
Biochimica et Biophysica Acta 1840 (2014) 245–254

Contents lists available at ScienceDirect

Biochimica et Biophysica Acta

j ourna l homepage: www.e lsev ie r .com/ locate /bbagen
Smallmolecule inhibitors of protein interactionwith glycosaminoglycans
(SMIGs), a novel class of bioactive agents with
anti-inflammatory properties☆
Nicholas Harris a,b, Faina Yurgenzon Kogan a, Gabriela Il'kova c,1, Stefan Juhas c,2, Orly Lahmy a,
Yevgeniya I. Gregor a, Juraj Koppel c, Regina Zhuk a, Paul Gregor a,d,⁎
a Rimonyx Pharmaceuticals Ltd., Rabin Science Park, Ness-Ziona 70400, Israel
b Ephraim Katzir Department of Biotechnology Engineering, ORT Braude Academic College of Engineering, Karmiel, Israel
c Institute of Animal Physiology, Slovak Academy of Sciences, 04001 Kosice, Slovakia
d GISMO Therapeutics Inc., Howard Beach, NY 11414, USA
Abbreviations: GAG, glycosaminoglycan; SMIG or SMI
protein interaction with glycosaminoglycans; HS-GAG, h
type hypersensitivity; VEGF, vascular endothelial growth
☆ Dedication:We wish to dedicate this manuscript to th
Teichberg (The Weizmann Institute of Science), an insp
colleague.
⁎ Corresponding author at: GISMO Therapeutics Inc., 14

New York 11414, USA. Tel.: +1 347 251 7342.
E-mail addresses: paul@gismotherapeutics.com, pgreg

1 Present address: GYN-FIV a.s., Záhradnícka 42, 821 08
2 Present address: Institute of Animal Physiology and

Rumburská 89, 277 21 Liběchov, Czech Republic.

0304-4165/$ – see front matter © 2013 Elsevier B.V. All r
http://dx.doi.org/10.1016/j.bbagen.2013.09.023
a b s t r a c t
a r t i c l e i n f o
Article history:

Received 25 June 2013
Received in revised form 12 September 2013
Accepted 16 September 2013
Available online 21 September 2013

Keywords:
Heparan sulfate
Heparin binding protein
Glycosaminoglycan
L-selectin
Inflammation
Cytokine

Background: Small molecule inhibitors of biologically important protein–glycosaminoglycan (GAG) interactions
have yet to be identified.
Methods: Compound libraries were screened in an assay of L-selectin–IgG binding to heparin (a species of
heparan sulfate [HS-GAG]). Hits were validated, IC-50s established and direct binding of hits to HS-GAGs was in-
vestigated by incubating compounds alone with heparin. Selectivity of inhibitors was assessed in 11 different
protein-GAG binding assays. Anti-inflammatory activity of selected compoundswas evaluated in animalmodels.
Results: Screening identified a number of structurally-diverse planar aromatic cationic amines. Scaffolds similar
to known GAG binders, chloroquine and tilorone, were also identified. Inhibitors displayed activity also against
bovine kidney heparan sulfate. Direct binding of compounds to GAGs was verified by incubating compounds
with heparin alone. Selectivity of inhibitors was demonstrated in a panel of 11 heparin binding proteins, includ-
ing selectins, chemokines (IL-8, IP-10), Beta Amyloid and cytokines (VEGF, IL-6). A number of selected lead com-
pounds showed dose-dependent efficacy in peritonitis, paw edema and delayed type hypersensitivity.

Conclusions: A new class of compounds, SMIGs, inhibits protein–GAG interaction by direct binding to GAGs. Al-
though their IC-50s were in the low micro-molar range, SMIGs binding to HS-GAGs appeared to be stable in
physiological conditions, indicating high avidity binding. SMIGs may interfere with major checkpoints for in-
flammatory and autoimmune events.
General significance: SMIGs are a class of structurally-diverse planar aromatic cationic amines that have an un-
usual mode of action — inhibiting protein–GAG interactions via direct and stable binding to GAGs. SMIGs may
have therapeutic potential in inflammatory and autoimmune disorders.
© 2013 Elsevier B.V. All rights reserved.
1. Introduction

Many proteins involved in the inflammatory response, such as
selectins, chemokines and cytokines, are known to interact with glycos-
aminoglycans (GAGs) via their heparin-binding domains [1]. GAGs are
Gs, small molecule inhibitors of
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linear polysaccharides synthesized by a variety of different cell types
and localized on the cell-surface and in the extra cellularmatrix. Impor-
tant protein families, including extracellularmatrix proteins (e.g., colla-
gen), growth factors and their receptors, cytokines, chemokines,
amyloid peptides, viral envelope proteins, enzymes and cell adhesion
molecules, possess heparin-binding domains that are responsible for
tight binding to sulfated GAGs, especially heparan sulfate glycosamino-
glycans (HS-GAGs) [2–5]. HS-GAGs consist of repeating disaccharide
units of D-glucuronic/L-iduronic acid and N-acetyl- or N-sulfo-D-glucos-
amine, which have variable sulfation patterns, and display high molec-
ular diversity [2,3]. Heparin, which is particularly abundant in mast
cells, is an example of a highly sulfated HS-GAG [2,3,6]. In tissues,
GAGs are usually covalently linked to a protein core, forming proteogly-
cans. Over the last decade understanding of the significance of regulato-
ry protein interactions with HS-GAGs has evolved considerably [1–5].
Heparins and GAG-related molecules have provided new clues and

http://crossmark.crossref.org/dialog/?doi=10.1016/j.bbagen.2013.09.023&domain=f
http://dx.doi.org/10.1016/j.bbagen.2013.09.023
mailto:paul@gismotherapeutics.com
mailto:pgregor19@gmail.com
http://dx.doi.org/10.1016/j.bbagen.2013.09.023
http://www.sciencedirect.com/science/journal/03044165


246 N. Harris et al. / Biochimica et Biophysica Acta 1840 (2014) 245–254
explanations of the process of inflammation and suggested new thera-
peutic approaches to human disease [1,7–10]. The interactions between
the proteins and GAGs play important roles in the cell–matrix and cell–
cell adhesion, processes known to be involved in certain diseases and
inflammatory disorders. The modulation of these protein–GAG interac-
tions may have therapeutic implications. Synthetic HS-GAGs, or molec-
ularmimics of HS-GAG sequences [11,12],may provide new approaches
for combating viral infections, cancer, and Alzheimer's disease. In in-
flammation and autoimmune diseases, use of non-coagulant heparins
[13] provided early indication for the role of HS-GAGs in these diseases.
Also, mammalian endoglycosidase heparanase that digests HS-GAGs
[14], has been implicated in inflammation [15].

One class of carbohydrate-binding cell adhesion molecules is the
selectins [16]. The selectins are responsible for leukocyte capture from
the blood stream mediating their intermittent attachment and conse-
quent “rolling” along the endothelial cell surface. This capture initiates
a cascade of secondary, tighter cell-adhesive events to take place.
Selectins mediate their adhesive functions via lectin domains that bind
to carbohydrate ligands [16,17]. There is evidence that GAGs, and in par-
ticular HS-GAGs, are one class of carbohydrate receptorswithwhich the
selectins interact [18–21]. Consistent with this observation, heparin,
non-coagulant heparins, HS-GAG and heparin-derived oligosaccharides
blocked L-selectin-dependent adhesion directly and short sulfated
heparin-derived tetra-saccharides reduced binding of neutrophils to
COS cells expressing P-selectin [18]. Heparin's anti-inflammatory effects
required glucosamine 6-O-sulfation and were mediated by blockade of
L- and P-selectins [20]. The role of selectin–ligand interactions in the
inflammatory response has been demonstrated in various animal
models, prompting considerable attention from the pharmaceutical in-
dustry [22]. Drugs in development included monoclonal antibodies,
carbohydrate-based mimetics and Bimosiamose — a small molecule
[22,23], however, none of these molecules target the interactions of L-
and P- selectins with sulfated GAGs.

The heparin binding sites of proteins frequently contain clusters of
basic amino acids intertwined with non-basic residues. The key amino
acids comprising the heparin binding domain, however, are quite di-
verse [24,25]. Basic residues contributing to heparin binding can be
close in space but remote from each other in amino acid sequence.
A heparin binding domain, therefore, often constitutes a discontinuous
binding domain [26] that is difficult to predict from DNA sequence.
The superfamily of heparin-binding domain proteins has several
hundred members including chemokines, cytokines, cell adhesion mo-
lecules, enzymes, growth factors, viral envelope proteins, etc. An impor-
tant example of a heparin-binding protein is fibroblast growth factor
(FGF) [27]. FGF interacts with a HS-GAG sequence for full biological acti-
vation of the FGF receptor. Crystal structure analysis of FGF with its re-
ceptor showed two separate HS binding sites in FGF [28]. The heparin
binding sites of chemokines are required for chemokine gradient forma-
tion, and inhibition of chemokine–GAG interaction has been described as
a novel and promising anti-inflammatory therapeutic strategy [29–32].

In spite of the emerging significance of the heparin-binding domains
of peptides and proteins, there is a lack of suitable tools required to dis-
sect such interactions at the molecular level. Studies have been carried
out with mutant chemokine peptides that retain their ability to bind
GAGs [30–33] and some of these peptides are being developed as
anti-inflammatory therapeutics [33]. Other approaches to inhibit GAG
interactionswith heparin-binding proteins included smallmolecule an-
ionic compounds that act as GAGmimetics and have also limited selec-
tivity [34]. Methylene blue, chloroquine and some cationic acridines
and phenothiazines have long been known to bind to GAGs [35], how-
ever, these compounds have not been used to analyze protein–GAG in-
teractions, perhaps due to their pleiotropic properties. There are few if
any well-characterized small molecule inhibitors of GAG–protein bind-
ing [36] and overall, there is a lack of small molecule compounds that
would have sufficient binding affinity and selectivity to be useful as
molecular tools for dissecting the functional significance of heparin-
binding domains of various biologically important proteins that interact
with GAGs.

In this paper we describe the identification of a number of small
molecule inhibitors of heparin-binding domain protein interactions
with GAGs via screening of chemical compound libraries that do not in-
clude GAG mimetics. The initial focus of the compound screening was
on inhibitors of selectins, chemokines and cytokines. The screening
and subsequent work revealed a broad class of novel bioactive com-
pounds that directly bind to HS-GAGs and are able to inhibit HS-GAG in-
teractions with a number of biologically important proteins. The report
describes the chemical structures of these small molecule inhibitors and
their characterization in molecular interaction assays in vitro, as well as
the efficacy of selected compounds in animal models of inflammation.

2. Experimental procedures

2.1. Materials

Recombinant human L-selectin/IgG (Cat. No.728-LS); recombi-
nant human P-selectin/IgG (Cat. No.137-PS); Recombinant human
VEGF (Cat. No. 293-VE); anti-human VEGF (1:2000; Cat. No.
BAF293) were all purchased from Research and Development Sys-
tems. CMV envelope glycoprotein B (gB) was from Research Diag-
nostics, Inc., Cat. No. RDI-RCMVAG-B. Bovine Kidney heparan
sulfate (Cat. No. H7640); porcine intestinal mucosa heparin (Grade
1-A; Cat. No. H-3393); anti-beta-amyloid monoclonal antibody;
anti-human IgG peroxidase conjugate (A8667); Tween 20 (P-
1379); porcine intestinal mucosa heparin conjugated to bovine
serum albumin (Heparin-BSA; Cat. No. H0403), Diclofenac (Cat. No.
D6899) and fucoidan (Cat. No. F5631) were purchased from Sigma-
Aldrich Corporation (St. Louis, MO). Chondroitin sulfate from shark
cartilage and dermatan sulfate from hog skin were purchased from
Seikagaku Ltd. (Japan). Chromogen tetramethyl benzidine (TMB)
was from Dako (Cat. No. S1599); anti-human L-selectin monoclonal
antibody (DREG-55) was from Bender MedSystems (Burlingame,
CA; Cat. No. BMS121); goat anti-mouse IgG (H&L) peroxidase conju-
gated antibody was from Chemicon International, Inc. (Cat. No.
AP124P); and 96-well polystyrene ELISA plates were from Sigma-
Aldrich Corporation (NUNC Cat. No. 442404). Compounds were pur-
chased from suppliers of chemical compound libraries ChemDiv Labs
(San Diego, CA), Chemibridge Inc. (San Diego, CA), Tripos Inc. (St.
Louis, MO), Life Chemicals Ltd. (Kiev, Ukraine) and Enamine Ltd.
(Kiev, Ukraine). All of the purchased compounds and analogs listed
in this publication met standard criteria for purity (N95%) and struc-
tures were confirmed by NMR and mass spectrometry, provided by
vendors. In addition, all hit compounds' structures were indepen-
dently verified by NMR andmass spectrometry at Bar-Ilan University
(Ramat Gan, Israel). Re-synthesis of several key compounds was also
performed (e.g., RX-111, RX-211).

2.2. Assay for L- and P-selectin binding to GAGs and screening of compound
libraries

An in vitro assay [37) was used to assess the ability of test com-
pounds to inhibit the interactions of an L-selectin-IgG chimera [21, 38)
withHS-GAGs. The assaywas suitable for determining the concentration
required for 50% inhibition (IC-50) for each specific compound. In most
assays, the GAG used was heparin. Thus, Heparin-BSA at 5 mg/ml in
phosphate-buffered saline (PBS; pH 6.5) was added to a 96-well poly-
styrene ELISA plate (0.1 ml per well) and incubated overnight at 4 °C.
Following the incubation, the plate was washed thoroughly, by immer-
sion, with deionized water and PBS (pH 6.5). The ELISA plate was then
blocked with 3% BSA for 1 h at room temperature. Following blocking,
the plate was washed with deionized water, and then with PBS contain-
ing Tween 20 (0.05%). Recombinant human L-selectin–IgG dissolved in
PBS supplemented with BSA (0.1%) and calcium chloride (1 mM) was



247N. Harris et al. / Biochimica et Biophysica Acta 1840 (2014) 245–254
added to the ELISA plate (100 μl per well) and incubated for 60 min at
room temperature with shaking. Following incubation, the plate was
washed with deionized water and three times with PBS containing
Tween 20. Anti-human IgG peroxidase conjugate (1:5000) diluted in
PBS supplemented with BSA (0.1%) and calcium chloride (1 mM) was
added to the ELISA plate and incubated for 30 min at room temperature
with shaking. The plate was then washed with deionized water and
three times with PBS containing Tween 20. The peroxidase substrate
TMB was added to the ELISA plate and incubated at room temperature.
After 15 min, ELISA stop solution (hydrochloric acid 1 N, sulfuric acid
3 N) was added to stop the peroxidase catalyzed colorimetric reaction.
The optical density (OD) of the samples was measured at 450 nm
using an ELISA plate reader (Dynatech MR5000). All assays were done
in 96-well plates in triplicates. Data were analyzed with Graphpad
Prism software and IC-50 values were established. Hill coefficients were
also determined using GraphPad Prism. The P-selectin assay was carried
out in a similar fashion, except that recombinant human P-selectin/IgG
was used. Compounds were dissolved in DMSO, diluted in PBS and
added to the wells at various concentrations in the range of 0.01 to
300 μM. Compounds were dissolved in DMSO at 10 mM and further di-
luted prior to assay. DMSO concentration in the screening well was up
to 2%. Individual compounds at a final concentration of 30 μM were co-
incubated with L-selectin/IgG on plates containing immobilized heparin.
After washing, bound L-selectin was detected with antibody conjugated
to horseradish peroxidase. Following color development, the % inhibition
compared to control (no compound) for every compound was deter-
mined. Compounds that inhibited at least 30% of the signal were scored
as hits. None of the compounds listed in this publication interfered with
the colorimetric detection assay for horseradish peroxidase.
2.3. Inhibition of human L-selectin binding to immobilized heparin by solu-
ble heparin

Plates were prepared as described above. Recombinant human L-
selectin-IgG dissolved in PBS (pH 6.5; supplemented with BSA (0.1%)
and CaCl2 (1 mM)) was incubated with soluble Heparin at different
concentrations (0–3000 ng/ml), in separate tubes, each concentration
in triplicate, for 1 h at RT.
2.4. Inhibition of human L-selectin binding to heparin by anti-L-selectin
monoclonal antibody

Recombinant human L-selectin-IgG dissolved in PBS (pH 6.5; sup-
plementedwith BSA (0.1%) and calcium chloride (1 mM))was incubat-
ed separately either with (1) anti-human L-selectin monoclonal anti-
body (DREG-55); or with (2) anti-beta-amyloid monoclonal antibody.
L-selectin/IgG (10 ng/ml) was incubated with a range of antibody con-
centrations (5–160 ng/ml) in a final volume of 100 μl; each concentra-
tion in triplicate for 1 h at room temperature.
2.5. Assays for protein interactions with GAGs from different tissue sources

Bovine kidney HS-GAG, shark cartilage chondroitin sulfate, hog skin
dermatan sulfate, and low molecular weight heparins were commer-
cially available. HS-GAG was conjugated to BSA to prepare a synthetic
HS-GAG–BSA complex in which the HS-GAG was coupled via its reduc-
ing aldehyde terminus to the protein using sodium cyanoborohydride
[37]. Other GAGs were coupled to BSA in a similar fashion. The binding
assay was similar to the assay described above. Following the incuba-
tion, the plate was washed, incubated with an antibody specific to L-
selectin–IgG and finally TMB was added to the ELISA plate. After
15 min, ELISA stop solution was added and the optical density of the
sampleswasmeasured at 450 nmusing anELISA plate reader. All assays
were done in 96-well plates in triplicates.
2.6. Assays for binding of cytokines, chemokines and other proteins to
heparin and compound screening

These assays were in principle similar to L-selectin–IgG assay de-
scribed above [37]. An example is given for VEGF below and similar as-
says were developed for other chemokines, cytokines, etc. Recombinant
human VEGF dissolved in PBS supplemented with BSA (0.1%) was
added to the ELISA plate. The test compounds were dissolved in
DMSO, diluted in PBS and added to the wells at various concentrations
in the range of 0.01 to 200 μM (final volume 100 μl per well) and incu-
bated for 60 min at room temperature with shaking. Following incuba-
tion, the plate was washed with deionized water and PBS (pH 7.3)
containing Tween 20. Anti-human VEGF (1:2000) diluted in PBS
supplemented with BSA (1%) was added to the ELISA plate (100 μl per
well) and incubated for 60 min at room temperature with shaking. Fol-
lowing incubation, the platewaswashedwith deionizedwater and then
with PBS (pH 7.3) containing Tween 20. streptavidin-HRP (1:200; Re-
search and Development Systems Cat. No. DY998) diluted in PBS
supplemented with BSA (1%) was added to the ELISA plate (100 μl per
well) and incubated for 20 min at room temperature with shaking. All
assays were done in 96-well plates in triplicates.

2.7. “Pre-incubation” and “Co-incubation” assays to demonstrate direct
interaction of inhibitor compounds with heparin and other HS-GAGs

In order to demonstrate that the inhibitor compounds bind directly
to heparin or to other HS-GAGs, individual compounds were incubated
with immobilized heparin in the absence of L-selectin–IgG. 96 well
ELISA plates were coated with heparin–BSA, then blocked with BSA as
described above. In “pre-incubation assay”, inhibitor compounds were
incubated in the ELISA plate for 90 min, and then plates were washed
extensively with incubation buffer. After washing, L-selectin–IgG was
added to these wells. At the same time, in separate control wells, in
“Co-incubation assay”, L-selectin–IgG was co-incubated with inhibitor
compounds for 90 min and then was added to wells coated with hepa-
rin–BSA. Following the incubation, L-selectin–IgG bound to the plate
was quantified by antibody conjugated to horse radish peroxidase
followed by optical density measurement, as described above. A similar
assay was used also for VEGF. All assays were done in 96-well plates in
triplicates.

2.8. Amodel of leukocyte and neutrophil infiltration intomouse peritoneum

BALB/c mice (Velaz, Prague; 6 weeks old, ~20 g in weight, 15 mice/
group) received intraperitoneal injection of an inhibitor compound in
0.2 ml DMSO/Tween/sterile saline 1 h before administration of thio-
glycollate (Sigma-Aldrich Corporation). Control groups received vehicle
and sham controls received no thioglycollate. Mice were injected intra-
peritoneally with 1 ml of 3% thioglycollate broth [39]. Mice were
sacrificed after 3 h, and the peritoneal cavities were lavaged with 5 ml
of ice-cold saline containing 2 mM EDTA to prevent clotting. After red
blood cell lysis, leukocytes were counted in a hemocytometer. Neutro-
phils were counted after staining with Türck's reagent (Merck, Darm-
stadt, Germany). Under these conditions, thioglycollate administration
induced approximately 3-fold increase in neutrophil accumulation in
the peritoneal cavity. Data was expressed as mean ± SEM, and statisti-
cal analysis was performed by Student t-test. A value of p b 0.05 was
taken to denote statistical significance. Fucoidan (50 mg/kg) was used
as a positive control and inhibited neutrophil infiltration by 30%.

2.9. Delayed-type hypersensitivity (DTH)

ICR mice (Velaz, Prague, Czech Republic; 8 weeks old; 15 animals
per group) were sensitized by topical application of a 2% oxazolone
(4-ethoxymethylene-2-phenyl-2-oxazoline-5-one; Sigma-Aldrich Cor-
poration, St Louis, MO) solution in acetone/olive oil (4:1 vol/vol) to
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Fig. 1. Characterization of L-selectin–IgG chimera binding to immobilized heparin. Assays
were carried out on96-well plates i–n triplicateswith immobilized heparin as described in
Experimental procedures section. A: Saturation curve using increasing concentrations of L-
selectin–IgG. B: Inhibition of L-selectin–IgG binding to immobilized heparin by soluble
heparin. C: Inhibition of L-selectin–IgG binding to heparin by anti-L-selectin antibody
DREGG-55 and anti-beta-amyloid antibodies (used as a negative control).
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shaved abdomen (50 μl) and to each paw (5 μl) [40]. Five days after
sensitization, right ears were challenged by topical application of 10 μl
of a 1% oxazolone solution, whereas left ears were treated with vehicle
alone. Compoundswere administered 1 h prior to challenge. The extent
of inflammation was measured 24 h after challenge, using the mouse
ear-swelling test. Animals were numbered (tail marking) and weighed
and the thickness of both ears was recorded with a constant-loading
dial micrometer (Mitutoyo, Tokyo). Data were expressed as mean ±
SEM, and the unpaired Student t-test was used for statistical analyses.
Dexamethasone at 10 mg/kg (i.p.) was used as positive control and it
inhibited ear swelling to 46% of control values.

2.10. Carrageenan-induced paw edema

Acute edema was induced in the left hind paw of BALB/c mice (12
mice/group) by injecting 0.02 ml of freshly prepared solution of 2% car-
rageenan (Sigma-Aldrich Corporation) after 60 min of test compound
administration [41]. The right paw received 0.02 ml of saline, which
served as a control. Carrageenan was injected under the plantar region
of right hind paw and the paw thickness was measured at 2, 4 and
24 h after carrageenan challenge using aMitutoyo engineer's microme-
ter. Data were calculated as the difference between right and left pad
thicknesses and expressed as mean ± SEM, and statistical analysis
was performed by Student t-test. Indomethacin, diclofenac and dexa-
methasone were used as positive controls. It is important to note that
in our paw edema studies, paw swelling was measured as a difference
in paw thickness rather than difference in paw volume; thus the report-
ed efficacy of compounds is likely an underestimate.

All animal experiments were reviewed and approved by Ethical
Committee for animal experimentation of the Institute of Animal Phys-
iology, approved by State Veterinary and Food Administration of the
Slovak Republic, andwere performed in accordancewith Slovak legisla-
tion based onECDirective 86/609/EEC on the protection of animals used
for experimental and other scientific purpose.

3. Results

3.1. Compound screening in assays for L-selectin–IgG and P-selectin–IgG
binding to HS-GAGs

In order to identify compounds that inhibit protein-GAG interaction
we employed ELISA molecular interaction assays in 96 well plates. We
used heparin, a highly sulfated HS-GAG, readily available and in suffi-
cient quantity, as a source of HS-GAGs [2,20,37]. A 96-well plate assay
was employed to detect the binding of an L-selectin–IgG chimera
[21,38] to immobilized heparin. The immobilization of heparin was
achieved by coating 96-well plates with a heparin–BSA conjugate. The
amount of bound L-selectin–IgG to immobilized heparin was deter-
mined by an ELISA using an anti-IgG peroxidase conjugate, followed
by quantitative color development of second antibody-conjugated
horseradish peroxidase. Control plates were coated with BSA instead
of heparin–BSA. The background absorbance signal was very low and
did not noticeably interfere with binding assays and/or inhibition of
binding by compounds. L-selectin–IgG binding to heparin–BSA was op-
timal in buffers containing calcium (data not shown). Fig. 1A shows the
saturation curve of the L-selectin–IgG binding to heparin. The L-selectin
ELISA assay was validated in two independent ways as follows. As
shown in Fig. 1B, soluble heparin inhibited L-selectin–IgG binding to
immobilized heparin. A mAb directed against the carbohydrate-
binding domain of L-selectin (Dregg-55) [42] inhibited L-selectin–IgG
binding to heparin (Fig. 1C), while a non-specific antibody such as a
monoclonal anti-beta amyloid antibody did not inhibit the binding,
thus providing further confirmation of the specificity of binding.

The L-selectin assaywas used to screen a collection of about 2800 di-
verse compounds on 96-well plates. For this purpose, the compounds at
a final concentration of 30 μM, were co-incubated with L-selectin–IgG
on plates containing immobilized heparin–BSA. Following color devel-
opment, the % inhibition for every compound was determined. Positive
and negative controls were included on every plate. Compounds which
inhibited at least 30% of the signal were scored as hits. A total of 85 hits
were identified. Compounds which inhibited more than 50% of signal
were selected for further analysis — 37 compounds. Dose–response
compound inhibition curves were generated for these 37 hits and 16
compounds were found to have IC-50 values ≤15 μM. An example of
an IC-50 curve is shown in Fig. 2A and IC-50s for selected compounds
(inhibitors of L and P selectin) are given in Table 1, As indicated in
Table 1, awide range of scaffolds has been identified. Examples of chem-
ical structures are shown in Fig. 3. In addition, the compound screening
also identified compounds that were very similar to tilorone, chloro-
quine and quinacrine. The chemical structures of three such com-
pounds, RX-101, RX-0023 and RX-0025, are shown in Fig. 4.

In order to further investigate the properties of inhibitor compounds
listed in Table 1, we acquired analogs of selected chemical series (RX-
101, RX-105, RX-107, RX-108, RX-110 and RX-114). About sixty
thieno[2 [3],c]pyridines related to RX-105 (2-[[4-[(ethylbutylamino)
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Table 1
Selected compounds that inhibit binding of selectins to heparin.

Compound
no.

L-selectina

IC-50 [μM]
P-selectina,b

IC-50
[μM]

Heparin
bindingc

Chemical scaffold

RX-101 15.0 ± 2.6 3.2 ± 0.4 + Iminofluorene
RX-102 2.4 ± 0.4 n.a. n.d. Benzothiazole
RX-103 3.9 ± 0.5 9.0 ± 1.7 − Quinazoline
RX-104 5.6 ± 0.8 n.a. − Benzothiophen
RX-105 13.0 ± 2.0 n.a. + Thieno[2,3c]pyridine
RX-106 1.6 ± 0.3 n.a. − 2,6-Dioxo-purin
RX-107 7.0 ± 0.9 n.d. − Quinazoline–carboxamide
RX-108 2.4 ± 0.3 25 ± 5%b + Coumarinoid
RX-109 1.6 ± 0.3 61 ± 11%b − Thiazolidinone
RX-110 0.7 ± 0.2 n.a. + Pyrido[1,2-a]pyrimidin

thiazolidinylidene
RX-114 11.0 ± 1.8 13.0 ± 1.9 + Imidazobenzimidazole
RX-0222 14.0 ± 2.0 n.a. + Benzo[de]isoquinoline

1,3-dione
RX-0023 1.6 ± 0.3 36 ± 6.1 + Quinazoline
RX-0025 2.6 ± 0.3 7.6 ± 1.0 + Benzo[g]quinazolin

a IC-50s of compound inhibition of L-selectin–IgG and P-selectin–IgG binding to heparin
are shown.

b In some cases IC-50 in P-selectin assay was not measured and % inhibition at 30 μM
concentration is shown instead.

c Direct binding of SMIGs to heparin is indicated by a plus sign; no evidence for direct
binding by a minus sign. These data were obtained as % inhibition in the assay of L-
selectin–IgG binding to immobilized heparin at 30 μM compound concentration, by com-
paring binding inhibition in the pre-incubation assay vs. co-incubation assay (see Results
section for description). Abbreviations are: n.a. — no significant activity; n.d.— not deter-
mined; + active; − no significant activity. For simplicity, the standard deviation is not
shown; the coefficient of variation did not exceed 25% for any IC-50 value shown. All as-
says were done on 96-well plates in triplicates and IC-50 inhibition curves were done at
least twice.
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sulfonyl]benzoyl]amino]-3-(benzothiazol-2-yl)-6-ethyl-4,5,6,7-tetrahyd-
rothieno[2,3-c]pyridine) were tested in L-selectin–heparin assays and
many of these analogs had inhibitory activity (N30% inhibition) at
30 μM concentration (data not shown). RX-111 (2-[[4-[(diethylamino)
sulfonyl]benzoyl]amino]-3-(benzothiazol-2-yl)-6-ethyl-4,5,6,7-tetrahyd-
rothieno[2,3-c]pyridine (Fig. 3, see legend) appeared to be one of the
most potent inhibitors with IC-50 = 1 μM. Among other series, about
45 analogs of RX-110 were tested with several compounds having inhib-
itory activity comparable to RX-110 (data not shown).

We also developed a 96-well ELISA assay for P-selectin interaction
with heparin. This assay is very similar to the L-selectin assay using
the P-selectin–IgG chimera. The P-selectin ELISA assay was validated in
two independent experiments: (i) increasing P-selectin–IgG concentra-
tions gave corresponding dose–response curves; and (ii) P-selectin–IgG
binding was inhibited in the presence of soluble heparin (data not
shown). The P-selectin assay was used to screen the compound collec-
tion on 96-well plates. This screening resulted in the identification of
several hits with IC-50 values in the low micro-molar range, however,
the hits overall had higher IC-50s than in L-selectin screen. Some hits
were identical to those obtained in the L-selectin screen, however,
many hitswere unique to each of the two selectins. An example of an in-
hibition curve is shown in Fig. 2B and IC-50 values for some compounds
are shown in Table 1.
3.2. Mechanism of action of inhibitor compounds

In order to investigate in more detail how compounds inhibit L-
selectin binding to heparin and other HS-GAGs, wemeasured the inhib-
itory action of several compounds in standard assay as described above,
the “Co-Incubation” assay, and in parallel performed “Pre-Incubation”
assay in which individual compounds (30 μM final conc.) were incubat-
edwith immobilized heparin–BSA on 96-well plates in the absence of L-
selectin–IgG. Initially we screened about 40 compounds, 50% of which
bound stably to heparin even aftermultiplewashes of plateswith buffer
and deionized water. Some of the inhibitor compounds that bound di-
rectly to heparin are listed in Table 1 and in Table 2 (as “Pre-Incubation”
versus “Co-Incubation”). As shown in Table 2, inhibition ranged be-
tween 40 and 70% and “Pre-Incubation” assay values were comparable
to “Co-Incubation” assay values (i.e., control values, represented by
standard assay with co-incubation of compounds and L-selectin–IgG).
Negative control plates were coated with BSA only (without heparin)
and did not demonstrate any noticeable L-selectin–IgG binding activity
and/or compound inhibition activity (data not shown). Subsequently,
similar datawere obtainedwith other heparin-binding domain proteins
such as VEGF, P-selectin and CMV viral envelope protein. Fig. 5 shows
concentration–response curves for RX-111 inhibition of VEGF binding
to heparin. “Co-Incubation” vs. “Pre-Incubation” curves were very simi-
lar, demonstrating direct and tight binding of RX-111 to heparin. Similar
data for RX-111 (“Pre-Incubation” versus “Co-Incubation”) were ob-
tained in L-selectin–IgG assays (data not shown).

The compounds, based on their direct actionwith GAGs and their in-
hibitory activity of protein–GAG interactions, were named small mole-
cule inhibitors of protein interactionwith glycosaminoglycans (SMIGs).

3.3. Selectivity of inhibitionwith different heparin-binding domain proteins

We set up a panel of protein–heparin binding assays, replacing L
selectin with other heparin-binding proteins, to establish the potential
of SMIGs to inhibit these interactions with selected SMIGs. The panel



S

N

S

S

N

N

N

O

O

O

H

NN

S

O

O

N

Cl

F

N

O

N

N

N

S

S

O O

N

N

N

N N

Cl N

N

N

N

N

NN

S

O

O

N

O

O

N

RX-103
RX-107

RX-110

RX-105

RX-114 RX-211

Fig. 3. Chemical structures of selected compounds. Structures offive compounds that inhibited L-selectin/IgG binding to heparin and had significant anti-inflammatory activity are shown.
Formore details see also Table 1. RX-112 is identical to RX-107 except that the chloride is replaced by amethyl group. RX-111 is identical to RX-105 except that the butyl group is replaced
by ethyl.

250 N. Harris et al. / Biochimica et Biophysica Acta 1840 (2014) 245–254
contained 11 proteins containing heparin-binding domains and the
results of this screen are shown in Table 3.

3.4. Range of action of SMIGS towards different GAGs

In order to investigate inhibitory properties of SMIGs towards differ-
ent GAG species (commercially available), binding assays were devel-
oped for shark cartilage chondroitin sulfate, hog skin dermatan sulfate
and bovine kidney heparan sulfate binding to L-selectin–IgG, chemokines
and cytokines. As shown in Fig. 6, compounds that inhibited binding to
heparin also inhibited binding to immobilized bovine kidney HS-GAGs
(no attempt was made to perform full dose–response curves due to lim-
ited availability of bovine kidney HS-GAGs). Table 4 shows the results of
IP-10 binding to shark cartilage chondroitin sulfate and the inhibition of
this binding by several different inhibitor compounds. Overall there
was a relative lack of inhibitory activity towards chondroitin sulfate and
dermatan sulfate, with predominant activity of SMIGs being towards
HS-GAGs.
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Fig. 4. Selected hit compounds that are structurally similar to chloroquine and tilorone. Chemica
to tilorone. These compounds bind directly to heparin (Table 1).
3.5. Anti-inflammatory activity of SMIGs

The ability of SMIG compounds to reduce leukocytemigration to sites
of acute inflammation was evaluated. As reviewed in the Introduction
section, inhibitors of L-selectin–HS-GAG interaction might prevent leu-
kocyte rolling on endothelium and cell migration towards inflammatory
sites. We have therefore selected ten L-selectin–HS-GAG inhibitor com-
pounds representing different chemical series, and evaluated these
compounds in a thioglycollate-induced model of peritonitis in BALB/c
mice. In the first series of experiments, 10 compounds were tested in
thioglycollate-induced peritonitis and as many as 5 compounds were
found to have statistically significant inhibitory activity in this model,
as shown in Table 5. Compound RX-105 was studied in more detail at
three doses, 2 mg/kg, 10 mg/kg and 50 mg/kg. As shown in Fig. 7, Com-
pound RX-105 was a potent inhibitor of neutrophil infiltration. Infiltra-
tion was reduced by 76% at 50 mg/kg, by 46% at 10 mg/kg and by 25%
at 2 mg/kg. The efficacy of the RX-105 thienopyridine chemical series
was confirmed with their analogs (data not shown). Subsequent studies
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Table 2
Demonstration of direct binding of L-selectin inhibitor compounds and VEGF inhibitor
compounds to heparin.

Compound no. L-selectin
pre-incubation
% inhibition

L-selectin
co-incubation
% inhibition

VEGF
pre-incubation
% inhibition

VEGF
co-incubation
% inhibition

RX-101 70.6 ± 14.1 77.4 ± 16.9
RX-0025 68.6 ± 12.6 75.2 ± 13.7
RX-0222 58.5 ± 11.7 61.2 ± 12.5
RX-108 48.2 ± 10.2 65.9 ± 12.0
RX-110 40.4 ± 10.7 44.4 ± 10.3 81.0 ± 17.0 79.0 ± 19.9
RX-111 57.5 ± 11.0 68.0 ± 12.1 73.0 ± 16.8 72.0 ± 19.0

For assay description, see Experimental procedures and Results sections. Test compounds
were used at 30 μM. All assays were done on 96-well plates in triplicates and each exper-
iment was done at least twice.

Table 3
Comparison of inhibitory activity of selected SMIGs towards different heparin-binding
proteins.

RX-101 RX-110 RX-111
(RX-105 series)

RX-211
(RX-107 series)

L-selectin 15.0 ± 2.6 0.7 ± 0.2 1.0 ± 0.2 5.5 ± 0.7
P-selectin 3.2 ± 0.4 – – –

MCP-1 nd – – –

MCP-3 112.0 ± 24.2 – – 12.0 ± 2.1
RANTES 25.0 ± 4.5 – – 7.0 ± 1.4
IP-10 nd – 5.0 ± 0.8 –

IL-8 nd – – 19.0 ± 3.6
VEGF 3.2 ± 0.6 2.3 ± 0.4 1.0 ± 0.2 3.4 ± 0.7
IFNγ nd – – 36.0 ± 7.0
IL-6 nd – – 2.5 ± 0.4
Aβ – 1.5 ± 0.2 75.0 ± 14.7 –

Fibronectin nd – – 17.0 ± 3.3
CMV-gB* 90 ± 14% 90 ± 10% – nd

The table shows inhibitory characteristics of four compounds (RX-101, RX-110, RX-111
and RX-211) in various protein–heparin binding assays. All values (except for CMV-gB)
are given as IC-50 in μM. For simplicity, standard deviation is not shown. The coefficient
of variation did not exceed 25% for any IC-50 value shown. For CMV-gB, only % inhibition
at 30 μMwasmeasured. Compounds at the top of the table in the bracket indicate origin of
the chemical series, i.e., RX-111 is a close analog of RX-105 and RX-211 is a close analog of
RX-107 (Fig. 3). nd—not done.When a compoundhad no inhibitory activity in a particular
assay, a dash is shown. All assays were done on 96-well plates in triplicates and IC-50 in-
hibition curves were done at least twice.
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with the closely related RX-111 compound demonstrated activity in paw
edema after per oral and i.v. administration (data not shown).

Selected compounds were tested in another model of acute inflam-
mation, paw edema. Edema was induced in the left hind paw of Balb/c
mice by injecting a solution of 2% carrageenan. Test compounds were
injected 1 h before carrageenan. As shown in Table 5, several test com-
pounds significantly reduced carrageenan induced paw edema. Com-
pound RX-105 was selected for more detailed analysis and it inhibited
paw edema dose dependently (Fig. 8). Subsequent studies with closely
related analog RX-111 (see Fig. 3 legend for structure) confirmed the
anti-inflammatory effect of this chemical series on paw edema. In
order to compare the efficacy of different anti-inflammatory compounds,
we routinely tested the performance of dexamethasone, a steroid com-
pound, and Diclofenac, a non-steroidal anti-inflammatory compound.
Throughout these studies, dexamethasone (3 mg/kg i.p.) inhibited paw
edema to about 44% of control. Diclofenac, at 10 mg/kg (p.o.), gave 23–
36% inhibition in several studies.

The anti-inflammatory activity of compounds has been further
evaluated inmice using the DTH animalmodel that is associatedwith in-
filtration bymacrophages and T-cells, and is predictive of therapeutic po-
tential in autoimmune indications such as rheumatoid arthritis and
multiple sclerosis. As shown in Table 5, DTH ear swelling was efficiently
inhibited by administration by two lead compounds, RX-105 andRX-112.

4. Discussion

This report describes a first and systematic approach to identify
small molecule compounds that inhibit interactions between heparin-
binding domain containing proteins and GAGs. A wide range of struc-
turally diverse inhibitor compounds that interact with GAGs have
been identified and named small molecule inhibitors of protein interac-
tionwith glycosaminoglycans (“SMIGs”). SMIGs are not related to small
-4 -3 -2 -1 0 1 2
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Fig. 5. “Co-incubation” vs. “Pre-incubation” curves. Example of a SMIG compound that
binds directly to heparin. RX-111 (Fig. 3, legend) inhibited VEGF binding to heparin in
both pre-incubation and co-incubation assays with a similar inhibition dose–inhibition
curve.
molecule GAGmimetics such as sulphonic or sulfate-containing anionic
small molecule compounds (28] and have a different mechanism of
action.

The L-selectin–IgG fusion protein [21,38], a bivalent L-selectin chi-
mera, reflective of in vivo acting L-selectin, was used. Heparin, a highly
sulfated analog of HS-GAG, was used as a surrogate for HS-GAGs
[2,20,37]. An antibody directed against L-selectin was used to validate
the specificity of the L-selectin–IgG–heparin binding assay. The Dreg-
55 antibody, known to interact with the carbohydrate-binding domain
of L-selectin, inhibits neutrophil accumulation in vitro and inflamma-
tion in vivo [42]. Screening for L-selectin–heparin inhibitors identified
a number of hits with diverse chemical structures. Concentration–
response studies determined that the IC-50 for inhibition was in the
range of 0.1–70 μM for the active compounds. The most potent inhibi-
tors had IC-50 in the 0.1–1 μM range and a number of compounds had
0

0.5

17 18 10 Control

Compound No.

450 
nm

34

Fig. 6. Inhibition of L-selectin–IgG binding to immobilized bovine kidney heparan sulfate
by different inhibitor compounds. Compounds shown are RX-110 (compound 10) and
three members of thieno[2,3c]pyridines related to RX-105: 2-[[(4-(3,4- dihydro-2(1H)-
isoquinolinyl)sulfonyl] benzoyl]amino]-6-(1-methylethyl)-4,5,6,7-tetrahydrothieno[2,3-
c]pyridine-3-carboxamide (compound 17); 2-[[4-[[ethyl(phenylmethyl)amino]sulfonyl]
benzoyl]amino]-6-ethyl-4,5,6,7-tetrahydrothieno[2,3-c]pyridine-3-carboxamide (Com-
pound 18) and 2-[[4-(3,4-dihydro-1(2H)-quinolinyl)sulfonyl]benzoyl]amino]-4,5,6,7-
tetrahydro-5,5,7,7-tetramethyl thieno[2,3-c]pyridine-3-carboxamide (compound 34).
The experiments were done in triplicate wells and coefficient of variation did not exceed
30%.



Table 4
Compounds that inhibit IP-10 binding to chondroitin sulfate.

Compound Inhibition of IP-10 binding
to chondroitin sulfatea

(control = 100%)

RX-102 –

RX-105 11 ± 3%
RX-106 –

RX-109 54 ± 8%
RX-110 57 ± 9%
RX-111 22 ± 4%
RX-211 75 ± 18%

a Percent inhibition at 30 μM compound concentration is shown. When a compound
had no inhibitory activity in a particular assay, a dash is shown. All assays were done on
96-well plates in triplicates and each experiment was done at least twice.
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Fig. 7.Dose-dependent inhibition of neutrophil infiltration by RX-105 inmouse peritonitis
animal model. For experimental details, see Experimental procedures section.
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IC-50 in the 10–50 μM range. In order to confirm that compounds bind
to GAGs other than heparin, we examined the inhibitory activity of
these compounds using different commercially available GAGs purified
from mammalian tissues. These studies confirmed that compounds
with inhibitory activity in heparin–protein assays also had inhibitory ac-
tivity in bovine kidney HS-GAG–protein assays (Fig. 6 and data not
shown). Therewere considerably less compoundswith inhibitory activ-
ity against chondroitin sulfate and very little evidence for inhibitory
compounds against dermatan sulfate. Compounds active in the IP-10/
chondroitin sulfate assay are shown in Table 4. These studies were lim-
ited to a few commercially available sources of GAGs and should be ex-
panded in future studies to include additional sources of tissue and cell
sources ofmammalianGAGs. Based on our current data, the compounds
are predominantly targeting interactions of HS-GAGs.

We next examined the mechanism of inhibition by hit compounds.
In principle, compounds that inhibit interaction between L-selectin
and heparin can function in one of two ways (i) bind to L-selectin and
prevent its interaction with heparin; or (ii) bind to heparin and prevent
its binding to L-selectin. We considered a third possibility of joint bind-
ing of inhibitor compound to both L-selectin and heparin, but except for
rare causes, foundno evidence for thismechanismof action. Sincemany
inhibitor compounds are cationic amines, we first considered the possi-
bility that the compounds interact with heparin, which has anionic
character. One notable empirical observation was that, in spite of their
moderate IC-50 values in the micro-molar range, inhibition appeared
to be persistent, even after short incubation times, under the assay con-
ditions (data not shown). In a series of key experiments (described as
“Co-Incubation” assay vs. “Pre-Incubation” assay in the Results section),
inhibitor compounds were applied to 96-well plates containing only
immobilized heparin and these plates were subsequently washed
extensively with buffer and water. The standard L-selectin binding
assay was subsequently performed with addition of L-selectin–IgG,
washing, addition of second antibody, washing, etc. Inhibitor com-
pounds remained bound to immobilized heparin as evinced by their in-
hibitory action against L-selectin binding. These experiments (shown in
Table 2) indicated that inhibitor compounds bind to heparin strongly
and persistently. Controls, such as plates coated with BSA only did not
show any L-selectin–IgG binding activity and/or compound inhibition
Table 5
Anti-inflammatory activity of selected compounds in peritonitis, paw edema and delayed-type

Chemical series Dose, i.p. Peritonitis Dose, i.p. P

RX-101 5 mg/kg 1560 ± 610 (54%; p b 0.001)
RX-103 1 mg/kg 2800 ± 1040 (67%; p b 0.001)
RX-105 10 mg/kg 2550 ± 650 (69%;p b 0.001) 10 mg/kg 0
RX-112b 10 mg/kg 1360 ± 660 (47%; p b 0.001) 5 mg/kg
RX-108 5 mg/kg 2270 ± 1130 (79%; NS) 5 mg/kg
RX-110 10 mg/kg 2140 ± 1140 (74%; p b 0.05) 5 mg/kg 0

a Data are expressed asmean ± SD. Percent of control values (100%) are given inparentheses
shown as % inhibition of paw swelling and DTH data are shown as percent inhibition of ear sw

b RX-112 is a close analog of RX-107 (see Fig. 3 legend for structure). RX-107 was used in pe
12–15 animals. The statistical significance as determined by Student's t-test is given. NS, not si
activity. Initially we screened about 40 compounds in this manner and
about 50% of these compounds bound to heparin. Some inhibitor com-
pounds did not show activity in this assay (e.g., RX-103, RX-107), possi-
bly due to faster off-rate kineticswhich prevented their detection under
the assay conditions. Further evidence for direct binding of SMIGs to
heparin came from concentration–response studies. IC-50 values for in-
hibitory compounds was nearly identical in “Pre-Incubation” vs. “Co-In-
cubation” assays (Table 2). Subsequently, direct binding of SMIGs to
heparin was verified with a second heparin-binding protein, VEGF
(Table 2). Although we have not investigated the kinetics of compound
binding to heparin in detail, empirical observations indicated fast asso-
ciation rate and a slow dissociation rate. The curve of RX-110 and other
related compounds often gave Hill coefficients in the range of −2 to
−5, raising the possibility of cooperativity in binding. High salt concen-
tration appeared to inhibit SMIGs binding to heparin (data not shown),
indicating that charge interactions, such as between cationic amines
and sulfate groups of HS-GAGs, may have a significant role in the inter-
action (however, ionic charge interactions alonewould not be expected
to account for the stable binding of SMIGs to GAG, see below). The evi-
dence for direct binding of SMIGs to GAGswas verified by the results of
compound library screening, whereas compounds RX-0023, RX-0025
and RX-101, which are highly similar to chloroquine and tilorone (see
below), were identified as binders of GAGs (Fig. 4 and Table 1).

Whereas certain small molecule compounds have been known to
bind to GAGs, the biological significance of this interaction has not
been determined. Among compounds known to bind to GAGs is Meth-
ylene Blue, a compound with pleiotropic biochemical and therapeutic
properties [43], as well as other cationic phenothiazines such as chlor-
promazine, a well-known anti-psychotic drug that has anti-prion amy-
loidosis properties (35). Certain acridines such as acridine orange,
tacrine and quinacrine are also cationic compounds known to bind
GAGs [35]. Binding of tilorone and chloroquine to GAGs has been de-
scribed in the past by physico-chemical methods such as UV spectrosco-
py and circular dichroism [35,44,45]. However, the biological significance
hypersensitivity.a

aw edema Dose DTH

.844 ± 0.167 (70%; p b 0.001) 3 mg/kg i.v. 0.111 ± 0.029 (56%; p b 0.001)
0.64 ± 0.196 (65%; p b 0.001) 5 mg/kg i.m. 0.235 ± 0.066 (77%; p b 0.05)
0.91 ± 0.274 (80%; p b 0.05)
.745 ± 0.305 (66%; p b 0.01) NA

, peritonitis results are shownas% inhibition of neutrophil infiltration, pawedema data are
elling.
ritonitis. Test compounds were administered at doses indicated, each group consisting of
gnificant; NA, not active.
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Fig. 8.Dose-dependent inhibition of paw swelling byRX-105 in paw edema animalmodel.
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of the binding of these compounds to GAGs on the cell surface has not
been understood and until now the functional significance of heparin
binding domains has not been explored as a strategy for small molecule
drug discovery. Among small molecules reported to bind GAGs is bis-2-
methyl-4-amino-quinolyl-6-carbamide, also known as surfen [36],
which is aweakly di-cationic aminoquinoline compound. Surfen blocked
FGF2-binding and signaling that depended on cell surface heparan sul-
fate and prevented both FGF2- and VEGF-mediated sprouting of endo-
thelial cells in Matrigel. Surfen also blocked heparan sulfate-mediated
cell adhesion to theHep-II domain of fibronectin and prevented infection
byHSV-1 that depended on glycoprotein D interactionwith heparan sul-
fate [36]. Another small molecule reported to interact with GAGs is
adhesamine, a dumbbell-shaped dicationic compound that supports
cell adhesion [46].

Previous studies did not predict the very wide range of chemotypes
that are capable of binding directly and tightly to GAGs and exerting bi-
ological activity. Examples of the many chemotypes identified in the
course of this work are shown in Figs. 3 and 4. A few of them are related
to acridines, but the majority represent novel scaffolds and chemical
series. The interaction between SMIGs and HS-GAGs appears to be due
to a combination of at least two factors: (i) charge interactions between
sulfate groups of HS-GAG and the protonated nitrogen of SMIGs; and
(ii) the planar aromatic character of the compounds. The cooperative
binding of compounds to GAG suggests that multiple compounds inter-
act with a single GAG chain. In this respect, binding of SMIGs to GAGs
may resemble binding of intercalators to DNA, which also involves
charge interactions and planar aromatic rings. It is of interest that both
quinacrine and methylene blue are DNA intercalators [47]. Future
work should be focused on a much more detailed structural analysis
of these SMIG–HS-GAG interactions by biophysical techniques [6,48].

The therapeutic potential of the “hit” compounds identified in the
screening assays has been explored by testing in animal models of
inflammation. We used thioglycollate-induced peritonitis, because L-
selectin inhibitors are known to be active in this model of neutrophil in-
filtration [39]. A number of compounds displayed statistically significant
anti-inflammatory activity in this animal model. Subsequent work with
analogs of 3 lead compound series confirmed their anti-inflammatory
activity. These are the first reported small molecule compounds,
which are capable of modulating the interaction between L-selectin
and HS-GAGs and have anti-inflammatory activity. A detailed study
of RX-105 demonstrated dose-dependent inhibition of leukocyte infil-
tration into mouse peritoneum (Fig. 7). A closely related analog, RX-
111 (Fig. 3), had potent anti-inflammatory effects in paw edema, DTH,
Experimental Allergic Encephalomyelitis and an animal model of
Trinitrobenzenesulfonic acid-induced colitis (data not shown; manu-
script in preparation). Results of paw edema for compounds such as
RX-107 and RX-110 are listed in Table 4 and Fig. 8. Inhibitors of neutro-
phil infiltration may be useful as therapeutics for acute inflammatory
diseases such as ischemia–reperfusion injury [39], whereas compounds
active in DTH may have therapeutic potential in autoimmune diseases
such as rheumatoid arthritis and multiple sclerosis [49]. For SMIGs to
be candidate anti-inflammatory/autoimmune disease therapeutics, it
is important to assess their selectivity for different chemokines and cy-
tokines containing heparin-binding domains. Although initial data
(comparing L-selectin to P-selectin) pointed to rather good selectivity
of these inhibitors, further work indicated that other proteins contain-
ing heparin-binding domains may also be inhibited. As a first step to-
wards a more detailed evaluation of selectivity, we set up a panel of
HS-GAG-protein binding assays (that were similar in experimental de-
sign to L-selectin-heparin binding assay) andmeasured inhibitory activ-
ity of selected SMIGs. The panel contained 11 proteins containing
heparin-binding domains, divided into six classes: 2 selectins, 4 chemo-
kines, 3 cytokines, amyloid beta, fibronectin and a cytomegalovirus
envelope protein gB. These proteins, except for fibronectin and cyto-
megalovirus envelope protein gB, are known to possess a single
heparin-binding domain. The result of this screen showed that some
compounds had a narrow selectivity profile, inhibiting only one or
two proteins, whereas others were promiscuous having a broad
spectrum (Table 3).

Overall, there was a relatively high hit rate of SMIGs with anti-
inflammatory activity (Table 5 and data not shown). This raises the pos-
sibility that SMIG binding to HS-GAGs and/or SMIG inhibition of protein
binding to GAGs may represent a major checkpoint for events associat-
ed with the inflammatory response. Consistent with this notion, GAG
binders chloroquine and quinacrine are potent well-known anti-
inflammatory drugs. It is hoped that SMIGs with superior therapeutic
properties will be identified.

In viewof our results, itmay be reasonable to considermodulation of
GAG–protein binding as amechanismof action for chloroquine. Of note,
scaffolds related to chloroquine, such as compounds RX-0023 and RX-
0025, inhibited binding of both selectins to heparin (Table 1). Although
not the focus of this work, we have found that chloroquine itself did not
significantly inhibit any of the proteins in Table 3 (data not shown).
Given the large size of the heparin-binding domain superfamily this is
not particularly surprising. Chloroquine is an anti-malarial drug that is
used for the treatment of lupus and rheumatoid arthritis (and also has
anti-viral properties) and despite substantial research efforts, itsmolec-
ular mechanism of action has not been convincingly established [50].
Conceivably, some of the observed biochemical and biological activities
of chloroquinemay be due to its binding to GAGs and inhibition of pro-
tein–GAG interactions.

The mechanism responsible for the anti-inflammatory properties of
the SMIGs described (Tables 1 and 2) remains to be determined on a
case by case basis. Selectins and HS-GAGs have been implicated inde-
pendently and jointly (via L-selectin–HS-GAG binding) in the inflam-
mation process. The SMIGs described here inhibited L-selectin (and/or
P-selectin) binding to HS-GAGs. It is conceivable that the same SMIGs
inhibit a additional protein–HS-GAG interactions such as those of pro-
inflammatory chemokines and cytokines. In order to develop SMIGs as
therapeutics, it is also necessary to consider their cytotoxicity and pos-
sible interference with the coagulation cascade. SMIGs might be also
useful for neutralization of the anti-coagulant activity of heparin, al-
though preliminary investigation with compounds reported herein did
not find any potent compounds (data not shown).

In conclusion, we describe a novel, structurally-diverse class of com-
pounds that apparently have potent biological activity owing to their di-
rect interaction with GAGs, specifically HS-GAGs. The compounds,
termed small molecule inhibitors of protein interactionwith glycosami-
noglycans (SMIGs), inhibit binding of heparin-binding domain proteins
to GAGs. A number of SMIGs have demonstrable anti-inflammatory
properties. SMIGs represent a novel class of compounds, that given an
acceptable toxicological profile, may be therapeutic in inflammatory
and autoimmune disorders as well as in other human diseases, where
GAGs are known to have key biological roles.



254 N. Harris et al. / Biochimica et Biophysica Acta 1840 (2014) 245–254
Acknowledgements

We thank Prof. John Gallagher, Dr. Alan Lewis, Prof. Irun Cohen and
Dr. Orgad Laub for helpful advice and encouragement during the course
of this work. We thank Ada Stavitzky and Rimon Maas for technical as-
sistance. We thank Prof. A. Varki for selectin-IgG chimeras that were
used in the early stages of this work.
References

[1] E.M. Muñoz, R.J. Linhardt, Heparin-binding domains in vascular biology, Arterioscler.
Thromb. Vasc. Biol. 24 (9) (2004) 1549–1557.

[2] J.T. Gallagher, Heparan sulphate: a heparin in miniature, Handb. Exp. Pharmacol.
207 (2012) 347–360.

[3] R. Sasisekharan, G. Venkataraman, Heparin and heparan sulfate: biosynthesis, struc-
ture and function, Curr. Opin. Chem. Biol. 4 (2000) 626–631.

[4] U. Lindahl, J.P. Li, Interactions between heparan sulfate and proteins-design and
functional implications, Int. Rev. Cell Mol. Biol. 276 (2009) 105–159.

[5] S. Sarrazin, W.C. Lamanna, J.D. Esko, Heparan sulfate proteoglycans, Cold Spring
Harb. Perspect. Biol. 3 (7) (2011).

[6] B. Mulloy, Structure and physicochemical characterization of heparin, Handb. Exp.
Pharmacol. 207 (2012) 77–98.

[7] N.S. Gandhi, R.L. Mancera, Heparin/heparan sulphate-based drugs, Drug Discov.
Today 15 (23–24) (2010) 1058–1069.

[8] U. Lindahl, L. Kjellén, Pathophysiology of heparan sulphate: many diseases, few
drugs, J. Intern. Med. 273 (6) (2013) 555–571.

[9] K.R. Taylor, R.L. Gallo, Glycosaminoglycans and their proteoglycans: host-associated
molecular patterns for initiation and modulation of inflammation, FASEB J. 20 (1)
(2006) 9–22.

[10] J.P. Li, I. Vlodavsky, Heparin, heparan sulfate and heparanase in inflammatory reac-
tions, Thromb. Haemost. 102 (5) (2009) 823–828.

[11] M. Irony-Tur-Sinai, I. Vlodavsky, S.A. Ben-Sasson, F. Pinto, C. Sicsic, T. Brenner, A syn-
thetic heparin-mimicking polyanionic compound inhibits central nervous system
inflammation, J. Neurol. Sci. 206 (1) (2003) 49–57.

[12] B. Casu, A. Naggi, G. Torri, Heparin-derived heparan sulfate mimics to modulate
heparan sulfate-protein interaction in inflammation and cancer, Matrix Biol. 29
(6) (2010) 442–452.

[13] O. Lider, E. Baharav, Y.A. Mekori, T. Miller, Y. Naparstek, I. Vlodavsky, I.R. Cohen, Sup-
pression of experimental autoimmune diseases and prolongation of allograft surviv-
al by treatment of animals with low doses of heparins, J. Clin. Invest. 83 (3) (1989)
752–756.

[14] I. Vlodavsky, Y. Friedmann, M. Elkin, H. Aingorn, R. Atzmon, R. Ishai-Michaeli, M.
Bitan, O. Pappo, T. Peretz, I. Michal, L. Spector, I. Pecker, Mammalian heparanase:
gene cloning, expression and function in tumor progression and metastasis, Nat.
Med. 5 (7) (1999) 793–802.

[15] C.R. Parish, The role of heparan sulphate in inflammation, Nat. Rev. Immunol. 6 (9)
(2006) 633–643.

[16] L. Lasky, Selectin–carbohydrate interactions and the initiation of the inflammatory
response, Annu. Rev. Biochem. 64 (1995) 113–139.

[17] H. Kawashima, Roles of sulfated glycans in lymphocyte homing, Biol. Pharm. Bull. 29
(12) (2006) 2343–2349.

[18] R.M. Nelson, O. Cecconi, W.G. Roberts, A. Aruffo, R.J. Linhardt, M.P. Bevilacqua, Hep-
arin oligosaccharides bind L- and P-selectin and inhibit acute inflammation, Blood
82 (11) (1993) 3253–3258.

[19] L. Borsig, L. Wang, M.C. Cavalcante, L. Cardilo-Reis, P.L. Ferreira, P.A. Mourão, J.D.
Esko, M.S. Pavão, Selectin blocking activity of a fucosylated chondroitin sulfate gly-
cosaminoglycan from sea cucumber. Effect on tumor metastasis and neutrophil re-
cruitment, J. Biol. Chem. 282 (20) (2007) 14984–14991.

[20] L. Wang, J.R. Brown, A. Varki, J.D. Esko, Heparin's anti-inflammatory effects require
glucosamine 6-O-sulfation and are mediated by blockade of L- and P-selectins, J.
Clin. Invest. 110 (1) (2002) 127–136.

[21] K.E. Norgard-Sumnicht, N.M. Varki, A. Varki, Calcium-dependent heparin-like li-
gands for L-selectin in nonlymphoid endothelial cells, Science 261 (5120) (1993)
480–483.

[22] S.J. Romano, Selectin antagonists: therapeutic potential in asthma and COPD, Treat.
Respir. Med. 4 (2) (2005) 85–94.

[23] R. Kranich, A.S. Busemann, D. Bock, S. Schroeter-Maas, D. Beyer, B. Heinemann, M.
Meyer, K. Schierhorn, R. Zahlten, G.Wolff, E.M. Aydt, Rational design of novel, potent
small molecule pan-selectin antagonists, J. Med. Chem. 50 (6) (2007) 1101–1115.

[24] S. Ye, Y. Luo, W. Lu, R.B. Jones, R.J. Linhardt, I. Capila, T. Toida, M. Kan, H. Pelletier,
W.L. McKeehan, Structural basis for interaction of FGF-1, FGF-2, and FGF-7 with dif-
ferent heparan sulfate motifs, Biochemistry 40 (48) (2001) 14429–14439.

[25] H. Lortat-Jacob, A. Grosdidier, A. Imberty, Structural diversity of heparan sulfate bind-
ing domains in chemokine, Proc. Natl. Acad. Sci. U. S. A. 99 (3) (2002) 1229–1234.
[26] H. Margalit, N. Fischer, S.A. Ben-Sasson, Comparative analysis of structurally defined
heparin binding sequences reveals a distinct spatial distribution of basic residues, J.
Biol. Chem. 268 (26) (1993) 19228–19231.

[27] A. Yayon, M. Klagsbrun, J.D. Esko, P. Leder, D.M. Ornitz, Cell surface, heparin-like
molecules are required for binding of basic fibroblast growth factor to its high affin-
ity receptor, Cell 64 (4) (1991) 841–848.

[28] L. Pellegrini, D.F. Burke, F. von Delft, B. Mulloy, T.L. Blundell, Crystal structure of fi-
broblast growth factor receptor ectodomain bound to ligand and heparin, Nature
407 (6807) (2000) 1029–1034.

[29] S. Sarrazin, D. Bonnaffé, A. Lubineau, H. Lortat-Jacob, Heparan sulfate mimicry: a
synthetic glycoconjugate that recognizes the heparin binding domain of
interferon-gamma inhibits the cytokine activity, J. Biol. Chem. 280 (45) (2005)
37558–37564.

[30] Z. Johnson, M.H. Kosco-Vilbois, S. Herren, R. Cirillo, V. Muzio, P. Zaratin, M.
Carbonatto, M. Mack, A. Smailbegovic, M. Rose, R. Lever, C. Page, T.N. Wells, A.E.
Proudfoot, Interference with heparin binding and oligomerization creates a novel
anti-inflammatory strategy targeting the chemokine system, J. Immunol. 173 (9)
(2004) 5776–5785.

[31] T.M. Handel, Z. Johnson, S.E. Crown, E.K. Lau, A.E. Proudfoot, Regulation of protein
function by glycosaminoglycans — as exemplified by chemokines, Annu. Rev.
Biochem. 74 (2005) 385–410.

[32] A.E. Proudfoot, The biological relevance of chemokine–proteoglycan interactions,
Biochem. Soc. Trans. 34 (Pt 3) (2006) 422–426.

[33] T. Adage, A.M. Piccinini, A. Falsone, M. Trinker, J. Robinson, B. Gesslbauer, A.J. Kungl,
Structure-based design of decoy chemokines as a way to explore the pharmacolog-
ical potential of glycosaminoglycans, Br. J. Pharmacol. 167 (6) (2012) 1195–1205.

[34] R. Kisilevsky, L.J. Lemieux, P.E. Fraser, X. Kong, P.G. Hultin, W.A. Szarek, Arresting
amyloidosis in vivo using small-molecule anionic sulphonates or sulphates: implica-
tions for Alzheimer's disease, Nat Med. 1 (2) (1995) 143–148.

[35] F. Zsila, G. Gedeon, Binding of anti-prion agents to glycosaminoglycans: evidence
from electronic absorption and circular dichroism spectroscopy, Biochem. Biophys.
Res. Commun. 346 (4) (2006) 1267–1274.

[36] M. Schuksz, M.M. Fuster, J.R. Brown, B.E. Crawford, D.P. Ditto, R. Lawrence, C.A. Glass,
L. Wang, Y. Tor, J.D. Esko, Surfen, a small molecule antagonist of heparan sulfate,
Proc. Natl. Acad. Sci. U. S. A. 105 (35) (2008) 13075–13080.

[37] S. Najjam, R.V. Gibbs, M.Y. Gordon, C.C. Rider, Characterization of human recombi-
nant interleukin 2 binding to heparin and heparan sulfate using an ELISA approach,
Cytokine 9 (12) (1997) 1013–1022.

[38] C. Foxall, S.R. Watson, D. Dowbenko, C. Fennie, L.A. Lasky, M. Kiso, A. Hasegawa, D.
Asa, B.K. Brandley, The three members of the selectin receptor family recognize a
common carbohydrate epitope, the sialyl Lewis(x) oligosaccharide, J. Cell Biol. 117
(4) (1992) 895–902.

[39] X. Xie, A.S. Rivier, A. Zakrzewicz,M. Bernimoulin, X.L. Zeng, H.P.Wessel,M. Schapira, O.
Spertini, Inhibition of selectin-mediated cell adhesion and prevention of acute inflam-
mation by non-anticoagulant sulfated saccharides. Studies with carboxyl-reduced and
sulfated heparin and with trestatin a sulfate, J. Biol. Chem. 34818–34825 (2000).

[40] B. Lange-Asschenfeldt, W. Weninger, P. Velasco, T.R. Kyriakides, U.H. von Andrian, P.
Bornstein, M. Detmar, Increased and prolonged inflammation and angiogenesis in
delayed-type hypersensitivity reactions elicited in the skin of thrombospondin-2-defi-
cient mice, Blood 99 (538–545) (2002) 2002.

[41] S.R. Torres, T.S. Fröde, G.M. Nardi, N. Vita, R. Reeb, P. Ferrara, R.M. Ribeiro-do-Valle,
R.C. Farges, Anti-inflammatory effects of peripheral benzodiazepine receptor ligands
in two mouse models of inflammation, Eur. J. Pharmacol. 199–211 (2000).

[42] M.S. Co, N.F. Landolfi, J.O. Nagy, J.H. Tan, V. Vexler, M. Vasquez, L. Roark, S. Yuan, P.R.
Hinton, J. Melrose, C. Klingbeil, C. Queen, E.L. Berg, Properties and pharmacokinetics
of two humanized antibodies specific for L-selectin, Immunotechnology 4 (3–4)
(1999) 253–266.

[43] R.H. Schirmer, H. Adler, M. Pickhardt, E. Mandelkow, “Lest we forget you–methylene
blue…”, Neurobiol. Aging 32 (12) (2011) 2325(e7–16).

[44] J. Suschke, R. Wilhelm, U.Z. Walther, Effect of chloroquine on polyanions, Rheuma-
tology 39 (9–10) (1980) 314–321.

[45] R. Lüllmann-Rauch, R. Pods, B. von Witzendorff, The antimalarials quinacrine and
chloroquine induce weak lysosomal storage of sulphated glycosaminoglycans in
cell culture and in vivo, Toxicology 110 (1–3) (1996) 27–37.

[46] S. Yamazoe, H. Shimogawa, S. Sato, J.D. Esko, M. Uesugi, A dumbbell-shaped small
molecule that promotes cell adhesion and growth, J. Chem. Biol. 16 (7) (2009)
773–782.

[47] M. Hossain, G. Suresh Kumar, DNA intercalation of methylene blue and quinacrine:
new insights into base and sequence specificity from structural and thermodynamic
studies with polynucleotides, Mol. Biosyst. 5 (11) (2009) 1311–1322(2009 Nov).

[48] F.E. Stanley, A.M. Warner, S.M. Gutierrez, A.M. Stalcup, Heparin-induced circular di-
chroism of chloroquine, Biochem. Biophys. Res. Commun. 388 (1) (2009) 28–30.

[49] O. Lider, L. Cahalon, D. Gilat, R. Hershkoviz, D. Siegel, R. Margalit, O. Shoseyov, I.R.
Cohen, A disaccharide that inhibits tumor necrosis factor alpha is formed from the
extracellular matrix by the enzyme heparanase, Proc. Natl. Acad. Sci. U. S. A. 92
(11) (1995) 5037–5041.

[50] R. Lafyatis, M. York, A. Marshak-Rothstein, Antimalarial agents: closing the gate on
Toll-like receptors? Arthritis Rheum. 54 (10) (2006) 3068–3070.

http://refhub.elsevier.com/S0304-4165(13)00406-6/rf0005
http://refhub.elsevier.com/S0304-4165(13)00406-6/rf0005
http://refhub.elsevier.com/S0304-4165(13)00406-6/rf0010
http://refhub.elsevier.com/S0304-4165(13)00406-6/rf0010
http://refhub.elsevier.com/S0304-4165(13)00406-6/rf0015
http://refhub.elsevier.com/S0304-4165(13)00406-6/rf0015
http://refhub.elsevier.com/S0304-4165(13)00406-6/rf0020
http://refhub.elsevier.com/S0304-4165(13)00406-6/rf0020
http://refhub.elsevier.com/S0304-4165(13)00406-6/rf0240
http://refhub.elsevier.com/S0304-4165(13)00406-6/rf0240
http://refhub.elsevier.com/S0304-4165(13)00406-6/rf0245
http://refhub.elsevier.com/S0304-4165(13)00406-6/rf0245
http://refhub.elsevier.com/S0304-4165(13)00406-6/rf0030
http://refhub.elsevier.com/S0304-4165(13)00406-6/rf0030
http://refhub.elsevier.com/S0304-4165(13)00406-6/rf0035
http://refhub.elsevier.com/S0304-4165(13)00406-6/rf0035
http://refhub.elsevier.com/S0304-4165(13)00406-6/rf0040
http://refhub.elsevier.com/S0304-4165(13)00406-6/rf0040
http://refhub.elsevier.com/S0304-4165(13)00406-6/rf0040
http://refhub.elsevier.com/S0304-4165(13)00406-6/rf0045
http://refhub.elsevier.com/S0304-4165(13)00406-6/rf0045
http://refhub.elsevier.com/S0304-4165(13)00406-6/rf0050
http://refhub.elsevier.com/S0304-4165(13)00406-6/rf0050
http://refhub.elsevier.com/S0304-4165(13)00406-6/rf0050
http://refhub.elsevier.com/S0304-4165(13)00406-6/rf0055
http://refhub.elsevier.com/S0304-4165(13)00406-6/rf0055
http://refhub.elsevier.com/S0304-4165(13)00406-6/rf0055
http://refhub.elsevier.com/S0304-4165(13)00406-6/rf0060
http://refhub.elsevier.com/S0304-4165(13)00406-6/rf0060
http://refhub.elsevier.com/S0304-4165(13)00406-6/rf0060
http://refhub.elsevier.com/S0304-4165(13)00406-6/rf0060
http://refhub.elsevier.com/S0304-4165(13)00406-6/rf0065
http://refhub.elsevier.com/S0304-4165(13)00406-6/rf0065
http://refhub.elsevier.com/S0304-4165(13)00406-6/rf0065
http://refhub.elsevier.com/S0304-4165(13)00406-6/rf0065
http://refhub.elsevier.com/S0304-4165(13)00406-6/rf0070
http://refhub.elsevier.com/S0304-4165(13)00406-6/rf0070
http://refhub.elsevier.com/S0304-4165(13)00406-6/rf0075
http://refhub.elsevier.com/S0304-4165(13)00406-6/rf0075
http://refhub.elsevier.com/S0304-4165(13)00406-6/rf0080
http://refhub.elsevier.com/S0304-4165(13)00406-6/rf0080
http://refhub.elsevier.com/S0304-4165(13)00406-6/rf0085
http://refhub.elsevier.com/S0304-4165(13)00406-6/rf0085
http://refhub.elsevier.com/S0304-4165(13)00406-6/rf0085
http://refhub.elsevier.com/S0304-4165(13)00406-6/rf0090
http://refhub.elsevier.com/S0304-4165(13)00406-6/rf0090
http://refhub.elsevier.com/S0304-4165(13)00406-6/rf0090
http://refhub.elsevier.com/S0304-4165(13)00406-6/rf0090
http://refhub.elsevier.com/S0304-4165(13)00406-6/rf0095
http://refhub.elsevier.com/S0304-4165(13)00406-6/rf0095
http://refhub.elsevier.com/S0304-4165(13)00406-6/rf0095
http://refhub.elsevier.com/S0304-4165(13)00406-6/rf0100
http://refhub.elsevier.com/S0304-4165(13)00406-6/rf0100
http://refhub.elsevier.com/S0304-4165(13)00406-6/rf0100
http://refhub.elsevier.com/S0304-4165(13)00406-6/rf0105
http://refhub.elsevier.com/S0304-4165(13)00406-6/rf0105
http://refhub.elsevier.com/S0304-4165(13)00406-6/rf0110
http://refhub.elsevier.com/S0304-4165(13)00406-6/rf0110
http://refhub.elsevier.com/S0304-4165(13)00406-6/rf0110
http://refhub.elsevier.com/S0304-4165(13)00406-6/rf0115
http://refhub.elsevier.com/S0304-4165(13)00406-6/rf0115
http://refhub.elsevier.com/S0304-4165(13)00406-6/rf0115
http://refhub.elsevier.com/S0304-4165(13)00406-6/rf0120
http://refhub.elsevier.com/S0304-4165(13)00406-6/rf0120
http://refhub.elsevier.com/S0304-4165(13)00406-6/rf0125
http://refhub.elsevier.com/S0304-4165(13)00406-6/rf0125
http://refhub.elsevier.com/S0304-4165(13)00406-6/rf0125
http://refhub.elsevier.com/S0304-4165(13)00406-6/rf0130
http://refhub.elsevier.com/S0304-4165(13)00406-6/rf0130
http://refhub.elsevier.com/S0304-4165(13)00406-6/rf0130
http://refhub.elsevier.com/S0304-4165(13)00406-6/rf0135
http://refhub.elsevier.com/S0304-4165(13)00406-6/rf0135
http://refhub.elsevier.com/S0304-4165(13)00406-6/rf0135
http://refhub.elsevier.com/S0304-4165(13)00406-6/rf0140
http://refhub.elsevier.com/S0304-4165(13)00406-6/rf0140
http://refhub.elsevier.com/S0304-4165(13)00406-6/rf0140
http://refhub.elsevier.com/S0304-4165(13)00406-6/rf0140
http://refhub.elsevier.com/S0304-4165(13)00406-6/rf0250
http://refhub.elsevier.com/S0304-4165(13)00406-6/rf0250
http://refhub.elsevier.com/S0304-4165(13)00406-6/rf0250
http://refhub.elsevier.com/S0304-4165(13)00406-6/rf0250
http://refhub.elsevier.com/S0304-4165(13)00406-6/rf0250
http://refhub.elsevier.com/S0304-4165(13)00406-6/rf0150
http://refhub.elsevier.com/S0304-4165(13)00406-6/rf0150
http://refhub.elsevier.com/S0304-4165(13)00406-6/rf0150
http://refhub.elsevier.com/S0304-4165(13)00406-6/rf0155
http://refhub.elsevier.com/S0304-4165(13)00406-6/rf0155
http://refhub.elsevier.com/S0304-4165(13)00406-6/rf0160
http://refhub.elsevier.com/S0304-4165(13)00406-6/rf0160
http://refhub.elsevier.com/S0304-4165(13)00406-6/rf0160
http://refhub.elsevier.com/S0304-4165(13)00406-6/rf0165
http://refhub.elsevier.com/S0304-4165(13)00406-6/rf0165
http://refhub.elsevier.com/S0304-4165(13)00406-6/rf0165
http://refhub.elsevier.com/S0304-4165(13)00406-6/rf0170
http://refhub.elsevier.com/S0304-4165(13)00406-6/rf0170
http://refhub.elsevier.com/S0304-4165(13)00406-6/rf0170
http://refhub.elsevier.com/S0304-4165(13)00406-6/rf0175
http://refhub.elsevier.com/S0304-4165(13)00406-6/rf0175
http://refhub.elsevier.com/S0304-4165(13)00406-6/rf0175
http://refhub.elsevier.com/S0304-4165(13)00406-6/rf0180
http://refhub.elsevier.com/S0304-4165(13)00406-6/rf0180
http://refhub.elsevier.com/S0304-4165(13)00406-6/rf0180
http://refhub.elsevier.com/S0304-4165(13)00406-6/rf0185
http://refhub.elsevier.com/S0304-4165(13)00406-6/rf0185
http://refhub.elsevier.com/S0304-4165(13)00406-6/rf0185
http://refhub.elsevier.com/S0304-4165(13)00406-6/rf0185
http://refhub.elsevier.com/S0304-4165(13)00406-6/rf0190
http://refhub.elsevier.com/S0304-4165(13)00406-6/rf0190
http://refhub.elsevier.com/S0304-4165(13)00406-6/rf0190
http://refhub.elsevier.com/S0304-4165(13)00406-6/rf0190
http://refhub.elsevier.com/S0304-4165(13)00406-6/rf0195
http://refhub.elsevier.com/S0304-4165(13)00406-6/rf0195
http://refhub.elsevier.com/S0304-4165(13)00406-6/rf0195
http://refhub.elsevier.com/S0304-4165(13)00406-6/rf0195
http://refhub.elsevier.com/S0304-4165(13)00406-6/rf0200
http://refhub.elsevier.com/S0304-4165(13)00406-6/rf0200
http://refhub.elsevier.com/S0304-4165(13)00406-6/rf0200
http://refhub.elsevier.com/S0304-4165(13)00406-6/rf0205
http://refhub.elsevier.com/S0304-4165(13)00406-6/rf0205
http://refhub.elsevier.com/S0304-4165(13)00406-6/rf0205
http://refhub.elsevier.com/S0304-4165(13)00406-6/rf0205
http://refhub.elsevier.com/S0304-4165(13)00406-6/rf0255
http://refhub.elsevier.com/S0304-4165(13)00406-6/rf0255
http://refhub.elsevier.com/S0304-4165(13)00406-6/rf0210
http://refhub.elsevier.com/S0304-4165(13)00406-6/rf0210
http://refhub.elsevier.com/S0304-4165(13)00406-6/rf0215
http://refhub.elsevier.com/S0304-4165(13)00406-6/rf0215
http://refhub.elsevier.com/S0304-4165(13)00406-6/rf0215
http://refhub.elsevier.com/S0304-4165(13)00406-6/rf0220
http://refhub.elsevier.com/S0304-4165(13)00406-6/rf0220
http://refhub.elsevier.com/S0304-4165(13)00406-6/rf0220
http://refhub.elsevier.com/S0304-4165(13)00406-6/rf0260
http://refhub.elsevier.com/S0304-4165(13)00406-6/rf0260
http://refhub.elsevier.com/S0304-4165(13)00406-6/rf0260
http://refhub.elsevier.com/S0304-4165(13)00406-6/rf0225
http://refhub.elsevier.com/S0304-4165(13)00406-6/rf0225
http://refhub.elsevier.com/S0304-4165(13)00406-6/rf0230
http://refhub.elsevier.com/S0304-4165(13)00406-6/rf0230
http://refhub.elsevier.com/S0304-4165(13)00406-6/rf0230
http://refhub.elsevier.com/S0304-4165(13)00406-6/rf0230
http://refhub.elsevier.com/S0304-4165(13)00406-6/rf0235
http://refhub.elsevier.com/S0304-4165(13)00406-6/rf0235

	Smallmolecule inhibitors of protein interactionwith glycosaminoglycans (SMIGs), a novel class of bioactive agents with anti-inflammatory properties
	1. Introduction
	2. Experimental procedures
	2.1. Materials
	2.2. Assay for L- and P-selectin binding to GAGs and screening of compound libraries
	2.3. Inhibition of human L-selectin binding to immobilized heparin by soluble heparin
	2.4. Inhibition of human L-selectin binding to heparin by anti-L-selectin monoclonal antibody
	2.5. Assays for protein interactions with GAGs from different tissue sources
	2.6. Assays for binding of cytokines, chemokines and other proteins to heparin and compound screening
	2.7. “Pre-incubation” and “Co-incubation” assays to demonstrate direct interaction of inhibitor compounds with heparin and other HS-GAGs
	2.8. A model of leukocyte and neutrophil infiltration into mouse peritoneum
	2.9. Delayed-type hypersensitivity (DTH)
	2.10. Carrageenan-induced paw edema

	3. Results
	3.1. Compound screening in assays for L-selectin–IgG and P-selectin–IgG binding to HS-GAGs
	3.2. Mechanism of action of inhibitor compounds
	3.3. Selectivity of inhibition with different heparin-binding domain proteins
	3.4. Range of action of SMIGS towards different GAGs
	3.5. Anti-inflammatory activity of SMIGs

	4. Discussion
	Acknowledgements
	References


