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Ion-exchange chromatography (IEC) is the most fre-
quently used chromatographic technique for the separa-
tion of proteins and peptides. In this article, the effects
of urea on IEC separation of kiwifruit actinidin, egg
white and urinary proteins were examined. The purity
and relative amount of each protein in different condi-
tions (in the presence or absence of urea) were com-
pared with each other. The three parameters, including
resolution, selectivity and efficiency of column in the
presence of urea, were calculated and compared with
the absence of urea. The results revealed that urea
improved the purity of proteins and the resolution,
selectivity and efficiency of IEC in separation of stud-
ied proteins.
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Ion-exchange chromatography (IEC) is the most fre-
quently used chromatographic technique for separa-
tion of proteins and peptides. The basis of IEC is the
interaction between charged solute molecules and
charged matrix moieties of column. The result of an
ion-exchange experiment is often expressed as the res-
olution between the peaks of interest. The three most
important parameters which affect the separation in
IEC are selectivity, efficiency and capacity (1).

Solutions of urea in water display a number of inter-
esting properties. Concentrated solutions of urea can
be used to denature many proteins in a reversible way
(2, 3). Urea can affect protein structure by both direct
and indirect mechanisms: an ‘indirect mechanism’
in which urea is presumed to disrupt the structure of
water, thus making hydrophobic groups more readily
solvated (4�9); and a ‘direct mechanism’ in which urea
interacts either directly with the protein backbone, via
hydrogen bonds and other electrostatic interactions
with charged and polar side chains predominantly, or
with the amino acids through more favourable van der
Waals attractions as compared with water (10, 11). As
described above, indirect interaction of urea with pro-
teins is exerted by altering water structure and
dynamics. Urea is a chaotropic agent (water-structure

breaker) that causes decrease of the dielectric constant
of solvent (12, 13). According to the principle of elec-
trostatics, the electrostatic force exerted on ions by an
electric field is inversely proportional to the dielectric
constant of medium. When the dielectric constant of
the solvent is decreased, the electrostatic interaction
between charged groups increases (14).

In this project we examined the effect of urea on the
separation of major proteins of egg white, namely
ovalbumin, ovotransferrin, ovomucoid and lysozyme
(15, 16), actinidin (a cystein protease) of kiwifruit
and urine of pregnant women containing many pro-
teins and glycoproteins such as human chorionic
gonadotrophin (hCG) and its related molecules (17)
using IEC.

Materials and Methods

Preparation of mucin-free egg-white extract
Hen eggs were purchased from a local market. Egg whites were
separated from yolks and pooled. One volume of egg white was
diluted with three volumes of normal saline [8.5% (w/v) of sodium
chloride in water] and the mixture was stirred for 30min at room
temperature. Then the pH of mixture was adjusted to 4.5 with 0.5N
hydrochloric acid (HCl) and the solution was stirred for another
30min. The gelatinous precipitate was extracted by 5-min centrifu-
gation at 10,000g (4�C). The supernatant, called mucin-free egg
white, was used in the following step. The pH of the supernatant
was adjusted to the pH of the column, i.e. pH 8, by dialysing against
the same buffer used to equilibrate the column.

IEC of egg-white proteins
IEC was performed on a column (2�10 cm) pre-packed with diethy-
laminoethyl cellulose (DEAE)�Sephacel or CM�Sepharose CL-6B
(Amersham Pharmacia Biotech). The column was equilibrated with
50mM Tris�HCl buffer at pH 8 [containing 30mM sodium chloride
(NaCl) for DEAE�Sephacel column]. The protein sample
(mucin-free egg white) pre-equilibrated with the same buffer was
loaded on to the column with flow rate of 20ml/h. After loading
the sample, the column was washed with three column volumes of
buffer followed by elution of the DEAE�Sephacel column with a
linear gradient (30�150mM) of NaCl in the buffer. A linear gradient
(0�0.5M) of NaCl in the buffer was applied to the CM�Sepharose
column for eluting bound proteins.

IEC of actinidin
IEC was performed on a column (2�10 cm) pre-packed with
DEAE�Sephacel or CM�Sepharose CL-6B (Amersham Pharmacia
Biotech). The column was equilibrated with 50mM acetate buffer,
pH 5.5. Purified actinidin from kiwifruit extract (prepared in
Medical Biology Research Center of Kermanshah) was dialysed
against 50mM acetate buffer, pH 5.5, and then loaded on to the
column. The column was washed with three column volumes of the
buffer with flow rate of 20ml/h followed by elution with linear gra-
dient (0.1�0.4M) of NaCl in the buffer.

IEC of urine proteins
A column (2�10 cm) was packed with DEAE�Sephacel and equili-
brated with 10mM ammonium acetate, pH 7. Urine specimens
from pregnant women were pooled and concentrated 50 times
using ultrafiltration method with Stirred ultra filtration cell
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(Millipore Corporation Bedford, USA) using filters with the cutoff
at 100 and 5 kDa. The concentrated urine was dialysed against
10mM ammonium acetate (pH 7) and loaded on to the column.
After loading the sample, the column was washed with three
column volumes of the buffer with a flow rate of 20ml/h. A linear
gradient (0�0.25M) of NaCl in the buffer was applied to the column
for eluting bound proteins (18).

IEC of the proteins in the presence of urea
In the separate experiments, different concentrations of urea (5, 6,
7 or 8M) were added to the protein specimens and buffers used in
IEC, and the columns pre-equilibrated with the buffer containing the
related concentration of urea. The concentrations of protein samples
and the flow rate of buffer were similar in both conditions (presence
or absence of urea). After IEC, the fractions were desalted by dia-
lysis against deionised water or related buffers for analysis.

Calculation of the separation resolution, selectivity and -
efficiency of IEC
The separation resolution (RS), the selectivity (a) and the efficiency
(N) of IEC was calculated in the presence or absence of urea
from the Equations, RS¼ 2(VR2�VR1)/Wb1þWb2, a¼VR2�V0/
VR1�V0 and N¼ 5.54 (VR1/W1/2)

2, (V0¼ void volume,
VR1¼ elution volume for peak 1, VR2¼ elution volume for peak 2,
Wb1¼ peak width for peak 1, Wb2¼peak width for peak 2 and W1/2

is the peak width at half-peak height). RS is a measure of the relative
separation between two peaks. The selectivity (a) defines the ability
of the system to separate peaks, i.e. the distance between two peaks.
The column efficiency (N) is related to the zone broadening
which occurs on the column (1). The data obtained are presented
in Table I.

Analytical methods
Sodium dodecyl sulphate polyacrylamide gel electrophoresis
(SDS�PAGE) was preformed using 12.5% acrylamide separating
gel and 4% stacking gel containing 0.1% SDS (19). Protein samples
were heated in boiling water for 5min and resolved at 50V for
30min and 150V for 1 h followed by Coomassie Brilliant blue
R250 or silver staining. In some cases, the stained gels were scanned
with a Helena scanner and densities of protein bands were deter-
mined at 600 nm. The protein content was determined according to
the method of Bradford (20) using bovine serum albumin (BSA) as
the standard protein.

Statistical analysis
All experiments were performed triplicate in the presence or absence
of urea. The mean and standard deviation of each experimental
group were calculated. The significance in difference between with
and without urea was assessed by two-tailed independent samples
t-test. P-values 50.001 were considered significant. The data were
analysed using the Statistical Package for Social Sciences (SPSS)
version 11.5 software.

Results

Anion-exchange chromatography elution profile of
egg white, actinidin and urinary proteins in the pres-
ence or absence of urea is shown in Fig. 1A�F. Anion-
exchange chromatogram of egg-white proteins showed
three major peaks (Fig. 1A and B). Electrophoresis
pattern of different parts of this chromatogram
showed that the protein content of the first peak con-
tains ovotransferrin with molecular weight (MW) of
78 kDa and lysozyme with MW of 14 kDa, (Fig. 2,
lanes 1 and 2). The second peak contains ovomucoid
with MW of 34�40 kDa, (Fig. 2, lanes 3 and 4) and the
third peak that constituted a major part of this chro-
matogram contains ovalbumin with MW of 45 kDa,
(Fig. 2, lanes 5 and 6). Ovomucoid and ovalbumin
were eluted from the column under the linear gradient
of NaCl. It was clearly evident from Bradford assay
and electrophoresis analysis that the protein content
of first peak has increased in the presence of urea
(The SDS�PAGE pattern presented more intense
bands of ovotransferrin and lysozyme in the presence
of urea; Fig. 2, lanes 1 and 2). The purity of second and
third peaks, especially the second peak containing ovo-
mucoid, increased from about 70% in the absence
of urea to near 90%, as determined by scanning of
protein bands in stained gels (Fig. 2, lanes 3 and 4).

Anion-exchange chromatogram of purified actinidin
from kiwifruit extract consisted of one protein peak
which was eluted from the column using linear gradi-
ent of NaCl (Fig. 1C and D). Urea caused an increase
in the protein peak content (Bradford assay) and also
SDS�PAGE pattern showed more intense bands of
actinidin in the presence of urea (Fig. 2, lanes 7 and 8).

Anion-exchange chromatogram of urinary proteins
consisted of three major peaks called B1, B2 and B3,
and a minor peak at the beginning of second peak
designated as B2S (Fig. 1E and F). Peak B1 was
eluted from the column before NaCl gradient and the
other three peaks designated as B2S, B2 and B3 were
eluted from the column under the linear gradient of
NaCl. The SDS�PAGE pattern of fractionated urine
proteins using IEC in the absence or presence of urea is
presented in Fig. 3A and B. Peak B1 contained at least
four bands in the absence of urea and two bands with
MW around 10 and 26 kDa in the presence of urea.
The B2S peak that was eluted from the column at the
beginning of NaCl gradient mainly contained proteins
with MW 21 and 28 kDa in the presence of urea
(greater than 96%), compared with the purity of near
50% in the absence of urea. In the absence of urea
there are contaminants with MW 35kDa and other
impurities in B2S. The major part of peak B2 protein
content was proteins with the MW of 35 and 45 kDa.
The purity of these protein bands was estimated
greater than 96% in the presence or absence of urea.
Although the purity of B2 did not have any remarkable
difference in the presence or absence of urea, the pro-
tein content of B2 increased in the presence of urea
(Bradford assay). Peak B3 in the presence of urea con-
tains a pure protein band with MW 32kDa which did
not appear in the absence of urea (Fig. 3A and B).

Table I. The effect of urea on the separation of kiwifruit actinidin,

egg white and urinary proteins by anion-exchange chromatography.

Separation in different
conditions

Resolution
(RS)

Selectivity
(a)

Efficiency
(N )

Egg white
(absence of urea)

1.02� 0.11 2.4� 0.1 4.06� 0.4

Egg white
(presence of urea)

1.58� 0.04 6.5� 0.11 8.7� 0.24

Actinidin
(absence of urea)

� � 272� 1

Actinidin
(presence of urea)

� � 411.8� 0.54

Urine proteins
(absence of urea)

1.09� 0.1 1.5� 0.06 24.9� 0.85

Urine proteins
(presence of urea)

1.66� 0.66 2.04� 0.08 69.7� 0.61

The values given are mean� SD of three experiments.
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In our pervious study, the 28-, 32- and 35-kDa bands
were identified as three major forms of b-hCG (18).

Cation-exchange chromatography profile of egg-
white proteins showed three major peaks that were
recovered separately (Fig. 4A and B). Electrophoresis
pattern of different parts of this chromatogram
showed that the first peak constituting a major part
of this chromatogram mainly contains ovalbumin
and ovomucoid (Fig. 5, lanes 1 and 2). The second
peak mainly contains ovotransferrin (Fig. 5, lanes 3
and 4) and the third peak contains lysozyme (Fig. 5,
lanes 5 and 6). Ovotransferrin and lysozyme were
eluted from the column under the linear gradient of
NaCl. Urea caused an increase in the protein content
of first peak (Bradford assay) and, in addition, the
SDS�PAGE profile clearly showed more intense

bands of ovalbumin in the presence of urea (Fig. 5,
lanes 1 and 2). The purity of the second peak contain-
ing ovotransferrin increased in the presence of urea
(Fig. 5, lanes 3 and 4). The purity of the third peak
containing lysozyme was estimated �100% in the pres-
ence or absence of urea (Fig. 5, lanes 5 and 6).

Cation-exchange chromatography profile of purified
actinidin from kiwifruit extract consisted of two pro-
tein peaks. The first peak containing actinidin was
eluted from the column before using the linear gradient
of NaCl (Fig. 4C and D). Urea caused an increase in
the peak protein content (Bradford assay) and the
SDS�PAGE profile showed more intense bands of
actinidin in the presence of urea (Fig. 5, lanes 7 and 8).

The values obtained from the calculation of separa-
tion resolution, selectivity and efficiency of egg white

Fig. 1 Anion-exchange chromatography of egg-white proteins in the absence (A) or in the presence of urea (B), actinidin in the absence
(C) or in the presence of urea (D), urinary proteins in the absence (E) or in the presence of urea (F). OD (280 nm) and NaCl (M or mM).
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and urinary proteins and the separation efficiency of
kiwifruit actinidin by anion-exchange chromatography
in different conditions are presented in Table I.

Effect of urea on separation resolution, selectivity
and efficiency of egg-white proteins
The mean separation resolution, selectivity and effi-
ciency of three IEC experiments of egg-white proteins
in the presence of urea were 1.58� 0.04, 6.5� 0.11 and
8.7� 0.24 compared with 1.02� 0.11, 2.4� 0.1 and
4.06� 0.4 in the absence of urea, indicating that urea
lead to a significant increase in the separation selectiv-
ity and efficiency of IEC (P¼ 0.000). The observed
increase in separation resolution by urea was not sig-
nificant (P40.001). Although in the presence of urea
the separation efficiency of the second peak containing
ovomucoid and the third peak containing ovalbumin
was not changed (data not shown), the purity of these
peaks, especially the peak containing ovomucoid,
increased from �70% in the absence of urea to
�90%, as determined by scanning of stained gels
(Fig. 2, lanes 3 and 4).

Effect of urea on separation resolution, selectivity
and efficiency of urinary proteins
The mean separation resolution, selectivity and effi-
ciency of three IEC experiments of urinary proteins
in the presence of urea were 1.66� 0.66, 2.04� 0.08
and 69.7� 0.61 compared with 1.09� 0.1, 1.5� 0.06
and 24.9� 0.85 in the absence of urea, indicating
that urea lead to a significant increase in the separation
efficiency (P¼ 0.000). The increase in separation reso-
lution and selectivity in the presence of urea was not
significant (P40.001).

Effect of urea on separation efficiency of kiwifruit
actinidin
The mean separation efficiency of three IEC experi-
ments of kiwifruit actinidin in the presence of urea
was 411.8� 0.54 compared with 272� 1 in the absence
of urea, indicating that urea lead to a significant
increase in the separation efficiency (P¼ 0.000).

Effect of urea on the retention times of separated
peaks
The retention times of B2S and B2 peak in the case
of urinary proteins and the first peak containing
ovotransferrin and lysozyme in the case of egg-white
proteins using anion-exchange chromatography were
reduced in the presence of urea. The mean elution vol-
umes of B2S, B2 peak and the peak containing ovo-
transferrin and lysozyme (obtained from three IEC
experiments) were 30.66� 0.57, 40.66� 1.52 and
4.66� 0.57 in the presence of urea compared with
38.66� 0.57, 47� 1 and 10.66� 0.57 in the absence
of urea. The retention time of the second peak

Fig. 3 SDS�PAGE pattern of fractionated urinary proteins using
anion-exchange chromatography in the absence (A) or presence
of urea (B) under reducing conditions followed by silver staining.
A shows protein content of B1 peak (lane 1), B2S peak (lanes 2�4),
B2 peak (lanes 5 and 6), B3 peak (lanes 7 and 8). B shows protein
content of B1 peak (lanes 1 and 2), B2S peak (lane 3), B2 peak (lanes
4, 5 and 7), B3 peak (lanes 8 and 9). M shows the protein markers
with MW of 94, 66, 45, 30, 20 and 14 kDa from top to bottom.

Fig. 2 SDS�PAGE analysis of fractionated egg-white proteins
and actinidin using anion-exchange chromatography in the presence
or absence of urea under reducing conditions followed by Coomassie
blue R250 staining. Egg-white proteins (lanes 1�6), first peak con-
taining ovotransferrin and lysozyme in the absence (lane 1) or
presence of urea (lane 2), second peak containing ovomucoid
fraction in the absence of urea (lane 3) or presence of urea (lane 4),
third peak containing ovalbumin in the absence of urea (lane 5) or
in the presence of urea (lane 6) and actinidin (lanes 7�8), absence
of urea (lane 7) or presence of urea (lane 8). M shows the protein
markers.
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containing ovotransferrin using cation-exchange
chromatography was reduced in the presence of urea,
i.e. the mean elution volume of 15.66� 1.52 in the
presence of urea compared with 21� 1 in the absence

of urea. The decrease in retention times of proteins in
the presence of urea was significant (P¼ 0.000).

The retention times of actinidin peak by anion- and
cation-exchange chromatography were not different in
the presence or absence of urea.

Effect of urea concentration on protein
separation in IEC
We also examined the effect of urea concentration on
protein separation in IEC. In separate experiments,
different concentrations of urea (5, 6, 7 or 8M) were
used. The results revealed that 6�8M urea had the
same effects and improved the purity of proteins, the
resolution, selectivity and efficiency of IEC in separa-
tion of studied proteins, but 5M urea was not effective
in protein separation on IEC (Table II).

Discussion

Herein the effect of urea was considered on the sepa-
ration of proteins, i.e. egg-white proteins, actinidin and
major forms of b-hCG by IEC. The results of this
study indicated that urea improved the resolution,
selectivity and efficiency of anion-exchange chroma-
tography in separation of egg white and urinary pro-
teins, and the separation efficiency of actinidin. The
enhancement of chromatographic parameters by urea
that observed in anion-exchange chromatography were

Fig. 4 Cation-exchange chromatography of egg-white proteins in the absence (A) or in the presence of urea (B), actinidin in the absence
(C) or in the presence of urea (D). OD (280 nm) and NaCl (M or mM).

Fig. 5 SDS�PAGE profile of fractionated egg-white proteins and
actinidin using cation-exchange chromatography in the presence or
absence of urea under reducing conditions followed by Coomassie
blue R250 staining. Egg-white proteins (lanes 1�6), first peak con-
taining ovalbumin and ovomucoid in absence (lane 1) or presence of
urea (lane 2), second peak containing ovotransferrin in the absence
of urea (lane 3) or presence of urea (lane 4), third peak containing
lysozyme in the absence of urea (lane 5) or in the presence of urea
(lane 6) and actinidin (lanes 7�8), absence of urea (lane 7) or pres-
ence of urea (lane 8). M shows the protein markers with the MW of
94, 66, 45, 30, 20 and 14 kDa from up to down.
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not changed significantly in cation-exchange chroma-
tography. Such an effect is probably attributable to
fact that the purification of these proteins by anion
exchangers is more effective than that by cation
exchangers in IEC (16, 18). Nevertheless, the content
and purity of nearly all protein peaks were increased in
both IECs. Since various glycoforms and fragments of
hCG and b-hCG are present in urine, purification of
various b-hCG forms is difficult and needs long con-
secutive purification procedures. In our pervious study
(18), we performed IEC on a DEAE�Sephacel column
in 8M urea which allowed better separation of three
major b-hCG forms with the MW 28, 32 and 35 kDa,
compared with the absence of urea. Collectively, our
results revealed that urea caused the greatest increase
on the separation efficiency of IEC, although, in some
cases, the separation resolution and selectivity
increased too.

Two hypothetical mechanisms have been proposed
for the effect of urea on protein structure and solubil-
ity. According to the first hypothesis, urea upsets the
hydrogen-bonding network of the solvent around
hydrophobic side-chains, providing a better solvation
environment for non-polar side chains and non-polar
amino acids. Based on the second hypothesis, urea
interacts directly with the protein molecules, compet-
ing with intramolecular hydrogen bonding (9, 21).
Therefore, it is concluded that the observed increase
in performance of IEC by urea is due to the ability of
urea to alter water structure or/and to interact with
protein molecules. In this regard, there is a possibility
that one of the reasons for the effect of urea in IEC is
the effect of this chaotropic agent on increasing the
protein solubility. Urea can cause a decrease in pro-
tein�protein interactions; thus proteins act indepen-
dently and the co-elution of proteins in IEC
decreases causing an increase in the resolution between
peaks and better separation of proteins in IEC.
However, this speculation needs more accurate and
quantitative studies for confirmation.
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