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Introduction

Lysozyme (mucopeptide N-acetylmuramoylhydrolase, 
EC 3.2.1.17) is widely found in nature and is used in a 
growing number of applications. Countries such as 
France, Germany, Japan and United Kingdom have 
acknowledged its safety and have approved the use of lys-
ozyme (LZ) in several foods and in pharmacological and 
therapeutic applications (Mine et al., 2004). LZ belongs to 
a class of enzymes that lyse the cell wall of various Gram-
positive bacteria by splitting β-(1-4) linkages between 
N-acetylmuramic acid and N-acetylglucosamine of 
peptidoglycan. However, LZ is largely ineffective against 
Gram-negative bacteria. The increasing development 
of bacterial resistance to traditional antibiotics has 
reached alarming levels, necessitating the develop-
ment of new antimicrobial agents (Ibrahim et al., 2002). 
Microorganisms develop resistance to antimicro-
bial agents mainly by modifying cell targets and thus 

rendering themselves insensitive to antibiotics, and/or by 
inactivating those agents with microbial enzymes. Self-
medication and improper use of antibiotics in developing 
countries can also lead to the development of microbial 
resistance (Rahman et al., 2008).

Various strategies have been tested for making lys-
ozyme active against Gram-negative bacteria, including 
binding to dextran (Nakamura et al., 1991), lipophiliza-
tion of LZ with fatty acid chains of different lengths (Liu 
et al., 2000; Ibrahim et al., 1993, 1991), and adding hydro-
phobic peptides to the C-terminal of LZ through genetic 
modification (Ibrahim et al., 2001; Xu et al., 2004; Arima 
et al., 1997). There is some evidence that the catalytic 
properties of lysozyme can be enhanced through protein 
modification with methoxypolyethylene glycol (mPEG) 
(Nodake et al., 2002), and that these alterations promote 
the antimicrobial effects of LZ against Gram-negative 
bacteria while retaining full or partial activity against 
Gram-positive bacteria.
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Abstract
PEGylation is one of the most promising and extensively studied strategies for improving the pharmacological  
properties of proteins as well as their physical and thermal stability. Purified lysozyme obtained from hen 
egg white by batch mode was modified by PEGylation with methoxypolyethyleneglycol succinimidyl suc-
cinato (mPEG-SS, MW 5000). The conjugates produced retained full enzyme activity with the substrate 
glycol chitosan, independent of degree of enzyme modification, although lysozyme activity with the sub-
strate Micrococcus lysodeikticus was altered according to the degree of modification. The conjugate with 
a low degree of modification by mPEG-SS retained 67% of its enzyme activity with the M. lysodeikticus 
substrate. The mPEG-SS was also shown to be a highly reactive polymer. The effects of pH and temperature 
on PEGylated lysozymes indicated that the conjugate was active over a wide pH range and was stable up to 
50°C. This conjugate also showed resistance to proteolytic degradation, remained stable in human serum, 
and displayed greater antimicrobial activity than native lysozyme against Gram-negative bacteria.
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Lysozyme has become increasingly important in indus-
trial processing due to its natural antibacterial properties, 
and simple and efficient methods for lysozyme production 
are greatly needed. While LZ can be obtained from vari-
ous sources, hen egg white is preferred. Various steps are 
required to obtain high LZ purity, and several lysozyme-
isolating methods have been investigated (Ghosh & Cui, 
2000). Hen egg white is a commercially available mixture 
of proteins that can yield purified lysozyme using a com-
bination of conventional processes. A rapid and simple 
method for batch purification of LZ was devised in the 
present study that overcomes some of the problems asso-
ciated with packed-bed chromatography (such as consoli-
dation of the packing material, formation of channels, and 
column blocking by particles in the feed solution).

Recent publications (Pasut et al., 2008; Zappe et al., 
2008; Zalipsky et al., 2007) have shown PEGylation to 
be a procedure with significant potential for enhancing 
the therapeutic and biotechnological use of proteins 
by attaching an inert, non-toxic, and water-soluble 
PEG to a strategic protein (Treetharnmathurot et al., 
2008; Harris & Veronese, 2003). PEGylated forms of 
adenosine deaminase and asparaginase (Veronese 
& Pasut, 2005; Zhang et al., 2004; Soares et al., 2002) 
are now approved for human use by the US Food and 
Drug Administration, and other PEG-modified pro-
teins are being developed for possible therapeutic use, 
including PEG epidermal growth factor and PEGylated 
single-chain Fv proteins as well as PEGylated drugs 
for the treatment of hepatitis C, acromegaly, rheuma-
toid arthritis and various cancers (Veronese & Pasut, 
2005). When PEG is properly linked to a polypeptide 
it modifies many of its features, while maintaining its 
main biological function (such as enzymatic activity 
or receptor recognition). PEG conjugation results in a 
modified protein with enhanced solubility, temperature 
stability, serum half-life, and resistance to enzymatic 
degradation, as well as decreased renal clearance and 
lower immunogenicity, thereby enhancing its bio-
logical effectiveness (Roberts et al., 2002; Harris et al., 
2001; Veronese, 2001). The present work examined the 
modification of lysozyme by PEGylation with methoxy-
polyethylene glycol succinimidyl succinate (mPEG-SS), 
MW 5000, and determined some of the properties of 
the resulting conjugate, such as its degree of modifica-
tion and reaction kinetics, as well as its stability and 
potential use as a new antimicrobial agent.

Materials and methods

Materials

Fresh hen eggs were purchased from a local 
 market, while Amberlite IRC-50 and IRP-88 resins, 

methoxypolyethylene glycol-succinimidyl succinate 
5000 Da (mPEG-SS 5000) and glycol chitosan were 
purchased from Sigma (St. Louis, MO), Gelcolde 
Blue Stain P Gelcolde Blue Stain Reagent from Pierce 
(Rockford, USA) and Sephadex G-50 from Amersham 
Pharmacia Biotech AB (Uppsala, Sweden). Micrococcus 
lysodeikticus was obtained from ICN Pharmaceuticals 
(Costa Mesa, CA-USA), strain E. coli ATCC 29255, 
Proteomix (trypsin and chymotrypsin) from Biobrás 
(Montes Claros, MG, Brazil), and Protex 6L ® (bacte-
rial protease) and fungal protease  from Genencor 
International, INC ( New York-USA). Micrococcus 
lysodeikticus was obtained from ICN Pharmaceuticals, 
Protemix (trypsin and chymotrypsin) from Biobrás, 
and Protex 6L  (bacterial protease) and fungal protease 
from Genencor International. All other reagents used 
were of analytical grade.

Enzyme assays

Lytic activity with Micrococcus lysodeikticus
The enzymatic activities of lysozyme and its conjugate 
were determined turbidimetrically by measuring the 
decrease in absorbance at 450 nm of a cell suspension 
(0.5 mg mL−1) of M. lysodeikticus in 100 mM phosphate 
buffer at pH 7 as previously reported by Shugar (1952). A 
decrease of 0.001 in absorbance was defined as 1 unit of 
lysozyme activity.

Enzyme activity with glycol chitosan
The enzyme activities of lysozyme and modified lys-
ozymes were also assayed using the glycol chitosan sub-
strate method of Imoto and Yagishita (1971). A mixture 
of 1 mL of 0.05% (w/v) glycol chitosan in 100 mM acetate 
buffer, pH 5.5, plus 100 µL of lysozyme or a modified 
lysozyme solution (2 mg mL−1) was incubated at 40°C 
for 30 min. After reacting, 2 mL of the color-developing 
reagent (0.5 g of potassium ferricyanide in 1 L of 0.5 M 
sodium carbonate) was added and the mixture imme-
diately heated to boiling and allowed to boil for 15 min. 
The control solution contained no enzyme. Absorbance 
was read at 420 nm after cooling.

Protein content determination

Protein concentration was determined using the Bradford 
method (Bradford, 1976) with Bio-Rad protein assay dye 
reagent at 595 nm, using a standard curve of lysozyme.

SDS-polyacrylamide gel electrophoresis (SDS-PAGE)

Electrophoresis under denaturing conditions was per-
formed using polyacrylamide gel concentrations of 10% 
and 12% (Laemmli, 1970); staining was performed with 
Gelcolde blue stain reagent.
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Batch mode lysozyme purification on a cation 
exchanger

IRC-50 Resin: 45 mL of resin was placed in a 250 mL 
graduated beaker and activated with 60 mL of 0.5 N HCl 
for 30 min while stirring. After successive washes with dis-
tilled water until attaining pH neutrality, 100 mL of 0.5 M 
Tris-HCl buffer, pH 9, was added and stirred for 30 min at 
8°C. An aliquot of 90 mL of egg white that had been previ-
ously passed through a sieve was added to the resin, at a 
resin to egg white ratio of 1:2 (v/v), and stirred for 1 h at 
8°C. The egg white supernatant was then removed and the 
resin washed with 50 mM Tris-HCl buffer, pH 9. Elution 
was carried out by adding 90 mL of 1 M ammonium sulfate 
in 50 mM Tris-HCl buffer, pH 7, while stirring for 30 min 
at 8°C. The supernatant was then recovered and submit-
ted to ultrafiltration through a 50,000 nominal molecular 
weight limit (NMWL) membrane (Ultrafree MC centrifu-
gal, Amicon Bioseparations Millipore) at 4000 g and 5°C 
for 20 min, yielding the permeate. IRP-88 Resin: 40 mL of 
the resin was placed in a 250 mL graduated beaker and 
activated with 80 mL of 0.5 N KCl with stirring for 30 min. 
Afterward, 100 mL of 0.5 M Tris-HCl buffer, pH 9, was 
then added and stirred for 30 min at 8°C. After successive 
washes of resin with 50 mM Tris-HCl buffer, pH 9, 80 mL of 
egg white that had been previously passed through a sieve, 
was added to the resin, at a resin to egg white ratio of 1:2 
(v/v), and stirred for 1 h at 8°C. The egg white superna-
tant was then removed and the resin washed with 50 mM 
Tris-HCl buffer, pH 9. Elution was carried out by adding 
90 mL of 1 M ammonium sulfate in 50 mM Tris-HCl buffer, 
pH 7, and stirring for 30 min at 8°C. The supernatant was 
then removed and submitted to ultrafiltration through a 
50,000 NMWL membrane (Ultrafree) at 4000 g and 5°C 
for 20 min, yielding the permeate.

Reaction kinetics of PEGylation of lysozyme

The reaction kinetics of lysozyme PEGylation with 
mPEG-SS (5000 MW) was followed for differing time peri-
ods. An aliquot of 500 µL of the LZ solution at a concen-
tration of 4 mg mL−1 was added to 200 µL of the mPEG-SS 
5000 MW solution at 10 mg mL−1 in Hepes buffer, pH 7.5, 
in a reaction tube. The reaction was allowed to proceed 
at 30°C for 2 h. Aliquots (20 µg) were withdrawn after 1, 3, 
5, 7, 10, 20, 60 and 120 min and added to 30 µL of sample 
buffer. The aliquots were separated on 10% SDS-PAGE 
gels and immediately boiled to halt the reaction.

Chemical modification of lysozyme with mPEG-SS 
5000

Lysozyme at 20 mg mL−1 in 100 mM sodium phosphate 
buffer (pH 7.3) was added to a stoichiometric quantity of 
mPEG-SS 5000 at different molar ratios of mPEG-SS/NH

2
 

(Table 1), and incubated at 30°C for 2 h. The lytic activi-
ties of each sample (at different molar ratios of mPEG-SS 
5000/NH

2
) with the substrates M. lysodeikticus and glycol 

chitosan were measured. The assays were conducted in 
three independent experiments.

Preparation and purification of modified lysozyme

To determine the enzymatic activity and stability of the 
modified lysozyme conjugate; was prepared with low 
degrees of modification were prepared and purified. 
Lysozyme was modified with mPEG-SS 5000 at a molar 
ratio of 0.11. Then 1 mL of lysozyme solution (20 mg mL−1) 
in 100 mM sodium phosphate buffer (pH 7.3) was added 
to 5 mg of mPEG-SS 5000. The reaction was carried out 
at 30°C for 2 h and incubated at 8°C for 16 h. Excess free 
mPEG-SS and native lysozyme were removed by size 
exclusion chromatography using Sephadex G-50. The 
column was pre-equilibrated with 100 mM phosphate 
buffer, pH 7, and eluted with the same buffer. Each eluted 
1 mL fraction was analyzed by determining its enzyme 
activity and by 12% SDS-PAGE electrophoresis. Fractions 
that did not contain the conjugate were discarded. The 
enzymatic activity and stability of the conjugate was 
evaluated as follows below.

Evaluation of the enzymatic activity and the stability 
of native and modified lysozyme

Enzymatic activity was determined in buffers varying in 
pH from 4 to 12. Suspensions of Micrococcus lysodeik-
ticus (0.5 mg mL−1) in different buffers were prepared 
(pH 4-5, 50 mM acetate; pH 6-8, 50 mM Hepes; and pH 
9-12, 50 mM Tris-HCl) and enzymatic activity at 25°C 
was immediately measured by measuring absorbance 
at 450 nm. The pH at which the samples showed the 
highest activity was considered to represent 100% activ-
ity. Stability was determined after incubation for 1 h at 
50°C in the same buffers (pH 4-5, 50 mM acetate; pH 6-8, 
50 mM Hepes; and pH 9-12, 50 mM Tris-HCl). At the end 
of this time, enzymatic activity was determined with the 
substrate M. lysodeikticus as described above. All the 
assays were done in triplicate.

Table 1. Different molar ratio mPEG-SS 5000/NH
2
.

Lysozyme (mg) 10 10 10 10 10

mPEG-SS 5000/ 
LZ (m/m)a

2 1 0.5 0.25 -

mPEG-SS 5000/
NH

2
b

0.86 0.43 0.21 0.11 -

aWeight ratio mg/mg.
bMolar ratio mPEG-SS 5000/NH

2
. Each molecule of lysozyme own 7 

anime group (6 ε-lisinas and 1 N-terminal).
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Resistance to proteolysis

The resistance of native LZ and its conjugates to prote-
olysis was examined using Proteomix (trypsin and chy-
motrypsin), Protex 6L (bacterial protease), and fungal 
protease. Protease (20 U) (was added to 100 µL of native 
LZ (600 U) or to 100 µL of LZ-mPEG-SS (450 U) in a total 
final volume of 1 mL of 100 mM phosphate buffer, pH 7. 
The reaction mixture was incubated at 37°C, and aliquots 
were withdrawn at 0, 15, 30, 60, and 120 min for immedi-
ate determination of enzymatic activity. The assays were 
conducted in triplicate.

Enzyme stability of native and modified lysozymes in 
human serum

The stability of the native lysozyme and its conjugates 
(LZ-mPEG-SS) was determined in human serum. An 
aliquot of 500 µL LZ-mPEG-SS (2250 U) was mixed with 
1.5 mL human serum and the tubes incubated at 37°C. 
Aliquots of 50 µL were withdrawn at 0, 15, 30, 60, and 
120 min and enzymatic activity against the substrate  
M. lysodeikticus was determined as described above.

Antibacterial assays

Gram-negative bacteria (Escherichia coli ATCC 29255) 
were grown for 18 h in Luria-Bertani (LB) medium at 
37°C, at 150 rpm. The culture was then centrifuged 
at 2000 g for 10 min. The sedimented bacteria were 
washed three times with 50 mM phosphate buffer, pH 7, 
and the cells were collected and resuspended in buffer 
to 1 × 105 cells/mL. Then 500 µL of lysozyme (3000 U) 
or LZ-mPEG-SS (2250 U) were added to 150 µL of the 
cell suspension. The mixture was incubated at 37°C 
for 2 h and serially diluted. Each dilution (100 µL) was 
spread over an LB agar (2.5%) plate. Colony-forming 
units (CFU) were obtained after incubation at 37°C for 
16 h. The antimicrobial assay with lysozyme was also 
performed in the presence of free mPEG-SS. The assays 
were conducted in three independent experiments. 
Antimicrobial activity was expressed as the percentage 
of colonies observed after treatment, where the number 
of colonies obtained after incubation with buffer alone 
was taken to be 100%.

Results and discussion

Extraction and purification of lysozyme

Lysozyme was extracted from hen egg white obtained 
from a local market. The extraction was performed by 
a batch method using a simple and direct procedure 
that did not require any pre-treatment of the egg white 
beyond its adsorption onto cation exchange resin, fol-
lowed by washing of the resin and eluting the enzyme. 
According to the  isoelectric point (pI) of lysozyme (pI 
= 11), five different Amberlite cation exchange resins 
(IRP-64, IRP-88, IRC-50, CG-50, and Amberlite 15 Merck) 
were tested. Preliminary results indicated that Amberlite 
IRC-50 and IRP-88 had greater retention. These resins are 
weakly acidic, with wet mesh sizes of 16-50 and 100-500 
respectively.

According to the results shown in Table 2, the yields 
obtained using the IRC-50 and IRP-88 resins for lys-
ozyme extraction and purification were comparable. 
Lysozyme activity was highest in the eluate after 10 min 
of stirring (results not shown), indicating that the elu-
tion of lysozyme occurred quickly with either resin. This 
is a very interesting aspect of batch mode purification 
as compared to ion exchange column chromatography 
(in which protein elution can take hours). The permeate 
obtained using IRC-50 gave yields of 61%, with a 58-fold 
increase in specific activity as compared to the crude 
extract as indicated by fold purification (Table 2).The 
permeate obtained using IRP-88 showed a comparable 
yield of 62%, but a lower increase in specific activity (36x) 
as assayed by fold purification.

One of the difficulties encountered in the purification 
procedures used for lysozyme is that egg white contains 
many other proteins with different isoelectric points (pI), 
such as ovalbumin (pI = 4.5), conalbumin (pI = 6.1) and 
ovomucin (pI = 4.7) (Ghosh & Cui, 2000) that electrostati-
cally interact with lysozyme (pI = 11) and contribute to 
the viscous consistency of egg white.

Figure 1 shows a single band in 12% SDS-PAGE electro-
phoretic analysis, corresponding to lysozyme for the per-
meate obtained using IRC-50 (lane 3) having a molecular 
mass of approximately 14.4 kDa - which reflects the high 
purity achieved by this method. The permeate obtained 
with IRP-88, however, showed two bands (lane 5) - with 

Table 2. Purification of hen egg white lysozyme.

Sample Volume (mL) Total unit (U)
Total protein  

(mg)
Specific activity  

(U/mg) Yield (%) Fold purification

Egg white 90 882000 7605 116 100 1

Eluate (IRC-50) 100 680000 460 1478 77 12

Permeate 100 540000 80 6750 61 58

Egg white 80 1088000 6997 155 100 1

Eluate (IRP-88) 100 900000 527 1706 83 11

Permeate 100 680000 122 5574 62 36
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a subtle band of approximately 46 kDa corresponding to 
ovalbumin, and a major band of lysozyme near 14.4 kDa, 
indicating only partial purification with IRP-88.

It can therefore be concluded that both resins were 
effective in batch purification of lysozyme. The yield, fold 
purification, and the specific activity (5,000-7,000 U/mg) 
obtained here were similar to those of previous workers 
(Roy et al., 2003; Ghosh & Cui, 2000; Owen & Chase, 1997) 
using other lysozyme extraction and purification proce-
dures on egg white.

The main advantage of this batch method is the sim-
plicity of the process, for the enzyme is obtained after 
only two purification steps without any pre-treatment of 
the egg white. This method is relatively fast and can be 
applied on an industrial scale and the protein-rich resi-
due can be used for several other purposes (Tusge et al., 
1996; Proctor & Cunningham, 1988).

The purified lysozyme obtained from hen egg white by 
batch mode was submitted to PEGylation with mPEG-SS 
(MW 5000). The specific effect of PEGylation on the phys-
ical, chemical, and biological properties of the protein 
is strictly determined by the nature of the proteins and 
polymers used, as well as by the PEGylation procedures 
adopted. Important parameters to be considered for the 
conjugated protein-polymer include: structure, molecu-
lar mass of protein and composition, purity of polymer, 
the number of polymer chains attached, in addition to 
the conjugation reaction chemistry (which can result in 
the loss of biological activity, depending on the extent of 
protein modification) (Caliceti & Veronese, 2003).

To determine the influence of reaction time on the 
degree of lysozyme substitution, the reaction kinetics 
of LZ with mPEG-SS 5000 were followed over time, and 
the results presented in Figure 2. Activated PEG typically 
links to proteins and polypeptides via lysine (K) and 

N-terminal amino acids groups, forming stable link-
ages such as amines, amides, or urethanes. A series of 
PEG-activated derivatives have been used as reagents 
in PEGylation technology, including PEG succinimidyl 
succinate as employed in the present work.

The results obtained by PEGylation of LZ with 
mPEG-SS 5000 (Figure 2) demonstrated that the succin-
imidyl succinate functional group is highly reactive with 
lysine available in the lysozyme molecule and that the 
reaction was very fast–initiating after only 1 min.

The LZ-mPEG-SS 5000 conjugate displayed the same 
substitution profile and with the reaction time increased 
up to 2 h, the electrophoretic band near 30 kDa increased 
in intensity, demonstrating the high affinity of mPEG-SS 
5000 by one of residues (K33, K97, K116), as suggested 
by Lee and Park (2003). However, as described by Swank 
& Munkers, (1971); Bailon & Berthold, (1998) may be an 
overestimation of the molecular mass of the conjugate by 
SDS-PAGE analysis. This phenomenon is related to the 
fact that the amount of SDS bound by LZ decreases when 
its amino groups are modified, leading to a decrease in 

118 kDa
86 kDa

47 kDa

34 kDa

26 kDa

19 kDa

P 1 2 3 4 5

Figure 1. Polyacrylamide 12% SDS-PAGE electrophoresis of the prod-
ucts of the purification steps of LZ purification. P, molecular mass 
standard; 1, egg white (20 µg); 2, eluate of IRC-50 (20 µg); 3, permeate 
IRC-50 (20 µg); 4, eluate of IRP-88 (20 µg); 5, permeate IRR-88 (20 µg). 
The arrow indicates the LZ band around 14.4 kDa.

118 kDa
  86 kDa
  47 kDa

  34 kDa

  26 kDa
  19 kDa

  30kDa

Free lysozyme 

P 1’ 3’ 5’ 7’ 10’ 20’ 30’ 60’120’

Figure 2. Electrophoresis in polyacrylamide SDS-PAGE 10%. Kinetics 
of the PEGylation reaction of LZ with mPEG-SS 5000 for 2 h at 30°C. P, 
standard of molecular mass; 1, 3, 5, 7, 10, 20, 30, 60 and 120 minutes, 
indicate the time interval in minutes of aliquots collected and submit-
ted to electrophoresis.
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Figure 3. Residual enzyme activity (%) of LZ-mPEG-SS 5000 in differ-
ent molar ratio (mPEG-SS 5000/NH

2
) of 0.11, 0.21, 0.43, 0.86 toward 

substrate. (-•-) M. lysodeikticus; (-■-) Glycol chitosan. Results are 
means ± SD, n = 3.
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its mobility on SDS-PAGE, as well as the fact the hydro-
dynamic volume of PEG is greater than that of the pro-
tein.  As a result, SDS-PAGE analysis the band PEGylated 
shown in Figure 2 may have a molecular mass lower.

Our preliminary results indicated that the proportion 
of mPEG-SS/NH2 utilized for enzyme linkage should 
be more closely examined in order to better determine 
the effects of the degree of substitution on LZ enzymatic 
activity. Figure 3 shows the results for enzyme activity of 
native as well as modified LZ against Micrococcus lyso-
deikticus and with the substrate glycol chitosan.

Previous studies indicated that the lysozyme is 
preferentially modified at lysines (K) 33, 97, and 116 
(Yamada et al., 1986) and that the loss of enzymatic 
activity depended on the degree of substitution (Lee & 
Park, 2003; Lee et al., 2001; Nodake & Yamasaki, 2000; 
Roberts & Harris, 1998). The degree of protein modifi-
cation will vary depending on the quantity of activated 
mPEG available to react with the lysine residues of the 
protein–with a greater availability of mPEG resulting 
in a greater degree of protein modification. As such, 
multiple lysozyme lysine residues can be modified, 
depending on the proportions of mPEG/NH2 utilized 
in the reaction mixture. When multiple lysine residues 
are modified, a heterogeneous mixture is produced 
composed of populations of protein molecules with 
variable numbers of attached polyethylene glycol mol-
ecules, which can range from zero to the number of 
ε- and α-amine groups in the protein (Roberts et al., 
2002; Veronese, 2001).

As can be observed in Figure 3, the mixture with the 
highest proportion of mPEG-SS 5000/NH2 (0.86) resulted 
in excessive PEGylation of LZ and in the loss of 97% of 
its lytic enzyme activity through steric hindrance that 
prevents the formation of an enzyme-substrate complex. 
Steric hindrance is a particularly severe problem for pro-
teins acting on macromolecular substrates (Nodake & 
Yamasaki, 2000; Zalipsky, 1995; Chiu et al., 1993; Caliceti 
et al., 1990), and this effect was observed in the activity 
profile of PEGylated lysozyme with the cell wall substrate 
of M. lysodeikticus (Figure 3). There have been a series 
of studies demonstrating the loss of enzyme activity as a 
consequence of PEGylation, and although this problem 
does not occur only with egg-white lysozyme, it has been 
reported for catalase (Abuchowski et al., 1977), trypsin 
(Zhang et al., 1999) and l-asparaginase (Soares et al., 
2002; Zhang et al., 2004).

In the present work, decreasing the extent of LZ modi-
fication resulted in a greater retention of enzyme activity, 
and an mPEG-SS 5000/NH2 molar ratio of 0.11 resulted 
in a residual enzyme activity of 67%.

When a smaller and less complex substrate such as 
the polymer glycol chitosan was used, the modifica-
tion of LZ with mPEG 5000 at different molar ratios  

(Figure 3) did not affect its catalytic activity. Similar  
results were reported for N-acetylated lysozyme 
(Yamasaki et al., 1968), linkage to hydrophobic peptides 
(Arima et al., 1997), and chemical modification (Nodake 
& Yamasaki, 2000). The results shown in Figure 3 indicate 
that steric hindrance caused by mPEG-SS 5000 modifica-
tion of LZ interferes directly with enzyme activity with the 
cell wall of M. lysodeikticus, while results with a simple 
substrate (glycol chitosan) indicated that the conforma-
tional structure of the active site was not affected.

Enzyme activity stability of modified lysozyme

To determine the stability of LZ activity after mPEG-SS 
5000 conjugation, the modified enzyme was isolated 
by gel filtration (Sephadex G-50) and any excess mPEG 
removed. The stability of the native and the modified LZ 
as based on enzymatic activity was determined in differ-
ent buffers, varying in pH from 4 to 12. Figure 4A shows 
the effects of pH on enzymatic activity and indicates that 
the conjugation reaction caused striking alterations in the 
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Figure 4. Evaluation of the enzymatic activity (A) and stability (B) of 
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tate; 6–8, Hepes 50 mM and 9–12 Tris-HCl 50 mM) at 25°C. The stability 
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At the end of this time the enzymatic activity was determined against 
substrate M. lysodeikticus as described in methods. Results are means 
± SD, n = 3.
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activity profile of LZ in terms of the cell wall substrate of 
Micrococcus lysodeikticus.

Native lysozyme activity showed optimum activity at 
pH between 7 and 8 under test assay conditions, but the 
optimum pH for LZ-mPEG-SS 5000 decreased to 6. At 
pH levels of between 9 and 11, native lysozyme showed 
a substantial decline in activity, while the derivative 
LZ-mPEG-SS 5000 retained between 70% and 80% of its 
activity. As noted by Homchaudhuri et al. (2006), native 
LZ forms aggregates at pH 12.2 that can lead to the loss 
of enzymatic activity at 25°C.

The conjugate LZ-mPEG-SS 5000 also showed 
enhanced catalytic activity relative to native LZ between 
pH 9 and 11, indicating that PEGylation confers greater 
resistance to denaturation. Nodake et al. (2002) sug-
gested that chemical modification by PEGylation does 
not involve the whole LZ molecule, but appears to create 
a hydrophobic region in a specific region that enhances 
its lytic activity at basic pH.

The biological stability of both the native lysozyme and 
the conjugate LZ-mPEG-SS 5000 at 50°C was determined 
in different buffers (Figure 4B) over a wide pH range (4 
to 12). The results indicated that the modified enzyme 
exhibited stability similar to that of native LZ, although 
greater stability was observed at pH 12. Therefore, the 
development of stable formulations of lysozyme could 
considerably extend the uses of this enzyme in terms of 
food preservation, with PEGylation protecting it against 
denaturation (likely as a result of increased hydrophobic 
interactions) caused by exposure to extreme tempera-
tures and pH (Johnson & Larson, 2005).

The resistance of modified lysozyme to proteolysis

Preliminary results (not shown) indicated that native 
lysozyme was relatively resistant to proteolytic degrada-
tion, retaining considerable enzymatic activity (98%) for 
2 h at 37°C in the presence of 5 different proteases. This 
resistance to proteolytic degradation may be explained 
by the globular shape of LZ and its tightly packed and 
rigid molecular structure (Polverino de Laureto et al., 
1995). Previous studies have demonstrated lysozyme 
resistance to proteolytic degradation by papain, trypsin, 
chymotrypsin (Mine et al., 2004) as well as other pro-
teases (Polverino de Laureto et al., 1995). This prote-
olysis resistance has contributed to the analysis of 
the structure and dynamics of proteins (Polverino de 
Laureto et al., 2002).

The degree of resistance of native and modified lys-
ozyme to proteolytic degradation by different proteases 
as examined in the present study is shown in Figure 5.  
The presence of excess protease (mass ratio of LZ/
protease,1:25) resulted in a 50% decrease in native lys-
ozyme enzyme activity after 2 h in the presence of 20 U 
of trypsin + chymotrypsin (A), bacterial protease (B), or 

fungal protease (C), while the enzymatic activity of the 
modified lysozyme remained at around 80% under the 
same conditions. This proteolytic resistance seems to be 
related to the fact that mPEG linkage causes an increase 
in molecular mass that increases steric hindrance and 
results in a decreased susceptibility to proteases (Lee & 
Park, 2003; Roberts et al., 2002; Veronese, 2001).These 
results are in accordance with So et al. (1996) who dem-
onstrated increased resistance of modified LZ to the 
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Figure 5. Resistance to proteolysis of native lysozyme (-o-) and 
LZ-mPEG-SS 5000 (-■-), digestion as assessed by enzyme activity 
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tease (C). Results are means ± SD, n = 3.
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proteases trypsin, pronase P, and cathepsins B and D. 
Other enzymes modified by PEGylation, including ribo-
nuclease, catalase, trypsin, and l-asparaginase (Soares 
et al., 2002; Monfardini et al., 1995), have also been shown 
to be more resistant to proteolytic degradation.

When samples of native or modified lysozyme were 
submitted to in vitro incubation in human serum, the 
enzymes were found to remain stable, and demonstrated 
less than a 10% loss of enzymatic activity (results not 
shown), indicating that no alterations affecting the cata-
lytic activity of either the native or modified lysozymes 
had occurred, such as binding by non-specific antibod-
ies or enzymatic hydrolysis by serum proteases.

Antimicrobial activity of modified lysozyme

The LZ-mPEG-SS 5000 conjugate had higher antimi-
crobial activity than native lysozyme against E. coli  
(Figure 6), producing a 58% greater decrease in the 
numbers of colonies, while free mPEG had no antimi-
crobial activity against E. coli. LZ-mPEG-SS 5000 showed 
greater antimicrobial activity against Gram-negative 
bacteria than did the native enzyme. As Gram-negative 
bacteria have a peptidoglycan layer composed mainly 
of lipopolysaccharides (LPS) and lipid bilayers that is 
located inside their outer membrane (Ibrahim et al., 
2002), LZ-mPEG-SS 5000 apparently has a higher surface 
hydrophobicity (as compared to unmodified LZ) that 
allows better interaction with the lipid moiety of LPS, 
resulting in damage to the outer membrane and cell 
lysis (Vannini et al., 2004). Gram-negative bacteria are 
assumed to be lysed by lysozyme only after the perme-
ability of the outer membrane has been altered, allowing 
enzyme access to the peptidoglycan layer (Ibrahim et al., 
2002). LZ-mPEG-SS 5000 can therefore be considered a 
promising antimicrobial agent against E. coli.

In conclusion, a rapid and simple method for the 
batch purification of lysozyme from hen egg white was 
devised, allowing selective extraction of LZ with a yield 
of around 60% and a high degree of purification, without 
damaging the other egg-white proteins. The conjugate 
produced by lysozyme modification with mPEG suc-
cinimidyl succinate showed a fast binding reaction, with 
enzymatic activity being influenced by the degree of lys-
ozyme modification. The conjugate retained biological 
activity over a wide pH range, showed resistance to pro-
teolytic degradation, remained stable in human serum, 
and displayed greater antimicrobial activity against E. coli 
than the native lysozyme.
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