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ABSTRACT: The eosinophil major basic protein (EMBP), a constituent of the eosinophil secondary granule,
is implicated in cytotoxicity and mediation of allergic disorders such as asthma. It is a member of the
C-type lectin family, but lacks a Ca2+- and carbohydrate-binding site as seen in other members of this
family. Here, we report the crystal structure of EMBP in complex with a heparin disaccharide and in the
absence of Ca2+, the first such report of any C-lectin with this sugar. We also provide direct evidence of
binding of EMBP to heparin and heparin disaccharide by surface plasmon resonance. We propose that
the sugars recognized by EMBP are likely to be proteoglycans such as heparin, leading to new interpretations
for EMBP function.

The eosinophil major basic protein (EMBP)1 is the most
abundant constituent of the eosinophil secondary granule,
forming its crystalloid core. EMBP activities include cyto-
toxicity toward bacteria and mammalian cells in vitro and
helminthotoxicity (1). The level of EMBP is elevated in
biological fluids from patients with asthma and other
eosinophil-associated diseases (2). EMBP also causes release
of histamine from mast cells and basophils, activates
neutrophils and alveolar macrophages, and is directly im-
plicated in epithelial cell damage, exfoliation, and broncho-
spasm in allergic diseases such as asthma (3-6). EMBP (pI
) 11.4) appears to damage cells by virtue of disrupting the
bilayer lipid membrane (7) or altering the activity of enzymes
within tissues (8). We have previously reported the structure
of native EMBP (9). EMBP is structurally related to members
of the animal C-type lectin (C-TL) family but exhibits
significant differences in the carbohydrate-recognition site,
in both sequence and structure. We predicted that the mode
of carbohydrate recognition and the sugars recognized by
EMBP were likely to be very different from those observed
for other C-TLs.

Here we report the crystal structure of EMBP in complex
with a heparin disaccharide (HD) at a resolution of 2.2 Å.
The EMBP heparin binding site is similar to the carbohydrate-
binding site seen in other C-TLs. However, heparin recogni-
tion by EMBP does not involve Ca2+ coordination. In
addition, we report the strength of binding of heparin to the
EMBP molecule using surface plasmon resonance. Our
detailed analyses show that the natural carbohydrate ligands
for EMBP are likely to be long chain proteoglycans with
which proteoglycan cores are substituted (like heparin).

EXPERIMENTAL PROCEDURES

Protein Purification, Crystallization, and Soaking.EMBP
was purified from eosinophil granules of patients with
marked eosinophilia essentially as described previously (10,
11). The crystallization conditions for EMBP have been
described previously (9). EMBP crystals were soaked with
a 5 mM solution (final concentration) of heparin disaccharide
I-S (Sigma Chemical Co., catalog number H-9267), for a
period of 30 min prior to data collection.

Diffraction Measurements and Structure Determination.
Diffraction data to a resolution of 2.2 Å for flash-frozen
crystals were collected on station PX14.1 at the Synchrotron
Radiation Source (Daresbury, U.K.) using an ADSC Quan-
tum-4 CCD detector. Raw data images were indexed and
scaled using the DENZO and SCALEPACK modules of the
HKL Suite (12) (Table 1). The structure of the EMBP-
heparin disaccharide (EMBP-HD) complex was determined
by the molecular replacement method using the native EMBP
structure monomer (PDB entry 1H8U) (9) as the starting
search model.

Refinement of the EMBP-HD complex structure was
performed using CNS (13), with 5% of the reflections
excluded for calculation of the cross-validatedR-factor (Rfree).
After the first round of refinement, clear density correspond-
ing to the heparin disaccharide could be seen in sigmaA
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weighted difference maps. The sugar was incorporated in
the next cycle of refinement. Water molecules were included
at this stage if they had peak heights of>3σ in Fo - Fc

difference electron density maps and were within hydrogen
bonding distance of appropriate atoms. Eight molecules of
sulfate ion were also identified in the structure and were
included in the final stages of refinement.

The final model of the EMBP-HD complex comprises
residues 3-117 for both molecules in the asymmetric unit
and has a crystallographicR-factor of 24.7% and anRfree of
29.1% (Table 1). All the residues of the dimer lie in accepted
regions of the Ramachandran (φ-ψ) map, with 91% of the
residues in the most favorable regions. No side chain electron
density could be seen for residues 46, 47, and 49 in either
molecule and were modeled as alanines in the final structure.
As the heparin disaccharide was bound to only one molecule
of EMBP in the asymmetric unit, only this molecule has been
described in detail.

EMBP Ligand Binding Screen. Binding of ligands to
EMBP in a screening mode was performed using a Biacore
2000 instrument (Biacore Inc., Piscataway, NJ), equipped
with a CM4 sensor chip (Biacore Inc.). HBS [10 mM HEPES
(pH 7.4) and 150 mM NaCl] was used as the running buffer.
EMBP was immobilized to the sensor surfaces using thiol
coupling chemistry. Immobilizations were performed at 37
°C in HBS. All four surfaces were activated using 0.4 M
PDEA [2-(2-pyridinyldithio)ethaneamine, Biacore Inc.], pre-
pared in 0.1 M MES (pH 5.0), mixed with an equal volume
of 0.1 M EDC [N-ethyl-N′-(3-dimethylaminopropyl)carbo-
diimide hydrochloride], and injected for 7 min at a flow rate
of 20 µL/min. EMBP was prepared in sodium acetate (pH
5.25) at a concentration of 0.6µM and injected over the
surface for 1 min at a flow rate of 20µL/min, resulting in
an immobilization level of 1300 RU of protein. Binding of
the EMBP ligands was tested at 20°C in HBS running buffer.
Six ligands were prepared at a concentration of 12 nM each

to rank their binding to EMBP. All ligands were obtained
from Sigma with the exception of chondroitin sulfate C,
which was obtained from MP Biomedicals. Ligands are as
follows, with molecular mass estimates as indicated: heparin
from porcine intestinal mucosa, 18 kDa, catalog number
H-3393; hyaluronic acid from human umbilical cord, 4500
kDa, catalog number H-1876; mucin I-S from bovine
submaxillary glands, 400 kDa, catalog number M-3895;
heparan sulfate from bovine kidney, 11 kDa, catalog number
H-7640; chondroitin sulfate B from porcine intestinal mu-
cosa, 30 kDa, catalog number C-3788; and chondroitin
sulfate C from shark cartilage, 60 kDa, catalog number
970551. Samples were injected for 10 min each at a flow
rate of 25µL/min followed by a 40 min dissociation phase.
Regeneration of the EMBP surface was achieved using two
5 s pulses of 6 M guanidine-HCl at 100µL/min. Each
concentration was injected over the surface in triplicate. An
empty flow cell served as a reference surface to remove
systematic noise from the binding responses. Buffer injec-
tions were performed throughout the experiment for double-
referencing analysis. The binding responses were normalized
for the molecular mass of each GAG tested and then adjusted
for the maximum response of the best binder, heparin.

Binding Analysis of Disaccharides Interacting with EMBP.
The binding of disaccharides to EMBP was investigated
using an S51 biosensor (Biacore Inc.). A CM4 sensor chip
was utilized for immobilization of EMBP using HBS as the
running buffer. EMBP immobilization was performed using
thiol chemistry as described in the screening section. Both
the EMBP and reference spots were derivatized using PDEA,
but EMBP was immobilized over spot 1 only by injecting it
for 7 min at a flow rate of 10µL/min, resulting in an
immobilization level of 3800 RU. Binding was tested at 25
°C using HBS buffer as the running buffer. A total of nine
disaccharides were prepared in running buffer and tested for
binding using a 2-fold concentration series ranging from 750
to 11.5µM. All disaccharides were obtained from Sigma:
heparin disaccharide I-S, catalog number H-9267; hyaluronic
acid disaccharideδDi-HA, catalog number H-9649; chon-
droitin disaccharide∆di-6S, catalog number C-4170;D-(+)-
cellobiose, catalog number C-7252;D-(+)-trehalose, catalog
number T-9531; and disaccharide kit containing maltose,
sucrose, isomaltose, andR-lactose, catalog number 47268U.
For each sample, a 20µL volume was injected at a flow
rate of 90µL/min. At the end of the injection, the disac-
charides dissociated back to baseline, eliminating the need
for a regeneration step. As in the screening assay, injections
were performed in triplicate with buffer injections dispersed
throughout the assay for double referencing of the data.

RESULTS

Quality of the EMBP-HD Structure. The structure of the
EMBP-HD complex is similar to that seen in the 1.8 Å
native structure (9) (Figure 1A). There are two molecules
of EMBP in the asymmetric unit. The EMBP complex
structure has an rms deviation of 0.39 Å over 228 CR atoms
compared with the native structure with most variation arising
from the flexible loop of residues 45-50 that was not well
defined in the native structure as well. The presence of the
heparin disaccharide was identified by analysis of the sigmaA
weighted difference electron density maps contoured at 3σ
(Figure 2A). The final structure has values for the crystal-

Table 1: Statistics for Data Collection and Refinement

wavelength (Å) 1.488
resolution range (Å) 40-2.2
space group C2
no. of observations 162812
no. of unique reflections 12698
Rsym (%)a (outermost shell)b 9.4 (34.1)
completeness (%) (outermost shell)b 99.5 (98.3)
I/σI (outermost shell)b 10.5 (2.5)
crystallographicR-factor (%) (Rcryst)c 24.7
Rfree (%) (Rfree)d 29.1
deviations from ideality

bond lengths (Å) 0.007
bond angles (deg) 1.40

B-factor statistics (Å2)
overallB-factor 28.69
protein atoms (1920 total)

main chain 27.45
side chain 28.03

solvent atoms (92 in total) 31.92
sulfate ions (40 atoms in total) 49.90
heparin disaccharide (35 in total) 48.08

a Rsym ) ∑h∑i[|Ii(h) - 〈I(h)〉|/∑h∑iIi(h)], whereIi is theith measure-
ment and〈I(h)〉 is the weighted mean of all measurements ofI(h). b The
outermost shell is from 2.28 to 2.20 Å.c Rcryst ) ∑h|Fo - Fc|/∑hFo,
where Fo and Fc are the observed and calculated structure factor
amplitudes, respectively, of reflectionh. d Rfree is equal toRcryst for a
randomly selected 5% subset of reflections that are not used in
refinement.

Eosinophil Major Basic Protein-Heparin Disaccharide Complex Biochemistry, Vol. 44, No. 43, 200514153



FIGURE 1: (A) Stereoview showing the overall structure of EMBP in complex with heparin disaccharide (HD). The bound sugar is shown
in ball-and-stick representation, and the bound sulfate ions are shown as bonds. (B) Portion of the 2Fo - Fc electron density map (contoured
at the 1σ level) for the carbohydrate-binding site (the lost calcium binding site replaced with a water molecule) in EMBP-HD. Bound
water molecules are shown as blue spheres. Hydrogen bonding residues with HD are colored blue. For clarity, the bound HD is not shown.
(C) Superposition of the residues that make up the carbohydrate-binding site in EMBP (blue) and from MBP (PDB entry 1AFA) (gray).
Calcium ions from MBP are shown as green spheres. Bound water molecules from the EMBP-HD complex are shown as blue spheres.
(D) Superposition of the carbohydrate-binding site of EMBP (blue) in complex with HD (black) with that seen in MBP (gray) in complex
with mannose (pink). Bound water molecules from the EMBP-HD complex are shown as blue spheres. All pictures were made using
BOBSCRIPT (36) unless otherwise indicated.
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lographicR-factor and cross-validatedR-factor of 24.7 and
29.1%, respectively. The overallB-factor of the sugar (48.1
Å2) compares well with the averageB-factor of the EMBP
residues in the neighborhood of the sugar (44.3 Å2).

Mode of EMBP Carbohydrate Recognition. The heparin
binding site of EMBP is situated at the top of the molecule
(Figure 1A) and made up of residues from long loops L3
and L4 and strandâ7 and comprises residues in the range
of 82-106 of EMBP. The local architecture of the protein
is stabilized by a disulfide bond (Cys92-Cys107) which
links theâ-sheet formed byâ3, â6, andâ7 with the opposite
face of the molecule (Figure 1A). The HD was found to bind
to EMBP by formation of hydrogen bond interactions with
Arg88, Arg103, and His106 (Figure 2A). In addition to these
residues from the carbohydrate-binding site, four water

molecules near the binding site provide additional hydrogen
bond interactions with the sugar moiety, thereby increasing
the binding affinity for the disaccharide in this complex.
Interestingly, two symmetry-related molecules near the
carbohydrate-binding site also provide residues that form
potential hydrogen bonds with the sugar (Table 2). Therefore,
each molecule of HD is in contact with three molecules of
EMBP in the crystal structure. The molecules of EMBP are
arranged around a pseudo-3-fold axis with HD at the apex
(Figure 2C). Furthermore, the regions of these symmetry-
related molecules that interact with the sugar are also from
the regions that correspond to loops L3 and L4 of those
molecules. Numerous van der Waals contacts between the
sugar moiety and EMBP provide additional stability for the
heparin disaccharide with EMBP. The ability of multiple

FIGURE 2: (A) Stereoview showing the interaction of heparin disaccharide with EMBP. The sugar is superimposed with a 2Fo - Fc difference
electron density map contoured at the 1σ level (brick); hydrogen bond contacts are shown as dashed lines, solvent atoms colored cyan, and
symmetry-related molecules colored green and blue, respectively. (B) Nature of the carbohydrate-binding site highlighted by sequence
comparisons between EMBP and MBP. Residues involved in heparin binding in EMBP (red background) are analogous in position to
residues involved in MBP sugar recognition (green background) and Ca2+ recognition (green background, boxed). All identical residues are
boxed with those defining the C-lectin fold in yellow. All charged residues are shown as basic (blue) or acidic (light green). This figure was
produced by ALSCRIPT (37). (C) Interactions of a single molecule of heparin disaccharide with two symmetry molecules of EMBP in the
crystal. The loops which interact with each molecule of EMBP are highlighted.
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molecules of EMBP to interact with a single molecule of
HD suggests a possible mechanism for explaining the
observed effects of aggregation and multimerization of
EMBP molecules in a solution containing heparin.

Preferential Binding of Heparin by EMBP. To test the
affinity and specificity of binding of heparin by EMBP, the
binding affinities of several different glycosaminoglycans
(GAGs) were examined by surface plasmon resonance
(Figure 3). Six different GAGs were passed over the EMBP
surface and their binding responses ranked. Heparin dem-
onstrated the greatest binding response of the six GAGs that
were tested, with heparan sulfate also demonstrating a high
affinity for EMBP. Chondroitin sulfate B exhibited medium-
affinity binding; chondroitin sulfate C had low-affinity
binding, and mucin and hyaluronic acid did not bind.

To further investigate these binding responses, interactions
between disaccharides and EMBP were examined (Figure
4). Nine disaccharides were tested, with binding demon-
strated by heparin, chondroitin sulfate, and hyaluronic acid.
The binding responses of these were weak yet reproducible,
and concentration-dependent, reaching equilibrium rapidly
followed by a fast dissociation at the end of the injection.
The remaining six disaccharides,R-lactose monohydrate,

maltose monohydrate, sucrose, isomaltose, trehalose trihy-
drate, and cellobiose, did not demonstrate any binding to
the EMBP surface. Binding was not detected over the control
surface, indicating the specificity of the three disaccharides
for EMBP.

EMBP: A Unique Member of the CT-L Family. The
topology of EMBP is similar to that of canonical C-TL
domains, which include rat mannose-binding protein (MBP)
(14), E-selectin (ESL) (15), and lung surfactant protein (SP-
D) (16). It also resembles the C-TL domain-like structures
from the CD94 subunit of the natural killer cell receptor

Table 2: Hydrogen Bonding Interactions between EMBP and
Heparin Disaccharide

protein atoma solvent atom carbohydrate atom distance (Å)

Arg103 Nη2 - O3 2.44
Wat5 OH2 O2S 2.75
Wat60 OH2 O61 3.03
Wat88 OH2 O61 2.75
Wat4 OH2 O61 3.08

Arg88 O - N 3.14
Arg88 O - O1 3.23
His106 Nε2 - O1S 3.37

Wat35 OH2 O2S 3.28
Wat35 OH2 O1S 2.85

AHis83 Nδ1 - O3S 2.96
AHis83 N - O3S 2.74
AHis83 N - O2S 3.01
BAla82 N - O6S 3.13
BAla82 N - O5S 3.19
BHis83 O - O4S 3.34
BArg98 O - O1S 2.50

a Superscript letters A and B indicate residues from two symmetry-
related molecules of EMBP.

FIGURE 3: Binding of GAGs to EMBP studied by surface plasmon
resonance. Six GAGs were screened for binding to immobilized
EMBP. The binding responses that are shown are normalized to
account for differences in the molecular mass of the different GAGs
tested and adjusted for the maximum response of the best binder,
heparin. Mucin and hyaluronic acid did not interact with EMBP at
12 nM, as shown by the overlaying baseline signals.

FIGURE 4: Binding of dissacharides to EMBP studied by surface
plasmon resonance. Panel A shows the binding of the heparin
disaccharide to immobilized EMBP. Heparin disaccharide was
injected at concentrations ranging from 750 to 11.5µM. Injections
were performed for 25 s at a flow rate of 90 mL/min. Panel B
shows a plot of the binding responses for the nine disaccharides
tested against the concentration. The results for heparin, chondroitin
sulfate, and hyaluronic acid disaccharides are depicted with
diamonds, circles, and squares, respectively. The flat lines represent
the responses of six negative controls tested,R-lactase monohydrate,
maltose monohydrate, sucrose, isomaltose, trahalose trihydrate, and
cellobiose.
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(CD94/NKG2) (17), the C-TL domain from the human
hematopoietic cell receptor CD69 (18, 19), and the link
module from ovulation- and inflammation-associated protein
TSG-6 (20). The overall deviation between EMBP and the
lectin cores of other C-TL family members is between 1.2
and 1.6 Å over 90-103 CR atoms, with 1.28 Å for the
archetype member, MBP (PDB entry 2MSB).

Calcium recognition is a prerequisite for carbohydrate
recognition in all the canonical C-TLs (21, 22). The Ca2+-
and carbohydrate-binding sites are overlapping in these
proteins with at least one distinct, highly conserved site made
up by loops L3 and L4 and aâ-strand analogous toâ7 in
EMBP (Figure 1C). The structures of a few C-TLs have been
determined in complex with sugar molecules, but none in
complex with sulfated sugars such as heparin (23, 24). In
all these proteins, binding of the carbohydrate involves the
formation of a Ca2+ ion-coordinated nucleus with binding
specificity provided by conserved pairs of acidic residues.
In MBP, these residues are Glu161, Glu165, Glu185,
Asn187, Asp188, Glu193, Asp194, Asn203, and Asp205.
Some of these residues are involved in coordination with
the metal ion, while others provide hydrogen bonding
interactions with the sugar molecule. In EMBP, there are
no acidic residues save for Asp71 that is not present near
the carbohydrate-binding site. Instead, the residues that are
present in the sugar-binding site are Ala82, His83, Arg88,
His91, Arg98, Arg103, Arg104, and His106 (Figures 1C and
2B). These changes effectively abolish the ability of EMBP
to coordinate calcium (replaced by a water molecule, Figure
1B,C) by reversing charge in the binding site and thereby
preclude carbohydrate recognition in this manner. However,
the binding pocket seems to be most favorable for binding
an anionic disaccharide such as heparin disaccharide (Figure
1D). The ability of EMBP to specifically bind heparin
suggests that it is a unique member of the C-TL family in
terms of its ability to recognize sulfated sugars such as
heparin in a Ca2+-independent manner.

DISCUSSION

Lectins are involved in cell surface sugar recognition in
bacteria, animals, and plants. Their roles include mediation
of cell-cell interactions, pathogen neutralization, and uptake
of glycoconjugates (25). In animals, the C-TLs are involved
in both pathogen recognition and cellular interactions that
lead to pathogen neutralization. Among the family of C-TLs,
the serum mannose-binding proteins (MBPs) mediate the
elimination of infecting pathogens by activation of the
complement pathway. The ability of EMBP to specifically
and irreversibly bind to heparin without having any ap-
preciable affinity toward mannose has been demonstrated
previously (9). Our work demonstrates that the heparin
binding site of EMBP is analogous to the Ca2+- and
carbohydrate-binding site in other C-TLs and not an artifact
of protein basicity. In addition, surface plasmon resonance
showed that EMBP preferentially binds to heparin as
demonstrated by interaction with glycosaminoglycans as well
as their disaccharides (Figures 3 and 4).

EMBP function can be neutralized by the addition of
heparin into experimental setups both in vivo and in vitro
(26-28). EMBP is toxic toward parasites and causes damage
to schistosomula ofSchistosoma mansoniby disruption of

the membrane, an activity that can be inhibited by heparin
(29). The outer membrane of these parasites is rich in
N-glycans and proteoglycans such as dermatan sulfate (30).
Biochemical analysis of EMBP on synthetic lipid bilayers
has demonstrated that the likely mode of its toxicity is due
to association with anionically charged membrane surfaces,
causing membrane depolarization by its high basic charge
and disrupting membrane integrity (7). EMBP causes cil-
iostasis and exfoliation of respiratory epithelial cells, an effect
similar to the pathology of asthma (31, 32). EMBP does not
cause bronchial hyperreactivity in airway smooth muscle
rings where the epithelium had been removed but, when
epithelium is intact, shows marked reactivity to stimulation
by histamine and acetylcholine (33). Long chain proteogly-
cans are found on the surfaces of most epithelial cells and
are involved in the mediation of cell-cell communication.
The respiratory epithelial cells and basal membranes in the
lung are also rich in proteoglycans. Cultured alveolar
epithelial cells produce perlecan and collagen XV, both
proteoglycans, among other constituents of the basal mem-
brane (34, 35). These results suggest that alveolar epithelial
cells could serve as potential targets for EMBP function in
tissue damage during inflammation. The existence of analo-
gous yet different binding sites on EMBP molecules as seen
in the interaction of HD with symmetry-related molecules
suggests a possible mode by which long chain heparin
molecules or proteoglycans on the surface of epithelial cells
could cause aggregation of EMBP molecules on their surface,
leading to observed effects (Figure 2C).

CONCLUSION

We have demonstrated that EMBP is a unique member
of the C-TL family that recognizes heparin in a manner that
does not require the presence of Ca2+ coordination. The
binding of HD in a region analogous to the CRD of other
C-TLs suggests that the heparin-EMBP interaction is
specific and not due to its basicity. These studies provide a
better understanding of the mechanisms that would probably
dictate EMBP activity in the cell, and provide a platform
from where further studies toward developing therapeutics
may be undertaken.

The ability of EMBP to bind heparin-like sugars, coupled
with its highly basic nature, can be used to explain most of
the observed activities of EMBP, particularly its ability to
cause membrane disruption, exfoliation, and cytotoxicity. We
speculate that EMBP action involves a two-step process.
Following release from the granule, EMBP binds to mem-
branes via its ability to recognize proteoglycans on the
surface, forming large cross-linked insoluble aggregates. The
second step involves cell lysis caused by the depolarization
of the plasma membrane by large numbers of EMBP
molecules on the surface. Similarly, activation of mast cells
and basophils can be hypothesized to occur by the binding
of EMBP to cell receptors, their possible dimerization
unleashing a cascade of events that ultimately lead to allergic
symptoms such as asthma.
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