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Abstract

Lysozyme was modi®ed by covalent attachment of selected phenolic compounds (m-, o-, p-dihydroxybenzenes, ferulic and gallic
acid) at pH 9. The derivatives formed were characterized in terms of their physicochemical and digestion properties. The derivati-
zation was accompanied by a reduction of lysine and tryptophan residues. Moreover, the solubility of the derivatives decreased over
a broad pH range and the derivatization increased the hydrophobicity. The isoelectric points were shifted to lower pH values and

formation of high molecular weight fractions occurred. In vitro experiments showed that, the peptic digestion of the derivatized
lysozyme was adversely a�ected, whereas the tryptic, chymotryptic and pancreatic hydrolysis seemed to be favoured. The lytic
activity of all the resulting lysozyme derivatives was reduced. # 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction

The nutritional value of food proteins is governed by
amino acid composition, ratios of essential amino acids,
susceptibility to hydrolysis during digestion, source, and
the e�ects of processing. To optimize the biological uti-
lization of proteins, especially of low-quality proteins in
underdeveloped countries, a better understanding is
needed of the various interrelated parameters that
in¯uence their nutritional value (Friedman, 1996).
Enzyme-catalyzed browning reactions of amino acids
and proteins with oxidized plant phenols may cause
deterioration of foods during storage and processing,
leading to a loss in nutritional quality, which is espe-
cially serious in underprivileged countries. Plant phenols
may also display many other possible detrimental

e�ects, including inhibition of iron absorption (Mehan-
sho, Butler & Carlson, 1987) and irreversible com-
plexation of gut enzymes and dietary proteins
(Mehansho et al.; Robbins, Hagerman, Austin, McAr-
thur & Hanley, 1991; Scalbert, 1991), the consequences
of which may result in polyphenol-rich foods being
nutritionally poor, causing simultaneous protein de®-
ciency. But the phenolic compounds have also been
attributed with positive properties such as anti-
mutagenic and anticarcinogenic e�ects, as well as being
antioxidants Ð a possible mechanism by which dietary
components protect the body from free radicals and
reactive oxygen species (Friedman, 1997; Maleveille,
Hautefeuille, Pignatelli, Talaska, Vineis & Bartsch,
1996).
Accurate data on population-wide intakes of phenolic

compounds are not available. Recent studies show that
the human dietary intake of chlorogenic acids and other
cinnamates ranges from 25 mg up to 1 g/day, depending
on the dietary constitution (Cli�ord, 1999). The occur-
rence and content of hydroxycinnamic and hydro-
xybenzoic acid compounds in foods has been
summarized by Herrmann (1989). Cinnamic acid con-
jugates (e.g. ca�eic-, chlorogenic- and feruloylquinic
acids) are widely distributed in the plant kingdom and
their content in many beverages, fruits and vegetables
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has recently been reviewed by Cli�ord. The content of
chlorogenic acid is relatively high with 6±10% in green
co�ee beans, and a cup of co�ee may contain up to 675
mg (Cli�ord). The main source of gallic acid is tea,
especially green tea, where it occurs as (ÿ)-epigalloca-
techin-3-gallate (EGCG) and (ÿ)-epigallocatechin. The
consumption of EGCG was estimated for Japan to be
as high as 1g/per day (Authors group, 1999). The
human dietary intake of ¯avonoids (a further class of
plant phenols) was estimated as up to 1 g/day (Mal-
eveille et al.). A Dutch study showed, that fruit was the
main dietary source of ¯avonoids and quercetin was the
main aglycone (Robards, Prenzler, Tucker, Swatsitang
& Glover, 1999). The absorption, metabolism and
bioavailability of phenolic compounds is also con-
troversial. Data on these aspects of phenolics are scarce
and the limited data available have recently been
reviewed by Robards et al. and by Chesson, Provan,
Russel, Scobbie, Richardson and Stewart (1999).
The phenolic compounds are subject to both enzy-

matic and nonenzymatic oxidation in the presence of
oxygen (Cilliers & Singleton, 1991; Friedman, 1997).
Much attention has been devoted to determining the
exact pathway by which enzymatic browning may
occur. It is now generally accepted (Nicolas, Richard-
Forget, Goupy, Amiot & Aubert, 1994) that two reac-
tion steps are involved. The ®rst reaction step consists
of the hydroxylation of monophenols into o-diphenols
and the oxidation of the o-diphenols into o-quinones
(Nicolas et al.). These two reactions consume oxygen
and are catalyzed by the enzymes monophenolase (or
cresolase, EC 1.14.18.1) and o-diphenolase (or catecho-
lase, EC 1.10.3.1). A third enzyme system involving
laccases (EC 1.10.3.2), oxidizes o-diphenols as well as p-
diphenols, forming their corresponding quinones. The
unique ability to oxidize p-diphenols is used to distin-
guish laccase activity from that of the other poly-
phenoloxidases (Nicolas et al.). The quinones, as the
primary products of enzymatic oxidation, represent a
species of highly reactive substances which normally
react further with other quinones to produce dark mel-
anin pigments (Robards et al., 1999). These result in
deterioration of ¯avor, color and nutritional quality of
foods. The quinone, being a reactive electrophilic inter-
mediate can also readily undergo attack by nucleophiles
such as lysine, methionine, cysteine and tryptophan
residues in a protein chain (Hurrell & Finot, 1984). The
2-position of the benzene ring, e.g. in the ca�eic acid
molecule, is the most electrophilic, and nucleophilic
addition occurs preferentially here (Cheynier, Trous-
dale, Singleton, Salgues & Wylde, 1986). Upon further
oxidation of this addition product, e.g. by laccase to
form its quinone, a second addition occurs (Salgues,
Cheynier, Gunata & Wylde, 1986), which may lead to
formation of cross-linked protein polymers (Machholz
& Lewerenz, 1989). The presence of phenolic com-

pounds in foods and beverages produces a sensation of
astringency, possibly arising from precipitation of oral
proteins and mucopolysaccharides. They not only pre-
cipitate oral proteins, but may also interact with dietary
proteins and digestive enzymes in the gut, resulting in a
variety of antinutritive and toxic e�ects (Baxter, Lilley,
Haslam & Williamson, 1997).
The present study is a continuation of our attempt to

characterize the nonenzymatic reactions of food pro-
teins with secondary plant metabolites from the physi-
cochemical and physiological viewpoint. In preliminary
investigations, reactions of chlorogenic acid with lyso-
zyme were characterized (Rawel, Kroll & Riese-Schnei-
der, 2000). In the present study an attempt was made to
show the e�ect of reactions of lysozyme with di�erent
simple mono-(ferulic acid), di-(o-,m-, p-dihydroxybenzene)
and trihydroxy-(gallic acid) phenols in a model system.
In this study it was intended to show the in¯uence of the
position and amount of the hydroxyl groups present in
the respective phenols. Further, p-quinone representing
the oxidation product of p-dihydroxybenzene was also
included in the study (o-quinone was not applied due its
relative instability). Lysozyme, as a food protein serves
well for such model investigations, since its structure is
well de®ned and characterized. The lysozyme deriva-
tives (with special attention to the role of covalent
bonding) have been characterized in terms of changes in
selected physicochemical properties and with regard to
in¯uence on their digestion with the main physiological
proteolytic enzymes (trypsin, a-chymotrypsin, pepsin
and pancreatin) of the gastrointestinal tract. The e�ect
of lysozyme derivatized with phenolic compounds) on
its lytic activity against Micrococcus lysodeikticus cells
has also been investigated.

2. Materials and methods

2.1. Materials

Lysozyme (3 g) from hen egg white (Fluka Chemie
AG, Buchs, Switzerland) was dissolved in distilled water
and the pH-value of the protein solution was adjusted
to 9 using 0.5 M NaOH (®nal volume 270 ml). Based on
the amount of lysine present in lysozyme (486 nmol/mg
protein), the derivatives were prepared with corre-
sponding double amounts of the phenolic compounds
as follows:

1. 27 ml of lysozyme solution+ 3ml distilled water Ð
control, unmodi®ed sample.

2. 27 ml of lysozyme solution+33 mg of m-(resorci-
nol), o-(pyrocatechol) and p-(hydroquinone) dihy-
droxybenzene (DHB), each in 3 ml distilled water
and each added to a separate lysozyme solution Ð
m-, o- and p-DHB derivatives.
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3. 27 ml of lysozyme solution+32.4 mg p-(1,4-ben-
zoquinone) quinone in 3 ml distilled water Ð p-
quinone derivative.

4. 27 ml of lysozyme solution+58.3 mg ferulic acid Ð
ferulic acid derivative.

5. 27 ml of lysozyme solution+56.4 mg gallic acid
monohydrate Ð gallic acid derivative.

In each case, after addition of the respective phenolic
compounds and p-quinone (all from Fluka Chemie AG,
Buchs, Switzerland), the pH was adjusted once more to
9. After 24h reaction time under continuous stirring at
room temperature (24�C) with free exposure to air, the
samples were dialyzed for 18±20 h against distilled water
and ®nally lyophilized. The non-derivatized protein
(control) was prepared under the same conditions but
without addition of phenolic compound.
Trypsin was from porcine pancreas (EC 3.4.21.4,

protein content 98%, Sigma Chemicals Co., St. Louis,
MO) Ð 14,900 U/mg solid; one BAEE unit=�A253 of
0.001 per min with BAEE as substrate at pH 7.6 at
25�C.
a-Chymotrypsin was from bovine pancreas (EC 3.4.21.1,

protein content 96%, Fluka Chemie AG, Buchs,
Switzerland) Ð 53.1 U/mg; one unit will hydrolyze 1
mmol suc-(ala)2-pro-phe-4-nitroanilide per min at pH
7.8 and 25�C.
Pepsin was from porcine stomach mucosa (EC 3.4.23.1,

protein content ca. 92%, Sigma Chemicals Co., St.
Louis, MO) Ð 3100 U/mg solid, one unit will produce a
�A280 of 0.001 per min at pH 2 at 37�C, measured as
TCA-soluble products using hemoglobin as substrate.
Pancreatin was from porcine pancreas (Sigma Chemicals

Co., St. Louis, MO) Ð activity at least equivalent to 3
� USP speci®cations. All speci®c activities and de®ni-
tions quoted here were given by the producers.
Micrococcus lysodeikticus, ATCC 4698 was as lyo-

philized cells (Sigma Chemicals Co., St. Louis, MO).

2.2. Physicochemical characterization

The protein content in the solutions was determined
according to a modi®ed LOWRY method (Lowry,
Rosebrough, Farr & Randall, 1951). Lysozyme was
used to calibrate the regression curve (Y=0.1269+
0.008195.X, R2=0.995) after determining its protein
content by semi-micro Kjeldahl analysis (Kjeldatherm
System KT 40, Gerhardt Laboratory Instruments, Bonn,
Germany). The solubility pro®le of the lyophilized sam-
ples under varying pH conditions was determined in a
0.05 M Na-phosphate bu�er system by removing the
insoluble material through centrifugation at 9088 � g,
10 min, (Megafuge 2.0R, Heraeus, Hanau, Germany).
Changes in the content of free amino groups according
to Adler-Nissen (1972) were analyzed using trinitro-
benzenesulfonic acid (TNBS) in a 1% Na-dodecylsulfate

(SDS) solution of the samples. Tryptophan ¯uorescence
determination (Jackman & Yada, 1989) in 8 M urea
using a Jasco ¯uorescence detector FP 920 (Gross-
Umstadt, Germany; Tokyo, Japan) was carried out to
give some idea of changes taking place in the samples
after derivatization with the phenolic substances. The
sample containing 0.5 mg/ml substance was excited at
295 nm (slit 18 nm) and emission recorded over the
wavelength range of 300±900 nm (slit 40 nm). The peak
area, under the emission curve from 300 to 360 nm, was
used to quantify the tryptophan content. The change in
hydrophobic/hydrophilic character was investigated by
RP-HPLC, which was conducted with a Shimadzu
(Duisburg, Germany) chromatographic system using a
Micra-NPS-C18 column (33 � 4.6 mm, 1.5 mm, ¯ow
rate 0.5 ml/min, UV detection at 220 nm) with a column
temperature of 25�C. A distilled water/acetonitrile
(water acidi®ed with 0.1% tri¯uoroacetic acid v/v) gra-
dient was applied under the following conditions: 20%
acetonitrile±2 min; 20±40% acetonitrile Ð 16 min; 40±
70% acetonitrile Ð 2 min; 70% acetonitrile Ð 2 min;
70±20% acetonitrile Ð 2 min; 20% acetonitrile Ð 10
min (regeneration/equilibration). The injection volume
of the samples was 10 ml.
SDS-PAGE, according to the method of Laemmli

(1970), was applied for molecular weight determination.
The change in the band intensity was estimated using
densitometer scanning software (Bio-Rad, Fluor-S
MultiImager, Hercules, CA).
Isoelectric focusing (IEF) of the samples was carried

out in a pH range from 3 to 10 (PAGE, total acrylamide
concentration T=10%) as described in Kroll and
Rawel (1996). Sodium hydroxide and phosphoric acid
were used as electrode bu�ers, respectively. Pre-electro-
phoresis was done at 1000 V with 6 mA for 1 h. The
main electro-focussing was conducted at 1000 V and 6
mA for 45 min. The proteins were ®xed in gel with tri-
chloroacetic acid and Coomassie brilliant blue G 250
(Serva, Heidelberg, Germany) was used to dye the pro-
teins.
MALDI-TOF-MS experiments of the proteins were

performed by dissolving 1 mg of the protein sample in 1
ml 0.1% tri¯uoroacetic acid/acetonitrile (50%, v/v).
Two ml of this solution were brought on to the target
and covered with 1 ml sinapic acid as matrix. After
crystallization of the sample by air-drying, measure-
ments were carried out on Re¯exTM II Bruker MALDI-
TOF-MS instrumentation as described in Rawel, Kroll,
Haebel and Peter (1998).

2.3. Proteolytic digestion

Tryptic, chymotryptic and pancreatic hydrolysis (100
ml enzyme, 1 mg/ml) of lysozyme as well as its deriva-
tized products (6 mg/1.5 ml; 2 M urea, 0.1 M Tris±HCl
pH 8, 0.02 M CaCl2) was investigated by incubating at
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35�C [enzyme/substrate ratio (E:S)=1:60]. After 60 min
of digestion, 300 ml were removed from the incubation
mixture and the reaction was stopped by addition of 300
ml trichloroacetic acid (20% TCA). The reaction mix-
tures were allowed to stand for 10 min and then cen-
trifuged at 9088 � g, 10 min (Megafuge 2.0R, Heraeus,
Hanau, Germany). RP-HPLC of the TCA soluble pep-
tides was performed on a MICRA-NPS-C18 column (33
� 4.6 mm, 1.5 mm, ¯ow rate 0.5 ml/min, UV detection
at 220 nm) with a column temperature of 25�C using a
JASCO (Labor und Datentechnik GmbH, Gross-
Umstadt, Germany; Tokyo, Japan) chromatographic
system. A distilled water/acetonitrile (water acidi®ed
with 0.1% tri¯uoroacetic acid; v/v) gradient was applied
under the following conditions: 100% water Ð 2 min; 0-
70% acetonitrile Ð 10 min; 70% acetonitrile Ð 4 min;
70% acetonitrile±100% water Ð 4 min; 100% water-
10 min (regeneration/equilibration). The injection volume
of the samples was 10 ml. The total peak area of the peptides
was used to quantify the extent of enzymatic digestion.
Peptic digestion (50 ml pepsin, 1 mg/ml) of lysozyme

as well as its derivatized products (6 mg/1.5 ml; 2 M
urea, 0.074 M HCl; E:S=1:120) was investigated by
incubating at 35�C. The time dependent digestion was
monitored by means of RP-HPLC, after inactivation of
the enzyme with trichloroacetic acid analogue, by the
procedure described above.

2.4. Lytic activity

The evaluation of the lytic activity against Micro-
coccus lysodeikticus was carried out according to turbi-
dometric methods based on the decrease in turbidity of
a cell suspension following the addition of lysozyme or
its derivatives with the phenolic substances. The Sigma
quality control test procedure for the enzymatic assay of
lysozyme (Sigma Chemicals Co., St. Louis, MO) accord-
ing to Shugar (1952) was used to determine the activity.

2.5. Statistical analysis

The digestions and other analyses were repeated
thrice and evaluated by standard deviation. Student t-
test and Anova / Post-hoc-test were performed where
applicable (Tables 1 and 2). A maximum of � 5%
standard deviation from the averaged values was gen-
erally tolerated. The averaged values are documented in
the respective ®gures.

3. Results and discussion

3.1. Characterization of physicochemical properties

The reaction of lysozyme with p-quinone produced a
derivative, which was insoluble and could not be char-

acterized with the applied physicochemical methods. p-
Quinone is not a phenolic compound, but represents the
oxidation product of p-DHB.

3.2. Reaction at the free amino groups

The calculated theoretical value for the amount of
free amino groups in lysozyme amounts to 486 nmol/mg
protein (based on molecular weight of 14,400 Da). The
experimentally determined mean value was slightly less,
amounting to 447 nmol/mg protein. A reaction of lyso-
zyme with a phenolic compound produces a corre-
sponding decrease in the amount of free amino groups,
as determined using TNBS reagent (Table 1). All values
obtained for the derivatives are signi®cantly di�erent
from the control lysozyme, as shown by applying t-test
and ANOVA post hoc tests (Table 1). The highest
reactivity was noted for the gallic acid derivative, where
up to 37% of the free amino groups were blocked. The
reactivity of the phenolic compounds is in¯uenced by
the number and the position of the hydroxyl groups. As
a result, the reactivity against free amino groups, and
the strength of binding, follows the order: gallic acid >
o-DHB > p-DHB > ferulic acid > m-DHB. Since the
amount of free amino groups was determined in the
presence of 1% SDS (a well known agent, which
destroys non-covalent protein interactions), we can
assume, that the derivatization has occurred through
covalent binding. Generally, phenolic substances may
be readily oxidized in alkaline solutions or in the pre-
sence of polyphenol oxidase to respective quinones,
which in turn can react with free amino groups of pro-
teins. The stepwise addition of protein bound amino
groups e.g. to oxidized o-DHB, can proceed according
to Macholz and Lewerenz (1989) as follows.

3.2.1. Reaction (1)
The rate of oxidation is pH-dependent, as docu-

mented for ca�eic acid (Cilliers & Singleton, 1991);
therefore the further reaction with nucleophilic amino
groups was correspondingly in¯uenced as observed for
chlorogenic acid (Rawel et al., 2000). The formation of
phenolate ions is believed to be necessary for the for-
mation of an intermediate semiquinone which will then
undergo further reaction (Cilliers & Singleton) p-DHB
and gallic acid react in a similar way. Such reactions
have been reported by Hurrell and Finot (1984) as well
as by Pierpoint (1969a,1969b). As discussed by Macholz
and Lewerenz (1989), the advanced reaction between
free lysine side chains and quinone may result in poly-
merization of protein molecules, leading to formation of
complex products [reaction (1)]. Similarly, no reaction
of protein-bound amino groups can be expected for m-
DHB and ferulic acid, since both these phenolic com-
pounds cannot be oxidized to corresponding quinone
derivatives. Table 1 shows that the signi®cance t-test a
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possible reaction of m-DHB and ferulic acid with
nucleophilic amino groups. One possible explanation is
the formation of a semiquinone radical, which in turn
can attack a nucleophilic reaction partner, as proposed
in the following reaction steps [reaction (2) for m-DHB
and reaction (3) for ferulic acid].

3.2.2. Reaction(2)+reaction(3)
Similar reaction mechanisms, proceeding with pheno-

late ion formation, which may be followed by reaction

Table 2

Tryptophan content of lysozyme phenol derivatives

Sample Tryptophan content

(nmol/mg) (%a) t-testb Anova post-hoc testsb

Lysozyme control 28.8�0.07 100�0.2 ± ±

m-DHB derivative 24.9�0.13 86.3�0.5 0.00 0.00

o-DHB derivative 12.1�0.04 42.0�0.3 0.00 0.00

p-DHB derivative 7.34�0.04 25.5�0.5 0.00 0.00

Ferulic acid derivative 28.3�1.27 98.2�4.5 0.53 0.24

Gallic acid derivative 4.71�0.05 16.4�1.1 0.00 0.00

a In relation to 28.78 nmol/mg set as 100% for unmodi®ed lysozyme.
b In comparison to unmodi®ed, control lysozyme.

Table 1

Free amino group content of lysozyme phenol derivatives

Sample Free amino groups

(nmol/mg protein) (%a) t-testb Anova post-hoc testsb

Lysozyme, control 447�20.4 100.0�4.5 ± ±

m-DHB derivative 407�18.2 91.0�4.5 0.01 0.00

o-DHB derivative 327�7.08 73.1�2.2 0.00 0.00

p-DHB derivative 354�5.98 79.3�1.7 0.00 0.00

Ferulic acid derivative 385�18.4 86.1�4.8 0.00 0.00

Gallic acid derivative 280�12.7 62.8�4.5 0.00 0.00

a In relation to 447 nmol/mg protein set as 100% for unmodi®ed lysozyme.
b In comparison to unmodi®ed, control lysozyme.

Reaction (2).

Reaction (1).

Reaction (3).
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with oxygen to produce semiquinones, have also been
postulated for oxidation reactions of ca�eic acid by
Cilliers and Singleton (1991). The semiquinones thus
formed react further with E-amino groups of lysine. The
nutritional consequence of these oxidative reactions of
phenolic compounds is the limited availability of the
essential amino acid lysine.

3.3. Changes in tryptophan ¯uorescence

A possibility of reaction of oxidized phenolic com-
pound at the heterocyclic N-atom of tryptophan has
also been discussed by Macholz and Lewerenz (1989), as
the following reaction shows.

3.3.1. Reaction (4)
The quenching of the ¯uorescence intensity as an

indicator of tryptophan changes was studied after
activation at 295 nm and measurement of the emission
between 300 and 360 nm. The reactivity of the phenolic
compounds increased with higher number of hydroxyl
substituents and depends on the position of the
hydroxyl groups (Table 2). As a result the reactivity and
the strength of binding follows the order: gallic acid
>p-DHB>o-DHB>m-DHB>ferulic acid. Since the
tryptophan ¯uorescence was measured in the presence

of 8 M urea (destroying of non-covalent protein inter-
actions), it can be assumed that covalent binding has
occurred as illustrated in reaction (4). All values
obtained for the derivatives, except for the ferulic acid
derivative, are signi®cantly di�erent from the control
lysozyme as shown by applying t-test (Table 2). This
means that m-DHB has also reacted to a considerable
extent as illustrated in Table 2. The reaction of m-DHB
may proceed with phenolate ion formation, which is
followed by reaction with oxygen to produce semi-
quinones intermediates [compare reaction (2). The semi-
quinones thus formed may react further with the hetero-
cyclic N-atom of tryptophan. The results document,
that the indole structure of tryptophan in the lysozyme
derivatives is most likely to be involved in the reaction
with the phenolic substances. The nutritional con-
sequence of these oxidative reactions is the limited
availability of the essential amino acid tryptophan.
Besides the above illustrated in¯uence on lysine and

tryptophan concentrations of lysozyme, the content of
the essential methionine may also be adversely a�ected
by undergoing similar reactions with oxidized phenolic
compounds (Macholz & Lewerenz, 1989).

3.4. Changes in solubility

The reaction of lysozyme with phenolic substances is
well illustrated by the solubility pro®le of the N-con-
taining substances as shown in Fig. 1. The control

Fig. 1. Solubility pro®les of lysozyme derivatives. Code: 1=unmodi-

®ed lysozyme control; 2=m-DHB derivative; 3=o-DHB derivative;

4=p-DHB derivative; 5=ferulic acid derivative; 6=gallic acid deri-

vative.

Reaction (4).
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unmodi®ed lysozyme had a good solubility in bu�er
over the investigated pH range (curve 1, Fig. 1). The
experimental and calculated isoelectric point of lyso-
zyme (hen egg white) lies between pI 10.5 and 11.3 at
25�C (Patrickios & Yamasaki, 1995). Under the investi-
gated conditions the alternation in solubility around the
isoelectric points could not be seen due to lack of an
appropriate bu�er. Since the reaction of lysozyme with
the derivatizing substances is accompanied by a corre-
sponding blocking of the hydrophilic amino groups, a
parallel change in solubility should be expected. Both
the lysozyme derivatives, with m-DHB and ferulic acid,
showed a slight change in solubility in the pH range 5±9
(curves 2 and 5, Fig. 1), which decreased in comparison
with the unmodi®ed control lysozyme (curve 1, Fig. 1).
Similarly, the solubility of the o-DHB lysozyme deriva-
tive decreased even further, in agreement with the com-
paratively higher amounts of free amino groups and
tryptophan blocked (see Tables 1 and 2), and of mini-

mum solubility in the pH range 6±7 was noted (curve 3,
Fig. 1). A further shift of the isoelectric range of lyso-
zyme to a lower pH range (3.5±9.0) was registered for
the reaction product with p-DHB (curve 4, Fig. 1). The
highest e�ect on the solubility was observed for the
gallic acid derivative (curve 6, Fig. 1). In this case the
decrease in solubility was extended further to the pH
range 3±9, and the reaction product was completely
insoluble in the pH range 3.5±9. These changes in
solubility re¯ect, not only the respective changes in
the amount of charged groups as shown for free amino
groups (Table 1), but also the introduction of carboxylic
groups following the covalent attachment of the
phenolic acids. From nutritional and technological-
functional points of view, such decrease in solubility
may adversely a�ect the technological protein extrac-
tion from raw materials with relative high content of
phenolic compounds (e.g. sorghum, sun¯ower, rape
seed).

Fig. 2. RP-HPLC of lysozyme derivatives. Code:1=unmodi®ed lyso-

zyme control; 2=m-DHB derivative; 3=o-DHB derivative; 4=p-

DHB derivative; 5=ferulic acid derivative; 6=gallic acid derivative.

Fig. 3. IEF of lysozyme derivatives. Code: 1=unmodi®ed lysozyme

control; 2=m-DHB derivative; 3=o-DHB derivative; 4=p-DHB

derivative; 5=ferulic acid derivative; 6=gallic acid derivative.
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3.5. Changes in hydrophilic/hydrophobic character

A further molecular property of lysozyme that can be
a�ected by the reaction with phenolic substances is its
hydrophilic±hydrophobic character, which can be illu-
strated by RP-HPLC (Fig. 2). An increase in hydro-
phobicity was observed, as illustrated by the
corresponding rise of the retention times of the main
peak. In agreement with the above discussed results, the
chromatographic patterns for unmodi®ed control lyso-
zyme and the ferulic acid derivative showed no apparent
changes (curves 1 and 5, Fig. 2). The chromatogram for
the m-DHB derivative showed the beginning of a second
peak besides the main peak having increased retention
time and exhibiting a corresponding change in hydro-
phobicity. The formation of new peaks with higher
retention times in the respective chromatograms of the
o-, p-DHB and gallic acid derivatives of lysozyme
re¯ects the respective parallel increase in the hydro-

phobicity (curves 3, 4 and 6, Fig. 2). The peak forma-
tion was adversely a�ected, possibly due to
denaturation (structural changes) and molecular inter-
actions. Further, there seems to be a close relationship
between the increasing insolubility of the samples and
the increasing hydrophobicity. A good correlation
between insolubility and hydrophobicity has also been
reported for di�erent proteins, e.g. milk and soy pro-
teins (Hayakawa & Nakai, 1985).

3.6. Isoelectric focussing

The derivatization changes the amount of charged
groups, as shown for free amino groups (Table 1).
Generally, a loss of charged groups, due to addition of
the oxidized phenolic moiety, for example to the E-
amino groups of lysine side chains but also the intro-
duction of carboxylic groups following the covalent
attachment of the phenolic acids, is accompanied by a
change of the isoelectric point of the proteins. The
experimental and calculated isoelectric point of lyso-
zyme (hen egg white) lies between pI 10.5 and 11.3 at
25�C (Patrickios & Yamasaki, 1995). As shown in Fig.
3, this corresponds to the peaks in the unmodi®ed con-
trol sample with pI values between 10.0 and 11.8. In
conjunction with the decrease in the amount of the
positively charged free amino groups of lysozyme
(Table 1) and the introduction of carboxylic groups
following the covalent attachment of the phenolic acids,
the net negative charge of the molecules may increase
depending on the degree to which they have been deri-
vatized by the oxidized phenolic compounds. Conse-
quently, a loss of the charged groups, due to addition of
the oxidized phenolic moiety to proteins, is accom-
panied by a change of their isoelectric points. The reac-
tion of lysozyme with m-DHB and ferulic acid produce,
in agreement with the other results, only slight changes
in the pI range of 8.5±10.2 (curves 2 and 5, Fig. 3). A
subsequent reaction of the other phenolic substances (o-
, p-DHB and gallic acid), with lysozyme, shifts the iso-
electric range from pI 10.0 to 11.8 in the control to pI
6.5±10.2 for the majority of the reaction products
(curves 3, 4 and 6, Fig. 3). The area under the main peak
(pI 11.3) decreased and was not detected in the corre-
sponding electrophortogram of the gallic acid derivative
of lysozyme. As a result, we observe many new sub-
fractions, each representing di�erent extents of deriva-
tization, having in each case a di�erent electrophoretical
mobility and, correspondingly, a di�erent isoelectrical
point. Five new distinct peaks with pI 10, 9.2, 8.5, 7.8
and 7.1 were shown for the derivatives. Generally, we
can summarize the following: with higher degrees of
derivatization, lower isoelectrical points for sub-frac-
tions can be observed; i.e. the proteins become more
acidic in nature.

Fig. 4. SDS-PAGE of lysozyme derivatives. Code: 1=unmodi®ed

lysozyme control; 2=m-DHB derivative; 3=o-DHB derivative; 4=p-

DHB derivative; 5=ferulic acid derivative; 6=gallic acid derivative.
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3.7. SDS-PAGE analysis

SDS-PAGE investigations of the control lysozyme
showed a main fraction with a molecular weight of ca.
14,000 Da (Fig. 4, curve 1), similar to values cited in the
literature (14,400 Da) and as determined using MALDI-
TOF-MS (14,297 Da, curve 1, Fig. 5). The ferulic acid
derivative showed (in comparison to unmodi®ed lyso-
zyme), no signi®cant changes in molecular composition
(curves 1 and 5, Fig. 4). The derivatization leads to the
formation of a dimer with a molecular weight of ca.
32,000 Da, the relative concentration of which increased
with the extent to which the protein became derivatized.
Moreover, the formation of higher molecular weight
fractions with ca. 47,000, 58,000 and 67,000 Da was also
recorded (curves 3, 4 and 6, Fig. 4). Much of the deri-
vatized protein had fractions of even higher molecular
weights, which remained at the beginning of the separ-
ating gel or did not move into the gel at all (curves 3 and
4, Fig. 4). These high molecular complexes, were not
spliced by use of SDS and mercaptoethanol. The latter
reagent is generally used to split disul®de bonds during
sample preparation. This is a further indication that the
bonds formed between the molecules must be of a
covalent nature. The formation of polymerized
products, as a result of the reactions of phenolic

compounds with lysozyme, follows the order:p-
DHB>o-DHB>gallic acid>m-DHB>ferulic acid.
Although gallic acid showed the highest reactivity
against free amino groups and tryptophan of lysozyme
(Tables 1 and 2), the formation of polymerized products
seems to proceed here to a lesser extent than that
observed with o- and p-DHB (compare curves 3, 4 and
6, Fig. 4). Hurrell and Finot (1984), Pierpoint
(1969a,1969b) as well as Macholz and Lewerenz
(1989) also reported on the polymerization of protein
molecules as a possible subsequent reaction of di�erent
proteins with phenolic substances. Phenols may be
oxidized with ease, in an alkaline solution, to their cor-
responding quinones (Hurrell & Finot). The quinone,
being a reactive electrophilic intermediate, can readily
undergo attack by nucleophiles such lysine, methionine,
cysteine and tryptophan residues in a protein chain
(Hurrell & Finot). After this ®rst nucleophilic addition
and further oxidation of this product to form its
quinone, a second addition occurs, which leads to
formation of cross-linked protein polymers as shown
in reaction (1) and (4). The possibility of such con-
sequent covalent cross-linking, as a result of reactions at
the free amino groups and tryptophan discussed above,
can be con®rmed by SDS-PAGE of lysozyme deriva-
tives.

Fig. 5. MALDI-TOF-MS of lysozyme derivatives. Code: 1=unmodi®ed lysozyme control; 2=m-DHB derivative; 3=o-DHB derivative; 4=p-DHB

derivative; 5=ferulic acid derivative; 6=gallic acid derivative.
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3.8. MALDI-TOF-MS

This method of analysis was applied to evaluate
detailed changes in molecular weights in derivatized
monomer lysozyme molecules. The MALDI mass spec-
tra of the samples obtained are presented in Fig. 5. The
molecular weight of lysozyme, determined by this
method was 14,297 Da, agreeing with data calculated
from its sequence (GenBank protein sequences, acces-
sion no. 231220 for lysozyme from hen egg white). An
increase in molecular weight was observed for the o-, p-
DHB and gallic acid derivatives of lysozyme (curves 3, 4
and 6, Fig. 5). Furthermore, m-DHB also produced two
new peaks in the corresponding mass spectra (molecular
weight ca. 14,623 or 14,736 Da, curve 2, Fig. 5). The
reaction of ferulic acid with lysozyme produced, in
comparison with unmodi®ed control lysozyme, no
apparent changes in the respective mass spectra (curves
1 and 5, Fig. 5). Generally, the mass spectra show
peaks, which are approximately separated by a multiple
increment of the molecular weight of the reacting mole-
cules. The reaction of lysozyme with o-DHB (ca. 110
Da) delivered the highest molecular mass of 14,736 Da
(molecular weight at the indicated peak maximum),
which in turn could account for addition of about four
molecules to one lysozyme molecule (14297+[4 �
110]=14737 Da; curve 3, Fig. 5). Similarly, addition of
approximately four molecules of o-DHB and ca. three
gallic acid molecules can be derived for the correspond-
ing derivative peaks shown in Fig. 5. Since the method
does not allow identi®cation of the position of the
reacting site, a peak of a speci®c molecular mass cer-
tainly represents several isomers. Further experiments,
coupled with enzymatic hydrolysis, are necessary for
identi®cation of these reaction sites. These results of
MALDI-MS illustrate the ®rst primary addition of a
reacting substance at, e.g. epsilon amino groups of
lysine side chains; the reaction products thus formed
may react further with other lysozyme molecules result-
ing in polymerized products, as identi®ed by SDS-
PAGE or with other oxidized phenolic compounds to
give brown melanin pigments.

3.9. E�ect of the derivatization on the proteolytic
hydrolysis

The e�ect of lysozyme derivatization, with phenolic
compounds, on the in-vitro proteolytic digestion by the
main enzymes (trypsin, a-chymotrypsin, pepsin and
pancreatin) of the gastrointestinal tract was tested to
give preliminary indications of physiological and nutri-
tional consequence. For this purpose, it was necessary
to partly denature lysozyme with urea due to its com-
pact globular structure. Generally, proteins taken with
the diet are also partly denatured as a result of proces-
sing and cooking. The results of the digestion of lyso-

zyme derivatives are shown in Fig. 6. In comparison
with the unmodi®ed control lysozyme, the in¯uence of
derivatization causes the tryptic, chymotryptic and
pancreatic hydrolysis to become faster. There was a
corresponding higher amount of trichloroacetic-acid
soluble peptides (compared to the results of unmodi®ed
lysozyme hydrolysis) liberated after 1 h digestion (Fig.
6). This does not represent or re¯ect the trend generally
observed by the physicochemical characterization,
especially with regard to the decrease in the amount of
tryptophan and free amino groups. The tryptic and
chymotryptic hydrolysis of lysozyme derivatives (with
m-, o-, p-DHB and ferulic acid) in each case liberated
similar amounts of trichloroacetic acid-soluble peptides.
The digestion of the gallic acid derivative of lysozyme
produced (with both enzymes) the highest amount of
peptides (Fig. 6).
Trypsin preferentially splits those peptide linkages

which contain either lysine or arginine as amino side
chains (Bond, 1989). Since it has already been shown
that phenolic substances react with E- amino groups of
lysine side chains (Table 1), we can expect that their
derivatization by a phenolic substance should prevent
or at least make the tryptic degradation di�cult. Fur-
thermore as indicated by SDS-PAGE analysis (Fig. 4),
the resulting polymerization may also hinder the access
to those peptide linkages which can be split by trypsin,
due to resulting conformational changes. On the other
hand lysozyme is known to have a compact globular
structure, and in this case it appears that the derivati-
zation favors the tryptic digestion, which can perhaps be
explained by the preferred splitting of those peptide
bonds which contain arginine and, moreover, the con-
formational structure must be changed such that the
access to relevant peptide bonds is easier.
The chymotryptic digestion, similarly to tryptic

hydrolysis, was faster (Fig. 6). Chymotrypsin is known
to have primary speci®city for those peptide bonds
which contain aromatic amino acid residues, such as
tryptophan, tyrosine and phenylalanine (Bond, 1989).
As shown in Table 2, the tryptophan ¯uorescence
decreased with the increasing extent to which the pro-
teins became derivatized. This does not correspond with
the results of chymotryptic digestion, the explanation
for this being similar to that for tryptic hydrolysis.
Pancreatin (according to the manufacturer) is a mix-

ture of many enzymes, containing besides protease,
amylase, ribonuclease and lipase. The proteases in pan-
creatin include, besides trypsin, other unspeci®c protein
splitting enzymes. The e�ect of derivatization with phe-
nolic compounds here was faster and similar to tryptic
hydrolysis (Fig. 6).
Pepsin is a non-speci®c protease but prefers hydro-

lysis of peptic bonds near aromatic and other hydro-
phobic amino acid residues, especially phenylalanine
and leucine (Bond, 1989). Even in this case, there is a
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measurable in¯uence of the derivatization (Fig. 6). Fur-
thermore the in¯uence of derivatization is more detri-
mental than that observed for chymotryptic, tryptic and
pancreatic hydrolysis (Fig. 6). Inhibitory e�ects of the
derivatized products on peptic digestion may be attrib-
uted in this case to their resulting conformation and
structural changes. Corresponding to the above-dis-
cussed slight changes observed by the physicochemical

characterization of m-DHB and ferulic acid derivatives
of lysozyme, there is apparently no a�ect on their
respective peptic hydrolysis. The e�ect on peptic hydro-
lysis of o-, p-DHB and gallic acid derivatives of lyso-
zyme, on the other hand, is detrimental.

3.10. The evaluation of the lytic activity against
Micrococcus lysodeikticus

The lytic activity of lysozyme derivatives with the
di�erent phenolic compounds is illustrated in Fig. 7.
Due to covalent attachment of the phenolic substances,
the lytic activity of lysozyme was signi®cantly reduced.
The e�ect of reaction of m-DHB and ferulic acid with
lysozyme, in accordance with the decrease in the
amounts of free amino groups and tryptophan (Tables 1
and 2) was not so high as obtained with the other
investigated phenolic compounds. As a result, the reac-
tivity and the e�ect on the lytic activity follows the
order: gallic acid>p-DHB>o-DHB>m-DHB>ferulic
acid. With regard to the decrease in the lytic activity a
good correlation was obtained with the amount of free
amino groups blocked and with the corresponding
decrease of tryptophan content.
This decrease in activity of all the tested lysozyme

derivatives accords with earlier investigations of Bern-
kop-SchnuÈ rch, Krist, Vehabovic and Valenta (1998),
showing the same e�ect for lysozyme-ca�eic acid con-
jugates and lysozyme-cinnamic acid conjugates. In their
case, lysozyme was modi®ed by covalent attachment of
ca�eic acid and cinnamic acid, respectively. The linkage
of these acids was achieved by the constitution of amide
bonds between the carboxyl group of ligands and the
primary amino groups of lysozyme, mediated by a car-
bodiimide.

Fig. 6. Proteolytic digestion of lysozyme derivatives. Code: 1=unmodi®ed lysozyme-control; 2=m-DHB derivative; 3=o-DHB derivative; 4=p-

DHB derivative; 5=ferulic acid derivative; 6=gallic acid derivative; * TCA soluble peptides.

Fig. 7. Lytic activity of lysozyme derivatives against Micrococcus

lysodeikticus. Code:1=unmodi®ed lysozyme control; 2=m-DHB

derivative; 3=o-DHB derivative; 4=p-DHB derivative; 5=ferulic

acid derivative; 6=gallic acid derivative.
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4. Conclusion

These and former results (Rawel et al., 2000) show
that plant phenolic substances react with proteins,
in¯uencing their physicochemical and in-vitro enzy-
matic degradation. The reaction occurs at lysine side
chains and at the indole ring of the tryptophan residues
of the lysozyme. The reaction proceeds to a further
stage, where polymerization to complex structures takes
place. The enzymatic digestion of the lysozyme deriva-
tives by trypsin, chymotrypsin, and pancreatin becomes
faster. The proteolytic splitting of the lysozyme deriva-
tives by pepsin was adversely a�ected. The lytic activity
of all the resulting lysozyme derivatives was reduced.
These results are signi®cant with regard to further
experiments planned, involving physiological and tox-
icological e�ects of proteins derivatized with phenolic
compounds.
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