of the apoenzyme.

With the holoenzyme it has been observed that the kinetic
Ko value for NADPH at pH 6.6 increases in the presence of
the substrate and decrease with increasing pH [1,21]. It was
not possible to study the effect of p-hydroxybenzoate on the
dissociation constant of the apoenzyme-NADPH compiex
because of the small residual catalytic activity of the particular
apoenzyme preparation used in this study {cf. Table 1). [t
should be noted that the residual NADPH oxidase activity
of the apoenzyme, which is a very slow reaction in the absence
of the substrate [1], did net prevent an accurate determina-
tion of the dissociation constant of the NADPH-apoenzyme
complex, as also judged by a control experiment.

in analogy to the holoenzyme from P. putida [21]. the
apoenzyme from P. fluorescens is also capable of binding
NADH. The dissociation constant for the apoenzyme-
NADH complex, determined in the same way as that for the
NADPH complex, was calculated to be 23 + 3 pM at pH 6.5
and 7 = 0025 M. At infinite conceniration of apoenzyme
the fluorescence yield of bound NADH increased by a factor
of 3.3 at 450 nm with respect to that of free NADH. Neither
the dissociation constant nor the fluorescence emission maxi-
mum of the apoenzyme-NADH complex were affected by
the presence of substrate.

Binding of the Substrate 1o the Apoenzyme

The preservation of the NADPH binding site in the apo-
enzyme suggested that possibly the binding site for the sub-
strate is also unaltered in the apoprotein. That this is the case
could be best demonstrated with circular dichroism. The
apoenzyme shows a positive Cotton band at 290 nm (Fig. 4).
In fact the pattern of the circular dichroic spectrum of the
holoenzyme is very similar to that shown for the apeenzyme.
Addition of substrate to the apoenzyme induces a reduction
of the intensity of the band at 290 nm in the spectrum and a
new band is formed with a peak at about 303 nm. The curves
produced in the presence of varicus concentrations of the
substrate form an isosbestic point at 281 nm (Fig.4). From a
double-reciprocal plot of titration data (Fig. 4, inset) the dis-
sociation constant for the apoenzyme-substrate complex was
calculated to be 30 + 3 uM. This value compares favourably
with that for the holoenzyme-substrate complex (25 pM) [1].
The same value was found by monitoring the decrease of the
fluorescence emission of the apoenzyme upon addition of
substrate. The fluorescence yield of the apoenzyme-substrate
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Fip 4. Circular dichroism spectra of apo-p-hydroxvhenzoate hydroxylase
in the absence and presence of the subsirate p-hiydroxyhenzoate. The mean
residue (394 amino acid residues [5]) ellipuicity [#] in degrees/cm® decimol
is plotted against the wavelength (nm). The concentration of the apo-
enzyme was 13.0 pM in 80 mM Epps buffer, pH 8.05, / = 0.1 M. The
curves represent free enzyme (O) and in the presence of 10 pM (x),
40 uM (G) and 200 pM (A) substrate. All curves were corrected for the
base line and for dilution. The inset shows the data of titration experi-
ments in a double-recipracal plot

complex is decreased by 10% as compared to that of free
4poenzyme.

The results presented in this paper strongly indicate that
the structure of the apoenzyme is very similar, if not identical,
to that of the holoenzyme with respect to the binding sites for
the substrate, NAD{P)H and FAD. This explains the casy
reconstitutability of the activity of the holoenzyme. The fact
that the hydrodynamic properties of the holoenzyme differ
from those of the apoenzyme, in that the holoenzyme forms
higher-order quaternary structures, suggests that it is mainly
the conformation of amino acid residues on the surface of
the protein that is influenced upon removal of the prosthetic
group.
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Chapter 3

Large-scale preparation and reconstitution of apo-flavoproteins
with special reference to butyryl-CoA dehydrogenase from Megasphaera elsdenii

Hydrophobic-interaction chromatography

Willem J. H. VAN BERKEL, Willy A. M. VAN DEN BERG and Franz MULLER

Department of Biochemistry, Agricultural University, Wageningen

(Received July 5/August 23, 1988) — EIB 88 0800

A new method is described for the large-scale reversible dissociation of flavoproteins into apoprotein and
prosthetic group using hydrophobic-interaction chromatography.

Lipoamide dehydrogenase from Azetebacter vinelandii and butyryl-CoA dehydrogenase from Megasphaera
elsdenii are selected to demonstrate the usefulness of the methed. In contrast to conventional methods, homo-
geneous preparations of apoproteins in high yields are obtained. The apoproteins show high reconstitutability.

The holoenzymes are bound to phenyl-Sepharose CL-4B at neutral pH in the presence of ammonium sulfate.

FAD is subsequently removed at pH 3.5—4.0 by addition of high concentrations of KBr. Large amounts of
apoenzymes {200 — 500 mg), showing negligible residual activity, are eluted at neutral pH in the presence of 50%
ethylene glycol.

The holoenzyme of lipoamide dehydrogenase can be reconstituted while the apoprotein is still bound to the
column or the apoenzyme can be isolated in the free state. In both cases the yield and degree of reconstitution of
holoenzyme is more than 90% of starting material. Apo-lipoamide-dehydrogenase exists mainly as a monomer
in solution and reassociates to the native dimeric structure in the presence of FAD. The apoenzyme is stable for
a long period of time when kept in 50% cthylene glycol at — 18°C,

Steady-state fluorescence-polarization measurements of protein-bound FAD indicate that reconstituted
lipoamide dehydrogenase possesses a high stability which is governed by the low dissociation rate constant of the
apoenzyme-FAD complex.

The holoenzyme of butyryl-CoA dehydrogenase cannet be reconstituted when the apoenzyme is bound to the
column. However, stable apoprotein can be isolated in the frec state yielding 50—80% of starting material,
depending on the immobilization conditions. The coenzyme A ligand present in native holoenzyme is removed
during apoprotein preparation. The apoenzyme is relatively stable when kept in 50% cthylene glycol at — 18°C.

From kinetic and gel filtration experiments it is concluded that the reconstitution reaction of butyryl-CoA
dehydrogenase is governed by both the pH-dependent hydrodynamic properties of apoenzyme and the pH-
dependent stability of reconstituted enzyme. At pH 7, the apoenzyme is in equilibrium between dimeric and
tetrameric forms and reassociales to a native-like tetrameric structure in the presence of FAD. The stability of
reconstituted enzyme is strongly influenced by the presence of CoA ligands as shown by fluorescence-polarization

measurements,

The degree of reconstitution of butyryl-CoA dehydrogenase is more than 80% of the original specific activity
under certain conditions. Unliganded reconstituted enzyme is easily regreened in the presence of CoASH and

Na;S.

The large-scale preparation and reconstitution of the apoproteins of glutathione reductase from human
erythrocytes and mercuric reductase from Psewdomonas aeruginosa is also described.

Lipoamide dehydrogenase and butyryl-CoA dehydrogen-
ase are both representative members of different important
classes of flavoproteins [1, 2]. Lipoamide dehydrogenase is
a member of the flavin-containing disulfide oxido-reductases
catalyzing the re-oxidation of dihydrolipoamide by NAD*.

Correspondence 1o W. J. H. van Berkel, Laboratorium voor Bio-
chemie der Landbouwuniversiteit, Dreyenlaan 3, NL-6703-HA
Wageningen, The Netherlands

FEnzymes. Lipcamide dehydrogenase, NADH:lipoamide oxido-
reductase (EC 1.8.1.4); glutathione reductase, NADPH : glutathione
oxido-reductasc (EC 1.6.4.2); mercuric reduciase, NADPH : mercuric
ion oxidoreductase (EC 1.16.1.1); butyryl-CoA dehydrogenase,
butyryl-Co A :{acceplor) oxidoreduciase (EC 1.3.99.2),

Abbreviarion. Cly1nd, 2.6-dichloroindephenol.

In vivo, the enzyme functions in the oxidative decarboxylation
of both 2-oxoglutarate and pyruvate as part of multi-enzyme
complexes [1].

Butyryl-CoA dehydrogenase is a member of the fatty-
acid-acyl-CoA dehydrogenases catalyzing the oxidation of
saturated acyl-CoA thioesters te give the corresponding rrans-
enoyl-CoA analogue. /n vivo, the bacterial enzyme from
Megasphaera elsdenii acts in the reverse direction producing
the reduced butyryl-CoA [2].

Both enzymes contain FAD as a prosthetic group which
is non-covalently, but tightly, bound to the apoenzymes.
Though lipoamide dehydrogenase from Azotebacter vinelandii
and butyryl-CoA dehydrogenase from M. elsdenii can be
obtained in very high yield [3, 4], no methods have been
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reported for the preparation of stable apoproteins in large
amounts to allow mechamstic studies on reconstituted en-
Zymes.

Several methods have been described for the preparation
of reconstitutable apo-flavoproteins [5]. Reconstitution de-
pends very much on the protein used and most methods are
only suitable for small-scale preparations.

When performing biophysical studies on reconstituted
apo-flaveproteins where the non-covalently bound prosthetic
group is replaced by artificial flavins [6], it is very impertant
to use preparations showing negligible residual activity. More-
over, in NMR studies where the prosthetic group is replaced
by '*C- or **N-enriched flavins [7] only large amounts of well-
defined reconstituted ¢nzymes will allow a thorough physical
characterization.

We have already shown that affinity chromatography can
be a potent alternative for apoprotein preparation [8]. In
the particular case of p-hydroxybenzoate hydroxylase from
Pseudomaonas fluorescens both low residual activity and hich
yicld of fully reconstitutable apoenzyme could be achieved
by using Sepharose-3,5'-dithiobis(2-nitrobenzoate) covalent
affinity chromatography {8]. Because the use of this kind
of chromatography is limited to {lavoproteins showing the
presence of well-characterized, accessible sulfhydryl groups
[9] we looked for a more generally applicable method, taking
advantage of the immobilization procedure.

In this paper we report on the large-scale reconstitution of
several apo-flavoproteins by using hydrophobic-interaction
chromatography. Itis shown that immobilization of the differ-
ent enzymes used allows resolution of apoprotein and flavin
under relatively mild pH conditions, in contrast to conven-
tional methods. Some physical properties of the apo and
reconstituted enzymes, with special attention to butyryl-CoA
dehydrogenase, are also described.

MATERIALS AND METHODS
General

FAD (F-6625), FMN (F-6750), lipoamide (oxidized).
glutathione (oxidized), butyryl-CoA, acetoacetyl-CoA, Bis-
tris, Mes, Hepes, Hepps, phenazine ethosuifate and Naye naja
atra snake venom were from Sigma. Dithiothreitol, Tris,
NAD*', NADH, NADPH, ovalbumin, bovine serum albu-
min, alecchol dehydrogenase, a-chymotrypsinogen and myo-
globin were products of Boehringer. 2,6-Dichloroindophenol
was purchased from BDH.

DEAE-Sepharose CL-6B, phenyl-Sepharose CL-4B, thio-
propyl-Sepharose 6B, Sepharose 6B, Sephacryl-5200, Supe-
rose 12 preparative grade, prepacked Mono Q HR 5/5 and
prepacked Superose 12 HR 10/30 were all products of Phar-
macia. Bio-Gel P-6DG was obtained from Bio-Rad. All other
chemicals were from Merck and the purest grade available.

Transformed Escherichia cofi TG-2 cells containing the
lipoamide-dehydrogenase gene from Azotobacter vinelondii
[3] were kindly provided by Mr A. H. Westphal. Cells of
Megasphaera elsdenii, strain LC 1 (ATCC 25940}, were
maintained and grown in iron-poor media as described by
Mayhew and Massey [10]. Lipoamide dehydrogenase from
transformed E. coli cells was purified as described by Westphal
and De Kok {3]. Butyryl-CoA dehydrogenase was purified
from M. elsdenii essentially according to the method described
by Engel [4], as modified by Fink et al. [11]. The DEAE-
cellulose column was replaced by a DEAE-Sepharose CL-6B
column of the same size. Mercuric reductase from Pseudo-
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monas aeruginesa PAQ 9501 {pv51) was a gift of Dr S, Lind-
skog. Glutathione reductase from human erythrocytes was a
gift of Dr B, Mannervik,

The enzyme activities of lipoamide dehydrogenase, mer-
curic reductase and glutathione reductase were measured
using standard conditions [3, 12, 13). Butyryl-CoA dehydro-
genase aclivity was assayed as described by Williamson and
Engel [14] except that, for better buffering capacity, the phos-
phate buffer was replaced by 100 mM Tris/sulfate, pH 8.0,
giving 90% activity of that in the phosphate buffer system.
When dithiothreitol was present the enzyme samples were first
gel-filtered over Bio-Gel P-6DG in 100 mM K,HPO,, pH 7.0,
containing 0.5 mM EDTA.

Enzyme cencentrations were determined by measuring the
absorbance of protein-bound FAD using the following molar
absorption coefficients: lippamide dehydrogenase, s455 =
11.3 M "' em ™! [3]; mereuric reductase, f455 = 11.3 mM ™!
cm ™! [12]; glutathione reductase, t462 = 11.3mM ™! cm ™!
[13]; green butyryl-CoA dehydrogenase, £420 = 10.4 mM !
cm ™' [14]; yellow liganded butyryl-CoA dehydrogenase,
£4sp = 14,2 mM ~' em ™ ? [14] and yellow unliganded butyryl-
CoA dehydrogenase, £450 = 4.4 mM ™% cm ! [14].

Protein concentrations were determined by the method of
Lowry [15) using bovine serum albumin as an standard,

Molar absorption ceefficients of apoenzymes were deter-
mined at 280 am by comparison of the absorbance of apo
and reconstituted enzyme using the gel-filtration procedure
described earlier [8].

Enzyme activity measurements were performed at 25°C
using a Zeiss PMQ Il spectrophotometer. Absorption spectra
were recorded on an Aminco [X'W-2A spectrophotometer at
25°C and fluorescence measurements on an Amince SPF-500
fluorimeter at 20°C. Both instruments were equipped with
thermostatted cell holders.

Enzyme purity was checked by both sodium dodecyl
sulfate gel electrophoresis using 15% slab gels [16] and Mono
Q analytical anion-exchange chromatography using an FPLC
system [9].

Phenyl-Sepharose CL-4B was regenerated by successively
washing the column with 2 vol H,0, ethanol, butanol, ethanol
and H,0. For longer periods the column was stored in 25%
ethanol (by vol.) at 4°'C.

Analytical methods

Apoprotein samples were stored at a concentration of
about 10 mg/mlat — 18°Cin 100 mM K,HPQ,, pH 7.0, con-
taining 0.5 mM EDTA and 50% ecthylene glycol. Before
storage the samples were concentraied at 4°C with aid of an
Amicon ultrafiltration apparatus using Y M-30 filters.

Sedimentation velocity experiments were performed at
20°Cin 50 mM K,;HPO,, pH 7.0, centaining 0.5 mM EDTA
as described earlier [17], using an MSE Centriscan 75 analyti-
cal vltracentrifuge.

Analytical gel filtration was performed, by injection of
100-pl samples, on a Superose 12 HR 10/30 column in 50 mM
K;HPO,, pH 7.0, containing 150 mM KCI, 0.5 mM EDTA.
The flow rate was 0.5 mi/min. The absorbance was monitored
at 280 nm. Gel-filtration experiments to monitor the re-
constitution of apo-butyryl-CoA dehydrogenase were per-
formed either in 100 mM Mes, pH 6.0, 100 mM Hepes,
pH 7.0, 100 mM K:HPO,, pH 7.0 or 100 mM Hepps, pH 8.0.
For these particular experiments, the apoenzyme used was
first gel-filtered over Bio-Gel P-6D2G in the appropriate buffer
1o remove ethylene glycol.



Steady-state fluorescence pelarization of native and recon-
stituted enzymes was determined at 20°C, as described pre-
vicusly [18]. The excitution wavelength was 450 nm while
KV 515 filters were used to cut off the emission light. A
spectral band width of 3 nm was used in all experiments. High
concentrations of native or reconstituted enzymes (approxi-
mately 50 pM) were freshly gel-filtered over Bio-Gel P-6DG
in the appropriate buffer and then diluted stepwise. A solution
of FMN {0.5 pM), freshly prepared each day, was used as a
standard Lo estimate the relative fluorescence quantum yield
of the different enzyme samples. FAD used for polarization
experiments was purified by gel filtration on Bio-Gel P-2, as
reported earlier [8].

Large-scale reconstitution of apo-butyryl-CoA dehydro-
genase was perfomed by incubation of 100 uM apoprotein
with a fivefold melar excess of FAD overnight at 4°C. Excess
FAD was removed by gel filtration over Bio-Gel P-6DDG in
100 mM K ,HPO,. pH 7.0, containing 0.5 mM EDTA, unless
stated otherwise.

Reconstitution of apo-butyryl-CoA dehydrogenase on an
analytical scale was done by treatment of 13.5 uM apoprotein
with various concentrations of FAD (100—300 pM), either
in the absence or presence of 1 mM CoASH or 0.5 mM
acetoacetyl-CoA. The time-dependent increase of enzyme ac-
tivity was followed by the standard assay procedure. In the
presence of acetoacelyl-CoA the time-dependent increase of
absorbance was followed at 580 nm, using a molar absorption
coefficient of 4.5 mM ™' em ™! [11] or by recording Lhe visible
absorption spectrum. These paramcters were also used to
quantify the reaction. Samples were also withdrawn from the
incubation mixtures in order to check the increase in enzyme
activity with time.

Regreening of reconstituted butyryl-CoA dehydrogenase
was quantified by time-dependent recording of the absorption
spectrum. using a molar absorption coefficient at 710 nm of
5.6mM~'em ! [19].

RESULTS
Preparation of apo-flaveproteins

Lipoamide dehydrogenase (10 pmol, 500 mg in 70 ml) was
loaded on a phenyl-sepharose column (2.5 < 16 em) al 20'C
in S0 mM K,;HPQ,, containing 1.7 M ammonium sulfate,
1M KBr and 0.5 mM EDTA (final pH 7.0) at a flow rate
af 1 mlfmin. Under thesc conditions the capacity of phenyl-
Sepharose (Tuble 1) can easily be checked by cye, owing to
lhe bright vellow band of protein-bound FAD. All further
steps were performed at a constant flow rate of 3 ml/min.
The column was then washed with 2 vols starting buffer. No
protein or FALY was eluted under ltese conditions. FAD was
eluted with 180 ml of the same buffer adjusted to pH 4
with phosphoric acid. The release of FAD was followed by
moniloring the fluorcscence emission of the eluate al 525 nm.
Alter FAD clution the columu was immediately washed with
2 vols starting buffer. omitting 1 M KBr, and 2 vols 0.5 mM
EDTA in 100 mM K,HPO4. pH 7.0. The apoprotein was
eluted by the finul bulfer containing 50% ethylene glycol and
stored al — 18 C, if storage over a long period of time was
needed. Under these conditions the apoprotein can be kept
for months without loss of reconstitutable activity.

The apoproteins of butyryl-CoA dechydrogenase, mercuric
reductase and glutathione reductase were prepared essentially
by the same procedure as described above for lipoamide de-
hydrogenase. In order to obtain both low residual activity
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Table 1. Preparation of apo flaveproteins using Avdrophobic-interaction
chromaiography

100 mg cnzyme in 100 mM K,HPO,, 1.7M ammonium sulfaie,
pH 7.0, was loaded onto a phenyl Sepharose CL-4B column (10 ml)
and treated as described under Results. All experiments were
performed at 20°C. n.d. = not determined

Enzyme Column  FAD Yield

capacity  clution apoprotein

(bed vol.)  buffer

mg/ml pH %
Lipoamide dehydrogenase 255 4.0 95+5
Butyryl-CoA dehydrogenase 12 +4 37 50+ 5

80 £ 5%

Glutathione reductase 25+5 3.5 n.d.
Mercuric reductase 2545 3.5 n.d.

* Apoprotein was prepared using 1.2 M ammonium sulfate,

and high yield of apoprotein the composition of the FAD
eluting buffer was varied siightly for cach individual enzyme
used (Table 1). The apoproteins of mercuric reductase and
glutathione reductase were not isolated in the free state. Large-
scale production of reconstituted enzymes was performed on
the column as described below.

Butyryi-CoA dehydrogenase is usually isolated in a green
form [4]. This green colour is due to ‘charge-transfer” interac-
tion between a CoA persulfide ligand and pretein-bound FAD
[19). Reduction of green liganded enzyme by dithionite yields
vellow liganded enzyme after reoxidation [19). The reduced
CoA ligand can be removed by thiopropyl-Sepharose, yielding
yellow unliganded enzyme [11, 20].

Both green and yellow liganded enzymes can be used for
apoprotein preparation. The capacity of phenyl-Sepharose for
these enzymes is lower than that for lipoamide dehydrogenase
(Table 1), For large-scale production of apo-butyryl-CoA de-
hydrogenase 6 umol (240 mg in 40 ml) enzyme were loaded
onto the column. Apo-butyryl-CoA dehydrogenase is rela-
tively stable when kept at —18°C in 50% ethylene glycol.
After six months, 80% of the original activity could be re-
stored on addition of excess FAD.

The residual activity of both apo-lipoamide dehydrogen-
ase and apo-butyryl-CoA dehydrogenase was less than 1%
as compared to the activitics of the corresponding native
heloenzymes. The yield of apo-lipoamide dehvdrogenase was
more than 90% of starting material (Table 1). Using the stan-
durd procedure of apoprotein preparation, as described
above, the yield of apo-butyryl-CoA dehydropgenase was only
50% of, starting material {Table 1). Upon elution of FAD at
pH 3.7, about 50% of apoprotein became too tightly bound
lo the hydrophobic matrix, preventing elution at pH 7.0, even
in the presence of high concentrations of ethylene glycol. The
strongly immobilized apoprotein could only be eluted under
denaturing conditions using high concentrations of ethanol as
confirmed by both protein delermination and sodium dodecyl
sulfate/polyacrylamide gei electrophoresis. In contrast, native
holoenzyme could be eluted with full recovery from the
column with 50 mM K;HPO, containing 0.5 mM EDTA,
pH 7.0,

[n order to increase the vield of apo-butyryl-CoA dehydro-
genase, the conditions of apoprotein preparation were studied
in more detail. Optimal recovery { & 80%) of apoprotein was
obtained vsing 1.2 M ammonium suifate in all steps where
ammonium sulfate was included in the buffer (Table 2). Under
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Scheme 1. Schematic representation of the preparation of apoflavoprateins by immobilization on phenyl Sepharose CL-4B. FAD* denotes the

free flavin used in the reconstilution reaction

these conditions the capacity of phenyl-Sepharose for butyryl-
CoA dehydrogenase was about 10 mg/ml column material.
Similar results were obtained at 4°C.

Reconstitution of matrix-bound apoenzymes

Lipoamide dehydrogenase could easily be reconstituted
while the apoprotein was still bound to the column. Passing
a small molar excess of FAD in 100 mM K, HPO,, 0.5 mM
EDTA, pH 7.0, over the coumn spontancously vielded a very
fluorescent band, characteristic for the relatively high fluores-
cence quantum yield of this enzyme [18]. After washing the
column with 100 mM K;HPQ,, 0.5mM EDTA, pH 7.0 to
remove ¢xcess of free flavin, the holoenzyme was eluted in a
sharp band using the same buffer containing 50% ethylenc
glycot (Table 2).

Mercuric reductase and glutathione reductase could be
reconstituted essentially by the same procedure as described
above for lipoamide dehydrogenase. However, for these en-
zymes the yield of reconstitutable enzyme was lower, as can
be seen from Tabie 2. The absorption spectra and specitic
activities of the reconstituted disulfide oxidoreductases were
identical with those of the starting holoenzymes.

Butyryl-CoA dehydrogenase could not be reconstituted
while the apoprotein was bound to the column. Phenyl-
Sepharose showed a very high affinity for the apoprotein
under the conditions used preventing reconstitution. The prin-
cipie of apoprotein preparation on phenyl-Sepharose CL-4B
and reconstitution with FAD either on the matrix or in solu-
tion is summarized in Scheme 1.

Molar absorption coefficients of apoenzymes

The molar absorption coefficient of highly pure apo-
lipoamide-dehydrogenase subunit at 280 nmis27 + 1 mM ™!
em™!. This value is much lower than reported earlier [21] but
is in good agreement with the low content of aromatic amino
acid residues, as found by sequence analysis [3].

The molar absorption coefficient of highly pure apo-
butyryl-CoA dehydrogenase subunit at 280 nm is 49 +
1 mM~! cm™*. From the ultraviolet absorption spectrum

Table 2. Reconstitution of epo flavoproteins prepared by hydrophobic-
interuction chromaiography

Apoprotein, bound 1o phenyl Sepharose CL-4B in 10¢ mM K,HPQ,,
pH 7.0, was reconstituted by recycling a fivefold molar excess of FAD
over the column. Apoprolein, eluted from the column in the presence
of 5(% cthylene glycol, was reconstituted by the addition of a fivefold
molar excess of FATY and checked for time-dependent activity increase
by the standard assay procedures. All experiments were performed at
20 C. n.d. = not determined

Enzyme Reconstitution Reconsti-
on matrix tution in
solution
yield specific specific
activity activity
o/l.l
Lipoamide dehydrogenase Us+5 100 100
Butyryl-CoA dehydrogenase — B0+ 35
854+ 5"
Glutathione reductase 6043 90+ 5 n.d.
Mercuric reductase 7515 LU nd
3545 %0+35"  nd

* Not reconstitutable on the celumn.
* Apoprotein was prepared using 1.2 M ammonium sulfate.

{Fig.1A) it can be concluded that the coenzyme-A ligand is
removed during apoprotein preparation (see also below).

Subunit composition of apo and reconstituted enzymes

The relative molecular mass of holo, apo and reconstituted
enzymes was determined at 20° C by gel filtration through
Superose-12, sedimentation analysis in an analytical ultracen-
trifuge and sodium dodecyi sulfate/polyacrylamide gel etec-
trophoresis in the presence of 2-mercaptoethancl. The results
sumnmarized in Table 3 show that the apoprotein of lipoamide
dehydrogenase exisis mainly as 2 monomer in solution which
was also reported for the wild-type A. vinelandii enzyme [21].
The reconstituted enzyme showed the same dimeric structure
as native enzyme.
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Table 3. Refative molecular mass of apo and reconstituted enzymes
The relative molecular mass of lipoamide dehydrogenase and butyryl-
CoA dehydrogenase was determined by FPLC on a Superose-12
column (M,) sedimentation velocity (5:0.4) and SDS/PAGE (M)
analysis. For details sce Materials and Methods. For gel hltration
and ultracentrifugation the enzyme concentration ranged over 1—
5 mgfml

Enzyme 1073 M,  ss0.by  1073xM,
gel ultracen- by
filtration trifugation SDS/PAGE

8
Lipcamide dehydrogenasc
Hole 112 59 -
Apo 59 (85%) 3.7 58
112 (15%)
Reconstituted 12 (91%) 59 —
Butyryl-CoA dehydrogenase
Holo (green) 160 8.1 -
Apo 160 (30%) 3.6 40
75 (10%)

Reconstituted (yellow) 160 (90%) 8.0 —
75 (10%)

Reconstituted (green) 160 8.0 -

The apoprotein of butyryl-CoA dehydrogenase exists
mainly as a dimer in solution (Table 3}. Upon addition of
excess FAD, the enzyme reassociates to the native tetrameric
structure yielding the yellow unliganded form (Table 3). The
subunit composition of apo-butyryl-CoA dehydrogenase is
strongly dependent on both pH and enzyme concentration.
For instance, in 100 mM K,HPO,, pH 7.0, the apoenzyme
is in equilibrium between the dimeric and tetrameric forms
showing a higher dissociation at lower enzyme concentrations
{Table 4). From the data of Table 4, an apparent dissociation
constant of about 25 pM is estimated for the dimer/tetramer
equilibrium of apoenzyme molecules at pH 7.0.

The presence of KCl1in the buffer favours, to some depree,
association to the tetrameric form, suggesting hydrophobic
interaction between dimeric molecules {Table 4). Apoprotein
kept for one month at —18°C in 50% ethylene glycol at
pH 7.0 showed almost complete formation of dimers, as
judged by chromatography on Superose-12.

At pH 6.0, 100 mM Mes, the subunit composition of apo-
butyryl-CoA dehydrogenase is much more complex showing
the presence of, at least, monomeric, dimeric, tetrameric and
polymeric forms (Table 4). Increasing the concentration of
apoenzyme strongly favours the formation of polymers
eluting in the void volume of the Superose-12 column.

Some properties of reconstituted lipoamide dehydrogenase

In contrast to observations made when the apoprotein was
prepared at pH 1.5 [21] the FAD absorption spectrum of
reconstituted lipoamide dehydrogenase, prepared either on
the matrix or in solution (Table 2), was identical with that of
native holoenzyme, with maxima in the visible region at
360 nm and 458 nm and characteristic shoulders at 430 nm
and 485 nm.

The kinetics of the reconstitution reaction have not been
studied in detail. However, upon incubation of the apoprotein
with excess FAD either at 0°C or 25°C, under conditions
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Table 4. Analyticai gel chromatography of apo butyryl-CoA dehydro-
gendase on Superose 12

Freshly prepared apoprotein was first gel-filtered over Bio-Gel P-6DG
in the appropriate buffer. Aliquots of 100 pl were injected onto the
column. The Mlow rate was 0.5 mlfmin. All experiments were donc at
20°C

Buffer Species at apoprotein concentration of
15 pM 67 uM

%% Yo
50 mM K,HPO, tetramer 30 tetramer 60
150 mM KCI, pH 7.0 dimer 70 dimer 40
100 mM K,HPO,, pH 7.0 tetramer 30 tetramer 50
dimer 70 dimer 50
130 mM Mes, pH 6.0 polymer 25 polymer 50
tetramer 25 tetramer 20
dimer 40 dimer 20

monomer 10 monomer 10

described elsewhere [21], the lipoamide activity is fully re-
gained within 5 min at both incubation temperatures, There-
fore, our results indicate that the apoprotein prepared on the
hydrophobic matrix at pH 4.0 has a more native structure
than the apoprotein prepared by the classical acid/ammonium
sulfate procedure. For such preparations, a relatively slow
biphasic process of reconstitution was reported at 0°C [21].

The properties of reconstituted lipoamide dehydrogenase
have also been studied by steady-state flavin-fluorescence-
polarization experiments. At pH 7.0, 100 mM K,HPO,,
freshly gel-filtered reconstituted enzyme posesses a degree of
polarization of (.43 —0.44. These values agree with those
found for native holoenzyme and are in accordance with
results obtained for wild-type A. vinelandii enzyme [22]. Upon
dilution of reconstituted enzyme to catalytic concentrations,
no change was observed in the degree of polarization of pro-
tein-bound FAD, indicating very tight binding of the pros-
thetic group. The quantum vield of freshly gel-filtered recon-
stituted enzyme was the same as that found for native enzyme
[22] and comparable to that of free FMN.

Light absorption spectra of reconstituted butyryl-CoA
dehvdrogenase

The ultraviolet and visible absorption spectra of reconsti-
tuted butyryl-CoA dehydrogenase (Fig.1B and C) compare
favorably with those of native unliganded enzyme [11]. The
suggestion that the coenzyme-A ligand {19] is removed during
apoprotein preparation is confirmed by regreeening of recon-
stituted enzyme. ln the presence of a preincubated mixture of
CoASH and Na,S, reconstituted enzyme can be 80% re-
greened within 30 min (Fig. 1 D), while in the presence of Na,S
alone no regreening occurs. Regreening of the enzyme leads
to a shift of the maximum at 450 nm to 430 nm and an isos-
bestic point at 513 nm is observed. From the inset of Fig.1E a
pseudo-first-order rate constant, & = 0.46 min™~ ', is obtained
which compares well with the regreening rate of native enzyme
[19).

Kinetics of reconstitution of apo-butyryl-CoA dekydrogenase

Reconstitution of apo-butyryl-CoA dehydrogenase by
FAD, as monitored by activity measurements, is a relatively
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Fig.1. Light absorption specira of apa and reconstituted butyryl-Cod
defivdrogenase. All spectra were recorded in 100 mM K, HPO,,
pH 7.0, 0.5 mM EDTA. The lemperature was 25°C. Cells of 10 mm
path length were used. All other details are given under Materials and
Methods. (A) Ultraviolet absorption spectrum of 9 pM ape-butyryl-
CoA dehydrogenase. (B) Ultraviolet absorption spectrum of 4.9 uM
unliganded, reconstituted butyryl-CoA dehydrogenrase. (C) Visible
ahsorption specirum of 27.8 pM unliganded. reconstituted butyryl-
CoA dehydrogenase. (D) Light absorption spectra ebserved during
regreening of 27.8 uM unliganded, reconstituted butyryl-CoA de-
hydrogenase. The reaction was initiated by 20-fold dilution of a
mixture of 4 mM CoASH and 20 mM Na,§ (preincubated at pH 7
for 15 min) into the enzyme solution. The absorbance changes were
Tollowed by scanning the spectra respeclively at 60-s intervals until
the reaction was completed. For clarity, only a few spectra are shown,
recorded at ¢ = 0, 1, 2, 3, 4.5, 9 and 32 min after mixing. (E} The
inset shows the increase of absorbance at 710 nm with time

slow process laking about 2 h for completition at pH 7.0 and
25°C. As can be seen from Fig.2 A reactivation is stimulated
in the presence of CoASH. The apparently slow reactivation
in the presence of acetoacetyl-CoA (lower curve in Fig.2A)
can be explained by the following observations. In centrol
experiments, using native liganded enzyme (50% green) as a
reference, the addition of 1 mM CeASH to the incubation
mixture did not influence the activity measurements (after
correction for the blank reaction of CoASH with Cl;Ind).
However the addition of 0.5 mM acetoacetyl-CoA to the incu-
bation mixture caused 60% inhibition, in agreement with the
reported K; value of 0.12 uM [2]. Therefore, when the lower
curve in Fig.2 A is corrected for this competitive inhibiticn
effect, acetoacetyl-CoA mimics the stimulating effect observed
for CoASH.

In order to study the binding of FAD in more detail, the
kinetics of the reconstitution reaction were followed in the
presence of acetoacetyl-CoA by monitoring ‘charge-transfer
complex’ formation between protein-bound FAD and pro-
tein-bound acetoacetyl-CoA (Fig.2B). At pH 7.0, the kinetics
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Fig 2. Reconsiitution af apo-buivryi-CoAd deliydrogenase by FAD in
the ahsence and presence of CoA derivatives. All experiments were per-
formed in 100 mM K,HPO,, 0.5 mM EDTA, pH 7.0 a1 25"C. (A) The
time-dependent reactivation of 13.5 pM apo-butyryl-CoA dehydro-
genase in the presence of 200 uM FAD: in the absence (@~ --@)
and presence of 1 mM CoASH ¢ A—-—/v), or the presence ol 0.5 mM
aceloacelyl-CoA (> x ¥ Aliquols were withdrawn [rom the incy-
bation mixlures at intervals and assayed for CloInd activity aller
dilution. The relative rate was determined by correction for the blank
rate in the absence of phenazine clthosulfate. The plotied values are
cxpressed relative o the ClyInd activity of native liganded enzyme
(50% green). The Jower curve has not been corrected for the competi-
tive inhibition cffect of accloacetyl-CoA (see text). DCPIP = Cl,Ind.
(B) Light absorption spectra observed during the rcconstitution of
13.5 uM apo-butyryl-CoA dehydrogenase in the presence of 200 pM
FAD and of 0.5 mM acclozcetyl-CoA. Before iniliating the reaction,
a base line was recorded in the absence of FAD. The abserbance
changes werc lellowed by repetitive scanning until the reaction was
completed. For clarity, only a few spectra arc shown, recorded at 1 =
1, 3.5, 6, 14, 22, 33.5, 52 and 65 min (at 580 nm) after mixing. (C)
Kinetics of the reconstitution of 13.5 pM apo-butyryl-CoA dehydro-
genase in 1he presence of .5 mM acetoacetyl-CoA. as a function of
the concentration of FAD: 100 uM (O-——01), 200 pM { x — %}
and 300 uM (A A) FAD. The time-dependent increase of
absorbance at 580 wm was normalized by giving the dilfercnce of
absorbance a1 ero lime a value of 1.00 and at 1 = 90 min a value
of 0. The insct shows the relationship between the apparent pseudo-
first-order rate constanls (ko) of the reconstitution reactions and the
FAD concenirations

at 580 nm are biphasic {Fig.2C) and parallel those ol the
reactivation reaction as monitored by activity measurements
(cf. Fig.2A).

*Charge-transfer complex’ [ormation follows pseudo-first-
arder kinetics when using different amounts of excess FAD
(Fig.2C). Extrapolation of the curves of the slower reaction
to zero time yields an intercepl al about 0.7 on the ordinate,
indicating that the Fast step of “charge-transfer complex” for-
malion is refated to a fixed amount of enzyme. Moreover,
monitoring ‘charge-transfer complex’ formation as described
above, using 27 pM enzyme yiclds an intercept at about 0.5
on the ordinate {resulls not shown). The pseudo-first-order
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Scheme 2. Possible mechanismy of reconstitution of apo-butyryi-CoA dehydrogenase by FAD (F) and in the presence of coenzyme A derivatives
{ A). No experimental evidence is available for the species between brackets

rate constants for ‘charge-transfer complex’ formation can be
calculated from the slopes of Fig. 2C according to j23]:

initial slqpcsz n
1-F

where &, is the pscudo-first-order rate constant of the reaction
of the more rapidly reactivated fraction of apoprotein, %, is
the pscudo-first-order rate constant of the reaction of the
maore slowly reactivated fraction ol apoprotein and F rep-
resents the fraction of the more slowly reactivated apoprotein.
From a secondary plot of the pseudo-first-order rate constants
against the FAD concentration, second-order rate constants
of 19.2 M~ s P and 3.7 M~ 57!, respectively, are obtained
at pH 7.0 and 25°C {inset Fig.2C).

As already shown above (Table 4), apo-butyryl-CoA de-
hydrogenase is present as a mixture of dimers and tetramers at
pH 7.0 (100 mM K HPO,). Using 15 pM apoprotein, about
70% of the apoenzyme molecules are in the dimeric state
(Fig.3 A). These results suggest that the dimeric molecules are
responsible for the slower reconstitution reaction, as observed
in Fig.2. Therefore, the properties of apo and reconstituted
enzyme were studied in more detail by gel filtration exper-
iments.

Apoprotein reconstituted in the presence of aceloacetyl-
CoA at pH 7.0 is almost quantitatively present as a tetramer
{Fig.3B}. The smuall amount of dimer prescnt did not show
any activity nor the presence of bound FAD. The same effect
was seen when apoprotein, incubated for 20 min in the pres-
ence of 200 uM FAD and 1 mM CoASH (cs. Fig.2 A}, was
subjected to gel filtration (Fig.3C). In this case, all activity
and protein-bound FAD could be related to the amount of
tetramer formed, The peaks eluting at 15 ml and 16 ml corre-
spond (0 acetoacctyl-CoA (Fig.3B) and CoASH (Fig.3C).
respectively, as checked by the use of authentic samples alone.
The peaks eluting at 18.2 ml and 21 ml {Fig 3B and C) corre-
spend to FAD and its impurity, ribeflavin, respectively. The
possibility that CoASH influences the aggregation state of
apoprolein was tested by running an apoenzyme sample pre-
incubated in the presence of 1 mM CeASH. These chromato-
grams were identical with those of untreated apoenzyme. This
result also indicates that no or very weak binding of CoASH
to the apoprotein occurs.

From the above results the following scheme of reconsti-
tution is proposed where F and A denote FAD and CoA
derivatives, respectively (Scheme 2).

The rate-limiting step of the fast process in ‘charge-transfer
complex” formauon (cf. Fig.2C) is represented by &, while

1=
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the rate-limiting step of the slow process is represented by
either &, or k;. Since no yellow dimer was observed on gel
filtration of partly reconstituted enzyme (cf. Fig.3C), it can
be concluded that either &4 and kg or k5 and k4, or both, must
e fast if these reactions occur at all.

Fig.3D shows the gel filtration elution pattern of
apoenzyme incubated for 66 min with FAD in the absence of
CoA derivatives. From this elution pattern, it is clear that less
tetramer has been formed, though it should be kept in mind
that bound CoA contributes to the absorbance of the
tetrameric peaks observed in Fig.3B and C.

The peak eluting at 164 ml in Fig.3D correspends to
FMN, another impurity in FAD. This peak could not be
observed in Fig. 3B and C due to the severe overlap of excess
CoA. The inset of Fig. 3D shows the time-dependent increase
of the tetrameric form, due to formation of reconstituted
enzyme, The results of Fig. 3B — D indicate that FAD binding
is inducing the binding of CoA derivatives, thereby stabilizing
the tetrameric holoprotein structure. Morcover, when the
apoenzyme was preincubated for 30 min with FAD and then
meonitored for ‘charge-transfer complex’ formation by adding
acetoacetyl-CoA, the absorbance at 580 nm produced instan-
taneously was only 50% that of the results shown in Fig. 2B,
but was consistent with the results shown in Fig.2A. From
the data presented, it can be stated that the slow and fast
step in both holoenzyme reconstitution and ‘charge-transfer
complex’ fermation are rate-limited by k; andjor &; and k,,
respectively.

Finally it should be mentioned thal reconstitution of
apobutyryl-CoA dehydrogenase is dependent on aging. As
already meationed above, apoprotein kept for six months
at — 18+C ia 50% ethylene glycel could be 80% reactivated on
addition of excess FAD. However, the rate of reconstitution
decreases with increasing storage time. After storage for one
month at — {8 C, the rate of the slow process in ‘charge-
transfer complex” formation (cf. Fig.2C) was decreased by
about a factor of two.

Stability of reconstituted butyryl-CoA dehydrogenase

It has already been observed by others [11] that unliganded
holoenzyme is most stable at pH 6.0. The cbserved decreasing
stability with time, as monitored by Cl,Ind activity, could be
related te increased dissociation of FAD with increasing pH.
These results are in full agreement with our observation that
at pH 6.0 the overall reconstitunion rate of apoenzyme is about
twice that at pH 7.0 (results not shown). However, the kinetics
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Fig. 3. Reconstitution of apo-butyryl-CoA dehydragenase by FAD at pH 7.0 as followed by gel filtration on Superose-12. 100-p) samples were
loaded onto the column. Elution was performed in 100 mM K,HPO,, pH 7.0. The flow rate was 0.5 ml/min. For other details see Materials
and Methods. (A) 13.4 pM apo-butyryl-CoA dehydrogenase. (B} 15 uM apo-butyryl-CoA dehydrogenase incubated for 90 min in the presence
of 200 pM FAD and 200 pM acetoacetyl-CoA. (C) 14.2 pM apo-butyryl-CoA dehydrogenase incubated for 20 min in the presence of 2004 pM
FAD and 1 mM CoASH. 0.5-ml fractions were collected and checked for ClyInd activity by adding a 100-pl aliguot to the standard assay
mixiure (vertical bars). The fractions were also tested for their fluorescence polarization behaviour (see text}). {D) 13.4 yM apo-butyryl-CoA
dehydrogenase incubated for 66 min in the presence of 200 uM FAD. The inset shows the protein-clution profiles of comparable mixlures

chromatographed after 5, 20 and 66 min incubation

of the reconstitution reaction are complicated by the fact that
at pH 6.0 the apoenzyme shows complex quaternary structure
behaviour (Fig.4A, Table 4). Nevertheless, gel filtration of an
apoenzyme sample at pH 6.0, reconstituted at pH 6.0 in the
presence of 100 pM acetoacetyl-CoA, yielded a very homo-
gencous tetrameric form (Fig.4B). Moreover, the relatively
high intensity of the protein peak indicates strong binding of
acetoacetyl-CoA. The fact that the elution patterns of Fig. 4 A
and B are shifted to a lower ¢lution volume compared to the
elution patterns of Fig.3A — D can be ascribed to the different
swelling properties of Superose-12 in Mes, pH 6.0, and
K,HPO,, pH 7.0, respectively. This was checked by control
experiments vusing standard proteins and free coenzymes.

The question arose as to whether the pH-dependent dis-
sociation of FAD could be related to the dissociation of
tetramers into dimeric molecules as suggested by Scheme 2.
Therefore, native green and unliganded enzyme were subject-
ed to gel filtration at pH 8.0 {100 mM Hepps) at different time
intervals. It should be noted here that native green liganded
enzyme showed complete tetrameric structure at pH 7.0 (cf.
Table 3). As can be seen from Fig.4C, green liganded enzyme
is relatively stable at pH 8.0 but the unliganded enzyme
(Fig.4D) is readily dissociated into dimeric and also mano-
meric forms, due to subsequent release of FAD (Fig. 4 D). At
longer time intervals, the apoprotein formed tends to agpre-
gate to polymers eluting in the void volume of the Superose
column. The results obtained at pH 8.0 could explain the
relatively low activity observed for reconstituted uniliganded
enzyme (Fig.2A).

Fluorescence properties of native and reconstituted butyryi-Co A
dehydrogenase

In order 10 obtain a more quantitative insight into the
FAD-binding properties of different (un)liganded enzymic
forms, the apparent equilibrium constants of FAD dis-
sociation were determined as a function of the pH by means
of steady-state-fluorescence-polarization measurements.

The relative fluorescence excitation and emission spectra
of green liganded, yellow liganded and free enzyme are all
comparable to those of free FAD ({results not shown),
allowing reliable determination of the relative quantum yields
of the enzyme solutions by excitation at 450 nm.

Assuming that the rotational relaxation times of both
dimer and tetramer are much longer than the fluorescence
lifetime of FAD bound 1o the protein [24] and that FAD is
strongly bound to the apoprotein, the fraction of free FAD
can be calculated according to Chien and Weber [25]:

] Ph - obs

) e
where x represents the fraction of free FAD, I}/ the relative
intensity of FAD fluorescence of the enzyme solution (fluores-
cence of FAD bound to the enzyme plus fluorescence of free
FAD) to that of free FAD, Py, P; and P, the degree of
polarization of FAD bound 1o the enzyme, free FAL and the
experimental enzyme solution, respectively.

From Egn (2) and assuming a single binding site/subunit,
the dissociation constant of the equilibrivm
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Fig.4. Time-dependent gel filiration of different forms of butyrpl-CoA dehydrogenase. 100-pl samples were loaded onto Superose 12 equilibrated
in 100 mM Mes, pH 6.0 or 100 mM Hepps, pH 8.0. The flow raie was 0.5 ml/min. Before use, the samples were freshly pel-filtered over Bio-
Gel P-6DG in the elution buffer. All experiments were performed at 20°C. (A) 67 pM apo-butyryl-CoA dehydrogenase at pH 6.0. (B) 15 uM
apo-butyryl-CoA dehydrogenase incubated al pH 6.0 for 90 min in the presence of 200 pM FAD and 10§ pM acetoacetyl-Co. (C} 15 pM
native green liganded butyryl-CoA dehydrogenase at pH 8.0 and recorded at 0, 2 and 20 h after gel fiitration over Bio-Gel P-6DG. (D) 15 uM
native unliganded butyryl-CoA dehydrogenase at pH 8.0, recorded at 0, 1, 4 and 20 h after gel filtration over Bio-Gel P-6DG

Table 3. Relative flucrescence quantum yield and dissociation constant of native and reconstituted butyryl-Cod dehiydrogenase
The relative quantum yield (///;) and dissociation constant {Ky} were determined at 20°C according to Egns (2} and (4) (see iexi)

Enzyme pH Conecn Ik Ky Conen I Ky
uM nM pd n
Native 50% green 6.0 10 0.136 <0.1 2 0.155 <01
5 0.136 <0.1 1 0.150 04
7.0 10 0.152 <01 2 0.179 0.2
5 0.160 0.3 1 0.186 1.0
8.0 10 0.197 18 2 0.249 5.4
5 (.242 83 1 0.288 13.0
Native unliganded 6.0 10 0.263 0.7 2 0.319 0.4
5 0.421 1.3 1 (.386 22
7.4 10 0.314 59 2 0.600 29
5 0.421 5.6 1 0.719 44
8.0 10 0.299 100 2 0.483 130
5 0.509 190 1 0.536 160
Reconstituted 80% green 6.0 10 0.20 16 23 0.31 10
6 0.25 16 1.1 0.4 78
7.0 10 .30 75 2 0.43 46
6 0.34 72 1 0.53 37
Reconstituted unliganded 6.0 20 0.29 13 2 0.37 12
5 0.34 11 t 0.39 10
7.0 22.5 043 500 2.2 0.62 250
15 0.52 280 0.6 0.77 670
E + FAD 5 E — FAD (3) where E, represents the total concentration of free and bound
: FAD.
an be inferred f 26]:
can be inferred from [26] 1 2 At pH 6.0 and 20 uM enzyme concentration, both native
K,=E, [Q] (4) green and yellow liganded holoenzyme possess a very low
x fluorescence yicld of about 12% that of free FAD, which in
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Fig. 5. The dependence of the steady state fluorescence polarization of
native aid reconstituied butyryl-Co A dehydrogenase on pH and eazyme
concentrativn. Enzyme solutions were lreshly gel-iltered over Bio-Gel
P-6DG in the desired buffer {100 mM) and diluted stepwise. All
experiments were performed at 20 °C. For other details see Malerials
and Mcthods. (A) Native green liganded {50% green) butyryl-CoA
dehydrogenase in Mes, pH 6.0 {O——O), Hepes, pH 7.0(A\——4)
and Hepps, pH 8.0 (T1——[1). The filled symbols represent dilutions
of the ditferent concentrated enzyme solutions after 100-min incu-
bation at room temperature. (B) Native unliganded butyryl-CoA
dehydrogenase in Mes, pH 6.0 (- - ), Hepes, pH 7.0~ ~Y
and Hepps, pH 8.0 (1 |- -0O). The filled symbols represent dilutions
of the different concentrated enzyme solutions after 100-min incu-
bation at room temperature. (C) Reconstituted unliganded butyryl-
CoA dehydrogenase in Mes, pH 6.0 (O——C), Hepes, pH 6.8
(& ——AYyand K>HPO,., pH 7.0(71--——1[71). (D) Reconstituted green
liganded (80% green) butyryl-CoA dehydrogenase in Mes. pH 6.0
(O - --O)and K;HPOy, pH 7.0 (A——— /). The filled symbols rep-
resent dilutions of the concentrated enzyme solution in K:HPO,,
pH 7.0 after standing for one night at 4°C

turn is about ten times less Muorescent than free FMN [§].
Native unliganded holoenzyme prepared by thiopropyl-
Sepharose [11, 20] is somewhat more fluorescent (16% as
compared to free FAD) but bound FAD is still strongly
quenched by the apoprotein.

Native liganded enzyme (50% green) shows a high degree
of polarization of protein-bound FAD indicating strong
immobilization of flavin. As can be seen {rom Fig.5A, the
degree of polarization at pH 6—7 remains almost constant
upen dilution, indicating tight binding of FAD. At pH 8.0
depolarization at lower cnzyme concentrations is ac-
companied by an increase of the relative fluorescence quan-
tum yield indicating dissociation of protein-bound FAD
(Table 5). Depolarization becomes more pronounced after
incubation of the concentrated enzyme samples for 10{) min
at room temperature (Fig. 5A) and 1 in accordance with the
gel filration patterns of Fig.4C and D.

The apparent dissociation constant for FAD dissociation
from native liganded enzyme was calculated according to
Eqns (2) and (3), using a value of 0.45 for Py, obtained after

extrapolation (o infinite enzyme concentration und a value of
0.04 for free FAD [27].

From the data of Fig.5A and Table §, an apparent dis-
sociation constant of about 10 nM, at pH 8.0, can be calculat-
ed for native liganded enzyme. It can be concluded that,
although depeclarization is observed at low enzyme concen-
trations, even at pH 8.0 more than 90% of FAD is bound to
native liganded enzyme. The relative low polarization values
abserved are a consequence of the very low fluorescence quan-
tum yield of the enzyme and illustrate the high sensitivity of
the technigue used to monitor FAD dissociation. At pH 6.0,
the apparent dissociation constant for FAD dissociation from
reconstituted enzyme (about 10 nM) is at least a factor of 100
higher than that of native liganded enzyme which shows very
tight binding of FAD (K, < 0.1 nM). Comparable differences
between native and reconstituted enzyme are observed at
pH 7.0.

DISCUSSION

Until now two procedures have been described for the
preparation of the apo form of pig-heart lipoamide dehydro-
genase 28, 29]). Both procedures have their owa limitations,
as already mentioned by several authors [30—32]. In the case
of mercuric reductase and glutathione reductase, only quali-
tative information was given recently {33] about a modified
procedure of the original method deseribed by Staal et al. [13].

For butyryl-CoA dehydrogenase from M. elsclenii no pro-
cedure for apoprotein preparatien has been reported pre-
viously. On an analytical scale, related pig-kidney general-
acyl-CoA dehydrogenase apeprotein could be prepared by a
modified acid/ammonium sulfate procedure [34].

The use of hydrophobic-interaction chromatography
made it possible te remove FAD quantitatively from all en-
zymes tested, at relatively mild pH values compared to known
procedures. This and the immobilization of the enzymes arc
the main advantages of this technique, strongly stabilizing the
protein structures and allowing large-scale production of apo
flavoproteins.

The main disadvantage of the technique used is obvious
in the case of butyryl-CoA dehydrogenase aud to a lesser
degree with glutathione reductase. For full recovery of
apoprotein, conditions have to be found which prevent irre-
versible interaction of enzymes with the column material dur-
ing apoprotein preparation. In principle these conditions can
be found by varying the [ollowing parameters: (a) type of
support ligand; (b) type of salts; (c) eluent pH values; (d)
temperature and {e) addition of organic solvents or chaotropic
agents.

A. vinelandii apo-lipoamide dehydropgenase prepared by
acid/fammonium sulfate treatment is more stable as compared
to the pig-heart enzyme [21]. However, from the absorption
spectrum of reconstituted enzyme, prepared by the classical
method, it can be concluded that small changes in the enzyme
structure had been generated upon apoprotein preparation.
The use of hydrophobic-interaction chrematography over-
comes this problem. All properties of the reconstituted en-
zyme tested are identical to those of native enzyme. The flact
that the tertiary structure of the enzyme was kept intact could
be demonstrated by the very fast reactivation process, even at
low temperature. Reactivation was accompanied by dimeriza-
tion ol enzyme and tight binding of FAD.

In the case of M. elsdenii butyryl-CoA dehydregenase,
the situation is much more complicated. From the results
obtained, it can be concluded that apoprotein preparation
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strongly depends on the conditions used, i.e. the apoprotein
can become too tightly bound to the hydrophobic matrix
preventing reconstitution or elution. Using less hydrophobic
conditions, the yield of apoprotein could be increased con-
siderably, although it was still impossible to reconstitute the
apeenzyme on the matrix. Moreover, when testing the proper-
ties of apo and reconstituted butyryl-CoA dehydrogenase
it became clear that more specific conditions are required
for the preparation of apo and reconstituted butyryl-CoA
dehydrogenase than for lipoamide dehydrogenase from
A. vinelandii. Nevertheless, under suitable conditions it is now
possible 1o prepare large amounts of recopstituted enzyme
showing nearly the same properties as native enzyme. These
preparations are suitable for biophysical studies using either
isotopically enriched or artificial flavins.

Reconstituted butyryl-CoA dehydrogenase is somewhat
less stuble than native enzyme. By performing pH-dependent
gel filtration and fluorescence-polarization studies, it could
be demonstrated that the reconstituted enzyme 1s most stable
at pH 6.0. At higher pH values FAD dissociates more easily
than from the native enzyme, indicating that even under rela-
tively mild conditions some small structural changes occur
during apoprotein preparation. Moreover, as already noticed
by others [19], this paper again shows the important rele of
CoA derivatives in stabilizing the protein structure of fatty
acid acyl-CoA dehydrogenases.
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of highly purified p-hydroxybenzoate hydroxylase
from Pseudomonas fluorescens by various biochemical techniques
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Highly purified p-hydroxybenzoate hydroxylase from Pseudomonas fluorescens can be separated into at least
five fractions by anion-exchange chromatography. All fractions exhibit the same specific activity and the enzyme
exists mainly in the dimeric form in solution. Sodium dodecyl sulfate/polyacrylamide gel electrophoresis of a
mixture of the different fractions reveals two apparent forms of enzyme meolecules, while isoelectric focusing
experiments, on the other hand, reveal six apparently different forms of enzyme molecules. It is shown that the
different forms of enzyme molecules are due to the (partial) oxidation of Cys-116 in the sequence of the enzyme.
This interpretation of the data is supported by kinetic measurements of the formation of hybrid dimeric molecules
monitored by fast protein liquid chromatography, using purified enzyme containing Cys-116 either in the native
and or the fully oxidized (sulfonic acid) state. By chemical modification studies using maleimide derivatives, 5,5'-
dithiobis(2-nitrobenzoate) and H,O,, it is shown that sulfenic, sulfinic and sulfonic acid derivatives of Cys-116
are products of oxidation. The results are briefly discussed with respect to the possibility that this isolation artifact
might also be partially responsible for the appearance of multiple forms of enzyme molecules in other biochemical

preparations.

The flavoprotein p-hydroxybenzoate hydroxylase from
Psevdomonas fluorescens belongs to the class of external
monooxygenases and catalyzes the conversion of p-
hydroxybenzoate into 3,4-dihydroxybenzoate, an intermedi-
ate step in the degradation of aromatic compounds in soil
bacteria. The enzyme contains FAD as a prosthetic group
and is predominantly dependent on NADPH as an external
electron donor.

The reaction mechanism of the enzyme has been studied
in detatl [1]. A mode! (0.25-nm resolution) of the three-dimen-
sional structure of the enzyme is avaitable [2]. In addition the
complete amino acid sequence of the protein is known [3, 4].
In order to understand the reaction mechanism in more detail
it is necessary to know the amino acid residues involved in
the catalysis. Recently we have initiated a program to identify
amino acid residues involved in the binding of the substrates
by chemical modification studies [3, 6]. In such studies it is of
utmost importance to use a well-defined enzyme preparation
in order to arrive at a safe interpretation of the often complex
chemical kinetics. In our studies we always used one particular

Correspendence 1o F. Milier, Laboratorium voor Biochemie,
Lanbouwuniversitgil, De Dreijen 11, NL-6703-BC Wageningen, The
Netherlands

Abbreviations. Bistrispropane, N, N-bis[2-(hydroxymethyl)-2-pro-
pyl-1,3-diol]-1,3-diaminopropane; Me,SO, dimethylsulfoxide; Nbs;,
5.5 -dithicbis(Z-nitrobenzoate); Nbs, 5-thio-2-nitrobenzoate; E-Nbs,
3-thio-2-nitrobenzoate-labeled enzyme: MalNEL, N-ethylmaleimide;
E-MalNEt, N-ethylmaleimide-labeled enzyme.

Enzymes. p-Hydroxybenzoate hydroxylase (EC 1.14.13.2); cata-
lase, hydrogenperoxide oxidoreductase (EC 1.11.1.6).

fraction of the final purification siep. This fraction consists
of dimeric enzyme molecules, as has previously been shown
[7]. However, we found that all other fractions of the final
purification step consisted of protein showing the same
specific enzymaltic activity but showed partially different
properties when analyzed further. Since it is rather disturbing
to observe this unexplained behaviour of the physically and
kinetically well-characterized flavoprotein, we decided to in-
vestigate this apparent basic property of the enzyme in more
detail. In this paper we describe the isolation of various
fractions of highly purified, dimeric enzyme molecules and
the characterization of the various fractions using various
biochemical techniques. It is shown that the highly purified
enzyme preparation consists of enzyme molecules differing
in sodium dodecyl sulfate gel electrophoresis and isoelectric
focusing behaviour. The results are interpreted in terms of a
(partial} oxidation of a particular cysteine residue in the
enzyme. Preliminary results have been published elsewhere
[8]. The present study is probably also of general relevance
for the purification of other proteins.

MATERIALS AND METHODS
General

NADPH and catalase were from Boehringer (Mannheim,
FRG), sodium dodecy] sulfate from BDH; dithiothreitol,
Tris, Bistris, Bistrispropane, Hepes and agarose were from
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Sigma. Acrylamide, bisacrylamide and Coomassie brilliant
blue R250 were from Serva (Heidelberg, FRG). The
maleimide spin-label derivatives were products of Syva {(Palo
Alto, CA, USA). Bio-Gel P-6DG and economy columns were
from Bio-Rad {(California, USA). DEAE-Sepharose 6B,
Pharmalyte ampholines, Sephadex G-150 as well as the pre-
packed columns Meno Q HR 5/5 and Superose 12 were from
Pharmacia (Uppsala, Sweden). All other chemicals were prod-
ucts of Merck (Darmstadt, FRG) and were the purest grade
available.

Large-scale production of Pseudomonas fluorescens was
perfermed by Diosynth BY (Oss, The Netherlands). The puri-
fication procedure of the enzyme as described earlier [9] was
tollowed up to the Sephadex-Cibacron blue affinity chroma-
tography with one slight medification. Cell-free extract was
brought to 42% ammonium sulfate with 0.72 vol. saturated
ammonium sulfate, centrifuged for 2 h at 20000 x g (4 C)and
the supernatant then brought to 47% ammeonium sullate by
slow addition of sclid ammonium sulfate. Enzyme activity
was determined as described previously [9). The enzyme con-
centration was determined spectrophotometrically on the ba-
sis of FAD content by assuming a molar absorption
coefficient of 11.3 mM ~' em ™" at 450 nm [9].

Sedimentation velocity and equilibrium experiments were
done with an MSE Centriscan 75 analytical ultracentrifuge
and runs were analyzed with a home-made minicomputer
program using an HP83 (Hewlett Packard). Calculations for
the molecular mass were done as described previously [4]. The
enzyme concentration was varied over 0.1 —10 mg/ml.

Polyacrylamide discontinuous sodium dodecyl sulfate gel
electrophoresis was carried out mainly according to Lacmmli
[10] using 12.5% or 15% slab gels (13 x 13 cm, thickness 1 or
2 mm).

Flatbed isoelectric focusing was performed using the LK B
2117 Multiphorsystem (LK B, Stockholm, Sweden}. Tempera-
ture was kept at 10°C according to conditions described by
Laas et al. {11]. Gels were 1 mm thick. pH gradients were
measured after equilibration using small pieces of gel in a
solution of 0.15M KCI. Ultrathin (200 um) isoelectric
focusing gels were coated on silanized polyester sheets. These
gels were cast by using the ‘flap’ technique according to
Radola [12]. After prefocusing samples (0.5 — 5 pg protein in
1—10 pl of the appropriate buffer, / = 25 mM) were loaded at
about pH 7.¢ Two-dimensional gel electrophoresis was done
using 4 system virtually according to Géorg et al. [13].

Analytical gel filtration at 4'C was performed as described
carlier [9]. Sepharose —5,5'-dithio-bis(2-nitrobenzoale) cova-
lent chromatography was performed in the same way as de-
scribed for the preparation of the apo-protein [14). 10— 20 mg
holoenzyme were eluted in a 4-ml bed-volume column.
Enzyme which binds to the column is called E-SH. enzyme
which does not bind 1o the column is called E-$-ox.

The number of sulfhydryl groups in the enzyme were
estimated as described earlier [9].

Desalting or buffer exchange of small enzyme solutions
{0.5—10ml} was performed on Bio-Gel P-61DG economy
columns of different sizes (2 — 40 ml) depending on the sample
volume.

Enzyme labeling studies

Labeling of Cys-116 with N-ethylmaleimide, 5,5'-
dithiobis(2-nitrobenzoate) or malcimide spin-label derivatives
was done as described earlier [6, 9] Excess of reagent was
removed by Bio-Gel P-6 filtration in Hepes buffer, pH 7.0

(7 = 0.1 M), unless stated otherwise. SDS-PAGE of Nbs,-
modified enzyme was performed in the absence of 2-
mercaptocthanol. Befere denaturation of the samples 10 mM
MalNE( was added in order 10 block the remaining sulfhydryl
groups [6] accessible on denaturation. pH-dependent modi-
fication studies with H,;0, were performed at constant ionic
strength (/ = 25 mM) in buffer systems described earlier [6)
at21 C.

10 uM enzyme (10 nmel) was incubated with 20 mM
H,0; in the presence of 0.5 mM EDTA and the reaction was
stopped at different time intervals by mixing a 200-pl aliquot
with a catalytic amount {1 pg) of catalase. After 10 min,
samples were incubated either in the absence or presence of
dithiothreitol; 10 min thereafter the samples were frozen in
liquid N, until used for monitoring either the FPLC (160 pl),
SDS-PAGE or IEF patiern.

Anion-exchange chromatography

Preparative anion-exchange chromatography of the
enzyme purified up to the Sephadex-Cibacron blue affinity
column was performed with a K;s, 00 column (Pharmacia,
2.6x85cm, 450ml bed volume) packed with DEAE-
Sepharose 6B. The column was preequilibrated at 4 C with
10 mM KH,PO,, pH 7.0, containing 0.3 mM EDTA and
0.3 mM dithiothreitol. Then a sample of p-hydroxybeazoate
hydroxylase in the same buffer was loaded on top of the
column and the column was washed with 2 vol, starting bufler,
The enzyme was eluted {rom the column witha 0—-0.3 M KCl]
linear gradient in 2 1 of the same buffer. A constant flow of
butfer was maintained with the wid of a LKB-12000
Varioperpex peristaltic pump (40 ml/h). The elution profile
was monitored with the aid of an Isco US-5 monitor. After
eluting el about 1200 ml of the gradient, 9.0-mi fractions were
voliected with an LKB 207¢ Ultrorac I fraction collector. In
this way 650 mg flavoprotein {out of 2 kg bacteria) could be
run at one time. The column was regenerated by washing with
the same buffer, containing 1 M KCI to elute some impurities
strongly bound to the exchanger. Different peaks of the pre-
parative DEAE-Sepharose 6B column were kepl separately
as 70% ammonium sulfate precipitates in 50 mM phosphate
buffer, pH 7.0, as indicated in Fig.1.

Conductivity of the fractions was measured with a CDM
80 conductivity meter (Radiometer Copenhagen) equipped
with a CDC 114 {low cell electrode.

Fast protein fiquid chromatography

To analyze small samples of the enzyme the fast protein
liquid chromatography (FPLC) system of Pharmacia was
used, consisting of two P3500 dual-piston pumps, a GP 250
gradient programmer, 2 UV-1 monitor with HR flow cell, a
V-7 injection valve and a REC-482 recorder. Absorbance was
moenitored either at 280 nm or 405 nm and peak widths and
retention volimes were stored and recovered from the mem-
ory of a Pharmacia FRAC-100 fraction collector. 100-pl
samples of 0.1 — 3 mg/ml protein were injected on a Mono Q
5/5 column, equilibrated in 20 mM Bistris, pH 6.4, containing
0.3mM EDTA and 0.3 mM dithiothreitol (start bufter).
Dithiothreitol was ormutted from the start buffer when
analyzing enzyme samples modified with MalNEL(, Nbs, or
H,O,, unless otherwise stated. Elution gradienls were made
with either 0.5 M Na,S0, or 1 M KC! in start buffer (=
elution buflfer). Although C1 is u competitive inhibitor of the
enzyme with respect lo NADPH [15], we did nol see any
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significant difference in elution behaviour with respect to the
0.5 M Na,50; elution buffer, suggesting that the NADPH
site does not influence the affinity of the enzyme for the anion
exchanger. The flow rate varied over 1.0—2.0 ml/min. After
cach run the column was washed with 2 ml elution buffer and
reequilibrated with 5 vol. start buffer. Total run time for one
experiment varied over 20 —40 min. All buffers were [iltered
belore use through 0.22-um Millipore filters and degassed
under vacuum.

Analytical gel filtraton at 20°C was performed on a
Superose 12, HR 10/30 column in 50 mM K,HPO,, pH 7.0,
containing 150 mM KCI The flow rate was 0.2 ml/min. The
enzyme concentration was varied over 0.1 — 1.0 mg/ml (100-pl
samples). Calibration proteins used were catalase (240 kDa),
alcohol dehydrogenase (141 kDa), bovine serum albumin
(67 kDa), ovalbumin (43 kDa), myoglobin (17.6 kDa} and
cylochrome ¢ (12.4 kD).

The electron spin resonance spectra were recorded on a
Bruker ER 200 spectrometer. The instrument was connected
to a4 Data General NOVA 3 computer for storage and hand-
ling of the experimental data. The spectra were obtained at
20C using quartz capillary tubes with an inside diameter of
1 mm. The concentration of the spin-labeled enzyme was
about 100 M.

RESULTS AND DISCUSSION

Two purification procedures have been published for p-
hydroxybenzoate hydroxylase from Pseudomonas fluorescens
[9. 16). The procedure of Howell et al. [16] gave a vield of
16%, the purified enzyme possessed an apparent molecular
mass of 65 kDa which was at that time considered to represent
the minimal molecular mass of the protein. This purification
procedure was improved by us [9] using a Cibacron blue
affinity column giving a final yield of 45%. Furthermore, it
was found that the enzyme exists mainly as a dimer in solution
having a molecular mass of about 88 kDa. 10—20% of the
enzyme was found to be in the form of higher-order
quaternary structures al room temperature and polymeriza-
lton tends to increase with decreasing temperature [9].
Crystallographic studies [17] have revealed that the enzyme
crystallizes as a dimer and sequence studies [18] have con-
firmed that the minimum molecular mass of the enzyme is
about 44 kDa.

In the past few years we have observed repeatedly that
purilied enzyme showed helercgeneity on anion-exchange
chromatography, polyacrylamide gel electrophoresis and
isoclectric focusing, although the enzyme could be considered
4s very pure as judged by its specific activity, We have already
previously observed and reported [14] thal at least two forms
of enzyme molecules can be distinguished by the preparation
of apo-p-hydroxybenzoale hydroxylase using a 5.5'-dithio-
bis(2-nitrobenzoate) affinity column. These results were ex-
plained in terms of {partial} oxidation of Cys-116 in the se-
quence of the enzyme (3, 4]. This amino acid residue is known
lo be very reactive lowards dioxygen and sulfhydryl group
reagents [6]. A more serious problem was posed by the more
recenl observation that enzyme purified according to our
purification scheme [9] no longer crystallized or the crystals
obtained were of poor quality not suilable for X-ray studies
[19]. These lacts necessitate a more detailed investigation to
characterize the enzyme. In addition, since p-hydroxy-
benzoale hydroxylase is one of the better characterized
flavoproteins, both with respect to the biochemical and bio-
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physical properties, the elucidation of the cause of the hetero-
geneity observed in highly purified enzyme is desirable.

Madified purification procedure

As described under Materials and Methods, the purifica-
tion of the enzyme was followed up to the Cibacron blue
affinity column as described previously. [9]. Two batches of
1 kg (wet weight) bacteria were processed and combined after
the affinity column. The total combined volumes of 21
contained 1.1 g total protein and 35000 units of total activity
giving a specific activity of 31.8 units/mg and a recovery of
58%. The recovery is considerably higher than that previously
published (45%), while the specific activity at this step was
aboul the same as reported. The improved recovery of the
enzyme is due to the modified ammonium sulfate fraction-
ation step mentioned under Materials and Methods and also
a fact of experience. In contrast to the previously used proce-
dure, the enzyme was loaded on a DEAE-Sepharose 6B
colummn in the presence of dithiothreitol. The elution profile
of this purification step is shown in Fig.1. About 50% of the
total enzyme, based on the absorbance at 450 nm, is eluted in
one almost symmetrical peak (F, in Fig. 1), while the residual
enzyme is distributed over four or probably five peaks. The
total volume of the eluates is about 600 ml containing 650 mg
protein and a total activity of 32500 units. The final recovery
is 54% with respect to the starting material. All fractions
shown in Fig. | exhibit a specific activity of 50 units/mg (based
on flavin content), indicating that the enzyme is highly pure.

Since the enzyme isolated by the previously published
procedure [9] showed complex hydrodynamic properties, frac-
tion ¥, F, and F, of the DEAE-Sepharose column were
investigated by the ultracentrifugation method at 20°C. Both
sedimentation velocity (529, w = 5.31£0.258) and sedimen-
tation equilibrium (M, = 79 + 9 kDa) experiments indicate
that the enzyme exists in the dimeric form. Only fraction Fy
shows the presence of a small amount (< 16%) of higher-
order quaternary structures., An identical set of experiments
was done a1 4°C yielding essentially the same results.
Performing analytical gel filtration at 4°C either in the absence
or presence ol dithiothreitol the fractions F, and F4 ¢lute as
a symmetrical peak {R, = 3.7 nm} while again fraction F,
shows (he presence of about 15% of polymeric forms. The
fact that dithiothreitol prevents the formation of the higher-
order quaternary structures suggests that intermolecular di-
sulfide bridge formation is involved in the formation of higher-
order aggregates of the enzyme. This is most probably not the
case since sodium dodecyl sulfate/polyacrylamide gel electro-
phoresis in the absence of 2-mercaptoethanol of samples
obtained from the Cibacron blue affinity column did not
reveal the presence of any polymeric forms of the enzyme
samples tested. This is in accordance with previous gel filtra-
tion and ultracentrifugation studies [9] and suggests that
dithiothreitol prevents the formation of polymeric forms,
probably by rather specific polar interactions with some
part(s) of the enzyme. An identical observation has been made
recently with xanthine oxidase isolated from cow milk
amitling the proteolytic treatment of the crude extract (W. A.
M. van den Berg and F. Miiller, unpublished observations).
Nevertheless all enzyme fractions isolated by the modified
procedure could be crystallized [19], indicating that the pres-
ence of higher-order quaternary structures in the previously
isolated enzyme {9 inhibits the crysiallization of the enzyme.
Therefore dimeric native enzyme molecules have to be used
for crystallization purposes. Consequently the modified puri-
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Fig.1. Preparative anion-exchange chromatograpky of p-hydroxybenzoate hydroxylase on DEAE-Sepharose 6B. 650 mg of partially purificd
enzyme, obtained from 2 kg of wet weight hacteria and processed as described under Materials and Methods, was dialyzed against a selution
of t0 mM KH;PQ,, pH 7.0, containing 0.3 mM EDTA and 0.3 mM dithiothreitol and loaded on the column. After washing the column with
2 vol. buffer selution, the enzyme was eluted using a lincar gradient of 0--0.3 M KCl in the same buffer. The flow rate was 40 ml/h. Fractions
F, to Fy were pooled as indicated. Inset: sodium dodecyl sulfate/polyacrylamide gel electrophoresis of fractions of p-hydroxybenzoate
hydroxylase obtained from anion-cxchange column chromatography. Lanes1, 2 and 15, calibration protein {from top 1o bottom:
phosphorylase b, 94 kDa; bovine serum albumin, 67 kDa; ovalbumin, 43 kDa; carbonic anhydrase, 30 kDa; trypsin inhibitor, 20.1 kDa and
a-factalbumin, 14.4 kDa). Lanes 3 and 4, fraction F; lanes 5 and 6, fraction F»; lanes 7 and 8, fraction F»; tanes 9 and 10, lraction F,: lanes

11 and 12, fraction Fs; lanes 13 and 14, fraction Fg

fication procedure described above should be used in the
isolation of the enzyme. In addition we found that the enzyme
can be stored as an ammonium sulfate precipitate at pH 6.5
in the presence of dithiothreitol over long periods of time
without oxidation of Cys-116,

Sodium dodecyl sulfate/polyacrylamide gel electrophoresis

All fractions obtained from the DEAE-Sepharose 6B
column were subjected to gel electrophoresis under denaturing
conditions (Fig.1). At least two forms of enzyme molecules
are present in the highly purified enzyme. Cne form of the
enzyme is apparently exclusively present in the first three
fractions eluting from the DEAE-Sepharose column. Frac-
tiocn 4 contains both enzyme molecules in about the same
amount, whereas fractions 5 and 6 exhibit increasingly the
other form of the enzyme. Enzyme molecules apparently more
negatively charged (tighter bindiag to the DEAE-Sepharose
celumn) are probably binding less sodium dodecyl sulfate and
therefore move more slowly in the polyacrylamide gel. A
comparable effect was observed for the various phosphorylat-
ed forms of human and monkey phenylalanine hydroxylase
[20). Simularly Tung and Knight [21] described the effects of
introducing additional charges into proteins on the
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electrophoretic behaviour of such proteins. These data
strongly support our interpretation of the gel electrophoresis
results. That the difference in electrophoretic mobility is not
due to a difference in molecular mass will be shown below.

Analysis of sulfhydryl groups

The enzyme contains five sulfhydryl groups {9], but only
Cys-116 is accessible to 5,5 -dithiobis(2-nitrobenzoate) in the
native enzyme [6]. We suspected that the apparent two forms
of the enzyme could be related to the fact that Cys-116 is
(partially) oxidized in some enzyme molecules. This oxidation
has little or no effect on the specific activity of the enzyme [9].
To cireck if the fractions shown in Fig.1 contain molecules
with a modified Cys-116, the fractions were analyzed for the
SH content of the enzyme in the native and denatured state.
The results are summarized in Table 1. It is seen that the SH
content of the enzyme decreases with increase in fraction
number. It is also obvious that the enzyme in Fg shows the
loss of one SH group. These results are in perfect agreement
with the gel electrophoresis pattern of the same fractions
(Fig.1).

Similatly labeling of the fracuons F,, F, and Fs by
3-{maleimido)-2,2,5,5-tetramethyl- 1 - pyrrolidinytoxyl (for



Table 1. The sulfhiydry! contenr of native and denatured enzyme of the
different fractions obtained by anion-exchange chromarography (cf.
Fig. 1)

The values for SH content are from three independent determinations.
i.d. = not determined

Fraction Affinity chromatography SH content
binding not binding  native denatured
% activity mol/mol FAD

F, 96.1 1.1 3] 5.0

F; n.d. n.d. 0.90 487

Fs n.d. n.d. 0.85 4.83

Fa 55.7 36.9 0.61 4.55

Fs n.d. n.d. 0.4 4.40

Fe 4.6 97.6 0.20 4.15

structure see Fig. 6 A) revealed the incorporation of 1 mol spin
label/mol FAD into F,, whereas F, contained about (.5 mol
spin label/mol FAD and F less than 0.1 mol spin labet/mol
FAD.

Moreover when the fractions were put on the covalent
affinity column of Sepharose— 5,5'-dithiobis{2-nitroben-
zoate) [14], about 96% of the enzyme in F, was retained on
the column whereas only about 5% of the enzyme in Fs was
bound (Table 1).

The above resulis strongly suggest that the (partial) oxida-
tion of Cys-116 is responsible for the gel electrophoresis
behaviour of the enzyme. This is in agreement with the obser-
vations of Smith et al. [20] and Tung and Knight [21] who
showed that the gel electrophoretic mobility of proteins of the
same molecular mass is influenced by the relative charges of
these proteins.

Since the purified enzyme exists mainly as a dimer in
solution the sedium dodecyl sulfate gel electrophophoresis
pattern (Fig.1) indicates that the monomeric enzyme
molecules are better defined with respect to the oxidation state
of Cys-116 than the dimeric molecules. Obviously the dimeric
enzyme molecules consist of pure (E-SH), (both Cys-116
unmadified) and (E-S,,); [both Cys-116 (partially) oxidized],
and of a mixture of both, This interpretation could explain
the results obtained from DEAE-Sepharose column chroma-
tography and sodium dodecyl sulfate gel electrophoresis and
is in accord with the sulfhydryl content of the enzyme in the
different fractions (Table 1).

The fact that the elution pattern shown in Fig.1 varies
from preparation to preparation somewhat with respect to
the concentration of the various fractions suggests that there
must exist an equilibrivm among the different dimeric enzyme
molecules depending on the degree of oxidation. The simplest
model to explain the results is the following:

(E-SH), + (E-S,,); & 2 (E-SH ... E-S,,). 1)

Fast protein liquid chromatography

In order to analyze the various fractions in more detail
they were investigated by high-resolution anionic chromatog-
raphy on a Mono Q column using the FPLC system. In
Fig.2 the FPLC behaviour of fraction 1 {Fig.2 A), fraction 4
(Fig.2B) and fraction 6 (Fig.2C) from the DEAE-Sepharose
column (see Fig. 1) is shown. The results are in good agreement
with those of the preparative column and confirm the gel
electrophoresis pattern of the corresponding fraction (see
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Fig.2. Fast protein liquid chromatography of purified p-hydroxy-
benzoate hydroxylase. {A) Fraction F, in Fig.1. (B) Fraction F4 in
Fig.1. (C} Fraction Fg in Fig.1. A 200-pl aliquot of each fraction
containing about 400 pg protein was analyzed using a Mono G
column. Gradient composition: buffer A, 20 mM Bistris pH 6.4; buf-
fer B, buffer A containing 0.5 M Na,80,. Flow rate 2 ml/min. The
gradisnt was made as indicated by the dashed line

Fig.1). However, Fig.2 demonstrates that nene of the
fractions contains only ene particular type of dimeric enzyme
molecules. The FPLC chromatogram indicates that at least
six different types of enzyme molecules can be distinguished,
Therefore the peak with the shortest (Fig. 2A) and that with
the longest (Fig.2C) retention time were purified to
homogeneity by repeated FPLC chromatography. The FPLC
chromatograms of the two fractions are shown in Fig.3 A and
B. As also judged by gel electrophoresis the two fractions
are apparently homogeneous and correspond to lane 3 and
lane 13 in Fig.1, i.e. (E-SH), and (5-S,,)s. These two purified
fractions have been used to check the validity of the proposed
equilibrium of Eqn (1) and to study the kinetics of the forma-
tion of the mixed dimer E-SH ... E-S,,.

Thus on mixing the two preparations a new peak is formed
with time in the elution diagram (Fig. 3C—H). Sodium
dodecyl sulfate gel electrophoresis showed that the new peak
consists of the two forms of the enzyme in about equal concen-
trations. This result is in agreement with Eqn (1). The kinetics
of the reaction was investigated at different temperatures by
determining the concentration of the three enzyme forms by
integration of the three peaks in Fig.3C —H. Using an equal
concentration of the stariing materials yields a ratio of 1:2:1
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Fig 3. The formation of ( E-SH ... E-5,.) from pure { E-5H ) ; and pure

(¥-5,,)z. The reaction was lollowed in time alter mizing the starting

materials using an FPLC apparatus (Mono Q column). (A} Chromatogram of pure (E-SH},, 20 pM. (B) Chromatogram of pure (E-S,,}2,

20 uM. A 100-pl aliquot of the mixture was analyzed in the following

time intervals alter mixing: 1.5 h (C), 4.5 b (D}, 225 h {E), 47 h (F),

73 h ((3) and 143 h (H). The reaction was carried out at 0°C in 10 mM K,;HPO,., pH 7, containing 0.3 mM EDTA and 0.3 mM dithiothreitol.
The analysis was dene at 20°C. Gradient composition: buffer A, 20 mM Bistris, pH 6.4, containing 0.3 mM EDTA, 0.3 mM dithiothrestol;
buffer B, buffer A containing 1 M KCL Flow rate 1.5 ml/min. The gradient was made as indicaled by the dashed line

for (E-SH);, the hybrid molecule and (E-S,,); at the
equilibrium position. These ratios are maintained when one
of the starting materials 1s vsed in excess over the other
However such experiments are limited by the fact that the
determination of the concentration of the hybrid dimeric form
becomes less accurate with increasing concentration of one of
the starting materials due to severe overlap with the central
band. From the results shown in Fig.3 an apparent dissocia-
tion constant of 0.25 uM is calculated for the hybrid dimeric
enzyme. This dissociation constant is little dependent on the
temperature in the range of 0—20"C.

The rate of the formation of the hybrid dimeric molecule
from its constituents is very slow and it takes several days 1o
reach the equilibrium position at pH 7 and 0°C. The rate of
the reaction is only dependent on the concentration of the
starting material when one of the components js used in excess
over the other. This has been studied in the range of 1 — 8 uM.
The rate of the reaction i1s however strongly dependent on
the temperature {Fig.4), From several similar experiments as
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shown in Fig. 3 a second-order rate constant for the formation
of the hybrid dimeric enzyme is calculated and found to be
894M 's ' at20°Cand 31.2M ' 57" at 07°C. The activa-
tion energy of the reaction is 34.9 kJ mol~*. The rather slow
reaction suggests that the formation of the hybrid melecule is
governed by the dissociation of the starling materials into the
corresponding monomeric molecules. as shown in Eqn (2):

(E-3H)2 + (E-8..)2

= 2E-8H + 2E-§,, = 2(E-S5H ... E-§8,,). )

On the other hand the dissociation rate constant for the hybrid
molecule is calcutated to be 7.8 x107% s at 0°C. This in-
dicates that the stability of the hybrid molecules is governed
by the dissociation rate constant.

The dissociation constant for (E-SH); has previously been
estimated to be about 1 uM [7]. The dissocialion constant for
(E-S,;); is unknown but assumed 1o be of the same order
of magnitude. We have previcusly shown [7] that {E-SH),
dissociates to a higher degree in an aqueous solution contain-
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[Fig.4. Kinetics of ihe formation of (E-SH .. E-S,.) from (E-SH )},
and {250,/ The resolts are plotied as percentage of (E-SH .
E-8..) formed in dependence on time. The starting components were
mixed in various concentrations at 0"C (1 pM, 71; 4 pM, ©; 20 pM,
A S0 UM, Y and al 20°C 01 pM, A in 10 mM KH,POL pH 7.0,
conlaining 0.3 mM EDTA and 0.3 mM dithiothreitol. The formation
ol the hybrid molecule (12)) was fellowed by FPLC analysis of the
mixture with time using a Mono Q column. The inset shows a
semilogarithmic plot of the sume data

ing Me;S0O. When the reaction of Eqn (2} was done in 20%
Me,SO, the observed rate for the formation of the hybrid
dimer was more than len-times increased as compared to that
in aqueous solution, supporting the validity of Eqn (2). In
addition the reaction is sowewhat dependent on the ionic
strength of the solution. This observation has however not
been studied in further detail.

Chemicval modification by maleimide derivatives
and 5,5 -dithiobis{ 2-nitrobenzoate )

The remarkabte effects observed on both SDS-PAGE and
anion-exchange chromatography by introducing only one
additional negative charge to the overall protein charge have
prompted us to study this effect in more detail by chemical
modification studies. Cys-116 can be specifically blocked by
either MalNEt or Nbs; [6, 9]. Treatment of (E-SH), (Fig. 5A)
with MalNEt does not alter the retention on either FPLC
(Fig. 5C) or SDS-PAGE (Fig. 5F) with respect to that of the
native protein. However when (E-SH}, is treated with Nhbs,
the FPLC pattern is shifted to a longer reteniion time (Fig. 5B}
resembling the position of (E-8,,); (Fig.2C), while the SDS-
PAGE pattern of (E-Nbs}, is shifted to a shorter retention
(Fig.5F). It should be mentioned that in this particular
SDS-PAGE cexperiment {see Materials and Methods)
2-mercapiocthanel in the denaturation buffer was replaced
by MalNEt in order to avoid regeneration of native Cys-116
by 2-mercaptoethanol or the remaining sulfhydryl groups in
the protein [6]. Moreover when (E-MalNEt), was treated with
Nbs; no significant changes were observed in either the FPLC
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Fig 5. Chemival modification of ( £-SH )5 by 5.5'-dithiobis( 2-nitrobenzoate ) and N-ethylmaleimide followed hy FPLC and SDS-PAGE analysis.
The modificd samples were prepated as described under Materials and Methods. (A) Purified (E-SH)». (B) (E-8H); modified by Nbs,. (C)
(E-SH); modified by MalNFEL (D) E-MalNEt modified by Nbs,. (E} Equimalar amounis of E-MalNEt and E-Nbs after reaction for 72 h at
0°C. {Fy SDS-PAGE (15% gel): pattern (from left to right): fane 1, standard proteins (sec Fig. 1); lane 2, (E-SH);: lane 3, E-MaINEt; lane 4,
E-Nbs: lunc 5, E-MaINEt modified with Nbs,. SDS-PAGE was performed in the absence of 2-mercaptoethanol as described under Magerials

and Methods. For FPLC conditions see the legend of Fig 2
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Fig.6. ESR spectra of p-hydroxybenzoate hydroxylase labeled with various maleimide spin-label derivatives as indicated. Samples of (00 uM
spin-labeled enzyme in 80 mM Hepes, pH 7.0, (/ = 0.1 M) were used. The measurements were done at 20°C. The correlation between the
calculated rotational correlation time (t.} and the chain length of the spin label is shown in F

(Fig.5D) or SDS-PAGE (Fig. 5F) pattern as ¢xpected from
earlier studies [6]. When {(E-MaINE); (Fig. 5C) and (E-Nbs),
(Fig. 5B) were mixed in about equal concentration again a
hybrid molecule is formed with time (Fig. 5E} according to
Eqn (3):

(E-MalNEt); + (E-Nbs); 2 2 (E-MaINEt ... E-Nbs). (3)

Again the hybridization rate is about ten-times faster in the
presence of 20% Me;SO (v/v) than in its absence. Though we
have not performed the kinetics of this reaction in detail, an
apparent dissociation constant of 1 pM is calculated for this
hybrid molecule (Fig. 5E) indicating that the stability of this
particular molecule is somewhat less than that of E-SH ...
E-S, (e, Ky = 0.25 pM). The lower stability of the hybrid
molecule in Eqn (3} is probably a consequence of the introduc-
tion of the bulky Nbs group inte the enzyme.

The above results clearly demonstrate that the introduc-
tion of a negatively charged group into the enzyme vields the
same FPLC and SDS-PAGE pattern as obscrved with
(E-Sey)z, strongly suggesting that oxidation of Cys-116 in

native enzyme leads to the observed FPLC and SDS-PAGE
pattern.

In this context it is of interest to obtain some information
about the topography of Cys-116 in the enzyme because Cys-
116 is not accessible for modification in the crystal state [4,
17, 19]. In addition X-ray diffraction studies [19] show that
Cys-116 is localized on the opposite site of the monomer-
monomer interface and could easily form a disulfide bridge
with Cys-116 in another dimeric molecule yielding higher-
order quaternary structures.

In order to estimate the distance between the SH group of
Cys-116 and the surface of the protein, we used a series of
maleimide spin labels and the ESR technique. The results are
shown in Fig.6. The ESR spectrum of the enzyme labeled
with-3-(maleimido)-2,2,5,5-tetramethyl-1-pyrrolidinyloxyl
{Fig.6 A} indicates that the label possesses a low mobility. The
mobility of the spin label increases gradually from Fig.6B to
Fig.6E. A measure for the mobility of the spin label is the
rotational correlation time (v.), which was determined from
the spectra by the method of Freed [22]. The results are
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Table 2. The distance between the SH group of Cys-116 and the N-O
group of the covalently bound spin label, and the corresponding
calculated rotational correlation time (t.} of the spin labels in p-
hydroxybenzoate hydroxylase

Distance between the SH e
and the N-O group

Compound in Fig.6

nm ns

A 0.6 30
3

B 0.75 8
2

C 1.1 4
D 1.25 3
E 1.5 2

summarized in Table 2. It should also be noted that the low-
field resonance lines of the spin labels in Figs 6 A and B show
two components, i. e. the mobility of these spin labels is hetero-
geneous. The reason for this is not yet clear but it is possible
that the conformation of the enzyme in the vicinity of Cys-
116 exists in different states. Nevertheless the rotational cor-
relation time of native dimeric enzyme is about 50 ns [23] and
that of the low-mobility form of the spin label in Fig.6A is
about 30 ns. This indicates that the spin label is localized in a
cavity of the enzyme and possesses some freedom of mobility.
From Fig.6F it is seen that the mobility of the spin label
gradually increases with the chain length. From these results
we estimate that the distance between the SH group of Cys-
116 and the surface of the protein is roughly 0.6 nm. Consider-
ing this fact, it is not very likely that disulfide bridges are
formed in solution between dimeric enzyme molecules, in
agreement with our observations.

Chemical modification by hydrogen peroxide

Although the resuits presented above are in excellent
agreement with Eqn (2), the additional bands observed on
both the preparative (Fig. 1) and analytical (Fig. 2) anion ex-
changers cannot be fully explained by this equation. It has
been shown by mode! studies {24 that sulfenic acid, sulfinic
acid and sulfonic acid are products of oxidation of thiols and
also oceur in proteins [25, 26). They can be generated by
oxidizing agents [26]. Only sulfenic ucid oxidation products
are reducible to the original thiol group [25). Therefore it is
not unlikely that the following monomeric species are
constituents of the isolated dimeric molecules of p-
hydroxybenzoate hydroxylase: E-SH, E-SOH, E-SO3 and E-
8053.

In order to check this hypothesis the oxidation of Cys-
116 was investigated by chemical modification with oxidizing
agents. Because the enzyme activity 1s not influenced by reta-
tively high concentrations of hydrogen peroxide [27] this re-
agent was chosen. When (E-SH); is incubated with hydrogen
peroxide at least two new species are formed as observed by
FPLC analysis (Fig.7A). The reaction shows pseudo-first-
order kinetics and is strongly pH-dependent (Fig. 7B). To
check whether the reaction indeed involves Cys-116 a similar
experiment was done using (E-MalNEt),. Since this treatment
did not alter much the FPLC elution pattern of (E-MaINEt),
{results not shown), the result strongly suggests that the new
peaks observed in Fig.6 A are related to the oxidation of

Absorbance (280 nm)

Oxidation of CYS-11%

Peak area [%oi

] &0 120

TIME {min}

Fig.7. Chemical madification of [ E-SH ), by hydrogren peroxide as
monitored by FPLC and S5DS-PAGE analysis. The conditions of
medification are described under Materials and Methods. (A) The
time-dependent reaction of (E-SH), with H,O, at pH 8.5 as analyzed
by FPLC (100-pl sarmaples). {B) Kinetics of oxidation of Cys-116 by
HyO,: (W) E-MalNEt, pH8.5;, O O {E-SH),, pH68;
x (E-SH),, pH 7.5; A A (E-SH);,pH 8.0, @ L ]
(E-SH),, pHB8.5. (C) SDS-PAGE (15% gel) pattern of H,O,
modification products of (E-SH), and (E-MalNEt), after 120-min
reaction time: {ane 1, standard proteins (see Fig. 13; lane 2, (E-SH},
at pH 7.5; lane 3, (E-MalNEL); at pH 7.5; lane 4, (E-SH), at pH 8.5;
lane S, (E-MalNEt); at pH 8.5. (D} Time-dependent lormation of
FPLC peaks at pH 7.5.{E} Time-dependent formation of FPLC peaks
at pH 8.5. For FPLC conditions see legend of Fig.2

Cys-116. This statement is further supported by the fact that
treatment of (E-SH), and (E-MalNEt); at pH 7.5 and pH 8.5
by H,0, for 120 min and subsequent SDS-PAGE analysis of
the samples revealed that the (E-MalNEt), samples remained
unaffected while the (E-SH), samples showed partial (pH 7.5)
and complete (pH 8.3) conversion (Fig.7C). The two new
peaks generated by H,0; treatment of (E-SH), show the same
SDS-PAGE pattern as fractions F, and F in Fig.1, i.e. the
first product observed in Fig. 7 A consists of the hybrid mole-
cule and the second product represents oxidized enzyme.

89




2
& 561
6.0

"

L)
i
i
(!
21!
o

Fig.8. lsweleciric focusing of purified p-hydroxybenzoate Rydroxylase. (A) Isoelectric focusing of (from left to right) fractions Fy. Fy and T,
(Fig. 1) in a 1-mm gel. Before use samples were dialyzed overnight at 4 °'C in 10 mM KH,PO,, pH 7.0, containing 0.3 mM EDTA. The pH
gradient was measured on both sides of the gel. (B) Ultrathin (200 um} isoelectric focusing ol raction F; (Fig. 1) modilied by H;Q: for {, 10,
30 and 90 min, respectively (see Malterials and Methods). Lanes 14, pH 6.6; lanes 5—#, pH 6.6 treated with dithiothreitol; lanes 9 —12,

pH 9.3 lanes 13 —-16, pH 9.3 treated with dithiothreitol

Moreover treatment of the oxidized sample with dithiothreitol
did not change the FPLC pattern, indicating that no detectuble
amount of intermolecular disulfide bridge formation has
occurred during the oxidation reaction.

The time-dependent formation of the new peaks at pH 7.5
and pH 8.5 is plotted in Fig. 7D and E, respectively. These
plots suggest that the formation of 111 is dependent on the
intermediate formation of 1. This suggests that we are dealing

with a consecutive reaction: A——~— B-* - C. The value
for &; (pH 8.5) 15 known from the plot of Fig.7B. The value
for k, was estimated from the time-dependent formation of
I in Fig. 7E and found to be 0.03 min~'. With these rate
constants the curves in Fig. 7E can be rcasopably simulated,
although it should be mentioned that curves 11 and 111 arc
much less accurately calculated than curve [ This 15 due 1o
the fact thal the ime-dependent concentrations of II and HI
are difficult to estimate accurately because of severe overlap of
the bands and the formation of & small amount of additional
products. Nevertheless the time-dependent concentratien of
IT can be calculated using the equation:

ki [A

[]I]=k ;] TR (] gtk k2 (4)
— K2

1

where [Ap] i1s the initial concentration of native enzyme. The
concentration of 111 at any time is obtained by the material
balance:

(1] = [Ao] — (1] — [N {5

Further suppost for the consecutive reaction is obtained by
the rather good prediction of the time needed for I to reach
the maximal concentration:

= ln—(k—%ﬂ—{l—) = 20 min. (6)
ky—k,

These results suggest that the two Cys-116 in a dimeric
molecule are oxidized one by cne. This interprelation is in
accord with the lact that the formation of the hybrid molecule
from its constituents is a very slow process {see above).

The pseudo-first-order rate constant belonging to Fig. 7B
(using 10 pM enzyme, 20 mM H,0; and 20 mM buffer at
20°C) were calculated to be 0.006 min~ " (pH 6.8), 0.014
min~! (pH 7.5), 0.03¢ min~' (pH 8.0) and 0.086 min~!
(pH 8.5). Although the rate constant increases with increasing

max =

pH value, a pK, value for a group participating in the reaction
could nal be deduced from these results.

It should be mentioned that the kinetics of the oxidation
of Cys-116 by hydrogen peroxide are not affected by the
presence of the substrate p-hydroxybenzoate (results not
shown). Furthermore identical FPLC patterns are also ob-
served when the (E-SH),-substrate complex is treated with o-
iodosobenzoate (50 — 200 nM) leading to complete oxidation
of Cys-116. The modification does not affect the enzyme
activity if the substrate is present. The kinetics of this reaction
was net studied in more detail however.

Ispelectric focusing

As already mentioned above, it can be expected that the
oxidation reaction procecds via the stepwise formation of
E-SOH, E-SO3 and E-S();. The sulfenic acid intermediate in
the H,0;-oxidation reaction could not be identified by FPLC,
because either it has a short lifetime or its properties are too
similar 1o those of the native enzyme. This is in contrast to
observations made with glyceraldehyde-3-phosphate dehy-
drogenase [25] and papain [26]. On the other hand, FPLC of
fraction F, {Fig.2) suggests the presence of scveral species.
Therefore an altempt was undertaken to obtain a deeper
insight into thc composition of the various bands by isoelectric
focusing.

Fig. 8 A shows the [EF gels of the fractions of F,, F, and
Fe of Fig. 1. The relatively pure fractions F; and Fg exhibit
two and three bands, respectively, whereas Fy shows at least
five bands. These results are in good agrecment with the FPLC
data of the same samples (ef. Fig.2). The main band of F,
has an isoelectric point of 3.7. This value is in good agreement
with an earlier determination using native enzyme [9] and is
assigned to (E-SH);. The main band of F shows an isuclectric
point of 5.3 and 15 assigned 10 (E-8073); and/or (E-S03),. In
this conlext it is reasonable to propose that the hybrid mole-
cule E-SH ... E-8073 possesses an isoclectric point of 5.3. Such
a band is present in the 1EF gel of F,, which contains a
considerable amount of the hybrid molecule (cf. Figs 1 and
2). It should alse be noted (hat F,, also contains a weak band
representing the hybrid molecule in accord with the presence
of a small amount of E-SH in SDS-PAGE (Fig.1). The above
results were also confirmed by two-dimensional gel electro-
phoresis.
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The time-dependent oxidation of Cys-1i6 in the enzyme
by H,0; was investigated at pH 6.6 and pH 9.3 at 20"C. Both
samples were incubated with H;O,, aliquots were withdrawn
after 10, 30 and 90 min of incubation and treated with catalase
1o remove excess H,0O,. The samples were divided into 1wo
equal volumes, to one of which dithiothreitol was added {see
Materials and Methods). This approach should yield some
informatien on the formation of species which are reducable
by dithiothreitol. The results are showa in Fig. 8B where the
first eight lanes refer to the reaction mixtiure at pH 6.6. The
first four lanes represent sampies at 0, 10, 20 and 90 min of
incubation with H,0,. The second four lanes show the
samples treated with dithiothreitol. Both samples of the
starting material already show some oxidation products due
Lo storage over a long period of time. The treatment with
dithicthreitol decrcases mainly the intensily of the second
band from the bottom and diminishes some bands of weak
intensity showing a low isoclectric point. With time the inten-
sity of the second band and that due to the starting material
decrease slowly and the intensity of the other bands increases.
These results are in good agreement with the resulls shown in
Fig. 70> where it is seen that the species 1 and 11 are present
in higher concentrations after a 90-min reaction time than
species [[1. At pH 9.3 the starting material alrcady contains a
considerable amount of oxidation products due to the higher
reactivity of Cys-116 towards Q. In contrast to the results at
pH 6.6, the addition of dithiothreitol diminishes the intensity
of the second band completely owing Lo the sironger reducing
power of dithiothreitol at higher pH values. At the same time
the intensities of the first and third band are increased. Adding
H,0; 1o the sample converts the first (hree bands in a very
fast reaction into at least three new bands. Treatment of
these sampies with dithiothreitel leads to the formation of an
intense band with an isoclectric point of 5.5. Simultaneously
the band with a higher isoelectric point is decreased.

From these results we propose the following assignments
for the observed EF bands. The first band (isoelectric point
ol 5.7) 1s assigned with cerlainty to the native enzyme molecule
containing an unmodified Cys-116. The second band repre-
sents most probably the sultenic acid derivative of Cys-116
(isoelectric point of = 5.6). This assignment is based on the
fact that the corresponding enzyme molecules are easily
converted 1o native enzyme molecules by dithiothreitol or
further oxidized by H;0O,. The third band (isoclectric point
of 3.5} is assigned to the hybrid molecule E-SH ... E-§,,
{E-S,x = E-SO; or [-503) because purified samples of this
species show two bands ol equal intensity on SDS-PAGE.
The fourth band {isoelectric point of = 5.4) viclds on treai-
ment with dithiothreitol the hybrid melecule, suggesting that
it containg a reductable group. Therefore 1t 15 suggested that
it represents either E-SOH ... E-SO; or E-SOH ... E-SO3.
The fifth and the sixth bands (isoelectric point 3.3} cxhibit only
the fuster-moving band on SDS-PAGE, i.e. native enzyme is
absent. Therefore the fifth hand is assigned to E-S(; and the
sixth band to E-S8O;. Although these assignmenis cannot be
verified it 15 not unlikely that the differcnt oxidation states of
the sulfur atom in the two species could lead to a different
isoelectric focusing behaviour, This idea is in fact supported
by the observation thal the sulfenic acid derivative of Cys-116
also shows a distinct isoclectric focusing band.

If we now accept that E-SOH, E-50; and E-50); are
oxidation products of E-SH and considering the fact that
the enzyme exists in a dimer-monomer equilibrium, then ten
different enzyme dimer molecules can be expected as shown
in Fig.9. Only six of the ten species can be identified by [EF,
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Fig.9. Hypothetical scheme of dimeric forms of p-hydroxybenzoure
Ivdrexytase. The forms containing E-SOH could not be identified by
the technigues used or are parlially converled 10 the SH group by
dithiothreitol

i.¢. (E-SH),. E-SH ... E-SOH and/or (E-SOH),, (E-$03 ), (E-
503}, E-SH ... E-5073 and/or E-SH ... E-S053, and E-SOH
... E-8,,. The residual four species could not be observed,
probably because their isoelectric focusing propertics are
similar with those of the correspending mono- and divalently
charged dimeric molecules.

CONCLUSIONS

Although the scheme shown in Fig.9 scems to explain the
experimental observations rather well, it should be kept in
mind that other modifications than oxidation of Cys-116
alone in the sequence of the enzyme could alse contribute to
the varicus observed species of the enzyme. Since however the
modification of the enzyme occurs rather easily and can in part
be reversed by the addition of sulfhydryl-containing organic
molecules to enzyme solutions, we believe that the various
forms of the enzyme are mainly generated by (partial) oxida-
tion of Cys-116. Using pure (E-8H), it could in fact be shown
that several species observed in IEF gels could be generated
by incubation of the enzyme with H,0, and that a few of
these bands disappeared upon incubation of these samples
with dithiothreitol.

In conclusion, it can be stated that the availability of high-
resolution biochemical techniques will probably reveal similar
effects with other enzymes. The enzyme p-hydroxybenzoate
hydroxylase can be considered as a relatively simple dimeric
protein, This fact, and the fact that oxidation of Cys-116 docs
not alfect the catalytic propertics of the enzyme [6, 9], made
it possible to unravel the cause of the heterogeneity of the
enzyme father easily. [n other enzymes the situation may
become more complex due to the involvement ol cysteine or
other amino acid residues in the catalysis, which may become
altered during the isclation of a particular enzyme. In such
cases the catalytic properties of an enzyme may either become
completely abolished or the enzyme may become partially
inactivated or even show an allered substrate specificity. To
distinguish in such cases whether the altered uctivitics are due
o apparent isozymes or to isolation artifacts will be a very
tedious task and will require a broad combination of tech-
niques to establish the real properties of a particular enzyme.
The degree of complexity will increase with the complexity of
a particular system where nature has already provided a large
number of isczymes as for instance in cytochrome P-450.

Our results unambiguously show that the microhetero-
geneity in p-hydroxybenzoate hydroxylase is due to isclation




artifacts. This statement is further supported by the fact that
Western blotting of a cell-free extract followed by incubation
with antiserum against purified p-hydroxybenzoate hydroxy-
lase and autoradiography using '2°I-protein A showed only
the presence of (E-SH),. This observation also strongly
supports cur interpretation that microheterogeneity in p-
hydroxybenzoate hydroxylase is caused by a time- dependent
(partial) oxidation of Cys-116.

Finally it should be mentioned that scaling-up of enzyme
purifications with classical purification methods can possibly
lead to this kind of isolation artifacts. When the enzyme
is purified under semi-anaerobic conditions (by flushing all
solutions with argon) in the presence of 5mM 2-
mercaptoethanol the oxidation of Cys-116 can be suppressed,
but not completely abolished.
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Chapter 5

Chemical modification of sulfhydryl groups
in p-hydroxybenzoate hydroxylase from Pseudomonas fluorescens
Involvement in catalysis and assignment in the sequence
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Department of Biochemistry, Agricultural University, Wageningen; and
Department of Biochemistry, State University of Groningen, Groningen
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The cysteine residues in p-hydroxybenzoate hydroxylase from Pseudomonas fluorescens were modified with
several cysteine reagents. One of the five sulfhydryl groups reacts rapidly and specifically with N-ethylmaleimide
without inactivation of the enzyme. Cysteine-116 was found to be the reactive cysteine by isolation of a labeled
tryptic peptide.

The enzyme is easily inactivated by mercurial compounds. The original activity can be fully restored by
treatment of the modified enzyme with sulfhydryl-containing compounds. The rate of incorporation of mercurial
compounds is pH-independent and is pseudo-first-order up to 9¢—95% loss of activity. The reaction shows
saturation kinetics. The substrate p-hydroxybenzoate protects the enzyme from fast inactivation. The mercurial
compounds themselves inhibit the inactivation reaction at concentrations higher than 80 pM. A spin-labeled
derivative of p-chloromercuribenzoate reacts fairly specifically with only Cys-152 on use of enzyme prelabeled
with A-ethylmaleimide, in contrast to p-chloremercuribenzoate which reacts with additional cysteine residues, i.e.
Cys-211 and Cys-158. From these results it is concluded that modification of Cys-152 decreases drastically the
alfinity of the enzyme for the substrate. The results strongly indicate that the substrate binding site and Cys-152
are interdependent. This observation is not obvious when the three-dimensional data only are considered. The
modified enzyme exhibits a somewhat higher affinity for NADPH than the native enzyme.

Modification of N-ethylmaleimide-prelabeled enzyme by p-chloromercuribenzoate leads to absorbance differ-
ence spectra showing maxima at 250 nm, 290 nm and 360 nm. The intensities of the absorbance difference maxima
at 290 nm and 360 nm are strongly dependent on the pH value of the solution. The intensities are very low at low
pH values and increase with increasing pH values, reaching a maximum at about pH = 9. The ionizing group
shows a pK value of about 7.6. The maximal molar difference absorption coefficient at 290 nm is 3200 M~ ‘¢ !
at pH 9, suggesting that tyrosine residues ionize under the conditions of modification of the enzyme.

The results are discussed in the light of the known three-dimensicnal structure.

The flavoprotein p-hydroxybenzoate hydroxylase from
Pseudomonas fluorescens is an external mono-oxygenase that
catalyzes the conversion of p-hydroxybenzoate into 3,4
dihydroxybenzoate. NADPH serves as an ¢lectron donor. The
reaction mechanisms of the enzymes from P. fluorescens [1]
and Pseudomonas desmolytica [2] have been studied in detail.

A low-resolution (0.25-nm) three-dimensional structure of
the enzyme from P. fluorescens is available [3]. In addition,
the complete sequence of the same enzyme has been elucidated
very recently [4, 5]. These results form a good basis for an
investigation to elucidate the essential amino acid residues of
the enzyme involved in the catalytic reaction. Studies on the
active-site region by chemical modification so far include
arginine [6] and histidine [7] residues in the enzyme from
P. desmolytica and histidine residues in the ¢nzyme from P,
Fluorescens [8].

It has been mentioned in the literature for the enzyme
from P. desmolytica that the enzyme reacts with p-chloro-
mercuribenzoate leading te inactivation and that NADPH

Abbreviations Bistrispropane, N,N-bis[2-{hydroxymethyl)-2-pro-
pyl-i.3-diol]-1.3-diaminopropane; ClHgBzOH. p<hloromercuri-
benzoate; ClHgBzsl, spin-fabeled p-chloromercuribenzoate ; MalNEL,
N-ethylmaleimide; E-MalNEt, N-ethylmaleimide-labeled enzyme;
ESR, electron spin resonance; HPLC, high-performance liquid
chromatography.

Enzyme. p-Hydroxybenzoate hydroxylase (EC 1.14.13.2).

protects this enzyme from inactivation by mercurial reagents
[7, 9]. Unfortunately no data have been published yet on this
subject.

p-Hydroxybenzoate hydroxylase from P. fluorescens con-
tains five cysteine residues [10]. The enzyme centains no
cystine residues [10). It has already been shown [10] that one
of the five cysteine residues reacts specifically with
N-ethylmaleimide. This modification does not affect the cata-
lytic activity of the enzyme. This observation led us to study
the possible effects of mercurial reagents on the activity of the
enzyme.

In this paper the inactivation of the enzyme by mercurial
reagents is described. 1t is shown that these reagents easily
inactivate the enzyme and that modification of one particular
cysteine residue is responsible for the loss of activity. This
cysteine residue and that specifically reacting with N-ethyl-
maleimide have been tentatively identified in the sequence of
the enzyme. Some preliminary results have been reported
elsewhere [11].

MATERIALS AND METHODS
Reagents

Trifluorcacetic acid (spectroscopic grade), p-hydroxy-
benzoate and EDTA were from Merck (Darmstadt, FRGj},
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acetenitrile (HPLC grade) from J. T. Baker Chemicals
{Deventer, The Netherlands), NADPH from Bochringer
{Mannheim, FRG), p-chloromercuri[carboxy-'*Clbenzoate
and M-[**Clethylmaleimide from ICN, California (USA) and
all other chemicals were from Sigma. Spin-labeled p-chloro-
mercuribenzoate was synthesized by condensation of p-
chloromercuribenzoylchloride with  4-amino-2,2,6, 6-tetra-
methylpiperidinooxy (Aldrich) in freshly distilled pyridine as
described by Zantema et al. [12].

Analytical methods

Difference light absorption spectra were recorded on an
Aminco DW-2A spectrophotometer. Fluorescence emission
spectra were cbtained on an Aminco SPF-500 fluerometer.
Activity measurements were done on a Zeiss PMQII
spectrophotometer.  All instruments were equipped with
thermostated cell holders.

Dissociation constants of complexes between enzyme and
substrate, and enzyme and NADPH were determined
flnorometrically as described previously (13].

Radioactivity determinations were carried out either in
hydroluma or in emulsifier scintiliater 299 scintillation flnid
using a Packard model 2450 or model 3375 Tri-carb liquid
scintillation spectrometer.

Acrylamide gels for fluorography were prepared as
described eisewhere [14].

Succinylcysteine, formed upon acid hydrolysis of cysteine
alikylated with N-ethylmaleimide [15], was identified and
quantitatively determined as described by Gehring and
Christen [16]). Succinylcysteine preceded curboxymethyl-
cysteine on the Kontron Liguimat III amino acid analyser.
The amounts of protein were determined from amino acid
analysis, unless otherwise menticned.

Enzyme labeling for kinetic studies

The enzyme used was isolated and purified as described
previously [10], The assay mixture contained (.15 mM p-hy-
droxybenzoate, 0.15mM NADPH in 0.1 M Tris/H.S0,,
pH 8.0(25°C). Prior to use the enzyme was poured over a Bio-
Gel P-6DG (Bio-Rad, California, USA) column (1 x8 cm)
equilibruted with 80 mM Hepes buffer, pH 7.0 (f = 0.1 M),
unless otherwise stated. The pH-dependent modification stud-
ies were performed at constant ionic strength (f/ = 0.1) in
80 mM Mes (pH 6—7), 80 mM Hepes (pH 7—8), 80 mM
Hepps {pH 8 —8.7) and 50 mM Bistrispropane (pH 8.8 —9.3).
Buffers were brought to constant ionic strength with 0.5 M
Na,S0, as described earlier [17). The concentration of the
enzyme was determined using a molar absorption coefficient
of 1.3 mM ~'em ™! at 450 nm [1, 10).

Labeling of the reactive sulfhydryl group of the enzyme
was done by addition of a tenfold excess of A-ethylmaleimide
to a 100 pM enzyme solution, pH 7.0. The reaction was
allowed 1o proceed for 10 min at 25°C, then the reaction was
stopped by addition of a solution of dithiothreitel to a final
concentration of 5 mM. The enzyme was poured over a Bio-
Gel column to remove excess reagent. The resulting fully
active MalNEt-enzyme was usually used in this study for
labeling experiments with mercurial-containing compounds.
To identify the cysteine residue in the sequence of the enzyme,
a similar sample was prepared using radioactive N-ethyl-
maleimide.

Mercuration of the MalNEt-enzyme was done by treat-
ment of an enzyme solution with various concentrations of the
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reagent (5— 100 uM} at 22°C. Incubation mixtures contained
about 2 pM enzyme when the time-dependent loss of activity
was followed by the standard assay procedure. The reaction
mixture contained about 10 pM enzyme when the time-depen-
dent incorporation of mercurial compounds into the enzyme
was followed by spectrophotometric methods.

The concentration of free p-chloromercuribenzoate was
determined by measuring the ubsorbance at 232 nm of a dilut-
edsamplein 0.1 M KOH, using a molar absorption coefficient
of 169 mM ‘cm ™' [18]. The incorporation of p-chloro-
mercuribenzoate into the enzyme was followed spectrophoto-
metrically at 250 nm, using 4 molar difference absorpticn
coefficient of 7.6 mM “‘em ™' [18} to quantify the reaction.
The length of the two-compartment cell used was 0.875 cm.

The spectrophotometric method could not be used when
the enzyme was modified in the presence of the substrate or
NADPH. In these cases the enzyme was incubated with
various concentrations of radioactive p-chloromercuri-
benzoate in the presence of a high excess of substrate or
NADPH for 4 h at 22°C. The samples (1.0 mi} were then
purified by gel filtration over a Bio-Rad economy column
(Vo = 2.0ml, ¥, = 7.0 ml). The activity and radicactivity of
the eluate (3.0 ml} were determined thereafter. 1.0 ml of the
sumple was diluted to 10 ml with scintillatien fluid lor radio-
activity measurements.

Radioactive p-chloromercuribenzoate was kept asa 1 mM
selution (6.3 nCi/ml) in a 25 mM KOH solution at 4°C. Be-
fore use the radioactive solution was diluted with a con-
ventional 1 mM p-chloromercuribenzoate solution to yield a
1 mM solution with a specific activity of 1.8% nCi/ml.

Reactivation of the modified enzyme was achieved by
addition of a 1 mM scoluticn of dithiothreitol to a 1.1 pM
solution of the modified enzyme. Afier a 15-min incubation
the activity of the enzyme was fully restored.

Spin-labeled p-chloromercuribenzoate was dissolved in
ethanol (=1 mM). The concentration of the spin-labeied
compound was determined spectrophotometrically using a
molar absorption coefficient of 20.7 mM ™ 'em ™' at 237 nm
[12]. A molar difference absorption coefficient of 6.1 mM ~?
cm ™! at 257 nm was published [12] for the quantification of
the reaction between glutamate dehydrogenase and the spin-
labeled mercurial compound. However, Az for p-hydroxy-
benzoate hydroxylase was found to be 7.6 mM ! em ™! This
value was determined by combined spectrophetometric and
ESR measurements.

All electron spin resonance specira were recorded on a
Bruker ER 200D spectrometer at 22°C. The instrument was
connected to a Data General NOVA 3 computer for storage
and handling of the experimental spectra. The amount of
incorporated spin-label in the enzyme was determined by run-
ning the spectrum in a quartz capillary with an inside diameter
of about 1 mm. After recording the spectra, an excess of
dithioerythritol was added to the enzyme solution and the
spectrum of the free spin-label was recorded. This spectrum
was compared with that of a standard solution of the free
spin-label under identical conditions. The areas of both
spectra were determined by double integration and the
amount of spin-label incorporated was calculated by compari-
son with the spectrum of the free-label standard.

Enzyme labeling for sequence studies

Materials and methods, except those described below,
were the same as used previously [4]. Approximately 100 nmol




p-hydroxybenzoate hydroxylase was modified with N-[**C]-
ethylmaleimide (specific radioactivity 10 Cijmol). After re-
moval of the reagent, a product was obtained which had
incorporated about 1 mol reagent/mol of subunit (protein
amount determined from the flavin content of the enzyme).
The pretein so obtained was supplemented next with protein
that had been modified with unlab¢led N-ethylmaleimide.
Approximately 2000 nmol of protein with a specific activity
of 1100 dpm/nmoi was used for preparative experiments.
Maodification of p-hydroxybenzoate hydroxylase with the
mercurial compounds was done with protein that had been
pretreated with unlabeled N-ethylmaleimide. 47 pM E-Mal-
NEt (188 nmol) was incubated with 340 pM ClHgBzOH for
2 hat 21°C in 80 mM Hepes buffer, pH 7.0 (/ = 0.1 M). The
residual activity was 10%. An identical enzyme solution was
also incubated with 175 uM ClHgBzs| under the same con-
ditions. The residual activity was 6%. The samples were then
poured over a Bio-Gel P-6 column {1.5x10c¢m) and the
cluates lyophilized. Next the protein samples were denatured
in 7.2 M urea in 0.1 M potassium phosphate, pH 7.2, in the
presence of 10 mM unlabeled N-ethylmaleimide in order to
block the remaining sulfhydryl groups. This treatment pre-
vented a rapid release of mercurials from the cysteine residues
which was observed when the enzyme was denatured in the
absence of N-ethylmaleimide, probably caused by the other
cysteine residues of the protein. The reaction mixtures were
allowed to stand for 17.5 h at 21°C. Then the samples were
dialyzed for 6 h against a solution consisting of 8 M urea and
1 mM MalINEt in 0.1 M potassium phosphate, pH 7, and
for 16h against the same sclution, but omitting MalNEt.
Modification of cysteine residues with the mercurials was
subsequently reversed by incubation of the samples for 4 h
in the phosphate buffer containing 8 M urea and 20 mM
dithiothreitol. Aflter removal of mercurials and dithiothreitol
by column chromatography (Bic-Gel P-6, 1 x 10 cm), the re-
generated sulthydryl groups were modified with 400 pM
MalNEt containing 100 uM N-["*Clethylmalaimide (specific
radioactivity 2.5 Ci/mol) under denaturing conditions, Excess
of reagent was removed by ¢xhaustive dialysis against 8 M
urea followed by dialysis against the buffer (0.1 M ammonium
bicarbonate, pH 8.0) that was used in the subsequent diges-
tion with trypsin. The protein samples (about 100 nmol each}
that were originally treated with ClHgBzs] anéd ClHgBzOH
had specific activities of 3400 dpm/nmol (0.62 mol label/mol
subunit) and 4200 dpm/nmol (0.78 mol label/mol subunit),
respectively. A separate sample (100 nmol) which underwent
the same procedure without mercurial treatment had a specific
activity of 1200 dpm/nmol (0.22 mol label/mol subunit). Any
label in such a sample (in the following referred to as control
sample) would show the effectiveness by which cysteine re-
sidues were blocked by unlabelled N-ethylmaleimide and any
increase of the specific activity of a particular cysteine residue
in the mercurial-treated samples as compared with the control
sample implies that it had originally reacied with mercurial in
the native enzyme. All four samples were prepared and
analyzed in parallel under exactly the same conditions.

Numbering of amino acid residues
and nomenclature of peptides

Amino acids are numbered according to the numbering
used for the complete primary structure of p-hydroxybenzoate
hydroxvlase [4,3). Except for peptides T6C1, T6C2, TeC3
and T6C4, the nomenclature of all other peptides is the same
as originally uvsed in studies on the primary structure of

p-hydroxybenzoate hydroxvlase [4, 5]. All tryptic and chymo-
tryptic peptides mentioned in this paper are indicated in Fig. 2
by their amino acid sequences.

Enzymic digestions

Tryptic digests of modified p-hydroxybenzoate hydroxy-
lase were made by incubation at 37°C in 0.1 M ammonium
bicarbonate, pH 8.0, at a trypsin/substrate ratio of 1:106 (w/
w) for 1 h; the incubation was continued for another 3 h after
addition of the same amount of trypsin. Because of the low
solubility of denatured p-hydroxybenzoate hydroxylase in
0.1 M ammonium bicarbonate, pH 8.0, a finely divided
suspension of the substrate was made by sonification prior
to digestion. After digestion, remaining insoluble material
(containing about 8% of the total radioactivity) was removed
by centrifugation. The insoluble material consisted for the
greater part, if not exclusively, of large partial tryptic cleavage
products as was shown by analysis by sodium dodecyl
sulphate/pclyacrylamide gel electrophoresis (major peptide
bands near 106000 Da).

Digestion of peptide T6 with chymotrypsin was performed
at 37°C in 0.1 M ammonium bicarbonate, pH 8.0, at an
enzyme/substrate ratio of 1:20 (w/w) during 4 h.

RESULTS AND DISCUSSION

Labeling with N-ethylmaleimide and assignment
of the cysieine residue in the sequence

p-Hydroxybenzoate hydroxylase from Pseudomonas
Sluorescens possesses five sulfhydryl groups of which only one
is reactive lowards M-ethylmaleimide [10]. This modification
affects the activity of the enzyme only slightly. In order to
identify this sulfhydryl group in the sequence of the enzyme
the protein was labeled using N-['*Clethylmaleimide. This
yields a preparation which has incorporated about 1 mol
label/mol subunit, confirming previous results {10]. The reac-
tion is rather fast, not allowing characterization of the kinetics
of the reaction.

The choice of the peptide isolation procedure was largely
dictated by the experience acquired earlier from the determi-
nation of the complete amino acid sequence of the enzyme by
CNEBr cleavage of the protein [19]. This procedure produces
five fragments, viz. CB1—CBS, accounting for the entire
polypeptide chain [5). CNBr fragment CB1 contains four cys-
teine residues, whereas CB2 contains a single cysteine residue.
After CNBr cleavage of the protein modified with N-['*C]-
cthylmaleimide, analysis by sodium dodecyl sulphate/
polyacrylamide ge! electrophoresis and fluorography indicat-
ed exclusive lecation of the label on CB1 (data not shown).
In order to determine the modified cysteine residue in peptide
CB1, the following procedure was followed: (a) purification
of labeled CB1 from a CNBr digest of p-hydroxybenzoate
hydroxylase of which the remaining sulfhydryl groups had
been carboxymethylated under denaturing conditions; {b)
tryptic cleavage at arginine residues of citraconylated CB1 and
{c) subsequent purification of the smaller labeled fragments.

In order 1o obtain a suilable amount of protein
(approximately 2000 nmoi) for the preparative isolation of
peptides, the amount of protein was increased 20-fold by
addition of p-hydroxybenzoate hydroxylase that had been
treated with unlabeled reagent. The CNBr peptides generated
from this material were gel-filtered by Sephadex G-100
chromatography [20]. On the basis of sodium dodecyl
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Fig. 1. Fractionation of a tryptic digest of the pool of CBI obtained by
Sephadex G- 100 chromatography. About 250 nmol of citraconylated
CB1 was digested with trypsin, applied to two columns (2.0 x 200 cm)
of Sephadex G-50F in series and eluted in 2.0-ml fractions with 30%
acetic acid at a flow rate of 4.7 ml/h. Peptides were detected by their
absorbance at 280 nm and by the radioactivity in 0.1-ml aliquots of
the eluted fractions. The fractions were pooled as indicated by the
horizontal bars and only radioactive peptides of interest were
subsequently 1solated from these pools by thin-layer chrematography
(T1 and T3) and high-voltage paper electrophoresis (pH 3.5) (T10)

sulphate/poyacrylamide gel patierns, CBl-containing frac-
tions were pooled. Results of amine acid analysis and eight
cycles of Edman degradation on the CB1 Sephadex pool were
compatible with the known amino acid composition and the
N-terminal sequence Glu-Ala-Arg-Glu-Ala-Cys-Gly-Ala- {re-
sidues 111—118) of peptide CB1 from the protein [4]. Liquid
scintillation counting of the phenylthiohydantoin derivatives
of the amino acids released during automatic Edman degrada-
tion on the unfractionated CNBr digest, as well as on peptide
CBI, showed a clear peak of radioactivity at cycle 6 only,
indicating that Cys-116 had been medified with N-
ethylmaleim:de.

To see whether other cysteine residues in peptide CB1 also
had been modified by N-ethylmaleimide, this peptide was
further digested with trypsin. The resulting tryptic peptides
were fractionated on a Sephadex G-350F column as shown in
Fig. 1. The radioactivity pattern of the eluted fractions re-
vealed one major peak flanked by two minor peaks. The
peptide almost solely responsible for the major radioactive
peak in Fig. 1 was obtained after an additional purification
step by thin-layer chromatography of pool IL. Sequence analy-
sis and amine acid analysis of this peptide (yield: 63 nntol)
indicated a pure peptide which was identified as the tryptic
peptide T3 in the primary structure of CNBr fragment CB1
[4] (see Fig. 2 for the sequence of the various fragments). Five
cycles of dansyl-Edman degradation and measurement of the
radioactivity of the derivatives cleaved off in each degradation
cycle, revealed a pronounced peak of radioactivity for Cys-
116, which definitely established that this residue had been
modified with M-ethylmaleimide.

We did not obtain conclusive evidence for the identity of
all the peptides which contained relatively small amounts of
radioactivity in the two pools L and 11l in Fig. 1. Nevertheless
a small amount of peptide T1 was suspected to be present in
pool I (yield: 2 nmol after the final purification step). This
peptide, which resulits from incomplete cleavage at Arg-113,
also contains Cys-116 alkylated with N-ethylmaleimide. The
cysteine-containing peptide T10 was isolated from the third
peak with radioactivity {pool IIT) with about the same yield
as peptide T3, i.e. 55 amol. This peptide, together with a
mixture of undefined peptides, was responsible for the radio-
activity present in pool I11. Therefore Cys-211 seems to be the
most likely candidate for a slight modification by N-ethyi-
maleimide, although this has not been proven directly. A
peptide which encompasses both Cys-152 and Cys-158 does
not scem te be notably labeled by N-ethylmaleimide since it
was not recovered from any of the pools in Fig. 1 by screening
for radioactive peptides.

The above-mentioned results clearly establish that Cys-
116 is the preferentially labeled residue in the modification by
N-[**Clethylmaleimide. From the specific activitics of
peptides T3 and T1, as well as that of the phenylthiohydantoin
derivative of Cys-116 {as estimated from the recoveries of
the derivatives of the neighbouring alanine residues released
during avtomatic Edman degradation on peptide CB1) we
find values representing 0.6 —0.7 mol fraction of the original
sulfhydryl group. In the amino acid analysis of peptide T3
74% of Cys-116 is accounted for by succinylcysteine. This
also indicates that Cys-116 has largely, although not complete-
ly, been modified by N-ethylmaleimide. About 5% of the
ariginally incorporated radiolabeled reagent has been re-
covered in pool III containing peptide T10 with Cys-211,
No appreciable substitution by N-ethylmaleimide could be
demonstrated for Cys-152, Cys-158 and Cys-332.

in the three-dimensional structure of p-hydroxybenzoate
hydroxylase from P. fluorescens (3], Cys-116 is positioned at
the C-terminus of helix H3 [5] and is far away (about 2.8 nm)
from the active site, The side chain points towards the solvent.
These results are compatible with the chemical reactivity of
Cys-116 towards N-ethyimaleimide, 5,5 -dithio-bis(2-nitro-
benzoate} [10] and molecular oxygen at pH > 7[13]. Cys-116
is modified easily by p-chloromercuribenzoate as expected,
but mercurial compounds also react with other cysteine re-
sidues of the enzyme (cf. below).

I'n this context it is interesting to note that the preparation
of heavy atom derivatives of the enzyme for crystallographic
studies [3] using mercurial compounds, did not lead to the
modification of Cys-116 but mainly of Cys-332 [S]. This
strongly indicates that Cys-116 had been oxidized by air in
the single crystals used. This is in line with the observed
chemical reactivity of Cys-116 tewards molecular oxygen [13].

Labeling with mercurial compounds

Protein preparations in which Cys-116 is alkylated with
N-ethylmaleimide, designated E-MalNEt, are usually used to
study the possible chemical medification of the other
sulfhydryl groups of the enzyme.

We have observed that the complexity of the kinetics of
the inactivation reaction depends on the mercurial compound.
In the following we therefore first present the results obtained
with a spin-label derivative of p-chloromercuribenzoate
(CIHgBzsl), yiclding the simplest kinetics.

Treatment of the enzyme (E-MalNEt) with CIHgBzsl leads
to inactivation of the enzyme. The reaction is dependent on
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peptide Sequence

111 128
T1 Glu=-Ala-hrg-Glu=-Ala-CYS=Gly-Ala=-Thr-Thr-val-Tyr-Gln-Ala-ala-Glu-Val-arg
114 1i6 128
T3 Glu-Ala-C¥S-Gly-Ala-Thr-Thr-Val-Tyr-Gln-Ala-Ala-Glu-Val-Arg
148 152 158 166
T6 Leu-Arg-Leu-AsprCYS-Asp-Tyr-Ile-Ala-GlysCY¥SsAsp-Gly-Phe-His-Gly-Ile-Ser-aArg
148 138 161
T6CL Leu-Arg-Leu-Asp-CY¥S-Asp-Tyr-Ile-Ala-Gly-C¥S<Asp-Cly-Phe
le2 166
TRCZ His-Gly-Ile-Ser-Arg
148 152 154
T™HC3 Leu-Arg-Leu-Asp-CYS-Asp-Tyr
155 158 151
T6HCA Ile-Ala-Gly-CYS-Asp-Cly-Fhe
207 211 214
T10 Gly-Phe-Ala-Leu-CY¥S-5¢r-Gln~Azg
328 aiz 334
CB2aTl2 Tyr-Ser-Ala-Ile-CY¥S-Leu-Arg
353 3462
CB2bT2 Phe-Pro-Asp-Thr~Asp-Ala-Phe-Ser-Gln-Arg

Fig. 2. Amino acid sequences of trypiic and chymotryptic peptides mentioned in this paper. Cysieine residues are enclosed in boxes
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Fig. 3. The time-dependent inactivation of p-hivdroxybenzoate hydraxylase as a function of the concentration of CiHgB:zsl and ClHgBzOH.
Aliquots were withdrawn from the incubation mixtures at intervals and assayed after dilution. The relative rate was determined by comparison
with an identical enzyme sample in the absence of the inactivator, The temperature was 21°C. (A) 1.6 uM E-MaINEt in 30 mM Hepes buffer,
pH 7.0,/ = 0.1 M, was incubated with the following concentrations of CIHgBzsl: 20 uM (O} 40 pM (A& ); 80 pM (A ); 40 uM in the presence
of 800 pM p-hydroxybenzoate ( x ). (B) Plot of the reciprocal siopes of A against the reciprocal inhibitor concentration. (C) 2.4 yM E-MalNEt
in 80 mM Hepes buffer, pH 7.5,/ = 0.1 M, was incubated with the following concentrations of ClHgBzOH: 15 uM (4&); 25 uM (@); 50 uM
(x); 40 pM 1n the presence of 1 mM p-hydroxybenzoate (A). (D) Plot of the reciprocal slopes of C apainst the reciprocal inhibitor

concentration

the concentration of the modifying reagent. The reaction is a
pseudo-first-order process up to about 93 —95% loss of activ-
ity. The calculated kinetic constants, as derived from
semilogarithmic plots (Fig. 3A}. have been corrected for the

residual activity. Further incubation (up to 4—6 h) leads to
little increase in modification of the ¢nzyme. The residual
activity is most probably due to native enzyme (sec below).
Efforts to separate modified from native molecules possibly
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present in the reaction mixture by ion-exchange chromatogra-
phy failed.

The inactivation of the enzyme by all mercurial
compounds tested is irreversible. Dialysis or gel chromatogra-
phy of modified enzyme does not lead to recovery of activity.
However, the enzymatic activity of all medified enzyme prep-
arations reported in this paper can be quantitatively restored
by treatment with sulfhydryl-containing compounds (results
not shown).

It is apparent from Fig. 3A that the rate of inactivation
does not linearly increase with the concentration of ClHgBazsl
used. This suggests that the enzyme-inhibitor complex
(E ... 1) is an intermediate in the reaction leading to an irre-
versible loss of activity giving an inactive enzyme (E-I} where
the inhibitor is covalently bound to the enzyme, according to
the scheme [21]:

K kz
E+1+=E.. . I—ElI

and

ok 1
bape ka2l ks

The concentration dependence of the inactivation reaction is
shown in Fig. 3B. Linearity and intercepts are compatible
with saturation Kinetics, supporting the above-mentioned pro-
posal. An apparent dissociation constant, K; = 33 pM, and
a first-order rate constant at saturation, &, = 0.1 min~ ! at
pH 7.0and J = 0.1 M, are calculated from the intercepts. The
K; value is almost identical with the dissociation constant of
the enzyme-substrate complex (see below). From these data
the second-order rate constant of 50 M~ 's ! is calculated.
The rate of inactivation is almost independent of the pH value
of the solution (pH 6.1 -18.9).

Fig. 3B also shows another remarkable effect, i.e. the in-
activation reaction is inhibited by the mercurial compound at
concentrations larger than about ~ 80 pM at the enzyme
concentration used. The plot of Fig. 3B resembles very much
that obtained in Lineweaver-Burk plots when the enzyme is
assayed at high substrate concentrations, i.e. inhibition by
substrate [1]. The observed effect is not due to substrate inhibi-
tion in the assay mixture. This has been tested by using an
identical assay mixture but varying the concentration of native
enzyme, approaching that present in inactivation mixtures
containing low enzymatic activities. A plot of activity versus
the enzyme concentration was linear. Therefore it is suggested
that the mercurial compound inhibits the inactivation reaction
by binding to the substrate binding site at higher concentra-
tions. This idea is substantiated by the fact that the substrate
exerts a strong protective effect on the enzyme against inac-
tivation by ClHgBzsl, as shown in Fig. 3 A. Similar effects are
observed using 2.4-dihydroxybenzoate, 3.4-dihydroxy-
benzoate or benzoate. Enzyme preparations that had been
almost fully inactivated showed no affinity for the substrate,
as judged by fluorometric titration experiments (Table 1).

The inactivation reaction of the enzyme by ClHgBzOH
and the properties of the medified enzyme show similar
features as observed with ClHgBzsl, except that the inactiva-
tion is faster and biphasic (Fig. 3C). The reason for the
biphasic reaction is not clear but it has also been observed in
the modification of the enzyme by diethylpyrocarbonate [8].
As will be shown below, CIlHgBzOH is a less specific reagent
for the modification of the enzyme than ClHgBzsl, i.c. several
SH groups are modified. This fact could be responsible for
the observation of the biphasic kinetic. Extrapelation of the

(0

Table 1. Dissociation constants of complexes hetween various enzyme
preparations and p-kydraxybenzoate, NADPH or KAuf{CN ),

The dissociation constants were determined fluorimetrically at 22°C,
f=01M,pHsS5

Sample Dissaciation constant of the complex
NADPH #-hydroxy- KAu(CN);
benzoate
uM
Native enzyme 280 38 95
E-MalNE1 300 43 94 (18)*
E-MalNEt-CIHgBuzsl 105 > 2000 62
E-MalNEt-CIHgBzOH 110 > 2000 63

* Dissociation constant between the enzyme-subsiraie complex
and KAu(CN),.
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Fig. 4. The time-dependent incorporation of CiHgBzsl into p-fiydroxy-
benzoute hydroxyiase prelabeled with N-ethylmaleimide ( E-MalNE!).
The reaction was followed by recording absorbance difference spectra
or lollowing the development of the absorbance at 257 nm. The two
two-compartment cells {lotal path length of each cell = 0.875 cm}
contained 20 pM E-MalNEt in 80 mM Hepes buffer, pH 7.0, f =
0.1 M, in one compartment and 80 uM ClHgBzsl in the same bufler
in the other compartment. A baseline was recorded from these
solutions and the reaction was then initiated by mixing the content
of the sample cell. The spectra shown were recorded al ¢ min, 20 min,
36 min and 50 min after initiation of the reaction. The results are also
presenied as a semiloganithmic plot of the time-dependent abscerbance
changes at 257 nm (A, inset). Aliquots of the same reaction mixture
were assayed for activity at intervals. These results are also shown in
the inset { @) as a semilogarithmic piot. The temperature was 21°C

slow reaction to ¢ = 0 shows that the initial loss of activity
depends on the concentration of ClHgBzOH used. The
initial loss of activity varies over 20—45%, as seen in
Fig. 3C. An apparent dissociation constant for ClHgRzOH,
K; = 22 uM, and a first-order rate constant at saturation,
ky = 0,204 min~"' at pH 7.5 and 7 = 0.1 M, are calculated
from the intercepts from Fig. 3D. The second-order rate con-
stant calculated from these data is found to be 163 M~ 's™ L

The incorporalicn of CIHgBzsl has been followed by
difference spectroscopy at 257 nm (Fig. 4). It was found that
there is a linear relationship between the loss of activity and
the development of the difference absorbance at 257 nm (see
inset Fig. 4). A bimolecular rate constant of 43 M™'s™! is
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Table 2. Quantification of the incorporation of ClHgBzsl inte N-ethyl-
maleimide-prejabeled enzyme ( E-MalNEt)

The two reaction mixtures each consisted of 40 pM E-MalNEt in
0.5 ml 80 mM Hepes pH 7.0, § = 0.1 M, and 120 pM ClHgBzsl. One
sample contained in addition 1.5 mM p-hydroxybenzoate. The reac-
tion mixture was ingubated for 1 h at 21°C. The mixtures were then
poured over a Bio-Gel B-6DG column and the residual activity of the
eluate determined (correcied for enzyme dilution by measuring the
flavin absorption of the enzyme at 450 nm}. The ESR spectra of the
eluates were then recorded, an excess dithiothreitel added to the
solutiens and after full reactivation of the enzyme the spectrum again
recorded. These spectra were doubly integrated and compared with
that of a known solution of the free spin label (see Materials and
Methods)

Sample Residual Spin label
activity incorporated
% mol/mol FAD
E-MalNEt + 5 mM
dithiothreitol 106 0
E-MalNEt + CiHgBuzsl =R 0.95
E-MaiNEt + substrate
+ ClHgBazsl 66 0.38

calculated for both the time-dependent loss of activity and the
development of the difference absorbance at 257 nm. This
value is in good agreement with that calculated from Fig. 3B,
strongly suggesting that the chemical modification reaction
and the reaction leading to loss of activity occur at the same
site. From the molar difference absorption coefficient
(7.6 mM ~fcm 1) it is calculated that 1 mol CIHgBzsl reacts/
mol protein-bound FAD. This result is fully confirmed by
ESR measurements (Table 2).

The incorporation of ClHgBzOH into the enzyme was
quantified by combined spectrophotometric and activity
measurements. The results are presented in Fig. 5. Native
enzyme was used for these experiments to demonstrate that
Cys-116 is labeled very fast and reacts quantitatively when
using an equimolar amount of reagent per protein-bound
FAD, not affecting the activity of the enzyme. It can be
concluded from Fig. 5 that a total of three cysteine residues
can be modified in native enzyme by ClHgBzOH, whereas
only two residues are modified by ClHgBzsl, including Cys-
116 {data not shown). Furthermore only one of the labeled
residues is responsible for the loss of activity. This conclusion
is drawn from the fact that the lines in Fig. 5 are parallel for
the three concentrations used and show a slope of one [22].
The results are fully confirmed using radioactive labeled
ClHgBzOH and E-MalINEt (Table 3).

Other sulfhydryl-modifying compounds such as iodoso-
benzoate, mercurichloride and iodoacetamide also inactivaie
the enzyme. However, we have not done any detailed kinetic
studies on these compounds. Furthermore using a glycine
buffer, pH 8.5, instead of the other buffers used in this study,
it was found that ClHgBzOH reacts rather slowly with the
enzyme, leading to the labeling of all five cysteine residues.
The slow reaction of ClHgBzOH with the enzyme is probably
due to the fact that the mercurial compound forms a complex
with glycine, as shown by Bover [18].

The protection of the enzyme from inactivation by the
substrate and derivatives thereof is surprising considering the
published low-resolution X-ray data on the enzyme [3].
According to these data and the known sequence of the

PERTENTAGE ACTIVITY REMAINING
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Fig. 5. Remaining activity as a function of CIHgBzOH incorporation
into p-hydroxybenzoate hydroxylase. Reaction of the enzyme with one
equivalent ClHgBzOH leads to the almost quantitative labeling of
Cys-116, with little loss of activity. The time-dependent incorporation
of the mercurial compound was followed at 250 om using
de = 7600 M~ 'em ™! for the formation of the mercaptide bond and
compared with the time-dependent inactivation of the enzyme. 10 pM
native enzyme in 80 mM Hepes buffer pH 7.0, I = 0.1 M, was in-
cubated with the following concentrations of ClHgBzOH: 10 pM
(G); 30 pM (A); 50 uM (®); 100 pyM (O0}. For the latier three
concentrations of ClHgBzOH a slope of 1 is obtained, indicating that
one cysteine residue is responsible for the loss of activity

Table 3. Quansification af the incorporation of radioactive CIHgBzOH
into p-hydrexybenzoate hydroxylase prelabeled with N-ethylmaleimide
A solution of 10 M E-MalNEt in 80 mM Hepes butfer, pH 7.0,
I = 0.1 M, 22°C, was incubated for 240 min with various concentra-
tions of the reagent. 1.0 ml of the enzyme mixture was then poured
aver a Bio-Gel column as described under Materials and Methods.
Where appropriate the concentration of NADPH and the substrate
was 6 mM and 0.6 mM, respectively. An aliquot of the incubation
mixture was assayed for activity

CIHgRBzOH CIHgBzOH incorpaorated
incubated {residual activity) in the presence of
nil substrate NADPH
mol/mol FAD (%)
0 0 (100) 0(100) 0(100)
0.33 0.26 (85) - -
0.50 - 0.32 (93} 0.42 (82)
0.67 0.54 (73} - -
1.0 0.80 {(43) 0.58 (77) 0.87 (48)
1.33 1.03 27) - -
1.50 - 0.75 (54) 1.16 (22)
1.67 1.23(17) - -
20 1.26 (13) 0.99 (46) 1.23(18)
30 1.48 (10) 1.21 (33) 12517
5.0 1.50 {9) 1.44 (22) 1.25(15)
10.0 1.69 (8§) 1.67 (14) 1.51 (15)

enzyme [4, 5] no cysteine residue is located in the active center.
Cys-211 is located closest to the active center. Its Ce atom is
at a distance of about 0.75 nm from the substrate. It should
however be noted that the three-dimensional data were
obtained on the enzyme-substrate complex, whereas our re-
sults had to be obtained on the free enzyme. It is known that
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binding of the substrate to the enzyme induces a con-
formational change [23], facilitating reduction of enzyme-
bound FAD by NADPH, i.e. the substrate functions also
as an cffector. The observation that the two sites mutually
influence each other is interesting and tempting to speculate
upon. It is reasonable to suggest that the conformational
change induced by the substrate also affects the conformation
of the cysteine residue in question. This cysteine residue be-
comes probably more buried by the conformational change
and becomes almost inaccessible for the mercurial compound.
On the other hand, alkylation of the cysteine residue by the
mercurial compounds prevents the substrate from inducing
the conformational change needed for its optimal binding and
for generating optimal activity. It is not yet clear if these facts
are related to a possible regulation mechanism of the activity
of the enzyme in the cell. In addition the fact that the mercurial
compounds themselves can inhibit the alkylation of the cys-
teine residue (Fig. 3) strongly suggests that these compounds
also bind to the substrate binding site. This is not surprising
considering the close structural relationship between the sub-
strate and in particular ClHgBzOH. However, it is also pos-
sible that the non-covalent interaction between the enzyme
and the mercurial compounds induces a less active conforma-
tion. This could explain the observation that assays of inac-
tivation mixtures showed a lag period when the concentration
of the mercurial compounds exceeded 80 uM. The lag period
is dependent on the concentration of the mercurial compound.

NADPH and its competitive inhibitors adenosine 2',5'-
bisphosphate, 2’AMP and KAu(CN), [24] do not protect
the enzyme from inhibition by ClHgBzsl. The affinity of the
inactivated enzyme for NADPH is even somewhat increased
as compared to that of the free enzyme (Table 1). This is also
true for KAu{CN),. Previously [24] we have shown that the
enzyme-substrate complex shows a much higher affinity for
KAu(CN), than the free enzyme. The results given in Table 1
suggest therefore that labeling by the mercurial compounds
exerts a similar effect on the KAu(CN), binding site as the
substrate, though to a much lesser degree. Since the circular
dichroic spectra of the free and the mercurial-labeled enzyme
are very similar, the structural perturbation by the labeling
must be small,

Assignment in the sequence

Although the mercurials react specifically with cysteine
residues in proteins, the modification may readily be reversed
under the relatively harsh conditions of sequence analysis,
which poses difficulties on the assignment of the site of attack
of mercurials in proteins [15, 25). Therefore we have developed
a scheme by which these residues could be labeled and identi-
fied as described in the Materials and Methods section.

Fig. 6 shows the reversed-phase HPLC peptide mapping
analyses of tryptic digests of approximately the same amounts
of the ClHgBzsl treated enzyme (A} and that of the control
sample (B), together with the radioactivity content determined
for each pool. The overall patterns of the two fractionation
profiles are very similar; minor differences are probably due
to small changes in the column characteristics between each
run. The radioactivity patterns reveal the presence of three
major labeled peaks at corresponding elution volumes (29, 32
and 37 ml}, in addition to several small peaks common to both
digests. As it could be demonstrated that the radioactivity in
a separate peak eluting just before the 37-ml peak originated
from the same peptide that causes the radioactivity of this
major labeled peak, this will therefore be left out of consider-

ation in the following. Among the three major labeled peaks
in the digest of the ClHgBzsl-treated enzyme, the 32-ml and
the 37-ml peaks show a significant increase in their radicactiv-
ity content as compared with the control sample, the increase
for the 37-ml peak being the most notable.

Since each of the three major radiolabeled peaks from
both digests in Fig. 6A and Fig. 6B contained a mixture of
peptides, they were rechromatographed on the same C,; g re-
versed-phase column using a different cluent system (see
legend to Fig. 6). Each of the major radiolabeled peaks con-
tained a single major radiolabeled peptide as indicated in
Fig. 6. Amino acid analysis and determination of the N-ter-
minal amino acid by dansylation allowed their identification
as known cysteine-containing peptides in the primary
structure of CNBr fragment CB1 [4]: peptide T3 was isolated
from the 29-ml peaks from both digests (still contaminated
with a non-cysteine-containing peptide known as CB2bT2 in
the primary structure of CNBr fragment CB2 [20]), peptide
T10 from the 32-ml peaks and peptide Té from the 37-ml
peaks.

As already apparent from the results presented in Fig. 6,
the specific activity of peptide T3 isolated from the CIHgBzsl-
treated enzyme had almost the same value (450 dpm/nmol) as
that calculated for peptide T3 isolated from the control sample
(400 dpm/nmol). Peptide T3 contains Cys-116 and pretreat-
ment of the enzyme with unlabeled N-ethylmaleimide prior
to modification with the mercurial compound should have
largely blocked this residue for further modification. An in-
corporation of about 0.1 mol N-['*Clethylmaleimide/mol
peptide could be calculated from the specific activity of the
labeled reagent used in these studies and that of peptide T3.
This indicates that about 90% of Cys-116 had been blocked
by the pretreatment with N-ethylmaleimide which agrees very
well with the results obtained in the previous section. Peptides
T10 and Té isolated from the ClHgBzsl-treated protein
showed a 3.7-fold and a 13-fold increase in their specific
activities, respectively, as compared with the specific activities
of these peptides {160 dpm/nmol and 180 dpm/nmol, re-
spectively) isolated from the control sample. The incorpora-
tion values determined for the various characterized peptides
are summarized in Table 4.

The results demonstrate that the cysteine residues con-
tained within peptides T10 and T6 had originally reacted
with ClHgBzsl and that peptide Té6 is the major radiolabeled
peptide. However, peptide T6 contains two cysteine residues
{Cys-152 and Cys-158). An effort was undertaken to
determine whether one of them preferentially reacts with
ClHgBzsl. Fig. 7 shows a reversed-phase HPLC chro-
matogram of a chymotryptic digest of peptide Té from the
ClHgBzsl-treated enzyme together with the radioactivity pat-
tern. Unfortunately, cleavage at Tyr-154 had proceeded very
incompletely and peptides T6C3 and T6C4, each containing
a single cysteine residue, were isolated with very low recoveries
(0.8 nmol and 1.3 nmol, respectively). Because of the low yield
and corresponding radioactivity content for peptides T6C3
and T6C4, the experimentally determined values for their
specific activities of 1400 dpm/nmol and 600 dpm/nmol, re-
spectively, remain somewhat uncertain. Nevertheless these
figures suggest that Cys-152 was preferentially modified by
ClHgRzsl (see Table 4).

The cysteine-containing peptide CB2aT12 did not cause a
major radiolabeled peak in Fig. 6. This peptide was normally
isolated in good yield by reversed-phase HPLC chromatogra-
phy from tryptic digests of carboxymethylated p-hydroxy-
benzoate hydroxylase (at an elution volume of about 28 ml).
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Fig. 6. HPLC chrematograms of wryptic digest of N-{ '*C Jethylmaleimide containing p-hydroxybenzoate kydroxylase that had originally been
modified with CiHgBzsl in the navive state (A) or that had not been subjected to this modification (B). The protein samples were prepared as
described in Materials and Methods. Approximately 5 amel of the tryptic digest of each sample was chromatographed on a Nucleosil 10C, g
column {300 x 4.6 mm} with a §0-min linear gradient from 0% to 67% acetonitrile in 0.1% trifluoroacetic acid at a flow rate of 1.0 ml/min.
Peptide elution was monitored by the absorbance at 214 nm. Vertical bars represent the total radicactivity content associated with pools of
eluent collected for each peptide peak. Preparative isolation of the major radio-labeled peaks at elution volumes of 29 ml, 32 m! and 27 ml
was done by three separate runs of approximately 30 nmel of the tryptic digest of each sample. Rechromatography of each of the major
radiolabeled peaks was done on the same colutnn with a 36-min linear gradient from 0% to 40% acetonitrile in 0.1% ammonium acetate at
2 Now rate of 1.0 ml/min. Only the radicactive peptides subsequently isolated by these rechromatographies are indicated

In the present work we have isolated only relatively smalt
amounts of this peptide in the rechromatography of the 32-
ml peaks in Fig. 6. Its low recovery and radioactivity content
and its contamination with several other peptides {most prob-
ably including radicactive ones) allowed neither reliable
calculations nor further purification.

Cys-332 contained within peptide CB2aT12 could not
have been heavily labeled in the ClHgBzsl-treated protein
anyhow since the specific activities found for peptides T3, Té

and T10 could almost completely account for the specific
activity of the starting material ( = 3400 dpm/nmol) (Table 4).

Samples treated with ClHgBzOH were analyzed in exactly
the same way as described above for the CiHgBzsl-treated
protein, The results are also included in Table 4. As can be
seen from Tabie 4, the material treated with CIHgBzOH
shows incorporation values significantly higher for Cys-211,
slightly higher for Cys-158 and lower for Cys-152, indicating
no preference for any of these cysteine residues.
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Effects of modification

The ESR spectrum of ClHgBzsl-labeled E-MalNEt is
shown in Fig. 8. The spectrum indicates that the protein-
bound spin label possesses a fairly high mobility suggesting
that the label is located in a cieft or close to the surface of the
protein. On the other hand, the spin label must be more than
1 nm distanced from the prosthetic group. This conclusion is
drawn from the fact that the quantum yields of the fluores-

cence emission of both native and ClHgBzsl-labeled enzyme
are almost identical.

These interpretations are in agreement with the three-
dimensional data [3, 5], showing that Cys-152 is situated at a
far distance from the prosthetic group (see below). Even so
the protein-bound spin label is reduced in a slow reaction in
the presence of NADPH. This reduction is caused by the
residual activity of the enzyme because the reduction is stimu-
lated by the addition of benzoate and inhibited by KAu(CN),,

Table 4. Incorporation of N-f 14 C Jethyimaleimide in nutive, CIHgBzsi-treated and ClHg BzOH-treated p-hydroxybenzoate hydroxylase and their

cysieine-containing peptides

For details see Materials and Methods, and text. n.d., not determined

Protein or peptide Incorporation
conirol CIHgBzsl-treated ClHgBzOH-treated
dpm/nmol
Holoenzyme 1200 3400 4200
T3 (Cys-116) 400 450 550
T6C3 {Cys-152) 40 1400 960
Té 180 { 2300 { 2000 {
T6C4 (Cys-158) 130 500 810
T10 (Cys-211) 160 590 970
Sum of T3, Té and T10 740 3340 3520
CB2aT12 (Cys-332) nd. nd. n.d.
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Fig. 7. Reversed-phase HPLC chromatogram of a chymotryptic digest of about 20 ninol of peptide Té. Chromatography was done on a Nucleosil
10C, g column {300 x 4.6 mm) with a 54-min linear gradient from 0% to 60% acetonitrile in 0.1% trifluoroacetic acid at a Mlow rate of 1.0 mlf
min. Peptides were detected by their absorbance at 214 nm. Vertical bars represent the radioactivity content determined for 20% of the total
amount of peptide malerial isolated from each peak. Only peptides which could be correlated with known sequences in the primary structure
of peptide CB1 [4] from the results of amino acid analysis and determination of the N-terminal amino acid by dansylation have been indicated
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a very potent competitive inhibitor with respect to NADPH
[24]. The reduction is much slower under aerobic than anaer-
obic conditiens suggesting that the reduced prosthetic group,
and not reduction products of molecular oxygen, is respon-
stble for the reduction of the spin label.

The time-dependent development of the difference
spectrum observed during the chemical modification of the
enzyme by ClHgBzOH is remarkable because the expected
absorbance changes at 250 nm are also accompanied by an
absorbance change at 290 nm and in the flavin-absorbing
region (Fig. 9). Isosbestic points are observed at 386nm,
320 nm angd 278 nm. The kinetics at 250 nm are biphasic and
parallel those of the inactivation reaction (cf. Fig. 3C),
whereas the absorbance changes at 290 nm and 360 nm corre-
spond to the slow part of the inactivation and the modification
reaction (Fig. 9, inset), monitored at 250 nm. From the fact

I
Frofein—5—Hg .@g —N
h

Fig. 8. The electron spin resonance spectrum of p-Aydroxypbenzoute
hydroxviase (E-MalNEt) labeled with CiHgBzsl. 50 uM enzyme in
80mM Hepes, pH 7.0, [ = 0.1 M, was incubated with 140 uM
ClHgBzsl for 2 period of 1 h. The incubation mixture was then poured
over a Bio-Gel P-6 column prior to the measurement. Final enzyme
concentration was about 30 uM. The chemical structure of CIHgBzsl
is also shown

that selective modification of Cys-116 (cf. Fig. 5) does not
yield difference absorbances at 290 nm and 360 nm it is con-
cluded that these difference absorbances are caused by the
modification of cysteine residues other than Cys-116.
Although the rate of inactivation of the enzyme by
CiHgBzOH is, as monitored at 250 nm, almost independent
of the pH value of the solution, the intensity of the maxima
at 360 nm and 290 am in the difference spectrum are strongly
dependent on the pH value of the selution. The inset in Fig. 9
shows that the ahsorbance difference at 290 nm {the same
holds for the band at 360 nm) increases with increasing pH
values, reaching an optimum at about 9. The first spectra
recorded after mixing consistently showed a small wavelength-
dependent and rapid increase in the difference absorbance.

Since this absorbance change was not related to the rate
of the chemical reaction it is ascribed to the formation of a
small amount of denatured ¢nzyme. Consequently the pH-
dependent absorbance changes shown in the inset of Fig. 9
have been corrected for the initial absorbance changes. The
molar difference absorption coefficient at pH9 1is
3200 M~ e~ ! at 290 nm and about 1600 M lem™' at
360 nm. A pK value of about 7.6 is calculated from the pH
dependence of the difference absorbance at 290 nm (inset of
Fig. 9). Since the pH-dependent absorbance changes are not
related to a pH-dependent rate of the chemical modification of
the enzyme, the observed spectral changes are most probably
caused by an indirect effect. In addition, the ionizing group
leading to the pH-dependent spectral changes at 290 nm must
be located in the vicinity of the prosthetic group affecting also
the absorption properties of bound FAD. it is known from
three-dimensional data [3, 5] that three tyrosine residues (Tyr-
201, Tyr-222 and Tyr-385) are located in the vicinity of the
prosthetic group. It is therefore tentatively suggested that the
ionizing group is due to at least one of the three tyrosine
residues.

The different shape observed for the difference spectra
of ClHgBzsl- and CIHgBzOH-labeled enzyme needs some
further comment. First, the different spectrum of the
CIHgBzsl-labeled enzyme (Fig. 4) is much broader in the
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Fig. 9. Ulieavialet difference specira observed during the inactivation of p-hydroxybenzoate kydroxylase by CIHgBzOH. Both cuvettes contained
1.0 ml of 20 pM enzyme (E-MaINEL) in 80 mM Hepps buffer, pH 8.5, 7 = (.1 M, in one compartment and 1.0 ml of 80 pM CIHgBzOH in
the same buffer in the other compartment. Belore initiating the reaction, a base line was recorded. The sclutions in the two compartments of
the sample cell were then mixed. The absorbance changes were followed by automatically scanning a spectrum at 30-s intervals until the
reaction was completed. For clarity only a few spectra are shown, recorded 155, 130 5, 520 5 and 1010 5 after mixing. The intensitics of the
absorbance changes at 290 nm and 360 nm are pH-dependent. In the inset the pH-dependent absorbance difference is shown lor the peak at
290 nm. The time-dependent chemical modification reaclion, monitored at 250 nm and 290 nm, is compared with the time-dependent
inactivation reaction in a semilogarithmic plot in the other inset. The path length of the cells was 0.875 cm and the temperature 21°C
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ultraviolet region than that of the ClHgBzOH-labeled
enzyme. The spectrum of the ClHgBzs!-labeled enzyme is
also dependent on the pH value of the solution, but the pH
dependence is not as pronounced as that in ClHgBzOH-
labeled enzyme. At low pH vaiues the intensity in the 280 —
300-nm region decreases and a clear shoulder is formed
around 275 nm. No attempts were therefore undertaken to
unravel the complex difference spectrum.

In the electron density map of the oxidized enzyme-sub-
strate complex [3, 5], Cys-152 is situated at the loop between
fi strands C3 and A4 at a distance of about 3.5 nm from the
active site. Its Cx atom is at the molecular surface, whereas
its side chain is more or less buried within the enzyme structure
forming part of the hydrophobic cluster A between § sheets
A and C. Loss of enzymatic activity by modification with
mercurial compounds can therefore only be explained by some
conformaticnal change which affects the substrate-binding
site through long-distance effects. On the other hand, the
conformational change induced by the substrate leads to a
lesser accessibility of Cys-152 in particular and probably of
others as well. A similar effect was also observed for another
flavin-dependent monooxygenase. It has beent reported for
phenol hydroxylase that the sulfhydryl groups become less
accessible in the enzyme-substrate complex [26, 27].

In fact all of the five cysteine residues present in p-hydroxy-
benzoate hydroxylase seem to be in a position not expected
to be cructal for the enzymatic activity. Although the Ca atom
of cysteine-211 (at § strand B3} is at 0.75 nm distance from
the substrate, its side chain points away from the active site
and is part of the hydrophobic cluster D between sheet B an¢
helix H4. All other cysteine residues (Cys-116, Cys-152, Cys-
158 and Cys-332) are sitvated at a distance of 2.2 nm or more
away from the active site. All cysteine residues, except for
Cys-116, have their side chains more or less buried within the
protein.

Crystals of the enzyme-substrate complex however bind
ClHgBzOH at positions which presumably are near Cys-332
and Cys-211 [3]. The cysteine residues that are reactive
towards CIHgBzOH in the substrate-free enzyme are therefore
different from those of the enzyme-substrate complex as
derived from the interpretation of the crystal structure. This
indicates that the substrate p-hydroxybenzoate affects the re-
activity of the sulfhydryl groups of the enzyme, as shown by
the present modification studies. In this context it would be
interesting to know the three-dimensional structure of the free
enzyme.
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Chapter 6

Chemical modification of tyrosine-38 in p-hydroxybenzoate hydroxylase
from Pseudomonas fluorescens by 5'-p-fluorosulfonylbenzoyladenosine:
A probe for the elucidation of the NADPH binding site?

Involvement in catalysis, assignment in sequence and fitting to the tertiary structure

Willem I. H. van BERKEL ', Franz MULLER, Peter A. JEKEL?, Wicher J. WEIJER %, Herman A. SCHREUDER ® and
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! Department of Biochemistry, Agricultural University, Wageningen
¢ Deparlment of Biochemistry, State University of Groningen
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(Received February 5, 1988) — EJB 88 0155

p-Hydroxyhenzoate hydroxvlase from Pseudomonas fluorescens was covalently modified by the nucleotide

analog 5 -{p-fluorosulfonylbenzoyl)-adenosine in the presence of 20% dimethylsulfoxide. The inactivation reaction
is pH-dependent and does not obey pseudo-first-order kinetics, due to spontancous hydrolysis of the reagent.
The kinetic data further indicate that a weak, reversible enzyme-inhibitor complex is an intermediate in the
inactivation reaction and that only one amino acid residue is responsible for the loss of activity.

The inactivation is strongly inhibited by NADPH and 2',5’ ADP. Steady-state kinetics and 2',5 ADP bicaflinity
chromatography of the modified enzyme suggest that the essential residue is not directly involved in NADPH
binding.

Sequence studies show that Tyr-38 is the main residue protected from modification in the presence of NADPH.
From crystallographic studies it is known that the hydroxyl group of Tyr-38 is 1.84 nm away from the active site.
Model-building studies using computer graphics show that this distance can be accommodated when F30,BzAdo
binds in an extended conformation with the sulfonylbenzoyl portion in an orientation different from the nicotin-

amide ring of NADPH.

The flavoprotein p-hydroxybenzoate hydroxylase from
Pseudomonas  fluorescens Is an external monocoxygenase
catalyzing the conversion of p-hydroxybenzoate into 3,4-
dihydroxybenzoate, an mtermediate step in the degradation
of aromatic compounds in soit bacteria. The reaction mecha-
nism of the enzyme from P. fluorescens has been studied in
detail by stopped-flow technique [1, 2]. The enzymes from
P. fluorescens and  P. desmolytica prefer NADPH  over
NADH as electron donor [3, 4], while the enzyme from
Corynehacterium cyelohexanicum [3] can use both NADPH
and NADH efficiently.

X-ray diffraction studies [6—8] have revealed the three-
dimensional model of the enzyme — p-hydroxybenzoate com-
plex from P. fluorescens at a resolution of 0.25 nm. More

Carrespondence 0 W, J. H. van Berkel. Laboratorium voor
Biochemie, Landbouwuniversiteit, Drevenlaan 3, NL-6703-HA
Wagceningen. The Nethertands

Abbreviations. FSO;BzAdo. 5'-(p-flucrosulfonylbenzoyl)-adeno-
sine; 80,BzAdo”, ¥-(p-sulfonatobenzeyi)-adenosine; 2.3 AMP,
adenosine 2° and 3'-monophosphate {mixed isomers); Me,S0, di-
methylsulfoxide; MalNEL, N-ethylmaleimide; E-MalNEi, N-ethyl-
maleimide labeled enzyme; DABITC, 4-(¥. ¥-dimethylamineazo-
benzene-4’-isothiocyanate; DABTH. 4+ N N-dimethylamino)azoben-
zene-4'-thichydantoin; 2,5’ ADP-Sepharose, A°-{6-aminohexyijade-
nosine 2°,5"-bisphosphate coupled to Sepharose 4B; Bistrispropane,
1.3-bis[tris(hydrexymethyl)methylamino]propane.

Enzyme. p-Hydroxybenzoate hydroxylase (EC 1.14.13.2).

recently this structure has been refined to 0.19 nm (Schreuder
et al.. unpublished results). The complete amine acid sequence
of the enzyme from P. fluorescens is also known [9—11].

Chemical modification of cysteine [12] and tyrosine resi-
dues [11) has provided information about differences in the
dynamic structures of free and p-hydroxybenzoate-complexed
enzyme.

These data are the basis for the study of the amino acid
residues involved in the binding of NADPH.

Chemical modification by diethyl pyrocarbenate at pH
values < 7 have indicated that one or two histidine residues
are involved in NADPH binding [13, 14). Because of the insta-
bility of ethoxy-formylated-histidine residues, even towards
mild hydrolysis, it was not possible to assign the modified
histidine residues in the sequence.

The possible role of arginine residues in the binding of
NADPH to the enzyme from P. fluorescens has been studied
using several arginine reagents [15). From these studies it
was concluded that the reagents react with different arginine
residues. Unfortunately it was not possible to assign the modi-
fied residues in the sequence of the enzyme because the incor-
porated radioactivity was spread equally over the HPLC
peiks of the peptides.

The inhibition of various adenine nucleotide analogs, com-
petitive with respect to NADPH [16], has prompted us to
investigate the covalent modification of the enzyme with the
adenine nucleotide analog 5'-(p-flucrosulfonylbenzoyl)-ade-
nosine. The properties of FSO,BzAdo are well documented,
as reviewed by Colman [17].
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It is shown that the inactivation of the enzyme can be
explained by the medification of one amino acid residue and
this reaction is protected by NADPH and 2 .5’ADP but not
by p-hydroxybenzoate. This residue has been identified as Tyr-
38 by sequencing tryptic peptides of modified enzyme. Model
building of the modified enzyme using computer graphics
suggests a possible mode of binding for NADPH which is
in agreement with the observed modification of Tyr-38 by
FSO,BzAdo.

MATERIALS AND METHODS
General

5'- (p- Fluorosulfonylbenzoyl) - [adenine - 8 - **Cladenosine
(FS0,Bz['*C]Ado; 43.2 Ci/motl} was from New England Nu-
clear (Boston, USA). NADPH, NADP" and dithiothreitol
were from Boehringer. N-Ethyimaleimide, FSO;BzAdo,
2.5 ADP, 2. YAMP, FAD, Hepes, Hepps, Mes, Tris, Bistris
and Bistrispropane were from Sigma. 27,5 ADP-Sepharosc
was from Pharmacia and BioGel P-6 DG was obtained from
Bio-Rad. KAu(CN), was from Drijfhout & Zoon's Edel-
metaalbedrijven B.V. {Amsterdam, The Netherlands). All
other chemicals were from Merck and of the best grade avail-
able.

Analytical methods

Analytical methods, including measurement of absor-
bance, fluorescence and (radiojactivity, have been described
elsewhere [11, 12].

Dissociation constants of the binary complexes between
enzyme and substrate (analogs) or NADPH (analogs) were
determined fluorimetrically as described previcusly [4].

Rate constants for the hydrolysis of FSQ,BzAdo were
determined essentially according to Pettigrew [18] using an
F 1052 F fluoride-specific elecirode in combination with an
Ag/AgCl reference electrode (Radiometer/Copenhagen). The
hydrolysis of | mM FSO;BzAdo was monitored under exactly
the same conditions as those used for enzyme modification.

Bioaffinity chromatography analyses were by FPLC
(Pharmacia Biotechnology Products) [19] using a 2',5 ADP-
Sepharose (1 x 6 cm) column. Enzyme samples were loaded
onto the column, equilibrated in 50 mM Mes pH 6.5, contain-
ing 0.5 mM EDTA and 0.5 mM dithiothreito] (start buffer).
Elution gradients were made as indicated in Results and Dis-
cussion. Absorbance was monitored at 280 nm or, when
performing nucleotide gradient elution, at 465 nm. The flow
rate varied over 0.5— 1.0 ml/min. After each run the column
was washed with 2 vol. 1 M NaCl and reequilibrated with
5 vol. start buffer.

Kinetic data of the inactivation of enzyme by FS8O;BzAdo
were transferred to and evaluated on a Micro VAX 11 com-
puter.

Madification studies

Large scale production of Pseudomonas fluorescens was
petformed by Diosynth BV {Oss, The Netherlands).

p-Hydroxybenzoate hydroxylase was isolated and purified
as described previously {19]. Prelabeling ol the reactive
sulfhydryl group of the enzyme (Cys-116) with A-ethyl-
maleimide was performed as reported earlier [12). Fresh solu-
tiens of approximately 100 pM N-cthylmaleimide-labeled en-
zyme (E-MalNEt) in the appropriate buffer were prepared
each day by gel filtration over BioGel P-6 DG. The concen-

tration of E-MalNEt was determined using 2 molar absorp-
tion coefficient of 11.3 mM ™' cm ™' at 450 nm [20]. The en-
zymne activity was assayed spectrophotometrically at 340 nm
by measuring the oxidation of NADPH in 0.1 M Tris/H,S0,,
pH 8.0, at 25"C, as previously reported [20].

Steady-state kinetics of NADPH oxidation were per-
formed at 340 nm in either 50 mM Mes, pH 6.5, or 50 mM
Hepes, pH 7.5, at 257 C, in the presence of 100 nM FAD and
0.5mM EDTA [16]. All determinations were performed in
triplicate. At high NADPH concentrations the enzyme ac-
tivity was montored at 375 nm using a molar absorption
coeificient of 1.85 mM ~' ecm ™ '. The NADPH-dependent an-
aerobic reduction of enzyme-beund FAD in either native or
modified E-MalNEt — p-hydroxybenzoate complex was per-
formed in 106 mM Hepes, pH 7.5, at 20 'C, essentially accord-
ing to Husain and Massey [1].

Stock solutions of 10—20 mM FSO;BzAdo were pre-
pared in dimethylsulfexide and stored at —18°C under silica
gel. The concentration of FSO,BzAdo was determined by
measuring the absorbance at 259 nm of a diluted sample,
using & molar absorption coefficient of 13.5 mM ™! cm ™! [21].
For radioaclivity experiments the specific activity of
FSO,Bz['*CjAde was diluted to 1.47 Cifmol by adding
unlabeled FSO;BzAdo in the following way: the concentrated
radioactive solution (43.2 Ci/mel) in 2.5 ml 95% ethancl was
dried on ice by flushing with a gentle stream of nitrogen gas
for 1 h. Then, 20 mg unlabeled FSO;BzAdo was added in
2.5 ml Me,; 50, yielding a 13.1 mM stock solution. Experimen-
tally, a specific activity of 2.26 cpm/pmol was calculated from
a standard curve using 065 nmol FSO;BzAdo.

Covalent modification of E-MalNEt by FSO,;BzAdo was
performed in closed glass bottles at 30°C in 40 mM Hepes, at
pH 7.0, 7.5 and 8.1 (f = 50 mM), containing 20% (by vol.)
Me,S0O. Buffers were brought to constant ionic strength with
0.5 M Na,;50, as described earlier [4]. On an analytical scale
(<10 uM enzyme) FSO,;BzAde was added from a freshly
prepared stock solution of 12.5 mM. For preparative exper-
iments (pH 7.5, 10— 200 pM enzyme} two portions of 1.5 mM
FSO,BzAdo were added at 130 min intervals froma 13.5 mM
stock solution. The reaction of FSO3BzAdo with E-MalNEt
was stopped at the desired Limes either by passing the mixture,
or an aliquot, over BioGel P-6 DG or by dilution (100 —1 000
fold) of an aliquot of the reaction mixture into the assay
mixture. Before gel filtration the samples were centrifuged to
remove precipitated reagent. The recovery of enzyme was
more than 95% as checked by the flavin absorption spectrum.
The residual activitics of modified enzyme are reported, rela-
tive to that of native enzyme.

The number of residues which were modified by FSO;-
BzAdo was determined by incorporation of FSO,Bz[ *C]Adoe
using the preparative procedure described above. Measure-
ment of covalent attachment of FSO,Bz['*CJAdo 1o E-
MalNEt wus performed essentially according to  the
chromatographic assay of Penefsky [22]. Under the conditions
used. no loss of label due to spontaneous hydrolysis of the
ester linkage between the adenosing and henzoyl moieties of
F50;BzAdoe occurs [23].

Materials and methods for the identification of chemically
modified residues in tryptic peptides of p-hydroxybenzoate
hydroxylase have been deseribed elsewhere [11].

Moadel building

Model building wus on an Evans & Sutherlund PS2 com-
puter graphics system using GUIDE software [24] and on an
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Evans & Sutherland PS390 computer graphics systemn using
FRODO software [25).

RESULTS AND DISCUSSION
Kinetic studies

On an analytical scale, optimal conditions for inactivation
were found in the pH range 7—8 in 20% (by vol.) Me,S0 at
30°C (Fig. 1A). It should be noted that, under the conditions
used, native enzyme is in the stable monomeric form [19, 28],
showing no loss of activity for at least 8 h,

The inactivation of E-MalNEt by FSO,BzAdo does not
obey pseudo-first-order kinetics during its whole course
(Fig. 1 B), mainly owing to the instability of the reagent. The
hydrolysis of the fluorosulfonyl moiety of the reagent [26] is
accompanied by an increase in turbidity of the incubated
samples with increasing time and pH.
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The inactivation of E-MaINEt by FSO;BzAdo could not
be reversed by the addition of excess dithiothreitol indicating
that thiosulfonated derivatives of cysteine, which are eventu-
ally formed [27], are not responsible for enzyme inactivation.

The activity of E-MalNEt reaches a plateau value after an
incubation of about 400 min. Further treatment of freshly gel-
filtered, medified E-MalNEt with F50,;BzAdo again leads to
the same inactivation rate as observed initially, indicating that
the residual activity observed is due to native E-MalNEt.

The most simple scheme to describe the inactivation ki-
netics is:

E + FSO,BzAdo 5 E-50,BzAdo
&
$O,BzAdo"

where k; is the second-order rate constant for inactivation and
Ky, represents the rate constant due to hydrolysis of the reagent.
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Fig. 1. fngetivation of N-ethyimalcimide prelabeled p-hvdroxybenzoate hydroxylase by FSO, Bz Ado under various conditions. (A) 2 pM E-MalNE(
(2 nmol) was incubated with 1.3 mM FSQ;BzAdo in 40 mM Hepes buffer (f = 50 mM) containing 20% Me,S0. pH 7.0(O-——0O); pH 7.5
(R W) pH 8.1 (A ). (B) 2 pM E-MalINEL (2 nmel) was incubated in 40 mM Hepes buffer pH 7.5 (7 = 50 mM) containing 20%
Me,SO with different concentrations F50,BzAdo: 0.5 mM (@-————@): 1.0 mM (A -A); 1.5 mM (R W); 20mM (x ——x):
25 mM (G- ) (C) Plot of fitted initial rate constants (see iext) against the inactivator concentration. pH 7.0 (O—- ) pH 7.5
{l-——m), pH 8.0 (A ——4). Insel, plot of the reciprocal initial rale copstants at pH 7.5 against the reciprocal inactivator concentration.
(13 2 pM E-MalNEt (2 nmol) was incubated with 2.0 mM F30,BzAdo in 40 mM Hepes pH 7.5 (F = 50 mM) containing 20% Me,50. Free
cnzyme (A AJ: 1 the presence of 1 mM p-hydroxybenzoate (¥ M); in the presence of 10 mM NADPH (O (o)}
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This scheme can be expressed by the following equations
[26]:

E, Ko,
ln—% = f,-—- knct_qy .
nEo S © ) W
At
E, k
f—ooln— = — - ——
o ) [ I 2}

where (£,/Ey) respresents the residual activity at time ¢ and Z,
is the concentration of FSQ,BzAdo used. The second-order
rate constants for inactivation (k;) were obtained from Eqn (2)
using f, values determined independently from fluoride re-
lease experiments (Table 1).

The fitted initial-rate constants for inactivations (K.
Fig. 1C) suggest that a weak non-covalent enzyme-inhibitor
complex between E-MalNEt and FSO,BzAdo is an intermedi-
ate in the inactivation reaction according to:

E + FSO,BzAdo & E...FSO,BzAdo - E-80,BzAdo

and

Kby = (3}

where K, is the dissociation constant of the enzyme-reagent
complex and k3 is the first-order rate constant at saturation.
Under this situation Eqn (2} becomes [29]:

E, k
=2 = 2| ﬁ+])—ln£ .
E, fn Iy Iy

From the intercept in the inset of Fig. 1C an apparent
dissociation constant, K; =4 mM, and a first-order rate con-
stant at saturation, k, = 0.04 min~ ' at pH 7.5 are calculated.
It should be noted that no protection by the hydrolysis prod-
uct SO;BzAdo™ [18] was observed, probably because this
product precipitates during the inactivation reaction.

The inactivation reaction is only slightly influenced by the
presence of the substrate p-hydroxybenzoate or its competitive
inhibitor p-fluorobenzoate (Table 1, Fig. 1 D).

When the inactivation of E-MalNEt by FSQ,BzAdo was
performed in the presence of NADPH a strong protection
against inactivation was observed (Fig. 1D, Table 2), in-
dicating that the reaction of FSQ;BzAdo takes place at the
NADPH binding site.

The inactivation reaction of the E-MaiNEt —p-hydroxy-
benzoate complex was further studied at pH 7.5, either in the
presence of 2, 5ADP or KAuw(CN),. As already reported
earlier [16], both 2, 5ADP and KAu(CN), are competitive
inhibitors of the enzyme with respect to NADPH, but interact
with the enzyme at different sites of the NADPH-binding
pocket. In the presence of KAu(CN); no protection against
inactivation was observed, while in the presence of 2°.5ADP
protection occurred depending on the amount of enzyme-
ligand complex present in the incubation mixtures (Table 2).
In the presence of a competing ligand the observed inacti-
vation rate constant can be expressed as [29]:

k2

Kq L
1+ 2214 =
e )

C)]

kobs = (5)

Table 1. Inactivation of E-MaINEt by FSO,8z4do in the abseace and
presence of p-hydroxybenzoate or p-fluorcbenzoate

2uM (2 nmol) of E-MaJNEt was incubated with various concen-
trations of F§O,BzAdo (cf. Fig. 1B) at 30°C in 20% Me,50 in the
absence of both substrates or the presence of 1 mM p-hydroxy-
benzoate or 20 mM p-fluorobenzoate alone, Al other details are given
in Maierials and Methaods. &, was determined from fluoride release
experiments. The rate constants for inactivation (k) were fitted using
Eqn (2) (see text)

Sample pH  t0* x Rate constants
kn k;
min™'  mM 'min~!
E-MalNEt 7.0 4.0 3.2
15 6.0 8.0
80 11.0 210
E-MalNEt— 7.0 4.0 1.4
p-hydroxybenzoale 75 6.0 54
8.0 11.0 9.2
E-MalNE({—p-lluorobenzoate 7.5 6.0 40

Table 2. Inactivation of E-MaiNEt by FSOyBzAdo in the presence of
NADPH, 2 5'ADP or KAu{CN |,

2 puM (2 nmol) of E-MalNEt was incubated with 2 mM FS0,BzAdo
at 30°C in 40 mM Hepes pH 7.5 (=530 mM) containing 20%
Me,80. The concentrations of the protecting ligands were 10 mM
NADPH, 0.2d mM, 24mM and i2mM 2 5ADP and 1 mM
KAu(CN), respectively. All other details are given in Materials and
Methods. k., was estimated from the initial slopes; E./Eq is the
apparent residual activity as a fraction of the original activity

Sample 107 x kgpe E fEqy
min~!
E-MalINEt 16.6 0.10
E-MaINEt-NADPH 24 .60
E-MalNEL-2".5"ADP (0.24 mM)* 10.2 .20
E-MaINEt-2,5ADP (2.4 mM)*" 4.4 0.54
E-MalNEt-2"5ADP (12 mM)”* 1.7 0.67
E-MalNEt-K Au{CN), 14.0 0.0%

* [n the presence of 1 mM p-hydroxybenzoate.

Table 3. Quantification of the incorporation of radioactive FSO 8z Ado
inte E-MalNEr in the absence of both substrates or preseace of
p-hydroxybenzoate or NADPH glone

200 pM {250 nmol} of E-MalNEt in 40 mM Hepes bufier pH 7.5,
1 =50 mM, was incubated with the reagent al 30"C in the presence
of | mM p-hydroxybenzoate or 10 mM NADPH alone. or the absence
of both. Two portions of 1.5 mM FS80,BzAdo were added at 125-
min intervals. All reactions were stopped after 250 min by gel filtration
of the incubation mixtures over BioGel P-6 DG. All other details are
given in Materials and Methods

Sample Residual FSO,;BzAdo
activity incorporated
% mol/mol FAD

E-MaINEt 10 27

E-MalNEt —p-hydroxybenzoate 28 23

E-MalNEt - NADPH 85 0.6
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Fig. 2. Correlation berween the residual activity of N-ethylmaieimide-prelabeled p-hydroxybenzoate hydroxylase and the number of residues
modified by FSOz8z4do. 20 pM (40 nmol) of E-MaINEt was modified by FSO,Bz['*ClAde. Twe portions of 1.3 mM FS0,BzAdo were
added, at 150 min intervals, from a 13.5 mM stock solution in Me;SO, 100-ul aliquots were withdrawn from the reaction mixwre at time
intervals comparable with those in Fig. 1 A and gel-filiered on BioGel P-6 DG. Aliquols of 1.6 nmol enzyme were used for scintillation
counting. All other data are given in Malerials and Methods. The results were plotted directly (A, C) and according to Eqn (7) given in the
text (B, D). (A, B) Free E-MaiNEt; (C, D), E-MalNEt— p-hydroxybenzoate complex

where L is the concentration of 2, 5ADP and X is the dis-
sociation constant for the enzyme-substrate-2’,5ADP com-
plex.

When the data of Table 2 are used for the calculation of
K; using Eqn (5), values of 500— 850 pM are obtained. As the
value obtained from fluorescence quenching studies, K
=300 uM [4], is lower by about a factor of 2 it seems that the
affinity of the native enzyme-substrate complex for 2,5 ADP
is slightly decreased in the presence of 20% Me,SO.

From the results of inactivation in the presence of ligands,
it can be concluded that chemical medification of E-MalNEt
by F8O;BzAdo most probably takes place at the hinding site
of the adenosine part of the NADPH molecule.

Incorporation studies

In order to determing the number of amino acid residues
which are modified by FSO,;BzAdo, E-MalNEt was incubated
for 250 min with radiocactive FSO,BzAdo either in the absence
of both substrates or in the presence of NADPH or p-hy-
droxybenzoate alone. Table 3 demonstrates that NADPH
strongly protects the enzyme from inactivation (and incorpo-
ration of the radioactive label), while p-hydroxybenzoate has
only a slight effect on modification as compared to native
E-MalNEt.

To check if cysteiny] residues are involved in covalent
binding of F50,BzAdo an aliquot of the gel-filiered sample
was treated with excess dithiothreitol. After a second gel fil-
tration step, no reactivation was found and only a very small
amount of label was lost, suggesting that cysteine residues are
not involved in the modification reaction.

To determine the number of essential amino acid residues
which are modified by FSO,BzAdo, samples were withdrawn

from an independent incubation mixture at time intervals
during inactivation and assayed for residual activity and ex-
tent of incorporation of label into the enzyme. Because, in the
presence of NADPH (Table 3), only a small modification
occurs with almost no loss in activity, these experiments were
done with E-MalNEt (Fig. 2A} and E-MalNEt—p-hy-
droxybenzoate complex (Fig. 2C). The correlation between
the residual activity (a) and the number of residues that are
modified {m) was obtained by use of the statistical method
developed by Tsou [30]. When p residues of which i are essen-
tial react with a rate constant k and n —p residues react with
a rate constant ¢k, the following expression is valid:

log [(1-m)/a']-p = log (n—p} + [a—1)/lloga (6)

where # 1s the total number of residues that are modified. In
fact this approximation has also been used to estimate the
number of essential residues of this enzyme medified by
p-diazobenzoate {11]. When log [(n—m)/a'”]—p was plotted
against log 4, using the data of Fig. 2A and Fig. 2C, the best
fit to a straight line was obtained {Fig. 2B and 2D) with
n=38and p =i=1. For n =8, and « value of 0.32 was deter-
mined from the slope. The fits were unacceptable for p=i=2
indicating that the loss of activity is related to the modifi-
cation of only one residue. The strong protection against
inactivation and incorporation of label by NADPH suggests
that this residue must be located at the NADPH-binding site.

Properties of modified E-MalNEY

The visible absorption spectrum of flavin of modified
E-MalNEt is identically to that of native E-MalNEt. The
quantum yield of fluorescence of modified E-MalNE! is
125 + 5%, compared to that of native E-MalNEt. As can be
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Table 4. Dissociation constants of complexes between native or modified E-MaINEt and p-hydroxybenzoate, NADPH, 25 ADP or KAufCN ),
The dissociation constants were determined fluorimetrically at 20°C, I = 5¢ mM, pH 6.4. Data for native E-MalNEt and native E-MalNEt-
p-hydroxybenzoate complex are from elsewhere [4, 12]. For experiments with modified E-MalN1t, 100 M (200 nmol) E-MalNEt was
inactivated by adding two portions of 1.8 mM FSCG.BzAdo from & 20 mM stock selution at 270-min intervals {see Malerials and Methods).

The residual activity was 5%

Sample Dissociation constant (maximal quenching) of the complex
p-hydroxybenzoatc NADPH 2.,5ADP KAu{CN),
uM (%)

Native E-MalNE( 45 {(80) 130 {50) 94 (87)

Native E-MaiNEt-p-hydroxybenzoate 200 (30) 18 (87)

Medified E-MalNEt 507 (51) 400° (15) 100 (50)

Moedified E-MalNEt— p-hydroxybenzoate 200% (5) 22 (50)

* The same values were obtained when E-MalNEtL was modified by F50,BzAdo in the presence of 1 mM p-hydroxybenzoate (residual

aclivity = 6%).

seen from Table 4, the dissociation constant of the modified
enzyme — p-hydroxybenzoate complex is 50 uM at pH 7 {/ =
50 mM), as found for native E-MalNEt — p-hydroxybenzoate
complex [12]. These results strongly support our conclusion
that FSO,;BzAdo modification of the protein does not involve
the substrate-binding site.

Using the fluorescence-quenching technique it was diffi-
cult to estimate the dissociation constants of the modified
E-MaINEt-NADPH and E-MalNEt-p-hydroxybenzoate —
2°,5"-ADP complexes. As can be seen from Table 4, the per-
centages of maximal quenching of the modified E-MalNEt
complexes were much lower compared to those of native E-
MalNEt. Because of this and ionic strength limitations [4],
the calculated dissociation constants must be considered as
approximations.

The affinity of the modified enzyme for KAu{(CN), re-
mains unaffected (Table 4). Both in free and p-hydroxy-
benzoate-complexed E-MalNEt the very strong quenching of
protein-bound FAD by KAu(CN);, is less pronounced in the
modified enzyme. The same effect is observed with p-
hydroxybenzoate quenching (Table 4) indicating that modifi-
cation by FSO,BzAdo leads o a small change in the micro-
environment of protein-bound FAD.

At low NADPH concentrations the residual activity of
medified E-MalNEL can be attributed to native enzyme
(Fig. 3} as can be concluded from both the K, value (30 pM)
and k.., values (2000 min " at pH 6.5; 3140 min~* at pH 7.5)
after correction for residual activity (5.3%). However, when
the NADPH concentration is raised to 1 mM a clear increase
of activity is observed indicating that NADPH competes with
covalently bound FS0;BzAdo for the adenosine-binding
pocket.

The same effect is also seen when the modified E-
MalNEt — p-hydroxybenzoate complex is reduced anaerobi-
cally with NADPH. Native p-hydroxybenzoate~complexed
enzyme is rapidly reduced by only a small excess of NADPH
[1]. Using the modified E-MalNEt — p-hydroxybenzoate com-
plex (residual activity = 6%) the amount of NADPH needed
to reach.complete reduction of enzyme-bound FAD was
about ten times more than that required for native E-
MalNEt — p-hydroxybenzoate complex (i.e. 19 and 1.9 mel
NADPH/mol enzyme, respectively). Although it is not pos-
sible to calculate the dissociation constant for NADPH from
these results it is clear that, aithough the affinity for NADPH
is decreased, NADPH still interacts with the medified enzyme.
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Fig. 3. NADPH-dependent steady-state kinetics of N-ethylmaleimide-
prelabeled p-fiydrocybenzoate hydroxylase modified by FS0;8zA4do.
The incubation temperature was 25°C. (A) 16 nM native E-MalNEt,
pH 6.5 (A A)and pH 7.5 {O——QO): (B) 180 nM modified
E-MalNEt, pH 6.5 (A——A) and pH 7.5 (@——@). Enzyme
samples were freshly gel-filtered over BioGel P-§ DG. All other details
are given in Materials and Methods

Because the inactivation of E-MalNEt by FSO;BzAdoc is
strongly inhibited by NADPH and 2, 5ADP (Table 2), it was
worth investigating the elution behaviour of both native and
modified E-MalNEt on 2’5 ADP-Sepharose. As a first ap-
proach, the chromatographic behaviour of E-MalNEt, was
tested using different elution conditions [31]. Native
E-MalNEt binds 1o 2,5ADP Sepharose at pH 6.5 and
I =50 mM. The enzyme could be eluted from the column in
one symmetrical peak with either a salt, pH or nucleotide




gradient (Table 5), which is in accordance with resulis
obtained from binding studies [4].

FSQO,BzAdo-modified E-MalNEt also showed affinity for
2 5*ADP-Scpharose. Fig. 4 shows the elution pattern of
E-MalNEt, medified by radioactive FSO,BzAdo in the pres-
ence of p-hydroxybenzoate. In order to minimize the amount
of non-specific labeling (cf. Fig. 2) only 1.02 mol label (re-
sidual activity = 43%) was incorporated into this particular
sample. About 10% of the protein, containing 15% of the
total radioactivity, was eluted in the breakthrough volume
of the column. Most of the protein (about 90%) and the
radicactivity (85%}) was bound to the column and recovered
by 2.3 AMP gradient elution. Further analyses of the frac-
tions showed that the radioactivity pattern was shifted to a
lower ¢lution volume, compared to the enzyme activity pat-
tern {Fig. 4).

These results indicate that under the conditions used for
this specific experiment about 10% of the label is bound to
essential amino acid residue(s} directly involved in nucleotide
binding, about 50% of the labe¢l is bound to amino acid
residues not directly involved in nucleotide binding but in-
hibiting binding due to their bulkiness and about 40% of the
label is bound 1o non-essential amino acid residues. These
values could net be predicted directly, either from kinetic
or incorporiation studies (see abeve), because of experimental
limitations.

Assignmeni of the modified amino acid residies

Radioactive samples, prepared as indicated in Table 3,
where used tor the assignment of the amino acid residues
modified by FSO,BzAdo. Denaturation and subsequent di-
alysis ol gel-filtered, labeled E-MalNEt (approximately
225 nmol) prior to tryptic digestion [11] led to the loss of about
50% of the radioactive label, probably due to the spontanecus
hydrolysis of the ester linkage between adenosine and p-fluo-
rosulfonylbenzoyl moieties of FSO,BzAdo [23]. Despite this
we have assumed that the distribution of the remaining label
reflects the sites in the native enzyme, modified by
FS0,BzAdo.

Fig. 5 shows the reversed-phase HPLC peptide mapping
analysis of tryptic digests of the enzyme, medified in the
absence and the presence of NADPH, together with their
radioactivity profiles. The distribution of radioactive peaks
of the tryptic digest of E-MalNEt, modified in the presence
of p-hydroxybenzoate, was quite similar to that found for free
E-MalNEt. Six signiticant peaks were observed in the unpro-
tected sample (at 14 ml, 19.5 ml, 25 ml, 33.5 ml, 34.5 ml and
35 mi}, which disappeared when NADPH was included in the
labeling mixture. These peaks were Further purified by HPLC
(see legend to Fig. 5) vielding one major labeled peak in each
casc (data not shown). In addition, several radicactive peaks,
adjacent (o the three mujor labeled peaks eluting after 30 ml
in Fig. 5. were rechromatographed. 1t was found that several
peptides were resolved, none of which appeared to have an
appreciable amount of radioactivity. Amino acid analyses of
the purified radioactive matenal from the major labeled peaks
eluting before 30 ml in Fig. 5 showed that no peptides were
associated with radioactivity. These peaks, therefore, prob-
ably represent decomposition products of the labeling com-
pound arising during trypsin treatment of the modified pro-
tein. Decomposition products (adenosine and the sulfonic
and sulfonamide derivatives of 5-benzoyladenosine) from
FS0;BzAdo-modilied peptides have been described by others
[32— 35]. The first radioactive peak in Fig. 5 is most probably

Table 5. Elution behaviour of N-ethylmaleimide prefabeled p-hydroxy-
benzoate hydroxylase on 2.5 ADP-Sepharase

50 uM E-MalNE: (50 nmol) in 30 mM Mes, pH 6.5, containing
0.5 mM EDTA and 0.5 mM dithiothreitol was adsorbed onto the
matrix. After washing with one bed volume of the buffer the enzyme
was eluted with a linear gradient over 40 min at a flow rate of 1 ml/
min. All other details are given in Materials and Methods

Sample FEluent Elution
volume
ml
E-MalNEt 1M Mes, pH 6.5 220
50 mM Hepps, pH 8.5 25°
5mM NADP ™ 17
10 mM 2°,3'AMP 20
E-MalNEt— p-hydroxybenzoate 10 mM 2", AMP® 27
* At 042 M.
® At pH 7.8.
¢ In the presence of 1 mM p-hydroxybenzoate.
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Fig. 4. 2 5 ADP-Sepharase chromatogram of N-ethylimaleimide-pre-
fapeled  p-hydroxybenzoate hydrexylase, modified by radioactive
FS0,B:Ado in the presence of p-hiydroxphenzoate. A solution of
77 pM E-MalNEt (116 nmol) in 40 mM Hepes pH 7.5, /=50 mM,
was incubated lor 45min at 30°C with 1.57 mM radioactive
F50;BzAde in the presence of | mM p-hydroxybenzoate (12%
Me;50, by vol.). The enzyme was then poured over BioGel P-6 DG
equilibrated with 50 mM Mes, pH 6.5, containing 0.5 mM EDTA and
0.5 mM dithiothreitol. 35.7 pM (100 nmol} of modified E-MalNEt
(residual activity = 43%) was then chromatographed on 2,5°ADP-
Sepharose with a linear gradient of 0 — 10 mM 2" 3'AMP over 120 min
at a flow rate of 0.5 ml/min. 1.0-ml fractions were collected and tested
for activity (A A) and radicactivity (O 0O). The gradient
is indicated by the dushed line. For all other details see Materials and
Methods

free ['*Cladenosine, since free adenosine co-chromato-
graphed with this radioactive peak.

Determination of the N-terminal amino acid by dansyla-
tion [36] and amino acid analysis of the purified peptides from
the three major labeled peaks eluting after 30 ml in Fig. 5 were
ali compatible with the known amino acid composition of
peplide CB3T4 in p-hydroxybenzoate hydroxylase spanning
residues 34—42 [37]. The sequence of this peptide is Glo-
Thr-Pro-Asp-Tyr-Val-Leu-Gly-Arg [37]. The only difference
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Fig. 5. HPLC chromatogram of tryptic digesis of N-gihyimaleimide-prelabeled p-hvdroxybenzeate hydroxylase, modified by FSO, Bz Adu in the
absence { A and presence { B) of NADPH. 5% of the tryptic digest of each sample was chromatographed with a lincar gradient of 0 —67%
acetonitrile in 0.1% trifluoroacetic acid over 60 min at a flow rate of 1.0 ml/min. Peptide elution was menitored by the absorbance a1 214 nm.
Vertical bars represent the total radioactivily content associated with pools of eluent collected at 0.5-ml intervals. The radicactive peaks at
14 ml, 19.5 ml, 25 ml, 33.5 ml, 34.5 ml and 35 ml were preparalively isolaled by a few separate runs of the tryptic digest of each sample. Luch
of the pools collected for the unprotected sample was further purified by HPLC with a lincar gradient of 0— 67% acetonitrile in 0.1% ammenium
acetate, pH 6.0. The peptide which could subsequently be correlated with a known sequence in the primary stracture of p-hydroxybenzoate
hydroxylase is indicated by its N- and C-terminal residue number
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Fig. 6. Sterea drawing of the C,-skeleton of p-hydroxybenzoate hydroxylase based on a refined 0.19-nm structure. The positions of FAD,
p-hydroxybenzoate (pOHB} and Tyr-38 are shown

between the composition of the FSO;BzAdo-modified
peptides and that of CB3T4 is that no tyrosine was recovered
in the medified peptides suggesting that Tyr-38 was the site of
covalent attachment of FSQ;BzAdo. There were, however,
no unknown peaks detected on the chart of the amino acid
analysis which could correspond with acid-stable ©O-(4-
carboxybenzenesulfonyl)-tyrosine which is formed upon hy-
drolysis of the ester linkage between the benzoyl and
adenosine moiety of FSO,BzAdo-modified tyrosine [23]. No
N-terminal residue could be detected in the modified peptides,
eluting at 34.5 m! and 35 ml in Fig. 5, by dansylation. These
peptides were probably blocked by cyclization of the
glutaminyl residue forming pyroglutamic acid. The reason for
the different elution times of this blocked peptide in HPLC
analysis is not clear at present. The non-blocked form of the
modified peptide, eluting at 33.5 ml (Fig. 5), was sequenced
up to Lhe last residue by the DABITC method [38, 39]. Since
the ester bond joining ['*Cladenosine 1o the benzoyl moiety
in the SO,Bz{'*C]Ado derivative of peptide 34 —42 does not
survive the relatively harsh conditions of sequence analysis
[35], the labeled residue could not be determined by monitor-
ing the release of radioactivity, during Edman degradation
with DABITC. Results of sequence analysis were in full agree-
ment with the known sequence of residues 34 —42 of p-hy-
droxybenzoate hydroxylase [37], except at position 38 where
DABTH-Tyr was detected on polyamide sheets to a minor
extent, together with a major preduct running close to the
position of DABTH-Tyr [38] and most probably correspond-
ing to the DABTH derivative of O-(4-carboxybenzenesul-
fonyl)-tyrosine.

Based on the recovery of peptides and radioactivity, a
vulue of about 0.8 mol FSQ; BzAdo/mol peptide was calculat-
¢d indicating that no other residues in peptide 34—42 were
covalently modified. Morcover, peptide 34 — 42 does not con-
tain other amino acids which have been shown to react with
the electrophilic reagent FSO;BzAdo, and Tyr-38 is the sole
residue in this peptide which can form a stable derivative with
this reagent. Therefore it is concluded that Tyr-38 is the
main residue protected by NADPH during modification of

E-MalNEt by FSO,BzAdo, although the modified residue
was not directly identified in peptide 34 — 42,

Structural studies

The modification of Tyr-38 was analyzed using the 0.19-
nm-crystal structure of the enzyme-p-hydroxybenzoate com-
plex. This structure has been refined to a crystatlographic R-
factor of 15.6% (Schreuder et al., unpublished results).

Fig. 6 shows that Tyr-38 is on the same side of the enzyme
as the active-site region, indicated by the positions of FAD
and p-hydroxybenzoate. The distance between the hydroxyl
group of Tyr-38 and the N5 of the flavin ring is 1.84 nmn.

To date, crystallographic binding studies of NADPH with
crystals of p-hydroxybenzoate hydroxylase have not been suc-
cessful. Experiments to soak NADPH into crystals of the
enzyme — p-hydroxybenzoate complex were not successful,
probably due to iconic strength limitations [4]. Soaking in
200 mM NADPH vielded crystals of reduced enzyme but
no NADPH binding was detected [40]. Therefore, a model
building study was uvndertaken in an attempt to correlate the
results from the present study with structural features of the
structure of the enzyme-p-hydroxybenzoate complex.

The model building was initiated by placing the nicotin-
amide portion of the NADPH molecule in a cavity parallel to
the flavin ring. This is supported by several lines of evidence:
(a) binding of Au{CN)z, a very strong competitive inhibitor
of NADPH binding [16), near this position close to the flavin
ring [6]; (b) analogy with the flavoprotein, glutathione re-
ductase, where the crystal structure of the complex with
NADPH is known [41]; {c) using a tritium-labeled flavin
analeg Manstein et al. showed that the nicotinamide ring is
bound at the re side of the flavin ring [42]; (¢} during the
reduction process an intermediate with long-wavelength
absorbance was detected indicating the existence of a charge-
transfer complex between reduced flavin and stacked NADP ¥
[11.

The proposed nicotinamide-binding pocket in the crystal
structure of the enzyme — p-hydroxybenzoate complex is too

113



TYR 38

Fig. 7. Schematic drawing of a petential mode of binding of NADPH
and FSO, Bz Adoe with respect to FAD, p-hydroxybenzoate and Tyr-38.
The adenosine moiety of both NADPH and F80,BzAdo is drawn
with dotted lines to indicate uncertaintics of the proposed binding
site. The sulfur of the reactive group of FSO;BzAdo (solid lines)
comes close 10 Tyr-38 as i3 indicated with a dotted line. pOHB,
p-hydroxybenzeate

narrow for a geod fit of the nicotinamide ring. However,
the evidence mentioned above, and also the fact that small
rearrangements of residues can take place during enzyme re-
duction, suggests strongly that the nicotinamide ring will bind
in the above-mentioned cavity on the re side of the flavin ring.

The remaining part of the NADPH molecule was fitted to
the structure. Some side chains were rosated to provide
enough space, but a few short contacts still existed. Since no
experimental data concerning the position of the adenosine
moiety are available yet, we are not certain if the position of
the adenosine moiety is correct. A model of FSO,BzAdo was
fitted by superimposing the adenosine moiety of FSO,BzAdo
onto the adenosine part of the NADPH model and rotating
the sulfonylbenzoyl moicty towards Tyr-38. After rotation of
the side chain of Tyr-38 the distance between the hydroxyl
moiety and the sulfur of FSQ;BzAdo is approximately 0.3 nm
(Fig. 7). This short distance is in complete agreement with the
abserved covalent modification of Tyr-38.

Conclusions

The reaction of p-hydroxybenzoate hydroxylase with
FS0,BzAdo results in modification of Tyr-38. Protection
{rom tabeling by NADPH and by 27,5 ADP and formation of
a weak, reversible enzyme-inhibitor complex suggest that the
adenosine moiety of FSQ;BzAdo mimicks the binding of the
adenosine moiety of NADPH. Although we cannot exclude
the possibility that FSO,BzAdo binds in another orientation,
the binding studies and bioaffinity chromatography indicate
that covalently bound label is pushed aside by NADPH. This
is in agreement with the model, where Tyr-38 is situated out-
side the NADPH-binding pocket itself.

Examination of the crystal structure of the enzyme—p-
hydroxybenzoate complex reveals that Tyr-38 is far away from
the active site; the distance between the hydroxyl moiety of
Tyr-38 and the N5 atom of FAD is 1.84 nm. Nevertheless,

Tyr-38 is positioned on the same side of the protein molecule
as the active site. Moreover model-building studies indicate
that a mode of binding can be proposed which is consistent
with the experimental data.

In conclusion it can be stated that FSO,BzAdo is a probe
more useful for design of the enzyme NAIXNP)H-binding
pocket than for an identification of an amino acid residue
directly involved in coenzyme binding. As only a very weak
enzymge-inhibitor complex is found in the modification reac-
tion, the use of other site-specific probes such as 2. 5ADP
analogs [43, 44] might be useful 1o provide further evidence
for the proposed NADPH-binding site. We, however, intend
to tackle this problem by site-directed mutagenesis in combi-
nation with X-ray crystallography studies,
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Chapter 7

The temperature and pH dependence of some properties
of p-hydroxybenzoate hydroxylase from Pseudomonas fluorescens

Willem ] H VAN BERKEL and Franz MULLER

Department of Biochemistry, Agricaltural University, Wageningen

{Reecived Junce 30/0clober 17, 1988) — EJB 880778

The free and complexed favoprotein, p-hydroxybenzoate hydroxylase, was studied by light-absorption,
circular-dichroism and fluorescence techniques as a function of the pH. The following compounds served as
ligands for the enzyme: p-hydroxybenzoate, p-fluorobenzoate, benzoate, p-aminobenzoate and tetrafluoro-p-
hydroxybenzoate. Depending on the technique used, the varicus ligands exhibit pH-dependent physical properties
and dissociation constants. The data can be fitted with pX, values in the range 7.7—7.9. It is suggested that this
pK, value belongs to a tyrosine residue in the active center of the enzyme. This assignment is supported by

published data and additional experiments.

The flavoprotein p-hydroxybenzoate hydroxylase is classi-
fied among the external monooxygenases and catalyzes the
conversion of p-hydroxybenzoate to 3.4-dihydroxybenzoate.
The substrate acts also as an effector, facilitating the reduction
of protein-bound FAD by NADPH and, to a lesser degree,
also by NADH.

p-Hydroxybenzoale hydroxylase lrom Pseudomonas flu-
orescens 1s one of the best studied flavoproteins. The catalytic
mechanism of the enzyme has been investigated in detail (e.g.
[1]). Many compounds are known to inhibit the enzyme com-
petitively with respect to the substrate or NADPH [2—4). The
amine acid sequence has been etucidated [5, 6] and the three-
dimensional model of the enzyme — p-hydroxybenzoate com-
plex at 0.19 nm resolution is available [7. 8). The possible
involvement of amino acid residues in the binding of the
substrate and ligands and in the enzymic mechanism has also
been studied. Chenical modification of the following amino
acid residues was shown to inlluence the catalysis of the en-
zyme: histidine [9], tyrosine [10, 11], arginine [12] and cysteine
[13].

Only a few pH- and temperature-dependent studies on the
enzyme have been performed. The pH-dependent interaction
between the enzyme and NADPH was investigated in detail
[14]. Chemical modification of Cys-152 [13] of the enzyme
yields pH-dependent dilference spectra indicating the presence
of an ionizing group with a pK; of 7.6 in the enzyme [13]. This
pK, value was tentatively assigned to a tyrosine residue [13].
An ionizing group with a similar pK, value was also observed
by a kinetic study en the oxidative half reaction of the enzyime
[15]).

In one single case it has also been observed [1] that the
shape of the light-absorption difference spectra of enzyme-
substrate/effector complexes differ with pH. [t was suggested
that the difference may be due to perturbation of the pX, of
the hydroxyl group of p-hydroxybenzoate 10 a lower value
on binding to the enzyme [1]. The possibility that the pH-

Correspondence to W, 1. H. Van Berkel. Afdeling voor Biochemie,
Landbouwuniversiteit, Dregenlaan 3, 6703 HA Wageningen, The
Netherlands

Fizvnre. p-Hydroxybenzoate hydroxylase {EC 1.14.13.2).

dependent shape of the difference spectra might be an intrinsic
property of the enzyme was not considered. If this were the
case, the observed difference would have to be re-interpreted.
Consequently, a comparison of such spectra recorded at dif-
ferent pH values in different laboratories would be difficult,
if not impossible. This prompted us to study the biophysicat
properties of the free and substrate/effector-complexed en-
zyme as a function of pH. In this context it was also desirable
to study the dependence of the stability of the enzyme on pH
and temperature.

The results show that the thermostability optimum of the
enzyme is in the pH range 5.5—6.5, this in contrast to the
optimum for the enzymic activity which is found in the range
pH 7.5—8.5. The pH-dependent light-absorption difference,
fluorescence emission and circular-dichroism spectra all indi-
cate the presence of an ionizing group in the enzyme exhibiting
A pK, value of about 7.7. The results are interpreted in terms
of the participation of the ionizing group in the binding of the
substrate.

MATERIALS AND METHODS

NADPH, FAD, p-fluorobenzoate and pentafluoroben-
zoate were products of Sigma, Chemical Co. p-Hydroxy-
tetrafluorobenzoate was prepared from pentafluorobenzoate
by a published method [16].

The isclation and purification pracedure for the enzyme
was described previcusly [17]. The assay conditions were re-
ported in an earlier paper [3).

Dissociation constants were determined from light-ab-
sorption difference, fluorescence emission and circula:-
dichroism spectra by titration of a known concentration of
enzyme with the desired compound and were graphically
evaluated by the method of Benesi and Hildebrand [18].

Light-absorption spectra were obtained on an Aminco
DW 2 A spectrophotometer. The difference spectra were
obtained by placing an equal volume of the same concen-
tration of the enzyme into both the reference and sample cell.
Alier temperature equilibration of the samples a baseline was
recorded and, if necessary, adjusted to zero absorption with
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the multipot system. A known concentration of the reagent
was added to the sample cell; to the other cell an equal volume
of buffer solution was added. Afier every addition a difference
spectrum was recorded. This procedure was repeated until no
further changes in absorbance occurred.

Fluorescence spectra were obtained on an Aminco SPF-
500 recording fluorimeter. All instruments were equipped with
thermostated cell holders. The experiments were performed
at 22-23°C.

pH-dependent studies were performed using the foliowing
buffers: 80 mM Mes (pH 5—7). 80 mM Hepes (pH 7-8),
80mM Hepps (pH&—8.7) and 50mM Bistrispropanc
{pH 8.8 —9.5). Buffers were brought to constant ionic strength
(f = 0.1 M) with 0.5M Na,S0, as described earlier [14].
The pH of the solutions was checked before and after the
measurements. The deviation of the pH values did not exceed
+ 0.05 pH units.

The pH-dependent initial-velocity measurements of en-
zyme activity were performed in air-saturated buffers (J .=
25 mM) with varying concentrations of either NADPH or p-
hydrexybenzoate. I and K, values were obtained by plotting
the data according to Lineweaver-Burk. The temperature was
25°C.

The temperature-dependent studies on the stability of the
enzyme as a function of pH were performed by incubating the
enzyme at the desired temperature. At time intervals, aliguots
were withdrawn from the incubation mixture and assayed at
pH 8.0 and 25°C. .

The pH-dependent light-absorption difference spectra
were obtained using an enzyme solution at pH 5.6 as a refer-
ence sample. The other cell contained an enzyme solution at
the same concentration at different pH values, In both cases,
an equal aliquot of an enzyme stock solution was diluted into
the appropriate buffer. In the case of enzyme-ligand com-
plexes, the same concentration of ligand was added to both
cells.

Circular-dichroic spectra were measured with a Jobin
Yvon mark V auto-dichrograph, equipped with Silex micro-
computer for data aquisition. The measurements are ex-
pressed as molar ellipticity [], in deg - cm? - dmol ™', Spectra
were recorded at 22°C in 80 mM Mes pH 6.5 (f = 0.1 M) or
as otherwise indicated. The enzyme concentrations were about
10 pM in the range 250 —320 nm and 50 pM in the range
320 — 550 nm.

RESULTS AND DISCUSSION
Thermal stability and pH dependence of the enzyme activity

The kinetics of inactivation of the enzyme was investigated
as a function of the temperature and pH of the sclutions. The
enzyme is inactivated in a first-order reaction. As can be seen
from Fig.1, the enzyme is rather stable at 40°C in the pH
range 5.5—7.5. At higher and lower pH values, the rate of
inactivation increases rapidly with increasing temperature and
the pH range, within which the stability of the enzyme remains
little affected, becomes narrower. At 60°C, the enzyme is still
rather stable in the pH range 5.5—6.5. When the enzyme-
substrate complex was subjected to the same treatment, the
enzyme wis somewhat more stable against thermal inacti-
vation (Fig.1). From these results it can be cencluded that
pH 6.0 represents the optimal condition under which the en-
zyme should be stored over a long period of time. [t is note-
worthy that the related enzyme from P. desmolytica shows a
lower thermal stability [19] than that from P. flucrescens.

K o % 107 {minr')

nH

Fig.1. The pH dependence of the temperature siabifity of p-hydroxy-
benzogte hydraxylase m the presence and absence of p-hodroxpben-
zoate. The apparent first-order rate constant for enzyme inactivation
is plotted againsi pH. The rate constants obtained by the usual graphi-
cal methods were determined by incubation of 2.2 uM enzyme at
different pH values (for buflers see Matenals and Methods). Aliquots
were laken from the incubation mixture at time intervals (r = 0, 2.5,
5, 10, 20, 40, 80 and 160 min) and assayed at pH 8.0 and 25°C. The
incubations were performed at 407°C (A), 50°C in the prescnce (@)
and absence (1) of 1 mM p-hydroxybenroate and 60°C ()

[t is interesting to compare the temperature stability data
with the pH dependence of the activity of the enzyme. The
pH optimum for enzyme activity (Fig. 2A) is about 8, whereas
the stability curve exhibits an optimum at about pH 6 (Fig. 1).
The observed pH optimum of the activity is in agreement with
work published by others [1]. Replotting the results obtained
at 25°C in the form of log activity against pH (Fig.2B) or log
stability against pH (results not shown), two apparent pk,
values are observed lor each plot exhibiting slopes of 1 and
— 1. The apparent pK, values are about 5 and 8 for the
stability curve and about 6.5 and 9 for the activity curve.
The destabilizaiion of the enzyme at low pH valucs can be
attributed to protenation of amino acid residues, ieading to
denaturation {conformational changes) of the protein. This
interpretation is in agreement with the pl value of 5.7 of the
protein [17]. The pX, value of & could be due to a particular
amino acid residue. This point will be discussed below in the
context of other pH-dependence studies,

The apparent pK, value of 9 in the pH-dependent activity
curve (Fig.2A) is most probably due to the ionization of the
substrate, which has a pK, value 09.3[20]. This interpretation
is supported by both the pH-dependent measurements of V
and K., as a function of the substrate concentration (Fig. 2A).
The K, value for the substrate is relatively independent of pH
in the range 5.8 — 7 but increases at higher pH values, yielding
an apparent pK, of about 8.8 (Fig.2B). At infinite substrate
concentration, ¥ is only slightly influenced at high pH values
(Fig.2A). For the enzyme from P. desmolviica, Shoun et al.
[19] assigned the dissociating group on the basic side of the
overall activity curve to either a lysine or cysteine residue.

118



A
19 100
o0

> o8k —eo
=
T 06 ~Hse £
w 2
=
S0 e
=
g

o2l e 20

201

lag ¥ te-ab

pH

Fip.2. The pH dependence of the activity of p-hvdroxybenzoate
Nydroxylase. The pH-dependent activity was determined at constant
jonic strength, 7 = 25 mM {for buffers see Materials and Methods)
al 25°C and varying concenirations of p-hydroxybenzoale (20—
200 pM). (A) Plots of the relative activity al 40 pM p-hydroxy-
benzoate ( x ), extrapolated (o infinite p-hydroxybenzoale concentra-
tion (O}, and of K, for the substralc (A ) against pH. {B) Logarithmic
plot of ¥ (O}and K, (&) apgainst pH

Since these amine acid residues are net involved in the binding
of the substrate [8] and since ¥ is only slightly influenced at
high pH values {Fig.2A), the observed pK, value must be
assigned to the substrate and also implies that ionized sub-
strate dees not bind to the enzyme.

The pK, value of about 6.5 is difficult to assign. It could
reflect the ionization of His-162, probably involved in the
binding of NADPH (9, 14, 21].

The activation energy of the overall catalytic reaction has
been determined, using the standard assay procedure, at
pH 8.0. A plot of In K versus 1/7 in the range 4 —25°C yielded
a straigth line, from which an activation energy of 49 kJ/
mol was determined (results not shown). The temperature
coefficient, 01¢, was found 1o be 2.0. Al temperatures above
30°C enzyme activity decreased signilicantly, duc to denatura-
tion of the enzyme during catalysis.

PH-Dependent light-absorption difference spectra

Fig.3A shows the pH-dependent changes of difference
spectra of the free enzyme, with enzyme solution at pH 5.6 as
reference sample. The difference in absorbance increases with
increasing pH value. A relatively intense and two less intense
positive peaks are observed at 495 nm, 463 nm and 350 nm,
respectively. An intense negative peak is formed at 388 nm.
[sobestic points are observed at 520 nm, 453 nm and 361 nm.
When the difference in absorbance is plotted against pH, an
apparent pK, value of 7.5 is calculated {Fig. 3 B). The curve in
Fig. 3B was obtained theoretically, using a pX, value of 7.5
and @ maximal absorbance difference (dey,, = 1.5mM ™!

o

em ™1y of 0.039 at 388 nm. The calculated curve in Fig. 3B
represents the expression
Aty

(H]
K

suggesting that ionization of a group in the enzyme causes the
flavin spectrum to change with pH. Similar experiments were
performed with the enzyme-substrate complex (Fig. 3C). The
difference spectra ¢xhibit a different pattern to those of the
free enzyme. A pK, value of 7.67 was calculated from the
experimental data (Aeg., = 1.8 mM ~!em ™! at 440 nm), as
shown by the fitted curve in Fig.3D.

1t is tempting to speculate about the nature of the ionizing
group in the enzyme. Previously, we reported on an ionizing
group in Cys-152 — p-chloromercuribenzoate-modified ep-
zyme exhibiting a pK, value of 7.6 [13]. [t was sugpested that
a tyrosine residue in the active center of the enzyme possesses
such a pX, value. For the time being, the apparent pk, value
is assigned to one of the three tyrosine residues (Tyr-201,
Tyr-222 and Tyr-385) [6] in the active site of the enzyme (see
also below). The above interpretation seems to be supported
by the observation that ethoxycarboxylated enzyme, leading
to the alkylation of a tyrosine residue in the active site [9], no
lenger showed the pH-dependent difference spectrum at high
pH values [10].

The difference spectra shown in Fig. 3A and C are remark-
ably different from those published [1, 22, 23]. The pH-depen-
dent difference spectra of both the frec and the substrate-
complexed enzyme almost maintain their shape over the whole
pH range tested, except that the intensity increases with in-
creasing pH. This is not the case when the free enzyme is used
as a reference against the enzyme-substrate complex. This is
demonstrated in Fig. 3E and F where difference spectra be-
tween free and substrate-complexed enzyme at pH 6.1 and
pH 8.7, respectively, are shown. These spectra differ from
those published and recorded at 4°C at pH 6.6 (Fig. 6 in [1]),
pH 7.6 (Fig.1 in [22]), and at 20°C at pH 8§ and 5.7 (Figs 1
and 4 in [23]). Although our spectra are not identical with the
published difference spectra, the two sets of spectra are similar
with respect to shape at a particular pH range. Therefore, the
differences reflect the pH-dependence of the spectra, i.e. are
composed of pH-dependent contributions of both solutions.
It is, therefore, not justified to conctude from such spectra
alone, oblained at two pH values, that the changes indicate
ionization of the enzyme-bound substrate, as was done in
1, 23]. :

n

Abgps =
+1

Circular-dichroism specira

The CD spectra of p-hydroxybenzoate hydroxylase in the
free and substrate-complexed state are shown in Fig.4. These
spectra are identical with those published by Spector and
Massey [2] as far as the spectral region 320— 550 nm is con-
cerned. Until now only the CD spectra of the apoprotein of
this enzyme in the ultraviolet region have been reported [24]).
The spectrum of the free hole enzyme exhibits a positive
Cotton effect at about 290 nm and this band is of moderate
intensity. Addition of substrate to the enzyme has a drastic
effect on the CD spectrum in the region 250 —300 nm. The
positive band at 290 nm in the free enzyme disappears com-
pletely from the spectrum and a strong negative band with a
minimurm at about 280 nm is formed. This band is further
intensified by the addition of C17, which inhibits enzyme
activity competitively with respect to NADPH [3]. CD spectra
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Fig.3. The pH dependence of the light-absorprion difference spectra of p-hydroxybenzoate hydroxylase in the presence and ahsence of p-
hydroxybenzoate. (A) Difference spectra between a reference solution of 25.6 pM free cozyme, pH 5.6, and solutions of 25.6 pM free enzyme
at pH 7.2, pH 7.8, pH 8.3 and pH 8.95, respectively. The temperature was 20"C. For buffers used see Materials and Mecthads. {B) The
absorbance diflerences of A are plotted against pH. {C) Difference spectra between a reference solution of 26.5 pM enzyme in the presence
of 0.5 mM p-hydrosybenzaate, pH 6.1, and solutions of 26.5 pM enzyme in the presence of 0.5 mM p-hydroxybenzoate a1 pH 7.0, pH 7.4,
pH 7.6, pH 7.9 and pH 8.45 respectively. The temperaiure was 22°C. For buffers used see Materials and Methods. (D) The absorbance
differences of C were extrapolated 1o infinile p-hydroxybenzoate concentration (cf. Fig. 5D) and plotted against pH. {E) Difference spectrum
between a solution of 40 uM free enzyme, pH 6.1, and the sume solution containing 0.5 mM p-hydroxybenzoate as a reference. The
temperature was 20"C. (F} Differcnee spectrum between a solution of 40 pM free enzyme, pH 8.7, and the same solution containing 0.5 mM p-

hydroxybenzoate as a reference. The temperalure was 20°C

of the enzyme from P. purida in the region 250 — 300 nm have
been published by Hesp et al. {25]. The two sets of data are in
fair agreement with each other. The strong negative Coticn
effect seen in Fig.4 is probably due to protein-bound FAD,
which is strongly perturbed in the presence of the substrate.
It is known that the substrate induces a conformational
change in the enzyme [1, 2, 22]. This effect is most clearly
shown in the 250 — 300-nm region of the CD spectrum. There-
fore, the strong negative band in this region is probably caused
by opposite contributions of protein-bound FAD and aro-
matic amino acid residues and, possibly, of bound p-
hydroxybenzoate. That the observed band is mainly due to
perturbation of the flavin is supported by the fact that the CD

spectra of the free and substrate-complexed apoprotein do
not show this band, although the CD spectrum of the free
apoprotein is affected in the presence of the substrate [24].
The CD spectrum of the free enzyme is relatively indepen-
dent of the pH value of the solution (results not shown), in
contrast to that of the substrate-complexed enzyme (Fig. 5A).
The CD spectra of the enzyme at pH 6.0, as a function of the
substrate concentration, are shown in Fig. 5B. The dis-
sociation constant determined from these data is in good
agreement with those obtained by other methods (see below).
The pH-dependence spectra (Fig. 5A) show that the intensity
of the negative band at 275 nm decreases with increasing pH,
reaching a low intensity at pH 8.4 and even becomes zero at
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! = 0.1 M_The curves represent free enzyme ( }, in the presence
of 200 pM p-hydroxybenzoate (- - — —) and in the presence of 200 pM
p-hydroxybenzeate and 50 mM KCl(---—}. Allcurves were corrected
fer the base line. recorded in the absence of enzyme

higher pH values. Concomitantly, the minimum at 275nm
moves to longer wavelengths. In order to evaluate the pH-
dependent intensity of the CD spectra, difference spectra were
generated by substraction of the CD spectra of the complexed
enzyme from those of the free enzyme. Such difference spectra
in the pH range 5.4—9.1 are shown in Fig. 5C. When the data
of Fig. 5C are plotted against the pH value according to the
expression:

Acmax Agmin
Abgys = E » {!{_]7_'_1 2
[H} K

an apparent pK, value of 7.6 is obtained (Fig. 5D}. This value
is in good agreement with those obtained from light-absorp-
tion difference spectra. Similar dala were obtained using other
ligands for the enzyme (Table 1).

Fluorescence studies

The quantum yield of protein-bound FAD is about 60%
that of free FAD. The pH-dependent fluorescence of free
enzyme is shown in Fig.6A. The fluorescence yield remains
constant over the pH range 6.0— 8.0. At higher pH values the
fluorescence yield decreases, most probably due to ionization
of the N(3OH greup of protein-bound FAD. The calculated
apparent pK, value is 9.35.

On the other hand, the quantum yield of the substrate-
complexed enzyme is pH-independent, if extrapolated to infi-
nite substrate concentration (Fig.6A). These results indicate
that binding of the substrate prevents the flavin becoming
ionized. In free FAD the N{3)H group ionizes with a pK, =
10.4 (Fig.6A); this value is in excellent agreement with that
determined by Massey and Ganther [26). The observed shift
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Fig.5. The pH dependence of the circular-dichroic spectra of p-
hydroxybenzoate hydroxyluse in the absence and presence of p-
hydroxypbenzoate. The molar ellipticity, [@] in deg - cm? - dmol™! is
plotted against the wavelengih. The concentration of the enzyme was
10 pM 1n cifferent buffers, J = ¢.1 M, as indicated under Materials
and Methods. All curves were correcied for the base line recorded in
the absence of enzyme and for dilution. {A) The curves represent
enzyme in the presence of 200 pM p-hydroxybenzoate at pH 6.0
(A M), pH70 {@—@), pH735 (x x}), pHS80
(& A) and pH 8.5 (M——T11). (B} The curves represent frec
enzyme (@——®) at pH6.0 and in the presence of 2¢uM
(x—x), 60pM (O——0) and 120uM (A——A} p-
hydroxybenzoate. (C) Difference spectra between free enzyme and
cnzyme in the presence of 200 pM p-hydroxybenzoate at pH 6.0
(A——-), pHT0 (@ ®), pH80 (x——x) and pH9.1
{TIJ——01) (D) The absorbance differences obtained from Fig.3C
were extrapolated to infinite p-hydroxybenzoate concentration and
plotied against pH

Table 1. The pH-dependent behaviour of some complexes between p-
hydroxybenzoaie iydroxylase and ligands, as determined by cireular-
dichroic spectra

Ligand pH Ka P Amae  A[0lmacx107°
uM nm  deg-cm?
- dmol™*
Benzoate 0.5 90
78 130 - 275 8.3
p-Aminobenzoate 6.0 20
80 38 - 287 125
p-Fluorobenzoaie 6.2 9%
82 265 79 275 9.9
p-Hydroxy-tetra- 6.0 140
fluorobenzoate 8.0 g0 O % 16

of the pK, by one pH unit in the free enzyme is not unusuval
for a protein-bound flavin and has also been observed in
glycolate oxidase for example [27]. The ionized protein-bound
FAD in p-hydroxybenzoate hydroxylase is non- or only
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hydroxy-tetrafluorobenzoate complex

weakly fluorescent as ionized free FAD. lonization of N(3)H
of protein-bound FAD in p-hydroxybenzoate hydroxylase
does not lead to dissociation of the prosthetic group from the
protein, since the degree of flucrescence polarization (0.42)
[24] remained unaffected at pH 9.5 and 20°C. If FAD were
released one would expect a decrease in the degree of polariza-
tion value, because some of the free FAD would not ionize at
pH 9.5 and thereby affect the degree of polarization.

ITonization of the N(3)H group of FAD in the free enzyme
requires solvent accessibility of the functional group.
Although the pyrimidine subnucleus of FAD scems to be
buried in the protein, as indicated by three-dimensional data
{7, 8], it has been shown that the 2 position of the 2-thio-
FAD —p-hydroxybenzoate hydroxylase complex can be
chemically modified [28, 29]. Similar results were obtained
with the analogous complex of riboflavin-binding protein,
where it is known that the pyrimidine subnucleus is accessible
to bulk water. In the presence of the substrate p-hydroxy-
benzoate, the prosthetic group in the above mentioned com-
plex of p-hydroxybenzoate hydroxylase is not easily modified
anymore. These results correspond exactly with our fluo-
rescence data. These observations can be explained by a sub-
strate-induced conformational change.

In contrast to the fluorescence properties of the enzyme —
p-hydroxybenzoate complex, the dissociation constant of the
complex is pH dependent. As can be seen from Table 2, p-
hydroxybenzoate-binding is favoured at low pH. At pH values
8—9, binding is semewhat decreased and at pH values above
9 binding decreases dramatically. These effects resembie those
observed for the pH-dependent K, value for substrate
{Fig. 2). The same effects are observed with 6-hydroxynice-
tinate, benzoate and p-aminobenzoate (Table2). I s

suggested that the decreased affinity of the enzyme for the
ligands at pH 8, as compared to pH 6, reflects the jonization
of one of the tyrosine residues in the active site, whereas
at pH values above 9 affinity decrezses dramatically due to
different effects, i.e. ionization of hydroxylated ligands and/
or ionization of the free enzyme. In contrast to NADPH-
binding [14], the binding of p-hydroxybenzoate is only slightly
dependent on the ionic strength of the solution (Table 2).

In order to explore the possibility of arriving at a safer
assignment of the pK, values, we also investigated complexes
of p-fluorobenzoate and p-hydroxy-tetrafluorobenzoate with
the enzyme [2, 16]. The former compound possesses only the
carboxyl group as an ionizing moiety, whereas m the latter
the hydroxyl group shows a pK, of 5.3 [16]. The pH-dependent
K, values of the enzyme—p-fluorobenzoate complex are
shown in Fig.6B. An apparent pK, value of 7.9 is found.
Titration of the enzyme with p-fluorobenzoate influences the
quantium yield of the enzyme 10 @ much lesser extent than
titration with the substrate p-hydroxybenzoate. At pH values
below 7.5 the quantum yield of p-fluorobenzoate-complexed
enzyme is about 55%, compared to free enzyme (Table 3). At
pH values around 8, the quantum yield is even less affected
than at lower pH values. This has also been observed by
Spector and Massey [2]. The observed effect at pH & can
be mainly attributed to the pH-dependent increase in Lhe
quantum yield of the enzyme — p-flucrobenzoate complex. At
pH 8.4, this effect is responsible for the unique situation that
no change in fluorescence is observed at all, although p-
lucrebenzoate binds to the enzyme. Moreover, at pH values
above 8 the binding studies are complicated by another effect,
i.¢. at high concentrations p-fluorobenzoate binds also at a
different site, yielding an increase in fluorescence. This devi-
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Table 2. The pH-dependent dissociation constants of some complexes between p-hydroxybenzoate hydroxplase and ligands, as determined by

fluarinwetric tiration experiments

nd. not determined: —. no or very weak binding; 7, experimental limitations (see text)
Ligand i Dissociation constants of the complexes at pH
5.5 6.0 6.5 7.0 7.5 8.0 3.5 9.0 9.3 9.5
mM pM
p-Hydroxybenzoate 25 22 20 25 29 E 40 403 70 nd 107
100 29 35 38 40 45 50 50 nd nd nd
6-Hydroxynicotinate 100 150 146 155 172 273 k2] 350 >1000 - -
Benzoate 100 83 93 85 148 135 279 ? ? ? ?
p-Aminobenzoule 100 19 20 21 25 27 38 50 75 97 nd

Table 3. The pH-dependent guantum yield of seme complexes hetween
p-hvdroxvhenzoale  Avdroxylase and  ligands, as  derermined by
Huoriseetric tfiration experiments

Ligand Fluorescence quantum yield relative to
free enzyme at pH
6.0 7.0 §.0 85 90
Benzoate 0.44 0.44 0.71 1.00 1.32
p-Aminobenzoale o 0.11 0.11 0,12 0.14
p-Fluorobenzoate 0.56 0.53 0.70 1.00 211
o-Hydroxynicotinate 1.48 1.38 1.51 1.58 2.10

ation from 1:1 binding has alsc been observed by others for
p-hydroxybenzoate and 6-hydroxynicotinate [30]. Because, at
pH values above 8.5, the quantum yield of free enzyme is
lowered (cf. Fig. 6A) binding of p-fluorobenzoate at a differ-
ent sile leads to an apparent strong increase in fluorescence.
The dissociation constant of the secend binding site, which is
pH independent in the range 6—9, is about 2.3 mM. Similar
effects are observed with benzoate (Table 3).

Fig.6C shows the fluorimetric titration of the enzyme
with p-hydroxy-tetrafluorobenzoate as a function of pH. The
quanium  vield of the enzyme— p-hydroxy-tetratluoro-
benzoate complex is pH independent and about 45% that of
free enzyme. The pH dependence of the dissociation constant
is shown in Fig.6D, yielding a pK, value of about 7.6. The
dissociation constants of several enzyme complexes as a func-
tion of pH are summarized in Table 2. The results are in good
agreement with the results obtuined [rom circular-dichroic
spectra {cf. Table 1).

Conclusions

The data presented in this paper clearly show that, in the
oxidized enzyme, the pX, values of 7.5—7.9 are not due to
ionization of the ligands bound to the enzyme and must there-
fore be assigned to an amino acid residue, probably located
in the active site.

Chemical modification studies have already indicated that,
in the oxidized enzyme, either Tyr-201 or Tyr-385 possesses a
pK, value of 7.6 [10]. The present study now supports this
earlier tentative assignment of the pK, value.

The presently existing three-dimensional medel of the en-
zyme — p-hydroxybenzoate complex, refined to ¢.19-nm reso-
lution [31], and the three-dimensional model of the enzyme —
3.4-dihydroxybenzoate complex [8] show that the 4-hydroxyl
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Scheme 1. Schematic representation of the interaction of p-hydroxy-
benzoate hydroxylase with p-mvdroxybenzoate or p-hydroxytetra-
Jluorobenzeate

ENZYME-TYR-0"

group of the substrate (or product) is located close to the
hydroxyl group of Tyr-201. Therefore, Tyr-201 is a likely
candidate showing this low pK, value.

pH-Dependent kinetic studies of the reoxidation reaction
of the enzyme — 2,4-dihydroxybenzoate complex have also re-
vealed pK, values in the range 7.7—7.9 [15]. It was suggested
that the pX, is due ¢ither to a tyrosine residue in the active
center or to the substrate or product.

The results presented in this paper can be explained by
Scheme 1. As long as Tyr-201 is not ionized, all compounds
tested can interact strongly with the enzyme, even p-hydroxy-
tetrafluorobenzoate which possesses a relatively low pkK,
value. At higher pH values, where the ionization of Tyr-201
and of the ligands come into play, the affinity of the ionized
enzyme for an ionized ligand is decreased, due to repulsion.

The hydrexylation of the substrate by the enzyme occurs
probably by the addition of an oxenium ion [32]. lonization
of the hydroxyl group of the substrate would therefore facili-
tate the monooxygenation reaction [33, 34]. In Scheme 1 the
hydroxyl group of the substrate does not becomes ionized,
but the hydrogen-bend formation between the ionized
Tyr-201 and the hydroxyl group of the substrate will also
facilitate the catalysis by weakening the O-H bond of the
substrate.
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SUMMARY

In this thesis different studies probing the structure-
function relationship of some flavoproteins are dealt with. The
attention has been focused on tweo central themes:

The first part of the thesis deals with studies concerning the
application of affinity chromatography in order to allow the large
scale preparation of apo flavoproteins.

In the second part of the thesis, different studies are pre-
sented concerning the biophysical properties of p-hydroxybenzoate

hydraxylase from Pseudomonas fluorescens.

Conventional methods for the preparation of apo flavoproteins
and general properties of FAD-dependent external monooxygenases are
reviewed in Chapter 1. Special attention has been paid to the dif-
ferent studies performed with p-hydroxybenzoate hydroxylase from

P.fluorescens.

Conventional methods to prepare the apoenzyme of p-hydroxy-
benzoate hydroxylase from P.fluorescens yield relatively low
amounts of apoenzyme showing both variable residual and reconstitu-
table activity. In Chapter 2 & new method is described to overcome
this prohbhlem.

Large amounts of stable apoprotein, showing almost no residual
activity, have been obtained by use of DTNB-Sepharase covalent
affinity chromatography.

The enzyme can be reconstituted on the column or the dimeric
apoprotein can be isolated in the free state. The degree of
reconstitution of almost completely recovered enzyme is better than
95% aof the original activity.

The affinity of p-hydroxybenzoate for the apoprotein is com-
parable to native holoenzyme. The substrate protects the apoprotein
from inactivation.

The apoenzyme also forms a complex with NADPH. The disso-
ciation constant of this complex is even lower tham that of the
holoenzyme and is strongly dependent on pH and ionic strength of
the solution.

Kinetic experiments show that the enzyme is reconstituted in a

fast process, FAD being tightly bound by the apoprotein.
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In Chapter 3 a new and more general applicable method for the
large scale preparation of apo flavoproteins is described. Two
classes of flavoproteins have been selected to demonstrate the use-
fulness of the applied hydrophobic interaction chromatography
method. In contrast to conventional methods, homogeneous prepara-
tions of apoproteins in high yields are obtained.

The holoenzyme of lipoamide dehydrogenase from Azotobacter
vinelandiji can be reconstituted while the apoprotein is still bound
to the column or the apoenzyme can be isclated in the free state.
The biophysical properties of completely recovered reconstituted
lipoamide dehydrogenase campare favorable with the properties of
native holoenzyme.

The holoenzyme of butyryl-CoA dehydrogenase from Megasphaera
elsdenii cannot be reconstituted when the apoenzyme is bound to the
column. However, this is the first report where stable apoprotein
can be isolated in the free state. The yield of apoprotein is more
than 50% of starting material. The coenzyme A ligand present in
native holoenzyme is removed during apoprotein preparation.

At pH 7.¢ apo butyryl-CoA dehydrogenase is in equilibrium
between dimeric and tetrameric forms and reassociates to a native-
like tetrameric structure in the presence of FAD.

Fluorescence-polarization experiments show that the pii-dependent
stability of reconstitvuted enzyme is strongly influenced by the
presence of CoA ligands. Unliganded reconstituted enzyme is easily
regreened in the presence of a mixture of coenzyme A and sodium
sulfide.

In Chapter 4 the large scale purification of p-hydroxybenzoate
hydroxylase from P.fluorescens is described. The highly purified
enzyme can be separated inte at least five fractions by anion-
exchange chraomatography. All enzyme molecules exhibit the same spe-
cific activity and exist mainly in the dimeric form in solution.
The observed microheterogeneity of the enzyme can be explained by
the (partial) oxidation of Cys-116 in the sequence of the enzyme.
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The separation of the different enzymic forms has allowed the
development of a kinetic FPLC method to describe the dissociation

behaviour of the dimeric enzyme.
By chemical modification studies using maleimide derivatives,

DTNB and Hy0p, it is shown that sulfenic, sulfinic and sulfonic
acid derivatives of Cys-116 are the main products of oxidation.

In Chapter 5 the chemical modification of cysteine residues in
p-hydroxybenzoate hydroxylase from P.fluorescens by several
reagents is described. Differential labeling and sequencing
radicactive labeled tryptic peptides have allowed the assignment of
different cysteine residues involved in enzyme modification.

Cys-116 is found to react rapidly and specifically with N-
ethylmaleimide without inactivation of the enzyme.

The enzyme is easily inactivated by mercurial reagents. Enzyme
activity can be fully restored upon addition of dithiothreitol.
p-Hydroxybenzoate and also the mercurial compounds themselves inhi-
bit the inactivation reaction.

A spinlabeled derivative of p-chloromercuribenzoate reacts
fairly specifically with Cys-152 in N-ethylmaleimide prelabeled
enzyme. Modification of Cys-152 decreases drastically the affinity
of the enzyme for the substrate p-hydroxybenzoate. The modified
enzyme exhibits a somewhat higher affinity for NABPH than the
native enzyme.

Modification by p-~chloromercuribenzoate leads to absorption
difference spectra showing pH-dependent maxima at 290 and 360 nm.
The observed pKa value of about 7.6 is tentatively ascribed to at
least cone of the three tyrosine residues located in the substrate
binding site.

From the three-dimensional structure of‘the enzymne—p-
hydroxybenzoate complex it can be deduced that Cys-152 is far away
from the active site. The modification results strongly indicate

that the substrate binding site and Cys-152 are interdependent.
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Both group-specific chemical modification studies and crystal-
lization experiments have not (yet) led to the elucidation of the
NADPH binding site of p-hvdroxybenzoate hydroxylase from
P.fluorescens. In Chapter 6 the NADPH binding site has been probed
using the affinity label p-(fluorosulfonylbenzoyl} adenosine.

The enzyme is slowly inactivated by the reagent in the pre-
sence of 20% dimethylsulfoxide. The inactivation, strongly inhi-
bited by NADPH and 2',5' ADP, can be related to the madification of
one amino acid residue.

Steady state kinetics and 2',5' ADP Sepharose affinity chroma-
tography of modified enzyme suggest that the essential residue is
not directly involved in NAPPH binding.

From sequencing radiocactive labeled peptides it is shown that
Tyr-38 is the main residue protected from modification in the pre-
sence of NADPH.

The refined crystal structure of the enzyme-p-hydroxybenzoate
complex at 0.19 nm resolution shows that Tyr-38 is far away from
the active site. From model-building studies using computer
graphics a potential mode of binding of both NADPH and

5'-{p-sulfonylbenzoyl)adenosine is presented.

Chemlical modification studies {Chapter 1.8 and 5) have indi-
cated the presence of an ionized tyrosine residue in the vicinity
of the flavin prosthetic group of p-hydroxybenzoate hydroxylase
from P.fluorescens.

In Chapter 7 therefore, the pH-dependent spectral praperties
of free oxidized enzyme in the absence or presence of substrate
{analogues) have been studied by various spectroscopic techniques.

The ohserved pH-dependent transitions are explained by
{de)protonation of a tyrosine residue involved in binding of the
hydroxyl group of the substrate. From the crystal structure it is
deduced that Tyr-201 is the most likely candidate showing this low
pKa value.

The exact mechanism of the FAD-dependent aromatic hydroxyla-
tion reaction is still unclear. The possible role of ionization of

Tyr-201 during catalysis is discussed.
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SAMENVATTING

Dit proefschrift beschrijft verschillende studies ter
verkrijging van meer inzicht in de structuur-functie relatie van
flavoproteinen.

Het eerste deel van het proefschrift behandeit de toepassing
van verschillende soorten affiniteitschromatografie voor het in
handen krijgen van grote hoeveelheden aan apo flavoproteinen.

In het tweede deel van het proefschrift wordt in verschillende
studies de aandacht gevestigd op de biofysische eigenschappen van

p-hydroxybenzoaat hydroxylase uit Pseudomonas fluorescens.

Een overzicht van de klassieke methoden voor de bereiding van
apo flavoproteinen en een overgicht van de algemene eigenschappen
van FAD-afhankelijke externe mono-oxygenasen wordt gegeven in
hoofdstuk 1. Speciale aandacht wordt besteed aan de verschillende
studies verricht aan p-hydroxybenzoaat hydrexylase uit

P.fluorescens.

Klassieke methoden om het apo-eiwit te bereiden van p-hydroxy-
benzoaat hydroxylase uit P.fluorescens leveren relatief lage
hoeveelheden eiwit op. Bovendien vertoont het relatief labiele apo-
eiwit variaties in restactiviteit. In hoofdstuk 2 wordt een nieuwe
methode beschreven om dit probleem te verhelpen.

Grote hoeveelheden stabiel apo-eiwit, met een zeer lage
restactiviteit, kunnen verkregen worden door gebruik te maken van
DTNB-Sepharose covalente chromatografie.

Het apo-eiwit is een dimeer en bindt het substraat p-hydroxy-
benzoaat net zo goed als het holo-enzym. Het substraat heeft een
beschermende invloed op de structuur van het apo-eiwit.

Het apo-eiwit vormt ook een complex met.NADPH. De binding van
het coenzym is sterk afhankelijk van de pH en iomsterkte.

Het is mogelijk om het halo-enzym zowel op de kolom als vrij
in oplossing te reconstitueren. De opbrengst en specifieke activi-
teit van het gereconstitueerde enzym zijn bljzonder hoog. Kine-
tische experimenten geven aan dat het reconstitutie-proces zeer

snel verloopt, waarbij FAD zeer stevig gebonden wordt.
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In hoofdstuk 3 wordt een meer algemeen toepasbare methode be-
schreven voor de bereiding van grote hoeveelheden stabiel apo-
eiwit. De methode, waarbij gebruik wordt gemaakt van hydrofobe
interactie chromatografie, is toegepast op twee verschillende
klassen van flavoproteinen.

Het holo-enzym van lipoamide dehydrogenase uit Azotobacter

vinelandii kan zowel op de kolom als in oplossing gereconstitueerd

worden. Het gereconstitueerde enzym is van zeer goede kwaliteit.

Het holo-enzym van butyryl-CoA dehydrogenase kan niet op de
kolom gerecomstituweerd worden. Het is echter voor de eerste keer
mogelijk relatief stabiel apo-eiwit in handen te krijgen. De
opbrengst aan apo butyryl-CoA dehyvirogenase is meer dan 50%. De
stevig gebonden coenzym A ligand wordt tijdens de apo-bereiding
verwi jderd.

Bij pH 7.0 1s het apo-eiwit in evenwicht tussen dimere en
tetramere vormen. Tijdens de reconstitutie reassocieert het eiwit
tot een met holoenzym vergelijkbare tetramere structuur met goede
specifieke activiteit.

Fluorescentie-polarisatie experimenten geven aan dat de
pH-afhankelijke stabiliteit van het gereconstitueerde enzym sterk
wordt beinvloed door de aanwezigheid van coenzym A liganden. Niet
geligandeerd gereconstitueerd enzym wordt gemakkelijk "groen™ in

aanwezigheid van een mengsel van coenzym A en natriumsulfide.

In hoofdstuk 4 wordt de zuivering op grote schaal van p-
hydroxybenzoaat hydroxylase uit P.fluorescens beschreven. Het
zeer zZulvere enzym kan met behulp van anionenwisselingschromato-
grafie gescheiden worden in tenminste vijf fracties. Alle enzym-
vormen vertonen dezelfde specifieke activiteit en komen val. als
dimeer voor in oplossing. De waargenomen microheterogeniteit van
het enzym kan verklaard worden door de (gedeeltelijke) oxidatie van
Cys-116.

De scheiding van de verschillende enzym-vormen heeft geleid
tot de ontwikkeling van een kinetische chromatografische methode
(FPLC} om het dissociatiegedrag van het enzym te beschrijven.

D.m.v. chemische modificatie studies zijn verschillende

oxidatie-toestanden van Cys—-116 aangetoond.
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In hoofdstuk 5 wordt de chemische modificatie beschreven van
cysteine residuen in p-hydroxybenzoaat hydroxylase uit P.fluores-
cens m.b.v. verschillende reagentia. B.m.v. differenti€le labeling
en aminozuurvolgorde bepaling van radio-actief gelabelde proteoly-
tische eiwitfragmenten zijn de vershillende gemodificeerde cysteine
residuen aangetoond.

Cys-116 reageert zeer snel en specifiek met N-ethylmaleimide
zonder de enzymactiviteit te beinvloeden.

Het enzym wordt gemakkelijk geinactiveerd door kwikverbin-
dingen. Met dithiothreitol is het mogelijk de enzymactiviteit snel
te herstellen. p-Hydroxybenzoaat maar ook de kwikverbindingen zelf
beschermen de inactiveringsreactie.

Een spinlabel-derivaat van p-chloromercuribenzoaat reageert
tamelijk specifiek met Cys-152 als het enzym voorgelabeld is met N-
ethylmaleimide. Onder dezelfde condities reageert p-chloromercuri-
benzoaat naast Cys-152 ook gedeeltelijk met Cys-158 en Cys-211.
Modificatie van Cys-152 leidt tot esen drastische verlaging van de
affiniteit van het enzym voor p-hydroxybenzoaat. NADPH echter bindt
goed aan het gemodificeerde enzym.

Modificatie met p-chloromercuribenzoaat leidt tot absorptie-
verschilspectra met pH-afhankelijke maxima bij 290 en 360 nm. De
waargenomen pKa waarde van 7.6 wordt voorlopig toegekend aan een
van de tyrosine residuen in het actieve centrum.

Hoewel uit de Kristalstructuur van het enzym-substraat complex
blijkt dat Cys-152 ver verwijderd zit van het actieve centrum 1ijkt
er toch een onderlinge afhankelijkheid te bestaan tussen de

substraat bindingsplaats en Cys-152.

Groep-specifieke modificatie studies en kristallisatie-
experimenten hehben (neg) niet geleid tot de opheldering van de
NADPH bindingsplaats van p-hydroxybenzoaaat hydroxylase uit
P.fluorescens. In hoofdstuk 6 is gepoogd meer inzicht te verkrijgen
in de NADPH binding d.m.v. affiniteitslabeling van het enzym met
p-{fluorosulfonylbenzoyl )adenosine.

Het enzym wordt langzaam geinactiveerd door het reagens in
aanwezigheid van 20% dimethylsulfoxide. De inactivering, sterk
geremd door NADPH en 2',5' ADP, kan toegekend worden aan de modifi-

catie van een enkel aminozuurresidu.
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Enzymkinetiek en 2',5" ADP Sepharose affiniteitschromatogra-
fie van het gemodificeerde enzym geven aan dat de modificatie wnl.
plaatsvindt buiten de NADPH-bindingsplaats.

Uit de aminozuurvolgorde bepaling van radio-actief gelabelde
proteolytische eiwitfragmenten blijkt dat in aanwezigheid van NADPH
vnl. de modificatie van Tyr-38 wordt geremd.

Uit de kristalstructuur gegevens blijkt dat Tyr-38 ver weg zit
van het actieve centrum. M.b.v. modelbouw op een grafisch computer—
systeem wordt een mogelijke manier van binding van zowel NADPH als

5'-(p-sulfonylbenzoyl }adenosine voorgesteld.

Chemische modificatie studie; (hoofdstuk 1.8 en 5) wijzen op
de aanwezigheid van een negatief geladen tyrosine residu in het
actieve centrum van p-hydroxybenzoaat hydroxylase uit P,fliuorescens.
In hoofdstuk 7 zijn daarom de pH-afhankelijke spectirale eigenschap-
pen van het geoxideerde enzym in aan- en afwezigheid wvan
substraat (analogen) bestudeerd m.b.v. verschillende spectrosco-
pische technieken.

De pH-afhankelijke overgangen worden toegeschreven aan de
(de)protonering van een tyrosine residu betrokken bij de binding
van de hydroxyl groep van het substraat. Op basis van de positie in
de kristalstructuur wordt afgeleid dat het hier waarschijnlijk om
Tyr-201 gaat.

Het precieze mechanisme van de FAD-afhankelijke aromatische
hydroxyleringsreactie is nog steeds onduidelijk. De mogelijke rol

van de ionisatie van Tyr-201 tijdens de katalyse wordt besproken.
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