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Abstract

The protection provided by poly(ethyleneimine) (PEI) to muscle lactate dehydrogenase (LDH) in metal-catalyzed oxidation (MCO)

systems (CuSO4 or FeCl2 combined with H2O2) was studied, and comparisons were made with the chelators EDTA and desferal,

respectively. The analytical chelating capacity of PEI was estimated to be around 1 mol Cu2+/10 mol ethyleneimine for all molecular weights

of the polymer. The effect of [PEI monomer]/[metal ion] molar ratio on the oxidatively induced aggregation of LDH exhibited a similar trend

as that of the other chelators; aggregation was enhanced at lower ratios and subsequently decreased until it was undetectable with increasing

ratio. In contrast, the LDH activity showed a monotonic increase with increasing concentrations of the chelator. Total protection to the

enzyme by PEI was provided at concentrations lower than that needed for full chelation of the copper ions, i.e. at [PEI monomer]/[Cu2+] ratio

above 9 in case of PEI 2000, and above 7 for PEI 25000 and 2.6�106, respectively. The polymer also provided protection against oxidation

in an iron-based MCO system. Hydroxyl radical formation during the MCO reaction was inhibited in the presence of PEI. The polymer of

higher molecular weights also exhibited a stronger free radical scavenging effect. D 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Metal-catalyzed oxidation (MCO) has been recognized

to be an important cause of inactivation of therapeutic

proteins and peptides during bioprocessing and storage,

and is also associated with tissue damage during aging

and various pathological states including neurodegenera-

tive disorders [1–5]. MCO-induced damage to proteins is

primarily irreversible, and has been the subject of several

studies in order to understand the underlying reaction

mechanism [3,6–12].

MCO reactions are generally regarded as site-specific

processes wherein the metal ions bind to metal-binding sites

on the protein, and then react with hydrogen peroxide to

yield an active oxygen species (hydroxyl radical (HO.), the

superoxide anion (O2
�.), peroxyl radical, etc.), which pref-

erentially attack the amino acid residues located in close

vicinity [6]. The reactive intermediates vary with the metal

to peroxide concentration ratio as well as with temperature,

pH and the presence of chelating compounds, thus yielding

a very complex picture of the oxidation process [7,13,14].

The hydroxyl radical (HO.), generated by reaction of the

metal with peroxide (Fenton reaction), is believed to be the

most reactive and damaging among the oxygen radicals

[7,11,13–15]. The overall process is visualized as a

‘‘caged’’ reaction and is insensitive to inhibition by radical

scavengers [6]. Nonspecific oxidation can also occur by

radicals generated by the MCO reaction wherein the radicals

formed in solution first have to travel the distance to the

protein surface before they randomly cause oxidation [11].

These radicals can be removed by a scavenging compound

before they reach the site of oxidative attack.

Chelating agents are commonly used as additives to

suppress the inactivation of proteins by MCO reactions

[14,15]. However, the effectiveness of a chelator in prevent-

ing protein damage is seen to depend on the identity of the

metal ion and the chelator to metal ratio [14]. The choice of
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a suitable chelator thus becomes important since the amount

required for protein protection can be unexpectedly high

while significant damage can occur at lower chelator/metal

ratios. Some metal–chelator complexes, e.g. ethylenediami-

netetraacetate (EDTA)–Fe2+ produce greater amounts of

radicals and at faster rates than the unchelated metals

[7,11]. In such cases, the protein may be lacking a high-

affinity site for metal ions but can bind the chelator–metal

ion complex, which will react with hydrogen peroxide in a

site-specific manner and generate radical species in the

microenvironment of the protein [6].

Lactate dehydrogenase (LDH) is an enzyme known to be

sensitive to MCO, and has thus been used as a model

protein in several studies dealing with the subject [12–

14,16,17]. In our earlier study, we observed drastic reduc-

tion in the content of cysteine thiols and tryptophan resi-

dues, total loss of secondary structure, and also aggregation

of the enzyme in the presence of 100 AM CuSO4 only [17].

Addition of only H2O2 (10 mM), on the other hand, did not

lead to any significant structural changes even though

enzyme activity was lost. We also reported stabilization of

LDH against oxidation by a cationic polymer, poly(ethyle-

neimine) (PEI) [17]. The polymer was superior to a range of

other chemical additives including EDTA used in the study,

in preventing loss of enzyme activity and secondary struc-

ture, and aggregation. Its effect was proposed to largely

originate from its metal-chelating property [18].

The present study reports the effect of PEI against

oxidation of LDH in MCO systems containing Cu2+/Fe2+

ions and hydrogen peroxide. The protein oxidation was

primarily monitored by its influence on protein aggregation.

2. Materials and methods

2.1. Chemicals

All the chemicals used were of analytical grade and were

obtained from standard sources. PEI (50% aqueous solution)

of average molecular weights ca. 2000 and 25000, and

2,2V-azinobis(3-ethylbenzothiazoline-6-sulfonic acid dia-

mmonium salt (ABTS) were purchased from Aldrich Chem-

ical (Milwaukee, USA). PEI of high molecular weight (50%

aqueous solution, Mw
f2.6�106 according to our measure-

ments using static light scattering [19]), desferrioxamine

mesylate (desferal), L-LDH (porcine muscle; solution in

50% glycerol (7.3 mg/ml) EC 1.1.1.27), horseradish perox-

idase (Type II, 240 units/mg), pyruvic acid (sodium salt),

and h-nicotinamide adenine dinucleotide, reduced form,

disodium salt (NADH) were procured from Sigma Chemical

(St. Louis, MO).

2.2. Determination of Cu2+ ion chelating capacity of PEI

A 30 AM solution of CuSO4 was titrated with increasing

concentrations of PEI 2000, 25000 and 2.6�106, respec-

tively, in a total volume of 1 ml. The absorbance of the

solutions was read at 273 nm in a spectrophotometer

(Ultrospec 1000, Pharmacia Biotech).

2.3. Oxidation of LDH

A stock solution of LDH was prepared by dialysing

overnight the commercial enzyme solution against deionised

water and then diluting to a concentration of 1.5 mg/ml in

50 mM Tris–HCl buffer pH 7.2. For oxidation of the

enzyme, 200 Al of LDH solution (50 or 100 Ag/ml in 25

mM Tris–HCl buffer pH 7.2) was incubated at 25 jC in

presence of the respective MCO reactants, and a chelator

(PEI/EDTA/desferal). The copper-based MCO solution con-

sisted of 20 AM CuSO4 and 20 AM H2O2, and the iron-

based system contained 200 AM FeCl2 and 20 mM H2O2.

All buffers used were first treated with Chelex 100 (placed

in a dialysis bag) for 24 h to remove free metal ions.

2.4. Determination of protein aggregation

Two hundred microliters of LDH samples (50 or 100 Ag/
ml) containing the various MCO reactants and chelators

were distributed in the wells of a microtiterplate. Aggrega-

tion of the protein during incubation of the samples at 25 jC
was followed every 30 min as an increase in optical density

at 620 nm on a microplate reader (DigiScan reader, ASYS

Hitech GmbH, Austria).

2.5. Hydrogen peroxide determination

The levels of H2O2 in the copper-based MCO system

containing 0.1 mM CuSO4 and 20 mM H2O2, and varying

concentrations of PEI in 1 ml of 50 mM Tris–HCl buffer,

pH 7.2, were measured according to an established proce-

dure [11]. To 50 Al of sample in a microtiter plate was

added 200 Al of reagent consisting of 10 mM phenol, 0.74

mM 4-aminoantipyrine, 1.5 Ag/ml of horseradish perox-

idase in 100 mM potassium phosphate buffer, pH 7.0.

After incubation for 15 min at 37 jC, the absorbance of

the colored product formed was measured at 550 nm in the

microplate reader.

2.6. Determination of hydroxyl radical formation

The effect of PEI on HO. radical formation during MCO

was monitored by measuring the benzoate hydroxylation as

reported earlier [11,20]. A 5 ml reaction mixture containing

0.1 mM CuSO4 (or 0.2 mM FeCl2), 20 mM H2O2, 1 mM

benzoate and different concentrations of PEI 2000 and

25000, respectively, in 50 mM Tris–HCl buffer, pH 7.2

was incubated for 24 h at 25 jC. The increase in fluores-

cence using excitation wavelength of 308 nm and emission

wavelength of 410 nm was measured at different time

intervals. To express fluorescence in terms of salicylic acid

equivalents produced on hydroxylation of benzoic acid
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during the reaction, a standard curve of salicylic acid (0–6

AM) was constructed.

2.7. Determination of ABTS+ radical scavenging effect of

PEI

The ability of PEI to scavenge free radicals was also

determined by using an ABTS.+ radical cation as a model

[21]. Comparison was made with the effect of EDTA.

ABTS.+ radical cation was prepared by passing a 5 mM

stock solution of ABTS through manganese dioxide powder

on a Whatman No. 3 filter paper. The filtrate was passed

through a 0.2 Am syringe filter to remove excess MnO2.

This solution was then diluted in 5 mM phosphate-buffered

saline (PBS) pH 7.4 to give an absorbance of around 0.7 at

734 nm. Aliquots (0–20 Al) of PEI (0.1% w/v) or EDTA (10

mM) were added to 1.0 ml of ABTS.+ solution and the

mixture was vortexed for 30 s. The reduction in absorbance

at 734 nm with time was followed in a spectrophotometer.

2.8. Measurement of LDH activity

The activity of LDH samples was measured according to

the established procedure [22] modified for performing the

assay in a microtiterplate reader. To the reaction mixture

composed of 100 Al of 0.1 M Tris–HCl buffer (pH 7.5), 7 Al
of 30 mM pyruvate and 7 Al of 6.6 mM NADH in each well,

was added 10 Al of suitably diluted enzyme solution. The

initial rate of consumption of NADH at room temperature

was followed spectrophotometrically at 340 nm. One unit of

LDH activity was defined as the amount of enzyme causing

the oxidation of 1 Amol of NADH per minute under the

specified conditions.

2.9. Measurement of protein concentration

Total protein concentration of LDH used for the experi-

ments was determined by the bicinchoninic acid method

[23]. Bovine serum albumin was used as the standard

protein.

3. Results

3.1. MCO and aggregation of LDH

In our earlier study, aggregation of LDH was observed

during oxidation in the presence of Cu2+ ions and was

monitored as optical density at 620 nm [17]. Fig. 1 shows

that incubation of the enzyme with 20 AM CuSO4 led to an

increase in OD after an initial lag period of about 1 h.

However, no change in optical density was observed in the

presence of Fe2+ or H2O2. Aggregation was further used as

the main parameter for following oxidation in MCO systems

comprising Cu2+/Fe2+ and H2O2. The peroxide was added to

the solution after the metal salt since it has been observed

that the amino acid oxidation is much slower and in some

cases significantly delayed if the order of addition is

reversed [8,24]. Supplementation of the LDH sample con-

taining 20 AM CuSO4 with 20 AM H2O2 accelerated the

initial rate of aggregation and reached a constant level

within a few hours in contrast to the sample with Cu2+

alone, which showed a gradual increase in OD for a longer

time period. In case of the iron-based system, concentrations

of 200 AM FeCl2 and 20 mM H2O2 were required to obtain

almost similar degree of aggregation (Fig. 1).

3.2. Effect of PEI on LDH oxidation in the copper-based

MCO system

3.2.1. Cu2+-chelating capacity of PEI

Fig. 2 shows the copper-chelating capacity of different

molecular weights of PEI, measured by determining the

absorbance of the complex at 273 nm. Although the com-

plex also has an absorbance peak in the visible region at 600

nm, higher concentrations of the components are needed to

detect it [25]. Wavelength scans of a solution containing 30

AM CuSO4 and increasing concentrations of PEI (Mw 2000,

25000 and 2.6�106) revealed an increase in absorbance of

the PEI–Cu2+ complex until the [PEI monomer]/[Cu2+]

ratio was around 10 (Fig. 2). Furthermore, no displacement

in the peak at 273 nm was detected indicating the formation

of similar complex with the PEI of different molecular

weights. At higher PEI concentrations, no further increase

in absorbance was noted due to the depletion of free copper

ions in solution.

3.2.2. Aggregation and activity of LDH vs. PEI concen-

tration

The influence of PEI on the extent of aggregation and

activity of LDH in a Cu2+–H2O2 system was compared with

Fig. 1. Time course of aggregation of LDH at 25 jC in samples containing

enzyme only (o), and enzyme with 20 AM CuSO4 (x), 20 AM CuSO4 and

20 AM H2O2 (n), 200 AM FeCl2 and 200 mM H2O2 (E), 200 AM FeCl2
(.) and 20 AM H2O2 (�). The concentration of the enzyme was 50 and 100

Ag/ml in the copper- and iron-containing systems, respectively.
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that of EDTA. In both cases, aggregation of LDH was

enhanced at low [chelator]/[Cu2+] ratios, and subsequently

decreased with increasing ratio (Fig. 3). PEI of molecular

weights 25000 and 2.6�106 acted very similar in providing

enhanced aggregation at [PEI monomer]/[Cu2+] ratios

below 0.5, and no aggregation at ratios above 7 (Fig. 3a).

PEI 2000 showed a somewhat different behavior in that it

did not have any effect on the aggregation at [PEI mono-

mer]/[Cu2+] ratios below 1.5, enhanced aggregation was

observed at ratios between 1.5 and 5, and no aggregation at

ratios above 9 (Fig. 3a). In contrast, in the EDTA containing

sample, the aggregation of LDH was reduced at [EDTA]/

[Cu2+] ratios above 1 and was undetectable at ratios above

2.7 (Fig. 3b).

The residual activity of the enzyme was measured after

30 min of incubation at which time LDH had lost substantial

part of its catalytic activity in the absence of the chelators

but was not aggregated. Fig. 4 shows the residual activity of

LDH in the presence of different concentrations of PEI 2000

and EDTA, respectively. The activity profile resembled a

rectangular hyperbola without revealing any region of

maximal inactivation. Full protection of LDH activity was

reached at [PEI monomer]/[Cu2+] and [EDTA]/[Cu2+] ratios

of around 7–10 and 1–2, respectively, showing good

agreement with the aggregation behavior. PEI 25000 and

2.6�106 showed a similar effect on the enzyme activity as

PEI 2000 (not shown).

3.2.3. Aggregation vs. varying H2O2 to metal ratio

The aggregation of LDH was followed with time at fixed

copper and PEI concentrations but with varying peroxide

concentration. The [PEI monomer]/[Cu2+] ratio chosen for

PEI 2000 was 7.0, and for PEI 25000 and PEI 2.6�106 was

1.2, i.e. a range where the polymers provided only a partial

but similar degree of protection against aggregation in a

solution containing 20 AM H2O2 (Fig. 3a). Fig. 5 shows

surface plots of protein aggregation followed with time with

respect to the [H2O2]/[Cu
2+] ratio. At low concentration of

H2O2, PEI 2000 showed a better protection during a longer

time due to the higher [PEI monomer]/[Cu2+] ratio as com-

pared to that of the higher molecular weight polyethylenei-

mines. However, PEI 2000 was not so effective as the other

two when the H2O2 concentration was increased to [H2O2]/

[Cu2+] ratio of 5 and above. The LDH aggregation was

initiated earlier with increase in H2O2 concentrations, and a

defined zone of maximum aggregation was obtained in the

Fig. 3. Effect of the concentration of (a) PEI of different molecular weights,

PEI 2000 (E), PEI 25000 (x), and PEI 2.6�106 (.), and (b) EDTA on the

aggregation of lactate dehydrogenase after 4-h incubation in the MCO

system, 20 AM CuSO4 and 20 AM H2O2 at 25 jC. Experimental details are

described in the text.

Fig. 2. Titration of 30 AM CuSO4 solution with PEI of different molecular

weights at 25 jC. Symbols: E PEI 2000; 5 PEI 25000; n PEI 2.6�106.

See details in Materials and methods.
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[H2O2]/[Cu
2+] range of 25–400 for PEI 2000 and 20–200

for PEI of higher molecular weights (Fig. 5). Further increase

in concentrations of the peroxide resulted in lower aggrega-

tion levels.

3.3. Effect of PEI on oxidation of LDH in the iron-based

MCO system

The effect of PEI on enzyme aggregation in an iron-based

MCO system was also studied and compared to that of the

iron chelator, desferrioxamine mesylate (desferal). As can be

seen in Fig. 6, the aggregation followed a similar trend as

with the chelators in the copper-based MCO system (Fig. 3),

enhanced aggregation at lower concentrations of both PEI

and desferal, and lowered aggregation at higher chelator

concentrations. In contrast to the copper-based system,

however, the influence of PEI of all three molecular weights

was rather similar, all providing enhancement in aggregation

at PEI monomer to iron ratios below 0.1 and full protection at

Fig. 4. Effect of the concentration of (a) PEI 2000 and (b) EDTA on LDH

activity after 30-min incubation in presence of 20 AM CuSO4 and 20 AM
H2O2 at 25 jC.

Fig. 5. Surface plot of aggregation of LDH detected by OD620 nm at

different H2O2 concentrations at 25 jC. Optical density range: (T) 0.040–

0.060,( ) 0.060–0.080, ( ) 0.080–0.100, ( ) 0.100–0.120, ( )

0.120–0.140.
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ratios above 29. In the case of desferal, an enhancement in

aggregation was observed below a desferal to iron ratio of

2, and near full protection was reached around a ratio of 5.

3.4. Effect of PEI on H2O2 consumption and hydroxyl

radical formation during MCO reaction

The effect of PEI on H2O2 levels and generation of HO.

radicals during an MCO reaction was monitored in the

absence of the protein. As shown in Fig. 7, the peroxide

concentration in a reaction mixture containing 0.1 mM

CuSO4 and 20 mM H2O2 was reduced with time to about

50% of the original concentration at 24 h. The extent of

reduction in H2O2 levels was significantly lowered in the

presence of increasing PEI concentrations. The change in the

peroxide concentration was marginal in the presence of PEI

25000 even at [PEI monomer]/[Cu2+] ratio of 5.

The formation of hydroxyl radicals under similar con-

ditions was followed by measuring the fluorescent products

of benzoate. While benzoate hydroxylation increased sig-

nificantly with time, it was suppressed by increasing con-

centrations of the polymer (Fig. 8). PEI 25000 was again

shown to be more effective than PEI 2000 when used at

[PEI monomer]/[Cu2+] ratio of 5, while at the ratio of 10 and

above, both PEI 2000 and 25000 strongly inhibited ben-

zoate hydroxylation. Preliminary studies with Fe2+-cata-

Fig. 6. Effect of the concentration of (a) PEI of different molecular weights, PEI 2000 (E), PEI 25000 (x), and PEI 2.6�106 (.), and (b) desferal on the

aggregation of lactate dehydrogenase after 4-h incubation in the MCO system, 200 AM FeCl2 and 200 mM H2O2 at 25 jC. See text for experimental details.

J.D. Breccia et al. / Biochimica et Biophysica Acta 1570 (2002) 165–173170



lyzed oxidation showed that the increase in benzoate

hydroxylation was much lower and was suppressed in the

presence of PEI (not shown).

3.5. Free radical scavenging effect of PEI

The free radical scavenging effect of PEI was further

examined with ABTS.+ radical as model. Fig. 9 shows the

decrease in absorbance of the ABTS.+ radicals with time

after addition of 0.1% PEI to the solution. It can be seen that

PEI 2000 has a slower scavenging effect of the free radicals

than the polymer having higher molecular weights. If one

compares the scavenging effect of PEI and EDTA 3 min

after mixing the solution, it turns out that, based on mono-

mer concentration, PEI 2000 was 1.5 times, and PEI 25000

and 2.6�106 were 3 times more efficient as scavengers than

EDTA.

4. Discussion

Chelating agents exert their protective effect against

MCO by removing the metal ions into ‘‘bulk’’ solution,

i.e. away from the microenvironment of the protein. The

HO. radicals formed in bulk may be more prone to react

with nearby media components than with the protein [14].

However, the chelating agents vary in their ability to

provide stabilization to the protein. For example, while

preventing the formation of HO. radicals and subsequent

oxidation via the Cu2+-catalyzed Fenton reaction, EDTA

enhances the effect in an Fe2+-catalyzed reaction, resulting

in a faster degradation of the protein [11]. On the other

hand, desferal was found to be effective in preventing the

build up of HO. radicals and stabilizing LDH in an iron-

based and not the copper-based MCO system [14].

In this study, we evaluated the effect of PEI during MCO

of LDH, which was compared with that of EDTA and

desferal, respectively. The latter two compounds form 1:1

complexes with metal ions [8]. The repetitive ethylamine

units of PEI render to the polymer the ability to act as a

multidentate ligand for metal ions [18]. This property was

considered the main basis for stabilization provided by the

polymer against protein oxidation during storage [17,26].

The chelating capacity of the polymer was determined to be

1 mol copper ion/10 mol ethyleneimine and was independ-

ent of the PEI molecular weight (Fig. 2).

Although HO. radicals are the damaging components

during oxidation, measuring the amount of radicals is not

considered a reliable indicator of protein damage; only their

absence proves the lack of damage [14]. However, protein

degradation or aggregation that is often the ultimate result of

Fig. 7. Effect of PEI on consumption of H2O2 in a metal-catalyzed

oxidation reaction after 4 h (black bar) and 24 h (grey bar) of incubation at

25 jC. Different samples were (A) 0.1 mM CuSO4 and 20 mM H2O2 only;

(B,C) metal salt and peroxide with PEI 2000 at [PEI monomer]/[Cu2+] ratio

of 5 and 10, respectively; and (C,D) with PEI 25000 at [PEI monomer]/

[Cu2+] ratio of 5 and 10, respectively.

Fig. 8. Effect of PEI on hydroxyl radical formation detected as benzoate

hydroxylation. Different samples contained 0.1 mM CuSO4 and 20 mM

H2O2 only (n), with PEI 2000 at [PEI monomer]/[Cu2+] ratio of 5 (x) and
10 (E), and with PEI 25000 at [PEI monomer]/[Cu2+] ratio of 5 (.) and 10
(�), respectively. The fluorescence intensity is expressed in terms of

equivalent salicylic acid produced on hydroxylation of benzoate.

Fig. 9. ABTS radical ion scavenging effect of (E) PEI 2000, (x) PEI

25000, (.) PEI 2.6�106 and (n) EDTA.
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the attack of the HO. radicals on amino acids is monitored

using electrophoretic and chromatography techniques to

evaluate protein damage [10–12,16,20,27–29]. We have

used earlier dynamic light scattering and optical density at

620 nm, respectively, to demonstrate aggregation of LDH

and protective effect of PEI on the enzyme [17,19]. OD620

turned out to be a simple, reproducible and sensitive method

for use in the present work.

Aggregation of the enzyme was observed simply on

oxidation by air when catalyzed by CuSO4 (Fig. 1). While

combination of the metal salt with peroxide led to an increase

in the rate of oxidation and aggregation, the extent of

aggregation seemed to be relatively higher in the former

case. This could probably be due to the different pathways of

oxidation in the two cases. In contrast to Cu2+, oxidation

with only Fe2+ revealed little or no aggregation of LDH. A

significantly higher concentration of FeCl2 and peroxide,

and also a two times higher LDH concentration, was required

in the case of iron-catalyzed oxidation system to give

aggregation comparable to that in the copper-based system

(Fig. 1). These observations were consistent with earlier

studies showing that generation of hydroxyl radicals and

site-specific damage of proteins is significant when Cu2+

ions are added to hydrogen peroxide but is only marginal in

case of Fe2+ (or Fe3+) oxidation systems [11].

The influence of the increasing PEI concentration on

aggregation and activity of LDH in MCO system containing

20 AM Cu2+ and 20 AM peroxide followed a similar trend as

that of EDTA. While aggregation was enhanced at low

chelator/metal ratio and subsequently decreased to undetect-

able level with increasing ratio, the residual activity profile

showed a monotonic increase with increasing chelator–

metal ratio until a maximum was reached corresponding to

full protection of the enzyme (Figs. 3 and 4). Despite the

different activity and aggregation profiles, the chelator con-

centration showing total protection of the enzyme was the

same. It may be noted that LDH activity was measured only

30 min after initiation of the MCO reaction as it is affected

relatively quickly in time scale. The loss of enzyme activity

has already been initiated by binding of metal ions at or near

the active site (e.g. histidine residue) and immediate mod-

ification of critical amino acid(s) by the free radicals released

[30]. Aggregation, on the other hand, is a relatively slow

process involving the modification of the protein at several

sites and eventual cross-linking [6,9]. However, it seemed to

reflect the profile of free radicals more closely than the

activity loss. An initial increase followed by reduction in

aggregation with increasing chelator concentration could be

attributed to a similar trend in the amount of HO. radicals

produced as reported earlier [14]. Although this trend was

not followed in this study, it was observed that at a [PEI

monomer]/[Cu2+] ratio of 5, free radicals were indeed

accumulated with time (Fig. 8) and continued to damage

the protein as seen in Fig. 3. The lower level of HO.

formation in presence of PEI 25000 is consistent with its

higher protective effect than that of PEI 2000 (Fig. 3). At a

ratio of 10, both 2000 and 25000 prevented HO. accumu-

lation with the result of no aggregation and retention of

activity (Figs. 3 and 4).

Aggregation was further seen to first increase and then

decrease with increasing peroxide concentration at fixed

metal and PEI concentration (Fig. 5). A similar trend in

aggregation or activity with change in peroxide concentra-

tion has been reported earlier for other proteins [3,13,24].

The change in aggregation could again be related to the

amount of HO. radicals produced, which has been shown to

reach a maximum with increasing peroxide concentration

and subsequently decrease due to the scavenging action of

the peroxide itself at higher concentration [13]. The region of

maximum aggregation was reached at a higher peroxide

concentration range for PEI 25000 and 2.6�106 than for

PEI 2000 (Fig. 5).

Protein aggregation in the EDTA-containing MCO sys-

tem was eliminated only at [EDTA]/[Cu2+] ratios of 2.7 (Fig.

3b), in accordance with the earlier reports showing that

complete inhibition of oxidation occurs at chelator concen-

tration higher than that required to chelate the metal ions

totally [8,14]. Desferal exhibited a similar effect in the Fe2+–

H2O2 system, providing total protection at chelator/metal

ratio of 5 (Fig. 6). On the contrary, PEI was effective at

concentrations lower than that required for total chelation of

copper ions. No aggregation was observed at [PEI mono-

mer]/[Cu2+] ratio above 9 in case of PEI 2000, and above 7

for PEI 25000 and 2.6�106, respectively. Inhibition of HO.

radicals formation by PEI further supported these results

(Fig. 8). It is thus evident that additional feature(s) not related

to the metal-chelating property of the polymers have to be

involved in PEI-induced stabilization. Better radical scav-

enging capacity of the polymer, particularly that of PEI

25000 and 2.6�106 (Fig. 9), could be a very likely explan-

ation. Moreover, dynamic light scattering studies had earlier

led us to suggest that a higher molecular weight polyethy-

leneimine forms a shell around the LDH molecule [19]. This

results in reduced protein–protein contacts and hence lower

degree of aggregation.

5. Conclusions

Chelating agents have an undisputed application as sta-

bilizers of protein formulations since oxidation constitutes a

major cause of inactivation. Such compounds may also have

therapeutic values for the treatment, e.g. of neurodegener-

ative disorders, which are initiated by oxidation-related

protein aggregation. This study shows that polyethylenei-

mine protects protein against both copper- and iron-based

oxidations in contrast to the chelating agents conventionally

used, which are more selective in their protective effect.

Moreover, due to its other interesting features like antimi-

crobial effect [31] and potential as agent in controlled release

[32], PEI can turn out to be a promising alternative to other

chelating agents for preventing protein oxidation.
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