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Identification and characterization of human eosinophil
cationic protein by an epitope-specific antibody

Ester Boix, Esther Carreras, Zoran Nikolovski, Claudi M. Cuchillo, and M. Victòria Nogués
Departament de Bioquı́mica i Biologia Molecular, Facultat de Ciències, Universitat Autònoma de Barcelona,
08193-Bellaterra, Spain

Abstract: The eosinophil cationic protein (ECP)
is a basic secretion protein involved in the immune
response system. ECP levels in biological fluids are
an indicator of eosinophil-specific activation and
degranulation and are currently used for the clin-
ical monitoring and diagnosis of inflammatory dis-
orders. A polyclonal epitope-specific antibody has
been obtained by immunizing rabbits with a conju-
gated synthetic peptide. A sequence corresponding
to a large exposed loop in the human ECP three-
dimensional structure (D115–Y122) was selected
as a putative antigenic epitope. The antibody was
purified on an affinity column using recombinant
ECP (rECP) as antigen. The antibody (D112–
P123 Ab) specifically recognizes rECP and its na-
tive glycosylated and nonglycosylated forms in
plasma, granulocytes, and sputum. The antibody
detects as little as 1 ng of rECP, can be used both
in reducing and nonreducing conditions, and does
not cross-react with the highly homologous eosino-
phil-derived neurotoxin or other proteins of the
pancreatic ribonuclease superfamily. J. Leukoc.
Biol. 69: 1027–1035; 2001.
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INTRODUCTION

Eosinophils are major effector cells in the inflammatory re-
sponse. The eosinophil cationic protein (ECP) is a basic pro-
tein located in the eosinophil primary matrix and is involved in
the immune response system. Eosinophil secretion proteins are
active in the host defense mechanism against bacterial, hel-
minthic, and viral infections. The cytotoxicity of ECP can also
damage the epithelial host cells, and eosinophils are consid-
ered the primary leukocytes responsible for tissue damage in
inflammatory diseases (reviewed in ref. 1 and 2). Eosinophil
recruitment and degranulation have been correlated with the
pathogenesis of asthma and inflammation due to viral infec-
tions [3, 4]. The specific release of granule secretion proteins
by activated eosinophils has been analyzed by measuring ECP
levels in biological fluids and noting its correlation with several
eosinophil cell effectors, such as immunoglobulins and com-
ponents of the complement system [5, 6].

The ECP sequence shows a high homology with the se-
quence of the eosinophil-derived neurotoxin (EDN), another
protein of the eosinophil granule matrix. Both ECP [also known
as ribonuclease (RNase) 3] and EDN (also known as RNase 2)
are ribonucleolytic enzymes belonging to the pancreatic RNase
(EC 3.1.27.5) superfamily. ECP has three potential glycosyla-
tion sites for asparagine-linked oligosaccharides, and three
glycosylated forms of native ECP (with 18-, 20-, and 22-kDa
molecular masses) have been described [7, 8]. Recent studies
suggest that the differential glycosylation of ECP may be
critical for the regulation of its biological function [2].

ECP levels in serum, sputum, and other fluids are currently
used as markers for the diagnosis and monitoring of the ther-
apeutic efficacy in acute- and chronic-inflammation diseases,
as well as other hypereosinophilia syndromes [2]. Several an-
tibodies designed to determine the ECP levels in biological
samples have been described. Monoclonal antibodies EG1 and
EG2 have been used in clinical studies for the detection and
quantification of ECP [9]. These antibodies were raised against
either eosinophil extracts or the eosinophil granule products,
and their recognition capabilities are discussed below. An
enzyme-linked immunosorbent assay (ELISA) using polyclonal
antibodies against purified native ECP has also been described
[10]. Pharmacia & Upjohn (Uppsala, Sweden) developed an
improved immunoassay for ECP detection (Pharmacia CAP
System™) [11], and a fully automated assay that combines
immunoglobulin (Ig) E with other allergy markers is currently
being used for the monitoring of allergy immunotherapy
(UniCAP™, Pharmacia & Upjohn) [12]. However, the lack of
information on the epitope involved in the immune detection
system and the lack of specificity of the assays reduce some of
the potential applications of these methods for basic research
studies.

We have developed a specific antibody against a defined
region of ECP. This antibody does not cross-react with either
EDN or the other proteins of the pancreatic RNase superfam-
ily, but it detects both the glycosylated and nonglycosylated
forms of ECP, either native or denatured. The selected epitope
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was chosen according to a prediction model of the ECP three-
dimensional structure [13] based on the EDN three-dimen-
sional structure [14]. The sequence D115–Y122 corresponds
to a unique exposed region, which is a specific large insertion
loop in eosinophil-associated RNases and in RNase K6 [15]
(Fig. 1A and B). The epitope was further characterized by an
analysis of the X-ray crystal structure of ECP (Fig. 1A) [16].
Rabbit polyclonal antibodies were obtained with an ECP
synthetic peptide, and antibodies were further purified by
affinity chromatography using immobilized recombinant ECP
(rECP). We have characterized the antibody by ELISA, dot
blotting, sodium dodecyl sulfate (SDS)-polyacrylamide gel
electrophoresis (SDS-PAGE), and Western blotting. Plasma,
granulocytes, and sputum samples have been analyzed with
this antibody.

MATERIALS AND METHODS

EDN that had been extracted from human eosinophil granules was the gener-
ous gift of Gerald Gleich. RNase A (type XII), poly(C), poly(U), baker’s yeast
RNA (type XI), protein molecular weight markers, 3-dimethylaminobenzoic
acid, and 3-methyl-2-benzothiazoline hidrazone were purchased from Sigma
Chemical Co. (St. Louis, MO). Diethylaminoethyl-Sepharose CL-6B and pro-
tein A-Sepharose CL-6B resins, PD10, HiTrap Q, and HiTrap SP prepacked
columns, and Hyperfilm-MP (high-performance autoradiography film) were
from Amersham Pharmacia Biotech (Uppsala, Sweden). Limphoprep was ob-
tained from Nycomed Pharma AS Diagnostics (Oslo, Norway). Monoclonal
antibody EG1 was from Kabi Pharmacia Diagnostics AB (Uppsala, Sweden).
Amplified alkaline phosphatase goat anti-rabbit immunoblot assay kits and
goat anti-mouse antibody conjugated to alkaline phosphatase were from Bio-
Rad Laboratories (Hercules, CA). Horseradish peroxidase-linked goat anti-
rabbit IgG, the SuperSignal Ultra chemiluminescent substrate kit, and the
Aminolink affinity column were from Pierce (Rockford, IL). Immobilon-P
membranes were from Millipore (Bedford, MA). ELISA plates were from Costar

Fig. 1. (A) Ribbon schematic representation of the three-dimensional struc-
ture of ECP [16] using the program Molscript [31]. All nonhydrogen atoms
are shown for residues D115–Y122. The structure of the loop used as epitope
and also the N- and C-terminal ends are shown in color. (B) Amino acid
sequence alignment for ECP and its human homologues of the pancreatic
RNase family, RNase 1 (pancreatic RNase), EDN (RNase 2), ECP (RNase 3),
RNase 4, Ang (RNase 5), and RNase K6 (RNase 6). The alignment was
performed with the PileUp program (version 8, Wisconsin Package; Genetics
Computer Group). The numbering corresponds to the human ECP sequence.
Conserved residues in all the sequences are marked in white with a black
background, and conserved residues on either five and four of the sequences
are marked in white with a dark-gray background and in black with a
light-gray background respectively. The potential glycosylation sites are
indicated with arrows. The selected epitope region is indicated with aster-
isks.
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Corp. (Cambridge, MA). Peptide D112–P123 conjugated with ovalbumin was
synthesized and purified by high-pressure liquid chromatography by Neosys-
tem Laboratoire (Strasbourg, France).

Peptide sequence design

The peptide for immunization was selected by comparison of the primary
sequences of both human ECP and EDN in the primate family [15] and by
comparison of eosinophil-associated RNases ECP and EDN with other mem-
bers of the pancreatic RNase superfamily [17]. Superposition of the main chain
backbone of the human ECP primary sequence on the EDN three-dimensional
structure [13] and structure prediction indicated that the loop region corre-
sponding to D115–Y122 is the region where the main chain backbones of the
two proteins differ most [14]. Indeed, the sequence corresponds to an exposed
loop in the ECP three-dimensional structure—as confirmed recently by X-ray
crystallography [16] (Fig. 1A)—containing a unique insertion found in eosin-
ophil RNases (EDN and ECP) and in the phylogenetically close relative RNase
K6 (Fig. 1B). A homology search in the protein data bank by the BLAST
program (version 8, Wisconsin Package; Genetics Computer Group, Madison,
WI) indicated that the selected region has significant homology only with other
mammalian ECP sequences [15].

The selected peptide sequence used for immunization (KGDNRDPRD-
SPRYP) included the loop 115–122 and some extra residues at both sides of
the ECP primary sequence (D112–P123). Finally, the KG dipeptide was added
at the N terminus, and this K residue was linked to a carrier protein (ovalbu-
min) to increase the immunogenic response.

Antibody production and partial purification using
protein A-Sepharose

The synthetic peptide (KGDNRDPRDSPRYP) conjugated to a carrier protein
(ovalbumin) was used as an immunogen, and rabbit polyclonal antibodies were
obtained by Neosystem Laboratoire according to their standard immunization
protocol. Total antibodies were purified from plasma by means of protein
A-Sepharose CL 6B chromatography on a 2-mL column. The column was
equilibrated with 50 mM Tris-HCl, pH 7.0, and 2 mL of rabbit serum were run
twice through the column. Antibodies were eluted with 0.1 M glycine, pH 3.0;
1 M Tris-HCl, pH 8.0, was added to the collected fractions to neutralize
the pH.

Antibody purification by column affinity
chromatography with immobilized ECP

rECP, previously obtained in our laboratory using a prokaryotic expression
system [14], was used as antigen for the purification of specific antibodies.
Following the manufacturer’s recommendations, 2 mg of rECP and a 2-mL
Aminolink were both equilibrated with phosphate-buffered saline (PBS; 7.5
mM Na2HPO4, 2.5 mM NaH2PO4, 0.14 M NaCl, pH 7.2). Forty microliters of
5 M sodium cyanoborate were added as a reducing agent, and the mixture was
left at 25°C for 6 h and then washed with PBS. Free reactive groups were then
blocked with 1 M Tris-HCl, pH 7.4, and the column was washed with 1 M NaCl
and equilibrated again in PBS. Two milliliters of immunized rabbit serum were
applied to the affinity column, and the column was washed again with PBS and
1 M NaCl. Bound antibodies were eluted with 0.1 M glycine, pH 3.0, and
mixed with 1 M Tris-HCl, pH 8.0, to neutralize the pH. Elution was monitored
by measuring the absorbance at 280 nm (A280). Peak fractions were pooled, and
the final antibody concentration was determined spectrophotometrically
(A280

0.1% � 0.75). The purified fraction of epitope-specific antibodies was
�10% of the protein A-Sepharose-derived total antibodies.

Preparation of granulocytes

Blood samples were collected from healthy volunteers. Five milliliters of blood
samples were mixed with 0.5 mL of 5% EDTA, and 1.375 mL of 3.7% dextran
(average relative molecular weight, �250,000) was added. After a 20-min
incubation (37°C) at a 45° inclination and 5 min in a vertical position, the
leukocyte-rich plasma fraction was separated and diluted with PBS (1:1, v/v);
and then the sample was poured over a Lymphoprep solution (3:1, v/v). After
centrifugation of the samples at 800 g for 30 min, four layers were formed. The
upper plasma fraction was decanted and kept at �20°C until analysis. The

pellet, which contained erythrocytes and granulocytes, was further processed
as follows. Red blood cells were lysed by adding 0.4 M NH4Cl to the tubes,
which were kept at 0°C for 5 min. The remaining granulocytes were washed
twice with PBS, sonicated, and centrifuged before analysis.

Partial purification of plasma by ion-exchange
chromatography

Plasma was desalted by gel filtration chromatography with a PD10 column
previously equilibrated in a pH 8.0 solution consisting of 15 mM Tris-HCl and
2 mM EDTA. Samples were then loaded onto a HiTrap Q anion-exchange
prepacked column that had been equilibrated with 15 mM Tris-HCl–2 mM
EDTA, pH 8.0. The nonretained fraction, which contained plasma basic
proteins, was loaded onto a cation-exchange column (HiTrap SP) equilibrated
in the same buffer. Proteins retained by the cation-exchange column were then
eluted with a linear salt gradient of 0–1 M NaCl. Aliquots (0.5 mL) were
collected, and the peak fractions were further concentrated and dialyzed
against distilled water. Eluted fractions were assayed for activity with zymo-
gram staining gels and were characterized by immunoblotting.

Sputum processing

Healthy volunteers and asthmatic patients were induced to produce sputum via
hypertonic saline inhalation. The sputum samples were processed as described
by Gibson et al. [18] with the following modifications: sputum plugs were
isolated from the sample, diluted (1:4, v/v) with 0.1% dithiothreitol, mixed by
vortexing, and kept at room temperature for 15 min to disperse the cells. The
samples were diluted 1:4 with PBS, filtered through a 50-�m nylon mesh filter,
and centrifuged at 4°C for 10 min at 700 g. The supernatant was removed,
stored at �20°C, and thawed immediately before assay. The samples were
concentrated if necessary and dialyzed against distilled water. The ECP levels
in sputum were found to be stable during sputum processing and storage [18].

ELISA

The reactivity of D112–P123 Ab against both the original synthetic peptide
conjugated to ovalbumin and rECP was tested by ELISA [19]. The ELISA
method was as follows. Wells were coated overnight at room temperature with
100 �L of antigen at different concentrations in a 0.1 M carbonate-bicarbonate
buffer, pH 9.6. Wells were washed three times with 0.05% (v/v) Tween 20 in
PBS and blocked with 1% bovine serum albumin (BSA) in 0.05% Tween 20 in
PBS for 1 h at 37°C. The wells were washed again with the same solution and
incubated at 37°C for 2 h with 100 �L of the purified D112–P123 Ab (20
ng/mL–5 �g/mL concentration range) in 1% BSA and 0.05% Tween 20 in PBS.
After the wells were washed with 0.05% Tween 20 in PBS, 100 �L of a 1:3,000
dilution of horseradish peroxidase-linked goat anti-rabbit IgG in PBS–1%
BSA–0.05% Tween 20 were added per well. Finally, after the wells were
washed again with 0.05% Tween 20 in PBS, 100 �L of substrate solution
containing 40 mM 3-dimethylaminobenzoic acid, 0.8 mM 3-methyl-2-benzo-
thiazoline hidrazone, and 3 mM H2O2 in 0.1 M phosphate buffer, pH 7.0, were
added to each well. After a 20-min incubation, the reaction was stopped with
50 �L of 2 M H2SO4. The A620 was measured with a plate reader (Anthos
reader 2001, Anthos Labtec Instruments, Cultek, Spain).

Immunoblotting analysis: Western blot and
dot blot

Samples were mixed with loading buffer [60 mM Tris-HCl, 10% (v/v) glycerol,
0.015% (w/v) bromophenol blue, 3% SDS, pH 6.8, with or without 5%
�-mercaptoethanol] and loaded onto an SDS–15% polyacrylamide gel. After
electrophoresis, proteins were transferred to a prewetted Immobilon P mem-
brane using an optimized transfer buffer for highly cationic proteins [39 mM
glycine, 0.1% (w/v) SDS, 20% (v/v) methanol, pH 9.0]. The transfer was
performed at 100 V for 25 min. The Immobilon P membranes were washed with
Tris-buffered saline (TBS) (25 mM Tris-HCl, 140 mM NaCl, 3 mM KCl, pH
8.0) and blocked with blocking buffer [TBS containing 0.05% Tween 20 and
3% (w/v) BSA]. Detection was carried out with purified D112–P123 Ab as the
primary antibody, and the optimal dilution from an initial stock solution of 0.1
mg/mL was previously assessed. Blots were then incubated with the secondary
antibody in TBS containing 0.05% Tween 20 and 1% (w/v) BSA, using a
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1:3,000 dilution of the biotinylated goat anti-rabbit IgG antibody and a 1:3,000
dilution of the streptavidin-biotinylated alkaline phosphatase complex. Blots
were finally developed in a pH 9.5 solution consisting of 100 mM Tris-HCl and
0.5 mM MgCl2 and containing 0.1 mg/mL of 5-bromo-4-chloro-3-indolyl
phosphate and 0.3 mg/mL of nitroblue tetrazolium. The reaction was stopped
by adding distilled water. Alternatively, blot membranes were developed with
a SuperSignal Ultra chemiluminescence kit, using a 1:200,000 dilution of the
horseradish peroxidase-linked goat anti-rabbit IgG antibody and the fluores-
cent substrate luminol. Bands were detected as film signals (Hyperfilm-MP
high-performance autoradiography film). For the testing of the monoclonal
antibody EG1, a 1:20 dilution was used; and detection was carried out by using
a 1:3,000 dilution of alkaline phosphatase-labeled goat anti-mouse antibody.
In all cases, bands were scanned (Imaging Densitometer, model GS-700;
Bio-Rad Laboratories) and quantified using the software Multi Analyst (version
1.1) (Bio-Rad Laboratories).

For comparison with immunoblotting results, total protein staining was
performed with Coomassie blue R-250 dye in 7% acetic acid and 12%
methanol. The destaining solution was 7% acetic acid and 20% methanol.

The dot blotting was performed on nitrocellulose membranes with a blotting
instrument connected to a vacuum pump (Bio-Dot Microfiltration Apparatus,
Bio-Rad Laboratories). Antigen samples were mixed with transfer buffer (39
mM glycine, 0.1% SDS, 20% methanol, pH 9.0) and transferred onto a
nitrocellulose membrane. Immunodetection was carried out using purified
D112–P123 Ab as the primary antibody and the biotinylated goat anti-rabbit
IgG as the secondary antibody according to the procedure described above.

Activity-staining gels (zymogram)
Samples obtained from the partial purification of human plasma and from
granulocytes and sputum fractions were mixed with nonreducing loading buffer
(60 mM Tris-HCl, 10% glycerol, 0.015% bromophenol blue, 3% SDS, pH 6.8)
and were analyzed for RNase activity by zymogram on SDS–15% polyacryl-
amide gels containing 0.6 mg/mL of either poly(U) or poly(C) as substrate [20].
After elimination of SDS by incubation with a pH 7.5 solution consisting of 10
mM Tris-HCl and 20% isopropanol, the gels were incubated at 25°C for 90 min
in 100 mM Tris-HCl, pH 7.5. The gels were stained with 0.2% toluidine blue
in 10 mM Tris-HCl, pH 8.0. The relative intensity of the areas showing
substrate degradation was analyzed by densitometry.

RESULTS

Purification of D112–P123 Ab by affinity column
chromatography

Two milligrams of rECP were immobilized in a 2-mL Amino-
link column as described in Materials and Methods. Of the
loaded protein, 80–90% was bound to the column. By using
this affinity column with immobilized rECP as an antigen, 2 mL
of purified antibodies (0.1-mg/mL solutions) were obtained
from each 2-mL sample of rabbit serum. The epitope-specific
antibody constituted �10% of the total antibody fraction pre-
viously obtained by the protein A-Sepharose chromatography.

Antibody titration and cross-reactivity

Purified antibodies were assayed by ELISA against the conju-
gated synthetic peptide (0.1–9 �g) and rECP (0.2–37 �g). The
antibodies were serially diluted from a 0.1-mg/mL stock solu-
tion to working concentrations ranging from 20 ng/mL to 5
�g/mL and added to microtiter plates coated with either rECP
or the conjugated peptide. The amount of antibody binding was
measured colorimetrically at 620 nm (Fig. 2).

Immunoblotting analysis

The immunoreactivity and sensitivity of D112–P123 Ab were
first tested against rECP. Immunodetection was carried out

after SDS–15% PAGE and transfer to Immobilon membranes.
The staining by the streptavidin-biotinylated alkaline phospha-
tase complex showed that there was a linear relationship for up
to �75 ng of rECP (Fig. 3A) and that the assay could detect
as little as 1 ng of rECP (Fig. 3B). To check the reproducibility
of the method, the relationship between the ECP level (in
nanograms) and the integration of the corresponding band
densitogram (in optical density units per square millimeter)
was obtained from four independent experiments, and the
regression line was determined ( y � 0.0755x; r2 � 0.9999).
Immunodetection with a SuperSignal Ultra chemiluminescence
kit gave similar results (Fig. 3C), although an increase in the
detection levels could be achieved with longer film exposure
times. A faint upper band corresponding to the formation of
small amounts of dimer was observed when large quantities of
purified rECP were loaded on the SDS-polyacrylamide gel.
This band was also observed when the SDS-polyacrylamide gel
was stained with Coomassie blue for detection of total protein.
Lack of cross-reactivity against 3 �g of EDN and RNase A was
demonstrated by SDS–15% PAGE and Western blot analysis
(Fig. 4A).

D112–P123 Ab reactivity against rECP, the conjugated pep-
tide, and control proteins (0.1–3 �g of EDN, RNase A, and
carbonic anhydrase) was also assessed by dot blot analysis.
The primary antibody was tested at concentrations ranging
from 50 ng/mL to 1 �g /mL, and rECP was tested at concen-
trations ranging from 1–100 ng. The optimal antibody concen-
tration was 0.2 �g/mL, and rECP was detected down to 10 ng.
No signal was detected with either EDN, RNase A, or carbonic
anhydrase (results not shown).

To check D112–P123 Ab recognition capability in cells and
biological fluids, samples of plasma, granulocytes, and sputum
were also assayed by Western blotting and immunodetection
(Fig. 4B). In both sputum and granulocyte fractions, we could

Fig. 2. Analysis of the antibody working range. The relationship between the
D112–P123 Ab concentration and the detection signal (A620) using rECP (F)
and the conjugated peptide (Œ) is shown. The analysis was carried out with the
ELISA, using as the secondary antibody the horseradish peroxidase-linked
goat anti-rabbit IgG at a 1:3,000 dilution. Solutions of D112–P123 Ab purified
by affinity chromatography with immobilized rECP were made ranging from 20
ng/mL to 5 �g/mL, and 200 ng (127 nM) of rECP and 100 ng (19.5 nM) of the
conjugated peptide were used as antigens.
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identify a lower and predominant band corresponding to the
nonglycosylated form, with a molecular mass equivalent to that
of rECP. For plasma samples, only the nonglycosylated band
was detected.

Plasma samples

For plasma samples, detection of ECP in Western blotting was
feasible only if plasma was previously concentrated. ECP lev-
els in serum ranged from �1 to 20 �g/L in healthy subjects,
increasing up to 200–500 �g/L in subjects with inflammatory
diseases [2, 15]. Sensitivity was increased by partially purify-
ing plasma samples by ion-exchange chromatography as de-
scribed in Materials and Methods. SDS-PAGE and total protein
staining with Coomassie blue indicated that most of the plasma
proteins had been eliminated during the partial purification of
the sample (results not shown), although different bands with
RNase activity were observed by the zymogram technique (Fig.
5B, lane 2). After SDS-PAGE and Western blotting of plasma
samples and immunodetection with the streptavidin-biotinyl-
ated alkaline phosphatase complex, only a band corresponding
to the nonglycosylated form of ECP was detected in the max-
imum of the elution peak (Fig. 4B, lane 3). This was likely due
to the low concentration of ECP in plasma within the limits of
the sensitivity of the assay. However, in the initial fraction of
the elution peak of ECP from ion-exchange chromatography,
two additional bands of 25 and 50 kDa were detected (Fig. 4B,
lane 2). The molecular mass of each band was estimated by
comparison with standard molecular mass markers. These
bands were also detected when the Western blot development
was performed without the primary ECP-specific antibody,
using only the commercial anti-rabbit IgG secondary antibody
(Fig. 4B, lane 6). These bands may correspond to the light and
heavy chains of human IgG. Transfer to an Immobilon mem-
brane and N-terminal sequencing of these bands showed that
the 25-kDa band corresponded to the light chain of human IgG.
In the case of the 50-kDa band, the sequence of the heavy
chain was not obtained, probably due to blocking of the N
terminus of the protein. N-terminal sequencing indicated the
presence of albumin or apolipoprotein H. In conclusion, the
bands, identified as human IgG, eluted from the cation ex-

Fig. 3. Analysis of D112–P123 Ab immunoreactivity by Western blot anal-
ysis using rECP as antigen. (A) Relationship between rECP (ng) and integrated
densitogram of the detected band. After SDS–15% PAGE, the Western blot
was developed with the primary antibody D112–P123 Ab at 0.2 �g/mL using
biotinylated goat anti-rabbit IgG Ab at a 1:3,000 dilution and streptavidin-
biotinylated alkaline phosphatase complex at a 1:3,000 dilution. For each
quantity of rECP, four independent measurements were made, and the regres-
sion line was determined (y � 0.0755x; r2 � 0.9999). (B) SDS–15% PAGE
and Western blot analysis developed by the streptavidin-biotinylated alkaline
phosphatase complex. Lane 1, 100 ng of rECP; lane 2, 75 ng of rECP; lane 3,
50 ng of rECP; lane 4, 25 ng of rECP; lane 5, 10 ng of rECP; lane 6, 5 ng of
rECP; lane 7, 1 ng of rECP; and lane 8, 0.5 ng of rECP. (C) SDS–15% PAGE
and Western blot analysis of rECP developed using the SuperSignal Ultra
chemiluminescence kit, luminol as substrate, and horseradish peroxidase goat
anti-rabbit IgG secondary antibody diluted to 1:200,000. Lane 1, 50 ng of
rECP; lane 2, 10 ng of rECP.

Fig. 4. SDS–15% PAGE and Western blot of
rECP and ECP in biological samples. Given the
different ECP level in each biological sample,
volumes were adjusted to obtain the best detec-
tion signal. The primary antibody, D112–P123
Ab, was used at a concentration of 0.2 �g/mL.
Blots were developed using biotinylated goat
anti-rabbit IgG Ab at a 1:3,000 dilution and
streptavidin-biotinylated alkaline phosphatase
complex at a 1:3,000 dilution (except in lanes M
and 6 of panel B). (A) Lane 1, 50 ng of rECP;
lane 2, 3 �g of RNase A; lane 3, 3 �g of EDN.
(B) Molecular mass markers stained with Coo-
massie blue R-250 (bovine serum albumin,
ovalbumin, carbonic anhydrase, trypsin inhibi-

tor, and lysozyme). Lane 1, 50 ng of rECP; lane 2, 17 �L of the initial fraction of the ECP elution peak from HiTrap SP chromatography; lane 3, 17 �L of the
maximum of the ECP elution peak from HiTrap SP chromatography; lane 4, 15 �L of processed sputum, corresponding to 0.5 mL of initial collected sputum; lane
5, 8 �L of purified granulocytes from 120 �L of total blood; and lane 6, 17 �L of the same sample that was used in lane 2, the incubation step with D112–P123
Ab was omitted, and the blot was developed using a SuperSignal Ultra chemiluminescence kit.
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change column at high ionic strength, close to the maximum
peak fraction for ECP, during the partial purification from
plasma and did not cross-react with the ECP-specific primary
antibody.

Granulocyte samples

Three glycosylated forms of native ECP, with approximate
molecular masses of 18, 20, and 22 kDa, have been described
in the literature [7, 8]. In the granulocyte samples, we detected
a lower band with a molecular mass corresponding to the
nonglycosylated rECP and some additional bands of higher
molecular mass, which could be attributed to glycosylated
forms of ECP (Fig. 4B, lane 5). In this case, only one RNase
activity band was detected with poly(C) as the substrate; but
several bands were observed with poly(U) (Fig. 5C, lane 2).

The ECP content in granulocytes includes the quantities
detected in eosinophils, neutrophils, and basophils. Granulo-
cytes are mainly composed of neutrophils (95.8%) but also
contain smaller proportions of eosinophils (3.5%) and ba-
sophils (0.6%), with the ECP content of neutrophils being 30-
to 100-fold lower than that of the eosinophils [21, 22].
Abughazaleh et al. [21] reported ECP concentrations of �5
�g/106 cells in eosinophils, 50 ng/106 cells in neutrophils, and
80 ng/106 cells in basophils; and recent immunofluorescence
studies indicated ECP contents of �3.4 �g/106 cells in eosin-
ophils and 150 ng/106 cells in neutrophils [22]. Very recent
studies suggest that the ECP content detected in neutrophils
results from an active uptake by the neutrophils of the protein
secreted by the eosinophils [2].

Sputum samples

Sputum analysis is one of the selective noninvasive markers of
airway inflammation. Measurement of ECP levels in sputum
seems to reflect inflammation and bronchial obstruction better
than that of ECP levels in blood [23]. Processing of sputum
samples was carried out as described in Material and Methods.
Treatment with 0.1% dithiothreitol ensures cell dispersion, and
the assayed fraction corresponds to the sputum supernatant
[18]. The sputum supernatant reflects only the ECP released by
eosinophil degranulation, although the possibility of a small
percentage of eosinophil lysis due to sample handling cannot
be ruled out. Western blot analysis allows detection of a
predominantly nonglycosylated band as well as some addi-
tional bands of higher molecular mass in the sputum superna-
tant (Fig. 4B, lane 4), although a more detailed study is
necessary to quantify and identify the different glycosylated
forms. ECP reference values in the literature range from 20- to
600-�g/L; values of �400–600 �g/L are found in asthmatic
patients [18]. RNase activity was also analyzed by the zymo-
gram technique (Fig. 5C, lane 3).

We used the sputum samples to check the recognition
capability of D112–P123 Ab in relation to the values deter-
mined by the UniCAP™ system. Both systems yielded com-
parable results (Table 1). The Western blot method was used
to determine the ECP levels and the relationship between the
integrated densitogram of each band, and the ECP quantity was
correlated using the regression line obtained from Figure 3A
(y � 0.0755x; r2 � 0.9999). In each assay, an rECP sample

Fig. 5. RNase activity staining on SDS–15% polyacrylamide gels containing either poly(C) (top) or poly(U) (bottom) as substrate. Because the detection signal
depends on both the amount of protein and the specific activity of each RNase species, the volumes loaded were accordingly adjusted to obtain the best detection
signal. (A) Lane 1, 10 ng of native EDN; lane 2, 170 ng of rECP; lane 3, 150 pg of RNase A. (B) Lane 1, 100 ng of rECP; lane 2, 5 �L of HiTrap SP peak fraction.
(C) Lane 1, 100 ng of rECP; lane 2, 6 �L of purified granulocytes corresponding to a volume of 60 �L of total blood; lane 3, 3 �L of processed sputum,
corresponding to 0.1 mL of initial collected sputum. The differences in the activities of ECP bands depended on the incubation times.
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(75 ng) was used as an internal standard. Treated asthmatic
patients showed control values, except in case number 2; these
samples were used only as a reference to compare the two
methods.

Activity-staining analysis

Samples of partially purified plasma, granulocytes, and sputum
were also analyzed for RNase activity by the activity-staining
method (zymogram) using poly(C) and poly(U) as substrates.
Both ECP and EDN belong to the pancreatic RNase family [17]
and have RNase activity. Up to now, six different RNases have
been detected in human body fluids and characterized [17]
(Fig. 1B). The proteins with RNase activity—which elute from
the cation-exchange chromatography equilibrated with 15 mM
Tris-HCl, pH 8.0, at NaCl concentrations from 0.1 to 0.5
M—are the basic RNases, which include pancreatic RNase
(RNase 1), EDN (RNase 2) , ECP (RNase 3), RNase 4, angio-
genin (RNase 5), and RNase K6 (RNase 6) (Fig. 1B). Several
glycosylated forms have been described for the human pancre-
atic RNase [24] and the eosinophil RNases [17]. Comparative
activity staining with both poly(C) and poly(U) substrates was
used for the qualitative differential analysis of plasma RNases
[19]. Quantitative analysis of the bands detected by activity
staining cannot be performed because several RNases and
their glycosylated forms have similar molecular masses. Fur-
thermore, the relative catalytic efficiency of the different gly-
cosylated isoforms for the polynucleotide substrates is not yet
known.

RNase A, EDN, and ECP show different cleavage rates for
the poly(U) and poly(C) substrates (Fig. 5A). While pancreatic
RNase 1 shows a preference for the poly(C) substrate, eosino-
phil RNases prefer poly(U), although the poly(U)/poly(C) ratio
is much higher for EDN than for ECP. The zymogram is a very
sensitive technique that can detect as little as 50–100 pg of
RNase A [29], 1–5 ng of native EDN [19], and 10–15 ng of
rECP [14]. In Figures 5B and C, the bands detected by poly(U)
and poly(C) activity-staining electrophoresis of granulocytes,
plasma, and sputum samples are compared. Comparison of the
plasma fraction (Fig. 5B, lane 2) with the granulocyte sample

(Fig. 5C, lane 2) shows a predominance of eosinophil RNases
in the granulocyte fraction, with a clear preference for poly(U).

DISCUSSION

ECP levels in biological fluids have been correlated to the
severity of asthma and other chronic inflammatory diseases in
which a specific degranulation of the eosinophil is observed
during the inflammation process [2]. However, there is some
controversy regarding the clinical diagnostic usefulness of ECP
levels in some fluids and tissues because of either the sample
handling protocols [25, 26] or the detection assay specificity [27].

We have developed an epitope-specific polyclonal antibody
for the specific immunodetection of ECP. A specific epitope
was selected according to a prediction of ECP’s three-dimen-
sional structure [13]. The region that corresponds to an ex-
posed loop in ECP, where the main chain adopts a different
conformation in EDN than in ECP, was selected. The recently
resolved crystal structure of ECP [16] confirmed the chosen
region as a putative antigenic epitope (Fig. 1A).

Polyclonal antibodies were raised using a conjugated syn-
thetic peptide corresponding to the sequence D112–P123,
which includes the identified loop region D115–Y122. Specific
purification of the antibodies on an affinity column using
immobilized rECP as an antigen eliminated any possible back-
ground due to the rabbit immunogenic reaction to the carrier
protein or to any other secondary structure adopted by the
synthetic peptide that did not correspond to its conformation in
the three-dimensional native structure.

D112–P123 Ab reacted with the nonglycosylated rECP,
expressed in a prokaryote system, and with the native human
ECP present in plasma, granulocytes, and sputum. In the
Western blot, a lower band corresponding to the nonglycosy-
lated protein and additional bands of higher molecular mass,
which would correspond to the ECP glycosylated forms, were
detected by the antibody. The antibody had a high sensitivity,
detecting as little as 1 ng of rECP; it could detect ECP in both
its reduced and nonreduced forms, and this antibody did not
cross-react with either EDN or RNase A.

Immunoblotting results were always compared with those
obtained by Coomassie blue total protein staining and by the
zymogram technique. The activity-staining method had a very
high sensitivity but could not discriminate between the differ-
ent proteins with RNase activity and similar molecular masses
or between the corresponding glycosylated isoforms present in
biological samples.

D112–P123 Ab recognition capability can be compared with
that of other ECP immunodetection assays. However, both the
source of the antigen and the antibody specificity have to be
taken into account. Monoclonal antibodies EG1 and EG2
raised against eosinophil extracts and eosinophil granule prod-
ucts [9] have been suggested to be useful for the monitoring of
eosinophil degranulation. EG1 recognizes ECP in both its
storage and secreted forms, and EG2 recognizes both ECP and
EDN, albeit only in their secreted forms. EG1 can be used only
in nonreducing conditions, and EG2 detects only one glycosy-
lated form of ECP [7]. Detection with EG2 has been used in

TABLE 1. Determination of ECP Levels in Sputum Samples
by Immunoreactivity of the D112–P123 Ab

and by the UniCAP™ System

Samplea

ECP level (�g/L) by

D112–P123 Abb UniCap™ system

1 301 368
2 1,495 1,248
3 382 312
4 NDc 112

a Samples were obtained from volunteers. Sample 1 corresponds to a healthy
volunteer and samples 2 through 4 correspond to treated asthmatic patients.
b ECP levels were determined by Western blot analysis from the bands
detected by the D112–P123 Ab. The ECP values were obtained by integration
of the band densitograms and interpolation using the regression line obtained
as shown in Fig. 3. In each assay an rECP sample (75 ng) was used as internal
standard. c ND: not detected.
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many clinical studies as a tool to distinguish between resting
and actively secreting eosinophils, and such a method is useful
for monitoring and diagnosing inflammatory diseases. However,
the physiological significance of stored and secreted forms of
eosinophil RNases is still controversial, and the structural
differences are unknown. Moreover, Jahnsen et al. [28] have
shown that the EG2 reactivity does not discriminate between
resting and activated eosinophils. These authors concluded
that EG2 antibody could not be used as an activation marker in
immunohistochemistry. Their results suggested that the re-
ported differences in staining were likely caused by the granule
protein leaking from the eosinophils as a result of the fixation
technique rather than as a result of cellular secretion. Re-
cently, Nakajima et al. [27] tested the EG1 and EG2 reactivity
by radioimmunoassay and Western blot analysis and con-
cluded that their differential reactivity was dependent on both
the method of fixation and the antibody concentration.

We have compared the binding affinities and specificities of
D112–P123 Ab and EG1. Immunoblotting in nonreducing
conditions using a 1:10 dilution of EG1 antibody could detect
rECP as well as plasma and granulocyte ECP; there was no
cross-reaction with other proteins, but there was a slightly
lower sensitivity than that of D112–P123 Ab at a 1:500 dilu-
tion. Some basic research studies have also been carried out
using polyclonal antibodies against purified native ECP [10, 29].

Most of the current clinical studies use the newly developed
Pharmacia CAP System™ for the monitoring of ECP levels,
with a detection limit of �2 ng/mL [11]. Unfortunately, there is
not much literature available on either its specificity or the
epitope recognized by the antibody. In sputum samples, a good
correlation has been obtained between the automated assay of
the Pharmacia CAP System™ (UniCAP™) and D112–P123
Ab recognition (Table 1).

D112–P123 Ab should prove useful for the analysis of
different ECP isoforms in biological tissues and fluids. The
antibody does not cross-react with EDN, can be used in both
reducing and nonreducing conditions, and has a sensitivity
detection limit of 1 ng. In the present study, a preliminary
analysis of ECP isoforms in plasma, granulocytes, and sputum
samples was carried out using the ECP epitope-specific D112–
P123 Ab. Further analyses will be carried out to characterize
and quantify the glycosylated forms of ECP in plasma, eosin-
ophils, and sputum. It has been reported that the several ECP
isoforms display different biological properties [2]. Glycosyla-
tion is regarded as a way of fine-tuning to modulate the func-
tionality of the secreted protein and as a target-cell recognition
marker [30]. The specific identification and quantification of
the ECP glycosylated forms will help us understand the process
of ECP secretion and regulation. To assess the putative in-
volvement of this domain in ECP biological properties, func-
tional studies of the neutralizing effects of the epitope-specific
D112–P123 Ab will also be performed.
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Both Aromatic and Cationic Residues Contribute to the Membrane-Lytic and
Bactericidal Activity of Eosinophil Cationic Protein†
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ABSTRACT: Eosinophil cationic protein (ECP) and eosinophil derived neurotoxin (EDN) are proteins of
the ribonuclease A (RNase A) superfamily that have developed biological properties related to the function
of eosinophils. ECP is a potent cytotoxic molecule, and although the mechanism is still unknown this
cytotoxic activity has been associated with its highly cationic character. Using liposome vesicles as a
model, we have demonstrated that ECP tends to disrupt preferentially acidic membranes. On the basis of
structure analysis, ECP variants modified at basic and hydrophobic residues have been constructed. Changes
in the leakage of liposome vesicles by these ECP variants have indicated the role of both aromatic and
basic specific amino acids in cellular membrane disruption. This is the case with the two tryptophans at
positions 10 and 35, but not phenylalanine 76, and the two arginines 101 and 104. The bactericidal activity
of both native ECP and point-mutated variants, tested against Escherichia coli and Staphylococcus aureus,
suggests that basic amino acids play, in addition to the effect on the disruption of the cellular membrane,
other roles such as specific binding on the surface of the bacteria cell.

Eosinophil cationic protein (ECP)1 is a secretory protein
found in the large specific granules of eosinophilic leuko-
cytes. Mature ECP is a single polypeptide with a molecular
mass of 15.5 kDa, although several glycosylated forms with
molecular masses ranging from 16 to 22 kDa have also been
observed. It shares sequence homology with proteins of the
RNase A superfamily, a vertebrate-specific enzyme family
(1), that includes eight human proteins, with different RNase
activities, expression patterns, and physiological functions

that, in some cases, remain unknown (2). Eosinophils also
contain another member of the RNase A superfamily, the
eosinophil derived neurotoxin (EDN), that shows a 67%
amino acid sequence identity with ECP. ECP shares the
overall three-dimensional structure and active site amino
acids required for RNase activity (3), although its catalytic
activity is much lower (4, 5). ECP has developed biological
properties, related to the functions of the eosinophils, and
the ECP levels in different biological fluids correlate with
the eosinophil activity which is used as an inflammatory
marker (6). ECP is a potent cytotoxic molecule, with
bactericidal (7, 8) and helminthotoxic (9, 10) properties in
contrast with EDN which has very little antibacterial and
antiparasitic activities. The cytotoxic effect of ECP can also
damage the host epithelial cells (11, 12). Both ECP and EDN
are neurotoxic and provoke the Gordon phenomenon when
injected intraventriculary to guinea pig and rabbits (13); they
also possess antiviral activity against the single-stranded
RNA respiratory syncytial virus (RSV) (14).

It has been suggested that the pathogenic activity of ECP
appeared due to a strong positive Darwinian selection
occurring after the duplication of the ancestral EDN gene
about 30 million years ago, resulting in an increase of the
net positive charge of the protein (15, 16). ECP shows an
isoelectric point of 10.8, and its highly cationic character is
dependent on the number of arginine residues at the
molecular surface which may increase the capacity to bind
negatively charged molecules of cellular membranes. The
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1 Abbreviations: ECP, eosinophil cationic protein; rECP, recombi-

nant eosinophil cationic protein; wtECP, wild-type eosinophil cationic
protein; EDN, eosinophil derived neurotoxin; RSV, respiratory syncytial
virus; MBP, major basic protein; (∆115-122)-ECP, an ECP variant
in which the region of the loop D115-Y122 has been deleted; (115-
122EDN)-ECP, an ECP variant in which the region of the loop D115-
Y122 has been substituted by the corresponding sequence of EDN;
(Up)4U>p, an oligouridylic acid of five residues ending in a 2′,3′-
cyclic phosphate; poly(U), polyuridylic acid; ANTS, 8-aminonaphtha-
lene-1,3,6-trisulfonic acid disodium salt; DPX, p-xylene-bis-pyridinium
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6636 Biochemistry 2003, 42, 6636-6644

10.1021/bi0273011 CCC: $25.00 © 2003 American Chemical Society
Published on Web 05/16/2003

eboix
61



mechanism of cytotoxicity of ECP is still unknown and its
relation to the RNase activity is controversial. While the
ability of ECP to kill bacteria and parasites does not depend
on its ribonucleolytic activity (8, 17), ECP and EDN need
the catalytic activity to display their neurotoxicity (18) and
antiviral activity (19). Purified ECP is able to form stable
nonion selective channels in cell membranes (20). Thus, it
is plausible to think that ECP can kill cells by a mechanism
similar to that of some other pore-forming proteins such as
polymerized C9 (21). In addition to the transmembrane pore
formation, ECP could penetrate the cell where, like other
cytotoxic RNases, the subsequent cleavage of RNA would
result eventually in cell death. In these cases, reaching the
cell’s cytosol is very likely the rate limiting step for its
cytotoxic activity. It was shown that the increase of net
positive charge of RNase A by chemical modification
increases its cytotoxicity probably by enhancing its cellular
uptake (22). On the other hand, ECP blocks selectively the
growth of some mammalian cell lines (23). Recently, a new
member of the RNase superfamily, named RNase 7, with a
high cationicity and a broad antimicrobial spectrum, has been
identified in human skin and other tissues (24, 25).

The aim of this work is focused on the amino acid residues
of ECP, which may interact with the cell membrane and,
hence, be responsible for its toxicity. We have used site-
directed mutagenesis to modify some residues and checked
the cytotoxicity of the ECP variants obtained. On the basis
of the three-dimensional structure of ECP (3), we have
chosen some cationic and hydrophobic residues from the
surface of the protein. In addition, we have studied the role
of the loop region 115-122, which is specific for both
eosinophil RNases and for RNases 6, 7, and 8 and is one of
the regions where ECP and EDN differ the most (Figure 1
A). For each ECP variant, the kinetic parameters for
ribonucleolytic activity were measured and compared with
those of ECP. In addition to the bactericidal effect on both
Gram-negative and Gram-positive bacteria, we have deter-
mined the ability of wild-type ECP and ECP variants to
disrupt the membranes using liposome vesicles as a model.

EXPERIMENTAL PROCEDURES

Site-Directed Mutagenesis, Expression, and Purification
of ECP Variants. All mutants were obtained from a human
ECP synthetic gene (5). R121A- and W10K-ECP mutants
and the construction with the deletion of the region 115-
122 ((∆115-122)-ECP) were constructed using standard
PCR techniques (26). The double variants R75A/F76A-,
R121A/Y122A-, W35A/R36A-, R101A/R104A-ECP, as well
as the construction where the 115-122 region of ECP is
replaced by the corresponding EDN sequence ((115-
122EDN)-ECP), were constructed using the Quick Change
Site-Directed Mutagenesis kit (Stratagene, La Jolla, CA). All
constructs were confirmed by DNA sequencing.

Protein expression in the Escherichia coli BL21(DE3)
strain (Novagen, Madison, WI) as well as the initial
purification steps and folding of the proteins from inclusion
bodies were carried out as previously described (5). In the
subsequent cationic exchange chromatography (Resource S
and Mono S columns, Amersham Pharmacia Biotech)
purification steps, the proteins were injected in 0.15 M
sodium acetate, pH 5, and eluted with a linear NaCl gradient

from 0 to 2 M in the same buffer. Differences in the elution
pattern were a consequence of the different net charge of
each mutant. The homogeneity of the purified proteins was
checked with 15% SDS-PAGE and Coomasie Blue staining
and MALDI-TOF mass spectrometry (5).

Assay of RNase ActiVity. The RNase activity of the
recombinant proteins was determined using the oligouridylic
acid (Up)4U>p as substrate. This substrate was chosen based
on the previous kinetic characterization studies of ECP
and was prepared from poly(U) digestion (5). Assays were
carried out in 50 mM MES-NaOH, pH 6.2, at 25 °C, and
the kinetic parameters were determined by the spectropho-
tometric method using 1-cm path length cells (5). Substrate
concentration was determined using the extinction coefficient
ε260 ) 12 500 M-1 cm-1 (5). The activity was measured by
following the initial reaction velocities using the difference
molar absorbance coefficient, in relation to the cleaved
phosphodiester bond (∆ε280 ) 700 M-1 cm-1). Substrate
concentrations ranged from 0.01 to 0.3 mM. Final enzyme
concentrations varied between 0.14 and 0.5 µM, depending
on the activity of each mutant.

Liposome Leakage as a Measure of Membrane Disruption
Capacity. Liposome vesicles were prepared by vacuum-
drying of a 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC)/
1,2 dioleoyl-sn-glycero-3-[phospho-rac-(1-glycerol)] (DOPG)
(3:2 molar ratio) chloroform solution. DOPC and DOPG
were from Avanti Polar Lipids. Alternatively, pure DOPG
and DOPC vesicles were prepared. To obtain large unila-
melar vesicles with incorporated ANTS/DPX, the lipid film
was hydrated in 12.5 mM ANTS, 45 mM DPX, 20 mM
NaCl, 10 mM Tris, pH 7.5 and mixed overnight in the dark.
The suspension was frozen and thawed 20 times in liquid
nitrogen. The liposome vesicles were extruded successively
through 0.8, 0.4, and 0.1-µm (pore diameter) polycarbonate
membranes (Whatman) and centrifuged at 12 000g for 10
min to discard nonincorporated lipids. Unencapsulated mate-
rial was separated from the vesicles by gel filtration on
Sephadex G-25 (Amersham Pharmacia Biotech) using 10
mM Tris-HCl, pH 7.5 containing 0.1 M NaCl and 1 mM
EDTA as elution buffer. The lipid concentration was
determined by a colorimetric assay method for free and
phosphorylated glyceric acids (27).

Leakage was measured using the 8-aminonaphthalene-
1,3,6-trisulfonic acid disodium salt (ANTS)/p-xylene-bis-
pyridinium bromide (DPX) fluorescence assay (28) as
described by de los Rios et al. (29) with minor modifications.
ANTS and DPX were from Molecular Probes. Leakage was
measured by fluorescence (Perkin-Elmer 650-4 Fluorescence
spectrophotometer). Excitation and emission wavelengths
were 386 and 535 nm, respectively. The slit widths were 5
nm for the excitation beam and 10 nm for the emission beam.
The percentage of leakage (%L) produced by the proteins
after 1 h of incubation with the liposomes was calculated
with the following equation:

where Fp is the final fluorescence intensity after addition of
the protein (1 h), Fo and F100 are the fluorescence intensities
before addition of the protein and after addition of 0.5%
Triton X100 (Sigma), respectively. Statistical analysis was
performed by using the Student’s t test. A p value < 0.05
was considered statistically significant.

(%L) ) 100(Fp - Fo)/(F100 - Fo)
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Antibacterial ActiVity Assay. Antibacterial assay with
recombinant proteins was carried out essentially as described
by Lehrer et al. (7). Overnight cultures of Escherichia coli
BL21 DE3 strain and Staphylococcus aureus 502 A strain
(ATCC, Rockville, MD) were washed twice and suspended
at 1:100 or 1:1000 with respect to the original volume in 10
mM sodium phosphate, pH 7.5. Aliquots of 20 µL of
bacterial suspension were incubated for 4 h at 37 °C with
different concentrations (0.5, 1, and 2 µM) of each ECP
variant in phosphate buffer or with the same volume of
phosphate buffer as a control. The 10-fold dilutions of the
treated bacterial suspensions were plated on Luria-Bertani
(LB) agar followed by overnight growth at 37 °C, and the
colony forming units (CFU)/mL for each treatment was
determined. In each experiment, all the assays were carried
out in triplicate, and the results obtained were the average

of three independent experiments. EDN antibacterial activity
was also tested as a negative control. Statistical analysis
was performed by using the Student’s t test. A p value <
0.05 was considered statistically significant. Results were
explained in terms of the highest concentration with a
significant p value.

The antibacterial activity of recombinant ECP (rECP) at
different time intervals between 0 and 4 h was checked on
the E. coli BL21 DE3 strain by the same procedure using a
2 µM protein concentration.

Molecular Modeling. Three-dimensional models of ECP
mutants were obtained based on the X-ray structure of ECP
(1QMT‚pdb and ref 3) using the software Internal Coordinate
Modeling (ICM, and ref 30). The solvent accessible surface
area (SASA) was calculated using the program MolMol (31).

FIGURE 1: Location of the mutated residues on the ECP structure. (A) Primary sequence alignment of human members of the RNase A
superfamily. The conserved amino acids are boxed. The selected residues for amino acid substitutions are highlighted in black for single
mutation and gray for the loop region. The secondary elements of the ECP structure are shown. The alignment was generated with Clustal
W and the picture was drawn using the ESPript program (43). (B) Molecular surface representation of the X-ray three-dimensional structure
of ECP (1QMT.pdb) showing the position of the mutated residues, with basic amino acid residues (Arg) in blue and hydrophobic residues
(Phe, Tyr, and Trp) in yellow. The picture has been drawn using ICM software.
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RESULTS

Design and Purification of ECP Mutants. ECP variants
were constructed to analyze the contribution of specific basic
and aromatic amino acid residues located on the surface of
the protein (W10K-, W35A/R36A-, R75A/F76A-, and R101A/
R104A-ECP) and at the loop D115-Y122 to the ECP
cytotoxic activities (Figure 1). The sequence D115-Y122
of ECP corresponds to a unique exposed region which is a
large insertion loop in eosinophil-associated RNases (ECP
and EDN) and in RNases 6, 7, and 8. To analyze the role of
this region, the following constructions were obtained: the
(∆115-122)-ECP form in which the whole loop was deleted,
the (115-122 EDN)-ECP form in which the ECP specific
amino acids were substituted by the corresponding EDN
residues (116Q/P117R/S120P/R122Q-ECP) and specific
variants (R121A-ECP and R121A/Y122-ECP).

The predicted three-dimensional structures of ECP variants
using the Internal Coordinate Modeling (ICM, MolSoft) (31)
did not show any significant deviation from the overall
structure of wild-type ECP. The overall residue mean
standard deviation (rmsd) of superimposed main chain
backbones was in all cases lower than 0.5 Å, except for the
form with the EDN loop ((115-122 EDN) ECP), where the
loop region has a rmsd around 1.5 Å, and the protein with
the deletion of the region D115-Y122 ((∆115-122)-ECP),
where the last five C-terminal residues positions show a shift
of about 1.5 Å. All the mutated residues are solvent exposed
at the molecule surface, except for W10, which is partly
buried and close to the active site cavity. The solvent
accessible surface area and the electrostatic potential of the
protein show variations depending on the amino acids
substitutions (Table 1).

ECP variants obtained by site-directed mutagenesis were
purified according to the general procedure described for
rECP (5), but the steepness of the salt gradient applied to
the cation exchange chromatography was optimized in each
case. The molecular mass of the purified ECP variants was
checked by MALDI-TOF mass spectrometry.

Kinetic Characterization of ECP Variants. Table 2
shows the steady-state kinetic parameters for the cleavage
of (Up)4U>p by rECP and the modified forms. This low
molecular weight substrate was chosen according to the
previous kinetic characterization of rECP (5), which indicated
an increase in efficiency for the cleavage of oligouridylic
acids (Up)nU>p from n ) 1 to n ) 4. ECP has a RNase
activity lower than other members of the RNase A super-
family such as EDN or RNase A and the ECP modified forms
of this study showed only slight changes in the kinetic
parameters with respect to rECP. The highest increase in
the catalytic efficiency is observed for the R101A/R104A
variant. This effect may be explained in terms of the role of
the positive charges located at the surface of the protein as
attractants for the negative groups of the substrate as
proposed by Mallorquı́-Fernández et al. (32). The presence
of the positive charges might hinder the access of the
substrate to the active site or produce a modification of the
active site through an indirect effect.

Leakage Capacity on Liposome Vesicles. Lehrer et al. (7)
analyzed the bactericidal activity of ECP against E. coli and
S. aureus and its effect on the integrity of the bacterial outer
and inner membranes of E. coli. To further understand the
molecular basis of the ECP bactericidal activity (7, 8), we
have analyzed the membrane disruptive capacity of the ECP
variants with the aim of clarifying the relationship between
the cytotoxic activity of ECP and the effect on membrane
stability. Lipid vesicles have proven to be a good model to
analyze the ECP effect on cellular membranes. Using DOPC/
DOPG (3:2 molar ratio) vesicles, a 1.5 µM concentration of
ECP produces a leakage of 50% of the total, while the 100%
value is obtained at 5 µM (Figure 2A). These protein
concentrations correspond to a vesicle/protein molar ratio
of 23 and 7, respectively. No detectable effect was observed
under the same conditions for both EDN and RNase A with
protein concentrations up to 5 µM. These results demonstrate
the specific effect of ECP on the membrane’s stability. We
also analyzed the effect of the net charge of the lipid vesicles
on the membrane permeability produced by ECP (Figure 2B)
and showed that this effect depends on the presence of
negative charges on the synthetic membranes. These results
suggest that ECP cytotoxicity may be mediated by the
disruption of the cell membrane integrity and that the
electrostatic interactions between the negative charges of the
membranes and specific positive charges on the protein
surface are crucial for its membrane disruptive capacity.

Table 1: Determination of the Total Atomic Charge and Solvent
Accessible Surface Area (SASA) Values of Wild-Type and ECP
Variants

protein

total
atomic
chargea

% of solvent
accessible

surface areab

total solvent
accessible

surface areac

wild-type ECP 13.73 8196.28
W10K 14.73 9 8207.81
W35A + R36A 12.74 62 + 39 8040.42
R75A + F76A 12.74 53 + 53 8112.36
R101A + R104A 11.75 34 + 47 8098.32
R121A 12.74 56 8016.71
R121A + Y122A 12.74 56 + 20 8118.93
(115-122 EDN)-ECP 13.73 8453.70
(∆115-122)-ECP 13.75 7857.94

a Total atomic charge calculated using the Modeling Software ICM.
The electrostatic solvation energy was calculated using the boundary
element method (MolSoft and ref 30). b Percent of solvent accessible
surface area (SASA) calculated by the MolMol program (31), using a
solvent radius ) 1.4 Å. The values were calculated for the mutated
residue in the context of the ECP wild-type surface. Values 0-20%
are characteristic of buried residues, 20-40% of partially buried
residues, and >40% of surface exposed residues. c Total SASA of rECP
and the predicted three-dimensional structure of ECP variants calculated
using the Modeling Software ICM (MolSoft and ref 30).

Table 2: Steady-State Kinetic Parameters for the Cleavage of
(Up)4U>p by Wild-Type and ECP Variantsa

protein kcat (s-1) Km (mM) kcat/Km (M-1 s-1)

wild-type ECP 0.68 ( 0.06 0.08 ( 0.01 8500
W10K 0.28 ( 0.03 0.07 ( 0.01 4000
W35A/R36A 1.23 ( 0.10 0.09 ( 0.01 13 700
R75A/F76A 0.31 ( 0.01 0.08 ( 0.01 3900
R101A/R104A 1.54 ( 0.14 0.08 ( 0.01 19 200
R121A 1.00 ( 0.09 0.11 ( 0.02 9000
R121A/Y122A 1.07 ( 0.10 0.10 ( 0.02 10 700
(115-122 EDN)-ECP 1.09 ( 0.10 0.13 ( 0.02 8400
(∆115-122)-ECP 0.34 ( 0.03 0.06 ( 0.01 5700

a The substrate was prepared from poly(U) digestion (5). The
spectrophotometric method was used. Reaction conditions: 50 mM
MES-NaOH, pH 6.2 at 25 °C. Substrate concentration ranges were
from 0.01 to 0.3 mM. Final enzyme concentrations were from 0.14 to
0.5 µM depending on the activity of each mutant.
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We analyzed therefore the effect of the ECP variants
modified at specific basic and hydrophobic amino acid
residues on the leakage capacity of liposome vesicles. Our
results indicate that the observed effect is dependent on the
specific amino acid location and not only on the overall net
charge or the hydrophobic character of the variant. W35A/
R36A-, R101A/R104A-, and W10K-ECP are the variants that
cause a significant decrease on the leakage capacity of the
liposome vesicles (Figure 3). The effect observed in the
W10K-ECP variant demonstrates the role of hydrophobic
amino acids without removal of any cationic residue. On
the other hand, not every cationic residue is equally
important: the leakage is modified in the R101A/R104A
variant but not from alterations in R121 or R75. Statistical
significance for the decrease in the percentage of leakage of
mutants with respect to ECP was p < 0.01 for W35A/R36A-
ECP, p < 0.05 for W10K-ECP (in both cases for all protein
concentrations tested), and p < 0.05 for R101A/R104A-ECP
(for most of protein concentrations). No changes in leakage
with respect to ECP was observed for the other mutants
(results not shown).

Bactericidal ActiVity of ECP and ECP Variants. The
bactericidal activity of ECP against E. coli and S. aureus
and the effect of different factors as incubation time, protein
concentration, temperature, and pH was described by Lehrer
et al. (7). Figure 4 A shows the kinetics of bactericidal
activity of rECP against E. coli. The profile of CFU/mL
versus incubation time is similar to that of native ECP

purified from eosinophils (7). This profile indicates that the
ECP effect is of a bactericidal nature, although a simulta-
neous bacteriostatic activity cannot be discarded. Figure 4B,C
shows the effect in the bactericidal activity of wild-type and
variants of ECP against Gram-negative (E. coli BL21 DE3)
and Gram-positive (S. aureus 502A) strains, expressed as
CFU/mL remaining after exposure to different protein
concentrations. ECP concentrations up to 2 µM reduce
significantly the CFU/mL values of both E. coli and S.
aureus, as previously reported Lehrer et al. (7) and Rosenberg
(8). EDN concentrations up to 2 µM were also tested. No
effect was observed (data not shown) in agreement with
previous results (8).

Figure 4B shows the toxicity of ECP variants with changes
in the region corresponding to the loop 115-122 compared
to the control. This loop is specific for both human eosinophil
RNases and RNases 6, 7, and 8 (Figure 1A) (2). A decrease
in the CFU/mL value is observed for the variants (∆115-
122)-ECP (p < 0.02), R121A- and R12A/Y122A-ECP in
Gram-positive bacteria. These variants show a similar effect
to that of rECP on the tested Gram-negative bacteria. Figure
4C includes the effect produced by modified forms of ECP
which alter specific amino acid residues located on the
surface of the protein. W35A/R36A-ECP substitutions
decrease the CFU/mL value of ECP for both Gram-negative
(p < 0.02) and Gram-positive (p < 0.01) bacteria. Selective
toxicity is found for the other variants studied. W10K-ECP
decreases the cytotoxicity of ECP against S. aureus (p <
0.001), while R101A/R104A-ECP (p < 0.05) and R75A/
F76A-ECP (p < 0.01) reduce the toxicity against E. coli.
Comparison of Figures 3 and 4 indicates that the bactericidal

FIGURE 2: Effect of ECP, EDN, and RNase A in the leakage
capacity on liposome vesicles. (A) Effect of ECP, EDN, and RNase
A on the ANTS/DPX leakage from DOPC and DOPG (3:2 molar
ratio) vesicles. (B) Leakage induced by ECP on vesicles containing
different proportions of DOPC/DOPG. Only DOPG (O), DOPC/
DOPG (3:2 molar ratio) (b) and only DOPC (0).

FIGURE 3: Effect of ECP variants which show a significant decrease
in the leakage capacity on liposome vesicles compared to the effect
of wild-type. (A) Percentage of leakage of W10K-, W35A/R36A-,
and R101A/R104A- and wtECP. The effect was analyzed in the
leakage of DOPC/DOPG (3/2 molar ratio) vesicles. Statistical
significance of the decrease in the percentage of leakage with respect
to ECP: p < 0.01 for W35A/R36A-ECP, p < 0.05 for W10K-
ECP (in both cases for all protein concentrations tested) and p <
0.05 for R101A/R104A-ECP (for most protein concentrations). (B)
Detail of the boxed region in panel A.
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activity does not correlate well with the leakage capacity on
liposome vesicles. The relationship between the bactericidal
activity, the structural characteristics, and possible functions
of the modified amino acids of each variant is analyzed in
the discussion section.

DISCUSSION

It had been proposed that the bactericidal activity of ECP,
which is not observed in other proteins of the RNase

superfamily such as EDN or RNase A, is a consequence of
the high number of arginine residues on the molecular surface
(3). The overall surface charge for ECP is 14, in contrast to
the values of 7 and 3 for EDN and RNase A, respectively
(3). However, a potential role for hydrophobic residues
cannot be excluded. We have constructed mutants that
modify specific basic and aromatic amino acid residues
located in the D115-Y122 loop and on the surface of the
protein with the aim of analyzing the molecular basis of this

FIGURE 4: Bactericidal activity of wild-type and ECP variants against S. aureus and E. coli, expressed as percentage of CFU/mL remaining
after exposure to different protein concentrations. (A) Kinetics of bactericidal activity of rECP (2 µM) against E. coli. (B) Effect of amino
acid residues located at the loop D115-Y122. (C) Effect of changes in amino acid residues located on the protein surface. S. aureus or E.
coli cultures in stationary phase were incubated with 0.5, 1, and 2 µM concentration of specific ECP samples or with the same volume of
buffer control for 5 h at 37 °C. Statistical significance: p < 0.02 for W35A/R36A-, p < 0.05 for R101/R104-, and p < 0.01 for R75A/
F76A-ECP for the bactericidal activity against E. coli with respect to ECP and p < 0.01 for W35A/R36A-, p < 0.001 for W10K-, and p
< 0.02 for (∆115-122)-ECP against S. aureus.
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activity. The variants were selected from comparison of the
sequence and three-dimensional superposition of both ECP
and EDN. Residues only present in the ECP structure were
considered as potentially important for the bactericidal
activity (Figure 1A). We also centered the analysis on the
regions with the highest potential for interaction with the
cell membrane and on the most exposed positive and
hydrophobic residues on the surface of the protein (Figure
1B). Therefore, we constructed variants that modify the loop
115-122, by deletion of the sequence 115-122 ((∆115-
122)-ECP form), by substitution of ECP specific amino acids
for the corresponding EDN residues (-116Q/P117R/S120P/
R122Q-ECP) ((115-122 EDN)-ECP form) and specific
variants of this region (R121A-, R121A/Y122-ECP). Variants
that alter the hydrophobic and/or basic character of the
protein surface as W10K-, W35A/R36A-, R75A/F76A-, and
R101A/R104A-ECP were also constructed. ECP has its only
two tryptophan residues at positions 10 and 35. W35 is
specific for ECP in the RNase A superfamily and in the ECP
structure is the most exposed surface residue, and its change
to alanine modifies considerably the solvent accessible
surface area (Table 1). In the W35A/R36A-ECP variant, the
adjacent arginine residue (R36) was also changed to alanine
to eliminate the corresponding contribution of the electro-
static interaction of the region. Tryptophan in position 10 is
specific for eosinophil RNases and is less exposed to the
solvent than W35 (Figure 1B). We changed tryptophan 10
to lysine to mimic an RNase key residue (K7) involved both
in substrate binding and catalytic activity (33). Finally, the
substituted basic amino acids (R75, R101, and R104) have
their side chain exposed to the solvent and, together with
F76, form a cluster involved in the crystal packing of ECP
(3).

ECP shows a low RNase activity in comparison with EDN
or RNase A, and previous studies by Rosenberg (8) showed
that the ECP bactericidal activity was maintained in mutants
where the RNase activity had been abolished. Our results
indicate that the amino acid changes introduced in our
variants do not modify substantially the RNase kinetic
parameters (Table 2) except for the R101A/R104A and
W35A/R36A variants that showed an increase in activity.
However, in the two latter cases, a decrease in the bactericidal
activity against E. coli (Figure 4) and in the leakage capacity
on liposome vesicles (Figure 3) were also observed. These
results suggest that the changes in the RNase activity are
not directly correlated with the bactericidal activity. A recent
study on the cationization of both RNase A and human
RNase 1 has concluded that the increase in the protein net
charge facilitates their cellular uptake. In that case, contrary
to the case of ECP, catalytic activity is required for the
cytotoxicity to malignant cell lines (22).

We have demonstrated that ECP, in contrast to EDN and
RNase A, is able to permeate liposome vesicles, and that
the net charge of the lipid vesicles is crucial for its action
(Figure 2). Besides, differences dependent on the analyzed
bacterial strains suggest that selective structural features of
the protein are involved in the binding and disruption
capacities of ECP to particular bacterial cell walls and
membranes.

While mutants W35A/R36A-, R101A/R104A-, and W10K-
ECP have shown a decrease in the bactericidal activity, at
least in one of the tested bacterial strains, in parallel with

the decrease in the leakage of liposome vesicles with respect
to wild-type (Figure 3), R75A/F76A- and (∆115-122)-ECP
mutants show a reduced bactericidal activity which does not
correlate with a decrease in leakage activity. Studies of
antimicrobial peptides indicate that tryptophan prefers lipid-
water interfaces, while phenylalanine, with its nonpolar
aromatic ring, is mostly located in the core of the membrane
(34-36). Our results point out the importance of specific
aromatic residues in the process: tryptophan, but not
phenylalanine substitution, reduces liposome leakage. The
effect on the decrease of leakage of liposome vesicles in the
case of the R101A/R104A- variant may be associated with
the strong electrostatic interaction that may take place in the
wild-type ECP (wtECP) between the positive charges in the
side chains of these very close arginine residues and the
negative groups of DOPG lipids. Our results indicate that
ECP destabilizes preferentially acidic liposome vesicles
(Figure 2). Major basic protein (MBP), another eosinophil
granule protein with a very high isoelectric point (pI ≈ 11),
which contains alternating hydrophobic and cationic residues,
mainly interacts with anionic lipid vesicles, inducing their
aggregation and lysis (37). Dathe et al. (38) have analyzed
the destabilization of liposome vesicles by peptides and have
observed that the most active peptides against negatively
charged bilayers, such as we have demonstrated for ECP,
accumulate on the surface of the membrane without deep
insertion into the acyl chain region because of electrostatic
binding in the lipid headgroup region.

The bactericidal activity of proteins may be due to a
particular binding or other specific effect on the surface of
the bacterial cell, depending on whether it is a Gram-positive
or Gram-negative species. The polypeptides may bind to
Gram-negative bacteria through electrostatic interactions with
the negatively charged lipopolysaccharide, the major com-
ponent of the outer leaflet of the outer membrane, followed
by insertion into the lipid matrix. After crossing the pepti-
doglycan layer, the protein, ECP in this case, could bind to
the negatively charged groups of the cytoplasmic membrane,
bring about its destabilization through hydrophobic interac-
tions, and translocate across the bilayer (38). Lehrer et al.
(7) have demonstrated that ECP and MBP produce a decrease
in the colony count in parallel with the permeabilization of
the outer and inner membranes of E. coli. In the case of
Gram-positive bacteria, the negative charge on the surface
is provided by the teichoic acids of the cell wall. Before
interacting with the negatively charged cytoplasmic mem-
brane, the protein should have to cross first the thick
peptidoglycan barrier, and then, the effects on the cytoplas-
mic membrane might be similar to those described for Gram-
negative bacteria. In both cases, two types of specific
interactions are necessary: on one hand, the electrostatic
binding between the negative groups of the membrane and
basic amino acids of the protein and, on the other hand,
specific hydrophobic interactions involved in membrane
disruption. However, the hydrophobic and electrostatic
binding energies of proteins at the membrane interfaces are
not just additive; in fact, the hydrophobic free energy reduces
the effective valence of cationic peptides (39). In this context,
the studied amino acids may play different roles in the ECP
bactericidal activity. Those changes that only modify the
level of bactericidal activity but do not cause liposome
vesicle leakage (R75A/F76A- and (∆115-122)-ECP) could
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correspond to residues involved in the binding processes
between the protein and the bacteria. In contrast, amino acid
substitutions that alter liposome vesicles leakage may be
associated with effects on membrane destabilization (W10K-,
W35A/R36A-, R101A/R104A-ECP). No clear relationship
between membrane disruption and bactericidal activity has
also been reported in the case of many cationic antimicrobial
peptides (40, 41).

In conclusion, the studied amino acids play different roles
in the bactericidal activity of ECP. The modified residues
in the variants that selectively modify the level of bactericidal
activity or the liposome vesicle leakage, may be involved in
the different steps of the bactericidal process. We are
planning to further characterize the ECP binding to bacteria
and the membrane disruption process, as well as other
potential steps in the protein bactericidal mechanism. Bac-
tericidal proteins and peptides constitute a first immune
defense barrier (42). The understanding of the molecular
basis of the antimicrobial activity of proteins and peptides
involved in the host immune defense offers an alternative
strategy to antibiotic development.
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