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ABSTRACT: Protein-glycosaminoglycan interactions are es-
sential in many biological processes and human diseases, yet
how their recognition occurs is poorly understood. Eosinophil
cationic protein (ECP) is a cytotoxic ribonuclease that
interacts with glycosaminoglycans at the cell surface; this
promotes the destabilization of the cellular membrane and
triggers ECP’s toxic activity. To understand this membrane
destabilization event and the differences in the toxicity of ECP
and its homologues, the high resolution solution structure of
the complex between full length folded ECP and a heparin-
derived trisaccharide (O-iPr-a-p-GlcNS6S-a(1—4)-L-1doA2S-

heparin-like

membrane

a(1—4)-0-GlcNS6S) has been solved by NMR methods and molecular dynamics simulations. The bound protein retains the
tertiary structure of the free protein. The S, conformation of the IdoA ring is preferably recognized by the protein. We have
identified the precise location of the heparin binding site, dissected the specific interactions responsible for molecular recognition,
and defined the structural requirements for this interaction. The structure reveals the contribution of Arg7, Gln14, and His15 in
helix a1, GIn40 in strand f1, His64 in loop 4, and His128 in strand 6 in the recognition event and corroborates the previously
reported participation of residues Arg34—Asn39. The participation of the catalytic triad (His1S, Lys38, His128) in recognizing
the heparin mimetic reveals, at atomic resolution, the mechanism of heparin’s inhibition of ECP’s ribonucleolytic activity. We
have integrated all the available data to propose a molecular model for the membrane interaction process. The solved NMR
complex provides the structural model necessary to design inhibitors to block ECP’s toxicity implicated in eosinophil pathologies.

C ytotoxicity is one of the most interesting and least
understood properties of several members of the RNase A
superfamily. Onconase, a cytotoxic RNase from frogs, became
the first member of this superfamily to be assayed for clinical
efficacy for anticancer therapy and has reached phase III trial in
malignant mesothelioma, as well as phase I/II trial in non-small
cell lung cancer.'" Human eosinophil cationic protein (ECP)/
RNase 3, another member of this protein superfamily, shares
the same topology and fold of RNase A and conserves the same
catalytic triad and disulfide bonds. Despite these similarities,
their biological functions greatly differ: ECP is an intrinsically
poor RNase for common RNA substrates compared to RNase
A yet is highly toxic, a property that RNase A lacks.”™*

ECP is found in the specific secondary granules of
eosinophils. The protein is secreted by activated eosinophil
granulocytes during infection, acting as a mediator in the
human immune host defense response.”> ECP’s toxicity has
been reported against a wide spectrum of pathogens, ranging
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from viruses and bacteria to helminth and protozoa parasites.%’
Unfortunately, ECP secretion is also linked to pathogenesis.®
For example, ECP’s toxicity would contribute to cerebral
malaria and liver fibrosis, a major cause of schistosomiasis
morbidity.* The protein’s toxicity was analyzed on brain cell
cultures and related to apoptosis.” Except for the antiviral
action'® and neurotoxicity, the cytotoxic effect of ECP seems to
be independent of the RNase activity.'' ECP is cytotoxic to
host epithelial tissues such as the tracheal and bronchial
epithelium,lz’13 and growth inhibition effects have been
described for different mammalian cell lines.'**¢

ECP’s cytotoxicity is the subject of intense research due to
the tissue damage associated to eosinophil degranulation at the
inflammation site.”'” Novel eosinophil targeting therapies are
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Figure 1. (A) A view of the trisaccharide [O-iPr-a-D-GlcNS6S-a(1—4)-1-1doA2S-a(1—4)-p-GIcNS6S] used in this study, showing the chair ('C,)—
skew-boat (S,) equilibrium of the IdoA ring. (B) Plot of the weighted average of amide '*N and '"H chemical shift variations of ECP upon binding to
the trisaccharide. (C) Mapped surface of the ECP interaction with the trisaccharide heparin mimetic based on the averaged chemical shift
perturbations. The color code refers to the magnitude of the chemical shift perturbation values: navy blue for residues with values >0.1 ppm, royal
blue for residues with values 0.05 < x <0.1 ppm, and sky blue for residues with values 0.03 < x <0.05 ppm.

under development,18 and the anti-inflammatory properties of
heparin derivatives are a promising research field."” The
protein’s toxicity on host tissues is attributed to its ability to
bind to the cell surface and to promote the destabilization of
the cytoplasmic membrane. High affinity binding for
glycosaminoglycans (GAGs) at the cell surface is critical for
triggering the initial step of this process."****' Also a protein
surface rich in positive charge is essential for this activity.””
The structure of ECP has been solved by NMR** and X-ray
methods, in the absence®*® and the presence of sulfate
anions,”® as well as its complex with 2',5"-ADP.>” Here we
combine the NMR spectroscopy with docking and MD
simulations to obtain the high resolution solution structure of
the complex between enzymatically active ECP and a heparin-
derived trisaccharide, and we dissect the specific interactions
responsible for the molecular recognition. A few GAG binding
proteins, most cocrystallized with heparin oligosaccharides,
have been deposited in the PDB. Only the complex structure of
human FGF-1 with a hexasaccharide heparin analogue has been
solved in solution by NMR spectroscopy.”® To the best of our
knowledge this is the first reported structure of an RNase A
protein family member with a GAG. The solved NMR complex
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provides the structural basis to assist the design of inhibitors of
the protein’s toxicity to host tissues associated to eosinophilia
pathologies and inflammation processes. In a wider context,
binding to heparan sulfate proteoglycans (HSPGs) plays a key
role in cell recognition pathways and is a priority focus of the
pharmaceutical industry to intracellular targeting,””*°

Bl RESULTS AND DISCUSSION

Heparin-derived oligosaccharides are good models for the study
of protein—membrane interactions, since they mimic the
sulfated domains of heparan sulfate (HS). Diverse biochemical,
biophysical, and mutational studies have focused on the
identification of the regions of ECP important for the high
affinity binding to heparin oli%osaccharides, highlighting the
importance of the Trp residues'* and loop 3 residues Arg34—
Asn39.%"** However, the atomic description of the binding site
and the specific intermolecular interactions established were
not known in detail as no high resolution structures of folded
ECP with heparin mimetics have been solved to date.

Bound Structure of ECP. We proved the interaction of
ECP and the synthetic chemically well-defined trisaccharide
heparin mimetic (Figure 1A) by NMR (Supporting Figure S1)
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and found that residues most affected by the complex formation
(Figure 1B,C) are concentrated into nonsequential but
localized regions.

For comparison, Figure 2 shows the superposition of the 20
lowest-energy structures of the calculated family of ECP in the

Figure 2. Superposition of the lowest-energy families of 20 conformers
of the free (red) (PDB: 2KBS) and bound conformations of ECP
(blue) (determined in this study). The elements of structure that
experience the major structural differences are labeled.

complex with those of the free protein (PDB: 2KBS). The
structure retains the same fold and the similar structural
features of the previously described free protein® (Supporting
Table S1) as in many other complexes. This contrasts with the
interaction of antithrombin III with heparin®® where a
significant conformational change leads to the exposure of the
reactive site loop for factor Xa recognition and promotion of
inhibition. In ECP, subtle changes are localized on the side of
the molecule bearing the carbohydrate binding groove.
Variations are located in loops 3, 4, 6, and 7, the N-terminus,
and helix 2. The movement of the N-terminus away from loop
3 produces a widening of the entrance to the binding cavity and
facilitates the accommodation of the carbohydrate. Since
residues at the N-terminus and loop 6 were found to be
selectively affected by ECP binding to DPC micelles,** changes
induced by the trisaccharide in the conformation of these
regions might be important to promote the interaction with the
membrane.

Model Structure of the Trisaccharide Heparin Mim-
etic. The synthetic trisaccharide used in this work adequately
reproduces the conformational equilibrium between the S, and
'C, conformers of the central IdoA ring (Figure 1A), as well as
the 3D flat helix structure of heparin.3’4’35 In addition, the
sulfate groups point to opposite sides of the central saccharide
core as they do in the 3D structure of heparin.*® We added an
isopropyl group to fully _})opulate the a-anomer, which is
present in natural heparin.’” Two structures were calculated for
the two most representative conformations of the IdoA2S ring,
the S, and the 'C,. The structure of the trisaccharide
generated with the *S, IdoA pyranose ring conformation was
chosen as the most representative to model the complex, since
the intense *Sy-exclusive NOE between the H2 and HS protons
in the ECP-bound trisaccharide was observed (data not
shown).

ECP-Trisaccharide Heparin Mimetic Complex Binding
Affinity. We have estimated the dissociation constant of the
ECP-trisaccharide heparin mimetic complex from the titration
curve plots of a set of well-dispersed NMR signals perturbed by
the interaction (Figure 3). The values obtained are in the low
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micromolar range (15—30 yM), and the interaction occurs on
the fast (sub millisecond) exchange regime. Dissociation
constants in this range have been reported for other heparin
oligosaccharide complexes.”®*” The values here determined are
larger than that reported for ECP bound to low molecular
weight heparin (<150 nM),** providing evidence that an
increase of the oligosaccharide length strengthens the
interactions.

Structure of the ECP-Trisaccharide Heparin Complex.
Few intermolecular NOEs could be detected as is usually the
case with protein-oligosaccharide complexes.*' Nevertheless,
unambiguous NOEs could be assigned among the GIn40 side
chain HB, Hy, and He protons and the H2 and H4 protons of
the GIcNS (C) ring. These cross peaks allowed us to
definitively orient the non-reducing end of the trisaccharide
toward the interior of the ECP’s carbohydrate binding site.
Also, an assigned intermolecular NOE between the isopropyl
group attached to the reducing end GIcNS (A) ring and the Q&
protons of Arg7 is consistent with this orientation.
Intermolecular NOEs involving the charged end of the long
side chains of Arg and Lys residues are commonly observed in
this type of complexes.”>**

Figure 4A shows the superposition of the 20 conformer
family obtained after 75 ps of MD simulation. Figure 4B gathers
20 conformers selected as a representative family following 3 ns
of simulation. It is clearly observable that the carbohydrate
orientation within the binding channel, as well as the position
of the sulfate and carboxylate groups, is considerably better
defined in the 3 ns simulation relative to the 75 ps calculation.
In the ensemble from the 75 ps simulation runs, the variability
of these groups is larger, but importantly, they still cluster with
similar average orientations. The N-sulfate of GIcNS (A), the
carboxylate in position 6 of IdoA (B), and the 6-O-sulfate of
GIcNS (C) point toward the helix a1, while the 6-O-sulfate of
GIcNS (A), the 2-O-sulfate of IdoA (B), and the N-sulfate of
GIcNS (C) point toward loop 3. Since the analysis of the
representative family from the 3 ns dynamics gave a larger
number of structures with the atoms of GIcNS (C) closer to
GIn40, we selected one conformer from this family to further
detail the molecular interactions that are important for the
recognition and for the stability of the complex. The analysis of
the fluctuations of selected intermolecular distances along the 3
ns trajectory is represented in Supporting Figures S2—S3.

Heparin binding sites have been found to be diverse and not
restricted to specific secondary structure elements. For instance,
compared to the complex structures of FGE-1°® and the C-type
lectin eosinophil protein EMBP* bound to heparin saccha-
rides, where the binding site resides in solvent-exposed loops,
ECP’s binding site is significantly less accessible, which
presumably explains the necessity for the N-terminus displace-
ment at the entry of the binding cavity. Similarly, the E2
domain of APLP1 bound to a heparin tetrasaccharide is snugly
bound inside a narrow groove formed in this particular case by
the two helical subdomains of one protein protomer.** The
ECP heparin’s binding site consists of a positively charged
groove that runs parallel to strand f6, the edges of which are
delimitated by helix al and loop 3 on each side and strand 1
on top. Similarly to all reported complexes with heparin
polysaccharides, most of the contacts established between ECP
and the trisaccharide heparin mimetic are electrostatic in
nature, revealing that charge complementarity is necessary for
binding (Figure S). The N-sulfate of GIcNS (A) participates in
salt bridge interactions with the guanidinium groups of Arg7
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Figure 3. Determination of the dissociation constant of the ECP-heparin trisaccharide complex. Plots of several titration curves from selected
perturbed residues and fits to the 1:1 binding model are shown. The insets represent the shifts from selected resonances along the titration at the
different ECP-carbohydrate ratios: red, 1:0; green, 1:0.5; cyan, 1:1; purple, 1:1.5; yellow, 1:2.

Figure 4. Superposition of the 20 conformers of the ECP-trisaccharide
heparin mimetic complex obtained from (A) the 75 ps dynamics and
(B) the 3 ns dynamics. The protein backbone is colored in blue, the
different saccharide units in different shades of pink, and the isopropyl

group in gray.

and Arg34 and electrostatic interactions with the amide side
chain group of GIn14, the imidazole rings of His15 (He2) and
His128 (H61), and the indole ring of Trpl0 (Hel). Some
oxygen atoms of the 6-O-sulfate are relatively close to the Hel
of Trpl0 and the HN of Trp3S, and also short distances exist
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Figure 5. (A) A representative conformer of the ECP-trisaccharide
heparin mimetic complex obtained from the 3 ns molecular dynamics.
The electrostatic surface is represented for the protein, and the
trisaccharide is shown with a ball and stick representation. (B) Details
of the intermolecular interactions responsible for ECP recognition of
the trisaccharide heparin mimetic. Args and Lyss are colored in green,
His in yellow, Trps in purple, Glns and Asns in blue, and the
trisaccharide backbone in brown. Catalytic side chains are labeled.
ECP is in a ribbon representation.
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with the guanidinium of Arg34, in particular to the He proton.
With respect to the 2-O-sulfate of the IdoA (B) ring, there are
short distances to the Hel of Trp3S; however, most of the
electrostatic contacts involving this pyranose ring are
established with the carboxylate in position 6, which interacts
with the He2 imidazole ring protons of His15 and His128 and
forms salt bridges with the amino group of Lys38. Very few
contacts are observed with the guanidinium of Arg34. Finally,
the N-sulfate of GIcNS (C) is close to the HN and amide
protons of GIn39 and the HN of Asn40. The 6-O-sulfate is
mainly involved in interactions with the Ho1 and He2 protons
of the imidazole ring of His64. Also some hydrogen bonds are
formed in most of the structures of the representative family,
most of them involving the GIcNS (A) ring, such as those
between the N-sulfate and the guanidinium of Arg7, the amide
side chain of GInl4 and the HO1 of His128, and the one
between the 6-O-sulfate and the He of Arg34. The N-sulfate of
GIeNS (C) also establishes a hydrogen bond with the backbone
amide of Asn39. No stacking interactions are observed between
aromatic rings of Phe or Tyr and the pyranose rings of the
carbohydrate, as commonlgr observed in the recognition of
neutral sugars by proteins.*

The side chains of Arg7 and Arg34 become much more
ordered in the complex, and adopt a unique and defined
orientation that facilitates the formation of multiple contacts
with the carbohydrate. Similarly to the free protein, the side
chain of Trp3S5 is disordered as corresponds to its high solvent
exposure, but its orientation differs greatly. The side chain of
His64 is better defined in the complex, and His82 adopts an
approximate perpendicular orientation. The side chain of the
catalytic His128 differs slightly in the complex. It preserves the
overall orientation but shifts to some extent to enable hydrogen
bond formation with the ligand. The other catalytic residues,
GInl4 and Hisl$, preserve similar orientations of their side
chains as in the nonbound ECP, while the side chain of Lys 38
shifts to optimize contacts with the IdoA unit.

It is interesting that His1S, Lys38, and His128, in addition to
their direct involvement in binding the oligosaccharide,
constitute the catalytic triad responsible for ECP’s ribonucleo-
Iytic activity. Moreover, Arg7, Asn39, GIn40, and His64 are
thought to aid catalysis as they were ascribed to putative
phosphate secondary binding sites.”**” Therefore, this NMR
structure explains at atomic resolution why heparin inhibits the
RNase catalytic activity.*’

From the point of view of the trisaccharide we analyzed the
glycosidic dihedral angles of the two different GIcNS-IdoA and
IdoA-GIcNS linkages (Supporting Figure S4), which have been
reported to vary within a narrow range in previously solved
complexes.*’ Here, we obtained a well-defined and stable
dihedral angle distribution with average values of —50° and
—60° for ¥ and @, respectively (GlcNS-IdoA), and of 5° and
45° for ¥ and @, respectively (IdoA-GIcNS), which are similar
to those found in other heparin-protein complexes*"** and in
the solution conformation of heparin.*® It is well-known that
protein binding may influence the IdoA ring conformational
equilibrium selecting one specific conformation upon complex
formation. We have studied this equilibrium for the
trisaccharide IdoA pyranose ring in the complex during the 3
ns molecular dynamics trajectory by monitoring the distances
between the H2 and HS protons, which are those closer in the
*S, conformation (Supporting Figure S2A). Interestingly, at the
very beginning of the trajectory, up to ~200 ps, the ring is
maintained in the S, form used in the starting model, then
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jumps to the 'C, conformation for a large part of the time, and
finally at ~2000 ps returns to the 2Syconformation, which is
consistent with the intense experimental H2—HS NOE
observed in the complex. These results corroborate that the
*S, conformation of the IdoA (B) ring is the one preferentially
recognized by the protein. The GIcNS rings are less dynamic
and remain stable in the preferred *C; conformation. We can
hypothesize that this geometry may enable specific interactions
with the clusters of positive residues on the surface of the
protein and contribute to a better fit enhancing the binding
affinity.

Recently, a new crystal structure of ECP in the presence of
lithium sulfate has been solved and revealed the presence of
three main sulfate interacting sites, S1, S2, and S3, at the
catalytic groove.26 The comparison of the position of these
sulfates with those in the structure of the ECP-trisaccharide
heparin mimetic reveals a general good match, although some
minor differences are present as discussed in the Supporting
Information.

Molecular Model for the ECP-Membrane Interaction.
In order to improve our understanding of the still unclear
cytotoxic mechanism of ECP and on the basis of the reported
structure, we have examined specific residues and their possible
roles, either individually or collectively in the destabilization of
lipid membranes. We have integrated all the available results to
propose a molecular model for the membrane interaction
process (Figure 6).

HS chains

Core protein (syndecan)

Figure 6. Model of the interaction of ECP with the mammalian cell
membrane. The core protein to which the HS is attached is
represented in blue, and the different HS chains are colored in yellow.
One of these chains is placed in the heparin binding cavity determined
for the trisaccharide heparin mimetic. The N-terminal region and
loops 3 and 6 that have been shown to participate in the interaction
with DPC micelles have been oriented toward the membrane surface,
and the solvent-exposed Trp3$S residue is shown in purple in an
optimal orientation to interact with the phospholipid bilayer.

Following ECP release from the eosinophil granule, the
electrostatically driven interactions between the clusters of
positively charged residues and the highly sulfated cell surface
HSPGs would lead the first step of the mechanism involving
“GAG recognition and approach to the membrane”. The
electrostatic nature of this first stage has been confirmed by its
sensitivity to the presence of salt and by the lack of activity on
neutral liposomes as membrane models.*” The ionic
interactions are mainly mediated by Arg7, HislS, Arg34,
Lys38, and His128 and polar contacts with Gln14, Asn39, and
GIn40. These interactions would not only promote ECP’s
approach and binding to the biological membrane but would
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also facilitate an increase in the local concentration of ECP on
the surface.

Once the initial contacts are formed, they can be
strengthened by means of specific hydrophobic interactions
that help to reorient the molecule for optimal contacts with the
membrane. The interactions involved in the second step of
“phospholipid bilayer interactions” primarily implicate Trp35
and the nonpolar acyl tails of the phospholipid bilayer. Our
NMR data clearly show that the side chain of Trp3S is
unaffected by the trisaccharide interaction and retains its
unusually high solvent exposure. Therefore, it is a good
candidate for this role, which is probably more important than
its involvement in heparin recognition. Moreover, NMR and
fluorescence quenching data demonstrated its crucial role in the
interaction with micelles and liposomes,>** and a depth of ~9
A was estimated for its partial penetration into the membrane
bilayer.*® Finally, a last step of “membrane destabilization”
would take place in which these interactions would trigger
series of events leading to the disrugtion of the cell membrane
producing the lysis and cell death.'

The membrane destabilization and cytotoxic mechanism
proposed here parallels that proposed for the bactericidal
action.*”*® Other models, based on experimental data with
heparin derivatives, have been proposed for the interaction of
several proteins with membranes. Similarly to ECP, in the case
of the cobra cardiotoxin,”" the interaction with a hexasaccharide
induces conformational changes in the protein near its
membrane binding loops that would promote hydrophobic
protein—lipid interaction. In Anexin V, a protein that contains
two heparin binding sites located in opposite surfaces of the
protein, membrane phospholipids would displace heparin from
one of the binding sites favoring membrane adherence.>* In our
model, the interaction with the phospholipids of the membrane
and the heparin molecules should occur in the same face of the
protein surface, and the release of heparin from the binding site
is not required for interaction with the phospholipid bilayer.

Apart from the limitations of the model, given the
importance of protein-GAG interactions, the information at
the molecular level provided by the structure of ECP with the
trisaccharide-heparin mimetic reported here is highly valuable
for the drug design field with potential applications to the
discovery and rational design of novel and highly specific
glycotherapeutic agents that target disease-related protein-HS
interactions. Still, open questions remain on how specific the
recognition is in terms of the carbohydrate and the minimal
oligosaccharide length necessary to trigger the cytotoxicity.

Different roles for cell surface GAGs binding have been
reported in the literature: increasing the protein local
concentration for modulation of receptor interaction and
activation,”>* protein activation by inducing conformational
changes,” and promoting protein/receptor dimerization by
binding to multiple molecules.** According to our model, the
plausible role for heparin/HS GAGs in the cytotoxicity of ECP
would be to promote the sequestration of ECP molecules on
the cell surface, increasing the local protein concentration and
inducing its aggregation to facilitate specific interactions with
the phospholipid bilayer that lead to the membrane
disintegration.

B METHODS

Trisaccharide Heparin Mimetic Synthesis. The trisaccharide
heparin mimetic used in this study is a small and homogeneous
chemically synthesized heparin fragment that includes the basic
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repeating disaccharide unit building block (IdoA-GIcNS) of native
heparin: O-iPr-a-p-GlcNS6S-a(1—4)-L-1doA2S-a(1—4)-p-GIcNS6S
with a(1—4) linkages. The synthesis was performed using a stepwise
synthetic approach for the chain using protected saccharides followed
by deprotection and sulfation once the main chain was formed.*®*’
The nomenclature of A for the GIcNS6S ring at the reducing end, B
for the IdoA2S ring in the center of the trisaccharide, and C for the
GIcNS6S ring at the nonreducing end is used throughout the text.

Expression and Purification of Recombinant ECP. The
recombinant protein was expressed in Escherichia coli BL21(DE3)
cells (Novagen, USA) using the pET11c expression vector and a rich
medium (unlabeled ECP) or a minimal medium (uniformly labeled
ECP) containing either NH,Cl as the sole source for nitrogen (**N-
ECP) or *NH,CI and "Cy-glucose as the sole sources for nitrogen
and carbon (*C,N-ECP), respectively. The protein was purified
from inclusion bodies by an FPLC cation exchange chromatography
using a Resource S column (Pharmacia) followed by an HPLC reverse
phase chromatography using a Vydac C4 column. The enzymatic
activity of recombinant ECP was tested as previously reported.*®

NMR Spectroscopy. The samples of the ECP-trisaccharide
heparin mimetic complex were prepared by mixing the protein with
a slight excess of the carbohydrate to ensure that most of the protein
remained complexed in 100 mM potassium phosphate buffer, pH 4.0.
The final protein concentration for NMR experiments was ~0.5 mM.
To prevent complex precipitation upon addition of the carbohydrate,
the salt concentration was increased in the sample solution up to ~300
mM KCL

The assignment of the free and bound trisaccharide (Supporting
Tables S2, S3, and S4) and the resonance and NOE assignments of the
ECP-carbohydrate complex were obtained by standard NOE-based
assignment methodology and by comparison with the previously
assigned spectra of the free protein in similar conditions® (see
Supporting Information).

Structure Calculation. The procedure followed for the determi-
nation of the structure of the ECP-trisaccharide heparin mimetic
complex is described in the Supporting Information and comprises
standard automated CYANA protocols based on calibrated distance
constraints from experimental NOEs, docking and molecular dynamic
protocols.

Determination of Binding Affinities. The binding affinity was
determined from chemical shift perturbation data. Titration curves
were obtained by plotting chemical shift changes as a function of the
different carbohydrate/protein ratios used (0:1, 0.5:1, 1:1, 1.5:1, 2:1).
Nonlinear least-squares fits to a 1:1 binding model were performed
with the dissociation binding constant (K;) and the maximum
chemical shift change as the fitted parameters. Since last points of the
titration are reaching saturation, the Ky values calculated can be
regarded as accurate. To map the interaction surface, average amide
SN and 'H chemical shift perturbations were calculated according to

5. = (A8 + A6*/25)/2)%°.

B ASSOCIATED CONTENT

© Supporting Information

Experimental procedures and comparison of the ECP-
trisaccharide heparin mimetic complex with the sulfate-
crystallized structure and docking predictions. This material is
available free of charge via the Internet at http://pubs.acs.org.
Accession Codes

Chemical shifts have been deposited in the BMRB, accession
number 18596, and the coordinates of the ECP complex
structures in the PDB, accession number 2LVZ.
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