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¢ Tijdens oligomerisatie van tyrosine bevattende peptides geldt welliswaar dat
2+2=4 (Michon ¢t al, Biochemistry, 1997} maar toch vooral dat 1+3=4
{Oudgenoeg et al, JAFC, 2001).

¢ Mensen die niet hebben doorgeleerd voor het met een factor 1000 opschalen van
een reactie kunnen om tijd te winnen beter 1000 maal dezelfde reactie doen dan
die ene reactie op 1000-voudige schaal (Dit proefschrifi, hoofdstuk 2—=3).

¢ Geen enkel enzym is helemaal geknipt voor digestie van ot-lactalbumin (dit
proefschrift, niet derhalve).

¢ Een onderschatte functie van de conformatie van elk monomeer ciwit is de
bijkomende ontoegankelijkheid van reactieve aminozuren via welke het zou
kunnen polymeriseren.

e De digitalisering van wetenschappelijke literatuur loopt onvermijdelijk vast op de
pluriformiteit in veor- en achter-namen van zowel Chinezen als Japanners en hun
toenemende dominantic in de wetenschap.

e De populatie verkeersslachtoffers is dusdanig anders samengesteld dan die van
tabaksslachtoffers dat bij aankoop van een auto 100% van de lak met
waarschuwingen zou moeten zijn bestickerd.

¢ Het vergoeilijkende ‘het is nu eenmaal druk’ wanneer een vanzelfsprekende
service irritant lang op zich laat wachten dient te worden gehoord als ‘we zijn hier
slecht georganiseerd, nergens op voorbereid en kunnen absoluut niet anticiperen’.

¢ Met deelname aan de kabinetten Paars1, Paars2 en Balkenende2 illustreert D66

nog maar eens dat 3 keer naar rechts ook links is.

Stellingen behorende bij het proefschrift

‘Peroxidase catalyzed conjugation of peptides, proteins and polysaccharides via
endogenous and exogenous phenols’
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Abstract

Oudgenoeg G.  Peroxidase catalyzed conjugation of peptides, proteins and polysaccharides
via endogenous and exogenous phenols

Ph.D. thesis Wageningen University, Wageningen, The Netherlands, 2004

Keywords Peroxidase, «-lactalbumin, arabinox ylan, ferulic acid, catechol, cross-

linking, polymerization, kinetic control, tyrosine, coupling

The research was directed towards peroxidase mediated cross-linking of proteins and polysaccharides.
Two approaches were explored, cross-linking by use of ferulic acid (FA) and cross-linking by use of
catechol. Within each approach, first model studies were performed with small peptides, of which the
findings were applied in subsequent studies with proteins. First, a kinetically controlled incubation that
leads to covalently coupled adducts of the tripeptide Gly-Tyr-Gly (GYG) and FA, catalyzed by
horseradish peroxidase (HRP) is described. Next, two series of covalent adducts of GYG and FA,
comprising dehydrogenatively polymerized FA on the GYG tyrosine were identified. Cross-linking of
holo- and apo-¢t-lactalbumin was subsequently explored. Oligomerization of c-lactalbumin was
observed and a direct relation between protein conformation and extent of oligomerization was shown.
Application of the findings with GYG, combined with those of c-lactalbumin homo-cross-linking led
to the modification of o-lactalbumin with FA. The degree of polymerization of ce-lactalbumin was
reciprocal to the incident concentration of free FA. Next, cross-linking of FA-containing
arabinoxylans with f§-casein is described. Maximal formation of protein-arabinoxylan conjugates was
observed at high protein to arabinoxylan ratios in combination with a low H,0, concentration and a
long reaction time. Finally, the use of catechol in peroxidase catalyzed modification of amino acids
and proteins was studied . Covalent attachment of catechol to the side chain of the amino acids
tyrosine and histidine was unambiguously proven by tandem MS of the adducts. Cross-linking of
globular proteins yielded oligomeric adducts whereas cross-linking of B-casein yielded high molecular
weight polymers. Two mechanisms for the cross-linking of catechol with proteins were proposed.
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Chapter 1



Introduction

1.1 Oxidative coupling of phenols

Phenols are ubiquitous in nature. Simple phenolics as well as phenolic
moieties in large biomolecules compose various tissues in many organisms.
Oxidative, covalent coupling of phenols is for that reason an important topic
in the biochemistry of plants and animals. Accordingly, it is also of
relevance in the industrial processing of raw materials from these sources.
Two possible products from oxidative coupling of the simplest phenol,
hydroxybenzene, are shown in Figure 1.
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Figure 1: Two possible products of oxidative conpling of twe phenols

Three abundant biopolymers, protein, polysaccharide and lignin, can contain
phenolic moieties. In proteins, the phenol tyrosine (Figure 2) is one of the
constituent amine acids, and evidently widespread throughout all organisms.
In plants, cell wall polysaccharides can be esterified with cinnamic acid
derivatives, phenols that are substituted with a propenoic acid group at the
para position of the aromatic ring. A cinnamic acid derivative that has often
been found esterified to polysaccharides is ferulic acid, (3-(4-hydroxy-3-
methoxyphenyl)-2-propenoic acid) (Figure 2).



Both tyrosine and ferulic acid have been shown to be oxidatively cross-
linked by dehydrogenation. A shared feature in the history of tyrosine and
ferulic acid coupling is the first indication in in vitro gelling experiments,
their subsequent discovery in biological tissues finally resulting in targeted

in Vitro experiments.
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Figure 2 : Three phenols; hydroxybenzene, tyrosine and ferulic acid

In the second half of the twentieth century oxidatively coupled tyrosines
were identified both in plant and animal tissue, while oxidatively coupled
ferulic acids were found in tissue of plant origin. In unison, the biosynthetic
systems responsible for the coupling reactions were clarified and mimicked
in vitro. The molecular complexes resulting from the cross-linking
contribute to physiological function or cause physiological damage,
depending on the temporal and spatial incidence.

1.2 Covalent coupling of tyrosine

The first indication for a role of tyrosine in protein cross-linking arose from
the markedly altered polymerization and fibrogenesis of tropocollagen afier
removal of the terminal and near-terminal ends of the protein (/). The
peptides that were removed by pepsin appeared to be extremely rich in
tyrosine and were, therefore, deduced to be responsible for the interprotein
bonding. The nature of this linkage was yet unclear but in the same and
subsequent year two decisive steps towards the unraveling of this
interprotein cross-linking were made. First, in some elastic ligaments of the
rubber-like resilin protein in arthropods two ‘fluorescent amino acids’ were
discovered. These ‘fluorescent amino acids’® were conciuded to be dityrosine
and trityrosine after comparison with synthetic dityrosine (2, 3). This was
the first identification of dityrosine in vive and Anderson, correctly,



attributed the cross-linking of these proteins to post-translational maturation
of resilin protein to a rubber-like structural tissue.

That these dityrosines really stem from cross-linked proteins, and not
from free tyrosine linked to protein tyrosine, was shortly after this elegantly
demonstrated by '*C-pulse-labeling studies that showed a continuous
formation of dityrosine from tyrosine residues in preformed elastin (4)
Elastin, the vertebrate homologue of resilin and abductin, found in
invertebrates such as mollusks, belongs to a class of proteins, which form
highly elastic biological structures. The lack of secondary structure of these
proteins allows the formation of di- and tri-tyrosine inter-protein cross-
linkages, therewith adding elasticity to tissue composed of these proteins.
Dityrosine was subsequently identified in other native, structural proteins,

with similar functionality but in recent years also in men (Table 1).

organism tissue year ref
arthropod clastic ligaments 1963 {2, 3}
chick embryo aotta 1967 )
rat collagen 1968 (6)
cOW ligamentum nuchae proteins 1969 {7, &)
tussah silk moth silk fibroin and keratin 1971 (62
clamp 1973 (10)
dragonfly egg envelopes 1974 (1
sea urchin fertilization membrane 1977 (2)
sea mussel adhesive discs 1977 (13)
man cataractous lens 1978 (14, 15)
rabbit aorta 1979 (16)
oW dental enamel matrix 1982 (7
merino wool 1984 8,19
Tomato Cell wall 1984 20)
yeast ascospore wall 1986 21)
sea urchin fertilization envelope 1990 (22)
bean/soybean cell wall 1992 (23)
man lens 1993 (24)
WOrm cuticular proteins 1993 (25)
green algae cell walls 1993 (26)
yeast sporulating cells 1994 (27)
tomato extensin 1997 (28,29
man atherosclerotic plaques 1997 (30)
mouse cardiac and skeletal muscie 1997 (31)
man alzheimer affected brain 1998 (32)
man brain 1999 (33)
man blood (hemodialysis patients) 1999 (34)
cockroach leg 2000 (35)

Table 1: Occurence of dityrosine in various tissues




Currently, dityrosine fluorescence properties have become a tool in
the identification and localization of resilin to investigate the anatomical
arrangement of ligaments involved in movements. Using this tool, cockroach
leg functioning was studied by localization of dityrosines (35).

Dityrosine was also identified in the cell wall of the yeast dscopore
and demonstrated to be sporulation-specific (27). Since dityrosine has been
found predominantly in tissues providing structural integrity, it was
recognized that tyrosine cross-linking has the specific function of adding
stiffness to structural proteins (Figure 3).

Ri-Ryz : amino acid side chains Ry I-\lN{

Figure 3 : Model of isodityrosine and dityrosine bridges between two peptide chains

1.3 Involvement of peroxidase in dityrosyl protein coupling

Crucial for oxidative coupling of tyrosines is the presence of an oxidative
agent. In biology, this can be a peroxidase iron-oxo compound, a compound
that results from reaction of H;O, with the active site of a peroxidase.
Peroxidases are oxidative enzymes that are already known since the
ninetienth century. The fertilization of egg envelopes has played a crucial
role in the exploration of peroxidase involvement in tyrosine coupling over



several decades. The idea that an oxidative process was responsible for the
hardening of the fertilization membrane of sea urchin eggs was first
proposed by Motomura in 1954, before even the first in vitro or in vive
identification of dityrosine (36). This relation between the hardening of the
fertilization membrane of sea urchin eggs and the activity of peroxidase was
actually demonstrated by treatment of the eggs with or without known
peroxidase inhibitors (/2). In these inhibition studies it was shown that
inhibitors of the ovoperoxidase that is associated with the fertilization,
inhibited hardening. In the hardened fertilization membranes di- and tri-
tyrosines were identified that were absent in the fertilization membranes
before hardening, unequivocally proving the role of peroxidase mediated
tyrosine coupling in the hardening process. From hydrolysates of the
hardened egg chorion of Aedes aegvpti dityrosine and trityrosine were
isolated and peroxidasc activity was detected in the mosquito’s ovaries,
containing the developing eggs, 24 to 48 h after blood feeding (37). Only for
the yeast spore wall an exception was reported in the assembly of the
structural proteins to intermolecularly cross-linked networks via local
oxidation of tyrosines and subsequent radical coupling (27). The sporulation
specific gene, DIT2, a member of the cytochrome P450 superfamily, was
demonstrated to be responsible for the dityrosine containing precursor
proteins. The epimerization of the LL-dityrosine to DL-dityrosine of the
precursors took place after incorporation into the spore wall, but dityrosine
formation did not take place in the spore wall. In the exploration of
fertilization envelopes also knowledge on the products of tyrosine coupling
was gained; in the fertilization envelope of the sea urchin embryo,
pulcherosine, an isomeric trimer of trityrosine was identified for the first
time (22). Altogether, three isomeric trimers of tyrosine have been isolated
from animal tissue (Figure 4).



isotrityrosine pukharosine

Figure 4 : Three isomeric trityrosines

Besides the trityrosine that Andersen identified from insect resilin (2),
isotrityrosine, was identified in Ascaris cuticle collagen (38). In activated
neutrophils of human phagocytes, trityrosine, pulcherosine and isodityrosine
were generated and identified in a mammalian system for the first time (39).
In addition, in these studies, the precursor of trityrosine was deduced to be
dityrosine and the precursor of pulcherosine to be isodityrosine.

1.4 Tyrosine coupling in plant proteins

The first identified coupled tyrosines were always from tissue of animal
origin (vide supra), but plant proteins were also increasingly demonstrated to
be dityrosyl cross-linked. In plant cell wall extensins, dityrosines are
responsible for the formation of a solid protein network. In extensin from
tomato, intramolecular isodityrosines were identified (20). Another function
of tyrosine coupling, as a first aid defense mechanism, was discovered in
further studies on plant proteins; after wound healing of potato tubers,
dityrosine formation was demonstrated (40). Bradley showed that in bean, a
stimulus-dependent oxidative burst resulted in protein cross-linking via
tyrosines as a rapid defense response (23). In hydrolysates of primary cell
walls of a tomato cell culture also pulcherosine was identified (28, 41, 42).
This might well be an intermediate for di-isodityrosine (Figure 5) that was
demonstrated in plant cell wall protein.
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Figure 5 : Di-isodityrosine

1.5 Tyrosine coupling in non-structural proteinaceous tissue

Besides adding functionality, the cross-linking of proteins can also cause
damage to tissue and dityrosine formation has been increasingly hypothesed
to contribute to physiological damage in various tissues.

1.5.1 Eye-lens

The first identification of dityrosine in the eye was in cataractous human
lens, in the insoluble protein fraction (/4). This msoluble protein 1s found in
the capsular layer that surrounds the exterior of the tissue and represents
approximately 1 percent of the lens weight. Though, it was not
unambiguously demonstrated that the identified dityrosine stems from
interprotein linkage of tyrosines. It was stated by Garcia-Castineiras (/4)
that the conditions known -—at that time- to generate dityrosine, namely
photolysis or peroxidase/H,O;, may occur in the eye lens. Nonetheless, the
fluorescence methods used to identify dityrosine were later found to
overestimate the participation of dityrosine in the characteristic 318 nm -->
410 nm fluorescence emission. This was noticed when GC-MS was applied
to measure dityrosine content in normal human eye-lenses of all ages (24).
According to these studics, dityrosine content is increased in the eye-lens
between 1 and 78 years with 33% and was thus concluded to play a minor
role in the normal aging of lens proteins in vivo. In cataractous eye-lens,
DOPA, o- and m-tyrosine, 3-hydroxyproline and 5-hydroxyleucine are found
rather than dityrosine. The post-translational modification of crystallins in
eye-lenses was found to be dominated by hydroxyl radical and Fenton
chemistry rather than tyrosine coupling (43). An interesting study with the
dityrosine linked dimer of yB-crystallin revealed changes in the tertiary
structure of the dimer as apparent from CD-studies on monomer and dimer.
The secondary structure of the dimer appeared to be maintained but the



tertiary structure was altered subtlely and as a consequence, the dityrosine
linked dimer denatured more readily than the parent monomer and was also
less soluble (44).

1.5.2 Brain

In recent years, dityrosine coupling has been inceasingly reported in relation
to brain malfunctioning. Oxidative stress has been implicated in pathogenic
mechanisms of Parkinson’s disease and many other neurodegenerative
diseases (435-47).

Dityrosine was demonstrated in lipofuscin granules in the pyramidal
neurons of the aged human brain by reaction with an antibody (48).
Quantification of 3-nitrotyrosine and dityrosine in four regions of the human
brain that are differentially affected in Alzheimer’s disease revealed 5 to 8
fold greater quantities of dityrosine in the hypocampus and neocortical
regions and in the ventricular fluid (32). In the striatum and midbrain of
mice, o0-o0"-dityrosine levels were markedly increased upon administration of
MPTP, a model to mimic oxidative stress (33). Incubation of brain proteins
with myeloperoxidase resulted in increased levels of o-o'-dityrosine in vitro
as well. Myeloperoxidase may well be involved in dityrosine formation in
vivo, since it is expressed by myeloid cells and can therefore be present at
low levels in brain macrophages and microglial cells. Dityrosine formation
might therefore be a key step in Parkinson’s discase. Since ai-synuclein has
been shown to be a major component of several pathological intracellular
inclusions, including Lewy bodies in Parkinson’s disease, studies with
recombinant o-synuclein have been performed (49). Dityrosine was
demonstrated to be responsible for the formation of stable oa-synuclein
polymers after incubation with either peroxynitrite/CO, or
myeloperoxidase/H,O,/(nitrite). o-Synuclein is a 140 amino acid protein
with four tyrosine residues and is, in contrast to most globular proteins,
rather unstructured in aqueous solution. Therefore, it was reasoned to have
readily accessible tyrosines, prone to modification. In the same studies, B-
synuclein and RNase A did not form aggregates when incubated under the
conditions applied with o-synuclein. The fact that only a-synuclein could be
dityrosine cross-linked was related to its aggregation in pathological lesions,
whereas other synucleins, such as J-synuclein, are not found in Lewy bodies
and glial cell inclusions.

Very recently, oxidative formation of the a-synuclein dimer was found
to be the rate-limiting step for Parkinson’s disease fibrilogenisis. The dimer
was found to be a prenuclear species during 40 days of fibrilogenisis as



dimers increased to 2% of the total protein on day 15 and then rapidly
decreased until day 35, after which no longer dimer was found (50).

1.5.3 Blood

Incubations of high density lipoprotein (HDL) and tyrosine with
myeloperoxidase or horseradish peroxidase and H,O, strongly increased
protein associated fluorescence, presumed to stem from o,0"-dityrosines (51).
The conversion of HDL tyrosines to dityrosines required the presence of free
tyrosine, implying that tyrosyl radical is a diffusible messenger radical that
conveys oxidizing potential from the active site of the heme enzyme to
protein tyrosyl residues. The role for tyrosine as a messenger radical
between myeloperoxidase in activated human neutrophils and low density
lipoprotein (LDL) was further proven from in vitro studies (52). Whereas
addition of L-histidine or L-tryptophan to an incubation of LDL and activated
neutrophils induced no lipid peroxidation, addition of free L-tyrosine did
cause significant increase in hydroxyoctadecadienoic acid and cholesteryl
ester hydroperoxide. In atherosclerotic plaques from human vascular tissue,
dityrosine levels were increased 100-fold compared to circulating LDL (30).
The modification of LDL to LDL" was found to stem from a reaction with
oxidized hemoglobin species and involved dityrosine formation (34).
Dityrosine was found to be an endogenous marker of organismal oxidative
stress after the discovery of selective proteolysis of oxidatively modified red
blood cell hemoglobin by (the 19 S) proteasome. (353). A potential
physiological catalyst of lipoprotein oxidation is, again, myeloperoxidase.

1.6 Tyrosine cross-link formation in vitro

1.6.1 Free tyrosinc and tyrosine containing peptides

The avalanche of dimeric and trimeric tyrosines isolated from plant and
animal origin since the 1960’s gave rise to in tandem exploration of
oligomerization of tyrosine and tyrosine containing peptides. The incubation
product of tyrosine with horseradish peroxidase and H,0, was first
determined by Gross in 1939 and concluded to be dityrosine and possibly
trityrosine (54). A dityrosine comprises two tyrosines connected via a
covalent bond that replaces a hydrogen atom in each of the constituting,
original, tyrosine monomers. The reaction therefore requires the abstraction
of an electron and a proton from the tyrosine monomer.
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Figure 6 : Tyrosine and the mesomers of its radical

Many plant and animal peroxidases have a sufficient high electron potential
to abstract an electron from the tyrosine hydroxyl. After subsequent
acceptance of a proton from the tyrosyl radical cation, the resulting tyrosine
free radical is stabilized by four mesomeric resonance contributors (Figure
6). Those mesomers, in which the radical is localized at the ortho position,
or at the oxygen of the aromatic nucleus, are sterically capable of combining
with another radical. Such radical combination can therefore lead to 2
isomeric forms of the tyrosine dimer: dityrosine and isodityrosine (Figure 7).

o
¢

HO' NH;

Figure 7 : Dityrosine (left) and isodityrosine

These dimers have been known since 1959 when Gross and Sizer
synthesized tyramine and tyrosine dimers by incubation with horseradish
peroxidase and H,O; (54). They were the first to determine the characteristic
strong fluorescence emission at 410 nm upon irradiation at 318 nm. Studies
on the reaction of tyrosine and tyrosine containing peptides in subsequent
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decennia demonstrated that also higher oligomers result from incubation
with horseradish peroxidase and H;0,. In 1995, Marquez and Dunford
showed that dityrosine is a good substrate for myeloperoxidase, therewith
explaining further oligomerization via enzymatic oxidation of the dimer
(35). Michon and coworkers in 1997, however, found that a pentapeptide,
after dimerization vig tyrosine coupling, inhibited horseradish peroxidase,
and no higher oligomers than dimers were found (56). Oligomerization of
tyrosine leads to a twofold increase in possible dimers for each subsequent
oligomer due to coupling at the ortho or oxygen position of the next coupled
monomer. Although in industrial polymer chemistry of phenolic resins much
is known about the regiochemistry of the polymeric chain, not much is
known about the regioselectivity of tyrosine oligomers. The only
information comes from RP-HPLC-MS, unambiguously showing many
isomers of the higher oligomers regarding retention differences with the
same mass. By MALDI-TOF mass spectrometry an incubation of free
tyrosine was shown to yield dimers up to nonamers (57). Pulse radiolysis of
free tyrosine in solution also generates tyrosyl radicals and was employed to
study the effects of molecular oxygen and anti-oxidants on tyrosyl radical
formation (58). Whereas molecular oxygen had no effect on dityrosine
formation between pH 4-12, ascorbate, urate and trolox (the scluble form of
vitamin E) strongly inhibited dityrosine formation.

The elaborate and extensive studies of Michon and coworkers
elegantly demonstrated the difference of oligomerization of tyrosine as free
amino acid and tyrosine in different pentapeptides (56). Furthermore, the
difference between horseradish peroxidase and manganese peroxidase
catalysis with respect to the type of oligomerization products was
demonstrated. From this a conclusion was drawn about the effect of
neighboring amino acids on tyrosine oxidation. These studies clearly
revealed that cross-linking becomes more complicated from tyrosine to
peptide to protein; effects of neighboring amino acids but also plain steric
hindrance and its effect on tyrosine accessibility are increasingly met.

1.6.2 Protein dityrosines

The accessibility of tyrosines in proteins is imperative with respect to
interprotein cross-linking via tyrosine coupling. This is illustrated by the
cross-linking of sperm whale metmyoglobin, that has tyrosines at positions
103, 146 and 151. In the presence of H;0O,, this protein dimerizes
exclusively via a dityrosine bond between Tyrl(3 of one myoglobin chain
and Tyr151 of the other (59). The mutual orientation of Tyr103 and Tyrl51

12



was concluded to be the only sterically allowed conformation adjoining two
tyrosines.

Lactoperoxidase (LPO) has been dityrosyl cross-linked to myoglobin
from sperm whale (SwoMb) or horse (HoMb) in the presence of H,O, (60).
Incubations with HoMb yielded a heterodimer and a LPO1-HoMb2 trimer in
addition to LPO and HoMb homodimers. By Kkinetic control it was
demonstrated that the reaction was due to radical transfer from the
myoglobin to LPO; addition of H,O, to myoglobin followed by catalase to
quench excess H;O, before addition of LPO still yielded dityrosyl cross-
linked products. The involvement of two tyrosine residues of LPO in the
cross-linking was deduced from the fact that heterotrimers were formed with
2 HoMb molecules, that have only one tyrosine for cross-linking, unlike
SwoMb that has two.

Another thorough investigation on the actual tyrosine(s) responsible for

protein dimerization, was performed with the brain protein ¢-synuclein (67).
By alternately replacing each of the four tyrosines with phenylalanine, it was
demonstrated that one particular tyrosine of «-synuclein, Tyrl25, was
responsible for the dimerization after nitration.
From 1987 till 1998 intra- and inter-molecular coupling of tyrosines in the
bovine brain protein calmodulin was extensively investigated by Malencik
and Anderson. Calmodulin is a major intracellular sensor of Ca®* in plants
and animals. This 148 amino acid protein contains two tyrosines, both in
Ca® binding regions. Tyr99 faces into the third Ca**-binding loop and is
partially exposed to the solvent, Tyrl38 points outward from the fourth
Ca**-binding site into a hydrophobic pocket. Initially, intramolecular
dityrosine cross-links were generated by irradiation of calmodulin at 280 nm
(62). Subsequently, irradiation of calmodulin in the presence of a synthetic
derivative of the calmodulin binding peptide substance P, [Tyr"] substance P
was performed. Irradiation led to dityrosine bridged adducts of calmodulin
Tyr138 and [Tyr'] substance P, effectively competing with the
intramolecular cross-bridging between Tyr99 and Tyr138 (63).

Interprotein cross-linking of calmodulin occurs only in the presence of
superoxide dismutase (64). This was attributed to the generation of
superoxide radicals during irradiation, because these radicals repair tyrosine
radicals by donating the superoxide free electron. Such repair is inhibited by
superoxide dismutase and therefore prolongs the lifetime of the tyrosine
radical and facilitates interprotein coupling. The enhancement of dimer
formation by superoxide dismutase agplies to irradiations in the presence of
Ca® as well as in the absence of Ca®’. Intraprotein coupling however only

13



occured in the presence of Ca”*; apparently Ca>'-binding is required to keep
the 2 tyrosines in a conformation that spatially allows coupling.

In 1996 a peroxidase was found that could catalyze the formation of
dityrosines between calmodulins. This peroxidase from Arthomyces ramosus
catalyzed the efficient (>40%) cross-linking of bovine brain calmodulin,
whereas attempts with horseradish peroxidase, lactoperoxidase and soybean
peroxidase failed. Myeloperoxidase caused a very slow increase in
dityrosine fluorescence in incubations with calmodulin (65).

The accessibility of protein tyrosine residues is decisive for
participation in covalent bond formation. This is reflected in the lack of
tertiary structure in proteins involved in tissue firmness. In such proteins,
presumably due to the organization of the tandem repeat motifs, neighboring
hydrophilic amino acids ensure a sufficient exposure of the hydrophobic
tyrosines to the exterior to enable participation in cross-linking reactions.

A clear relation between protein structure and tyrosine cross-linking of
proteins was elegantly demonstrated in incubations of wheat prolamines
with horseradish peroxidase, soybean peroxidase and manganese peroxidase
in cither aqueous or organic solvent (66). In 25% dioxane, the yield of
dityrosine after incubation with horseradish peroxidase or soybean
peroxidase, was five times higher than in aqueous medium. This difference
was attributed to the increased solvent exposure of tyrosines in 25% dioxane
as compared to water. This relation was further demonstrated by using
manganese peroxidase (MnP}, which requires no direct contact between the
enzyme active site and the protein tyrosine, but exerts its oxidative power
via diffusion of a lactate-Mn complex (66). Dityrosine formation in aqueous
medium in the presence of MnP was nearly tenfold higher than with soybean
peroxidase, indicating that tyrosine oxidation is limited due to lowered
accessibility of the enzyme active site.

1.6.3 Stability effects of dityresyl protein cross-linking

Calmodulin, bovine pancreatic ribonuclease A and bovine eye-lens yB-
crystallin were all dimerized via dityrosyl cross-linking. The secondary and
tertiary structures of the dimerized proteins appeared to be largely
maintained. However, the thermal stability and unfolding properties were
changed. The melting temperature (T,,) of the dimer of RNase A was
lowered from 60 °C to 54 °C, and GdmCl induced denaturation started at 2.6
M instead of 3 M for the monomer and the activity of the dimer was lowered
by 25%. For calmodulin, a similar effect was found for the dimer as
compared to the monomer, but only in the absence of Ca’", that is known to
stabilize the structure of calmodulin. For yB-crystallin the T,, of the dimer
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was 59 °C, whilst the monomer denaturated at 66°C and the dimer
precipitated out of solution at 62 °C while the monomer coagulated only
beyond 72 °C. Altogether, a similar trend was observed for the dityrosine
linked proteins, lowered conformational stability. Possible consequences of

these phenomena for protein polymerization are described in Chapter IV of
this thesis.
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1.7 Covalent coupling of ferulic acid

In 1925, Durham reported that addition of H,0, to a flour-water slurry
increased the viscosity of the slurry (67). In 1943, the water-soluble
pentosans in such a slurry were demonstrated to cause this H,O,-induced
increased viscosity (6&). In 1963, the moiety responsible for oxidative
gelation in these pentosans was suggested to be ferulic acid (69). Yet,
diferulic acid was first identified in saponified grass cell walls by
Markwalder and Neukom in 1976 (70). Subsequently, diferulic acid was
1solated from Lolium multiflorum (71), from arabinoxylans in bamboo shoot
cell walls (72) and from many other plants (73-84). In Figure 8 a typical
dehydrodiferulic acid bridging two arabinoxylans is shown.

— Xy )1(yl— Kyl— Xyl Xyl— Xyl
1
Ara

Ara Ara

xh— Xyl Xyl— Xyl Xyl— Xyl—

Figure 8 ; 5-5 Dehydrodiferulic acid bridging twe xylose chains

In the 1970’°s, decisive in vitro work on the formation and identification of
diferulates was conducted by Markwalder and Neukom (83, 86). The water-
soluble polysaccharide guaran was synthetically esterified with caffeic acid,
ferulic acid, p-coumaric acid, homovanillic acid, vanillic acid,
protocatechuic acid or p-hydroxybenzoic acid. Incubations with horseradish
peroxidase and H,O, of all esterified guarans led to gelation of the solution
(87). Subsequently, in a fraction of water-soluble wheat flour pentosans
diferulic acid was identified upon addition of peroxidase after addition of
H,O,, whereas addition of H,O, without peroxidase did not result in gelling
of the solution.
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Monomeric ferulic acid was first identified in the nineteenth century.
Over 1.5% ferulic acid was isolated from a commercial resin of Ferula
Joetida, an umbelliferous fennel-like plant (88). Ferulic acid was later found
in numerous plants (8§9-91).

In the plant cell wall, ferulic acid and related p-coumaric acids can be
bound to the arabinoxylans of the grass family (gramineae) or to the pectins
of dicotyledons through an ester linkage. From the 1990°s, the chemistry of
ferulic acid has been an exciting field of investigation. Ralph and coworkers
explored the nature of diferulic acids in grass cell walls and discovered that
besides the initially identified 5-5-coupled diferulic acid (Fig 8), six other
isomers occur in cell walls of cocksfoot, switchgrass and suspension
cultured corn (92). The population of the various dimers was found to differ
largely between different sources. In barley and processed barley the
predominant 8-O-4'-diferulic acid along with 5,5-, 8,5"-benzofuran and the
8,5'-open form-diferulic acid were identified (93). In sugar beet pulp the 8,5'
diferulic acid was preponderant followed by 5-5'-, 8-8'- and 8-O-4'-diferulic
acid (94). In subsequent years additional isomers of the FA-dimer were
discovered (95, 96). Figure 9 shows all the FA-dimers currently known.
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Also after in vitro coupling of FA-containing polysaccharides, the
population of isomeric dimers bridging the polysaccharides varies akin to
diferulic isolates from plant material. Predominantly 8-5 and to a lesser
extent 8-0-4, 8-8 and 5-5 diferulate bridges, were found when feruloylated
arabinoxylans from wheat flour and wheat bran were cross-linked by
incubation with horseradish peroxidase and H,O, (97). Afier incubations of
sugar beet pectin with horseradish peroxidase and H,0;, predominantly 8-5
and 8-0-4 dimers were identified (98). The horseradish peroxidase/H,0,
induced gelation of corn bran hemicellulose was discovered to stem
predominantly from 8§-O-4'-diFA, 8,5'-diFA benzofuran form, 8§,8'-diFA
open form, 8,5'-diFA open form and 8,8'diFA aryltetralin form dimerization
of ferulic acid (99). A protein that guides stercoselectivity of E-coniferyl
alcohol coupling has once been identified (/00) and use of surfactants led to
a significant shift in population of the different dimers of FA (/01).

A diferulate comprises two ferulic acids connected via a covalent
bond that replaces a hydrogen atom in each of the constituting, original, FA
monomers. Similar to other phenols, the reaction requires the abstraction of
an electron and a proton from the FA monomer. FA is an excellent substrate
for many plant and animal peroxidases that have a sufficient electron
potential to abstract an electron from the ferulic acid hydroxyl and
subsequently accept a proton from the FA radical cation. The resulting FA
free radical is stabilized by five resonance contributors (Figure 10).

OH o] o o] o] 0 o]
OCH, . _OCH, OCH, OCH, OCH; OCH,4
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Figure 10 : Ferulic acid and its radical mesomers

A major distinction of ferulic acid as compared to tyrosine, is the
propionylic acid side chain, that further stabilizes the free radical and
introduces additional chemical reactivity of both unoxidized and oxidized
FA. Up to 2001, dimers were the only Ainown covalently coupled FA
oxidation products, although some suggestions were made for the formation
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of higher oligomers. These were first identified by Ward in studies of the
initial steps of ferulic acid polymerization by lignin peroxidase (96). After
separation by gel permeation, two trimers were identified by NMR
spectroscopy (Figure 11).
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Figure 11 ; Two trimers of ferulic acid (Ward)

Both of these trimers are decarboxylated indicating an essential role of
decarboxylation in the formation of the trimer. Based on this finding, a
mechanism was proposed in which a third ferulic acid free radical attacks
the vinylic bond in a decarboxylated dimer. Further research on this
mechanism of trimer formation is described in Chapter III of this thesis.
Sinece these first reports of decarboxylated FA trimers, two reports on the
isolation of trimeric FA in vivo have been published (702, 103).

1.8 Phenols in plant cell wall architecture

1.8.1 Biosynthesis of lignin

Diferulic acid and dityrosine, bridging polysaccharides and proteins
respectively, are not the only cross-linked phenols that contribute to the
architecture of the plant cell wall. Two other types of plant cell wall tissue,
lignin and suberins, comprise complex phenolic polymers. In fact these
tissues are the most abundant aromatic biopolymers on earth. Lignin is
traditionally considered to result from polymerization of three alcohol
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monomers: the monolignols p-coumaryl alcohol, coniferyl alcohol and
sinapyl alcohol (Figure 12).

OH OH OH
OCHj H;CO. OCH;,
# 7 =
HO HO HO
p-coumaryl alcohol coniferyl alcohol sinapyl alcohol

Figure 12 : The monolignols

Many features of lignin biosynthesis are presently still to be explored
(104). This includes localization of growing lignin and the temporal and
spatial deposition of lignins in the cell wall. The question of how plant cells
regulate the deposition of lignin in the cell wall has been considered
important since early workers identified differences in lignin subunit
composition and cross-linking patterns between different parts of the cell
wall. For the initiation of lignin deposition, a radical nucleation site has been
supposed, though the nature of this site remains unclear (705, [06).
Interestingly, many plant cell wall proteins are extremely rich in tyrosines
(42, 107-112). Only once was the suggestion made that these phenols might
play a role in the anchoring of lignins (//3). Model studies showed that
synthetic proteins rich in tyrosine could be cross-linked into lignin-like
dehydrogenation products (773). Recently, sinapate dehydrodimers and
sinapate-ferulate heterodimers were identified in cereal dietary fiber (I/4).
Furthermore, for (hydroxy)proline-rich structural proteins in the cell wall of
bean or soybean cells, it was shown that tyrosine-coupling occurs upon
treatment with fungal elicitors (23). This stimulus-dependent oxidative
cross-linking of structural cell wall proteins has an important function in cell
wall maturation and toughening of ceil walls in the initial stages of plant
defense. This study clearly demonstrated the role of free radical coupling of
tyrosines in plant cell wall build-up. Furthermore, a lysine/tyrosine rich
protein associated with lignification in tomato has been identified (/75).
Another indication of tyrosine-hydroxycinnamic acid dimerization was
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obtained from retained, alkali-resistant autofluorescence of proteins from the
wall of wheat aleurone cells (/16, 717). In addition, arabinofuranoside
esterified with ferulic acid could be incorporated into a synthetic lignin
dehydrogenation polymer of coniferyl alcohol by a kinetically contrelled
incubation of both substrates with horseradish peroxidase (118, 119).

1.8.2 Perexidase involvement in lignin and suberin synthesis

In early studies on lignin biosynthesis, the dechydrogenated bonds between
phenolic precursor moieties in plant tissues were often circumstantially
deduced to stem from peroxidase action. Direct evidence for peroxidase
involvement in nascent polyphenolic tissue has later been increasingly
provided. An anionic peroxidase was shown to be temporally and spatially
associated with the wound-induced suberization process in potato tubers
(120-122). This 45 KD class III (plant secretory) peroxidase has a preference
for feruloyl (o-methoxyphenol)-substituted substrates such as those that
accumulate in tubers during wound healing. From tomato a cell-wall
peroxidase was purified and demonstrated to cross-link extensins in vitro
(123). An interesting link between peroxidase expression and lignification
evolved from a Arabidopsis mutant with increased lignin levels ({24). This
mutant showed increased levels of mRNA encoding ATP A2 peroxidase and
was, therefore, concluded to be involved in a complex regulation of covalent
cross-linking in the plant cell wall. The co-substrate of peroxidases, H.O,
was found to be co-localized with zones of lignification (/25). Adding
potassium iodide, an H:O. scavenger, to a cell suspension of Pinus taeda
terminated the formation of lignin that is normally induced by exposure to
8% saccharose solution (/26). Addition of H,O; and peroxidases extracted
from maize cell suspensions to primary maize walls acylated with 2%
ferulate led to incorporation of the ferulates into lignin at over 90% (95).
Ferulic acid was incorporated in the propanoid side chains of the lignin
polymers as could be demonstrated after feeding ["’Clferulic acid to
seedlings of Triticum aestivum over extended durations (I27). More
suggestions were made about the possible role of ferulic acid in lignification.
Based on maize cell wall architecture it was suggested that the heteroxylans
are presumably cross-linked to the cell wall proteins. The nature of this
linkage was, however, not determined (728).

1.8.3 Biosynthesis of suberin

Suberin is an abundant, complex, intractable biopolymer found between the
primary cell wall and plasmalemma in plants (7 29). Suberin is comprised of
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both aromatic and aliphatic components. Analysis of the aromatic
components revealed a mixture of feruloyl esters that were suggested to
function as suberin precursors (40, /30) and furthermore tyrosine, tyramine
and substituted benzaldehydes/benzoates. Intact suberin from potato
wounded periderm was examined in sifu using solid-state “C NMR
spectroscopy after uptake of [1-*C]-, [2-"C]- or [3-"C]phenylalanine (131).
This revealed that the phenolic domain of suberin is primarily composed of a
hydroxycinnamic acid-derived phenolic polymer, though, the sequential
stages in its assembly remained unclear.

In developing wheat seedlings a remarkable variation of ferulic acid
and diferulic acid content was found in relation to the stage of development
(132). At the start of lignification, the concentration of ferulic and p-
coumaric acid esters was increased significantly, which further indicated a
crucial role for these molecules in plant cell wall assembly. A proposed role
for ferulic acid in lignin anchoring is described in Chapter III of this thesis.
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1.9 Oxidative enzymes involved in phenol coupling

1.9.1 Horseradish peroxidase

The radical coupling reactions of tyrosine and ferulic acid are always
initiated by the formation of a free radical from the phenol moiety (vide
supra, 1.3). In plants and animals, peroxidases are the class of enzymes that
perform this reaction. Already as early as 1810, Planche reported that a
tincture of guaiacum developed a stronger color when a piece of fresh
horseradish root was soaked in it (/33). The peroxidase from horseradish
(oxidoreductase EC 1.11.11 : donor) is one of the best-studied peroxidascs.
The first report of horseradish peroxidase was in 1937, in which the
existence of horseradish peroxidase compound II is described (/34). In
1941, compound I was first identified (/35) and in 1976 it was the first
peroxidase of which the primary sequence was determined (/36).
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Figure 13 : Reaction cycle of horseradish peroxidase during oxidation of two ferulic acids
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George (/37-140) formulated the reaction c¢ycle of horseradish
peroxidase, in which an equivalent of the cosubstrate H,O, is utilized for the
oxidation of two phenols. First, a peroxocomplex is formed by reaction of
H,0, with the heme iron. The peroxocomplex, called compound I, then
reacts with a phenol present in the active site by abstracting an electron from
the HOMO of this substrate. From the resting enzyme an activated complex
is initially formed, in which the distal histidine accepts a proton from H,0,
and the distal arginine stabilizes the charge. In a subsequent step water is
released, a double bond is formed between Fe’* and the second oxygen of
H;0; resulting in a radical on the porphyrin ring. Compound I of horseradish
peroxidase is very stable compared to that of other peroxidases: It exists for
at least 20 minutes after it has reacted with a stoichiometric amount of H,Os.
After reaction with a reducing substrate, Compound II is formed that
generally reacts with the same reducing substrates as Compound 1. At pH
values > 9 Compound II is no longer reactive and accumulates as a stable
compound up to 24 hours. After the first clectron uptake by the iron center, a
second electron is abstracted from a second substrate donor by the so called
Compound II, upon which the enzyme can return to the native state and
perform another cycle oxidizing two phenols. Horseradish peroxidase can
attain 5 different oxidation states during a reaction cycle, as shown in the
pentagonal diagram in Figure 14 (147). Recently, the details of the catalytic
pathway of horseradish peroxidase were studied by X-ray cryo-
crystallography (7142).
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Figure 14 : Oxidation states of horseradish peroxidase in peroxidase and oxidase cycle (/42)
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The outer substrate channel of horseradish peroxidase is hydrophobic and
contains three phenylalanine residues. These aromatic residues constitute an
aromatic substrate-binding site that facilitates the facile oxidation of
phenolic substrates. The crystal structure of horseradish peroxidase
compound I in complex with ferulic acid nicely shows the binding of this
substrate near the heme iron center {(/43). A Michaelis-Menten-like complex
between horseradish peroxidase compound I and di-(N-acetyl-L-tyrosine)
was evidenced from stopped flow studies (/44). Within their range of
solubility, saturation of horseradish peroxidase was observed for the
substrates Gly-Tyr and (NAT),. A kinetic model including enzyme-substrate
complex formation prior to each of the two reduction steps was derived from
stopped flow kinetic data.

In vitro use of horseradish peroxidase requires carefully chosen incubation
conditions to keep the enzyme catalytically active. Horseradish peroxidase
loses activity at [HyO,] above 250 mM and is irreversibly inactivated at
temperatures above 50 °C. The specific activity of Ca’ -depleted
horseradish peroxidase was found to be 50 % of that of the native form
(145). Horseradish peroxidase has a relatively low redox potential of —278
mV when compared to cytochrome c peroxidase (-194 mV) and lignin
peroxidase (-130 mV) (/46-148).

1.9.2 Myeloperoxidase

In the nineteenth century, it was discovered that pus could oxidize guaiacol.
Early in the twentieth century, leukocytes were found to oxidize guaiacol as
well. (7/49). The enzyme responsible was later found to be myeloperoxidase
(verdoperoxidase), which causes the green color of pus. The characteristic
green colour of this peroxidase stems from the extraordinary attachment of
the heme to the protein, via a methionine residue. Myeloperoxidase catalyses
the formation of dityrosine from tyrosine (150) as well as proteins (/5/) and
is often suggested to cause dityrosine cross-linking in human tissues (vide
supra).
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1.10 Covalent oxidative coupling of proteins and polysaccharides

1.10.1 Applications in food industry

As described, protein cross-linking via dityrosine is known since 1964 and
diferulic acid bridges coupling polysaccharides since 1978. Because the
formation of both protein and arabinoxylan homocoupling is based on the
combination of free radicals, Neukom and Markwalder suggested that the
formation of a covalent adduct between a protein tyrosine and an
arabinoxylan ferulic acid might be feasible as well (/52). Whereas
diferulates and di- or tri-tyrosines have been isolated from plant and animal
sources, a hetero ferulic acid-tyrosine complex has never been isolated.
Since Neukom’s suggestion, many efforts were made to achieve this
heterocoupling by incubating proteins and arabinoxylans with several
peroxidases. Cross-linking of ferulic acid(-esters) with tyrosine has remained
a topic of interest. Besides the relevance of such linkage in plants, it might
also yield potentially interesting products for the food industry and provide
an explanation for the beneficial effect of the addition of peroxidase to, e.g.,
bread dough.

Already in 1939 it was reported that the dough forming properties and
the baking performance of wheat flours can be improved by addition of
H;O, (i53). This was later reconfirmed (754-157) (I158) and further
established by the addition of peroxidase, peroxidase with H,O. (/59-161)
and peroxidase/H;O; with catechol (/62). Also in the large protein complex
known as “gluten” the formation of dityrosines contributing to the gluten
network was evidenced during dough-mixing and bread-making processes
(163). Incubation of whey protein isolate with microbial peroxidase and
H;0, led to almost full conversion to cross-linking products of -
lactoglobulin, but not of o-lactalbumin (/64). Interestingly, when whey
protein isolate was incubated with laccase, neither o-lactalbumin nor B-
lactoglobulin were converted to oligomers. However, when chlorogenic acid
was added to these reaction mixtures, exclusively o-lactalbumin
polymerized.

Proteins might be linked to arabinoxylans or pectins via phenolic
bridges comprising the protein tyrosine and the polysaccharide esterified
phenolic acid. When equimolar amounts of protein and polysaccharide are
present during the cross-linking reaction, the majority of product will be,
statistically, that stemming from homocoupling. This is solely due to the fact
that the collision ¢vents leading to homoproducts outnumber those leading to
heteroproducts, i.e. protein-protein or polysaccharide-polysaccharide
collisions dominate the less probable protein-polysaccharide collisions. This
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even holds when the number of reactive sites per biopolymer is equal and
the protein reactive sites are equally good substrates for the enzyme as the
polysaccharide active sites. The amount of hetero-product is increased with
an increasing number of reactive sites per protein or polysaccharide
molecule since heterocoupling at one reactive site turns all homocoupling at
other sites into a hetero-product. In this case a network consisting of protein
and polysaccharide results.

In 1999, Figueroa-Espinoza and coworkers reported on attempts to
cross-link feruloylated arabinoxylans and proteins using a fungal laccase. In
these studics, no evidence was found for any coupling between the
arabinoxylan feruloyl and the protein tyrosines (/65). However, in this study
the difference in reactivity of the two substrates for the enzyme active site
was not taken into account neither was the rate of reaction of the formed
radicals. In another study, FFigueroa-Espinoza and coworkers found that the
presence of cysteine but not tyrosine affects the gelation of arabinoxylans
with manganese peroxidase or horseradish peroxidase/H;O,. Cysteine at
high concentrations delayed gelation, whereas tyrosine accelerated the
consumption of ferulic acid (166).

The general function of the coupling of phenols in proteins or
polysaccharides is the concomitant structural integrity of the tissue in which
these biopolymers are cross-linked to a solid polymeric network. The cross-
linking of proteins with polysaccharides is supposed to result in novel
emulsifying and foam-stabilizing properties of food ingredients. Proteins
give nutritional value to food and contribute to the texture and mouth feel of
the food product. These physicochemical properties can be altered, and
possibly improved, by cross-linking arabinoxylans, a natural constituent of
grain products, with proteins. The cross-linking of proteins with proteins and
the cross-linking of arabinoxylans with arabinoxylans is known to occur in
nature and has been performed in vifro. The hetero-cross-linking of proteins
with polysaccharides is expected to further improve the textural properties of
foods. A schematic picture of the intended complex of proteins and
polysaccharides is shown in Figure 15.
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Figure 15 : Schematic view of covalently linked network of proteins and arabinoxylans
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Means for cross-linking are limited since foods must meet requirements
with respect to food safety and the appearance of the resulting product.
Therefore the use of an exogenous cross-linking reagent is not acceptable
and the use of endogenous moieties of the polymers is preferred. Proteins
give nutritional value to food and contribute to the texture and mouth feel of
the food product. A potential cross-linked food ingredient can therefore best
be regarded as a network of homo- and hetero-cross-linkages, altogether
causing an altered, and possibly improved physicochemical behavior as
compared to the non-cross-linked biopolymers.

Peroxidase is naturally occurring in many foods of plant and animal
origin and is also present in humans. Peroxidases may therefore have
potential for use in foods. In order to cross-link proteins and arabinoxylans,
the major challenge is the hetero-cross-linking of proteins with
polysaccharides, instead of homo-cross-linking of proteins with proteins or
polysaccharides with polysaccharides (Figure 16).

HRP catalyzed »F A_Tyr adducts

hetero-reaction

.’\Ff’g} =FA or FA containing compound

] . \.TT;‘;F Tyr or Tyr containing compound
FA-dimers Tyr-oligomers 7

Figure 16 : Scope of the research towards hetero-cross-linking

Several factors influence the ratio of homo-cross-linking to hetero-cross-
linking. The bottom-line is the incident population of reactive tyrosine
radicals in the protein and FA reactive radicals in the polysaccharide present
in the incubation mixture. When equimolar amounts of protein and
polysaccharide reactive sites are present, the difference in the rate of
conversion plays a crucial role in the ratio of homo- to hetero-products. In
reverse, a known difference in rate of conversion of both substrates can be
utilized to maximize the amount of hetero-products. The incubation should
then be carried out by kinetic control i.e. the molar ratio of the substrates
should continuously be compensated for the difference in conversion rate. A
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successful method to perform such incubation is described in Chapter 1T of
this thesis. Successful application of this method is describer in Chapter VI
of this thesis.

1.11 Aim of the research

The research described in this thesis was embedded in the scientific program
‘Industrial Proteins’® from the Dutch Ministery of Economic Affairs. The
goal of this program was the development of knowledge in the field of
application of industrial proteins between industry, institutes and academia.
This project was part of a collaboration between Wageningen University and
the institutes TNO and ATO, aiming at the development of a method to
cross-link proteins and polysaccharides by use of peroxidase to improve the
properties of food products. The role of the ATO comprised predominantly
the application of the findings from model studies on the level proteins and
polysaccharide. An important part of the project within the university
comprised the investigation of the cross-linking properties of the moieties in
proteins and polysaccharides potentially responsible for such cross-linking.
Furthermore, the development of a general method to perform the cross-
linking reaction was aimed at.

Outline of the thesis

The introduction of this thesis describes the developments that gave rise to
this project; the first discoveries of oxidative protein and polysaccharide
cross-linking, the subsequent in vifro exploration of the cross-linking
reaction and the suggestion that not only homo-coupling but also hetero-
coupling might be feasable. In chapter 11 and III studies on the peroxidase-
catalyzed modification of the reactive sites in proteins (tyrosine) and
polysaccharides (ferulic acid) are described. To this end incubations with a
tyrosine-containing peptide and ferulic acid were performed (Chapter 11 and
III). The findings from these model studies were applied in the modification
of a model protein, o-lactalbumin. The crucial differences between cross-
linking a-lactalbumin and cross-linking a tyrosine containing tripeptide are
described in Chapter IV. With this knowledge on extended cross-linking of
¢-lactalbumin, the protein was modified with ferulic acid (Chapter V).
Attempts to identify the tyrosine in o-lactalbumin that is cross-linked with
either FA or FAAE are described in Chapter VI, as well as efforts to identify
the cross-linked peptides in a-lactalbumin. In Chapters VII and VIII, cross-
linking by use of exogenous phenols is described. These studies comprise
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model studies to explore which amino-acids can react with catechol (Chapter
VII) followed by the application of catechol, and other exogenous phenols
(Chapter VII) in incubations of a-lactalbumin, B-casein or BSA with HRP
and H202.

Endogenous phenocls Exogenous phenols
Model studies Application Model studies Application
Chapter I Chapter IV Chapter VIl Chapter Vil
Chapter i} ChapterV
Chapter VI

Figure 17: outline of the thesis

Each chapter decribes a different stage of the research, that can be
summarized as follows.

1. Introduction
Literature overview of the covalent cross-linking of proteins, via
tyrosines, and polysaccharides, via ferulic acid. Examples of the
occurence of oxidative phenolic cross-linking in plants and animals
are described.

2. Peroxidase-mediated cross-linking of a tyrosine-containing
peptide with ferulic acid
The demonstration, by means of mass spectrometry, of a characteristic
range of covalent adducts of tyrosine and ferulic acid, afier kinetically
controlled incubation of the tripeptide Gly-Tyr-Gly with ferulic acid.
A mechanism that explains the idiosyncratic range of products
obtained is proposed.

3. Horseradish peroxidase-catalyzed oligomerization of ferulic acid
on a template of a tyrosine-containing tripeptide
The demonstration of an additional, deviating, range of covalent
adducts of tyrosine and ferulic acid, by tandem mass spectrometry. A
mechanism that is new-fangled in the chemistry of ferulic acid is
proposed.
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